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What's next for Nanotechnology: What Nanotechnology Will--and Will Not--do in the Future Is Explored by a Leading Nano-research Scientist.
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ADVANCE \d4"Nanotechnology" has two different meanings. One is the broad, "stretched" version, meaning any technology dealing with something less than 100 nanometers in size. The other is the original meaning: designing and building machines in which every atom and chemical bond is specified precisely. It is the original sense--atomically precise designing and building--that I mean when I use the term. 

ADVANCE \d4
ADVANCE \d4So what is nanotechnology? It is a technology that does not physically exist today, but can be analyzed, modeled, and simulated based on very standard, well-understood science and engineering. It involves building machines whose parts are of molecular size, but more importantly, of atomic precision: Each atom and bond in the finished part is called for specifically in its design, just as are the parts in the machinery of a cell. 

ADVANCE \d4
ADVANCE \d4In a mature nanotechnology, the parts of a nanomachine will operate in a vacuum and will be made of materials much stiffer and stronger than the proteins used by cells. That means we can simply copy existing mechanical designs of assembly lines and rebuild them on a molecular scale. But that's just a start, of course--many things will work differently and need to be redesigned. Some things will not work as well (centrifugal pumps, for example), but others that don't work as well at macroscales will work on the nanoscale (such as electrostatic motors). 

Nanotech Development: Five Stages 
ADVANCE \d4We can see, in broad outline, a set of stages that we may (though not necessarily) go through. 

ADVANCE \d4Stage I: This is essentially what we have now--nanoscale science and technology--and includes the ability to image at the atomic scale, with scanning probe microscopes, and a very limited ability to manipulate--i.e., by pushing things around with the same scanning probes, much like feeling something with a stick. 

ADVANCE \d4Also at Stage I, you can produce an atomically precise product, like a molecule, but only through similar bulk processes such as chemical mixing. Thus you can have molecules whose atoms are precisely arranged, but the molecules themselves are dumped in random piles. 

ADVANCE \d4Stage II: Now suppose we take atomically precise parts, which we can form using chemistry or molecular biology. At the molecular scale there is a phenomenon called self-assembly, which means that molecules will stick together in somewhat ordered ways. They act as if they were building blocks like Legos, but with little magnets instead of the pegs and holes. You could take a bucket full of such blocks, shake it vigorously, and expect the blocks to fall together in some semblance of structure. It was originally envisioned that designed protein molecules might be made to do this kind of thing; it has been done with tailored DNA molecules and also smaller molecules of a general chemical nature. 

ADVANCE \d4Stage II is still in the labs, but some experiments have shown the ability to make large structures having planned, complex patterns. 

ADVANCE \d4Stage III: The next thing to do is to put the molecular building blocks together not just into pretty patterns but into functioning machines--in particular, machines that can put the building blocks together themselves. This is the level of animal life: We are made of amino acid building blocks, which our cellular machinery can put together to make more cellular machinery. At this stage we still require an externally created supply of the parts--just as we need proteins in our diet. 

ADVANCE \d4Stage III will be the point where large-scale nanotech systems become feasible. 

ADVANCE \d4

ADVANCE \d4Stage IV: In the next stage, the system is able to make the building blocks from simple molecules, as plants do. This is the stage where we expect to see the beginning of a long-term trend of falling costs. Before this, the inputs to the process are expensive products of sophisticated chemistry and molecular biology; afterward, they are common and cheap. 

ADVANCE \d4Stage V: The final stage is when the ability to make parts from simple molecules becomes general. In other words, instead of designing a part from the building blocks, it is custom designed atom by atom. It's the difference between a machine made of actual Lego blocks and one made of custom-designed parts made with the same technology used to make Lego blocks. This is considerably more challenging, technically. It is also the stage where the more remarkable capabilities of nanotechnology will appear. 

ADVANCE \d4All the work in nanotechnology--and today's nanoscale technologies, whatever its proximate goals--is leading in one general direction: toward the ability to build things smaller, with greater precision. Thus, all the different paths ultimately lead to the same place: a technology where we can design things atom by atom, and build them as specified. What's more, we have an example of such a technology: biotechnology. The DNA "blueprints" and all the molecular machines inside the cell are built with atomic precision. So we know it's possible. 

