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Abstract 

Ultra-sharp tungsten probes fill a key role in science for allowing measurements and 

interactions at the nanoscale. However, their current method of fabrication is outdated, 

fundamentally limited in length, sharpness and consistency, and often referred to as an ‘art’.  

A new process of fabricating ultra-sharp tungsten probes known as ‘Tungstate Sharpening’ 

was invented. This electrochemical process utilises solely the WO4
2-

 by-product to create a 

gradient of etching which results in a sharpening effect.
 
It was shown to electrochemically 

etch probes controllably over lengths from 0.5 – 4.5 mm with tip radii of 10 nm via a fully 

automated process. Tungstate sharpening overcomes many of the limitations of the previous 

methods as well as creating new opportunities for further research into electrosharpening.  

Tungstate sharpening was improved to use bulk coulometry analysis which allows users to 

select specific probe lengths. The process was also modified to allow etching of five probes 

simultaneously, which is fundamentally impossible with conventional techniques. 

Furthermore, this batch process was improved with the application of a magnetic field that 

reduced fabrication time and inconsistencies. Flow simulations were conducted to confirm 

experimental observations of the electrode separation influence on turbulence within the 

electrochemical system, supporting the underlying theory and observations of the tungstate 

layer. Finally, this processing technique was expanded with various materials and shapes to 

demonstrate versatility. Razor blades with edge radii of 40 nm were produced demonstrating 

that electrosharpening is no longer limited to ‘1D’ objects.  
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Another process was developed to fabricate carbon nanotubes (CNTs) as a macroscopic 

material. ‘Arc Assembly’ was invented to explore the possibility of forming long chains of 

CNTs whilst maintaining the sp
2
 crystalline bonding within and between individual CNTs. 

For the first time, dielectrophoresis was combined with arc discharges to form ‘threads’ of 

CNTs using the tungsten probes produced.  The tungsten probes were applied as electrodes 

for dielectrophoresis of CNT chains and simultaneous arcing between them.  Multiple high 

voltage circuits with outputs ranging from beneath the breakdown threshold and negative 

K(ω) up to 1000 V and 8 MHz were constructed and tested.  Dispersed carbon nanotube 

mixtures for a variety of dielectric organic fluids, solvents and polymers were placed between 

the electrodes. The resulting phenomenon was the assembly of dielectrophoretic chains with 

arc-induced adhesion between nanotubes: termed as “Arc Assembly”.  

As Arc Assembly was developed, the CNT threads were analysed using scanning electron 

microscopy, energy dispersive X-ray spectroscopy, transmission electron microscopy and 

Raman analysis. Observations were made of both amorphous and crystalline links between 

the CNTs, as well as embedded CNT chains within in-situ formed polymer composites. The 

process produced threads of carbon nanotubes up to 5 mm length, indicating that this may be 

a viable means of exploiting CNTs in every-day life. 
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Chapter 1: Introduction 

1.1 Research Objective 

We are building our world on smallness. As we do, our interest in the nanoscopic world 

grows at an ever increasing rate and our tools and methods to explore and exploit this world 

need to meet the demands of this modern era.  

In 1936 Erwin Muller used Field Electron Microscopy
1
 (FEM) with a sharpened tungsten 

probe to display the arrangement of the atoms present at the tip. In 1982 Binning and Rohrer 

used tungsten probes to develop scanning tunnelling microscopy
2
 (STM) to show the atomic 

surface of gold. This technique remains essential for nanoscopic analysis today. The tungsten 

probes which were essential to developing these experiments are also finding more 

applications in variants on scanning probe microscopy
3,

(SPM), neuroscience
4 

and 

dielectrophoresis
5
 (DEP). Ultra-sharp probes combined with the refractory nature of tungsten 

enable many novel developments in nanoscience.  

However, tungsten probes are often used in applications where the unusual combination of 

electrochemical and fluidic effects required to sharpen them are entirely unrelated to the task 

they are performing. Hence, many researchers are not well equipped to reliably obtain these 

essential tools to perform their work. They either depend on third-parties to provide these 

probes, or must develop their own resources – whilst taking away precious time from the 

actual research they wish to perform. Furthermore, these probes are consumable by nature. It 
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is inevitable that during interactions at the nanoscale the probes will be damaged, which 

hinders their ability to perform nanoscopic research.  

The most widely used technology for etching probes to date is known as the “drop-off 

method”.
6,7

 This is an electrochemical etching process that utilizes a necking effect caused by 

the surface meniscus of the electrolyte. Although the process requires simple apparatus and 

may be relatively expedient, it is renowned for being unreliable and highly dependent on the 

operator’s skill to conduct the experiment. It is difficult to control the probe geometry and 

fundamentally impossible to fabricate multiple probes simultaneously. Many researchers 

have developed variants of the technique, such as adjusting the electrode shape,
8
 withdrawing 

the probe during use,
9
 and utilising tungsten trioxide by-product,

10
 in attempts to make the 

drop-off method more viable. However all variations remain hindered by the fundamental 

limitations of this process caused by the surface meniscus and necking effect. 

Given the important role these probes play in many areas of research it is clear that a new 

approach must be developed that completely eliminates these restrictive experimental 

parameters. This approach must improve the reliability, convenience and address the volume 

of tungsten probe fabrication. 

It has been established that tungsten probes are instruments that allow researchers to bridge 

the gap between the nanoscopic and macroscopic worlds. However, this principle of 

“bridging the gap” is also becoming increasingly important for nanomaterials too. Since their 

(re)
11

discovery
12

 in 1991 there has been a surge of interest in Carbon Nanotubes (CNTs) due 

to their remarkable characteristics. Their mechanical, thermal and electronic properties
13

 are 

often far superior to that of conventional materials and promise to enhance existing 

technologies whilst creating a variety of new ones - but only at the nanoscale. Many 
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researchers have attempted many different methods to grow or assemble nanotubes at the 

macroscale.
14,15 

However, their highly sought after properties still remain orders of magnitude 

out from their theoretical potential.
16

 The challenge to exploit carbon nanotubes at the 

macroscale will form the basis for one application of the tungsten probes. This area of 

research depends on very different natural phenomena to the electrochemical etching of 

tungsten probes. However, the practical experimentation with CNTs will demand consistent 

tungsten probe production. This will be a ‘driving force’ behind the invention of a new 

tungsten probe electrochemical sharpening method whilst simultaneously developing novel 

research in carbon nanotube technology. 

 

1.2 Project Scope 

One of the key reasons the drop-off method remains used, yet still found wanting, is because 

the vast majority of the researchers are applying variations to the same fundamental process. 

Despite altering many other parameters in the experimentation any improvements still depend 

on either the surface meniscus which is often fixed by the fluidic properties of the electrolyte, 

or the drop-off point on the probe which is fixed by the mechanical properties of tungsten.  

Thus, throughout this thesis the theme is invention. Simply looking at variants of the drop-off 

method, or attempting to characterise parameters of the process will not provide the means to 

fabricate tungsten probes effectively. 

This project will follow the development of experiments to produce tungsten probes that meet 

the aforementioned requirements. It will also show how these developments lead to variations 

of their own, allowing for many more improvements and applications beyond nanoscience 
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research. Furthermore, this project will utilise these probes for research into carbon nanotubes 

threads leading into the new development of “Arc Assembly” - a process which would have 

been challenging to develop without the initial invention of tungstate sharpening. 

1.3 Thesis Structure 

Given this thesis’s focus on novel invention, the chapters will largely focus on experimental 

progress, with theoretical background, characterisation and modelling used to inform the 

development of such experiments. The following summary of each chapter outlines the key 

areas of experimental development and how this work contributes to the thesis and academia 

in general: 

 

Chapter 1 Introduction explains the necessity and relevance of the research undertaken. It 

explores why existing technology is inadequate, and how the approach and solution proposed 

in this thesis can address the typical problems encountered. It also places into context how 

each area of the thesis relates to each other as a single piece of work. 

 

Chapter 2 Tungstate Sharpening follows the development of the principal invention of this 

thesis for fabricating tungsten probes. The fundamentals of the electrochemistry involved are 

outlined and initial experiments into the drop-off method are shown as well as how the 

tungstate (the oxidised, aqueous ion of tungsten represented as WO4
2-

) layer was first 

investigated. Analytical techniques such as shadowgraphs and bulk coulometry are covered. 

The apparatus, electronics and programming required to develop this process are shown. The 

chapter concludes with the results of this process and further verified for “use in the field” 

with STM. 
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Chapter 3 Enhancements to Electrosharpening expands on the work from Chapter 2, 

increasing the volume of tungsten probes available through a novel liquid-liquid interface 

approach. The fluid dynamics within the electrochemical system are modelled to show the 

influence of turbulence and probe spacing. A magnetohydrodynamic effect is also employed 

to improve the process and also show how tungstate sharpening can be adapted with 

significant changes in its process parameters. The process is further developed beyond probe 

structures with a demonstration of how this can be applied to razor blade fabrication. 

 

Chapter 4 Arc Assembly was developed alongside the invention of tungstate sharpening. It 

initially highlights why methods for developing carbon nanotube threads are sought after and 

the background theory to dielectrophoresis. A new process is created that allows for the 

adhesion of carbon nanotubes and characterisation of the material through SEM, TEM, EDX 

and Raman techniques yield information on how the material is forming. Throughout this 

chapter the development depends on the use of tungsten probes in a destructive process – 

with experimental conditions vastly different to those of probe fabrication. 

 

Chapter 5 The Conclusion chapter reflects on the work accomplished and outlines the 

direction for further developments in the form of Future Work. Given the inventive nature of 

the research, Chapter 5 will put the final results into context within the thesis and towards the 

goals it has set out to achieve. It will also show that there are many more areas of interest 

opened up by the work undertaken here. 
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Chapter 2: Tungstate Sharpening 

2.1 Introduction 

The electrochemical etching of tungsten to produce ultra-sharp tips has proved an essential 

process for nano-scale applications from their ground-breaking use to display the first image 

of a tungsten atom in Erwin Müller’s lab.
1
 They remain critical for many modern techniques 

such as scanning probe microscopy (SPM), transmission electron microscopy, cellular studies 

and dielectrophoresis.
2,3

 For each of these applications the tip radius, probe length and shape 

are important parameters. For instance, in scanning tunnelling microscopy (STM), a short 

rounded probe is desired to minimize vibrations whilst for general SPM, narrow and longer 

probes may be preferred to achieve high resolution over rough surfaces.
4,5

 

Currently, the most widely used method of performing the sharpening of SPM probes is the 

drop-off method.
6
 This relies on the capillarity of the electrolyte around the tungsten to alter 

the etching rates of the electrochemical process. The method has many advantages in that it is 

relatively easy to perform and has well established parameters for achieving optimal results.
7
 

Various improvements to the technique such as gradually withdrawing the tip and the use of 

ring shaped counter electrodes allow this method to achieve tip radii on the order of 10 nm. 

However, the control is very limited as the minimum tip radius
8,9

 - and the process in general 

- is almost entirely determined by the breaking of the tungsten when it drops-off.
10

 Many 

attempts have been made to increase the aspect ratio of these probes by extending the lengths 
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whilst maintaining low tip radii. However, no established means have been developed to 

produce accurately, and reliably control lengths above 1.3 mm whilst maintaining low conic 

angles and tip radii less than 15 nm.
11,12

 

The work presented in this chapter demonstrates a new method for automatically controlling 

the tip radii and lengths of tungsten probes up to 4.5 mm, such that any probe shape can be 

obtained while maintaining low radii. This offers benefits for achieving high resolution 

microscopy images and also general nano-manipulation in embedded samples whilst 

simultaneously removing the drawbacks of the drop-off method. Tungsten probes already 

have a vast range of applications in nanotechnology; the process proposed extends the range 

even further.  

 

2.2 General Principles of Electrosharpening 

2.2.1 Basic Electrochemical Reaction 

The electrochemical
13

 etching of tungsten probes follows a series of reactions.
14

 Initially the 

air oxidised outer layer of tungstate reacts non-electrochemically but is accelerated due to the 

increased concentration of the anodic layer of OH
-
. 

)(HWO)(OH)(WO -

4

-

3 aqaqs      2.1 

(l)aqaqaq  OH)(WO)(OH)(HWO 2

-2

4

-

4  
   2.2 

Due to the unavailability of tungsten at the start of this reaction electrolysis of water occurs 

and oxygen is observed.  
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(l)gaq O2H)(O)(4OH 22      2.3 

However, the following reactions (4-6) take place once tungsten is exposed. 

Cathode: 

)(OH6)(3H6e)(O6H 2

-

2 aqgl      2.4 

Anode: 

-

2

-2

4

- 6e)(OH4)(WO)(OH8)(W  laqaqs    2.5 

Complete Reaction: 

)(3H)(WO O2H)(2OHW 2

-2

42

- gaq(l)aq(s)    2.6 

2.2.2 Intermediary Steps  

Although the reaction may ultimately be shown as the reactants and products via the 

equations 2.1 – 2.6 the overall reaction mechanism is more complex and the following stages 

occur from step 2.7 onwards (extensively referenced from Erik Lassner et al
15

 page 125. 

However, one should note some differences, thought to be errors, from Lassner in equations 

2.10 and 2.11). 

-

2

- e3)(OH)(WO)(2OHW   lsaq(s)   2.7 

-

22

- e)(OH)(WO)(2OHWO  lsaq(s)   2.8 

-

3

-

2 e)(HWO)(OHWO  saq(s)    2.9 

-

23

-

3 e)(OH)(WO)(OHHWO  gaqaq(s)  2.10 

)(HWO)(OHWO 4

-

3 aqaq(s)     2.11 

*Rate determining step 
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(l)aqaq OH)(WO OH  )(HWO 2

2

4

-

4  
  2.12 

The results of this reaction are that the tungsten anode is etched to WO4
2-

 and H2(g) is evolved 

and escapes at the cathode. For the case of electrosharpening, it is important to consider the 

rate of the etching at the anode. The rate of etching is determined primarily by the applied 

voltage, immersion
 
depth and availability of electroactive species.

16
  

The WO3 precipitate dissolves readily in the KOH solution,
17

 and forms a very loose layer 

over the probe that is often removed as the probe is lifted through the surface meniscus (this 

was briefly used for its removal instead of various stirring methods). Although the precipitate 

can cause the process to fail (the composition of this precipitate has not been confirmed), the 

process may still need stirring to remove oxygen bubbles that can form on the probe’s 

surface. The intermediary reactions show that the production of WO2, WO3 and WO3H solids 

may precipitate out as solids under certain conditions in the reaction. However, current 

literature suggests that any such precipitate observed is WO3.
18 

If the composition and the 

cause of the precipitate were known the amount of stirring may be reduced, or avoided. 

 

 

 

 

*Note: Although equation 9 is the rate determining step, the process used in the context of this thesis 

is diffusion limited. That is, the reaction is limited by the availability of the reactants, either from the 

ions ability to diffuse from the electrolyte or the available surface area of W exposed. This is also 

experimentally observed by the increase in current via stirring, and the overall tungstate sharpening 

effect.
19
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2.3 Drop-Off Method Experimental Progression 

The results of this reaction indicate that the tungsten anode is etched to WO4
2-

 and H2(g) is 

evolved and escapes at the cathode.
20 

For the case of electrosharpening it is important to 

consider the rate of the etching at the anode, which is determined primarily by the applied 

voltage, immersion depth and availability of electroactive species. Above the redox potential, 

the applied voltage increases the tendency for reduction/oxidation to occur as the electrons 

are raised to a higher energy. The immersion depth increases the surface area to which ions 

can exchange charge.
19

  

The key parameter for the drop-off method is the surface meniscus around the anode.
21

 This 

restricts the flow of ions due to the reducing volume of fluid surrounding the anode:  WO4
2-

 

ions locally increase in concentration and restrict the electrolysis reaction as a negative and 

non-electroactive species. This is because further from the surface there is a larger volume of 

fluid for the WO4
2-

 ions to diffuse to. This results in a decreasing etching rate towards the top 

of the meniscus. Furthermore, the denser tungstate layer flows down and restricts the etching 

further down the electrode. Therefore, the shape of the meniscus
22

 and the ability for the ions 

to diffuse, determine the sharpening effect of the electrolysis.
23,24

 The limitations of this 

process are that the surface meniscus remains as a fixed shape, and the necking point breaks 

at a finite diameter based on the mass of tungsten it can support. 

As the etching progresses a necking of the tungsten electrode is observed at the surface level 

of the electrolyte due to the two gradients of WO4
2-

 concentrations and the corresponding 

gradients of etching. When the diameter of the necking point is low enough: such that the 

weight of the lower portion of tungsten exceeds the tensile limit of the necking point, the 

lower portion drops off. At this point, the current drawn through electrolysis rapidly 
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decreases as seen in Figure 2.1. The DC voltage should be turned off to prevent further 

etching which would blunt the tip. The remaining sharpened tip can then be removed for use.  

 

Figure 2.1. Bulk Coulometry Graph for the Drop-Off Method, where the step down in current 

shows where the lower portion of tungsten was removed, lowering the total surface 

area acting as an electrode. 

 

Current practice of electrosharpening exploits only the shape of the surface meniscus to 

restrict the layer of tungstate. Aspect ratios are controlled by using features such as a ringed 

electrode to extend the surface meniscus, immersion depths and concentrations of the 

electrolyte. In addition, other mechanisms such as decreasing the time between drop-off and 

voltage cut-off are also used to improve probe characteristics.
25,26

 Despite these 

improvements, the process is still restricted by these 2 aspects of drop-off and meniscus 

shape. These are ultimately the only elements of the theory being used to define the 

sharpening geometry. However, it is clear that the formation of the tungstate layer has a 

distinct sharpening effect on the lower portion of the electrode. Thus, this work will look at 

utilising just the tungstate layer for electrosharpening. This approach offers the potential to 

bypass the restrictions imposed by the surface meniscus and drop-off parameters. 
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2.3.1 The Drop-off Method 

An example probe produced via the drop-off method can be seen in the SEM image of Figure 

2.2. It was etched in 2M KOH at 4 V and was removed immediately at the drop-off point. 

The SEM images show that it has a tip radius of 90 nm, an aspect ratio of 277 and an overall 

length of 675 μm from tip to the top of the area of etching. 

 

Figure 2.2. SEM images of a probe at different magnifications from the Drop-Off Method 

Literature findings have quoted probes being used from anywhere between 10-100 nm tip 

radius. Therefore, 90 nm is within the expected range albeit towards the upper end. 90 nm is 

probably too high for applications in STM which are typically well below 30 nm.
27

 The 

reason for the slightly higher tip radius is due to the lack of a control circuit to stop the power 
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supplied to the electrosharpening as soon as possible after the drop off point. Some literature 

suggests the power cut-off be controlled to under 1 ms.
28

 For this experiment, the drop off 

method was stopped manually. Therefore, the stopping time was estimated to be ~1 second. 

