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Preface

This is an exercise in fictional science, or science fiction, if you like
that better. Not for amusement: science fiction in the service of sci-
ence. Or just science, if you agree that fiction is part of it, always
was, and always will be as long as our brains are only minuscule
fragments of the universe, much too small to hold all thefacts of the
world but not too idle to speculate about them.

—Valentino Braitenberg

We grasp the world at many levels and with avariety of instruments.
Today, nanotechnology invites our species to grasp the world at an
unprecedented level of granularity. The nascent sciences of molecu-
lar manipulation suggest that worlds of previously unimaginable
material abundance are within our reach. For good or for ill, we
stand at the threshold of a molecular dawn. How we conceive and
create the instruments of nanotechnology will determine the quality
and character of our lives in the next century and beyond.

Nanotechnology poses a difficult question: What will we human
primates do when some of us learn to manipul ate matter as finely as
the DNA and RNA molecules that encode our own material struc-
ture? This book speculates on the outcome of this surprising and yet
seemingly inevitable technological revolution.

Although inspired by a technical subject, this book is designed
to be accessible to nontechnical readers. In the first chapter, | intro-
duce the rudiments of molecular engineering and offer a brief gene-
aogy of the field. | also provide a survey of several active areas of
research. The remaining chapters present, with precision but with-
out sustained mathematics, some of the potential power inherent in
nanotechnology.
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The book's first section focuses on applications that work, for the
most part, inside living bodies.

In chapter 2, Ted Kaehler describes a molecular instrument for
biological research, the "in-vivo nanoscope,” that provides real-time
images of living processes. Kaehler also discusses the possibility of
entering the nanotechnological age amost instantaneously. If we
can simulate molecular machines on existing computer systems, we
may be able to download thousands of designs to the first molecular
assemblers as soon as they are built.

Richard Crawford addresses, in chapter 3, the application of
simple molecular machines to an immense and lucrative market:
cosmetic surgery. Closely related is Dr. Edward M. Reifman's de-
scription in chapter 4 of what may be avery common application of
early nanotechnology: diamond teeth.

The second section presents awide range of applications that gen-
erally function outside human bodies.

In chapter 5, Harry Chesley presents alitany of every-day applica-
tions—from programmable paint to floorless elevators. Chesley also
describes a simple molecular architecture that could support such
applications. The focus of chapter 6, by John Papiewski, is a nano-
technological descendent of today's personal digital assistants, such
as Apple's Newton.

In chapter 7, H. Keith Henson considers several whimsical appli-
cations of fairly advanced molecular engineering, including instan-
taneous cellular regeneration so that we can "enjoy" Conan-style
blood sports—without actually dying. Tom McKendree, in chapter
8, concludes this section with a meditation on the enduring need for
hobbies, even in an age of molecular machines.

The last section of the book considers extremely high resolution
display surfaces and the functionality of generalized intelligent
Stuff.

In Chapter 9, Brian Wowk presents a description of next-
generation flat-panel display devices and outlines the mechanisms
of phased array optics. Finally, in chapter 10, J. Storrs Hall presents
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a detailed description of utility fog, which can act as a universal
human-machine interface.

During the production of this book, two other books were pub-
lished that deal specifically with molecular nanotechnology: Nano,
by Ed Regis,' and Prospects in Nanotechnology, edited by Markus
Krummenacker and James Lewis.?1 recommend both books to those
trying to understand this new field. Regis provides ajournalistic ac-
count of the personalities involved, while Krummenacker and Lewis
deliver the presentations and conversations of researchers at a con-
ference held in 1992.1 particularly enjoyed the fact that Regis used
the title of aflyer | produced in 1991 as a chapter title in his book.
Unfortunately he created a sound bite from my broadside that ob-
scured its original intent. For the record, and because | believe its
questions remain relevant, | reprint the flyer here, as anote.’

It is my pleasure to thank those who helped bring this book into
existence. First of all, | am grateful to the writers for their contribu-
tions to this volume. | am also grateful to those who reviewed and
commented upon all or part of this work, including Rick Danheiser,
K. Eric Drexler, Jacqui Dunne, Gregory M. Fahy, Richard Feldmann,
Dave Forrest, Michael Johnson, Ted Kaehler, Kirk Kolenbrander,
Daniel T. Ling, Ralph Merkle, Hans Moravec, Charles Musgrave,
Charles Ponce, Eric Raymond, Scott Roat, and Jeffrey Soreff. Respon-
sibility for the text naturally devolves to myself and the other writ-
ers. | am also grateful to Terry Ehling of the MIT Press for her initial
enthusiasm and continuing support of this project and to Sandra
Minkkinen for her tenacious intelligence and good will during
production.

| would also like to express my heartfelt appreciation to Susan
Nance, Carol Meer, Samadhi Khan, and Pali Cooper for somatic re-
calibrations, and to Bibi Sillem for a place to call home with aview
that just won't quit.

Mill Vdley, Cdifornia
May 1996



1 Molecular Engineering
BC Crandall

A molecule is a collection of (one or more) atoms which are bound
together by their mutual interactionsfor long enough to be observed
as an entity. Thereisan enormous range in molecular stabilities and
lifetimes, with some molecules existing only for the duration of an
experiment lasting 10~** s [a trillionth of a second] or less, while
others may remain intact for billions of years. Molecules are some-
times classified by the number of atoms they contain (e.g., mon-
atomic, diatomic, triatomic); those with three or more atoms are
generally termed polyatomic. Molecules range in size from mon-
atomic species (as arefound in gaseous helium or argon) to macro-
scopic aggregates (such as single crystals of diamond or quartz, and
polymers), and in complexity from simple atoms to proteins, en-
zymes, and nucleic acids. Every known kind of atom isfound in at
least one diatomic (or larger) molecule; some atoms (e.g., carbon and
hydrogen) are found as constituents of millions of different mole-
cules. Molecules that contain carbon (with a few exceptions) are
called organic; all others are inorganic, but these terms no longer
imply a connection with living organisms.

