
 

 

 

 

 

 

 
The Potential of Nanotechnology 

 

Since the possibility of building tools capable of manipulating individual atoms was first 
hypothesized by Feynman and others in the late 1950s the idea of nanotechnology has 
attracted the attention of more and more scientists until today it is recognised as one of the 
most important fields of scientific endeavour. Tools for investigating and manipulating all 
kinds of substances at the molecular level have been developed and are readily available. 

Upwards of forty years’ research has already laid some of the necessary foundations for the 
commercial implementation of nanotechnology and every major research facility can offer 
some kind of technological showpiece in this area. Already products are available, the very 
existence of which depend on an advanced understanding of the behaviour of materials and 
processes at the molecular level, where things often behave very differently from how they 
operate at the more familiar macroscopic level of processing. 

The governments and Foresight programmes of all industrialised nations recognise the 
importance of advances in this field and many expect it to become the defining technology of 
the 21st century. 
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1.0 Introduction  
The definition of what is considered to be nanotechnology 
continues to evolve and its boundaries continually shift 
and modify to take account of developments in many 
fields. Roughly speaking if it’s considered to be very, very 
small it might be prefixed ‘nano-‘. Because 
nanotechnology research involves so many disparate 
disciplines, authors who attempt to define what 
nanotechnology is fall between the twin difficulties of 
making the definition so wide as to include almost 
everything, or so narrow that it ceases to be useful. 

In 1959, physicist and Nobel laureate Richard Feynman 
gave what has become a classic science lecture of the 
twentieth century – ‘There’s plenty of room at the bottom’. 
In it he talked about using big tools to make smaller tools 
suitable for making even smaller tools and so on, until 
tools suitable for directly manipulating atoms and 
molecules had been achieved. He discussed what he 
thought might be done with such tools if the laws of 
physics were as they were thought to be, and suggested 
that the only reason why it was not already being done 
was simply that no one had yet got around to doing it.1 

 
Foresight programmes and governments around the world 
place high emphasis on the development of this 
technology because it promises ultimately the ability to 
produce virtually anything for little more than the cost of 
the materials. It has not gone unnoticed that success in 
this area will have profound implications for the 
organisation of society. In the interim, until the technology 
has become significantly more mature, it will be the basis 
of high-technology knowledge-based industries producing 
very expensive materials and devices. 

 
Feynman’s lecture contained the seeds of nanotechnology 
and since it was delivered many others have pondered 
how the tools he suggested could be devised and what 
could be achieved with them. K. Eric Drexler, for example, 
proposed a device called an ‘assembler’ which might 
begin as a sub-microscopic robotic arm able to initiate 
controlled chemical reactions and described in some detail 
how such a device could function and be controlled and 
used in vast numbers, and also how it could replicate itself 
and be made to operate autonomously. He thought that 
the capabilities of his assembler would eventually become 
to all intents and purposes unlimited.2 However, no such 
device has yet been built and the technical difficulties 
posed by its construction are still immense. 

 
Although much of nanotechnology still remains the 
province of scientific research, practical applications are 
appearing all the time, in particular the development and 
manufacture of the tools needed to work in this field. A 
sign that nanotechnology had been developed 
successfully at the molecular level would be 
pervasiveness; virtually no field of human endeavour 
would be outside its influence. 

 
The seductive vision offered by the supporters of 
nanotechnology is that once the technology is mature, 
anything at all, from buildings to motor cars to clothing to 
daily meals will be fabricated by swarms of sub-
microscopic robots, which will manipulate individual atoms 
to build these things, or indeed anything that might be 
required, using a bottom-up process at the molecular 
level, rather as houses today are built from a pile of 
individual bricks. All this at little more cost than that of the 
necessary raw materials and with insignificant 
environmental impact. 

 
The question that begs an answer is, When? When, if 
ever, do we see the predicted benefits? In one year?  
Ten? A hundred? This report presents a picture of where 
nanotechnology is now and highlights the best guesses of 
those currently involved in industry and research 
establishments at the likely time scale of its development 
to the status of a mature technology in everyday use. 
 

  
2.0 Nanotechnology Fact and Fiction The central tenet of nanotechnology is that any chemically 

stable structure not specifically disallowed by the laws of 
physics can in fact be built, and the word was originally 
used to describe the fabrication of materials and artefacts 
at molecular level by the direct manipulation of individual 
atoms and molecules. Today the definition has been 
widened to include any scientific or technical 
experimentation or fabrication that takes place on the 
nanometre scale and is often extended to include some 
activities at the lower end of the micrometre scale. 

The scale on which nanotechnology operates is 
staggeringly small. One nanometre is only one thousand 
millionth of a metre, and it is worth considering just how 
small that it is. The diameter of a human hair is 100,000 
nanometres. The diameter of some cells in the human 
body is 1000 nanometres. One nanometre is only 10 times 
the diameter of a single hydrogen atom. Not only is a 
1-nm-sized object invisible to the naked eye, it cannot 
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even be seen with the very best of optical microscopes. To 
work at this scale and achieve controlled and predictable 
results is plainly a tremendous undertaking but 
researchers have already shown that it is within the 
bounds of possibility. 
 
Nanotechnology is a favoured device of sci-fi writers and 
their imagined futures often present backgrounds sculpted 
by nanotechnology devices. For the more optimistic 
writers everything is considered possible, as armies of 
autonomous microscopic robots work to fulfil every human 
need or whim instantaneously at zero cost. Popular 
science writers and journalists too are sometimes guilty of 
gilding the nanotechnology lily, suggesting possibilities 
such as the realisation of the alchemists dream, 
transmutation of the elements, turning lead into gold. 
Others foresee the doomsday scenario of a world ruined 
by nanotechnology as its assembler robots run amok, 
beyond all human control, reducing everything to a 
homogenous dust as they replicate themselves without 
check. 
 
