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-Chau-Jeng (Jeremy) Chen 

"Nanotechnology will reverse the harm done by the industrial revolution". 

Dr. Richard Smalley, head of the Nanotechnology Initiative at Rice University, 

Introduction -- What is “Nano-technology”? 
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      The term `nanotechnology' was introduced by Taniguchi in 1974 to refer to the increasingly precise machining and finishing of materials. Nanotechnology covered the miniaturization of components and tolerances to a range from the sub-micron level down to that of individual atoms or molecules, between 100 nm or so and 0.1 nm
. However, “nanotechnology' was popularized by K. Eric Drexler, who, in a series of articles and books starting in the early 80's, introduced and championed the concept of molecular manufacturing. For Drexler and his followers, the term nanotechnology suggests the precise three-dimensional positional control of the atomic structure of materials. With such control, complex and fully-functioning mechanical machines could be engineered from a handful of atoms or molecules. The ultimate goal of the Drexlarian vision is the `assembler,' a nano-sized molecular machine with the capability to precisely reposition individual atoms in order to construct any desired stable molecular structure, including itself.

      “In a world of information, digital technologies have made copying fast, cheap, and perfect, quite independent of cost or complexity of the content. What if the same were to happen in the world of matter? The production cost of a ton of terabyte RAM chips would be about the same as the production cost of steel. Design costs would matter, production costs wouldn't.” From the introduction of the plenary of Dr. Drexler at the January '96 program of the twenty-ninth annual Hawaii International Conference on System Science, Maui. Dr. Drexler said “By treating atoms as discrete, bit-like objects, molecular manufacturing will bring a digital revolution to the production of material objects. Working at the resolution limit of matter, it will enable the ultimate in miniaturization and performance. By starting with cheap, abundant components--molecules--and processing them with small, high-frequency, high-productivity machines, it will make products inexpensive. Design computers that each execute more instructions per second than all of the semiconductor CPUs in the world combined.”

      To explain this the conception of nanotechnology in an easier way, Imaging being able to cure cancer by drinking a medicine stirred into your favorite fruit juice. Imagine a supercomputer no bigger than a human cell. Imagine a four-person, surface-to-orbit spacecraft no larger or more expensive than the family car. These are just a few products expected from Nanotechnology.

      Humanity will be faced with a powerful, accelerated social revolution as a result of nanotechnology. In the near future, a team of scientists will succeed in constructing the first nano-sized robot capable of self-replication. Within a few short years, and five billion trillion nano-robots later, virtually all present industrial processes will be obsolete as well as our contemporary concept of labor. Consumer goods will become plentiful, inexpensive, smart, and durable. Medicine will take a quantum leap forward. Space travel and colonization will become safe and affordable. For these and other reasons, global life styles will change radically and human behavior drastically impacted. (Appendix A provides a fun future scenario of what life in nano age look like.) 

Why we need “nanotechnology”? -- Motivations 

      For some applications - like medical tools for intrusive surgery - reduced device size is its own virtue. Otherwise, there are five general types of motivation behind moving to smaller component sizes and more exacting tolerances. 

      First, precisely engineered machine parts allow for efficient running with less wear. This has very general consequences for all forms of manufacturing. The introduction of inherently precise methods, like laser machining, into routine industry has resulted in micron tolerances now being commonplace; this reduces friction and thus increases performance and efficiency for moving parts such as turbines, bearings, and engine components. 

      Second, nano-engineered materials will have superior physical properties. Material strengths are currently limited by lattice defects and intermolecular bond energies. Nanoscale materials, in contrast, might be produced with microstructures that are ordered over the long range. This could lead to stronger and lighter materials. In a similar way, the hardness and surface smoothness of nano-engineered materials would be controllable to a greater extent than at present. As grain sizes are reduced, new and tunable physical effects associated with surface interactions rather than bulk properties emerge. By incorporating electronics, it might be possible to construct `intelligent' materials that change their physical properties according to local conditions. Such materials would find a ready place in everyday activities - self-adjusting chairs, for example - but would also have clear applications in medicine and biology as new diagnostic tools, implants, and drugs. 

      Third, smaller electronic device size will mean faster and more powerful processing and computing. Increased computing performance is needed for communications and multimedia applications. New generations of super-computers will be able to tackle certain problems - calculating turbulence effects and many-body interactions, or modeling neural networks for artificial intelligence applications - that are too computationally complex for present machines. Smaller electronic devices will be incorporated into an increased range of applications, and will lead to new products like `smart' credit cards and hand-held videophones. 

      Distinct from the increased speed of smaller electronic components resulting from their size are the fast mechanical and optical switching phenomena of molecular timescales. Mechanical transformations in molecules can take place in femtoseconds, and vibrational mode and transition frequencies can be equally as rapid. This speed could be exploited by atomic-sized devices such as mechanical computers. 

      Finally, as device dimensions are reduced, characteristic energy separations increase and quantum effects grow. Radical new devices will be based on the optical and electronic quantum properties that start to dominate at nanometre length scales. At present, it is not wholly clear what sorts of effects will arise, and which will be exploitable. The application of quantum methods to computing though, if physically possible, would lead to vast increases in computing speed and power. 

· Finer and more delicate medical components 

· Precisely-engineered machine parts that are more efficient and durable 

· Stronger and lighter nanostructured materials 

· Faster, more powerful electronics 

· Faster mechanical and optical systems 

· New optical, electronic, and quantum devices 

      A fully-mature molecular nanotechnology would offer certain additional advantages. A large ensemble of coordinated assemblers could construct virtually any macroscale device or object quickly and cheaply from common materials. Proponents have also stressed the environmental friendliness of molecular nanotechnology: nanomachines might be able to break down harmful chemical or biological waste. 

· Virtually any product manufactured quickly and cheaply 

· Intelligent' products 

· Environmentally friendly 

Methodologies --How to manufacture the smart nano-material 

      At present, there is no consensus on how to manufacture nanosystems. Approaches can be divided into two main categories that loosely correspond to the two definitions of nanotechnology already outlined. Broadly, the `top down' approach attempts to fabricate nanoscale components by the progressive miniaturization of existing macro- and micro-sized devices. The `bottom up' approach, in contrast, aims to build up working nanoscale devices from individual atoms and molecules. 