—Frank E. Harris

It is generally recognized that engineering is "the art or science of
making practical application of the knowledge of pure science."
—Samuel C. Florman

Nanotechnology Is Molecular Engineering
Nanotechnology is the art and science of building complex, practical

devices with atomic precision. In an effort to construct useful ma-
chines, nanotechnol ogists apply the techniques of engineering to the
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knowledge generated by the sciences that study molecular struc-
tures. If we focus our attention on the developing capacity of these
sciences in the closing years of the twentieth century, we can ob-
serve the birth of nanotechnology. In the next century, molecular
engineering will emerge as a multitrillion dollar industry that will
dominate the economic and ecological fabric of our lives.

This chapter begins with an overview of the scale of molecular
objects. Then, following a brief introduction to atoms and mole-
cules, and a cursory review of nanotechnology as an evolving disci-
pline, the chapter highlights recent research efforts that are leading
the dream of molecular engineering into reality.

e Scde

« Atoms

* Molecules

* A genedogy of nanotechnology
* Research frontiers

Scale

To fully understand molecular engineering—to be a nanotechnol o-
gist—requires study in several fields, including physics, chemistry,
molecular biology, and computer science. But this book is not atech-
nical exposition of nanotechnology. Rather, it is an invitation to
well-founded social dialogue as we collectively imagine and choose
among different evolutionary paths. As such, the material presented
does not focus on the analysis and mathematics required to actually
design and build molecular machines. But we cannot escape the fact
that it is precisely the scale at which nanotechnology operates that
gives it its power. So, unless we intend to collapse into the simple
repetition of superlatives, we need to come to terms with the dimen-
sions of molecular objects.*

The goal of nanotechnology is the construction of a wide range of
artifacts whose components are reasonably measured in nanometers,
or billionths of a meter. At first it may seem impossible to imagine a
billionth of a meter, or an apparatus with trillions of parts executing
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movements in quadrillionths of a second. But the human mind is a
truly marvelous thing. With it we can imagine not only a frabjous
day and a slain Jabberwock but also machines with precision-crafted
molecular components. And while the former seem destined to
remain figments, the latter images may someday be as real as you
or me.

An imaginative exploration of nanotechnology requires that we
conceptualize the two essential dimensions of any material sys-
tem—space and time—as they relate to the molecular world.

First, how big are atoms? If, as the Greek philosopher Protagoras
argued, "Man is the measure of al things," it is not surprising that
we use a system of measurement with a unit of length roughly equal
to the size of a human being. The metric system, which was pro-
posed by Gabridd Mouton, Vicar of Lyons, in 1670 and adopted in
France in 1795 subsequent to the French Revolution, is founded on
two fundamental units. the meter and the kilogram. The meter is
about forty inches long and a kilogram weighs a little over two
pounds.? Because the metric system is a decimal system, all units
can be expanded by multiples of ten. This allows for the use of a
collection of prefixes, each of which can be &ffixed to a given unit,
that indicate every third order of magnitude:

exa- 10 1,000,000,000,000,000,000 quintillion
peta- 10 1,000,000,000,000,000 quadrillion
tera- 10" 1,000,000,000,000 trillion
giga- 10° 1,000,000,000 billion
mega- 10° 1,000,000 million
kilo- 10° 1,000 thousand
10° 1
milli- 10-3 1/1,000 thousandth
micro- 10-° 1/1,000,000 millionth
nano- 10-« 1/1,000,000,000 billionth
pico- 10-12 1/1,000,000,000,000 trillionth
femto- 10-® 1/1,000,000,000,000,000 quadrillionth

atto- 10-18 1/1,000,000,000,000,000,000 quintillionth
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The diameter of asingle atomis abit larger than one-tenth of anano-
meter (nm). Consequently, modest atomic constructions are most
reasonably measured with these units. The DNA molecule, for ex-
ample, is about 2.3 nanometers wide. Large, complex molecular
structures may be measured in micrometers, or microns (jxm).

Although most dimensions in this book are given in microns and
nanometers, other scales are common in physics and biochemistry:
the angstrom, the dalton, and the atomic mass unit The angstrom
(A), named after the Swedish physicist Anders Jonas Angstrom
(1814-1874), is one tenth of ananometer, or 10™° meter. The dalton,
named after the English chemist John Dalton (1766-1844), is a unit
of mass nearly equivalent to that of a single hydrogen atom. The
kilodalton (kd)—equal to athousand daltons—is often used to indi-
cate the molecular weight of moderate-to-large biomolecules. Rho-
dopsin, for example, is amedium-sized structural protein that holds
in place a small, 24-atom molecule called retinal. Retinal is respon-
sible for the primary visual event in the rod cells of the retina. Rho-
dopsin weighs about 40 kilodaltons. That is, it has a mass equal to
approximately 40,000 hydrogen atoms. The atomic mass unit (amu)
is another unit that indicates the approximate mass of one hydro-
gen atom.

To get an idea of how small atoms are, Kenneth Ford offers the
following image. "To arrive at the number of atoms in a cubic centi-
meter of water (a few drops), first cover the earth with airports, one
against the other. Then go up a mile or so and build another solid
layer of airports. Do this 100 million times. The last layer will have
reached out to the sun and will contain some 10" airports (ten mil-
lion billion). The number of atoms in a few drops of water will be
the number of airports filling up this substantial part of the solar
system. If the airport construction rate were one million each sec-
ond, the job could just have been finished in the known lifetime of
the universe (something over ten billion years)."*

While atoms are incredibly small (see figure 1.1), we have, in the
past decade, built the tools to not only "see" individual atoms but
to manipulate them as well.
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Figure 1.1 The relative size of atoms, biomolecules, bacteria, and cells. (After Stryer,
Biochemistry, third edition, New York: W. H. Freeman and Company, 1988.)

The second dimension we need to imagine is the speed with
which atoms move. In the atmosphere, oxygen, nitrogen, carbon di-
oxide, and other simple molecules zip around at up to ten times the
speed of sound, or about 7,000 miles an hour.* But the local transfor-
mations that molecules are capable of are much more important than
their gross physical movement as gaseous particles. For example,
the primary event in vision—the mechanical transformation of the
molecule retinal from bent to straight—occurs within 200 femtosec-
onds {quadrillionths of a second) after being struck by a photon.’
Figure 1.2 shows the rates of a few biological processes.