The reality is, of course, somewhat different. 
Nanotechnology, like all technologies, is bound by the 
laws of physics and can only function in ways that they 
allow. Consider Drexler’s dream of an assembler robot, 
built from only a few thousand atoms and capable of 
manipulating other atoms one by one to construct any 
object of desire. Because of the many billions of atoms 
that would be needed to build even a small object the 
process would be intolerably slow. At an assumed rate of 
say one atom per second, then the finished product is 
many years away. The proposed solution to this difficulty 
is to turn to massive parallelism; double the number of 
assemblers and time of construction is halved, double 
again and the time is quartered. 
 
The first required feature of the assembler would be the 
capability for swift self-replication in order to produce 
sufficient assemblers to allow construction at an 
acceptable rate. This large number of assemblers would 
then require some kind of control and communication 
system to direct their operation. There are many other 
considerations to take into account when attempting to 
build such a system of manufacture and whilst none of 
them may be intrinsically impossible, estimates of the time 
to construction of a first assembler device range from 12 
years to never. 
 
Although the full development of what might be termed 
Drexlerian nanotechnology lies, if indeed feasible at all, in 

the medium- to long-term future, increased scientific 
understanding of the behaviour and characteristics of 
nano-scale materials and devices has already impacted 
on industry, principally in the form of new materials and 
electronic and optical devices. 
 
A major feature of working at the nano-scale is that things 
behave differently at this level due to quantum effects that 
are not apparent in the macroscopic world of our ordinary 
unaided perceptions, and the sensitivity of devices to the 
random impact of single atoms; much research is aimed at 
teasing out and learning how to use these differences. To 
this end some very sophisticated tools, which enable the 
observation and manipulation of individual atoms and 
molecules, have been developed, such as scanning tunnel 
ling microscopes and scanning probe microscopes. 
Quantum phenomena are already being harnessed to 
make electronic and opto-electronic devices much smaller 
and more power-efficient than those currently in use, and 
in this area the pace of progress is rapid, with products 
already in commercial use. 
 
Scientists have found that by creating nano-scale 
structures it is possible to control material properties such 
as colour, hardness and melting point without changing 
the chemical composition of the material. They have also 
begun to understand how the molecular motors inside our 
body cells function, which opens up further possibilities for 
nano-scale engineering using biological methods. 
 
There is plenty of evidence of progress in many areas of 
nanotechnology and likely timescales have been proposed 
for the major breakthroughs necessary if nanotechnology 
is to reach its full potential. This scale appears to begin at 
a few years and stretch up to about  three decades. It has 
been suggested that where nanotechnology is today is 
about where electronics stood with the invention of the 
transistor in the 1940s but progress is likely to be swifter. 
 
Many expect nanotechnology to become a disruptive 
technology as it matures, threatening the demise of 
existing technologies and businesses that fail to recognise 
the impending paradigm change. A significant feature of 
nanotechnology is that it is an interdisciplinary undertaking 
demanding cooperation between many scientific and 
engineering disciplines if it is to progress, and this factor 
has a bearing on how scientists and engineers destined to 
work in this field should be educated and trained. 
 
There is little room for doubt that many areas of 
nanotechnology can be significantly developed, but how 
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soon this will happen is as much a function of will and 
desire as scientific and technological knowledge and skill. 
Without the political and commercial will to develop this 
field, research and development funding will be limited as 
will venture capital for commercial development. 
Organisations such as the Foresight Institute in the United 
States have sprung into being to promulgate and 
encourage the development of nanotechnology research 
and products, and so far the signs are good, with 
significant support and encouragement being offered by 
governments in Western Europe, the USA and Japan, 
although in the UK, after a promising start in terms of 
research funding, a clear lead from government is still 
awaited. 
 
The status of the UK as regards nanotechnology was 
examined in ‘New Dimensions in Manufacturing’, the 
report of the UK Advisory Group on Nanotechnology 
Applications, submitted to the Minister for Science and 
Innovation in June 2002.3 The report states that the 
country is not regarded internationally as a major player in 
nanotechnology, primarily because of the low volume of 
work undertaken in nanotechnology overall and the lack of 
world-leading UK centres. Nevertheless, it acknowledges 
that very good work is being done in the UK, principally by 
a number of internationally recognised individuals. 
 
Recommendations made in the report address the matter 
of what is required to improve the UK position. They 
included: 

• formulation of a nanotechnology strategy 
• establishment of at least two national nanotechnology 

fabrication centres 
• roadmapping for development of UK leadership in 

selected areas of nanotechnology 
• raising of awareness, access, networking, training 

and recruitment 
• international promotion. 
 
 
3.0 Tools for Nanotechnology 

In order to study and investigate the behaviour of sub-
stances at the nano-scale, tools capable of imaging and 
manipulating substances down to the atomic level had to 
be developed. The most significant steps in this process 
were the invention and development of the scanning tun-
nelling electron microscope and the family of scanning 
probe instruments engineered to build on this break-
through. The following brief overview of some of the major 
tools used by nanotechnology researchers offers a basic, 

though by no means definitive, explanation of how they 
operate; it also gives some indication of what they are 
used for. 
 
3.1 Scanning Tunnelling Microscope 

The first scanning tunnelling microscope (STM) was 
invented by Gerd Binnig and Heinrich Rohrer and earned 
them the 1986 Nobel prize in physics. The magnification 
possible with an STM allows single atoms and their 
relationship with each other in material samples to be 
visualised. It also allows single atoms to be manipulated – 
moved and placed in a desired pattern. 
 
The STM makes use of the fact that while at the 
macroscopic level no current will flow between two 
electrical contacts with a potential difference applied if 
they are separated by a sufficient gap, quantum theory 
suggests that a small current might flow if the separation is 
small enough – of the order of nanometres. This effect is 
known as tunnelling and is the principle at the heart of the 
STM. 
 
An extremely small, sharp, metallic probe is positioned a 
few nanometres above a sample presented on a very flat 
substrate. A voltage applied between tip and sample 
causes a small current flow. The tip is moved across the 
sample and moves up and down in response to variations 
in the height of the surface at the atomic level. 
Corresponding changes in tunnelling current enable the 
movements of the probe to be monitored and a 
visualisation of the surface features of the sample to be 
generated. It is sensitive enough to image single atoms. 
 