      Top-down approaches include the increasingly precise machining and engineering associated with the automobile and aircraft industry, and the progressive miniaturization of integrated circuits by the semiconductor industry. Other top-down tools including the ultra-fine finishing and polishing techniques required for high-quality lenses and other optical components. These have been spurred in particular by the increased use of fiber optic cables. 

      Many nanotechnologists, however, feel that it may prove impossible to build molecular nanomachines, such as assemblers, by `top down' means. Instead, the `bottom up' approach is to construct ever larger and more functional molecular structures, atom by atom. The approach can be thought of as an extension of chemical synthesis, with the aim of gaining far greater a degree of positional control. Bottom up work tends at present to be largely theoretical in character. Computer simulations are used to construct and model chemically and energetically stable molecular components - gears, cogs, and the like.       Recently, advances in scanning probe microscopy have opened the prospect of manipulating individual atoms. Although work in this area is still at a relatively early stage, scanning probe methods have great potential and might bridge the gap between `top down' and `bottom up' approaches. 

      Particular academic disciplines tend to associate naturally with one or other of these approaches. Engineers, for example, are traditionally concerned with precise and controllable objects, but deal with the bulk properties of the macro- scale. They generally adopt `top down' methods, scaling down existing devices and architectures. Chemists and molecular biologists, in contrast, study the properties of nanoscale components - organic and inorganic molecules, proteins and so on - but exercise limited predictive or manipulative control. The bottom up approach is usual here, as nanobiologists and chemists attempt to create functional nanomachines by adjusting naturally-occurring macromolecules or synthesizing new ones. 

      A distinction can be drawn between micromachining at one end of the spectrum and molecular manufacturing at the other, but for practical research purposes the two approaches blur. Top down methods like lithography are used to make quantum dots and wells that approximate the low-dimensional systems studied by quantum theorists. Although the most vocal proponents of nanotechnology tend to favor the bottom up approach, many commentators believe a mixture of the two might turn out to be the most promising. Such a mixed approach gains strength from the observation that the smallest top-down components - logic gates - are now around the same size as the largest artificial molecular structures. Nanotechnology is a truly interdisciplinary enterprise, combining elements from biotechnology, computation, chemistry, electrical engineering, and physics. Each of these disciplines has been converging to the small scale from different directions, and each brings its own paradigms, techniques, and aims. (Appendix B is an article that introduces the basic idea of nanomachine components.)   

The potential and prospects of nanotechnology 

Nanotechnology 

      Predicting future technologies is always a risky exercise. And while reliable forecasts can be made for some work in the broader sweep of nanoscale science, the prospects for molecular nanotechnology are particularly unclear. It seems probable that of the two chief approaches, the top-down will yield practical results sooner. In part this is because products manufactured by top-down means do not in general depend on their size for functionality. There is no threshold for such devices in order to work; miniaturization simply makes them better. Each successively smaller silicon chip has made a profit. Molecular manufacturing, in contrast, is a make-or-break affair. In order to work at all, molecular machines need to precisely constructed down to the placing and bonding of each atom. An atom out of place would render the machine utterly useless, like a long telephone number dialed with one wrong digit. To achieve such nanoscale precision, bottom up approaches require large and discrete leaps forward in enabling technology. Top down methods, on the other hand, can be used to make products that work, and thus are profitable, over a continuous range. In consequence, top down approaches, particularly those with industrial application, have already become institutionalized and are well organized and funded. The relative paucity of funding for bottom up approaches is a further dependent reason why molecular machines are likely to lag conventionally-made nanodevices. 

      The first commercial nanotechnology products will therefore probably be extensions of existing `niche' technologies. Reliable nanoscale lithography and machining techniques will be immediately applied in the manufacture of ever-smaller semiconductor devices, including microelectromechanical devices (MEMS
) and other microsensors. In the short term, within the next ten years or so, the result will be increasing computer and data storage, enhanced electronic products like flat-screen TV's and entertainment systems, and a series of microelectronic `intelligent' devices like `smart' credit cards and military hardware. Stronger and lighter materials, resulting from increased control of structure at the nanoscale, are also likely soon. New materials with customizable bulk properties, like surface hardness and electrical conductivity, will follow. Some ceramics and catalysts made of nanoparticles are already on the market. 

      For the longer term, opinions start to diverge. A report prepared for the European Parliament concludes, conservatively, that apart from progress in existing technologies, like MEMS and nanoparticle work, nanoscale technologies are unlikely to be developed before 2020 (STOA
). Even so, the financial potential is vast. The report states that Ònanotechnology is in the long term expected to be used in almost any product or production process. The UK Parliamentary Office of Science and Technology has estimated that even by the year 2000, the most important of the nanotechnology-related markets will be worth over $ 100 billion (POST
). 

Molecular nanotechnology 

      Projections specifically for molecular nanotechnology vary wildly. Although there are no clear physical reasons why many of proposed nanostructures should not be created some day, the technical difficulties of construction are impressive. Apart from new and more effective biomedical drugs made by protein engineering, experts typically guess a timescale for initial applications of between 10 and 50 years, and consider an extensive nanotechnology manufacturing base to be quite some further distant. `Initial applications' here are those that do not require full molecular positioning capabilities. The idea of `smart' products that could change their physical properties is common. One example is household furniture that could adapt in shape, color, and texture on command or in response to changing conditions; another is clothing that could repair itself and even change in style. Short-term nanotechnology schemes have been proposed for cosmetic surgery and for entertainment purposes (Crandall 1996). 