ADVANCE \d4What Nanotechnology Will Do 

ADVANCE \d4So what can we do with just atoms? Turning lead into gold is out--transmutation of elements involves changing the nuclei of atoms. Flash Gordon spaceships are out--nothing that small could hold enough fuel to travel from one planetary surface to another unassisted. Psychic powers? Nope. That is well outside the bounds of known physical law. Antigravity, as apparently used by Superman and the giant flying saucers in various science-fiction movies? Sorry, no go. 

ADVANCE \d4On the other hand, nanotechnology could turn sewage into breakfast. Transcontinental flying cars are another distinct possibility. Total, all-senses virtual reality, done by injecting signals into your sensory nerves or brain, is on its way. Towers not just miles high, but hundreds of miles high, are quite feasible. The countertop synthesizer or "matter printer" will revolutionize the way you acquire household objects and food. 

ADVANCE \d4Consider the fact that your waste stream--garbage and sewage alike--is transformed into enriched soil by decay bacteria. Grass and trees grow on the soil. Cows eat the grass. The same atoms you discarded are rearranged into steak, milk, wood, and apples by natural molecular machinery. We can build molecular machinery to do the same thing. Coal into diamonds? Almost trivial by comparison. Turning sick bodies into healthy ones or aging bodies into young ones is another transformation involving the rearrangement of atoms. These cases are more complex than the previous ones, since we don't yet understand what actually needs to be done on the molecular level. But nanotechnology will give us, first, the tools to find out, and then the tools to do the job. 

ADVANCE \d4With molecular synthesis, we can eat meats without killing animals and vegetables without destroying wildlife habitat. No release of genetically modified organisms into the environment will be necessary. Whatever vitamins and nutrients you need can be put into whatever you like to eat. And the foods will be synthesized fresh just before being cooked or eaten, with no need even for a refrigerator. Indeed, they could simply be synthesized to be already cooked. 

ADVANCE \d4A nanoengineered tower, with adamantine structural materials, could be so tall it would literally disappear into the sky. When you're 10 miles or more up, most of the blue of the sky is below you. To eyes on the ground, it would fade into invisibility, even in the absence of clouds or haze. On a clear night, of course, its lights could be seen all the way up. Towers could easily be 100 kilometers (60 miles) tall; much taller than that, however, and they would begin interfering with satellites. 

ADVANCE \d4What Nanotechnology Will Not Do 
ADVANCE \d4Will nanotechnology allow us to build anything that's physically possible, as far as the arrangement of atoms is concerned? Probably not. To begin with, it may prove impossible to arrange atoms in certain ways. Many structures that seem theoretically feasible are, in fact, not. For example, Georgia Tech nano researcher Ralph Merkle, vice president of the Foresight Institute, has pointed out that physics has no problem with a diamond cube a meter on a side (i.e., a flawless, 3.5-ton diamond) that is a perfect crystal down to the atomic level. And in fact, nanotechnology could (and probably will) make such a diamond cube. In practice, though, it couldn't be perfect at the atomic level, because cosmic rays (highly energetic ionizing particles that are sleeting through our bodies all the time) would knock the atoms out of place. 

ADVANCE \d4

ADVANCE \d4An even larger class of things that nanotechnology won't make are those requiring the development of new manufacturing techniques that, while quite feasible, don't have any useful application. Similarly, our current technology could make, in theory, many things for which the particular machine and techniques necessary will never develop, such as a single-crystal pure silicon coffee mug with an inner surface lined with circuitry etched into the silicon just the way it is on a chip. That's clearly something current technology is capable of in theory, but it would require retooling a $10-billion fabrication plant actually to build it. 

ADVANCE \d4And of course, the biggest category of things nanotechnology won't make is those that are possible, feasible, useful, and economical, but which we just aren't smart enough to think of. 

ADVANCE \d4Runaway Replicators 
ADVANCE \d4Many people fear nanotech may run amok or fall into the wrong hands. But, if nanotechnology is developed evenly so that the mainstream, in general, has the same level of capability as rogue states and rogue groups, there will be no great problem. Nanotech threats that would be catastrophic to a world equipped only with conventional bulk technology will instead simply be spills to be mopped up, fires to put out--generally preventable with ordinary hygiene and maintenance. 

ADVANCE \d4Imagine that it is 1900. Some people (like the Wright brothers) believe heavier-than-air flight is possible, and others don't. Some people have become alarmed by the idea, and they spin out a scenario in which a group of bandits builds a plane, at the level of a World War II B29 bomber. In 1900, such a group could have leveled Washington without resistance and dictated terms to the country. 