The STM is used principally in the study of conductive 
materials, because the sample has to be conductive and 
so it finds limited application in biology and plastics. In a 
famous demonstration IBM researchers created a version 
of the company logo by using single atoms to spell out the 
letters.4 
 
3.2 Atomic Force Microscope 

The Atomic Force Microscope (ATM) has similar 
capabilities to the STM but operates on a different 
principle. It uses a similar probe scanning mechanism but 
does not require a conductive specimen. This is because 
the device does not rely on tunnelling current but uses a 
softly sprung probe that experiences a small interaction 
force as it approaches the surface of the sample. The 
deflections caused by this force allow the ATM to record 
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topographic features of the surface. Two modes of 
operation are possible: 

• contact mode, in which the probe is held a few 
nanometres above the sample when the sample and tip 
interact via a repulsive force; 

• non-contact mode or attractive mode, in which the 
probe is held a few tens of nanometres above the 
sample and vibrated above its natural frequency, when 
the probe and sample interact via an attractive force. 

The non-contact mode may be indicated for the study of 
biological and some polymeric specimens, but has poorer 
lateral resolution than the contact mode. As with the STM, 
a very high standard of engineering know-how is needed 
to build the instrument. 
 
3.3 Transmission Electron Microscope 

In principle these operate in the same way as a 
conventional light microscope except that an electron 
beam illuminates the sample. The radiation source is 
generally an electron gun and the resulting stream of 
electrons is focused into a tight coherent beam by multiple 
magnetic lenses and apertures, which are designed to 
eliminate stray electrons as well as focus the main beam. 
The beam is focused onto the sample and data is 
collected from electrons that have passed through the 
sample by any of several techniques. The resulting 
images may be recorded on film or video. 
 
A Transmission Electron Microscope (TEM) can image a 
wide range of solids including metals and ceramics, as 
well as biological and organic samples to a typical 
resolution of 0.5 nanometre, although a resolution of 0.2 
nanometre is possible. TEMS are widely used and are 
available in different forms for specific purposes. 
Specimens are typically required to be presented in 100 
nanometre slices, so sample preparation is difficult. 
 
3.4 Electron Beam Lithography 

This technology provides better resolution and greater 
accuracy than optical lithography and is used in advanced 
semiconductor-device fabrication. It consists of an electron 
gun with an electromagnetic focusing system, which is 
used to focus a beam of electrons onto the surface of the 
substrate. Deflection plates then allow the beam to be 
scanned across the substrate to produce a desired 
pattern. The substrate is mounted on an X-Y stage, which 
can accurately place the substrate under the beam. It is 
necessary for the electron beam column and the X-Y 
stage chamber to be maintained under vacuum. No mask 

is required in this lithography process and the ability to 
write required pattern geometry offers a substantial 
advantage over other types of lithography. The main 
disadvantage of this technology is that it is inherently 
slower, by one or more orders of magnitude, than optical 
systems due to the serial mode of patterning it uses. 
 
3.5 Lasers 

Lasers will have a part to play in nanotechnology and 
Japanese researchers recently demonstrated the 
operation of tiny tweezers with tips measuring only 250 
nanometeres using light to drive them. A laser was 
focused on one arm of the tweezers and then swung in an 
arc so that the stream of photons acted like the wind on a 
windmill sail to close the tweezers. The technique is 
expected to be practically useful within five years. 
 
3.6 Molecular Beam Epitaxy 

Molecular beam epitaxy is a tool for growing high purity 
semiconductor films and producing epitaxial layers of 
metals, insulators and superconductors. It is used both in 
research and for commercial production. Its principle of 
operation is to heat a solid source to produce clusters of 
atoms, which then migrate in a hard vacuum environment 
to a hot substrate surface where they diffuse and 
eventually incorporate into the growing film. In common 
with other nanotechnology tools, although the principal 
appears simple, the engineering effort required to 
implement this technology is substantial. 
 
3.7 Computer Simulation 

Computer simulation of molecular structures is an 
essential tool in the realization of nanotechnology. This 
type of modelling relies heavily on the algorithms 
developed for use in computational chemistry and requires 
the use of extremely fast computers. Typically the analysis 
of structures containing 1000 atoms would need a 
computer capable of teraFLOP5 operations, and larger 
structures, such as those required for nanorobot design, 
might require petaFLOP 6 capability. Work is also being 
done on distributed computing for the control large 
numbers of nanorobots or assemblers. 
 
 
4.0 Nanomaterials 

The use of nano-scale materials on a commercial scale is 
at least 100 years old; the fillers in automotive tyres for 
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example are 10-500 nanometre particles of carbon black, 
for which there is a 6 million ton per year global market. 
This and similar products are produced using old 
technology that does not really fit the definition of 
nanotechnology. 
 
Today, many companies currently planning to 
commercialise nanotechnology products are working in 
the materials sector. They are developing nanomaterials 
for new applications in polymers, batteries, cosmetics, fuel 
cells, coatings on metals and display screens among 
others. Nanoparticles for medical applications such as 
drug delivery, screening and diagnostics are also being 
assessed. 
 
4.1 Polymer Nanocomposites 

Polymer nanocomposites are materials in which nano-
sized inorganic particles are dispersed in an organic 
polymer matrix in order to improve the performance of the 
basic polymer. Typically the filler particles are clays of 
various kinds or ceramic powders and nanotubes. A 
significant feature of polymer nanocomposites is that 
desired improvements in a particular property such as 
strength or stiffness can be achieved without the property 
tradeoffs necessary when micro-sized fillers are used. 
These new types of material have uses in the automotive, 
aeronautics, electronics and biotechnology industries. 
 
4.2 Nanoclays 

These are layered, often chemically-modified clays, 
consisting of nanometre-sized particles having diameters 
of up to 100 nanometres. They are used as fillers in nylon-
based composites used in the automotive industry, as well 
as composite packaging products. Many other uses are in 
development and it is expected that the size of the 
nanoclay market will increase substantially over the next 
decade. 
 