      As the capability of molecular manipulation grows, so to does the potential. One development route is through the extension of current atomic force microscope (AFM
) capabilities to allow high speed molecular positioning. A report commission by the RAND Corporation optimistically predicts that the first simple assembler might be constructed along such lines in the next several years. Nanomachines could be programmed to break down hazardous environmental waste, or to prowl the body's bloodstream, repairing tissue damage and neutralizing harmful viruses and bacteria. With a fully-functioning assembler, the possibilities are nearly without limit. In theory, an assembler could be instructed to produce many copies of itself; the aggregate could then be coordinated to construct virtually any imaginable product cheaply and quickly. Drexler has outlined a mature molecular nanotechnology in which such capability confounds the present economics of supply and demand, and results in riches for all. He describes cheap and rapid space travel, and even the terraforming of other planets (Drexler 1986). Other `nanoists' claim that nanotechnology will enable humans to engineer themselves into practically immortal cybernetic systems (Minsky 1994). 

      Such claims are often greeted with incredulity. The consensus of expert opinion seems to be that products based on molecular nanotechnology are still many decades away. Some scientists doubt that useful molecular machines will ever be fabricated. A prominent challenge to the molecular nanotechnology vision was published in Scientific American and has created fierce debate. Skeptics point to the lack of concrete research so far, and to the formidable technical challenges a mature molecular nanotechnology must overcome. They indicate the cult of personality that has developed within the nascent field, and the evident social and political agendas championed by some key nanoists, as evidence that molecular nanotechnology has more in common with a religion than with a science. 

      Not all of those who believe in the potential of molecular nanotechnology are proponents. If medically-useful or environmentally-friendly nanosystems could be created, then so too could powerful new nano-weapons and toxins. It is a nice point whether the net prospects are wonderful or terrifying. Does the complete control of the physical world make for a utopia or a dystopia? Undesirable nanomachines include indestructible mutating viruses, specific poisons that adapt to efforts to neutralize them, `smart' bullets that inexorably home to a predetermined target, vast numbers of self-replicating miniature robot soldiers, and perhaps even the `grey goo' scenario - a runaway destruction of the entire biosphere. 

      Fortunately, such machines have the same practical hurdles to overcome as do the more beneficial applications. And these practical problems are enormous. To start with, it is still far from clear how one would go about making functional nanostructures, let alone making them reliably, quickly, and in large numbers. Such structures would need power. They would need to communicate with each other. If they are to be controllable, they must interface with the macro world too. They must be exact and reliable, yet thermal effects and quantum uncertainty will introduce instabilities. Suggestions have been offered for each of these difficulties, but there is far to go before the most rudimentary nanomachine is realized (Drexler 1992). 

      The technical problems may not be all. The RAND report soberly reminds that the hype of nanotechnology, while creating interest in the field, needs continual fuel: ÒIf meaningful molecular assembly (or more extensive tools for rational molecular design) is not demonstrated in the next decade, then the field of molecular nanotechnology may well have encountered an impasse that will challenge the credibility of the practicality of molecular nanotechnology for a revolution in manufacturing concepts. Whatever the verdict from the laboratory workbench, it remains possible that nanotechnology applications will prove commercially unviable due to scaling problems of manufacture. Molecular nanotechnology may be theoretically feasible, without being practicable or economic. The analogy is drawn to fusion power, which is still too expensive and technically problematic to exploit, even though the sun proves the feasibility of the principle daily. 

      Applications in the medical and biological fields will have to face a series of additional hurdles from regulatory and safety bodies. Regulation has proved especially problematic for genetic research. Difficulties arise because genetic information is not value-neutral. The knowledge of predispositions can lead to discrimination by insurance companies, for example. The possibilities of false positive and negative test results magnify the emotional distress. Much biotechnology research has been delayed, and drugs made more expensive by these regulatory and ethical problems. Some of the more outlandish schemes of molecular nanotechnology, involving the wholesale reengineering of human tissue (Minsky 1995), will justifiably fall foul of such regulations. In general, however, this should not be a problem with most nanotechnology, which concentrates on non-organic physical systems. 

Summary 

      Experts agree that the field of nanotechnology is still in a very speculative stage, and that much pure research is still required. The term `nanoscience' is sometimes used in preference to `nanotechnology' to emphasize this point. At present it seems certain that traditional top-down approaches will continue to develop toward greater miniaturization. The UK parliament report, working from published data, estimates a total market of $160 billion or so for the broad field by the year 2000, and says that nanotechnology has the potential to underpin a wide range of products (POST). 

      Molecular nanotechnology, though, is still in its infancy. Given the scope of the enterprise, it is not surprising that estimates of its eventual financial impact are large. One nanoist, for example, states that in the twenty-first century, molecular engineering will emerge as a multi-trillion dollar industry that will dominate the economic and ecological fabric of our lives (Crandall 1996). While few scientists would be prepared to endorse the more extreme claims of the field, many would agree that nanotechnology is likely to dominate in the next century. 

Regional development in nanotechnology

      The European Parliament report found evidence for a boom in nanotechnology research and networking from 1986 to 1994, but identified the current period as more application-oriented (STOA). Despite having a few years ago led basic research into nanotechnology, industry has been discouraged from a wholesale involvement by a combination of the speculative nature of the field and the lack of a clear consensus on nanofabrication methods. IBM, which early realized the potential of nanotechnology and persevered with research, is perhaps a counter-example, but Philips is typical of the pattern of backing off and focusing on more oriented goals while expecting academe to get on with basic research. One or two notable successes, and industry will likely abandon the wait-and-see policy. But most research is still carried out by tenured academics, and is geared more toward theoretical than commercial applications. 

      The lack of a steady relationship between academia and industry has not helped the field's stability. Since it is as yet ill-defined, and as current practitioners come from a variety of scattered disciplines, the field is not cohesive and there is little communication between practicing scholars. In general, fledgling fields are guided to maturity by the creation of new journals and professional societies. But two recently-appearing dedicated journals - including the IOP's Nanotechnology, which started publishing in July 1990 - seem not to be widely read, and the prominent nanotechnology associations are usually concerned with the less respectable molecular engineering side of things. Successful nanotechnology-related journals seem to be those, like Nanobiology, that address only specific sets of interests and methods. 