During the time after the drop-off the tip will continue to be etched which will increase the 

tip radius until the power is switched off. 

In addition, the probe does not exhibit a uniform curvature along its length, a feature also 

present in the literature regarding the drop-off method.
29

 The multiple points of curvature 

observed are attributable to a shift in the meniscus during etching. Ideally, this should be 

preventable by reducing vibrations during the experiment. Although this may not appear to 

influence the shape of the tip, the theory for electrosharpening based on the gradient of the 

WO4
2- 

down the meniscus suggests, that a shift in the meniscus alters the etching rate down to 

the tip. The main practical implication of these non-uniformities is the added complexity to 

modelling the tip and for applications in SPM where the resonance of the tip is an important 

parameter; these non-uniformities could introduce inaccuracies to such calculations. 

Therefore, it can be seen that although the drop-off method is simple and well established for 

producing nanometre sharp probes, it does have many drawbacks. The restrictions and 

irregularities caused by the surface meniscus on the overall probe geometry are intrinsic to 

the process. Furthermore, the drop off point needs to be measured to within a very small time 

frame to prevent further etching of the tip. In addition, the tip radius is limited by the mass of 

tungsten that has dropped-off.  
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2.3.2 Angled Electrosharpening 

The following experiments show how the tungstate layer and surface meniscus can be further 

exploited through angled electrosharpening. 

 

Figure 2.3. Left: Tungstate flow for the drop-off method. Right: Tungstate flow on angled 

electrosharpening. The experimental picture corresponding to each schematic 

(top) is displayed at the bottom 

The layer of aqueous tungstate is denser than the surrounding medium and moves to the 

bottom of the solution under gravity as a result. This is how the tungstate is primarily 

removed from the electrode surface. For the typical vertical alignment of electrosharpening 

this creates a large increase in tungstate concentration as it envelopes and moves down the 

electrode. As already demonstrated by the current practice of electrosharpening, 
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this leads to a decreasing rate of electrolysis down the electrode. By immersing the electrode 

at an angle to the surface of the solution the tungstate will not flow down and envelope the 

electrode to the same extent as shown in Figure 2.3.  The denser tungstate layer is removed 

by gravity away from the electrode rather than being pulled around the electrode. This 

reduces the amount by which the tungstate accumulates on the electrode. Therefore a lower 

gradient for the rate of electrolysis occurs.  

Due to the fact that the etching rate along the electrode can be controlled directly by altering 

the angle, higher aspect ratios can now be achieved by reducing the accumulation of the 

tungstate layer. In addition to this, as the angle of the tungsten anode becomes more parallel 

with the surface, the drop off will still occur but at a smaller radius due to the mass of the 

lower portion being smaller due to the increased etching across it.  
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Figure 2.4 shows results from the angled electrosharpening experiments which demonstrate 

high aspect ratios and tip radii lower than 50 nm. Thus these experiments show that it could 

be possible to just consider the tungstate layer when determining probe geometry. 

 

Figure 2.4. Preliminary SEM micrographs of 2 probes etched via an angled variation 

of the drop-off method. (Top row: A probe with necking over probe length and 

probe tip. Bottom row : A probe with high aspect ratio with no necking and 

probe tip.) 

It should be noted however that as shown in Figure 2.4 some probes experienced a problem 

of multiple necking points. This was caused by debris, bubbles and tungsten trioxide forming 

along the electrode and insulating these points from the etching effect. As will be discussed 

later, this problem can be solved by simply stirring the solution intermittently. 
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2.4 Shadowgraphs 

As shown in 2.3.2, the tungstate layer plays a crucial role in the sharpening process. For 

instance, it has been shown to alter the probes shape simply by varying the orientation of the 

probe during etching. To further understand how the tungstate layer affects the process 

shadowgraphs were used. 

2.4.1 Introduction to Shadowgraphs 

The invention of the Schlieren techniques may be credited to the British natural philosopher 

Robert Hooke in 1665 who observed through a lens the refraction of a candle’s heat plume 

from the light of a second candle. In 1780 the controversial scientist and French revolutionary 

Jean-Paul Marat published the first known images of a shadowgraph. Now, the techniques 

have developed into an essential modern methodology for fluid dynamics, including in this 

thesis for the experimental observation of electrochemical fluidic layers.
30

 

 

 

Figure 2.5.  Microscope image of tungstate flow – the lighting conditions which presented 

this image are unknown 
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With the use of a digital microscope to control and analyse the experiments it was observed 

that occasionally the tungstate layer could be viewed under certain lighting conditions as 

illustrated in Figure 2.5. The effects of the tungstate layer could also be seen often through 

the downwards movement of bubbles as they are caught in the flow. However, the reasons as 

to why certain “lighting conditions” allowed the layer to be seen was unknown and these 

conditions could not be reproduced reliably. Given the essential nature of the tungstate layer 

in this process, it was deemed necessary to gain reliable footage to confirm its presence and 

how it behaves during the process which may be useful to find ways for improving the 

method.  

 

 

Figure 2.6. A diagram of a typical shadowgraph pattern 

Common observational techniques used in fluid dynamics are direct shadowgraphs and 

Schlieren photography. These processes exploit the differing refractive indexes of 2 media to 

create a shadow contrasted image. This is useful for viewing the movement of fluids where 

compression or temperature in the fluid changes the refractive index.   

Schlieren photography relies on the refractive index shifting the focal point of the image into 

a knife edge.
31

 This blocks the path of the light and creates a shadow on the image where the 
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different media would otherwise be. Shadowgraphs are much simpler, and use a single point 

light source. The medium refracts diverging light away from the points on the image that it 

would normally be illuminated thus creating areas of shadow as shown in Figure 2.6.  

 

Figure 2.7. A diagram of the shadowgraph method used for developing tungstate sharpening 

Schlieren photography can potentially create much sharper images than shadowgraphs 

because it is not as prone to interferences from diffraction. However, due to the simplicity of 

shadowgraphy and that these experiments are to provide indications and evidence towards the 

theory rather than any complex measurements - shadowgraphy was the more practical and 

suited technique. However, despite the simplicity of shadowgraphs, due to the relatively 

small size of the tungsten probe compared to the point light source (a pin hole through tin foil 

over a lamp was used), there was insufficient light to provide illumination to the microscope 

and direct shadowgraphs were not obtained. Instead, a new form of shadowgraph was found 

during attempts to make direct shadowgraphs work. This was based on positioning the edge 

of a much stronger light source (the entire filament of the lamp) in line with the centre of the 

probes width. This resulted in a shadowgraph that still produced shadows with the different 
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refractive index of the media involved, the KOH solution and the WO3 layer but with one 

side of the probe producing a positive image and the other side of the probe producing a 

negative. Figure 2.7 depicts how the process is thought to work. Although this is 

unconventional, the images met the requirements of providing evidence for the tungstate 

layer and its behaviour.  

 

Figure 2.8. A tungsten probe during etching. A modified shadowgraph indicates the tungstate 

layer surrounding the probe in the lighter and darker regions. 

Figure 2.8 shows a probe that has just started the electrosharpening process where some 

oxygen bubbles and tungstate debris still remain attached. On the left hand side of the image 

the WO4
2-

 layer is illuminated and shows its path down the side of the wire with increasing 

volume. It can also be noted that a small piece of debris is protruding out and a slight bulge in 

the WO4
2- 

layer can be seen around it. This suggests that this piece of debris may distort the 

uniformity of the sharpening process. On the right hand side of the image the WO4
2-

 layer is 

represented by a shadow. The image shows that the WO4
2-

 is obstructed by a large oxygen 

bubble and it appears to lose its volume around the probe at this point. After this point, the 

tungstate layer increases in volume again normally. This would suggest that the oxygen 

bubble will create a necking point just beneath it if not removed: as this is where the etching 

200 µm 
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will be increased due to a reduction in the insulating effect of the WO4
2-

 layer. (This is further 

confirmed by the evidence in Figure 2.11 (A) where it can be seen that without stirring the 

debris is not removed and leads to multiple drop-off points in the bulk coulometry graphs 

which are caused by the necking points forming.)  In addition, the fact that the WO4
2-

 layer is 

seen generally increasing in volume on both sides of the probe and also in other images 

presented throughout this report, provides further evidence for the theory behind this 

sharpening process. 

2.5 Principles of Tungstate Sharpening 

 

Figure 2.9. Shadowgraph images of the WO4
2-

 layer at various stages in probe fabrication. 

The difference in light/dark areas indicate where WO4
2-

 is flowing as in the 

diagram on the left, such that the etching converges to a sharp point. 

Tungstate sharpening relies entirely on the WO4
2-

 layer flowing down the probes. This layer 

is visible via the diagram and shadowgraph images displayed in Figure 2.9. The layer 

accumulates over the probe as it flows downwards and decreases the rate of etching. Thus, a 

gradient of etching occurs over the length of the probe with the greatest etching at the top and 

the weakest at the bottom. Figure 2.9 shows how this transitions from a bulk W, Figure 2.9 

(B), to a sharp W probe, Figure 2.9 (D). Using this method, sharp and yet longer probes, with 
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aspect ratios similar to those obtained using the drop off method were produced. The 

advantage is that the probe can be etched to a sub-15 nm tip whilst at a longer lengths of 4.5 

mm and maintain this sharpness to much shorter lengths of 0.5 mm. In addition, it is 

important to note that the probe shape is not dependent on a single drop-off point but can be 

altered continuously and requires no mechanical movement to change the length. The whole 

process is controlled via the electrochemical reaction.  

2.6 Implementation 

 

Figure 2.10.  A cross-section of a 3D model of the tungstate sharpening apparatus. The 

connection to the tungsten probe is electrically insulated from the KOH. (Refer 

to Figure 2.15 for complete circuit layout) 

The basic set up for the electrosharpening is shown in Figure 2.10. The tungsten wire is the 

anode and the cathode is a metal that is electrochemically inactive for the voltage range 

applied - for these experiments stainless steel was chosen. The main difference over the drop-

off method is that the electrode must be completely submerged in the solution and pointing 

upwards. This was achieved by placing the wire through a piece of silicone tubing with 

rubber O-rings to seal the ends. Both electrodes are immersed in KOH solution; NaOH may 
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also be used, but has been shown to be less effective by some literature due to the reduced ion 

mobility and thus the reduced conductivity of the electrolyte. A DC voltage is applied to the 

electrodes. When the voltage is greater than the summation of the standard oxidation 

potential, standard reduction potential and electrochemical polarisation, electrolysis occurs, 

as described in equations 2.1 – 2.6. For the experiments listed here, a 4V DC voltage with a 

99.95% pure tungsten wires of 250 - 400 µm diameter in 2M KOH. 

A LabView program with an NI 6009 DAC was developed in house to modulate the power 

and take current measurements. A USB microscope was used for real-time observations and 

taking time-lapse footage of the process. Shadowgraphs of the tungstate layer were obtained 

by positioning the edge of a light source behind the tungsten probe. The counter electrode 

was also partially shielded from the probe with a physical barrier to prevent hydrogen 

bubbles disrupting the diffusion layer. 

2.6.1 Control Through Bulk Coulometry 

Another key element of the control is the practical yield of the electrosharpening procedure. 

Typically a tip formed after drop-off is as sharp as possible; if the procedure is disturbed 

either through debris or vibrations then the whole probe is wasted and the procedure has to be 

restarted. Using the tungstate sharpening method the tip can be constantly monitored as it is 

forming. If the tip is asymmetrical or not sharp enough then the voltage can be reduced or 

turned off as well as introducing stirring at key points to remove unwanted debris, such as the 

tungsten trioxide that forms. Figure 2.12 shows an image of some “bulging” on a tungsten 

probe due to the insulating effect of some WO3 on the side of the probe. However, if the 

debris is removed through stirring, the polishing effect of the etching will erode the 

protrusion.
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Figure 2.11 : Bulk coulometry graphs of three different tungstate sharpening regimes used 

in the development of this process. 

A: with no stirring and no power control 

B: with stirring and manual power control from 600s onwards 

C: with stirring and manual power control throughout process 

 

Figure 2.11 shows three graphs establishing the control of the process using stirring and 

manual power control. It should be noted that the duration of the stirring is based purely on 
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inspection of the probe such that it is stirred until debris has been removed by observation. 

One should also note that the gradual decrease in current is due to the surface area of the 

tungsten electrode decreasing. 

 

Figure 2.12. Bulging due to debris obstructing the diffusion of OH
-
 . 

According to a Faradic current, the rate of reaction decreases with the area as fewer ions have 

space to diffuse through to the electrode. In A) the probe was allowed to be etched till the 

process stopped simply due to the tungsten being completely removed. It should be noted that 

this results in “minor drop-offs” at the 1500 second mark onwards as the wire width becomes 

too thin to support its own weight and that of the debris attached. This indicates that the 

control allowed in this process is both useful and essential given that the purpose of this 

method is to avoid drop-off completely. In (B) and (C) however, the process was controlled 

with the voltage being switched on and off towards the end of the process to avoid these 

smaller drop-offs and to create the probe and tip shape desired.   

200 µm 
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2.6.2 Observations of Tungsten Trioxide 

 

Figure 2.13. Three images showing WO3 formation and progression to probe collapse. 

During the process of tungstate sharpening it was observed that a fine ‘mesh’ of material 

formed down the wire when the wire approached thickness of around ~70µm (for a 4V 

supply with 2M KOH). The mesh can be seen in Figure 2.13.  

This mesh is thought to be tungsten trioxide (WO3). This is due to its apparent yellow colour, 

(it should be noted that the first image was illuminated by a yellow lamp therefore may be 

misleading in this case) and this is typically associated with tungsten trioxide. Tungsten 

trioxide is prevalent in the electrochemical reactions as an intermediary state before forming 

tungstate ions: 

W(s) + 6OH
-
  WO3(s) + 3H2O + 6e

-
    2.13 

WO3 +2OH
-
  WO4

2-
 + H2O     2.14 

It is suggested, that as the volume of the electrolytic diffusion layer reduces with the 

decreasing diameter of the electrode, the concentration of tungsten trioxide increases to a 

saturation point where it then starts to precipitate into the solution around the electrode. 

200 µm 
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In general, the formation of tungsten trioxide can make the tungstate sharpening unreliable if 

not addressed. It produces necking points as observed in the angled sharpening due to 

electrical insulation and adds non-supporting weight to the structure. As shown in Figure 2.13 

this can ultimately lead to a premature collapse of the tungsten probe. Figure 2.13 also gives 

an indication towards the extent of this growth: a column of WO3 which had been forming 

down the whole electrode falls past the camera as the top portion of the electrode collapses 

under the excess weight. A time-lapse video of this occurring during the first test of tungstate 

sharpening can be found in the appendices. 

However, this problem is easily solved by simply turning the power off momentarily and 

stirring the solution to remove any mesh forming. Stirring may also be performed during the 

electrolysis to allow more tungsten trioxide to react with OH
-
 as the double layer is disturbed. 

However, as discussed, this will have the effect of increasing the rate of electrolysis and 

possibly symmetry. 

One possible advantage of this tungsten trioxide formation is that there is a wide range  of 

recent research conducted on the production of porous tungsten trioxide layers and its various 

applications due to its remarkable photoelectrochemical, ‘gas sensing’ and catalysing 

characteristics. So far, attempts to extract this tungsten trioxide layer have been unsuccessful 

as it is removed from the electrode by the surface of the solution as the electrode is 

withdrawn. However, this is just to note that this otherwise ‘unhelpful’ debris may offer a 

possible alternative to producing tungsten trioxide. 
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2.7 Automation Programming Concept 

Initially investigations into the drop-off method and the tungstate sharpening experiments 

were performed as a manual process, where the user regulates the power whilst visually 

inspecting the wire via a microscope in situ. This created a great restriction on the drop-off 

experiments, as any etching that continues after the moment of drop-off blunts the tips. This 

restriction may also be attributed to the development of tungstate sharpening, which may 

continue etching once a sharp tip is obtained so manual fabrication would not be detrimental 

to this key feature. 

Despite the nature of tungstate sharpening allowing for manual control, other advantages of 

the process could not be realised without full automation. Manually controlled experimental 

results showed that the length could be controlled beyond that of the drop-off method. 

However, the accuracy of the length was difficult to ascertain under a microscope, where it is 

technically difficult to view the dimensions of the tip and the entire length of the probe 

simultaneously. In addition, although timing is not as critical for achieving a tip radius below 

100 nm timing is still critical to obtain an accurate length. Further practical benefits are 

gained as the process duration is between 15 – 60 minutes and the user would have to 

maintain attention throughout that time.  

Overall, with automation it became possible to: 

 Measure the current of the process as bulk coulometry. 

 Infer the length of the probes etched. 

 Stop the process without the need for user intervention or attention. 

 Implement additional processes such as stirring/pausing. 
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 General improved reliability with timing of the experiments. 

 Record data in situ. 

 Inform user of progress. 

 Faster experimental through-put. 

These advantages over manual control all became requirements for the actual program 

constructed. To implement these requirements LabVIEW was chosen as the programming 

environment for the automation, the reasons for this are listed below: 

Advantages of using LabVIEW  

 LabVIEW is a concurrent language, so multiple processes can be handled 

simultaneously. This is useful for automation as data from an experiment can be 

acquired whilst changes are made to the experiment at the same time. 

 It is designed for interfacing with instrumentation hardware, and in addition to this 

National Instruments provides many off-the-shelf devices specifically designed to 

function for experimental work from the LabVIEW environment. 

 LabVIEW also comes with extensive libraries and a platform for constructing 

graphical user interfaces (GUI) which enables quick development of a usable 

program, and time is only spent developing the automation. 

 LabVIEW is written with a graphical source code that relies on “data flow” 

connections between objects within the program. This makes it intuitive to see how 

the automation is running in a sequence as well as allowing the logic of the program 

to be more accessible and understandable to those not familiar with the language. 

 LabVIEW incorporates a large library of functions and tasks that are pre-constructed 

and typical for automation projects, i.e. writing data to text files and their location 

within a computer is all incorporated into a single object available with the program. 
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2.7.1 Software Implementation 

The program was developed over 25 iterations, from an initial program that could only 

display current measurements and execute a fixed sequence of control without any feedback 

to a program which meets all the aforementioned requirements through the sections outlined 

in more detail below. Due to the complex nature of the program it may be useful to refer to 

the Appendix for the full details of the program’s operation. 