In watery solutions, such as those found in the interior of most
plants and animals, the general jostling caused by thermal excitation
bumps protein-sized molecules into each other from all angles very
rapidly. This bumbling, stumbling dance allows molecules to ex-
plore all possible "mating" configurations with the other molecules
in their local environment. By variously constraining and control-
ling the chaos of such wild interactions, biological systems generate
the event we call life. And it is exactly this mechanism of molecular
self-assembly that may lead to the construction of complex struc-
tures designed by human engineers.®

One final note on scale. Although an atom is small, the nucleusis
much much smaller, and of relatively little interest to nanotechnol -
ogy. Kenneth Ford again: "To picture the nucleus, whose size is
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Figure 1.2 The relative rates of some biological processes. (After Stryer, Biochemistry,
third edition, New York: W. H. Freeman and Company, 1988.)

about 10-* to 10 of the size of an atom, one may imagine the atom
expanded to, say, 10,000 feet (10* feet) or nearly two miles. Thisis
about the length of arunway at alarge air terminal such as New York
International Airport. A fraction 10! of this is one foot, or about the
diameter of abasketball. A fraction 10 is ten times smaller, or about
the diameter of a golf ball. A golf ball in the middle of the New York
International Airport is about as lonely as the proton at the center of
ahydrogen atom. A basketball would correspond to a heavy nucleus
such as uranium."’

The electron cloud that surrounds the nucleus determines the d-
fective size of an atom, not the protons and neutrons at its core. Na
notechnology does not smash atoms to extract the energy held in the
nucleus, as happens in nuclear power plants and atomic weapons.
Nanotechnology is constructive; it snaps atoms together like Lego
building blocks to build molecular structures in processes that are
similar to, but potentially much more flexible and powerful than,
the processes used by biological systems.

Atoms

Atoms are forged in stars. Stellar fire consumes hydrogen atoms, the
simplest and smallest element, and forges their nuclear components
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into heavier elements. Starsfill the universe with radiant light until
their fud is spent, then they collapse in upon themselves. If astar is
large enough, this implosion becomes an explosion, and the collec-
tion of heavier-than-hydrogen atoms that was created by that star is
thrown out into the universe.®

In time, afew of these atoms coalesce into planets, some of which
may sponsor the material complexification we call life. On this
planet, the Greek philosopher Demacritus (460-370 BCE) was one of
the first living creatures to suggest that the world consisted of very
small but indivisible and indestructible pieces. These pieces were
called "atoms" {atomos, indivisible: a-, not, + temnein, to cut). De-
mocritus felt that everything that we see could be adequately ex-
plained as an aggregate or combination of atoms. And while "there
are many different kinds of atoms, that isto say, they are not al the
same size and shape ..., no atom is large enough to be seen; con-
versely, no atom is so small as to have no dimensions at all."® Al-
though we have moved from a philosophical to a scientific
understanding of atoms, it is startling to realize that this ancient in-
tuition of the underlying structure of matter is aimost sufficient to
comprehend the consequences, if not the precise machinations, of
molecular engineering.

Human understanding of elemental structures evolved slowly un-
til the late eighteenth and early nineteenth century when Antoine
Lavoisier (1743-1794) proposed that elements retained their weight
regardless of the compounds that they formed, and John Dalton
(1766-1844) connected this concept with an atomic theory. Dalton
is generally given credit for establishing the modern atomic theory
with the publication of A New System of Chemical Philosophy in
1808, coincidentally the same year Ludwig van Beethoven first per-
formed his Fifth Symphony. Dalton argued that the number of atoms
in agas, liquid, or solid, while numerous, must be finite, and that
every atom of a particular element must be identical in nature. "His
atoms were no longer smallest particles with some general and
rather vague physical properties, but atoms endowed with the prop-
erties of chemical elements."*°
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Dalton wrote, "Whether the ultimate particles of a body of water,
are all alike, that is of the same figure, weight, et cetera, is a question
of some importance. From what is known, we have no reason to
apprehend a diversity in these particulars: if it does exist in water it
must equally exist in the elements constituting water, namely, hy-
drogen and oxygen. Now it is scarcely possible to conceive how the
aggregates of dissimilar particles should be so uniformly the same.
If some of the particles of water were heavier than others, if a parcel
of a liquid on any occasion were constituted principally of these
heavier particles, it must be supposed to effect the specific gravity
of the mass, a circumstance not known. Similar observations may
be made on other substances. Therefore we may conclude that the
ultimate particles of all homogeneous bodies are perfectly alike in
weight, figure, et cetera. In other words, every particle of water is
like every other particle of water; every particle of hydrogen is like
every other particle, et cetera"™

While Dalton's assumption that the simplest numerical combina-
tions were in fact the actual ratios with which atoms combined led
to some erroneous conclusions (e.g., that the smallest particle of wa-
ter consisted of one oxygen and one hydrogen atom, rather than two
hydrogens), his "new system" satisfied all known results and
opened the door to rapid development of a modern atomic theory.

In passing, it is worth noting that the drawings Dalton used to
present his theory in 1808 are flawed in that compounds are shown
to consists of planar aggregates of circular atoms rather than three-
dimensional collections of spheres. While atoms are clearly more
complex than simple balls, the best first approximation of molecular
form is that of closely packed spheres in three-space.™

Sixty years after Dalton's landmark publication, a total of sixty-
three different elements had been effectively isolated and described
in the emerging technical literature. The time was ripe for the impo-
sition of order on this growing collection. Certain regularities were
beginning to emerge and, in 1866, John Newlands attempted to artic-
ulate an overarching pattern. He earned himself the contempt and
ridicule of the English Chemical Society for proposing that the ele-
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ments could be meaningfully arranged by molecular weight in
groups of eight—as notes in a scale—with every eighth element sim-
ilar in many respects to the others so grouped. Newlands was right
that there was a repetitive theme in the elements, but his structure
was not sufficiently all encompassing, and his analogy to music was
far too strange for his audience to appreciate. Newlands's career al
but ended.