4.3 Fullerenes 

A fullerene is a molecule of pure carbon containing at least 
60 atoms (carbon-60) and shaped rather like the geodesic 
dome invented by Buckminster Fuller, hence its name. It is 
sometimes referred to as a ‘buckyball’ for the same 
reason. C60 can be manufactured in usable quantities and 
fullerene chemistry, which studies the new families of 
molecules based on fullerenes, continues to attract much 
interest. Carbon-60 molecules were seen as being of great 
potential in nanotechnology although practical applications 

have so far been elusive. Because the molecule is cage-
shaped, researchers are looking for a way to use this 
characteristic to deliver medicines into the body. 
 
4.4 Nanotubes 

The nanotube is a variant of carbon 60 in which the 
molecule is stretched into a tube with a range of 
extraordinary physical properties. In many ways it is the 
material of choice for nanotechnologists and a very large 
market for nanotubes is expected to develop, with 
nanotubes finding commercial applications in many areas 
such as: 

• materials – high strength polymers, composites, 
ceramics and mouldable forms 

• molecular electronics and nano-scale machines 
• biomedicine – targeted drug delivery 
• power – hydrogen storage, batteries, fuel cells 
• flat panel displays 
 
Much research and development activity is aimed at 
developing means for industrial-scale production of 
nanotubes and several countries have boasted of their 
intention to be producing nanotubes on an industrial scale 
by 2006. 
 
4.5 Nanocoatings 

Nanoparticulates have an extremely high particle surface 
area, which makes them ideal for a wide variety of 
applications as dispersions and coatings. They have the 
ability to enhance specific properties of coatings in a 
number of ways. 

• Nanocrystalline powders produced by plasma 
processing add significant strength and ductility when 
applied as a coating to conventional materials such as 
alloys, composites and ceramics. 

• The enhanced surface area produced in 
nanoparticulates leads to a reduced material content in 
coatings. 

• High-cost materials such as colorants and drugs can be 
effectively dispersed in small, controlled quantities 
through nanostructuring. 

• Utilising nanoparticulates in coatings eliminates the 
need for toxic solvents. 

 
The success of nanoparticulate dispersions and coatings 
depends on effective particle preparation, stabilization of 
the dispersed phase, process control and the availability of 
suitable analytical capabilities. Applications for 
nanocoatings and dispersions abound in the cosmetics 
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industry, medicine, printing, semiconductors and sensors. 
Other applications include nano-fabricated surface 
coatings for keeping windows and surfaces clean, and the 
wear and corrosion protection of machines and structures. 
 
 
5.0 Nanoelectronics 

As the need for speed of operation in computer and 
communication technology continues to drive the search 
for further miniaturisation of integrated circuits, some 
projections have it that by 2015 the characteristic structure 
sizes of integrated circuits will have fallen to about 20 
nanometres. Quantum effects are decisive at this scale 
and this will present both new problems and new 
opportunities. Nanoelectronic research focuses on two 
main areas – solid-state quantum-effect devices and 
molecular electronic devices. 
 
5.1 Solid-state Quantum-effect Nanoelectronic 

Devices 

These devices can be divided into three distinct 
categories: 

• resonant tunnelling devices 
• single-electron transistors 
• quantum dots 

To obtain the maximum benefits from these devices will 
require reliable mass fabrication of features with widths of 
between 5 and 10 nanometres. It is probable that the 
employment of hybrid devices combining quantum-effect 
and bulk-effect components will allow the densities of 
microelectronic logic circuits to be increased by orders of 
magnitude as an intermediate stage on the way to the 
development of pure nanoelectronic circuitry. 
 
5.2 Molecular Electronic Devices 

The basic physical limits on how many transistor elements 
can be packed onto a silicon wafer are expected to be 
reached within the next decade or so. Even to reach this 
limit, the cost of fabrication will increase faster than the 
performance gain. Molecular electronics offers a way 
forward because it offers an immediate leap of several 
orders of magnitude in miniaturisation, taking electronics 
to the extreme edge of the possible by any known means 
(theoretical or practical). What is more, it may also be 
much cheaper to make than current silicon designs. 
 
Various researchers have demonstrated the operation of 
molecular switches and wires made of single molecule 

chains. There is some crossover with molecular-biology 
research as viable fabrication methods are sought for this 
technology. Fabrication methods may make it difficult to 
test for faulty manufacture because of the small scale and 
vast quantities of switches involved. Research has begun 
into how software can be used to overcome this problem. 
 
 
6.0 Nanocomputing 

A nanocomputer is a computer in which the basic 
components measure only a few nanometres. As the 
component size is reduced towards this level, 
conventional techniques of computer manufacture begin to 
fail due to physical limitations and the manufacturing 
process becomes increasingly difficult, unreliable and 
costly. A fully-featured nanocomputer has not yet been 
built, principally because of the manufacturing difficulty. 
The main possibilities appear to be electronic, 
biochemical, mechanical and  quantum nanocomputers 
 
6.1 Electronic Nanocomputers 

An electronic nanocomputer would be built to a scale 
orders of magnitude smaller than the PCs of today. 
Researchers have already demonstrated the quantum-
effect devices needed to build a nanocomputer and some 
of these are listed in Section 5.1 of this report. It is likely 
that fabrication may, at least in part, be done using 
chemical self-assembly technology, which has already 
been achieved on a limited scale by some researchers. Of 
the potential technologies for building a nanocomputer, 
some think this is the most likely to succeed first. The 
computer’s architecture and software would need to be 
quite different from that of today’s PCs and be extremely 
fault-tolerant. 
 
It is most probable that the initial route to successful 
nanocomputer construction will be through a top-down ap-
proach via a hybrid technology of bulk-and-quantum-effect 
devices and nanolithography. The ultimate aim of 
nanotechnology would be to develop a bottom-up 
construction method through the formation of switches 
built from individual atoms or molecules in the desired 
configuration. 
 
6.2 Biochemical Nanocomputers 

Adleman demonstrated in 1994 the use of DNA molecules 
to compute the solution to a particular type of 
mathematical problem known as a Hamiltonian-path 
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problem, although the process was impractical and time-
consuming. The principle advantage of this approach is 
that it allows massively parallel operations, particularly 
suited to dealing with difficult combinatorial mathematical 
problems. There is no indication that such computers can 
ever replace the everyday utility of the PC, but the 
principle is finding applications in biological research and 
the processing of DNA. 
 