 

 

 

Figure 2.14.  A program map for all the main LabVIEW sub-sections that allow complete 

automation over electrosharpening 
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2.7.2 Automated Electrochemical Circuitry 

 

Figure 2.15. Electrochemical Etching Circuit for Automation 

The automated system uses a combination of Darlington arrays
31

 and relays in between the 

microcontroller and the electrochemical apparatus. This setup keeps the electrochemical 

system as isolated as possible with the exception of a single 10 Ω shunt resistor 

(independently measured to 9.9 ± 0.05 Ω) which is necessary for current measurements. If 

any components are placed alongside the electrochemical system it can distort the 

equilibrium established during the reactions.
32,8
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The NI-6009 microcontroller connects the digital outputs to the darlington array logic which 

uses a separate powersupply to drive the relay switches which can supply a forward or 

reverse bias, and also turn the power on and off. The analog inputs of the microcontroller is 

placed over the shunt resistor which is adjusted for in the LabVIEW software. The relays are 

used instead of IC switches to prevent possible inaccuracies being introduced to 

electrochemical measurements (i.e activation voltage of any semiconductive switches would 

distort the electrochemical equilibrium)  with potential semiconductor switches (such as those 

in the Darlington array)  The relays introduce the greatest delay circuit, rated at a maximum 

of  8ms. However, as the program is typically operating with a sample rate of 4 Hz, this has 

minimal effect on experimentation. 

Future improvements to this circuit would include a lower shunt resistor, which in turn, 

requires a microcontroller with a greater resolution. A lower shunt resistor would allow for 

closer data sampling to the actual electrochemical reactions, and the rate of etching would 

increase. Note however, an increase in the rate of etching may not be beneficial. In addition, 

the two relays could be replaced by a single DPDT centre-off relay. There may also be 

interest in components to alter the electrochemical equilibrium as an extra parameter to 

control (and place feedback through.) However, for this thesis the reaction was kept 

“undisturbed” other than changes to the duty cycle and etching durations so the current 

measurements were an accurate indication of the actual electrochemical reaction taking place.  
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2.8 Automated Electrosharpening 

A uniform DC current cannot be applied for tungstate sharpening to work reliably. Instead, 

the power and polarity must be modulated over the course of the etching to prevent a build up 

in gaseous bubbles and excess tungsten trioxide (WO3). Initially, an automated stirrer was 

used. However, this was found to increase the duration of etching as a lead time had to be 

observed to prevent fluidic movement from distorting the diffusion layer. As an alternative, 

the power is reversed, and with an electrochemically inert electrode hydrolysis will occur as 

in equation 2.15 where hydrogen bubbles “clean” the probe. 

)(2OH)(He2  O2H -

2

-

2 aqg(l)     2.15 

A precautionary separate variable resistor or other current limiter in the reverse state was 

used to ensure that the potentially high current drawn (greater than 0.25A) by hydrolysis does 

not damage the probe. Note that a thin outer layer of WO3 is formed as part of the cathodic 

reaction, but is etched away in the following non-electrochemical reaction afterwards in 

equation 2.16.
 
This method also removes the disadvantage of having to perform an initial etch 

on the probe as is frequently the case in the drop-off method via equation 2.16. 

(l)aqaq(s)  OH)(WO)(OH2 WO 2

-2

 4

-

3    2.16 
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Figure 2.16.  Automated current analysis of typical tungstate sharpening with various 

etching regimes. 

 The spikes on the graph are from the accumulation of the diffusion layer forming 

 This still adds to the etching, and is accounted for with bulk coloumetry, and the 

removal will simply be at an increased rate. 

 However this is likely not governed by the tungstate layer (so uniform sharpeneing – 

which puts a limit on the minimum amount of time an etching pulse can form) 

 However there may be circumstances when uniform etching is desired, especially 

after the overall profile of the probe has been formed. 

 i.e. an etching regime that was a fast duty cycle up to 1 second would etch as if the 

tungstate layer was not formed. 
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A current versus time graph of a typical tungstate sharpening process is shown in Figure 2.16. 

The timing for the sequence is not predetermined. Instead, a sequence within the developed 

LabView program is triggered to change at set thresholds at which the current measurements 

falls above or below. The thresholds determine the progress of the etching for a given surface 

area of the probe, and hence the current decreases as more material is removed as shown in 

equation 2.17. For a 2M KOH solution at 4 V these thresholds typically range from 50 mA 

down to 2.5 mA. The final threshold which the user sets determines the final probe shape and 

is the minimum current before the probe stops etching. The sequence is designed to etch for 

the appropriate length of time for a given stage in the fabrication of the probe. Note that 

during the polishing regime, the current is increasing, as the outer layer of WO3 is stripped 

and a greater surface area for the general reaction is exposed. The bulk etching regime is 

designed to remove as much material as possible whilst not creating irregularities along the 

probes length. In turn, the fine etching regime is designed to minimize the hydrolysis stirring 

required and etch in short steps to ensure an accurate probe is obtained when approaching the 

final current threshold. As shown in Figure 2.16, the program can automatically select the 

time of etching required for various stages in the probes manufacture. The program utilizes 

the normalized form of Faraday’s equation which introduces the proportionality between 

current and total area of the probe. 

𝑖 = 𝑛𝐹𝐴𝑣  2.17 

where i, n, F, A and v are the current, number of electrons transferred, Faraday’s constant, 

surface area of the electrode and rate of material removed per unit area. 

Thus, the thresholds are determined by two possible criteria: either a current reading or the 

calculated total charge transferred during the process. The accuracy of each of these is 
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fundamentally affected by different starting conditions. For the current reading the 

concentration and voltage must be known - but is independent of the mass of tungsten used. 

Conversely, with the summation of charge transferred, knowledge of the initial mass of 

tungsten immersed is required to calculate the total material removed, and hence the probe 

shape. However, assuming no faradic losses this measurement is independent of the 

concentration. 

 

 

Figure 2.17.  Coulometric graph of tungsten removed for 2 different duty cycles showing 

repeatability. 

 

Typically, the thresholds are determined by the current measurement, as this allows for 

probes to be immersed at different lengths and etched to a given surface area. However, the 

coulometric measurements can give a strong indication of the reliability.  Figure 2.17 shows 

two sets of three probes all immersed to 5 mm in length, and etched to the same area value 

with different duty cycle times in the bulk etching regime. 
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The importance of using the correct duty cycle for the power is also evident from Figure 2.17. 

With half the bulk etching time at 120 s, results spanned a range of 0.08 mg; 0.85% of the 

average mass lost. However, at 240 s, the data spanned a range of 1.46 mg; 14.8 % of the 

average mass lost. The reason for this difference is that the probe will develop varied surface 

asperities along its length due to irregularities forming with inadequate cleaning. This causes 

the probe to break during the fine etching regime, which prevents accurate measurements and 

control over the later stages of its fabrication. However, the duty cycle of 240 s is faster in 

about ~1800 s whilst the 120 s duty cycle takes ~2200 s. Thus, if reliable control is not 

required for a rapid and large production of assorted probes, this type of process is still 

viable. 

 

2.8.1 Tip Radius 

This parameter defines the radius for the best fitting circle as drawn over the tip's apex as 

shown in Figure 2.18. For this project the tip radii and all other characteristics listed below, 

are measured from an SEM image using ImageJ software.  ImageJ is a program that interprets 

image data to allow measurements to be taken based on a calibration from a known scale of 

the pixels in the image. The accuracy of these measurements, particularly in nanometre 

ranges may not be entirely reliable due to limited calibration and resolution of the SEM used, 

as well as human error from applying a best fitting circle. This is why an emphasis is placed 

on utilizing these probes within experimental environments where their sharp tips are 

essential, as this confirms the probes ability to fulfil their roles in nanotechnology. 
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Figure 2.18.  Demonstration of ImageJ used to measure SEM tip radii from drop off method 

tip 

Typically it is the tip radius that defines the sharpness of the probe. As shown from the theory 

behind dielectrophoresis and in the COMSOL models, the radius determines the gradient of 

the electric field – which plays a critical role in Chapter 4 of this thesis. 

2.8.2 Overall Tip Length 

Given the aspect ratio for this project is defined from a fixed length, the need to define the 

overall length of the etched probe must be clarified beforehand. By stating the overall length 

of the probe the aspect ratio for a given application with a different effective length will be 

obtainable. This characteristic may be useful for applications other than this project, e.g. 

probing cellular structures or manipulating nanoscale objects within fluids where a greater 

probe length is required to reach through larger volumes of tissue. 
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2.9 Probe Geometry 

Figure 2.19 shows a selection of the types of probes which were obtained using the tungstate 

sharpening techniques. The overall probe lengths may range from 0.5 mm to 4.5 mm, with tip 

radii between 15 and 20 nm and a minimum conic angle of less than 1
o
. Figure 2.19 

illustrates the uniformity of the probes suggesting that no mechanical weaknesses are present 

due to necking points or asperities. All results were measured using a scanning electron 

microscope (SEM) with magnification scales down to 500 nm. 

 

Figure 2.19.  The typical range of lengths for short and long probes, their overall profile and 

the respective cut-off currents. 
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In addition, three probes were also etched for high resolution SEM images to examine the 

probe tips seen in Figure 2.20. All the probes achieved tip radii ~ 20 nm. The material 

observed along parts of the probes is expected to be WO3 either as a residue from the etching 

process or from oxidation in the air.  

 

Figure 2.20. Tungsten probe tip profiles. The fuzzy material along the structures is WO3 
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2.9.1 Bulk Coulometry Calculations 

To establish further control over this process the recorded current was compared to the 

amount of observed material removed from the tungsten probe. Figure 2.29 shows a current-

time graph for an example process which also uses stirring and intermittent etching. By 

calculating the charge transferred under one of the periods where etching was taking place, in 

this case integrating from 1359 - 1625 s, we can calculate the expected material removed 

based off electrical measurements. 

 

Figure 2.21. Extracted portion of a bulk coulometry graph during a fixed period of etching. 

The total charge was calculated by integrating under the section of the graph from 1359s to 

1625 s using the trapezium rule between points (Note, this is the same method used by the 

automation program described in 2.7.4): 
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𝑄 =
𝐶𝑢𝑟𝑟𝑒𝑛𝑡𝑡+ 𝐶𝑢𝑟𝑟𝑒𝑛𝑡𝑡+1

2
 × 𝑑𝑡𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡  2.19 

= 4.12 Coulombs over a 266.5 second period 

Using Faraday's Equation: 

𝑄 = 𝑛𝐹𝑀    2.20 

Where Q, n, F and M are total charge transferred, moles of electrons exchanged, Faraday’s 

Constant (96485 C/mole) and moles of reagent respectively. 

𝑀 = 7.12 × 10−6 𝑚𝑜𝑙𝑒𝑠 

Multiplied by tungsten's molar mass of 184: 

184𝑔/𝑚𝑜𝑙 × 7.12 × 10−6 𝑚𝑜𝑙𝑒𝑠 = 0.0013 𝑔 𝑜𝑓 𝑡𝑢𝑛𝑔𝑠𝑡𝑒𝑛  

Calculations based from Observed Dimensions 

Weight analysis is not a viable method for ascertaining the accuracy of the etching process as 

the amount of material removed typically lies significantly within the accuracy of readily 

available balances. However, the following method based on observed dimensions shows that 

a close approximation can be made by inferring characteristics of the probe. This example of 

the observational method only works whilst the probe can be approximated to a cylinder, in 

theory. However, it could still work if accurate imaging is available and the volume of the 

probe can be estimated. Its accuracy is determined by that of the estimated volume and how 

close the density of the tungsten matches the theoretical value. 
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Figure 2.22.  A probe shown in two different stages of etching. The difference of the 

diameters can be used as an alternate indication of the material removed. 

Left: Width of probe before 1350s: 265μm 

Right: Width of probe after 1600s: 204μm 

The tungsten probe was measured from stills on ImageJ at times before and after the 1350 

and the 1625 second mark of an electrosharpening experiment.  

Widths:  Before 1350 s = 265 μm 

  After  1625 s = 204 μm 

The height of the probe was measured before the experiment to be 3 mm a series of ImageJ 

stills confirm the height of the probe to be 3.3 mm (the size of the probe measured before the 

experiment was to an accuracy of ± 1.5 µm (the size of pixels from the digital microscope). 

Density of tungsten at room temperature: = 19.25 g/cm
3
 

𝑑𝑉 × 𝜎 = ((
265 𝜇𝑚

2
)

2

− (
204 𝜇𝑚

2
)

2
) × 3 𝑚𝑚 × 𝜋 × 19.25𝑔/𝑐𝑚3  2.20 

= 0.00129 g of tungsten 



 

57 

 

2.9.2 Evaluation of Calculations 

By comparing to the corresponding difference in size of the probe in Figure 2.22 to the 

electrical measurements taken, we find that according to bulk coulometry the material lost 

should be 1.31 mg whilst the observed material lost is 1.29 mg. Both results are very similar. 

The minor 1.5% difference in these measurements could be accounted for by Faradic losses 

during the reaction – accounting for more charge drawn for non-sharpening processes, 

although it must be recognised that inaccuracies during observed measurements are likely far 

greater than this difference.  However, this similarity between 2 different methods of 

observation does suggest reliability between them. This close comparison of observed 

material lost with measured current indicates that this process may be controllable using 

purely electronic measurements.  

These results show how this process can be fully automated as current measurements can be 

used as a good indicator of material removed during etching. This is in contrast to the drop-

off method which commonly employs simple automation to stop the process quickly, but has 

no control over the amount material removed, and thus, no influence on the overall shape of 

the probe.  
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2.10 Scanning Tunnelling Microscopy Application 

Although tungsten probes have a wide variety of applications, the most common is scanning 

tunnelling microscopy (STM). STM was invented in 1981 by Gerd Binnig and Heinrich 

Rohrer
33

 for which they won the 1986 Nobel Prize in Physics. This instrumental method 

utilizes the phenomenon of quantum tunnelling between a probe tip and a sample as the tip is 

scanned across the surface of the sample. The information from the tunnelling current allows 

a topographic image of the surface to be obtained at atomic resolution. The basic setup for 

STM may be seen in Figure 2.23: 

 

Figure 2.23.  The basic setup for STM: A sharp probe utilizes a tunnelling current to scan 

across a conductive sample and build a topographic image of the surface. 

Quantum tunnelling is caused by the probabilistic behaviour of wave/particles. There is 

always a finite probability that a particle (in this case an electron) can overcome a potential 

barrier (in this case the gap between probe and sample.) The probability of tunnelling is 

Z axis 

X/Y sample 
axis 

Tungsten 
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Tungsten 
probe tip 

Atomic Surface 

Quantum 
tunnelling over 
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determined by the distance between the probe and the sample in addition to the applied 

voltage, and the nature of the sample surface. Thus, the current measured during STM 

operation is a direct indication of the distance between the probe and the sample for a given 

voltage. The tunnelling current is measured as the tip rasters across the surface and this 

combined with the location of the probe produces a map of the tunnelling current (or the 

adjusted z-axis in constant current mode) and thus an image of sample surface. 

Generally an STM can only obtain atomic resolution if the tip has a radius < 20nm (i.e. a high 

likelihood of a single atomic tip.) It is possible for a tip with a higher radius to obtain a single 

tunnelling current if it possesses a protruding asperity from the tip – but this is an uncommon 

and uncontrollable feature. STM relies on quantum tunnelling which allows electrons to 

move between electrodes at < 1 nm distances provided the voltage is high enough. A blunt tip 

will not obtain atomic resolution because for a given distance and voltage multiple regions at 

the tips surface will tunnel at the same time as sketched in Figure 2.24 A creating a blurred 

image.  

The STM results shown in Figures 2.24 B & C are of cleaved HOPG. This creates a highly 

uniform surface from which atomic images can be obtained. Planes of graphite can be seen in 

Figure 2.24 B with a rough region in the top left corner that cannot be scanned at higher 

magnifications.  Figure 2.24 C shows an atomic resolution of the smooth area with a 

hexagonal lattice of carbon atoms. This was obtained at room temperature and pressure in air 

at 770 mV.  The STM used a 0.5 mm probe, because lower lengths typically introduce less 

vibrational noise into the image as the tip is relatively stiffer. These images are comparable to 

STM results achieved by probes of other techniques under similar conditions. 
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C 

A 

B 

Figure 2.24.  A) Illustration of tunnelling between sharp and blunt tips. B) 

1µm view of smooth regions of HOPG C) hexagonal atomic 

lattice observed with tungstate sharpened probe. 
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2.11 Conclusion 

It was established that the conventional methods of manufacturing ultra-sharp tungsten 

probes is antiquated, unreliable and restrictive.
34

 Despite this, tungsten probes have remained 

a vital instrument for many nanoscale applications. In this chapter an alternative method was 

proposed that may supersede the long-established ‘drop-off method’.  

Tungstate sharpening has been shown to produce ultra-sharp tips down to 20 nm radius, 

which is essential for nanoscopic interaction. Furthermore, this process was fully automated 

which removes the uncertainty of user error, in addition to saving time for any applications 

where these probes need to be produced in addition to making this a viable process for 

industrial fabrication. In-situ bulk coulometry analysis of the etching process was used to, 

provide an accurate indication of the progress of the electrochemical etching. This in-turn, 

allowed for controllable lengths between 0.5 - 4.5 mm. This adds versatility to the 

applications available to the probes in addition to surpassing the capabilities of the basic 

drop-off method. The probes were experimentally shown to be viable tools for STM: Atomic 

resolution was achieved on HOPG at room temperature and pressure, which is the most 

common application for these probes. These experiments have also explored the phenomenon 

of shadowgraphs and tungsten trioxide formation and briefly showing a variation of the drop-

off method via angled electrosharpening. 

Although the experiments in this chapter have achieved their aim of finding a viable 

alternative to the drop-off method, there remain many unexplored areas of interest which may 

lead to further improvements. In particular, tungsten is not the only material that is viable for 

electrosharpening, (any material that can be etched to form an electrochemically inactive 

insulating layer will likely be usable). Many materials have been tested successfully with the 
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drop-off method for many different applications, which suggests they may also be viable for 

tungstate sharpening.
35,36,37,38

 

In addition, because tungsten probes are inherently disposable items it would be highly 

desirable to increase the rate at which tungsten probes can be etched. In typical SPM work it 

is a common occurrence to break probes during use – and any application where the probes 

come into contact with another sample will likely damage their nanoscale features. Thus 

increasing the rate of probe production will allow them to meet the demands of their 

consumable nature. 