Three years later, asthefirst Atlantic-Pacific railway line was com-
pleted at Promontory Point, Utah, the Russian chemist Dmitri Men-
deleev not only announced a cyclic pattern for organizing all known
elements but he also accompanied his announcement with the dec-
laration that three specific elements had yet to be discovered. As he
constructed it, the "periodic" table (figure 1.3) contained several
gaps, yet he was bold enough to predict not only the atomic weight
but also the physical and chemical properties of several of the ele-
ments that would eventually fill out the table. As these elements

Figure 1.3 The Periodic Table. "The chemical elements have been arranged in sequence
on aribbon and coiled in a helix. As a result, elements with similar properties fall one under
the other vertically. Two views of the coiled ribbon are shown so that one can see it from
both sides at the same time." (From Explaining the Atom, by Selig Hecht, revised by Eu-
gene Rabinowitch. Copyright © 1954,1964 by Cecilia H. Hecht. Used with permission of
Viking Penguin, a division of Penguin books USA Inc.) Hundreds of arrangements have
been suggested for the presentation of the elements. For a sampling of three alternatives,
and references to others, see Edward R. Tufte, Envisioning Information (Cheshire, Con-
necticut: Graphics Press, 1990,14).
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Figure 1.4 (a) Oxygen (0,), {b) water (H,0), and (c) ozone (03). (From Molecules by
P. W. Atkins. Copyright © 1987 by P. W. Atkins. Used with permission of W. H. Freeman
and Company.)

were discovered, Mendeleev's place in history was secured. The first
missing element—gallium—was discovered four years later, in
1875, just as James Clerk Maxwell opened the next level of explora
tion by noting that atoms themselves were rather more complex than
had been imagined.

"Having thus indicated a new mystery of Nature,” wrote Mende-
leev, "which does not yet yield to rational conception, the periodic
law, together with the revelations of spectrum analysis, have con-
tributed to again revive an old but remarkably long-lived hope—that
of discovering, if not by experiment, at least by a mental effort, the
primary matter—which had its genesis in the minds of the Grecian
philosophers, and has been transmitted, together with many other
ideas of the classic period, to the heirs of their civilization."*®

Molecules

Molecules are collections of atoms bound to one another. They com-
prise ailmost everything that we interact with. We breathe them, eat
them, wash with them, and even think and fed with them. Solid
matter contains on the order of 10° molecules per cubic centimeter.
Chemists estimate that there are 12 million specific molecular com-
pounds on record, to which some 500,000 new compounds are
added each year. This section introduces the barest few of this vast
horde.*

As shown in figure 1.4, atmospheric oxygen is diatomic. Water,
H,0, is triatomic, consisting of two atoms of hydrogen and one of
oxygen. Ozone is also triatomic, consisting of three oxygen atoms.
When ultraviolet radiation from the sun strikes 0, molecules (and
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other oxygen-containing molecules) in the upper atmosphere, it
blasts the oxygen atoms apart. Single oxygen atoms then bond to an
existing oxygen molecule (0,) to form ozone. Ozone molecules are
also torn apart by ultraviolet radiation. Each of these processes ab-
sorbs particular wavelengths in the ultraviol et portion of the electro-
magnetic spectrum. Bombarded by solar radiation, this frenzied
activity proceeds continuously in a 10-kilometer layer between 25
and 35 kilometers above the Earth's surface. "The absorption of ul-
traviolet radiation by the gas is so efficient that at wavelengths near
250 nanometers, in the ultraviolet, only one part in 10% of the inci-
dent solar radiation penetrates the ozone layer."*

Depletion of the ozone layer is dangerous for living things because
the molecule that contains the instructions for building our bodies,
DNA, responds dramatically to ultraviolet radiation. The DNA mole-
cule has a natural harmonic at the frequency of certain ultraviolet
light. When excited by this radiation, DNA vibrates excessively and
fals apart like a bridge in an earthquake. Even though the DNA in
healthy cells is constantly under repair, cancers such as melanomas
can result when the disruption is too severe. In most cases, cancer
is simply the result of a cell's best effort to follow a fouled set of
instructions.

Methane, shown in figure 1.5, is a simple, flammable hydrocarbon
made from five atoms. Ethane and octane, more complex hydrocar-
bons, consist of eight and twenty-six atoms, respectively. "The oc-
tane molecule results when we continue the process that leads from
methane to ethane. Now a sufficient number of —CH,— units have
been introduced into the original G—H bond of methane to make the
chain eight carbon atoms long (hence octane). Hydrocarbon mole-
cules that contain half a dozen or so carbon atoms interact just
strongly enough with each other to give a liquid at room tempera-
ture, so they are convenient to transport in tanks. But the liquid is
still volatile and not too viscous to form a spray in the carburetor of
an engine. Octane is representative of the size of the hydrocarbon
molecules present in agallon of gasoline_ Diesdl fud is less vol-
atile: Its molecules are typicaly hydrocarbons with about sixteen
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Figure 1.5 (a) Methane (CHy), (b) ethane (C,Hg), and (c) octane (CgHyg) in two configu-
rations. (From Molecules by Atkins. Copyright © 1987 by P. W. Atkins. Used with permis-
sion of W. H. Freeman and Company.)

carbon atoms in a chain____ Every hydrocarbon chain is actually a
zigzag of carbon atoms and is flexible as well; moreover, each atom
can be twisted around the bond joining it to its neighbor. A gallon
of gasoline therefore contains some octane molecules that are rolled
up into atight ball, others are stretched out but still zigzag [see figure
1.5c], and others in the various intermediate configurations. Octane
molecules are constantly writhing and twisting, rolling and unroll-
ing, so that agallon of gasoline is more like a can of molecular mag-
gots than a box of short sticks."*°

The double helix of DNA, which consists of thousands of adenine-
thymine and guanine-cytosine pairs stacked one atop the other, is
2.3 nm wide. A single adenine-thymine pair is shown in figure
16 and eighteen contiguous pairs are shown in figure 1.7. Human
DNA, which is found in ailmost every cell in the body, is nearly 10
meters long. To make the molecular components of the body, infor-
mation is first copied from a strand of DNA onto a strand of messen-
ger RNA (ribonucleic acid). This molecular chain leaves the nucleus
and finds a ribosome in the cell where the information is used to
assemble a string of amino acids or peptides into a polypeptide
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Figure 1.7 Eighteen base pairs of DNA, approximately 6 nm long and 2.3 nm wide.
(From Human Diversity by Lewontin. Copyright © 1982 Scientific American Books. Used
with permission of W. H. Freeman and Company.)

chain, which then folds in upon itsdlf, forming a protein. Every liv-
ing creature on earth utilizes this process to create its many compo-
nents. (Some primitive viruses use only strands of RNA, without a
DNA source.)