6.3 Mechanical Nanocomputers 

The concept of this style of nanocomputer is essentially to 
build a difference engine such as Babbage designed in the 
1800s but using nanofabrication to build the mechanical 
elements. It seems at present to be the least likely way to 
build a nanocomputer and is probably more of an 
intellectual curiosity than a serious way forward, although 
uses for this form of computer may arise, perhaps for 
reasons of security. Work has been done, however, on the 
development of a viable computer memory that relies on 
nano-scale mechanics and offers very high bit density in 
comparison with existing electronic or magnetic memory 
devices. 
 
6.4 Quantum Nanocomputers 

Quantum computers use the principles of quantum 
electrodynamics to encode information as quantum bits 
(qubits), which can exist as either a 1 or a 0, but also in a 
superposition state which can be simultaneously both 1 
and 0, or somewhere in between. This capability of 
superposition gives quantum computers the ability to 
operate with inherent parallelism and this gives them the 
potential to be several times faster in operation than 
equivalent conventional computers. Quantum computers, 
which use as many as 7 qubits have been developed in 
several laboratories but any real world application of the 
technology lies far in the future. The technology may find 
use as a tool for enciphering data. 
 
 
7.0 Nanoelectromechanical Systems 

There is a well-established technology for the commercial 
production of micro-electromechanical systems (MEMS) in 
the form of devices such as airbag sensors, inkjet heads 
and micro-valves with dimensions ranging from a few 
microns to a few millimetres.7 The term 
nanoelectromechanical systems (NEMS) refers to devices 
which may be orders of magnitude smaller than MEMS. 
Processes such as electron- and ion-beam lithography 

enable structures with dimensions smaller than 10 
nanometres to be fabricated, so the technology to build 
NEMS already exists. The development of NEMS is at an 
early stage but enough has been done to realise that, 
although some of the micro-technology fabrication 
methods are helpful, NEMS cannot be made by simply 
scaling down existing MEMS. 
 
Fundamental difficulties unique to the nano-scale include 
the following: 

• instability of devices caused by continuous adsorption 
on and desorption from their surface of gaseous atoms 
and molecules, which gives rise to changes in mass 
that can be significant at this scale; 

• the dominant influence of surfaces on device physics in 
contrast to the more familiar situation at larger scales, 
where physical properties are largely determined by the 
bulk; 

• communication problems between the nano- and 
macro-worlds and the development of transducers that 
can bridge the two – a generic difficulty of working at 
the nano-scale. 

 
7.1 Cantilever Sensors 

Beams sculpted from silicon or gallium arsenide to nano-
scale dimensions can be used to form the central element 
in a variety of sensors. They may be clamped at the ends 
or, more commonly, fixed at one end only (cantilevered) 
and may be made to vibrate or held stationary. When 
vibrating, they act as mechanical resonators that can 
attain frequencies in the gigahertz range and have Q 
factors far greater than those attainable with electrical 
resonators. 
 
These tiny sensors can be used to measure many 
physical properties with exceptional sensitivity. Exposure 
to sample quantities as small as a single atom cause 
measurable and predictable changes in frequency or 
flexing. Researchers have demonstrated the capabilities of 
sensors based on this technology, but so far no large-
scale commercialisation has taken place. 
 
7.2 Chemical and Biological Sensors 

The lab-on-a chip is already available at micron scale and 
is used in work related to the characterisation of DNA 
samples. Also the soft lithography technique used in 
microfluidics is easily scaled down to the nano-scale. A 
variety of techniques for the detection of chemicals in 
extremely small sample sizes is available, and artificial 
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noses, which can identify a range of chemical signatures, 
have been developed in the laboratory. Some of the 
sensors are based on nano-scale beam technology (see 
section 7.1). 
 
 
8.0 Nanomedicine 

The medical sector may well offer the biggest market for 
nanotechnology products as many bodily processes 
operate at the molecular level and are thus susceptible to 
nano-scale monitoring and intervention. As a 
consequence of their overlap, nanotechnology as a whole 
may benefit from advances in the understanding of 
biological processes at the cellular level. For example, 
nano-scale biological motors and transporters – recently 
discovered and understood – have potential as a means of 
powering nano-devices. Drug delivery, tissue repair and 
replacement, structural implant materials, implantable 
devices (e.g. retina and cochlear implants), genetic testing 
and imaging techniques – all of these, indeed virtually 
every aspect of medicine today, are impacted by 
nanotechnology research. 
 
8.1 Drug Delivery 

The use of nanoparticles in capsule materials can improve 
diffusion and degradation characteristics of the 
encapsulation material, and this technique is being 
investigated to deliver therapeutic molecules directly to the 
central nervous system beyond the blood-brain barrier. 
Nanostructures such as fullerenes, dendrimers and 
nanoshells can be made to link with a drug, a targeting 
molecule and an imaging agent and release their payload 
when required. Much research effort is aimed at precision 
targeting and dosage of medicines; new products that use 
nanotechnological techniques to achieve this end continue 
to appear. 
 
8.2 Implantable Materials 

Nanomaterials and nanofabrication are being investigated 
as tissue-regeneration scaffolds by using polymer 
nanocomposites seeded with various types of body cells. 
A variety of new biocompatible nanomaterials that can be 
used for bone repair and as cavity fillers are available or 
being researched. 
 
Bioresorbable implants, which will biodegrade and so do 
not require surgical removal, constitute another aspect of 
nanostructured materials in medicine. In one case, an 

implant is being designed to degrade at a rate that slowly 
transfers load to a healing bone it is supporting. 
 
8.3 Implantable Devices 

Researchers at Texas A&M and Penn State universities in 
the US use polyethylene-glycol beads coated with 
fluorescent molecules to monitor blood-sugar levels. The 
beads stay in the interstitial fluid and when the glucose 
level drops sufficiently, the fluorescent molecules glow. 
This glow can be seen in a tattoo placed on the arm. 
 
At Michigan University, dendrimers with fluorescent tags 
sense pre-malignant and cancerous changes in living cells 
and pass into white blood cells to detect changes from 
radiation or infection. Sensory implants to aid or replace 
the functions of the retina and cochlea are already 
available at the micro-scale and in time will be available at 
the nano-scale. 
 