Because Tungstate Sharpening is a new electrosharpening technique, which uses different 

parameters, with different requirements and implementations there is a very wide scope for 

future work. The next chapter will show how some of the challenges outlined here can be 

addressed, leading to many practical improvements, and then, - how even these 

improvements can be surpassed.
39
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Chapter 3: Enhancements to Electrosharpening 

3.1 Introduction 

Tungsten probes are typically used as consumables. Generally, the probes become damaged 

or contaminated upon interacting with other objects at the nanoscale, for example in STM it 

is common for tips to crash-land onto the sample surface which often makes them unusable 

afterwards. In addition, tungsten gradually oxidises in air which distorts the overall tip shape, 

and will ultimately alter any electronic properties associated.
1,2

 

As a consumable many tungsten probes must often be produced in volume to facilitate 

multiple experiments. However, conventional techniques do not allow for the simultaneous 

fabrication of multiple probes with nanoscale tips.  It has been is shown to be fundamentally 

impossible to produce several tips simultaneously when relying on the drop-off method
3 

introduced in Chapter 2.3.1 

3.2 Conventional Techniques Applied to Batch Electrosharpening 

An experiment was conducted using the drop-off method to test its feasibility towards batch 

sharpening. 3 probes were immersed in 2M KOH, attached in parallel to a metal bar with 

copper tape. A 4.5V power supply was used and the process stopped when the final probe 

was etched. Visual inspection was carried out to determine how the characteristics of the 

probes compare with those individually fabricated using drop-off experiments.
4,5

 



 

70 

 

 

Figure 3.1. Three probes etched simultaneously via the drop-off method. Top row : probe 

profiles. Bottom row: probe tips 

The SEM micrographs in Figure 3.1 show that the three probes were produced to similar 

geometries which indicates that repeatability of the drop-off method within this process may 

be possible.  

However, Figure 3.1 (bottom row) indicates that the probe radii are of the order of 400 nm, 

far higher than that of single probe drop-offs produced under the same conditions, which is a 

significant disadvantage. This is due to the increased waiting time after the drop-off points 

which leads to a rounding of the tip. The method of control for the drop-off method is to 

detect a sudden decrease in current when the lower portion breaks away. However, although a 

small step may be noticed similar to those observed when performing tungstate sharpening 

continuously, as small sections from necking break off due to WO3 during tungstate 

sharpening. This is much more complex to automate from a microcontroller, and even more 

so via analogue components. As more probes are etched, the relative size of these steps 

decreases. Based on these findings, it would only be feasible to simultaneously etch multiple 
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probes to SPM specification using the drop-off method by scaling all the components for 

each probe – which defeats the advantages of batch processing. Thus, this experiment and 

fundamental limitations method suggest that unless blunt tips are required, the drop-off 

method is not a viable option for the mass production of tungsten probes.
6,7,8 

3.3 Tungstate Sharpening Applied to Batch Electrosharpening 

Tungstate Sharpening does not suffer from the fundamental drawback of the drop-off 

method: an individual probe tip is not formed instantly; instead the sharpness is maintained 

over a significant period of time. This implies that Tungstate Sharpening may be used to form 

multiple probes simultaneously because it offers better potential to control process 

parameters – where slight variances in the probes formation do not matter even if they cause 

the probe to be etched at a slightly different rate. 

A change in the apparatus design was necessary for tungstate sharpening batch probes to 

accommodate more probes. Although the use of an insulating tube for the probe to rest in is a 

simple solution for immersing a single probe within the electrolyte, doing so for multiple 

probes would require a different shape to a tube if they are to be etched in a non-linear 

manner. In addition, a different method for establishing contact to each probe would be 

required rather than a single wire, and there is an increased chance of the tube seal having to 

leak as the number of holes within which tungsten rod is position increases to enable 

simultaneous etching of multiple probes. 
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Figure 3.2. Basic batch electrosharpening set up. 

 

A new set of equipment was created to solve these problems outlined in Figure 3.2. A 

perfluoronated carbon liquid (with carbon chains of random length) with a density over 2 

g/cm
3 

was used as an electrochemical insulator. This was allowed to settle at the base of the 

electrolyte forming a 10 mm deep layer. The probes are then attached to a metal block 

between screwed bolts. A total of 5 probes may be attached to the block with 15 ± 5 mm 

separation. A final bolt is used to connect an insulated wire from the block to the anode of the 

etching circuit. Instead of using a bubble barrier and L-plate counter electrode, a 5 mm U-

shaped stainless steel tube is immersed above the probes to provide a significantly larger 

surface area than the probes, and prevent any hydrogen bubbles disrupting the process. (The 
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reason an electrode above the probes had not been used before for tungstate sharpening was 

simply for the convenience of removing the probe immediately after etching.) 

Figure 3.3 displays the current as a function of etching time when 4.5 V is applied to the 

probes at the anode, in a 2M KOH solution.
 9
 

 

Figure 3.3. Current analysis observed for batch electrosharpening. 

The LabView program developed for this process is mostly identical to that used for a single 

probe tungstate sharpening, with the exception that the current threshold values are multiplied 

by the number of probes used.
 10

 

The similar shape of the graph to that for a single probe tungstate sharpening enforces the 

assertion that the surface area may be inferred from current measurements. This process 

shows that with a linear change in surface area due to an increased number of probes the 

same multiple change in current threshold will produce almost identical timings for the duty 

cycle.
11

 This also implies that either there are no current affecting parameters that change in a 

non-linear manner with the increased number of probes, or that several parameters may 
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change non-linearly but summate to an overall linear change. This implication is particularly 

useful when considering the length of the wire immersed, or possibly the shape of the metal 

to be etched. 

Many probes were etched using the process described above, and used successfully for Arc 

Assembly, and general dielectrophoretic applications as outlined in Chapter 3. The probes 

were etched under identical conditions to the tungstate sharpening, albeit with the 

aforementioned apparatus changes made, and the multiplication of the current thresholds. 

Only two of the probes maintained sharpness’s under 100 nm, both of which are for lengths 

above 3 mm. However all probes have sharpness’s beneath 1 µm. Overall, this is an 

improvement over the drop-off method where for the best case scenario only one probe 

would have sub-100 nm sharpness.
 12

 

A dilemma with the process is that whilst there is a duration of time where multiple probes 

may be etched to a sharp tip, for different etching rates – the control over the length of 

individual probes is lost to an extent. This is because whereas the current measurements for 

tungstate sharpening gave an indication for the surface area of the probe, the batch probes 

current measurements are the summation of all the probes. Thus, one probe could be very 

long, while another very short – and there is no information to ascertain this over 2 medium 

length probes or anywhere in between their lengths. 

A number of effects will cause the probes to etch at slightly different rates: 

 Variation in wire starting length 

 Variation in wire position 

 Variation in curvature of wire (the tungsten is cut from a reel) 
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 Splitting of wires during cutting 

 Debris attaching to probe 

 Variations in electrical contact 

 Distance from counter electrode 

 Oxide thickness on wire 

 Turbulence in the solution between probes (see below)
2
 

The set-up for the experiments considers all of these parameters, but not all are practically 

prevented, and any one or a summation of these may create a difference in etching rate. 

Typically the difference in etching rate is very minor – and the process is still significantly 

dominated by the tungstate layer – but it is enough to create variations in probe length over 

0.5 – 5 mm. Note: that because this is an accumulative effect the instantaneous current 

threshold values are still valid. Two solutions were proposed to counteract these effects: 

Probe separation to minimise the influence of turbulence, and a magnetic enhancement to 

introduce a new reinforcing effect which will counteract all the disruptive ones listed. 

 

3.4 Modelling Fluid Flow Within Batch Electrosharpening 

One of the significant effects which caused the probes to etch at different rates was identified 

as the turbulence within the solution. Whilst the other effects may be limited by experimental 

procedure, turbulence is caused by the fluid dynamics of the tungstate layer as it flows down 

the side of the probes. To solve this problem, a software based simplified model was 

constructed to simulate the conditions of the probes and assess any changes within the 

process that are likely to reduce the turbulence.  
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SolidWorks contains a flow simulator, designed for modelling fluid flow over objects to 

assess factors such as drag, stress, temperatures and turbulence. Over fluid regions 

SolidWorks solves the Navier-Stokes equations 3.1 – 3.3, which govern the mass, momentum 

and energy conservation laws:
13

 

𝜕𝜌

𝜕𝑡
+

𝜕(𝜌𝑢𝑖)

𝜕𝑥𝑖
= 0         3.1 

𝜕(𝜌𝑢𝑖)

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑖𝑢𝑗) +

𝜕𝑃

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑗
(𝜏𝑖𝑗 + 𝜏𝑖𝑗

𝑅 ) + 𝑆𝑖     3.2 

𝜕𝜌𝐻

𝜕𝑡
+

𝜕𝜌𝑢𝑖𝐻

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑗
(𝑢𝑗(𝜏𝑖𝑗 + 𝜏𝑖𝑗

𝑅 ) + 𝑞𝑖) +
𝜕𝜌

𝜕𝑡
− 𝜏𝑖𝑗

𝑅 𝜕𝑢𝑖

𝜕𝑥𝑗
+ 𝜌𝜀 + 𝑆𝑖𝑢𝑖 + 𝑄𝐻  3.3 

𝐻 = ℎ +
𝑢2

2
 (substitution) 

 

Where 3.1 represents mass continuity equation, 3.2 represents the conservation of momentum 

equation, and 3.3 represents a modified conservation of energy equation. By solving all of 

these equations together it is possible to accurately model the fluid flow of systems with 

defined boundary conditions and starting conditions over finite element analysis. 

The simulator calculates a solution from a finite element analysis of a mesh enveloping the 

object and user selected initial conditions and boundary conditions. The mesh may be seen in 

Figure 3.4. 

u = fluid velocity 

𝝆 = fluid density 

𝝉ik = viscous shear stress tensor 

qi = diffusive heat flux 

Si = mass distributed external force (buoyancy) 

QH = heat source/sink per unit volume 

h = thermal enthalpy 
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The batch electrosharpening set-up for probes was modelled as with all dimensions identical 

to those observed in experiments, but where the insulating layer of perflourocarbons is a solid 

block of 150x150x10 mm. The liquids used are a surrounding fluid of density 1250 kg/m
3
 

and a liquid which is formed on the surface of the probes of density 3100 kg/m
3
. These 

represent solutions of 7.5M NaOH and saturated Na2WO4 (the by-product of hydrolysis with 

NaOH) respectively. The probes are modelled as an outlet with a radial flow of Na2WO4 at 5 

mm/s of fully developed flow perpendicular to all exposed surfaces of the cylinder. Within 

the same simulation two sets of probes are analysed in a layout similar to that used for the 

batch sharpening. A set of three probes have 3 mm separation while another set of two probes 

are separated by 6 mm. The only parameter changed in this case is the insertion of a third 

probe. This is to assess the role of probe separation distance which has been observed to 

influence fluidic motion in experiments via shadowgraphs. Two parameters, fluid density and 

turbulence intensity
14

 are simulated to determine the nature of this motion.  

 

Figure 3.4. Mesh distribution for finite element analysis. The mesh shows the resolution of 

the calculations performed. 
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It should be noted that the interface between the etched probe and the insulation is different 

from tungstate sharpening to batch electrosharpening. In tungstate sharpening the probe is 

perpendicular to the insulation – the curvature of the tube is insignificant due to their relative 

sizes. However, in batch electrosharpening the aqueous solution forms a meniscus 

downwards as seen in Figure 3.5.   

 

Figure 3.5. Reverse surface meniscus observed between KOH and Perfluorocarbons 

This causes a region for tungstate to accumulate and extends the insulting region, which 

affects the shape of the probe towards the base. This is shown later in Figure 3.13 as a more 

conical shape than the as-modelled exponential contour of a typical tungstate sharpening. The 

meniscus is commonly modelled as two intersecting circles, where one denotes the surface 

tension of the fluid and the volume while the other accounts for the wettability of the solid-

liquid interface. However, in this case, the meniscus is modelled by a single circle of 0.375 

mm radius as measured by microscope imaging in Figure 3.6. 
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Figure 3.6.   An approximation of the surface meniscus between the electrolytic/insulating 

boundary for batch sharpening. 

Figure 3.7 shows the simulation results for turbulence intensity as light blue regions between 

the probes. The turbulence reaches intensities between 20-30% for both sets of probs. 

However, this turbulence is spread over a much larger area, i.e 6 mm separation and is much 

more uniform next to the probes. The effects of turbulence extend over the entire probe 

length, above the insulating layer. The same intensity of turbulence is only present for a 

fraction of the 2 mm separated probes and does not extend over the entire length of the 

probes. The results suggest that the same intensity of turbulence is expected between the 

probes irrespective of separation. However, this turbulence may not be evenly distributed. 
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Figure 3.7.   Turbulent intensity of the electrolyte between different probe separations during 

etching. 

 

Figure 3.8 shows the simulation results for fluid density. The simulation shows a dense 

region accumulating down the probes, similar to that observed in experiments. For the two 

probes, this remains relatively symmetrical. However, for three probes the Na2WO4 appears 

to rise again in the solution, rather than continuing to flow downwards. This would suggest 

that an additional fluidic flow is taking place which forces the dense region upwards.  
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Figure 3.8. Modelled density of the Tungstate/electrolyte mixture in the probe etching system 

In the context of electrosharpening, this accumulation of tungstate between confined probes, 

along with the implication of an increased fluidic flow taking place, could greatly affect the 

etching rate. This may occur either by the fluidic flow disrupting the tungstate layer - as may 

happen with unevenly distributed turbulence, or alternately it may decrease the etching rate 

for a probe. Both these scenarios have been observed with a central probe remaining far 

longer than surrounding probes - or forming a necking point and collapsing. For either 

explanation, the implication is that the probe sharpening is less likely to be disrupted by 

fluidic effects if the probes are separated further apart 
15

. 
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3.5 Lorentz Force Theory 

The Lorentz force is a phenomenon observed over charged particles whereby they experience 

2 forces from electric and magnetic fields when in motion. It was first described as a product 

of these two fields by Michael Faraday.
16

 An accurate model was developed through many 

iterations by different authors until the complete relationship was expressed by Hendrik 

Lorentz
17

 in 1892: 

𝐹 = 𝑞(𝐸 + 𝑣 × 𝐵)  3.4 

Where  

𝐹 is the force acting on the particle 

𝑞 is the charge of the particle 

𝐸 is the electric field 

𝑣 is the velocity of the particle 

𝐵 is the magnetic field. 

 

The particle experiences a resultant force from the electric field acting on the charge of the 

particle, and from the magnetic field acting on the velocity of the particle in a direction 

perpendicular to the plane of the velocity and the magnetic field.  For example, if an ion is 

considered in an electrolyte with an electromotive force its response under a magnetic field 

would be displayed as sketched in Figure 3.9. 



 

83 

 

 

Figure 3.9. Ion deflection due to the Lorentz force 

The resulting motion would be applied to all ions within the electrolyte. Since this affects 

mass transport, the entire fluid will experience a motion in the same direction. When the 

Lorentz force is applied to the bulk motion of ionic fluids it is considered a branch of 

“magnetohydrodynamics” – first established by Hannes Alfvén in 1942 (for which he was 

awarded a Nobel Prize in Physics)
18

. It currently has many applications in propulsion 
19

, 

sensing 
20

, microfluidics 
21

 and modelling cosmic events.
22

 This thesis will elaborate on how 

this field is relevant to electrochemical sharpening, and in particular, the invention of etching 

sub-micron sharp probes and razor blades. 

3.5.2 Application Within Electrosharpening 

The Lorentz force is experienced on any moving charged particle in both an electric field and 

magnetic field perpendicular to the directions of the fields. This has a significant bearing on 

the tungstate etching process. This means that for a tungsten probe where ions are 

electrochemically affected by the electric field and a magnetic field is applied down the probe 
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the ions will rotate around the probe instead of moving in a direct path to the electrode shown 

in Figure 3.10.  

 

Figure 3.10.  Sketch of Lorentz force acting on the radial movement of ions 

This rotation causes a stirring motion in the fluid which will disrupt the tungstate layer. If the 

magnetic field diminishes in strength along the length of the probe, then the level of 

disruption will also decrease in strength. Thus towards the top of the probe the tungstate layer 

will be at a very low density by virtue of a higher magnetic field strength which stirs the 

accumulating tungstate into the surrounding solution. The etch rate in this top region of the 

probe will increase as a result. In turn, at the base of the probe where the magnetic field 

strength is gradually weaker, the tungstate layer follows a more linear flow which 

accumulates and is characterised by a low rate of etching.  

The implication of this effect for batch electrosharpening is that it enforces a greater gradient 

of etching down the probe by virtue of the differential tungstate (decreasing), concentration 

along the probe length but within the KOH solution. This extra effect increases the gradient 

beyond the normal effect of the tungstate layer, and is expected to increase the gradient 

through similar disruption of the diffusion layer, in a manner similar to that observed when 
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the bulk solution is stirred in other electrochemical systems. The key parameters interacting 

under a Lorentz force applied to the tungstate sharpening process may be outlined as follows. 

 The diffusion layer reaches a steady state based on the ion mobility limited by the 

WO4
2-

 layer in any region on the probe. 

 The WO4
2-

 layer reaches steady state based on its production from the electrochemical 

reaction and removal by fluidic motion (induced by the Lorentz force) away from the 

probe as well as general dissolution. 

 The effect of the Lorentz force induced stirring on the bulk solution will be 

determined by the sum of the motion of the ions which is governed by the tungstate 

layer and the diffusion layer. 

 Equilibrium will be reached between these three parameters as the tungstate layer will 

increase as the diffusion layer is removed and the rate of the reaction increases. And 

as the rate of the reaction increases the Lorentz force on the bulk solution will 

increase exponentially increasing the tungstate layer until the tungstate layer is 

sufficient to reduce the differential increase of ion mobility to zero.  

This shows the relationship between the divergent magnetic field on an individual probe and 

this creates a probe of different profile geometry and sharpness based on the nature of this 

field. However there is another implication for the invention: as the amount of etching is 

greatly increased if within a stronger the magnetic field it implies that a probe closer to the 

magnet will etch faster. This means if multiple probes are present in the field any probe 

which may have a different length/etching rate due to differences in immersion depth, angle 

and position will have a tendency to etch at the same rate to more similar lengths during the 

reaction.
 23,24
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It is unclear if the general fixed parameters such as temperature, bulk electrolyte mobility, 

reaction route are similar or identical to non-magnetic systems. However the key parameters 

of the tungstate layer, diffusion layer and bulk stirring are assumed to be the dominating over 

these effects. 

 

3.6 Magnetic Enhancements to Batch Electrosharpening 

The Lorentz force is experienced on any charged particle in both an electric field and 

magnetic field perpendicular to the directions of the fields. This means that for a tungsten 

probe where ions are close to the electric field applied for etching and a magnetic field is 

applied down the probe the ions will rotate around the probe instead of moving in a direct 

path to the electrode. This rotation will cause a stirring motion in the fluid which will disrupt 

the tungstate layer. If the magnetic field diminishes in strength along the length of the probe, 

then the level of disruption will also decrease in strength. Thus towards the top of the probe 

the tungstate layer will be at a very low density as it is stirred into the surrounding solution 

allowing for an increased rate of etching in this region, but at the base of the probe the 

tungstate layer follows a more linear flow and accumulates forming a low rate of etching. 