Ribosomes—roughly spherical structures with a mass of about
4200 kilodaltons in creatures more complex than bacteria—are the
molecular factories for all living organisms. Ribosomes assemble
proteins, which make up amost all living tissue, from a set of just
twenty different amino acids. Reading a strand of messenger RNA,
three "letters" at atime (see figure 1.8), a ribosome connects the ap-
propriate free-floating amino acid (e.g., serine, alanine, valine, phe-
nylalanine) to a growing polypeptide chain. Each amino acid is a
simple molecule of fewer than thirty atoms; the simplest has only
ten. It is the structural combination of these simple building blocks
that creates the tremendous diversity of living organisms. Dis-
covering the mechanisms that control the self-assembly of an amino
acid chain into abiologically active, three-dimensional form is ama-
jor challenge facing molecular biologists today: the "protein-
folding problem."*

Ribosomes are particularly interesting because they demonstrate
that a simple molecular machine can, given the appropriate instruc-
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tions, assemble a vast array of other molecular structures. In
fact, because ribosomes are themselves protein complexes, each
ribosome is assembled by other ribosomes. From the perspective
of nanotechnology, most of molecular biology, including the
study of ribosomes, can be seen as a massive reverse-engineering
project, where the machines in question are utterly without
documentation.*®

While ribosomes and other naturally evolved mechanisms of pro-
tein formation are today exploited by recombinant DNA technology
and genetic engineering, the goa of molecular nanotechnology isthe
construction of general-purpose assemblers able to build molecular
structures with any conceivable configuration—given the necessary
instructions and assuming the structure is chemically stable. Assem-
blers with the capacity to build assemblers that are identical to
themselves are called replicators.

Another biological system of particular interest to nanotechnolo-
gists is the molecular reaction used to power most changes in living
cells. As shown in figure 1.9, the partial decomposition of adenosine
triphosphate (ATP) to adenosine diphosphate (ADP) releases a very
small amount of energy or heat. This energy is used to drive other
chemical reactions that would not otherwise occur. For example, ri-
bosomes consume a great many ATP molecules (turning them into
ADP) as they coordinate the bonding reactions that assemble poly-
peptide chains. "The gearing of the reactions is such that the poly-
peptide is built at the expense of greater disorder elsewhere. To
sustain these reactions, we need to eat, for we must rebuild the ATP
from the ADP, using the energy of reactions stemming from respira-
tion [for oxygen] and digestion [for sugars]. In a green leaf—one of
the sources of the food that fuels us—the rebuilding of ATP from
ADP is achieved by photosynthesis, and there the distant waterfall
that drives the reaction is nuclear fusion in the sun. All life is the
outgrowth of this intricately geared collapse into cosmic chaos."**

It is worth noting that humans have discovered and learned to use
a molecule that is sufficiently similar to ATP that it can mimic its
effects. Billions of us consume coffee, tea, and cola drinks because
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they temporarily increase our allotment of biological energy by pro-
viding our cells with caffeine molecules. Cocaine molecules, on the
other hand, which used to be added to Coca Cola and other drinks,
act like amphetamine. Rather than augmenting the supply of cellular
ATP, amphetamine-like molecules insert themselves directly be-
tween neurons, mimicking the neurotransmitter norepinephrine.

On examination, all so-called drugs intervene in the processes of
our bodies at the molecular level. A few simple molecules, such
as nicotine, morphine, aspirin, cocaine, tetrahydrocannabinol (the
active component of cannabis), and ethyl alcohol are responsible
for the movement of billions of dollars a year—and none contain
more than sixty atoms; most have fewer than thirty. While nanotech-
nology speaks to the possibility of a radically new level of mole-
cular control, it is clear that we already live in aworld of powerful
molecules.

A Genealogy of Nanotechnology

The companion fields of nanotechnology and artificial-life studies
can be usefully thought of as being the inside-out of each other.
Each is dependent on and implicates the other; each is essentially
useless and meaningless without the other. Nanotechnology ad-
dresses a collection of problems from a mechanical perspective,
while artificial life—understood as the goal of an evolving effort in
computer science to construct intelligent information systems—ad-
dresses essentialy the same problems from an informational,
systems-theoretic perspective.®> Nanotechnology without artificial
life can be little more than precise chemistry; artificia life with-
out a nanotechnological embodiment offers little more than barren
simulations.

Considering linguistic roots for a moment, we can see that "tech-
nology" derives from two Greek words, tekhne, meaning skill or art,
and logos, meaning word or speech. "Nanotechnology"” therefore in-
dicates the discourse, hence the science, theory, or study of the skills
required to craft matter at the nanometer scale. "Artificial" derives
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from the term "artifice,” and comes to us from the Latin artifex,
meaning craftsman: ars (stem art-), art + -/ex, maker. "Life" is a
much younger word, appearing in Old English as lif and seems to
indicate the idea, "that which continues."*

A thorough genealogical treatment of nanotechnology and artifi-
cia life would therefore require tracing the evolution and develop-
ment of not only the specific fields of chemistry, biology,
engineering, and mathematics—especially applied mathematics as
embodied in computer science—but it would also require an explo-
ration of the anthropological roots of homo faber, the human artist,
craftsman, and storyteller. Clearly, abrief overview must suffice.