8.4 Diagnostic Tools 

Nanotechnology promises a host of minimally-invasive 
diagnostic techniques and much research is aimed at 
ultra-sensitive labelling and detection technologies. 
Nanofluidic devices in the form of nanoarrays or labs-on-a-
chip promise efficient and disposable DNA and protein 
sequencers for use in drug discovery and diagnostic kits. 
Potentially they will offer much greater capability than their 
counterparts already available at the micro-scale. 
 
The results of MRI imaging systems can be improved by 
the addition of fullerene molecules that encapsulate con-
trast agents such as gadolinium. Researchers claim that 
traditional images can be enhanced by up to 50 times. 
Given Imaging Ltd markets an ingestible capsule which 
records colour video images as it glides through the di-
gestive tract before excretion. The size of a large tablet, it 
is regarded as non-invasive and already in use in Europe. 
 
 
9.0 Nanotechnology Products Today 

Much of nanotechnology remains in R&D laboratories at 
present, but some products are reaching the market, 
especially in the field of nanomaterials, and substantial 
commercial opportunities do exist. Many analysts predict 
significant expansion of the market for nanotechnology 
products by 2015. The leading sector in terms of market 
share is expected by many to be nanomaterials, followed 
by nanoelectronics and nanomedicine. 
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There could be substantial opportunities for SMEs in 
nanotechnology. However, entry barriers are high in most 
fields because of the requisite investment costs and 
technical and scientific know-how. Business 
Communications Co. has estimated that the total market in 
the US for nanostructured materials in 2003 was $155 
million. The company also claims that annual growth rates 
have exceeded 30% since 1998. 
 
9.1 Tools for Nanotechnology 

A belief in the future of nanotechnology drives a demand 
for the tools of nanotechnology research such as the 
scanning tunnelling microscope, the atomic-force 
microscope and their many variants, which are now being 
deployed in large numbers at universities and research 
establishments to provide a thriving market for the high-
tech firms that make them. 
 
Instruments capable of measuring and monitoring 
activities at the nano-scale are available commercially 
today from firms such as Hyistron Incorporated who offer a 
range of instruments for measuring the nanomechanical 
properties of thin films and material surfaces. For an idea 
of the type of products available visit their web site at 
http://www.hysitron.com/. 
 
The market for instruments capable of metrology functions 
at the nano-scale is likely to grow strongly as interest in 
nano-scale products and research accelerates. Although 
UK-based original equipment manufacturers have a 
limited presence in this area, opportunities will exist for 
manufacture under licence and for distribution and 
marketing of this type of product. The limited availability of 
employees with the highly-developed skills required to 
design, build, operate or repair at this level of engineering 
and research is a significant barrier for entrepreneurs 
wishing to grow businesses in this area. 
 
9.2 Nanomaterial Products 

Composite materials made from a mix of plastics such as 
nylon with nanoclay fillers to provide enhanced properties 
are in current use in the automotive industry. Considerable 
commercial growth in this area of nanotechnology is 
expected. The use of nanotubes and other nano-sized 
fillers in composites offers the prospect of designer 
materials with properties specifically tailored to suit a 
particular purpose. According to one forecast, the 
commercial demand for nanotubes will increase to a 

market size of $700 million by 2005. Japan, Korea, China 
and France have all announced that they will have 
industrial-scale facilities on line by 2006, though about half 
the companies that produce and market nanotubes today 
are located in the USA. 
 
Business opportunities here lie in two distinct areas – the 
production of nano-scale particulates and their application 
in product development. Those businesses that design 
and assemble products, particularly aerospace and 
automotive, must learn how to incorporate nanotechnology 
into their products or risk seeing them lag behind those of 
their competitors that embrace these developments in 
technology. 
 
The power industry is actively pursuing the use of 
nanoparticulates in the manufacture of rechargeable 
batteries to improve both capacity and recharging 
capabilities, and fuel-cell design too has been impacted by 
the use of nanostructured catalysts, electrodes and 
membranes materials, while the nanotube offers promise 
as a means of fuel storage. 
 
9.3 Coatings and Dispersions 

As with other nanomaterials there is already a market for 
these products, which is expected to expand steadily. One 
company provides nano-sized zinc-oxide particles to add 
to sun creams. Because the particles are smaller than the 
wavelength of light the zinc oxide is not visible, so the 
characteristic white appearance of the creams disappears. 
Coatings made from nanoparticulates can provide 
protection from corrosion, increased wear resistance, dirt-
and water-resistant surfaces and many other features. 
Research continues into how the nanostructuring of 
materials used in coatings and dispersions can be used to 
achieve desired properties. 
 
The demand for nanoparticulates has led to increasing 
interest in how particle size can be controlled and what 
processes are available to achieve this control. The 
nanoparticulates used in coatings and dispersions are 
produced in two basic ways: 
 
 a top-down approach, which might for example, 

reduce a starting material to particles of the required 
size by controlled mechanical attrition before 
reassembly into a new bulk material; and 

 a bottom-up approach, which works, for example by 
forming powder components using aerosol techniques 
and then compacts them into the final material. 
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The extremely high particle surface area of 
nanoparticulates, which offers more sites for achieving 
property enhancements, makes them ideal for a wide 
variety of applications as dispersions and coatings. 
Current applications include their use as optical, thermal 
and diffusion barriers, ink jet materials, cosmetics, 
biosensors, flavour enhancers, lubricants, etc. 
 
9.4 Nanomechanical Products 

A new technology, soft lithography, in which a mould or 
stamp is produced by ion-beam lithography and then used 
to ‘print’ copies on a prepared film is likely to be employed 
to form nanomechanical structures in silicon. It promises a 
relatively cheap production process for mass fabrication of 
mechanical nanostructures. 
 