      That the field is currently fashionable makes it difficult to predict quite how much serious work is going on. Many university groups claim a nanotechnology interest but do only peripheral research. In contrast, much private work - including industrial or governmental research - might not be well advertised. For this and the next subsection, I have drawn on web and literature searches, also on the findings of a number of reports on nanotechnology. Three of these in particular were helpful. The recent reports from the UK Parliamentary Office of Science and Technology (POST) and the Scientific and Technological Options Assessment unit of the European Parliament (STOA), were intended as brief but broad introductions to the field that would enable respective parliamentarians to assess current and potential work and to advise on appropriate strategies of funding and coordination. The report commissioned in 1995 by the RAND corporation focused on molecular manufacturing, but again was intended not as a comprehensive survey of the current technological position, but as a framework for understanding the potential benefits and risks associated with nanotechnology. 

      Although all three reports drew broadly similar conclusions, each was aimed at a slightly different constituency, and each reflected different national and institutional biases. The POST
 document, for example, was a typical product of UK science policy-making. It lauded the research but lamented the funding position of Britain when compared to America, Japan, and, especially, the rest of Europe. The RAND report was likewise pessimistic about the direction of nanotechnology research in its own country, seeing peril especially from Japanese competition. American projects were supposedly more open-ended, Japanese more exploratory. The STOA report was concerned to assess whether EU policy on nanotechnology research should be a coordinated strategy between member countries and subfields, or whether the current loose system should be continued. It concluded, unsurprisingly for a bureaucratic organization, that a series of committees, networks, and `initiatives' should be established to foster cooperation and promote interdisciplinary collaboration. Predictable recommendations were also made regarding the current institutional and disciplinary make-up of the field. STOA saw the fragmented nature of nanotechnology as an institutional barrier more challenging than the technical ones, and recommended an integrated strategy for research. RAND, in keeping with the US corporate ethos, broadly endorsed a competitive laissez-faire policy. It suggested that the current situation ensures a healthy competition while additionally ensuring that a wide range of expertise and experience is brought to bear. 

      Although the STOA report touched briefly upon those societal implications of nanotechnology that would impact more general EU policy, the reports tended to shy from commenting on the more radical potential of molecular nanotechnology. This is a subject, however, that is covered superficially but at exhausting length in almost all the popular books on the subject (Drexler 1986, Regis 1995, Crandall 1996). In addition, Drexler's Foresight Institute has for some years been producing a series of reports and conference proceedings (Krummenacker 1995) that focus on the social implications of molecular nanotechnology. These reports are in general so positive and uncritical that the Institute has been accused of giving nanotechnology research a bad name. 

      Estimating the extent of nanotechnology research is a difficult task. Working from literature and web searches and an analysis of the NSF's database of funded projects, the RAND report tabulated some 200 centers of nanotechnology research worldwide. The majority of these were university departments. (The breakdown by region was approximately 119 US, 22 Japan, 28 UK, 39 Rest of Europe, and 7 Rest of World.) Commercial involvement is not yet comparable, but Nanothinc, the web-based nanotechnology information service, has drawn up a list some 400 `nanovendor' companies across the broad range of the field
. 

      These figures give a broad indication of involvement, but may be misleading if taken at face value. Governmental and industrial research, significant in US, Japan, and Europe, is often restricted or even confidential. Such work might not feature on web sites or in the open literature. Second, foreign-language research is far less accessible than that published in English. This affects both published papers and research news appearing on the web. Web searches are likely to be particularly unrepresentative for the additional reason that favored modes of communication, even amongst scientists, depend on national backgrounds. Germans tend to fax rather than email, for example, and the libertarian culture of the Internet is almost wholly an American invention. Web access is also a function of wealth, another factor likely to exclude researchers from Eastern European or African countries, and to further explain the current overwhelming bias toward American-based university research on the web. Still, it is probably true to say that in nanotechnology generally, America leads the field. Neglecting the few contributions from China, Russia, and Australia, the total world research effort can be imagined as split in roughly equal parts between US, Japan, and Europe. 

      Identifying leaders within each sector is a more tractable problem. For industrial work, POST has drawn up a comparative table, identifying for example Japan as the world-leader in microelectronics research. But it is more difficult to assess cutting-edge research in the same way. For one thing, such research is highly speculative. The notion of successful research is also differently defined in different disciplines and countries. Further, as has been noted, nanotechnology is a broad field that draws from a number of research traditions. Any assessment of the current state of the field is likely to omit much relevant work, particularly in chemistry and biology departments. The interdisciplinary nature of the field is also why, although each country has a number of `centres of excellence,' there are only a handful of dedicated nanoscience labs. 

      A broad picture of levels of funding and commitment is sketched below. A couple of the more general research networks and initiatives are also mentioned. Most such collaborations have been established to serve specific research fields, 

AREA
BRIEF DESCRIPTION

US
America is a world-leader in nanoscale science research. From 1985 to 1997 the total support for projects related to nanotechnology was estimated at $ 452 million, coming in roughly equal parts from the NSF, various industrial sponsorship, and other governmental funding (RAND). The Americans have established several research networks, including the NSF-funded National Nanofabrication Users Network, started in 19964. One prominent new dedicated academic lab is being built at Rice University. The Center for Nanoscale Science and Technology (CNST) will be a 90,000 sq. ft. lab with 12 faculty, directed by Smalley, the co-discoverer of fullerenes. Smalley is an admirer of Drexler, and the lab will engage several strands of nanoscale work, though predictably concentrating on fullerenes. A degree program in nanotechnology is planned but not yet available. The lab has launched a $32.3 million funding campaign. The US, and in particular California, is also home to virtually all the work in molecular nanotechnology. Dedicated centres include the Institute for Molecular Manufacturing and the Foresight Institute, both of which are associated with Drexler.