This enforces a greater gradient of etching down the probe, with the intention of overcoming 

the differences in etching between multiple probes. This effect is sketched in Figure 3.11. 
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Figure 3.11.  Sketch of overall Lorentz force for electrosharpening 

The complete set up for magnetic batch electrosharpening can be seen in Figure 3.12. A 

second stainless steel counter electrode is placed to support a bar magnet which is insulated 

from the electrodes. The second electrode also serves the purpose of keeping an equal 

distance between the multiple anodes and cathode, This set up allows the magnet to be 

adjusted from contact with the probes to suspended 30 mm away – but at the expense of the 

surface area of the cathode (however this has a negligible effect provided it is still far greater 

than the surface area of the anode). Otherwise the apparatus is identical to the one used for 

normal batch electrosharpening. 

𝐹 =
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𝐵 =  √
2𝐹𝜇0

𝐴
  3.6 

For a 50x25x10 mm bar magnet (using the largest side) with a 1.2 kg pull strength this gives 

a magnetic field strength of 0.154 T. This field strength is easily reproducible for a wide 

range of sources, and provides a starting point for further experimentation. Future work may 

include the manipulation of electromagnets, which will introduce feedback to the process 

with hall sensors, and may also be changed in orientation throughout the process. 
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Figure 3.12. Elevated Views and Isometric Views of 

Magnetically Enhanced Batch etching 
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3.7 Evaluation of Batch Electrosharpening 

Five probes were etched simultaneously using the magnetically enhanced batch 

electrosharpening technique. All the probes produced exhibited tip radii below 1 µm 

however, only 2 obtained tip radii beneath 100 nm. The shape of the probes suggests that they 

were experiencing different gradients of etching. 3 probes emerged with relatively 

symmetrical conical shapes, which is a highly desired shape for tungsten probes due to its 

mechanical stability and vibration resistance. However, 1 probe possesses the typical 

exponential contour while another was characterised by an asymmetrical shape. These 

differences may be due to the position of the probes within the magnetic field.  

Despite the differences in geometries and tip radii, the probes etched in batch and under the 

magnetic field were within 2.2 ± 0.7 mm length which is a lower variation than without the 

magnetic field. The conical shapes also suggest that the magnetic field is causing the desired 

effect which is implied by the steeper gradient of etching and less accumulation of tungstate 

at the base of the probe. This is because the tungstate layer is stirred into the surrounding 

electrolyte rather than being allowed to flow down the probe and settle. 

Although these results are currently not as optimal as etching an individual probe via 

tungstate sharpening, they show that the general concept of batch processing under a 

magnetic field is still a viable route to mass-producing sharper probes, unlike the drop-off 

method. 
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Figure 3.13.  A set of 5 probes fabricated via magnetically enhanced batch etching. 
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3.8 Fabrication of Razor Blades 

Typically electrosharpening techniques have only been applied towards making one 

dimensional (1D) probes. However, in 1993, G.W. Conrad et al
25

 successfully modified the 

drop-off method to produce microscalpels for biological applications. However, this has 

received little reciprocation from the research community since, possibly due to inherent 

limitations to any variations on the drop-off method and the inability of the technique to 

achieve mass production. Given the success of Tungstate sharpening in overcoming the 

limitations of the drop-off method there is no obvious reason why the techniques cannot be 

applied to two dimensional (2D) objects, provided that a gradient of etching is maintained 

over the sharpened region due to the by-products (such as tungstate) formed during the 

electrochemical reaction. 

Given tungsten is less frequently sold in the form of a sheet, and the fact that it is not a 

typical material for razor blade applications, 316-stainless steel was selected for etching. Due 

to the fact that 316 stainless steel is highly resistant to corrosion from chloride ions, and is 

used in many marine applications, so is the ‘worst-case’ steel to use in this application. 

Therefore, it is expected that if successful results are obtained with 316-stainless steel, it will 

pave the way for other steels or metals to consider as viable 2D materials for the bespoke 

etching process developed in this work. However, a caveat to this is that other steels may 

have a higher carbon content which is a relatively electrochemically inert material and could 

cause selective etching and de-alloying.
26,27,28,29,30 

The principle reaction for the anodic 

dissolution of steel (assuming the transfer of 2 electrons) will be for iron
 31

: 
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Fe + H2O → [FeClOH]− +  H+ + e− 3.4 

[FeClOH]− → [FeClOH] + e−  3.5  (rate determining) 

[FeClOH]  → Fe2+ + Cl− + H2O  3.6 

 Although the majority of the material is iron, it is likely that the actual mechanism is far 

more complex, particularly with stainless steel containing 16-18% chromium and 10-14% 

nickel, and 7 other trace constituent elements.
32

 In addition, unlike tungstate, the by-products 

of the electrochemical reaction do not readily dissolve into the surrounding electrolyte and 

can precipitate onto regions of the blade being etched. For this reason the experiments have 

been most successful with the application of magnetic electrosharpening, as the added motion 

in the fluid removes any precipitate via a continuous stirring effect. 
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Figure 3.14.   Comparison between conventional physically ground blades (top) to 

electrochemically etched blades via an equivalent to the Tungstate Sharpening 

method. 

The electrosharpened blades have sharpness’s down to 40 nm, almost an order of magnitude 

sharper than the 300 nm sharpness measured on commercially available blades. However, the 

sharpness of the electrosharpened blades diminishes towards the edges of the 2D metal plate, 

attributable to rounding which occurs due to the Lorentz force creating eddies around the 

corners of the blade. These eddies increase the rate of reaction as mass transport is increased. 

It is not yet known if more complex 2D shapes can be sharpened, or how the rounding 

observed may be eliminated. However, the concept holds promise for unconventional 

sharpening and it is expected to be viable, provided that a gradient of etching is maintained 
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over the entire region to be sharpened and any precipitate is immediately removed via a 

stirring or equivalent method. At the very least, these results indicate opportunities and 

potential to expand further the field of electrochemical-sharpening research. 

 

3.9 Conclusion 

In the previous chapter tungstate sharpening was demonstrated as an essential alternative to 

the out-dated drop-off method. However, the concept was initially shown to only fabricate 

probes individually – a problem also faced by the drop-off method. Given that these probes 

are used as consumables, it would be very advantageous to develop a method that could 

facilitate faster production of probes with the desired characteristics. This chapter shows how 

this was accomplished. Furthermore, the tungstate sharpening process was shown to be 

versatile and may be coupled with Lorentz force to provide a better process control. The 

magnetohydrodynamic effect was exploited to demonstrate that probe with consistent lengths 

can be produced. Likewise the technique was successfully applied to the fabrication of razor 

blades from a plate of stainless steel, which demonstrates the versatility and potential to 

extend the technique to further applications. 

This chapter introduced how impractical batch sharpening was with the drop-off method, due 

to the conflicting requirements to stop the process quickly, and yet continue the process for 

other probes at the expense of blunting other tips in the same batch. A new method for 

etching multiple probes simultaneously was introduced, based on Tungstate Sharpening, and 

facilitated by a unique liquid-liquid (perfluorocarbon - KOH) interface. This completely 

avoided the conflicting requirements of the drop-off method by allowing probes to obtain 
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sharp tips, and retain them whilst other probes are sharpened. This chapter also explored flow 

simulations to provide insights into the movement of Na2WO4, including the density and 

turbulence of the fluid. These showed that the small movement in the WO3 layer had a 

significant effect on the density – which is crucial due to the diffusion limited nature of this 

process. In addition to this, the simulations indicated that increasing the number of probes 

being etched (compared between two and three probes) would also increase the turbulence of 

the system if the increase in probes came at the expense of space between them(i.e. there is a 

minimum density of probes/area for batch probe etching). 

Once established, the batch sharpening process was shown make use of enhancements from a 

divergent magnetic field which alters the profile of the probes in addition to improving 

consistency with their lengths. Furthermore, the magnetic batch electrosharpening could also 

be adapted to be used on 316 stainless steel sheets - a far more complex alloy, with varied 

electrochemical reactions. This implies that the process can be adapted to etch more complex 

2D shapes and may lend itself to applications beyond just electrosharpening. 
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Chapter 4: Arc Assembly 

4.1 Carbon Nanotube Overview 

4.1.1 Interest in  Carbon Nanotube Yarns 

Carbon nanotubes (CNTs) have a variety of “record-breaking” material properties, in 

particular, their high mechanical strength, varied electronic conductivity and high thermal 

conductivity.
1
 However, these properties are only exhibited over the size of the nanotubes – 

typically up to ~10µm in length.
2
 There is a drive to exploit these properties on the macro-

scale, where they could replace inferior materials in any tensile, and/or conducting industry.
3, 

However, no pure nanotube yarn to date has exceeded 1.3 GPa in tensile strength yet, i.e. the 

measured tensile strength of individual CNTs is 63 GPa. This is because there is no effective 

method for extending the sp
2
 bonding within the CNTs between adjacent CNTs. Instead, 

yarns are constructed using the relatively weak Van der Waals forces between the particles.  

Although many research groups claim to be taking advantage of CNTs unique properties to 

make yarns, unless thorough research is undertaken to overcome the lack of molecular 

bonding between individual CNTs, these fibres are simply elaborate conglomerates.
4,5,6,7

 

‘Arc Assembly’ is a new process which builds materials from nanoparticles, in this particular 

case, CNTs. It utilizes the chemical changes formed by the plasma within arc discharges and 

the motion of nanoparticles induced by dielectrophoresis (DEP).  The process demanded an 
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electrode capable of generating a strong electric field gradient whilst temporarily 

withstanding the conditions of an arc discharge. For these reasons, the aforementioned ultra-

sharp tungsten probes were ideal tools to act as disposable electrodes to develop this process.  

This chapter explores the background of carbon nanotubes, a general observed mechanism 

and a variety of material and nanoscopic analytical techniques to inform the experimental 

development of Arc Assembly.  

4.1.2 Carbon Nanotube Characteristics 

Carbon nanotubes are an sp
2
 allotrope of carbon whereby 2D sheets of graphene are rolled 

into cylinders. Most likely, they were first observed in 1952 by Rasdushkevich & 

Lukyanovich as “tubular carbon filaments”.
8 

However, the breakthrough of CNTs into the 

scientific community came from Iijima’s 1991 work from high purity samples, high quality 

images and relevant analysis.
9
  

As an sp
2
 allotrope, CNTs have a hexagonal lattice. As this lattice is folds around itself, it 

may be orientated in different chiral directions. This orientation is called the chirality of the 

CNTs and is referred to using (n,m) notation for the direction of the unit cell axis which are 

perpendicular to the length of the tube as seen in Figure 46. The CNT chirality is known as 

“zigzag” and “armchair” for m = 0 and n = m, respectively. The chirality describes the shapes 

created from the hexagonal lines in those directions. All directions other than armchair and 

zigzag are known as “chiral”. The chirality can determine various electronic properties of a 

CNT as the band structure changes based on the direction of transport across the lattice. 

When (n -m =  3q ) where q is an integer a tube is metallic (thus 1/3 of chiral and zigzag 

nanotubes are metallic) while all armchair CNTs are metallic.
10,11,12,13
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Figure 4.1. Carbon sp
2
 hexagonal lattice 

Author’s Note: nanoscopic bees are conjecture and have yet to be observed. 

4.1.3 Synthesis of Carbon Nanotubes 

There are a wide variety of methods for the synthesis of carbon nanotubes typically involving 

a pure carbon or hydrocarbon source, high temperatures and transition metal catalysts. The 

most common is chemical vapour deposition CVD – (and many variations on CVD growth) 
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but other growth techniques include laser ablation
14

, plasma torch
15

, flame synthesis
16

, solar 

synthesis.
17

 It is also possible for carbon nanotubes to form in nature.
18

  

Of a particular interest to this thesis is the Arc Evaporation method which was historically the 

method that led to the first observation and characterisation of CNTs by Iijima
19

 and remains 

a competitive method of mass manufacturing both single walled nanotube (SWNT) and 

MWNT varieties. The apparatus consists of two carbon electrodes within a ~2.5 kPa – 67 kPa 

atmosphere and the initial growth was carried out under a He atmosphere to prevent any 

unwanted chemical reaction which could affect the quality of the CNTs grown. However the 

atmosphere does not necessarily have to be inert
20

. This was based on apparatus used for 

synthesising C60 fullerenes, however a key difference in CNT production is that the 

separation distance between the electrodes is maintained, rather than being driven into 

contact when arcing. To synthesise the CNTs an arc discharge takes place at 20V over ranges 

or current between 50 – 100A.  Carbon is vaporised from the anode and condenses on the 

cathode forming “soot” which contains ratios of SWNT and MWNT of different diameters, 

depending on conditions. Typically the yield for arc discharge synthesis is up to 30%
21

, 

albeit, claims have been made for 97% yields
22

. The first synthesis of carbon nanotubes by 

arc evaporation within a liquid nitrogen environment was conducted by Alex Zettl et al.
23

. 

This has since led to a niche area of research within arc evaporation where many other 

examples of liquid environments such as water
24

 and NaCl solutions.
25 

have been successful. 

There is no complete model which explains the mechanism for carbon nanotube growth via 

Arc Evaporation and it is currently, practically impossible to observe or take measurements 

from arc discharges at nanoscales. Current models encompass many different mechanisms for 

growth via vapour, liquid and solid states, in addition to crystallisation effects and effects of 
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the electric field on the electrodes. However, no model has been completely verified and they 

are often complicated by differing results from various groups.
26,27,28,29

 

However, although there is no explanation for arc evaporation growth, what is particularly 

relevant to this thesis and to the fabrication of nanotube threads is the fact that amorphous 

carbon is removed during the arc processes, MWNT caps remain open during arcing and bulk 

portions of carbon nanotubes survive the process once formed. If this is true, then it suggests 

that other processing method involving arc discharges may be employed to alter the material 

characteristics of MWNTs without significantly damaging them. 
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4.2 Introduction to Dielectrophoresis 

One method for creating CNT yarns is dielectrophoresis. This phenomenon was first 

observed by Pohl et al. in 1951. It describes a resultant force experienced by a particle in a 

non-uniform electric field. Between 2 parallel electrodes the electric field is uniform, and an 

induced dipole charge on a particle will experience equal forces between each plate. 

However, any difference in the geometry of the electrodes will create a non-linear electric 

field causing the particle to experience a resultant force where the dipole is subjected to a 

stronger force towards (or away from) one electrode than the other. The dipoles orientation is 

determined by the frequency of the electric field and its surrounding medium. The strength of 

the force is then determined by the size of the particle and the electric field gradient. The 

phenomenon is described by the following equations: 
30,31,32,33
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For particles with a high aspect ratio, such as CNTs: 
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F DEP     Dielectrophoretic Force  

E    Electric Field 

r    Object Radius 

l    Object length 

εm     Permittivity of Medium 

εm
*      Complex permittivity of Medium 

εo*     Complex permittivity of Object 

 

The equations show that F DEP is proportional to the volume of the particle and its shape in 

addition to εm, the dielectric permittivity of the medium. Also, F DEP is orientated along the 

gradient of the electric field with its sign and magnitude dependent on the real part of the 

Clausius-Mossotti function (defined as Re (K)). Thus the type of CNTs used, the fluid they 

are immersed in, and the electrode geometry will all play a role in determining the 

dielectrophoretic effect in experimentation. 

 

4.2.2 The Clausius-Mossotti Function 

This function indicates the polarisation of 2 adjacent different regions, a particle and its 

surrounding medium, in this case. Typically it is bound between 1 for εo
*
 >> εm

*
 and - 0.5 for 

εm
* 

>> εo
*
. However, this is modified for cylindrical objects. The Clausius-Mossotti function 

shows that for high frequencies a conductive particle within a dielectric medium will 

experience a positive force towards the maxima in the electric field gradient. However a 

conductive particle at low frequencies will experience a negative force away from the 

maxima of the electric field. This is because a conductive particle (a poor dielectric) will 

polarise to the surrounding medium instead of the electric field. As the frequency increases 

the permittivity of the surrounding medium will decrease because dielectric relaxation causes 
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Flat Steel Electrode 

CNTs in dielectric fluid 

Motion of fluid/CNTs 
due to DEP force Arc Discharge 

CNT Dipole Chains 

the polarisation to move out of phase with the electric field. In this case, the particle will 

exhibit a polarity opposite to the medium, and thus opposite to the electric field. The particle 

will experience an attractive force towards the region where the electric field is strongest as a 

result.
34,35

  

4.3 Dielectrophoresis for Arc Assembly of Carbon Nanotubes 

Arc assembly is the result of applying a dielectrophoretic signal at a significantly higher 

voltage which can overcome the dielectric breakdown strength, such that an arc occurs 

between the dipole chains as they connect together. This is outlined in Figure 4.2 which 

shows how a tungsten probe is used to assemble chains of carbon nanotubes acting as dipoles 

within the high frequency field. 

 

 

 

 

 

 

 

 

Figure 4.2. Diagram of Arc Assembly Process 
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The frequency requirement for dielectrophoretic attraction between MWNTs has 

experimentally been observed to be above ~50 kHz and the voltage required for arcing is 

~300 V at 10 µm in oleic acid. Generally voltages of 5 – 20 V are used for the 

dielectrophoretic alignment of CNTs at frequencies of 1 – 20 MHz. However, at high 

frequencies, high voltages cannot be continuously applied as the motion of the particles is too 

great to form any dipole chains. Additional dielectric medium have also been used such as 

Polydimethylsiloxane (PDMS) and Octamethylcyclotetrasiloxane (OMCTS) which require 

different voltages and frequencies for arc assembly to occur.
36

  

 

Figure 4.3. Approximate plot of Re(K) from observations of DEP in various mediums 

The graph shows a theoretical plot of the equation for the frequency dependence of Re(K) 

based on particles with ohmic loss (note the difference between this and Re(K) of previous 

equations 
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The graph serves to illustrate the region in which arc assembly is most effective during 

experimentation, the drop off at higher frequencies is expected to be due to the Q-factor of 

the circuit but  may also be due to multiple layer Maxwell-Wagner relaxations (which may 

possibly be expected in MWNT of different chiralites). 

Note the region of arc assembly varies greatly on particle/medium permittivity and 

conductivity. In some cases dipole chains were still observed when Re(K) was less than 1 and 

could still bridge the electrodes, however this effect was always temporary. 

 

4.4 Arc Assembly Implementation 

4.4.1 Intermittent Arc Assembly Circuit 

The design for circuits to focus on the ~100khz region was not entirely due to the observed 

increase in arc assembly in this region but due to the limitations of constructing an in-house 

high voltage, high frequency circuit . A Tesla coil circuit was designed to overcome this 

problem, figure 4.4. Initially a circuit that amplified the voltage from 30V to 300 V from a 

signal generator at 100 kHz was used to obtain, the results shown in Figure 4.6. However 100 

kHz at 300 V is close to the minimum requirements for Arc Assembly, and may not provide a 

strong enough dielectrophoretic force, or energetic arcs. To supplement this circuit a small 

Tesla coil was constructed with a resonant frequency of 8 MHz and voltage in the order of 

1000 V.  This was directly added to the continuous 100 kHz signal and creates impulses. The 

impulses prevent excessive fluidic motion that would otherwise be observed for an 8 MHz 

signal. The overall circuit can be seen in Figure 4.4. 