If we allow that the primordial nanoscale "machine" is the double
helix itsdlf, we can begin by recalling a provocatively titled volume
that appeared within months of our entry into the nuclear age. In
1945, on July 16, the United States detonated the first atomic
weapon near Alamogordo, New Mexico. In less than a month,
atomic weapons were exploded over Hiroshima and Nagasaki.?®
While the first bomb was in development, Erwin Schrodinger, a
physicist who received the Nobel Prize in 1933 for discovering new
forms of atomic energy, published a slim volume that asked a simple
question: What is Life?**

Schrodinger's concern was not primarily philosophical. The ques-
tion he asked was, "How can the events in space and time which
take place within the spatial boundary of a living organism be ac-
counted for by physics and chemistry?'® Schrodinger's essay is es-
sentially an inquiry into the materiality of cellular life. "Adopting a
conjecture already current, that a gene, or perhaps even an entire
chromosome fiber, is a giant molecule, he takes the further step of
supposing that its structure is that of an aperiodic solid or crys-
tal——Like other crystals, the chromosome can reproduce itself. But
it also has another important attribute which is unique: its own com-
plex structure (the energy state and configuration of its constituent
atoms) forms a 'code-script' that determines the entire future devel-
opment of the organism."?® Schrodinger thus anticipated a key char-
acteristic of the molecule of heredity—deoxyribonucleic acid or
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DNA: its capacity to act as a set of instructions for the material con-
struction of living forms.

In the same year, 1945, John von Neumann published his First
Draft of a Report on the EDVAC, which described the basic concepts
of the modern computer. Given the apparent similarities between
organic systems and logical computation, it was inevitable that the
mathematicians responsible for designing the first electronic com-
puters would investigate the information-processing capabilities of
both living creatures and engineered automata.

Von Neumann was an extraordinarily brilliant mathematician. In
addition to consulting on the Manhattan Project and pioneering
what would become the standard architecture for computing ma-
chinery, he "occupied himself with what he called automata theory,
formulating axioms and proving theorems about assemblies of
simple elements that might in an idealized way represent either pos-
sible circuits in man-made automata or patterns in organisms. Al-
though he was stimulated by the problems of computers and
organisms and continued to take account of them, he found the new
abstract mathematics intrinsically interesting. One question with
which he dealt in his automata theory is, If one has a collection of
connected elements computing and transmitting information, i.e.,
an automaton, and each element is subject to malfunction, how can
one arrange and organize the elements so that the overall output of
the automaton is error free? The other problem was closer to genet-
ics, ... that of constructing formal models of automata capable of
reproducing themselves. These would be models of a basic element
of'life."?’

In 1953, as Tenzing Norgay and Edmund Hillary reached the sum-
mit of Mount Everest, James Watson and Francis Crick developed a
convincing model for the "giant molecule of heredity," thereby val-
idating Schrodinger's intuition. This new understanding sparked an
explosion of investigations into the molecular mechanisms of or-
ganic life.

As biochemists busily studied the mechanisms of life as we know
it, the physicist Richard Feynman pondered the physical limits of
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machinery as we might build it. In 1959, Feynman entertained an
audience at the California Institute of Technology with a visionary
presentation entitled, "There's Plenty of Room at the Bottom." In
thistalk, Feynman described arecursive process whereby very small
machines could be built: each generation of machine tools would
craft another generation with finer capabilities. At the conclusion of
his talk, he predicted the arrival of atomically precise machinery. "I
am not afraid to consider the final question as to whether, ulti-
mately—in the very great future—we can arrange atoms the way we
want; the very atoms, al the way down! (Within reason, of course;
you can't put them so that they are chemically unstable, for
example.)" ®

In the years that followed, chemists and biologists focused on un-
tangling the molecular structures that constitute materiality from the
"bottom up," while physicists and electrical engineers devoted their
efforts to building ever smaller machines from the "top down." Both
efforts resulted in tremendously powerful technologies. Molecular
science produced revolutionary medicines as well as the novel
materials that provide the texture of so much of the modern world—
including nylon, Tyvek, Teflon, and super glue—while micromachi-
nists, after creating the first transistor in 1948, learned to build logic
and computation machines with micron-scale components, generat-
ing thereby a global industry second only to agriculture.

The recent confluence of these two monumental efforts has pro-
duced an epochal cross-fertilization of knowledge—and the inev-
itable conceptual turbulence of two colliding world views. While
top-down engineers such as computer chip designers build a fairly
small number of complex machines as minutely as possible, chem-
ists and other bottom-up technologists build relatively simple but
atomically precise machines by the billions. Nanotechnology rises
out of this confluence and aims at building complex, atomically pre-
cise machines by the trillions.

One of the most important developments for both approaches to
the design and control of sub-micron systems was the invention of
the scanning tunneling microscope (STM) in 1981 (figure 1.10). This
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Figure 1.10 Scanning tunneling microscope. (From C. Julian Chen, Introduction to
Scanning Tunneling Microscopy, Oxford: Oxford University Press, 1993.)

device, first developed by Gerd Binnig and Heinrich Rohrer at IBM's
Zurich Research Labs, gave us the first direct images of individual
atoms.”® "The technique used ... involves an ultrafine stylus that
hovers dlightly above a conducting surface and senses topographic
details viatiny fluctuations in the 'tunneling current' that forms be-
tween the stylus and the surface."* In effect, the STM senses the
outer surface of the electron cloud that defines an atom. Figure 1.11
(Plate 1) displays a single atom defect in an otherwise perfect crystal
lattice. The STM, which earned Binnig and Rohrer the 1986 Nobel
Prize in physics, can image only conducting surfaces, but this limita-
tion was overcome with the development of the atomic force micro-
scope (AFM), in 1986, which can image nonconducting surfaces
with similar resolution.