ADVANCE \d4An alarmist might well have drawn such a picture and urged that heavier-than-air research be banned. People building kites and wood-and-silk gliders would have scoffed at the proposed capabilities of a B29--a reaction that would jibe well with the common sense of the day. Such alarmism and scoffing can clearly be seen in public discussions of nanotechnolgoy today. Neither side has a handle on the truth. 

ADVANCE \d4By 1950, a rogue group with a single B29 would have been blown out of the sky by jet fighters. Yet, equivalent airplanes plied the air every day carrying passengers and freight. No one worried about some criminal group buying an airliner and using it as a bomber, because air forces were in place and the opportunity for major mischief was gone. Criminal groups had much more profitable things to spend their money on. 

ADVANCE \d4The notion that someone could have built a B29 in 1900 and wielded it against an unsuspecting world is ludicrous. So are the scenarios you hear about full-fledged Stage V nanosystems loosed to wreak havoc on today's world. Let's take another example, this time not of evildoing, but of an accident. 

Used tires are a major problem. They're hard to get rid of, they don't recycle easily, and they accumulate in giant piles that sometimes catch fire. The fires are quite dangerous and difficult to put out. Suppose some bright person decides to convert this problem into a resource. He invents a "tire rot" that lives on tire rubber and, using some of it for energy, converts the rest into oil. Then you take a big oil storage tank and start throwing tires into it. Eventually you will have gotten rid of the tires and your tank will be full. 

ADVANCE \d4You know what happens next: Some of the rot escapes and finds its way onto a tire on a vehicle. The tire starts to rot away, leaving a trail of oil full of rot nanobots on the road. By the time the first tire is gone, every road in the state has little oil tracks, and anyone who drives there picks it up. In a week, it's all over the country, and cars and trucks are unusable. 

ADVANCE \d4That's what happens if we assume nanotechnology completely out of its own time, or a situation where mainstream nanotechnology has been suppressed. There are several more-realistic scenarios in a world where nanotech development is embraced by the mainstream: 

ADVANCE \d41. The inventor, trained in engineering schools where safe design was taught and using widely available tools, finds it easier (as well as the only legal way) to design a system with built-in limitations and safeguards. 

ADVANCE \d42. The new rot is quickly detected by the ubiquitous environmental sensor net. It is analyzed, and carefully designed poison molecules that affect only this one replicator are released through the network. People in affected areas are warned, so they download the recipe for the poison to their home synthesizers and spray it on their tires. 

ADVANCE \d43. Because "rubber rot" is out there already, tires are built with immune systems. At a decent level of nanotechnology, it's stupid and wasteful to build a tire as a balloon of bulk material anyway. Instead, tires are non-wearing, self-repairing machines that literally grab the road at a microscopic level--a lot smoother riding and safer than balloon tires. 

ADVANCE \d44. Everybody uses hovercraft or flying cars by now, so nobody cares. The last of the old rubber tires are eaten away, and the spots are sprayed with standard oil-slick-removal nanobots. 

ADVANCE \d4The more advanced the general nanotech level of society is, the less a problem the release--which would be a disaster today--would amount to. 

ADVANCE \d4Wood rots. If you take a piece of untreated wood and set it on the ground in a natural environment, it will be spongy and crumbly within a year. If you cut your finger and don't apply antiseptic, you'll soon find that natural microscopic machines--such as bacteria--are waiting every-where to munch on you. New natural munchers evolve all the time. Simple poisons developed over the last century--namely, antibiotics--go out of date as the organisms evolve around them. 

ADVANCE \d4The nanotech equivalent of paint for wood (or soap for our bodies, for instance) is clearly something we will be better off developing no matter what. By the time new mechanical munchers emerge, we'll be perfectly ready for them, if in the meantime we haven't been foolishly ignorant or panicked into putting our heads in the sand. 

The Failure of Imagination Scientists in general make poor futurists. The job of a scientist is to establish facts by careful experimentation, documentation, and repeated testing until that fact is as certifiable as human inquiry can make it. If futurists waited for the kind of verification that scientists require, they'd be historians. 

ADVANCE \d4In fact, a historian--particularly a historian of technology--makes a much better futurist than does a scientist. Beyond the immediate horizon of what's in the lab today, the future is shaped by the same forces that shaped the past, and the past is one of our best guides for prediction. 