IBM researchers have built a nanomechanical storage 
device that uses an array of thousands of atomic-force 
microscope tips to produce marks on a plastic strip. A 
storage density of one trillion bits per square inch has 
been achieved, which is about 20 times the density 
currently achievable by magnetic storage devices. Named 
Millipede the device can read, write, erase and rewrite 
data. The tips are heated to enable them to interact with 
the plastic strip. In 2003 IBM spokespersons were hoping 
that the device could be marketed within two years; by the 
autumn of 2004, reports indicated IBM was expecting it 
not to come out until 2006 or 2007. 
 
A startling demonstration of nanofabrication is the nano-
guitar (see Figure 1) made by scientists at Cornell 
University from a single crystal of silicon. Its strings have a 
thickness of approximately 10 atoms (about 10 
nanometres) and would vibrate at about 10 megahertz if 
plucked. 
 
9.5 Nanoelectronic Products 

The use of nano-scale thin-film materials with giant 
magnetorestrictive characteristics to make read/write 
heads by IBM, which might reach storage densities of up 
to 40 gigabytes per square inch, have enabled the delivery 
of magnetic disc drives with superior capabilities. There is 
not at present much other visible evidence of commercial 
success with nanoelectronic products, but expectations of 
and upsurge in the near future are high as microelectronic 
circuits reach their limits and the need for newer 
technology becomes urgent. One forecast projects growth 

in the market for nanoelectronics of $300 billion per year 
within ten years (MIT/Stanford Venture Lab).8 
 
Already researchers have demonstrated considerable 
progress in making active devices at the nano-scale: 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Nano-guitar (Image courtesy of Cornell 
University) 
 
 Hewlett Packard in conjunction with UCLA (University 

of California at Los Angeles) demonstrated in 
September 2002 a 64-bit memory using molecular 
switches as active devices. The circuit is less than 
one square micron in size and has a bit density more 
than 10 times greater than today’s silicon memories. 
HP and UCLA hold patents for nano-scale logic gates, 
molecular-switch memory chips and a technology for 
connecting nanochips to existing microchips 

 Carbon nanotubes used as electron emitters have 
been fashioned into a full-colour display. The 
Samsung Institute has demonstrated a full-colour flat 
display screen based on nanotubes used as field-
emission transistors. A representative estimated in 
late 2004 that this technology may be commercially 
available by the end of 2006.9 

 IBM researchers have built the world’s first array of 
transistors made from carbon nanotubes. It is some 
500 times smaller than silicon-based transistors. The 
key to this achievement was the invention of a means 
of separating metallic and semiconductor nanotubes 
by the destruction of all metallic nanotubes in the 
material. 

 
9.6 Nanomedical Products 

The products of nanotechnology are likely to affect every 
area of medicine from diagnosis to treatment and there is 
likely to be a sizeable market for these products as they 
arrive from the research laboratories. Many research 
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organisations have demonstrated devices, discoveries and 
techniques suggesting there are numerous possibilities for 
nanotechnology in medicine. Examples include the 
following. 
 
 A ‘smart scalpel’, which can detect the presence of 

cancer cells as a surgeon cuts, has been prototyped 
at Sandia National Laboratories. The basis of the 
device is a biological microcavity cavity laser which 
incorporates cancer cells into the lasing process, 
requiring only about 1 billionth of a litre for successful 
operation. The device is incorporated into the handle 
of the scalpel together with a micropump to feed 
samples into the microlaser as the surgeon works. 

 Researchers at MIT have reported the construction of 
a coin-sized microchip, which can store and release 
chemicals on demand from 34 pinprick-sized 
reservoirs, which each hold about 25 nanolitres of 
fluid. The device is expected to find applications in 
diagnostics and controlled drug delivery. 

 Researchers at the University of Michigan are 
developing nanoprobes that can be used with 
magnetic resonance imaging (MRI). Nanoparticles 
with a magnetic core are attached to a cancer 
antibody that attracts cancer cells. These particles are 
highly visible to MRI and when the particles attach to 
cancer cells these are easily identified by MRI 
techniques. 

 
As well as promising the delivery of devices and products 
to enhance the capabilities of the medical profession, the 
tools of nanotechnology are enabling biologists to 
understand the processes that occur within individual body 
cells and gain a much greater understanding of how our 
bodies function. 
 
 
10.0 Conclusion 

The number of articles published on nanotechnology has 
increased dramatically since the turn of the 21st century. 
There is a good deal of hype surrounding the progress 
and potential of this field of scientific and technological 
endeavour. Separating the hype from the reality is difficult, 
and the real state of the art remains somewhat obscure as 
researchers race to claim patents for inventions and 
processes. 
 
Many organisations have authored reports that are 
intended to advise on which aspect of nanotechnology is 
likely to be most quickly profitable and how markets new 

and old will respond to the technology. The purveyors of 
these predictions charge highly for the privilege of reading 
them but the contents are likely to have a brief shelf life. 
Government-backed studies of possible future 
technologies, such as those from the Foresight 
Programme in the UK, are also available. 
 
Nanotechnology research is presently a boom area, 
especially in the United States, where nearly every major 
funding agency has announced its entry into this field. 
Venture capital, too, has favoured nanotechnology start-
ups and much speculative investment has been made in 
the expectation of a profitable payoff. The European Union 
has its own nanotechnology agenda with funding of €700 
million for the nanotechnology slice of the 6th EU 
Research and Technological Development Framework 
Programme, covering the years 2003 to 2006. There is 
some concern that, after a promising start, the UK is falling 
behind in terms of research funding. 
 
It appears that few if any fields of scientific, technical or 
business endeavour will be unaffected by the current 
frenzy of activity in nanotechnology. Already we are 
seeing the introduction of composite materials with 
remarkable properties due to the incorporation of 
nanoparticulates into their structure; similarly, remarkable 
coatings and dispersions made of, or incorporating, 
nanoparticulates are available and in use in many areas of 
industry. 
 
Quantum-effect electronic devices are readily available 
and have been in use for some years. As the limit of 
conventional silicon-based computing chips is beginning to 
be approached, researchers are already finding 
alternatives in the shape of molecular switches, single-
electron transistors, quantum dots and nanotubes. 
Remarkably, such devices offer not only the ultimate in 
performance but also hold out the promise of dramatically 
reduced fabrication cost through bottom-up self-assembly 
techniques. 
 