 

113 

 

 

Figure 4.4. Schematic of circuitry used for arc assembly. Astable circuit is prefabricated and 

not included. All grounds are earthed via the same connection 

 

4.4.2 Continuous Arc Assembly Circuit 

For continuous arc assembly, a high voltage high frequency circuit needed to be designed, 

with an emphasis on greater current output.  The previous circuits (Figure 4.4) achieved high 

voltages and high frequencies, which was enough to show that intermittent Arc Assembly 

could occur, however continuous Arc Assembly requires that a single arc is maintained over 

a prolonged period of time.  
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Figure 4.5. Circuit diagram for single wave high voltage high frequency arc assembly 

Figure 4.5 shows a ‘redundant’ common emitter circuit. The common emitter is a simple 

amplifier typically used in radio frequency applications. The purpose of the circuit is to 

amplify the signal generator signal with a 10 A power supply to drive an in-house wide band 

transformer. The transformer has winding impedances primary: 11 Ω secondary 112 Ω both 

with 28 Gauge wire in a single ferrite core shell arrangement. The circuit typically takes a 

10V of 0 – 1 MHz signal to approximately 500V. Three transistors were used to distribute the 

current and prevent overheating, in addition to 50 × 30 × 10 mm heatsinks attached to each 

transformer and an additional cooling fan run over them. A 10 A kickback diode is also 

placed over the 3 transistors to prevent inductive surges which can damage the transistors.  
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4.4.3 General Arc Assembly Mechanism 

A mechanism for creating a multi walled nanotube (MWNT) threads has been observed and 

is described as follows: 

1. A tungsten probe is immersed in ~10 ml of insulating liquid medium with ~10mg 

MWNTs dispersed over an aluminium electrode. 

2. A 300 – 1000 V , 0.1-8 MHz signal is applied between the 2 electrodes. 

3. Dielectrophoresis aligns MWNTs beneath the tip in a loose bundle. 

4. As the bundles accumulate at a distance ~10 µm the medium breaks down and an arc 

occurs as in Figure 4.6 A. 

5. This arc bonds the nanotube bundles together at this point and short circuits the 

electrodes. 

6. With no DEP force holding the MWNTs in place the bundles drift apart. 

7. As the bundles separate the circuit is opened again and another arc breakdown occurs. 

8. This mechanism repeats until the entire length of thread is strong enough to remain 

intact during the short circuit (i.e with no DEP force holding them together). 

9. The tungsten probe may then be withdrawn by a short distance (~20 µm) to create a 

new gap in the thread and allow MWNTs to accumulate, and this mechanism repeats. 

10. Ultimately the thread may be removed from the fluid without the assistance of DEP, 

as this mechanism strengthens the thread at any point which would otherwise collapse 

without a DEP force. This is observed in Figure 4.6B 
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Figure 4.6. A) Arc breakdown between a thread formed on the counter electrode and a thread 

attached to the tungsten probe B) CNT thread removed from the dispersion adhered to 

tungsten probe. 

Continuous Arc Assembly has been observed to follow the same observed mechanism as 

intermittent Arc Assembly with the exception of point 5. Where, instead the bundles of 

CNTS do not form a short circuit due to the high intensity of the arc discharge or greater 

fluidic movement. CNTs gradually adhere onto the probe tip and form a thread, and the arc 

discharge is maintained by manually withdrawing the tip as more CNTS adhere. A 5 mm 

completed CNT thread from Continuous Arc Assembly may be seen in Figure 4.7. 

 

Figure 4.7. A 5mm continuous Arc Assembled thread attached to a tungsten probe 
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4.5 COMSOL Models of Electric Field Strength 

4.5.1 Principles of Model 

To provide support for the theory behind the dielectrophoresis experiments, a 2D COMSOL 

model was produced to establish parameters which were deemed important for influencing 

the electric field gradient. These include the droplet shape, probe sharpness, and electrode 

separation. In addition, the model can be adjusted to resemble observations made in 

experiments so inferences to an experiments outcome may be obtained. 

The model consists of 4 main parts (refer to Figure 4.8) 

 

Figure 4.8.  The structure of a COMSOL Model for assessing electric fields over a droplet. 

The 4 objects of this model may be referred to in the following text. 

1. The background atmosphere which is air and cannot be changed 

1 

2 
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2. A droplet where the following can be changed: 

a. Volume of liquid 

b. Surface tension of liquid 

c. Type of liquid (this changes just the electrical constants) 

d. Wettability of liquid (Contact angle) 

 

3. A probe where the following can be changed; 

a. Probe tip radii 

b. Probe aspect ratio 

c. Probe angle 

d. Probe material 

e. Probe separation distance (from substrate) 

4. The metallic substrate strip of changeable material enlarged to a block significantly 

bigger than either the probe or droplet this cannot be changed 

4.5.2 Substrate and Atmosphere 

Modelling of the substrate and the surrounding atmosphere was trivial and they both consist 

of 2 rectangles. The atmosphere is 3.5 x 4 mm whilst the substrate is 3.0 x 0.5mm. These 

dimensions do not correspond to the actual scale but for the convenience and simplicity of the 

model these dimensions are used. The atmosphere has a relationship to the model to maintain 

its centre about the probe’s tip irrespective of the tips angle. The substrate can be moved 

vertically in relation to the probe’s tip. It should be noted that this entire model holds the tip 

stationary whilst the model’s relationships move around the tip – this may be contrary to what 

happens in actual experiments but for the sake of modelling the geometry it is assumed that 

this will not make a difference. 
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4.5.3 Geometry of the Droplet on a Surface 

The droplet’s shape is more complex and requires a model which can allow for alterations 

wettability angle, surface tension and volume. The droplet’s overall shape can be simplified 

to 2 identical circles within a larger circle whose circumference coincides with those of the 2 

smaller circles. The droplet shape is constructed by then removing the portion of the larger 

circle outside the 2 small circles but between the point of contact with the circumferences and 

the surface. This is shown in Figure 4.9 

 

 

Figure 4.9. COMSOL components for modelling a droplet. The dark grey region is the final 

droplet formed by the intersecting 3 circles (2 small, 1 large) 

For a very large volume of liquid the height of the droplet can be assumed to be constant for a 

given surface tension and wettability by equation 4.3: 
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 4.3 

However, as the droplets being measured will be of 100 µl or less this equation does not hold 

and instead the surface tension, volume and contact angle are modelled separately and are 

based on observed dimensions instead. However a relationship between the circles discussed 

for modelling an overall droplet shape and these separate parameters must still be constructed 

to ensure the geometry holds for any change implemented on these parameters. 

To ensure the point of contact on the smaller circles to the substrate matches the given angle 

trigonometry is applied to find the correct positioning of these smaller circles. The point of 

contact between the circumference of the larger circle and these 2 smaller circles is found by 

projecting the angle to the point where the gradient is the same on both circles. The larger 

circle is then repositioned to this point. This contact point for the size of droplets in these 

experiments is a combination of volume and surface tension, the exact relationship is 

unknown for this model. A diagram showing how the 2 angles connect from the smaller 

circles to the larger circle and the substrate is demonstrated in Figure 4.10. 
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Figure 4.10. Part of geometry used to merge circles within model to form droplet shape 

4.5.4 Geometry of the Probe 

The probe is modelled as a rectangle with a triangle attached to it with a circle cropping the 

point of the triangle to form the probe tip as shown in Figure 4.11 

 

Figure 4.11. Geometry used to construct overall probe 

As mentioned the model is orientated with the probe tip at the centre. However as the tip 

radius changes this point moves and the model must be adjusted to maintain parameters such 
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as the gap distance between the substrate and probe. Also as the tip radius changes the aspect 

ratio of the tip - defined by the length of the triangle - must join the circular tip at the same 

point of gradient on the circle. This leads to the following relationship within the probe 

geometry: 

 

Figure 4.12. Geometric parameters used to calculate the difference in probe length with 

changing tip radii 

Looking at half of the probe, given a fixed gradient for the triangle defined by the length of 

the triangle a with the height of the triangle b as g 

     4.4 

For the point where this gradient intersects the circle it is : 

Equation of circle: 
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Gradient of circle: 

    4.5 

Thus the intersection from the origin of the circle is: 

 
22222 xxgrg    xr

g
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 4.6 

To measure the amount needed to be adjusted from the triangle to leave just tip the radius a 

distance q needs to be removed from the model, and thus y and then p need to be found: 

    4.7 

22 xry         4.8 

     4.9 

Substituting y into p and then p and x into q we obtain: 

 4.10 

Thus by moving the model by a value of q the tip of the probe will always remain in the same 

point regardless of how the other tip parameters change. 

For this thesis the model has been presented as a way of accurately depicting changing tip 

radii to a fixed distance – it is hoped a similar effect may be useful for modelling sharpening 

processes, however this would also involve introducing a relationships for a Δq based on a 

electrochemical “modifier" for the electric field subsequently described. 
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4.6 Findings and implications from COMSOL simulations 

4.6.1 Matching Simulation to Experiments 

With the adjustable relationships for the different sections of the model it was possible to 

reconstruct an experiment with the probe in a droplet to the dimensions measured from a 

microscope. 

 

Figure 4.13. COMSOL model used to represent dimensions as occurred in an experiment 

Figure 4.13 shows a microscope image with dimensions added and the corresponding 

COMSOL model which has been adjusted to the same scale. The overall height of the bubble 

was measured in ImageJ to be 250 µm with a diameter of 330 µm and a contact angle of 60
o
. 

The separation between the electrodes was 73 µm and the probe sharpness had a gradient of 

1/25 (width/height), the radius was modelled at 100 nm and an angle of 2.5
o
 to the vertical 

axis. Figure 4.13 shows the electric field distribution between the tip and the counter-

electrode.  This shows that it is possible to reconstruct the 1D and 2D electric field 

distribution present in the experiment and thus calculating parameters such as the forces 
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experienced by surrounding CNTs should be possible in the future stages of this project. 

Furthermore analysis directly underneath the probe can be obtained and theoretical 

distributions for a range of parameters in the same situation can now be made.  

 

Figure 4.14. Graph of electric potential distribution for model used in Figure 4.13 

4.6.2 Electrode Distance Analysis 

Fig. 4.14 shows graphs of the gradient of the electric field immediately beneath the probe tip 

for the first 500nm. The graphs are measured for various separation distances between the tip 

and counter-electrode. The magnitude of the gradient has a direct link to the force of the 

dielectrophoresis as mentioned previously.  
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Figure 4.15. Distribution of electric field gradients for varying plasma gaps 

The COMSOL model shows that as expected there is a higher gradient approaching the 

counter-electrode, but also surprisingly a high gradient at the tip of the bubble surface – this 

is due to the electric field being dropped over the curvature of the bubble – which changes the 

gradient. Figure 4.15 shows a 2D representation to compare these differences. This may 

provide a new point for attaching CNTs at a safer distance from the counter-electrode whilst 

not sacrificing the strength of the dielectrophoretic force. Insights such as this may prove 
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useful for later experiments in the project and help justify the use of modelling to aid 

experimentation. 

4.6.3 Probe Sharpness Analysis 

Further simulations were carried out to find out to what extent the tip radius influenced the 

electric field gradient. As would be expected according to gauss's law the smaller the tip 

radius the greater the electric field strength towards the tip.  

 

Figure 4.16. Electric field distributions for changing tip radius at 100nm and 10µm 

These simulations confirm this, and allow models to be produced for dielectrophoresis 

calculations where the field gradient will be largely controlled by the tip radius produced 

from the electrosharpening experiments discussed in Chapters 2 & 3. In addition to this the 

measurements show that the probe geometry is likely to have a strong influence over the DEP 

process within the model given the difference in probe size, that can be seen in Figure 4.16 

and the expected results produced in Figure 4.17. 
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Figure 4.17. Graph based on COMSOL model of electric field for a variety of tip radii 

4.6.4 Preliminary SEM Results 

To further guide experimentation SEM images were taken of threads created via intermittent 

arc assembly shown in Figure 4.18. Of particular interest was the extent and crystallinity of 

the adhesion, and the influence of the fluid medium (in this case, oleic acid). An analysis of 

the SEM images from Figure 4.18 and the implications for further experiments follows: 

(A) & (B) Show an extensive porous network of MWNTs. The thread measures >1mm 

however is curled up slightly. It has been found that the threads can be ‘unfurled’ by 

application of more than 500V DC to create electrostatic repulsion within the thread, but they 

collapse after the voltage is removed. The thread is strong enough to remain attached to the 

tungsten probe and moved manually, but has not been tested for mechanical strength. 

(C) In the foreground shows a group of nanotubes that are linked together over a length 

greater than the 10 µm length of the MWNTs used. This implies that the MWNT are not 
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changing in shape, but are attaching together. In the background the image shows an 

amorphous structure with nanotubes visibly contained within it. Either the nanotubes are 

breaking during the process, and reforming as an amorphous material, or additional material 

is being added from the oleic acid.  

(D) Indicates a clean Y-branch, possibly between 2 or 3 nanotubes. Y-branching in nanotubes 

is well established in the literature, and typically exhibits a continuation of the sp
2
 crystal 

structure. Although this image does not confirm such a structure, the lack of any obvious 

amorphous structures makes this a possibility. Such bonding is highly sought after as this 

extends the characteristics of the MWNT, whereas an amorphous joint would likely cause a 

break in the continuation of any characteristics. 

(E) & (F) Show what are thought to be MWNTs that are linked together, but the nature of the 

bonding is unclear. However, the surface of the MWNTs in (5) appears to have obtained a 

roughness not attributed to many of the others. In (6) the MWNTs have a different surface 

structure, where a complete covering of growths have formed. It is unclear as to why such 

structures would occur, however it is unlikely to possess the typically desired characteristics 

of the MWNTs. 
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Figure 4.18.  SEM images taken over a single ~1mm thread of intermittent arc 

assembled carbon nanotubes. 
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4.6.5 Evidence for Fluidic Motion Within Continuous Arc Assembly 

Given the high electric field generated by the tungsten probe and propagated by the MWNTs 

within the solution it was demonstrated that a continuous arcing process could be applied to 

create very long threads up to ~ 5 mm in length. Figure 4.2 (section 4.3) shows a sketch of 

how the MWNTs move within a positive DEP force.  Here figures 64 and 65 shows forming 

a vortex around the plasma region where the MWNTs are fused together. This fluid motion 

combined with the high current delivery of the redundant common emitter circuit shown in 

Figure 4.5 and a constant probe gap separation allows the arc assembly to avoid the 

intermittent nature previously described. Furthermore, because of the high temperature due to 

the much larger plasma region (shown in Figure 4.19) the threads appear stronger within the 

solution. 

 

Figure 4.19.  Left: The larger plasma region,the 0.25 mm wide tungsten probe can be seen in the 

centre top of the image. Right: the random motion of the arc assembled thread due to 

fluidic motion is seen leaving arc-eroded marks on the protective copper tape. 

Further evidence for the vortex within continuous arc assembly is seen in Figure 4.20. The 

Litchenberg figures on the surface of MWNT suggest the arc is composed of multiple smaller 
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arcs, and the arcs are spreading tangentially to the direction of thread removal. However, this 

is only indicative of the end of the thread where the arc assembly naturally stops.
37

 

 

Figure 4.20. End of Arc Assembled CNT thread 

Also of interest is the hole present in the base of the thread which appears to be a common 

characteristic for arc assembled threads. It is proposed to be a result of the vortex created 

within the plasma/fluid creating a vacancy of particles as they are pulled towards and then 

pushed away from the centre of the thread due to the motion of the fluid/plasma.  Other 

complex holes have been observed not just at the base of the thread as seen in Figure 4.20 

suggesting the vortexes may be creating micro-fluidic tunnels within the threads.
38
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4.6.6 Initial Electrical Measurements 

Measurements of the in-situ resistivity of the OMCTS polymer thread were taken during the 

arc assembly process. It was observed to maintain an irregular resistance that lay between 2-3 

kΩ for the duration of the process when measured between the tungsten and counter 

electrodes. 

Further electrical measurements were taken of the triglyceride sample showing resistive 

values ranging from 50 kΩ to 290 kΩ depending on the position of the electrodes (the 

electrodes were kept at 1 mm distance). For comparison a single dielectrophoretically 

suspended chain of nanotubes over a length of 1 mm has a resistance of 900 kΩ. These values 

are similar to the literature’s values for undoped CNT fibres. No measurements could be 

taken of the OMCTS thread due to the thick external polymer layer. 

The irregularity of the measurements implies that the carbon thread may possess multiple 

conducting pathways between the electrodes. The most conductive route is found directly 

between the tungsten and counter electrodes which would occur due to the self-propagating 

system of assembly. 
39

  

These findings for the electrical measurements provide evidence for the arc assembly 

mechanism as it is dependent on at least partial conductivity of the thread assembled. In 

addition to this it suggests that these threads may find applications within electronic and 

electrical applications. 

  



 

134 

 

4.7 Arc Assembly TEM  

Figure 4.21 A – D are from a variety of sites on an MWNT and Oleic acid triglyceride thread 

similar to the one shown in Figure 4.18. 

(A) Shows a series of aligned nanotubes connected between two amorphous regions, possibly 

to a much longer nanotube running horizontally beneath them. This may indicate uniformity 

in the adhesion as multiple MWNTS have attached in the same manner and approximately 

the same alignment over this region. Alternatively, this may indicate that multiple MWNTs 

participate in the same adhesion simultaneously during the process. 

(B) Two separate MWNTs (lighter shaded in the background) are visible with strands of solid 

amorphous material between them. This provides evidence that the amorphous material binds 

the nanotubes together. Additionally it suggests that the MWNTs are coated to some degree 

with the material, which could not be removed with IPA. 

(C) A series of amorphous joints between MWNTs in a complex formation with multiple 

nanotubes connecting at the same joint can be observed. The joints contain a mixture of 

amorphous and crystalline structure. This shows adhesion between MWNTs which has 

occurred without being embedded within the amorphous material. 

(D) This is a higher magnification of one of the joints in (C). The joint is crystalline with 

some amorphous material surrounding it. The joint appears similar to Figure 4.21 D, which 

may indicate crystalline joints can occur in combination with amorphous material either 

forming with the joint or coating it. This may also indicate that the apparent amorphous 

bonds observed in the SEM images have crystalline components. 
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Images E – H are from two sites which showed exposed MWNTs. Typically most of the 

nanotubes were embedded within the OMCTS polymer and could not be imaged. 