Also in 1981, K. Eric Drexler, then aresearcher at the Space Sys-
tems Laboratory of MIT, published a paper entitled, "Molecular en-
gineering: An approach to the development of general capahilities
for molecular manipulation,” in which he argued that the natural
mechanisms of protein synthesis demonstrate the feasability of hu-
man-engineered molecular machines. "To deny the feasability of ad-
vanced molecular machinery, one must apparently maintain either
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Figure 1.11 (Plate 1) STM image of a single atom defect in an iodine adsorbate lattice
on a platinum surface, 2.8 nm square. (Courtesy Digital Instruments, Santa Barbara, Cali-
fornia. Photo captured by a NanoScope® scanning tunneling microscope.)

(i) that design of proteins will remain infeasible indefinitely, or [if)
that complex machines cannot be made of proteins, or [Hi] that pro-
tein machines cannot build second-generation machines."? Drexler
argued that none of these objections can be sustained. In 1982, Drex-
ler introduced the concept of molecular engineering to a popular
audience with the publication of "When molecules will do the
work" in Smithsonian magazine.®

In 1985, the discovery of a new form of carbon molecule stunned
the scientific community. Carbon participates in a huge variety of
molecules, but only two pure-carbon forms were previously known:
graphite, which consists of two-dimensional sheets, and diamond,
which is a three-dimensional network of interlinked atoms. In con-
trast, the molecule buckminsterfallerene (figure 1.12) contains ex-
actly sixty carbon atoms in the shape of a soccer ball. In 1991,
buckyballs, as they came to be known, were heralded as the "Mole-
cule of the Year" by the American Association for the Advancement
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Figure 1.12 Buckminsterfullerene (C J. A third form of pure carbon.

of Science and appeared on the cover of Scientific American. Named
after R. Buckminster Fuller, these roughly spherical molecules have
been nominated for a number of diverse applications, and their
structure has led many to imagine them as viable components in
various nanotechnological efforts®

In 1986, while Binnig and Rohrer received their award in Stock-
holm for revealing to the world images of individual atoms, K. Eric
Drexler published the first full-length book on the potential of mo-
lecular engineering for a popular science audience. The Engines of
Creation: Challenges and Choices of the Last Technological Revolu-
tion introduced most of the writers in this volume, as well as many
others, to the field of nanotechnology.*®

In the following year, 1987, thefirst workshop on artificial life was
held in Los Alamos, New Mexico. Jointly sponsored by the Center
for Nonlinear Studies at the Los Alamos National Laboratory, the
Santa Fe Institute, and Apple Computer, Inc., "the workshop
brought together 160 computer scientists, biologists, physicists, an-
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thropologists, and other assorted '-ists," all of whom shared a com-
mon interest in the simulation and synthesis of living systems."*
Severa papers presented at this ground-breaking conference demon-
strate the confluence of top-down and bottom-up approaches to mo-
lecular systems design, including a survey article by Conrad
Schneiker, "NanoTechnology with Feynman Machines: Scanning
Tunneling Engineering and Artificial Life.," Schneiker suggests that
"there are many ways that nanotechnology can eventually be ap-
plied to the development of artificial life.... (I) We can start with a
completely natural life form and gradually transform it (bootstrap
it) into atotally artificid life form by using molecule-by-molecule
replacement. (2) We can develop a hybrid living system that incor-
porates some nanotechnology for computing functions, and some
microtechnology for artificial replication."®’

In 1988, Richard Feldmann, a computer scientist at the National
Institute of Health (NIH), presented a paper, "Applying Engineering
Principles to the Design of a Cdlular Biology," in which he argued
that building abiology is areasonable god for the scientific commu-
nity. Feldmann voices an optimism familiar to computer scientists:
"With exponentially increasing computer power, it will take far less
than 80 years to be able to design and implement a biological sys-
tem. The issue seems to be simply one of deciding we want to do
a project like this, not the technological complexity of the project
per se®

In the same year, Hans Moravec, the Director of the Maobile Robot
Laboratory at Carnegie Mellon University, published Mind Children:
The Future of Robot and Human Intelligence. In this book he de-
scribes "a nanocomputer [that] might have a processing speed of a
trillion operations per second. With millions of processors crammed
onto athumbnail-size chip, my human-equivalence criterion [for in-
telligence] would be bested more than a millionfold!"*

Two years after the first conference on artificial life, the first inter-
national conference on nanotechnology was held in Palo Alto, Cali-
fornia, sponsored by the Foresight Institute (founded by Drexler) and
the Globa Business Network, and hosted by the Department of Com-
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puter Science at Stanford University. The volume that resulted from
that conference, which | had the pleasure of editing, presents abroad
range of technologies that contribute to nanotechnology as well as
several perspectives on the consequences of success.® "Here," as
one reviewer wrote, "in a highly accessible format, is a discussion
of atomic probe microscopes, self-assembly in molecular crystals,
protein engineering, micromachining and much else."*

In July of 1990, the English Institute of Physics launched a new
journal called Nanotechnology. The ground-breaking issue included
articles on various submicron technologies, including, "The Scan-
ning Tunneling Microscope as a Tool for Nanofabrication."* Also
in 1990, IBM set a record for miniaturized publicity—and brought
nanotechnology to the attention of the popular press—by spelling
out their company logo with thirty-five xenon atoms on a nickel
crystal.®®

In 1991, several companies announced their intentions to invest
in nano-scale research. IBM's Vice President for Science and Tech-
nology, J. A. Armstrong, wrote, "I believe that nanoscience and na-
notechnology will be central to the next epoch of the information
age, and will be as revolutionary as science and technology at the
micron scale have been since the early '70s.... Not only do we have
the ability to make such nanostructures, but, as an outgrowth of the
invention of scanning tunneling microscopy, we have the micro-
mechanical ability to manipulate, as well as to see and measure,
these structures.... Indeed, we will have the ability to make elec-
tronic and mechanical devices atom-by-atom when that is appro-
priate to the job at hand."* In Japan, the Ministry of International
Trade and Industry (MITI) also announced the funding of a broad
nanotechnology research effort.”