JAPAN
It is universally agreed that Japan has the only fully-coordinated and funded national policy of nanotechnology research. The most prominent product of this national policy has been the ongoing Ministry for International Trade and Industry (MITI) program on atom manipulation, 1991-2001, entitled ÒResearch and Development of Ultimate Manipulation of Molecules.Ó The program was funded to the Y 25 billion level (STOA), and centers around Tsukuba, where a Joint Research Centre for Atom Technology (JRCAT) has been established. Both academic and industrial groups participate; member firms include Fuji, Hewlett-Packard Japan, Hitachi, Mitsubishi, NEC and Sony, together with a small number of foreign firms such as Texas Instruments. The grant covers the range of nanotechnology for industrial applications, and includes some bottom-up development of atom manipulation. RAND has estimated the total spending from MITI and STA ERATO projects, combined with funding from Japan's Science and Technology Agency and attached industry money, to be $538 from 1985 to 1997.

UK 


The UK boasts 13 `centres of excellence' in nanotechnology research, including Birmingham, Cambridge, Cranfield, and Warwick Universities, NPL, CCLRC Daresbury and Rutherford Appleton (POST). The Nanoscale Physics Research Lab at Birmingham is one of the few dedicated nanoscience labs in the world. It was established with an initial funding of around £2 m in 1994, and aims to foster both interdisciplinary research and links with industrial and scientific partners. 

The UK has also been successful in coordinating research. An informal network, NION, was launched in 1986 by the DTI and NLP to coordinate technology-transfer between commercial and academic organizations. The academic groups are the precision engineering Nanocentre at Cranfield, Warwick University's Centre for Nanotechnology and Microengineering, and the Glasgow Centre for Nanotechnology (which was based on the successful IMM in Germany). Warwick is also responsible for maintaining a nanotechnology computer database. The other major participant is the Thorn-EMI/Southampton University collaborative centre, which specializes in microsystems. 

Connected with NION, the DTI also started a LINK nanotechnology program in 1988. LINK was funded at around £16 m from the period 1988 to 1994, when it closed for new applications. The following year, DTI ended its support for NION. LINK had supported 28 and NION 20 very successful projects. The current national funding policy is unclear. The POST report called for a reevaluation of government support for nanotechnology, in order that UK does not start to fall behind other countries. Unless steps are taken soon, industrial support demonstrated during the LINK programme era will fade away. One suggestion is for a new mainstream National Nanotechnology Programme on a par with the current research councils. Of course, since nanotechnology is an interdisciplinary study many nanotechnology projects continue to be funded through other bodies. POST compares the SERC/EPSRC's funding of £4.7 m explicitly to nanotechnology through LINK with an estimated £ 26.2 m to other nanotechnology projects through the usual channels.

EUROPE
Around ECU 69 million of European money was spent from 1988 to 1998, compared with about ECU 200 million by the Japanese MITI in a similar period. NANO, a new five-year EU source of funding was due to start in 1995. The money, around ECU 1 million, will cover research collaboration and exchange on nanostructured materials. The French `Club Nanotechnologie' is a similar network. Nanotechnology research in Germany is concentrated around several `Fraunhofer Institutes.'
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APPENDIX A

"Sunrise Rum-Run"

      A couple of short decades from this moment, two friends, Debra Martin (affectionately code named "Martini") of Boston, Mass. and Peggy Queenfisher of Granada, West Indies, decide to spend the day together, on a Sunrise Rum-Run.

      A Sunrise Rum-Run is watching 4 or 5 sunrises on the same morning across 6 or 7 time zones, from the best vantage points a "sunrise weather prediction program" suggests, dowsed liberally with some of West Indies finest.

      At 4:30 AM, groggy but looking forward to the day, Martini steps into something like a closet in her house that transports her to an underground transport tube where she enters a smart personal transport pod. The pod accelerates away to the highway net, an underground atmospherically evacuated magnetic levitation system going any where you want at thousands of kilometers per hour. She showers, has Blue Mountain coffee and Scottish Bangers to brace herself against the coming "rum" part and watches her personalized news broadcast.

      Three quarters of an hour later, she arrives in something like a closet in the home of Peggy Queenfisher atop a dormant volcanic in Grenada and opens the door. Cool humid tropical air and Peggy greet her in the first warm glow of an island morning. They have fresh squeezed juice and a chat on the veranda as the jungle wakes up and the clouds color the ocean of the Caribbean. Shortly, the sun revels itself as a full ball above the horizon and the adventurers head to the "closet" and the second leg of the Sunrise Rum Run. Hubby Alex staying behind to fish with buddies.

      It's generally agreed that Snapper caught with your own hands on your own boat tastes better than an identical fish from a food synthesizing compiler.

      Colorado has better conditions this morning than New Mexico according to the weather program, so off to Colorado and a chilly snowy sunrise. It's dark and cold on this mountain pass, but the "smart material" Peg and Deb wear, warm to the occasion. These "garments" are actually microscopic machines with parts so small, they appear bumpy in an atomic resolution microscope (theses bumps are individual atoms) and nanocomputers that sense their surroundings, morph their color and overall shape on command and adjust insulation value and heating elements, to the users predetermined setting. 

      Batteries and capacitors built on a molecular scale are wildly more efficient and hold much more energy than "bulk technology" devices of today. Peg and Deb's suits are partially solar powered and could stay warm for days, and anonymously recharge themselves to full capacity, the first time they come in contact with another "smart material" hooked to a power grid. 

      After the glory that is the Rocky Mountains on a morning in May, it's off to the desert of Baja Mexico.

      The travelers appear 15 minutes before sunrise this time and lingering a bit after rise to contemplate the beauty of the desert and because the next leg will take them to Hawaii where they plan to surprise a sleeping friend before dawn. But just now It's only 3:30 AM in Honolulu. Switch to Tequila, enjoy another hour or so.

      3,000 miles later, one surprised blurry eyed friend later exclaims, "What the Palolo Valley you doing here in the dark?" "We're going to sunrise on Kauai!" "Where's your work ethic?" "You mean the Goby dessert hunt for food or starve ethic?", said Martini. "The war's over, Hoser! This is the age of Nanotechnology" Off to the little grand canyon on the island of Kauai. This unexpected marvel of nature in the Hawaiian Islands is rivaled only by the likes of the Copper and Grand Canyons. Truly breathtaking at sunrise, then off to the north shore.