(E) This image shows a fragment from CNT + OMCTS thread after grinding. This particle 

gave an opportunity to image exposed nanotubes for indications of crystallinity and the 

nature of it merging with the polymer in close proximity. Two nanotubes are visible with a 

third possibly coated in amorphous material also overlapping the crossing point. 

(F) Shows a view of a single MWNT merging with amorphous material at a different site. 

The amorphous material appears similar to the particulate site in (E). The MWNT is also 

partially embedded within the material with no indication of connecting to any other MWNT. 

(G) The crystalline structure of the MWNT can be observed adhered to the amorphous 

material. The crystalline structure continues without break beyond this region which provides 

further evidence that the structure of the MWNTs is not significantly damaged by the 

process. 

(H) Shows a cap of one of the MWNTs in (E). The cap has a crystalline structure, however 

there is also amorphous material at the top, this may be a localised coating, or a by-product 

from the deformities associated with MWNT capping. However, it may also indicate a region 

where arcing has occurred at the top of the MWNT forming a deposition of amorphous 

material. 
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CNT + Triglyceride Polymer 

CNT + OMCTS 

Figure 4.21.  A selection of TEM images of MWNTs in Triglyceride and OMCTS polymer. 

The red circles indicate the regions for the EDX spectra in Figure 64. 
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4.8 EDX Spectroscopy of TEM results 

Energy Dispersive X-ray (EDX) spectra (seen overleaf in Figure 4.22) were obtained from 

the fragment of MWNTs and OMCTS polymer shown in Figure 4.22 E & F, the red circles 

are the sites used.  The data was taken from the silicon polymer to provide a difference in the 

spectra to indicate the presence of the polymer instead of amorphous carbon – which may be 

similar in appearance. Thus, no EDX data was obtained for the triglyceride based thread, as 

only carbon would be observed. The CNT (1) EDX spectrum shows only the presence of 

carbon, with trace elements of silicon, which may be detected from surrounding material 

outside the target site. This indicates that the MWNTs have maintained a high level of carbon 

purity, and have not been contaminated by the process. Furthermore, the MWNTs may not 

always be coated by the OMCTS polymer, despite being completely immersed in the liquid – 

suggesting that polymerisation may only occur at specific sites of the MWNT. However, it is 

possible that during the preparation of the sample, particularly the grinding; parts of the 

polymer were removed leaving sections of the MWNT exposed.  The MWNTs + OMCTS 

polymer (2) spectra show the presence of the MWNT within the polymer, confirming that the 

two materials are merged or embedded together and there is a significant depth to this, i.e the 

MWNTs are not just protrusions starting at the edge of the amorphous material. The OMCTS 

Polymer (3) spectra shows only trace amounts of carbon. This suggests that the amorphous 

material is almost entirely a product of the OMCTS polymer and very little of the MWNTs 

are being damaged to form amorphous carbon. In addition, the carbon component of the 

polymer may have been removed during the process. The Single MWNT + OMCTS polymer 

(4) spectra was taken at a different site to (1 - 3) to confirm the previous EDX data and as a 

further indication that the amorphous material combining with the MWNT is not entirely 

amorphous carbon. 
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MWNT (1) 

MWNT + OMCTS Polymer (2) 

OMCTS Polymer (3) 

Single MWNT + OMCTS 

Polymer (4) 

Figure 4.22.  EDX spectra taken from the sites highlighted in Figure 4.21. The sites were selected to 

indicate the chemical composition of the thread as MWNTs merge with the amorphous 

material. 
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4.8 TEM Electron Diffraction Patterns 

Electron diffraction patterns were obtained from the TEM images to provide further analysis 

of the atomic crystal lattice structure within the MWNT branches. The electron beam is 

diffracted when passing through a lattice such that the path of the electrons is altered by 

specific angles so that beams from different points in the lattice can add to form sharp spots 

or lines on an image recorded beneath the sample.
40,41

  

In SWNTs these spots and lines give indications towards the curvature of the SWNT, the 

chirality, the nanotube diameter and crystallinity. However, for MWNTs the data is more 

difficult to interpret as the multiple layers within the tube all contribute to the same pattern, 

and the properties between the layers are often different. However, it has been shown that the 

crystallinity of the MWNTs may still be found from the sharpness of the spots in an electron 

diffraction pattern.  Therefore in this thesis, electron diffraction is critical to investigate 

whether or not the crystallinity of the MWNTs is preserved during the arc assembly process.  

Three sites were chosen towards the end of a 110 nm diameter MWNT, where the electric 

field is the strongest and thus damage from the plasma is most likely to have occurred. The 

presence of any possible damage is of interest as this will indicate that the nanotube is 

participating in the arc assembly process and that the plasma is sufficiently strong to break 

the sp
2
 bonds.  The onion shown in Figure 4.23 A & C on the end of the nanotube could be a 

defect caused by the growth of the nanotube, or could be explained as a result of arcing to 

that point, as is observed from CNT growth in arc synthesis.
42,43

  

At the top of the onion Figure 4.23 A & B both by the TEM image and the electron 

diffraction pattern amorphous material may be observed surrounding the visible lines of the 

carbon lattice, and few distinct spots are visible which may be as a result of this, if they are 
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otherwise too diffuse caused by a lack of crystallinity or the multi-directional nature of the 

many overlapping layers.  

Figure 4.23 C & D show a highly ordered carbon lattice entering the onion region, and the 

diffraction pattern gives a line of distinct peaks, suggesting that a large degree of crystallinity 

has been preserved, and/or is visible through the other layers of the MWNT. 

Figure 4.23 E & F show a straight lattice, with only amorphous carbon/OMCTS residue 

around the outside. The diffraction pattern reflects this with a clear line of distinct spots, and 

no smearing effect that is visible the rings in Figure 4.23 D. 

The possible implications from these results are: 

 This particular CNT was not exposed to arcing. This explains the strong preservation 

of crystallinity – yet given the CNT bonded with other local CNTs , so the ends of the 

nanotubes  The bonding between the nanotubes may not be related to the arcing 

occurring (which contradicts the general observations of the removability of the 

thread from the dispersion.) However, it at least suggests that the nanotube is capable 

of withstanding nearby arcing, even if the nanotube itself does not participate in the 

discharge. 

 The nanotube was exposed to arcing, but was not damaged by it. This has been 

observed in cases such as Bower et al where nanotubes can form part of field emitters 

in vacuum environment
44

, and hence may contribute to a plasma in a liquid. However 

if this is the case, it would not allow for any adhesion to form from the nanotube at 

this point. 
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 The nanotube was exposed to the arcing and the crystalline adhesion was caused by 

it. This would be the most encouraging interpretation for the applicability of Arc 

Assembly as this would allow for direct crystalline bonds between nanotubes. 

 

Figure 4.23. A Top of onion at end of nanotube B diffraction pattern of site on A C) Bottom of onion 

at end of nanotube. D) Diffraction pattern of site on C. E) MWNT beneath the 

aforementioned onion. F) Diffraction pattern of site on E.  
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Another three sites where chosen on a branch between 2 nanotubes from arc assembled 

triglyceride dispersion. This branch could be caused during growth, but is of interest as it 

may have instead been formed during the arc assembly process. The sites were picked in the 

centre of the merging of the 2 lattices from ~90 degrees and two sites nearby to this shown in 

Figure 4.24 D. 

 

 

Although the point of connection of the branch in Figure 4.24 D looks as if the connecting 

structure may be amorphous, the diffraction pattern shows only slightly smeared, but distinct 

spots from 2 directions suggesting that the 2 crystal lattices have bonded whilst preserving 

crystallinity. It may be possible that the outer most layers are not entirely crystalline but a 

diffraction pattern is still formed from internal crystalline layers. Furthermore Figure 4.24 

Figure 4.24. A,B,C are electron diffraction patterns from sites annotated on D. 
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B,C show sharp spots suggesting that crystallinity has also been preserved around the joint. 

This is also apparent in the TEM image where the lines of the carbon lattice are visible. 

In a similar manner to the interpretation of Figure 4.18 D, if this branch was formed via arc 

assembly it would indicate that the process can create crystalline links between nanotubes, 

however it is possible – and has been observed with control samples, that these branches 

could be formed from the original synthesis of the nanotubes themselves.
45

 

  



 

144 

 

4.10 Raman Spectroscopy 

Raman spectroscopy is an analytical technique for measuring the vibrational states of 

chemical bonds. When photons from a laser of a specific wavelength interact with molecular 

vibrations of the sample, the photons may experience inelastic scattering as energy is lost, or 

in some cases gained from the chemical bond. This loss/gain in energy corresponds to a shift 

in wavelength which can be measured as a difference to the original wavelength of the 

incident photon. In this way information is gained on the nature of the chemical bonds within 

a compound – which is of particular use for assessing carbon nanotubes which can have 

many different forms. A sketch of this process is shown in Figure 4.25: 

 

Figure 4.25.  Sketch of basic mechanism for Raman scattering. With relevant energy transitions for 

Stokes and Anti-Stokes Scattering. 

The possible loss and gain in energy is specifically attributed to Stokes and anti-Stokes 

scattering. The incoming photons can interact with the electrons of the molecule at the 

ground level or the vibrational level and raise the energy of the photon to the “virtual level” 

Sample 

Laser Spectrometer 

Virtual Level 

Vibrational Level 

Ground Level 

Stokes Scattering 
Anti- Stokes 
Scattering 
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(an unobservable quantum state) from which the photon is scattered inelastically such that the 

energy of the molecule is returned to either the ground or vibrational level. This can create a 

difference in energy on the molecule and thus a transfer of energy on the photon: Stokes 

refers to the loss of energy – an increase in wavelength; anti-Stokes refers to the gain of 

energy -  a decrease in wavelength. It is these differences in wavelength (referred to as shifts) 

that are measured and assessed in Raman spectroscopy to determine the properties of the 

material. 

The radial breathing mode (100-300 cm
-1

) is typically used to assess SWNTs however as the 

diameter of the tubes increases the tubes approximate to a graphene sheet, and is not included 

on the spectrum for MWNTs.
46,47 

The spectrum for raw MWNTs may be seen below in 

Figure 4.26. 

 

The D-band at 1340 cm
-1

 is associated to the out of plane vibrations, usually implying that 

defects within a graphitised structure which in-turn, implies the presence of sp
3
 bonded 

Figure 4.26.  Raman Spectra of unprocessed MWNTs used 

for arc assembly. 
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carbon. For pure graphitic material, the in-plane vibrations of the G-band are at 1582 cm
-1

. 

However, there may be a number of peaks around this line. For SWNT, a G+ and a G- line 

may also be present at around 1590 cm
-1

 and 1570 cm
-1

. However, for MWNTs, these are not 

always visible, if the innermost tube has a large diameter. 

A G` band is a second order harmonic or ‘overtone’ (as twice the frequency dispersion) of the 

D-band, and has been shown as a way of assessing the interaction and number of multiple 

crystalline carbon as a single graphene sheet will produce a sharp peak at approximately 2600 

cm
-1

, whilst graphite will create a higher shifted and dispersed peak due to the scattering of 

multiple layers adding together.
48,49 

This Raman spectroscopy was carried out to give a 

further indication to the nature of any changes in the material properties of the CNTs, given 

previous SEM, EDX and TEM showed contrasting results of amorphous and crystalline 

bonding between the CNTs. 
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4.10.1 Raman Spectrum of Continuous Arc Assembled Thread 

The following results are typical of carbon. The original MWNT sample gave a very noisy 

response, which is thought to be due to the powdered form of the sample, leading to an 

uneven and porous surface to image on, i.e. not all regions would have been in focus, and 

diffraction could occur around edges as a result. A 20 point moving average was included 

with the graphs for clarity. The arc assembled thread was rinsed thoroughly in IPA to remove 

any nanotubes that may have remained on the surface after the process, and the reduction in 

noise from the original MWNT sample shows the surface was relatively smooth with few 

loose nanotubes. All the samples exhibit a shoulder on the G-band, which is often analysed 

using a deconvolution to show multiple contributing peaks from  a combination of different 

bonding types affecting the G-Band. However, this technique requires a reasonable 

estimation of what those bonds are. Currently, as there is no established premise for 

estimating results from an arc assembly process, the deconvolution has been omitted.  

A sample MWNT thread is shown in Figure 4.27 with the complete Raman spectra for 3 sites 

of interest selected along the thread’s length. Site 1 is on the edge of the terminating end of 

the MWNT thread (similar to Figure 4.20). Site 2 is on the straight portion of the thread 

where the continuous arc assembly was most consistent. Site 3 is on the curved section of the 

thread, near the beginning of the arc assembly process, where the thread position moved 

during the process. These sites are revisited in Figures 4.28 for a more detailed look at the G-

band and G’-band. The primary interest from the Raman data is how sp
2
 crystallinity is 

preserved throughout the arc assembly process.
50,51
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Figure 4.27. Complete Raman Spectra along the points of an 

Arc Assembled Thread 
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4.10.2 Raman Spectroscopy of G-Bands 
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4.10.3 Evaluation of Raman Spectroscopy Results 

The intensity D-band indicates the number of defects whilst the G-band measures the number 

of sp
2
 bonds within a sample (area analysed). The ratio between these bands is an indication 

of quality of the CNTs with a higher ratio indicating greater graphitization.  Therefore we can 

see in Table 4.1 that the original MWNTs have a high purity, (marketed as 99% pure.) 

However the arc assembly process has introduced defects, particularly towards the start and 

end of the process near the curve of site 1, and the end of the thread at site 3 where the 

Raman data suggests a high proportion of amorphous carbon. Interestingly, these sites 

coincide with the regions where the arc assembly process was not under control.  This may be 

due to an overabundance of CNTs in the medium towards the start, and a depletion towards 

the end. In addition, it is possible the rate of removal for the tungsten probe did not perfectly 

match the rate of assembly.  

Both of these parameters could also contribute to the stopping of the arc assembly process. 

Site 2 shows a remarkable result given the purity/quality of the CNTs appears to increase. 

This may be due to purification effect of amorphous carbon being burnt off via the plasma, 

(as pure sp
2
 crystalline structures are more stable within a plasma environment and baking of 

nanotubes is a common purification process.) However, it may also be due to the change in 

surface texture, allowing for less noisy measurements of the Raman data. Either way, a 

crucial point is nevertheless made: for a region within the arc assembly process 

graphitisation is preserved.  
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Sample D-Band : G-Band Intensity 

Original MWNTs 2.47 

Site 1 0.97 

Site 2 3.44 

Site 3 1.19 

Table 4.1. A Table of the ratio of D-Band to G-Band as a measure of Graphitization. 

G’ Band (or first order D-band) 

The G’ band presented as part of the raw MWNT sample is as expected with a shifted and 

dispersed peak due to the large number of crystalline layers within a 110 nm diameter carbon 

nanotube, and as observed via the TEM images. However, after a period of arc assembly the 

peak sharpens and shifts closer towards the 2660 cm
-1

 which is often associated with 

graphene. SEM imaging supports this analysis by showing possible graphene exfoliation 

from the nanotubes is observed on a different thread, although fabricated under identical 

conditions in Figure 4.27 –which was split in half with tweezers. 
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Figure 4.29. SEM image of broken segment of continuous Arc Assembled CNT thread 

This also reinforces the analysis of the D-band G-Band ratios for site 2 as it would suggest 

the disordered components of the MWNTs are being removed – such as the caps leaving 

incomplete MWNTs which may “unroll” into sheets. 

However it is unclear why this exfoliation is most apparent in the core of the thread, and in 

particular because the Raman data was taken at the surface of the thread, where the SEM 

images look most amorphous. It is possible that the threads are composed of multiple 

graphene fragments, as residue from damaged carbon nanotubes, and the core of the thread is 

undergoing a different mechanism of assembly due to the expected vortex within the 

dielectrophoretic plasma. There is already literature covering the topic of forming graphene 

fragments from carbon nanotubes via plasma discharge,
52

 so this result may be similarly 

related. 
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4.11 Conclusion 

This chapter sought to use electrosharpened tungsten probes as a tool to fabricate carbon 

nanotube threads, such that CNTs could be exploited on the macroscale. An entirely new 

method of applying dielectrophoresis with an arc discharge plasma was created called Arc 

Assembly and incrementally developed, guided by the analysis provided by SEM, EDX, 

TEM Raman spectra and COMSOL simulations. This novel process demonstrated that it had 

the capability of altering the chemical bonds of the CNTs whilst simultaneously joining them 

together. This is a key demand of modern research for exploiting the nanoscale properties of 

CNTs for larger applications. So far, this process has been able to fabricate threads of up to 5 

mm in length. 

This chapter showed that dielectrophoresis can be combined with voltages beyond the 

breakdown strength of the fluid medium to allow arc discharges to occur between dipole 

chains - this is the core principle behind Arc Assembly. Intermittent and continuous modes 

were established as variations on this, depending on the rate of separation between electrodes 

and overall power supplied to the system. Fluidic effects within the dielectrophoretic system 

were observed experimentally in the movement of CNTs and the overall electric fluid over a 

droplet of CNT mixture was modelled using COMSOL. In addition, the models showed how 

the dielectrophoretic effect would be reduced with increasing probe tip radii, as well as the 

change in field strength with electrode separation. 

SEM analysis showed a high density of CNT branching and connections within Arc 

Assembled threads, and suggested that different types of branching were present due to the 

textures visible. In addition to branching, Lichtenberg figures, evidence for a fluidic vortex 

from dielectrophoretic forces and exfoliation of CNTs were also observed. 
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EDX data confirmed that the fluid medium would also adhere to the CNT threads to some 

degree with OMCTS polymer being used to show silicon within the threads. 

TEM images with electron diffraction patterns were analysed showing indications that CNT 

crystallinity was at least partially conserved within the branches of Arc Assembly. However, 

amorphous carbon was also observed throughout the results. Given the fragile nature of the 

threads it is likely that either there are insufficient CNT branches or it is due to amorphous 

carbon forming during the process. 

Raman analysis was conducted on a continuous arc assembled thread. This also revealed that 

some degree of CNT graphitization was preserved within the threads as the D-band to G-band 

ratios remained high relative to the raw CNTs. However the data also indicated large 

differences between sites at different stages of the Arc Assembly process. Both at the start 

and the end of the process indicated a growth of amorphous carbon, whilst the main 

withdrawal of the thread (when the rate of electrode separation was most constant) had 

comparable Raman spectra to the raw CNTs. 
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Chapter 5: Conclusion 

This thesis has delivered a new approach: Tungstate Sharpening for fabricating tungsten 

probes to controllable lengths with tip radii of the order of 10 nm. Furthermore, 

Enhancements to Electrosharpening scaled probe fabrication using a novel 

magnetohydrodynamic etching effect – which has also expanded the work to include razor 

blades. In addition, these tungsten probes were used to facilitate the development of Carbon 

Nanotube (CNT) threads – which were made using a novel dielectrophoretic ‘Arc Assembly’ 

process – up to 5 mm in length. 