ADVANCE \d4Future technology is shaped by what people want. It's also shaped, of course, by what is possible. But a lot more is possible than people, scientists in particular, realize. The reason is that there are usually many different ways of getting a given result. A scientist can tell you, quite correctly, that a specific approach using a specific phenomenon won't work. But he can't know whether some other way, outside his narrow field of expertise, would reach the same goal. 

ADVANCE \d4The laboratory scientist of today can tell you, quite rightly, that current fabrication technology can't make molecular machine parts out of diamond. But the historian of technology can cite 300-year trends that point very strongly in that direction. The futurist can add some careful analyses and computer simulations and make more specific predictions. 

ADVANCE \d4In 1869, when Jules Verne wrote Twenty Thousand Leagues Under the Sea, seagoing submarines were science fiction. In 1900, flying machines were science fiction. In 1950, space travel was science fiction. Today, an account of the future involving molecular manufacturing and nanomachines could be considered science fiction--but an account of the future without them is fantasy. 

ADVANCE \d4RELATED ARTICLE: Nano Design's Macro Impacts 

ADVANCE \d4Nanofuture: What's Next for Nanotechnology by J. Storrs Hall. Prometheus Books. 2005. 328 pages. $28. Available from the Futurist Bookshelf, www.wfs.org/bkshelf.htm. 

ADVANCE \d4Nanotech researcher J. Storrs Hall here offers a very helpful primer on the potential for a critical segment of modern technology. As opposed to many other overviews of nanotechnology, Nanofuture provides useful details on the underlying physical principles of nanotech. Hall also describes the special advantages that come with working at a very small scale, including the increase in repetition speed in nanofactory production facilities and the effects of essential self-assembly dynamics. 

ADVANCE \d4In addition to a review of the relevant physics, Hall also explains the workings of nanomachines and nanofactories (construction of nano-bearings, pumps, and motors, as well as the lack of wear at the molecular level). As Eric Drexler's book Engines of Creation has shaped many people's understanding of nanotechnology, desktop factories are now a common concept. But Hall makes the important point that precise placement of materials at the atomic level is much more representative of nanotech's long-range potential--i.e., designing at the molecular level and below--than the mere use of materials smaller than 100 nanometers in size. He is also quite frank that we do not yet have the ability to do such precise nano-assembly on a large scale. 

ADVANCE \d4One strong area of discussion in the book is nanomedicine, including controlling aging through the repair of damaged cells, removal of dysfunctional cells, checking for mutated cells, removal of cellular waste, and inspection of extracellular structures. On the policy side, Hall also addresses the social and economic impacts of increased longevity, population density, and available resources. 

ADVANCE \d4Redesigning humans is one of the more socially complex applications explored in Nanofuture, including improvements in human physical capability, endurance, and learning ability. Hall raises such questions as whether you are the same person after major enhancement and whether machines with electronic artificial intelligence and humans with augmented brains become peers before the law. 

His thought-experiment version of scenario building produces interesting results in areas like clothing design, which may yield such breakthroughs as interactive and form-fitting "nanoskin" that could protect us from cold, damp, and shock. Another fairly well detailed thought experiment is private personal aircraft; that is, vertical takeoff and landing planes with flexible and interactive surfaces that could provide relatively cheap, efficient, and quiet transportation for individuals--realizations of the aircars of early science fiction. 

ADVANCE \d4The most detailed discussion of social, economic, and political changes that might result from nanotech concerns the ever-present political opposition to its continued development. This opposition might ultimately result in extensive regulatory limitations on the further applications of nanotech, much as was done with nuclear power in the last century. Hall speaks strongly against such extreme regulation, arguing that the common-sense controls that have guided scientific development in the past should serve to guard humanity in the future. 

ADVANCE \d4The author points out that the negative and fearful response to nanotech in some developed countries may mean that less-regulated regions such as Asia and South America will move ahead of them in the nanotechnology marketplace. One possible factor driving regulation is that nanotech application designers are not always careful about mitigating every possible risk of new uses. And the properties of common materials can change considerably at the nanoscale, such as gold becoming a poison or an antibacterial agent. 

ADVANCE \d4Hall ultimately paints a glowing picture of the future of nanotech, with its possibility for prosperity and human capacity here on Earth. And through the development of stronger, lighter, and more-durable materials, there is also the possibility of a renewed, viable, and affordable space program. 

ADVANCE \d4--Timothy C. Mack 
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