      As a wise author of science future (Douglas Adams) once wrote (something like) "Emerging civilizations across the universe evolve through three distinct fazes of development. First, the question, 'What can we eat?', then, 'Why do we eat?', and finely, 'Where shall we have Lunch?'" Now Deb and Peggy, belonging to a society in one of these distinct phases and having "chased" the sunrise 6,000 miles, decide to lunch at the "Restaurant of Ultimate View" aerostat 90 thousand feet over the stunning Australian barrier reef (hence the name Ultimate and all).

      The "UV" aerostat is a huge, inverted tear drop, solar powered hot air balloon kept on station with ducted fans and made of diamond-Buckytube composite and leaded glass to shield the radiation from space one encounters this high up in the atmosphere. 

      The Restaurant of Ultimate View (not quite the restaurant at the end of the Universe) is owned by a Ms. Lam-Pendle King Chee, 66. She looks not a minute over 21 (some would say this is wicked). Ms. Lam programmed the architecture and performed the molecular modeling for the restaurant, then grew it out of the sea. Why, not for money this popular establishment could generate, that concept has changed a bit. No, she is quite the social butterfly, and what better platform for social notoriety than a floating crystal gourmet hospice with a 1,200 mile turquoise and jade view. 

      Our travelers are shown to their table, which, like the others, is a carped circle encompassed with brass railing. the circle resting on the clear diamond floor showing clean to the ocean below. The rails are there only to keep one from feeling too much danger of falling.

      The light washing up from the waters below illuminates Peggy's face and reveals the effect of the age reversal preparation she took three days ago. The years are running softly backwards now. Her clear skin and feminine features of youth past, now glow in the cool light.

      Out below the floor can be seen an unusual sight. Not the normal nano aircraft that frequently dock to the restaurant, but some old jet buff arriving in a twice life size copy of an SR-71. How ostentatious.

      The food at the "U.V." is synthesized. There is almost never a delivery here as air is siphon for additional atoms when needed, and nano "compilers" synthesizes raw ingredients, fresh as picked from a garden or reeled from the sea, cleaned and in some cases, julienne or otherwise prepared. Although a meal fit for a king and queen could just as easily be produced from the compilers, the actual dishes are prepared in the open kitchen of the floating restaurant of Ultimate View, by talented chefs who cook for the same reason an artist paints.

      The chefs are, or become quite literally world famous among the globe trotters. Patrons pay only with champagne toasts, complements, an occasional favor, perhaps a certificate of one-one millionth ownership of a valuable Italian painting or a real Cuban cigar (of course, a painting or a cigar could be duplicated with atomic resolution). The ÒoriginalÓItalian painting has a secret molecular code now embedded in the pigment that the Italian Art Society has under lock and key. 

      One chef at the "U.V." adds to the collection of cigars in her private office by handing the stogie to the wall. The smart material bulges, gently grasps the cigar and adds the stogie to the preexisting pattern of ÒmountedÓ cigars on the wall, along with the patrons name and date of presentation with a holo, or 3D video of the occasion. Ah, fond memories.

      After a royal lunch and Martini's obligatory condemnational about some man and the particular virtues of another, the ladies decide to take the elevator up to the star lounge on top of the aerostat for an afternoon bracer. This clear observational deck is so named, because at this altitude (90 thousand feet), even during the day the sky is very dark and one is able to see thousands of the brighter stars and planets. The ladies park themselves in two stuffed reclining chairs, designed to afford the best view of the heavens, then order a splash. Since neither had previously experienced evening and seen the full blaze of the night sky they both heard so much about and since their favorite quarry kept appearing from behind the elevator door, the decision is made to stay.

      As evening became night and the sky glowed with jewelry, the conversation led to the wonder of it all and how lucky one was to live through the cusps of two worlds, to know the old, pre-nano and thus, really appreciate the new... how we must be slowly learning what the natural state of a sentient beings should be and how much one could grow in a hundred or a thousand years. Peggy suggests, "If you have enough time and money, you can accomplish anything". Deb says, "We are immortal... and richer than the Queen of Sheba".

Resource:

NanoTechnology Magazine "The Technology of the 21st Century"

http://nanozine.com/NANOHAPI.HTM
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Appendix B
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To make the smart materials

      Smart materials would be made of nanomachines, typically microscopic -- with features any size, down to atomic dimensions. Such machines would have more or less, the same components as macro, or familiar "normal" sized machines with recognizable gears, bearings, motors, levers and belts... (except for all the nanocomputers). This is somewhat helpful to the engineer designing smart materials with a myriad of functions like shape changing and distributing fluids and gas -- say for environmental control in a paper-thin space suit that actively moves with the body or Drexler's smart paint. Open a can and splat some on a wall. The paint spreads itself across the surface using microscopic machines and changes color on command or becomes a wall sized 3-D television... Then again, the whole wall may as well be smart material changing texture or windows on command. 

[image: image4.png]There's Plenty of Room at the Bottom (Feynman '59)