 

5.1 Electrosharpening Conclusion 

Before the start of the PhD tungsten probes were fabricated on variations of an archaic 

method that had been used for at least sixty years. The drop-off method is unreliable and time 

consuming, yet was still essential for modern research. It is often deemed an ‘art’ in a field 

where by 2015 it should be a ‘science’. By the end of this PhD an alternative method had 

been invented and demonstrated to offer a process that could be rapidly automated and 

scaled, whilst maintaining the instrumental qualities that modern research demands. 

The contributions of this body of research and contribution to the field of engineering may be 

summarised thus: 
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1. Tungstate Sharpening as a new method for fabricating tungsten probes, demonstrating 

reliable fabrication of tip radii down to 20 nm confirmed via SEM imaging and lengths 

between 0.5 – 5 mm. 

2. The probes can successfully perform STM operations: the most common application, 

which further reinforces the desirable sharp nature of the probe tips. 

3. A complete LabVIEW program was developed that now gives users the ability to 

fabricate probes to desired parameters without necessarily needing to even understand the 

underlying principles outlined in this thesis. 

4. Tungstate Sharpening can be scaled to etch five probes simultaneously in a batch process 

– something that was impossible for the drop-off method. This meets the demands of the 

probe’s consumable nature. 

5. The batch process was modelled within a SolidWorks flow simulation to assess likely 

causes for perturbations within the etching fluid’s motion. It found differences in 

tungstate density distribution and turbulence depending on the spacing between probes. 

This gave improvements for further experiments as well as showing that relatively simple 

flow simulations may be sufficient for modelling elements within complex 

electrochemical phenomena. 

6. The process could be improved via the application of magnetohydrodynamics, which 

allows for new probe geometries and more reliable simultaneous etches. Furthermore, this 

demonstrates that some of the processes’ key parameters can be modified without 

compromising the overall sharpening effect, suggesting there are opportunities for further 

research in this field. 

7. A new application of the process for etching stainless steel razor blades is already being 

considered with preliminary results offering a competitive and versatile alternative to 

modern manufacturing techniques. 
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5.2 Future Work on Tungstate Sharpening and Enhancements to 

Electrosharpening 

Although the tungstate sharpening process has already yielded many useful results, many 

questions remain such as: 

Can the process be further optimized? This thesis explored tungstate sharpening and its 

derivatives using the parameters most commonly used within the drop-off method – this was 

so any results would be directly comparable to drop-of method. Although many shortcomings 

of the drop-of method were addressed, it become apparent that many of the critical 

parameters such as the concentration, voltage, electrolyte etc…. may be adjusted to improve 

further the tungstate sharpening method proposed to give a competitive edge over any 

existing technique. 

Can the scalability of the process continue for use in industrial applications? The batch 

processing method proposed clearly demonstrates the ability to produce several probes 

simultaneously. However, ensuring uniform lengths among the probes etched was seen as the 

only obstacle. Coupling magnetic sharpening to the process reduced this effect significant for 

five probes. However, it is not clear if scaling up the technique will give consistency for 100s 

or 1000s of probes etched simultaneously.  

Can the probes be modified even further? It has already been shown that the length and 

shapes of the probes can be altered through control of etching duration and magnetic fields. 

However, other preliminary experiments have shown uniform oxide coatings may be applied 

and it is not clear if more complex magnetic fields could give the probes a greater range of 

profiles. 



 

166 

 

5.3 Arc Assembly Conclusion 

A new process called Arc Assembly was developed using the electrosharpened tungsten 

probes. Although the research was unable to create a thread that matched the nanoscale 

mechanical characteristics of carbon nanotubes the process was able to assemble the 

nanotubes into a thread, and show that those nanotubes had undergone significant chemical 

change beyond what other methods have been able to achieve, whilst still retaining elements 

of graphitization within the thread.  

Analysis of various thread samples was performed via SEM imaging, EDX, TEM and Raman 

Spectroscopy. The analysis was performed over the course of the developing experiments in 

each case, to improve and guide the experiments, rather than characterise the material 

produced. The SEM results gave clear images of CNTs adhered to each other throughout the 

work, suggesting that the Arc Assembly process was successful in altering the chemical 

nature of the CNTs, rather than forming bundles as in conventional techniques.  The EDX 

data indicated that the role of the fluid medium may be influencing this adhesion as silicon 

was found within the threads from OMCTS polymer used as a dielectric medium. TEM 

analysis showed sites of highly ordered crystalline branching in addition to amorphous 

regions amongst the CNTs. Whilst Raman data indicated that the preservation of sp2 bonds 

within the CNT material was closely related to the removal process of the thread as it was 

being formed. 

Given the novel nature of this research, the rate at which it is improving since its inception, 

and that this first time dielectrophoresis has been shown to interact with a plasma, although a 

complete theoretical model is beyond the scope of this thesis, the key parameters of voltage, 

field strength, frequency and medium have all been shown to have a strong influence over the 
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outcome of the process The fact that this is now possible is knowledge which may open 

avenues for researchers who previously had thought such interactions impossible. 

 

5.4 Future Work on Arc Assembly 

Although carbon nanotubes exhibit remarkable properties on the nanoscale they have not yet 

seen widespread use in any large-scale application. If their nanoscale properties could be 

exploited it would revolutionize the use of nanomaterials in mechanical electronic and 

thermal applications – as well as possibly developing into entirely new ranges of applications. 

Many attempts have been made to align carbon nanotubes together. However, they remain 

unsuccessful as none of the attempts to extend the sp2 crystallinity between nanotubes, which 

determines their desirable nanoscale characteristics. 

This work has shown that Arc Assembly may be a viable route to overcome this problem. It 

is now possible to simultaneously align and perform an arc discharge between nanotubes, 

such that the nanotubes adhere together. This is a completely new approach to developing 

macro-scale carbon nanotube material, and based on well-established literature, there are 

many parameters which may be altered, particularly in the nature of the plasma to form a 

greater proportion of sp2 bonds within this material. Currently the threads are too weak to 

measure mechanically, however the analysis presented here shows, and the progression of the 

experimentation indicates that the reasoning behind this approach is sound and may lead 

towards the successful assembly of ultra-strong CNT threads. Ultimately it is hoped that 

some key goals may be accomplished using this technique and questions answered such as: 
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What is the nature of the combined dielectrophoretic arc discharge? The current theory for 

dielectrophoresis outlined in Chapter 4.2 does not account for the phenomenon occurring 

within plasma. Although intermittent Arc assembly may approximately follow this theory, 

the continuous process does not. The plasma introduces a medium that will not behave as a 

dielectric, yet the same fluidic motion is observed as with conventional dielectrophoresis. The 

answer to this question may inform the future work outlined here – in addition to providing a 

new method of control over any arc discharge process. 

What is the role of the dielectrophoretic medium? Many dielectric fluids were used during the 

progression of the experiments. Although they have a large influence on the dielectrophoretic 

effect they also affect the breakdown voltage between the CNTs, and the nature of the plasma 

that adheres them together. Currently Oleic Acid (with trace fatty acid impurities), 

polydimethylsiloxane, octomethylcyclotetrasiloxane and perfluorocarbon fluids have been 

used successfully yielding different results over the course of the SEM, TEM EDX and 

Raman analysis. Despite this no pattern has emerged to give insight into their role and leaves 

the question to what other mediums may be used instead? 

Utilising different nanomaterials: Multi-walled nanotubes were extensively used throughout 

this thesis, due to the difficulty in successfully maintaining a dispersion of single-walled 

nanotubes (SWNTs) throughout the Arc Assembly process. However, this opens up the 

possibility that SWNTs may produce CNT threads provided this technical difficulty can be 

overcome. In addition, given the variety of electronic properties CNTs can exhibit, and the 

wide range of frequencies Arc Assembly has been shown to work under, it is expected that 

other nanoparticles or nanowires may also produce threads with this method. 
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Automation of the process: To date, Arc Assembly has been performed manually. This leads 

to inconsistencies with the experimentation as well as being time consuming for the 

researcher. If the process could be automated it would expedite and improve the reliability of 

future results, in addition to opening the route to industrial exploitation. 

Establishing a high yield of sp2 crystalline bonds throughout the thread over a longer length. 

The ultimate goal for CNT threads is to exploit their nanoscale properties in macroscale 

applications. This thesis has delivered a process to accomplish this – however, it remains 

unfinished! Indications of sp2 bonding between CNTs within 5 mm threads have been 

established, yet further research remains to produce a thread, which truly represents the 

remarkable properties of CNTs…  

Regardless of how this work continues, it has been shown that a great many questions in the 

fields of dielectrophoresis, plasma physics and nanomaterials have been opened up from 

experiments facilitated by the new tungsten probes. 

 

Final Remark 

This author encourages anyone interested in this work to further any discussion and criticism 

on this thesis such that the knowledge it attempts to contribute may always be improved.  It is 

also hoped that other researchers and anyone interested feel free to use this work as a 

foundation or a supplement for new inventions and research beyond what is imagined here. 
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Appendix 

Automated Measurement 

 

This appendix includes figures of the expanded LabVIEW layout referred to in Chapter 2.7 including 

descriptions of the functions of each section of the program relevant to Figure 2.14, and future 

improvements. 

 

Figure A.1. Block diagram of measurement system in LabVIEW. This collects raw data from the IO 

device and sends data to measurement thresholds, integration and GUI sub-sections. 

 



 

174 

 

This uses a control block for the analogue inputs of the NI6009 IO device that takes inputs 

for the sampling rate and the number of samples taken continuously within that rate (i.e the 

total number of samples will be sample rate x samples in batch) Typically, the program just 

takes a single sample instead of a batch and determines the speed of measurement by just the 

sample rate. For other devices or measurement regimes (such as the drop-off method) it may 

be better to change the sampling values, as the devices can take measurements within a batch 

at a faster rate, provided the software can process the entire batch before the next batch of 

sampling takes place – if this is not the case the program will crash. However, given the 

timescale of the tungstate sharpening experiments is on the order of seconds, this program 

has a greater emphasis on reliability and uses a singular batch value to ensure no errors can 

occur. 

Once the sample values are obtained they are automatically converted to a current value 

determined from a shunt resistor (typically 100Ω ±1Ω and measured as such) and lies 

between 0.25 to -0.25A (which is hardware determined.) These values are then displayed via 

a graph which shows the current measurement over the last 10 values, to give the user a 

visual indicator of the gradient and value of the current. Another graph which displays all 

measurements (up to 144000 values) recorded of the process that gives the user a display of 

how the experiment is progressing (and typically looks as Figure 2.16)  Single instantaneous 

measurements are also used for the current thresholds and noise thresholds detection, and a 

single value is displayed to the user. All measurements are also recorded directly into a text 

file with a timestamp, which is used for analysis of results afterwards. 
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Measurement Thresholds 

 
Figure A.2 Expanded view of current threshold trigger in LabVIEW. This makes 

comparisons over experimental values with user set parameters. 
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This uses a case structure containing an inequality block which compares the instantaneous 

current measurements against the fixed value entered by the user from the relevant stage in 

the threshold value in the table. The case structure may flip the inequality between ‘less than’ 

or ‘greater than’ depending on the stage, e.g. the first stage is typically greater than the 

measurement as the current rises with the removal of the outer oxide layer, and for the 

remaining stages is less than the measurement value. 

If a measurement and threshold comparison is true, then the program counts the number of 

times this has occurred to a user selected value (typically 5) via a shift register. This is to 

prevent a single anomalous measurement to cause the program to change stages. This count 

will be automatically reset when it reaches the selected value but may also be manually reset 

if desired. 

The noise control block is also a user controlled threshold measured against the 

measurements to ensure the values noise fluctuations do not trigger a change in the program 

stages. Additionally, all noise is cut out from the process (as shown in Figure. 2.16 this is 

typically 0.001) when the power is off. This prevents these small values cumulatively 

affecting the integrated values of the bulk coulometry and simplifies the management of any 

measurement files for later analysis.  
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Programmatic Integration of Data 

 
Figure A.3  Expanded view of the trapezium rule used for integration in LabVIEW. This 

allows for bulk coulometry analysis. 



 

178 

 

This performs an additional calculation over the last 2 measurements recorded. It uses the 

trapezium rule to approximate an integration over the data. Provided that data points are 

retrieved significantly faster than any significant changes in the actual current occur, this 

approximation should be acceptable. As shown from the current graphs in Figure 2.17 the 

feedback can adjust the etching routine to within 1% of a selected current threshold. This is 

typical of other etching regimes which use duty cycles above a given amount for a certain 

concentration, whilst the sample rate is typically 0.25s. The result of these calculations is 

entered into a graph displaying the data against to the full duration of the process which is a 

representation of the material removed during the process in the form of total charge 

transferred. An additional calculation is performed to give the actual mass value of tungsten 

removed as a single numerical value but is displayed independently to the graph. Currently, 

the program only performs this calculation for the reaction with tungsten (see equation 6) 

with the material values fixed within the program but could be manually adjusted for other 

materials in a future implementation. 
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Process Control 

 
Figure A.3. Expanded view of process control. This controls and changes the sequence of 

events that make up a complete etch of a probe. 
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The stages progress through a series of timed sequences until they are interrupted by the 

current moving past the predetermined thresholds and changes the stage, which starts a new 

sequence. The sequences are controlled via 3 timers: (i) a main stage timer which measures 

the time over the whole sequence, (ii) separate etching and (iii) stirring timers. The user 

determined times are incrementally added as the sequence progresses and compared against 

the main stage timer. Based on whether the total time added from each part of the sequence is 

greater or less than the total time lapse, a Boolean logic circuit determines the states of the 

outputs. This system will work for any times the user requires. However, it does not allow the 

user to change the quantity of parameters within each sequence. Figure A.3 shows the timers 

connected to the relevant parameters in orange on the left-hand side to compare to the present 

value, this output then drives the Boolean circuits on the right-hand side in green. 
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Output Control 

 

Figure A.4. Layout of output control in LabVIEW. This uses a Boolean code to set the 

outputs of the IO device. (See also top portion of Figure 2.17) 
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Currently the program requires 2 outputs for 3 states: OFF, etching and stirring. The fixed 

sequence within the program is OFF, stirring, OFF, etching, OFF. These outputs are directly 

linked to a Darlington array controlling relays within the circuit (outlined later in Figure 

2.23). 

LabVIEW allows for multiple layers of control over the I/O ports. The program initiates each 

output and writes an ON/OFF value to it and defaults each output to OFF if it is not used. 

This ensures that the states of the outputs are always known and there is no danger of an 

alternative combination of states occurring in the process i.e both tungsten probes and counter 

electrodes being connected as anode. 

Each output is set to an ON/OFF value within a conditional block which will make a single 

increment of that value. The conditional blocks are started via the timing sequence when the 

associated Boolean logic for that part of the sequence is triggered. 
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User Determined Parameters 

 

Figure A.5 Layout of parameter control in LabVIEW. This controls the table in which the 

user can enter the desired parameters for an etching regime. 
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The user controls the process via a table of parameters which determine the current thresholds 

etching, stirring, and off times.  The user can change the number of stages, but cannot change 

the number of parameters. The table is continuously read every second from a for-loop that 

places all the data into a 2D array. During operation, as the current triggers the threshold, a 

column selector for the array is incremented and the parameters (rows) for that column are 

transferred to the rest of the program via global variables. 

 

Figure A.6 User Interface: control of etching parameters. This displays the user controlled 

parameters in addition to the current output state of the etching process. 

3 files are saved with each experiment in text format, for the current measurements and 

respective time stamps, the integration calculations (mass etched) and a logger which is a 

labview specific document referring to the performance of the program (no directly relevant 

information from the experiment) 

The sample rate of the process is also user controlled, for tungstate sharpening a sample is 

typically taken every 0.25s, however for analysis of the drop-off method it is essential that 

the program runs as fast as possible 0.05s/sample for the system used.  
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Front End 

 

Figure A.7 User Interface: Graphs for In-situ measurements 
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The finished program gives the user a display of the overall progress of the process via bulk 

coulometry, which is a visually intuitive way for the user to check that the process is 

performing as expected. A current monitor shows instantaneous readings (a graph of the last 

10 measurements) which are useful for showing the user if the current is approaching a 

threshold. And a graph of the total charge transferred in the process also gives the user an 

indication if the process is performing in a similar manner to other experiments with the same 

parameters  

The process is broken into a series of stages which determines all aspects of the duty cycle of 

the etching. This is modified and displayed via an embedded spreadsheet within the program. 

A current threshold is entered which determines when one stage ends and another begins. It is 

possible for the user to have a threshold trigger from a measurement above or below the 

value. i.e. at the start of the process the current rises due to the oxide layer being removed 

from the tungsten. Therefore, the first stage triggers when the current rises above the 

threshold. For all other stages the current decreases such that the subsequent stages start when 

a measurement falls below the threshold. The thresholds are only triggered when a certain 

number of measurements satisfy the requirement – this is to prevent an anomalous reading 

disrupting the process. 

Future Improvements 

 The program will be packaged into an installable file which can run on systems 

without LabVIEW.  

 Error tracking, and in situ feedback to the user 

 Optimised to reduce the time of sampling 

 Compatibility over a variety of I/O devices 

 Aesthetic changes such as windowed components, templated parameters for easier 

user control. 
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Cover Picture Details 

Front Cover: A tungsten probe in the middle of an electrosharpening experiment. The 

bubbles are oxygen released from the initial dissolution of WO3 in KOH. The wire was split 

before the process started which sometimes occurs due to tungsten’s brittle nature. This rarely 

has any observable effect on the sharpening process as the top is etched before the sharp 

probe forms. 

Chapter 1: A picture taken just before an arc assembly experiment, ensuring the tungsten 

probe is not in contact with the stainless steel counter electrode. Once the CNT mixture is 

placed over the electrodes, visibility becomes poor (hence the bright back-lighting). 

Chapter 2: A single tungsten probe on the KOH-perfluorocarbon liquid-liquid interface. The 

lighting conditions were to see the edge-effect shadowgraphs.  

Chapter 3: A SolidWorks PhotoView 360 render of the design for the magnetic batch-

electrosharpening apparatus. 

Chapter 4: A colourised SEM image of CNTs adhered to the tungsten probe after an arc 

assembly experiment. Some CNTs stick to the probe from the solution, but the majority on 

the lower-end of the probe are from plasma adhesion. The purple glow is purely aesthetic. 

Chapter 5: A batch of 316 stainless steel Razor blades after being etched – the curved nature 

of the blades is still under investigation – but thought to be due to the rotational motion of the 

fluid around the edges of the blade, from the Lorentz force. 

 