Although molecular-scale motors and various devices 
capable of grasping and manipulating at atomic and 
molecular scales have been demonstrated in laboratories, 
there has as yet been no convincing public demonstration 
of the type of molecular assembler postulated by Drexler. 
Nevertheless, the Foresight Institute in the US predicts 
such a device may be available within 30 years. 
 
In the meantime various forms of natural self-assembly 
which occur when molecules can be encouraged to join 
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together in predictable patterns as a result of a suitably 
controlled environment are more likely to lead to usable 
products. Biological processes at the molecular level are 
becoming increasingly well understood and the 
mechanisms they use may well transfer to the production 
of mechanical parts. 

Although the entry barriers to the nanotechnology market 
are formidable in terms of the required funding and 
expertise, the consensus view of experts would seem to 
indicate that neither government nor industry in the UK 
can afford to ignore this all-pervading field of technology. 
Non-participation in nanotechnology is not a viable option 
for the economy of a developed nation.  

At the present time it is the development of new materials 
with tailored properties that constitutes the principal fruit of 
the knowledge gained by researchers in the behaviour of 
matter at the nano-scale. 

 
 
11.0 Useful Websites 

 European Commission’s Nanotechnology Service 
The big question is still what and when can 
nanotechnology deliver, and it is a difficult one to answer 
because of the likely extent of its influence. Estimates of 
potential market size for nanotechnology range from tens 
of billions to trillions of dollars. 

http://www.cordis.lu/nanotechnology (1 July 2005) 
 
Online copy of ‘New Dimensions for Manufacturing’, report 
of UK Advisory Group on Nanotechnology, June 2002  
http://www.nano.org.uk/nanotechnologyreport.pdf (1 July 
2005)  

A report by RAND ‘The Global Technical Revolution’ 
published in 2002 notes that there is a widespread range 
of opinion on when nanotechnology will take off. It 
suggests a range of developments that might be in place 
by 2015. The suggested high-growth development 
scenario proposes an era of pervasive nanotechnology 
including: 

 
Website from the Royal Academy of Engineering and the 
Royal Society presenting their 2004 report ‘Nanoscience 
and nanotechnologies: opportunities and uncertainties’ 
along with supporting documents 
http://www.nanotec.org.uk/index.htm (1 July 2005) 
 

 Website of Small Times Media online magazine: reports 
on nanotechnology business issues  DNA, colloidal, and other self-assembly methods, 

devices, sensors, semiconductors; http://www.smalltimes.com/ (1 July 2005) 
 Quantum dots in biological and chemical labelling.  
 Nanotubes in displays, wires, insulation and 

composites; and 
Institute of Nanotechnology, a registered charity formed to 
promulgate and encourage nanotechnology 

 Molecular manufacturing. http://www.nano.org.uk/ (1 July 2005) 
  
This report identifies the key enablers and barriers for this 
development scenario. The key enablers are reckoned to 
be investment and scientific breakthroughs. The principal 
barriers, cost; ease of use and accessibility; and social 
and ethical acceptance. 

Website of The Foresight Institute, a non-profit 
organisation for the promulgation and encouragement of 
nanotechnology 
http://www.foresight.org (1 July 2005) 
 

 Website of Zyvex: a nanotechnology research company 
Unfortunately, the UK is not at present regarded 
internationally as a significant player in nanotechnology 
even though a few internationally recognised individuals 
have done good work. The main opportunities for UK 
companies in nanotechnology would seem to be in the 
development of start-ups in collaboration with academic 
research establishments, or the incorporation of 
nanotechnology from outside sources by sectors such as 
the aerospace and motor industries. Failure to recognise 
that new paradigms will be needed in all sectors to deal 
with the advent of nanotechnology would have disastrous 
effects on the remaining industrial capabilities of the UK. 

http://www.zyvex.com/nano/ (1 July 2005) 
 
Website offering access to nanotechnology business and 
scientific info at a price 
http://www.cmp-cientifica.com (1 July 2005) 
 
 
12.0 References 

Nanotechnology suffers from information overload at 
present. Here are a few references for sources we found 
useful. The list is by no means exhaustive. 
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13.0 Notes 

1. Feynman, Richard ‘There’s plenty of room at the bottom’, 
talk given at the annual meeting of the American Physical 
Society, California Institute of Technology, 29 December 1959 
[also WWW 
http://www.kurzweilai.net/articles/art0159.html?printable=1 or 
http://www.its.caltech.edu/%7Efeynman/plenty.html (1 July 
2005)] 
2. Drexler, K. Eric (1986) Engines Of Creation, Anchor Books, 
New York: New York [also WWW 
http://www.foresight.org/EOC/ (1 July 2005)] 
3. UK Advisory Group on Nanotechnology Applications ‘New 
dimensions for manufacturing: A UK Strategy for 
Nanotechnology‘, June 2002 [also WWW 
http://www.dti.gov.uk/innovation/nanotechnologyreport.pdf (1 
July 2005)] 
4. The images can be viewed by accessing the following 
website and scrolling down to the ‘Making of the Circular 
Corral’: http://www.almaden.ibm.com/vis/stm/corral.html (1 
July 2005). This demonstrates the stages in the building of a 
quantum corral by IBM scientists and were generated by an 
STM. It shows how IBM scientists can manipulate single 
atoms of iron on a copper ground, using the STM tip to form 
the corral.  

5. A teraflop is a measure of a computer's speed – a trillion 
floating-point operations per second. 
6. A petaflop is another measure of a computer's processing 
speed – a thousand trillion floating point operations per 
second. 
7. See PRIME Faraday Partnership ‘An Introduction to 
MEMS’, http://www.primefaraday.org.uk/Technology-
Watch/technology-reviews/MEMS.aspx (1 July 2005) 
8. See ‘Nanoelectronics :The Quantum Leap from Theory to 
Practice’ event, http://www.vlab.org/204.cfm?eventID=16 (1 
July 2005) 
9. See Mann, Charles C. ‘Nanotech on Display’, Technology 
Review, November 2004  [WWW TechnologyReview.com 
http://www.technologyreview.com/articles/04/11/mann1104.as
p?p=1 (1 July 2005)] 
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