      The point here... one can visualize the machines needed to do such a job; little tractors with sticky wheels, connection struts and cables to other machines. Actually, most of this can be done today; only on a much larger scale and at great expense (this is where the novel economics of self replicating machines plugs in). The transition for an engineer, is using more machines with much smaller parts and the luxury of vast computing power. These differences yield more great utility.
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      Gears made of Buckytubes are great nanomachine components... Buckytubes are carbon graphite sheets rolled into a tube (looks like tubes of chicken wire), and are "like" carbon in its diamond form, but with ALL available bonding strength aligned on one axis. These tubes are stronger than diamond fiber, and the strongest fiber possible with matter, so we're starting out with real racehorse material. Globus and Team designs are chemically stable, very tough and varied in geometry, including gears mad from "nested" Buckytubes or tubs inside of tubes. Such a gear would be stiffer and suited for a "long" drive shaft. And talk about performance... 
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"Results suggest these gears can operate at up to 50-100 gigahertz in a vacuum or inert atmosphere at room temperature. The failure mode involves tooth slip, not bond breaking, so failed gears can be returned to operation by lowering temperature and/or rotation rate." 
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 Long Buckytubes connected by their ends (a loop) could make motion transition belts (a fan belt) for nanomachines.
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Synthesizing NanoGears... Drafted for gear teeth is the famous circular (snake biting its tail) Benzyne molecule, a hoop of connected carbon atoms ringed by hydrogen atoms attached to each carbon's "unused" dangling bond. Globus' computer simulations show (in a very non-Drexlerian technique) Benzyne atoms stick to and bond with Buckytubes if a collision between the two is of proper energy -- shoot a Benzyne "high speed" at a tube. Too little energy and the tough, elastic carbon structures just bounce off each other... too much, and they both shatter. 

Building gears this way and obtaining precise results at this resolution is a formidable task, but perhaps not impossible. Another approach involves bending the flexible tube, causing an electronic condition favorable for a bond at the point of greatest lattice distortion (carbon bonds are stretched apart, holes in the chicken wire get bigger). Mass production with these techniques again are not impossible.

 The Drexlerian method, building things the new fashion way, "One Atom at a Time" is a more direct approach where carbon and hydrogen deposition tools have elements delivered and a gear would be built (extruded) like building with Lego Blocks. The atoms and the blocks will build just about any structure, if you stick the right ones together in the right places.

*********

Appendix C

Nanotechnology Glossary 

Abstraction specific removal of bonded atom from structure 

Acoustic coupling transmission of digital information using sound 

Alkane a type of saturated hydrocarbon molecule 

AND gate a logical gate that returns a high output iff both input signals are high 

Assembler a programmable nanomachine able to construct any given stable molecular structure 

Atom laser laser device that uses beams of coherent atoms rather than photons 

Atomic force microscope (AFM) a device that uses atomic forces between a sample and a sharp tip to image surfaces at the nanoscale 

Atomic spin theoretical representation of an atom's intrinsic angular momentum 

Ballistic electron transport flow of electrons as particles rather than waves 

Biomimetics study of synthetic materials that mimic bio-systems 

Biotechnology use of genetic techniques to enhance the properties and functions of biomolecules 

Bit binary digit, a computer's unit of information 

Bose-Einstein condensate low-temperature collection of bosons in ground state 

`Bottom up' approach to nanotechnology that aims to construct nanodevices atom by atom 

Brownian motion random motion of small particles due to statistical pressure fluctuations 

Buckyballs ball-like molecules of carbon, C60 

Bulk properties intrinsic properties of a substance, as opposed to properties of the surface 

Charge cloud continuous, as opposed to particulate, charge distribution 

Chemical synthesis formation of compounds by chemical bonding 

Classical deterministic, non-quantum approach to fields and particulate matter 

Colloid suspension of sub-micron particles 

Cycloaddition a kind or reaction in which unsaturated molecules bond to form a ring 

De Broglie wave quantum mechanical wave associated with particle of matter 

Decoherence the process of losing coherence 

Dendrimers large, regularly-branching molecules 

Diamondoid structures diamond-like structures made chiefly of carbon 

Diels-Alder cycloaddition cycloaddition of conjugated diolefin 

Dimer a compound of two molecules 

Diode electronic device that allows current to flow in only one direction 

Download transfer information from a computer 

Drexlarian vision `bottom up' nanotechnology driving social and economic change 

Dual laser vaporization method a technique of vaporizing solids using two lasers 

Electron beam lithography (EBL) lithography using electron rather than light beams 

Electron microscope a kind of microscope that uses electron waves rather than light 

Electrostatic force microscope (EFM) a kind of SPM that images electrostatic forces 

Electrostatic forces forces between charged bodies produced by electrostatic fields 

Epitaxial methods class of crystal growth methods 

Excimer laser kind of VUV laser based of excited state transitions 

Factorization division into multiplicative factors 

Femto- prefix indicating one thousand million millionth 

Field evaporation induction of particles from a solid by the action of a field 

Friction force microscopy (FFM) a kind of SPM that uses the frictional force between a sample and a sharp tip 

Giga- a prefix indicating a thousand million 

Hydrophilic tending to mix with water 

Hydrophobic tending not to mix with water 

Intelligent materials materials that sense and react to their environments 

Interference variable-amplitude phenomenon resulting from superposition of coherent waves 

Intermolecular bonds bonds that form between molecules 

Intramolecular bonds bonds that form within a molecule 

Ion beam lithography (IBL) lithography using ion rather than light beams 

Kilo- a prefix indicating a thousand 

Lamarckian evolution inherent progressive evolution; also associated with the notion of inheritance of acquired characteristics 

Langmuir-Blodgett (LB) technique production technique for highly regular monomolecular films 

Lattice defects irregularities in regular solid structure 

LIGA an electroforming technique 

Lithography surface patterning technique, used to make semiconductor devices 

Logic gates calculating elements of computers 

Low-dimensional systems constrained systems with few degrees of freedom 

Low-Z nuclei light atomic nuclei 

Macro- relating to the large scale 

Magnetic domain region of atomic magnetism 

Magnetic force microscope (MFM) a kind of SPM that images magnetic forces 

Magneto-optic crystal material with optical properties that depend on an applied magnetic field 

Magnetostatic forces forces between bodies produced by steady magnetic fields 

Many-body systems systems with more than two components; cannot in general be exactly calculated 

Mass spectrometry analytical technique yielding mass of constituent atoms and molecules 

Mechanical nanocomputers nano-sized computers that use mechanical rather than chemical or electronic logic switches 

Mechanosynthesis mechanically-controlled chemical synthesis 

Mechanosynthesis tools devices for manipulating atoms and molecules to promote chemical bonding 

Metastable state a high energy state that requires an input of energy to relax to the ground state 

Metrology the science of weights and measures 

Micro- prefix indicating one millionth 

Microelectromechanical systems (MEMS) tiny devices combining electronic and mechanical elements 

Micro-opto-mechanical systems (MOMS) tiny devices combining electronic, optical and mechanical elements 

Microsensors micro-sized chemical and physical sensors 

MIPS measure of computing speed, millions of instructions per second 

Molecular beam epitaxy (MBE) a technique of producing single-layer crystals 

Molecular electronics science of conduction properties of molecules rather than wires and semiconductors 

Molecular manufacturing manipulation of individual atoms and molecules to build up functional nanodevices 

NAND a logical gate equivalent to a negated AND gate 

Nano- prefix indicating one thousand millionth 

Nanoclusters nano-sized aggregates of atoms or molecules 

Nanocomputers nano-size computers, made perhaps from mechanical rod logic or biological molecules 

Nanolithography the process of transferring nanometre- sized surface patterns 

Nanomachines nanometre-sized functional devices 

Nanometre a billionth of a meter, roughly the size of ten atoms 

Nanometrology measurement at the nanoscale 

Nanotapes nano-sized molecules that can act as adhesives 

Nanotechnology engineering and manufacturing at nanometre scales 

Neural networks interconnected system of neurons; computer simulation of brain 

NOT gate a logical gate that inverts or negates the input signal 

Nuclear magnetic resonance (NMR) analytical technique that relies on the absorption by nuclei of certain field frequencies 

Optical encoding information storage as optical or light signals 

Phase fraction of a periodic cycle, expressed as an angle 

Phonons lattice vibration particles, quanta of acoustic energy 

Photolithography a surface patterning technique that employs light, used to make semiconductor devices 

Physical vapour deposition (PVD) a class of thin film deposition techniques 

Pico- prefix indicating a million millionth 

Piezoceramic a piezoelectric ceramic 

Piezoelectric the property of some materials to generate a voltage with mechanical stress, and vice versa 

Polymethyl methacrylate (PMMA) a versatile materials that is used as a resist 

Projection lithography lithography technique in which entire magnified pattern is exposed at once 

Protein engineering design and construction of artificial proteins with desired functions 

Proximal probes a generic name for devices that exploit interactions between a sample and a sharp probe 

Public key encryption system in which cipher key is made public without loss of security 

Quantum bits (Qubits) the equivalent of bits for quantum computers 

Quantum computers computers that rely on quantum effects such as superposition and interference 

Quantum confinement restriction of particle to small regions so that quantum effects are exhibited 

Quantum dots zero-dimensional quantum systems 

Quantum dot lasers lasers that employ energy levels of quantum dots 

Quantum effects effects peculiar to a quantum mechanical description 

Quantum Hall effect phenomenon in which certain semiconductors at low temperatures display quantized resistance 

Quantum mechanics see quantum physics 

Quantum physics theory of matter and radiation in which certain properties are quantized 

Quantum tunneling probabilistic effect in classically- forbidden transitions, consequence of wave nature of matter 

Quantum uncertainty indeterminacy associated with the dual wave/particle nature of matter 

Quantum wells see quantum dots 

Rectifier electronic device that converts alternating to direct current 

Replicators nanomachines that can produce copies of themselves 

Resistor electronic device that impedes the flow of current 

Resonance vibration enhancement at coincident frequencies 

Resonant tunneling quantum tunneling under favorable resonance conditions 

Scanning probe microscopes (SPM) a class of microscope that exploits interactions sensitive to the separation of a sample and a sharp tip 

Scanning tunneling microscopy (STM) a SPM sensitive to the quantum tunneling current between a probe and sample 

Schrödinger equation partial differential equation governing non-relativistic wave-function of a system 

Sputter deposition use of atoms ejected from surface by ion impact to coat or dope a material 

Stewart platform a type of articulated surface 

Sub-micron electronic components electronic components measuring less than a micron 

Sub-micron level range of dimension below a micron 

Supercomputers high-performance computers 

Superconductivity phenomenon in which conductivity of certain materials drops to zero at low temperatures 

Superlattices alternating layers of ordered semiconducting materials 

Superposition addition property of certain wave motions 

Supramolecular chemistry study of interactions between molecules 

Surface effects effects due to surface rather than bulk interactions 

Synchrotron accelerator of protons or electrons in circular orbits 

Tera- a prefix indication a million million 

Thermal effects effects of heat energy 

Thermodynamic noise random signal due to temperature energy 

Thiols a class of sulphur-containing compounds 

Tolerances of dimension manufacturing precision of form 

`Top down' approach to nanotechnology that aims to construct nanodevices by miniaturization of existing components 

`Travelling salesman' problems a class of mathematical problem involving permutations 

Tribology the study of friction 

Tunneling electron microscope (TEM) a kind of microscope that uses electron waves rather than light 

Van der Waals forces weak electrostatic forces between atoms and molecules 

Virtual reality computer-generated simulation of reality 

Visible-light microscope conventional light microscope 

VLSI circuits very-large-scale integrated circuits 

X-ray lithography surface patterning technique using x-rays

Resource:

THE CENTER FOR NANOSCALE SCIENCE AND TECHNOLOGY AT RICE UNIVERSITY  http://cnst.rice.edu/ ~rquantum/  
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� Nano' is the Greek word for dwarf. A micron (µm) is one thousandth part of a millimetre; a nanometre (nm) is one thousandth part of a micron. A human hair is around 100 µm thick, while visible light has a wavelength of several hundred nanometres. Atoms are around the tenth of a nanometre in size, so large molecules typically have nanometre dimensions. The DNA molecule, for example, is around 2.3 nm wide.


� Microelectromechanical systems (MEMS) tiny devices combining electronic and mechanical elements


� Scientific and Technological Options Assessment unit of the European Parliament


� Parliamentary Office of Science and Technology, located in United Kingdom.


� Atomic force microscope (AFM) a device that uses atomic forces between a sample and a sharp tip to image surfaces at the nanoscale


� 


� See http://www.nanothinc.com
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