Public awareness of molecular engineering increased in 1991 as
the American Association for the Advancement of Science devoted
a special issue of their journal Science to the field, with articles on
reverse engineering biological systems, molecular self-assembly,
atomic and molecular manipulation, and investments in the fledg-
ling technology in the United States and Japan.*® In the same year,



Molecular Engineering 27

the New York Times reported on the second United States confer-
ence on molecular nanotechnology. Andrew Pollack, science editor
for the Times, wrote that, "The ability to manipulate matter by its
most basic components—molecule by molecule and even atom by
atom—while now very crude, might one day allow people to build
almost unimaginably small electric circuits and machines, produc-
ing, for example, a supercomputer invisible to the naked eye. Some
futurists even imagine building tiny robots that could travel through
the body performing surgery on damaged cells."*" Exploring arange
of such possibilities, Michael Flynn published awork of science fic-
tion in 1991, entitled The Nanotech Chronicles.*

In 1992, Drexler, who is perhaps most responsible for promulgat-
ing a vision of molecular robots "performing surgery on damaged
cells," moved to substantiate his musings with publication of Nano-
systems: Molecular Machinery, Manufacturing, and Computing.”® In
this technical work, Drexler presents several mechanisms—bear-
ings, gears, cams, clutches,, as well as computational elements—de-
signed to provide the basic components for nanotechnological
assemblers. Though we cannot build these structures today, Drexler
argues that assemblers will be feasible within the next few decades.
While Drexler's work has received mixed reviews, his effort to de-
scribe the details of nanotechnological machinery is currently the
most thorough articulation of molecular engineering's potential .

Drexler is convinced that molecular assemblers will be able to
build large-scale, molecularly precise structures very rapidly (one-
kilogram objects in under an hour) and power them with billions of
microscopic computers (each smaller than a blood cell) capable of
generating more than 10 (10 quadrillion, or 10 million billion) op-
erations per second.* For comparison, the current goa for "high-
performance computing" in the United States and elsewhere is the
construction of a teraflop machine, which would generate 10" (one
trillion) operations per second, whereas scientific workstations of
the mid 1990s are reaching to perform 10° (one billion) operations
per second and most desktop computers perform no more than 10’
(10 million).>
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Whether Drexler's particular vision of the future comes to pass
(see figure 1.13), the continuing research efforts of thousands of mo-
lecular scientists and technologists—regardless of their chosen
title—seem destined to produce an exponentially increasing capac-
ity to build molecularly precise structures, and this capacity will
lead to the construction of ever smaller and ever more powerful
computational and robotic systems.

In 1992, in order to support the efforts of a variety of molecular
researchers, the British journal Nature held their first nanotechnol-
ogy conference in Tokyo. IBM's Don Eigler (the man who spelled
out their logo with xenon atoms), Richard Smalley (codiscoverer of
buckyballs), and others made presentations.>®

The proceedings of the second conference on artificid life, held
in Santa Fe in 1990, also appeared in 1992 as did two introduc-
tions to the field of artificia life M. Mitchell Waldrop's Complexity:
The Emerging Science at the Edge of Order and Chaos and Steven
Levy's Artificial Life: The Quest for a New Creation.”

In the conference volume, J. Doyne Farmer, aphysicist in the Com-
plex Systems Group at the Los Alamos National Laboratory, and his
wife, Alletta Belin, write that "Within fifty to a hundred years, a
new class of organisms is likely to emerge. These organisms will be
artificial in the sense that they will originally be designed by hu-
mans. However, they will reproduce, and will ‘evolve' into some-
thing other than their original form; they will be 'alive' under any
reasonable definition of the word. These organisms will evolve in a
fundamentally different manner than contemporary biological or-
ganisms, since their reproduction will be under at least partial con-
scious control, giving it a Lamarckian component. The pace of
evolutionary change consequently will be extremely rapid. The ad-
vent of artificial life will be the most significant historical event
since the emergence of human beings. The impact on humanity and
the biosphere could be enormous, larger than the industrial revolu-
tion, nuclear weapons, or environmental pollution. We must take
steps now to shape the emergence of artificial organisms; they have
potential to be either the ugliest terrestrial disaster, or the most beau-
tiful creation of humanity."®
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Figure 1.13 Three views of an "overlap-repulsion" molecular bearing. (From K. Eric
Drexler, Nanosystems: Molecular Machinery, Manufacturing, and Computing. Copyright

1992 John Wiley & Sons. Figure courtesy K. Eric Drexler.)
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Also in 1992, the Institute for Scientific Information noted that the
prefix "nano-" was one of the most popular among new journals,
including Nanobiology and Nanostructured Materials.>

In 1993, the National Science Foundation (NSF) committed fund-
ing for the formation of a National Nanofabrication Users Network,
to include Cornell University, Howard University, Pennsylvania
State University, Stanford University, and the University of Cdifor-
nia a Santa Barbara. The NSF's announcement noted that "Nanofa-
brication is a critical 'enabling' technology for a wide variety of
disciplines——The network will help the nation remain at the fore-
front of many burgeoning research areas, a number of which have
commercial applications.">®

Sooner than Feynman imagined—in less than thirty-five years—
"the very great future" is at our door.

Research Frontiers

Shifting from the chronicles of a genealogy to the necessarily chaotic
impressions of current events, we conclude with some snapshots of
recent research.

Atomic and Molecular Sensors
Tools that allow us to observe phenomenaallow usto construct tools
of manipulation as well as more refined tools of observation. Severa
sensing and imaging technologies have been developed that provide
atomic and molecular resolution. Chief among these are the scan-
ning probe microscopes, including scanning tunneling microscopes
(STM) and atomic force microscopes (AFM). "In the 10 years since
it first showed up in the laboratory, the scanning tunneling micro-
scope has distinguished itself as aworkhorse in the scientific instru-
ment stable."®® Priced between $50,000 and $500,000, and quickly
becoming a $100 million industry, scanning probe microscopes pro-
vide an immediate window on the atomic world.*

Picosecond time-resolution is being added to the nanometer
spatial-resolution of the STM. Researchers at IBM's Thomas J. Wat-
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son Research Center report that the "ability to combine the spatial
resolution of tunneling microscopy with the time resolution of ul-
trafast optics yields a powerful tool for the investigation of dynamic
phenomena on the atomic scale."® This work extends the imaging
capacity of the STM from three dimensions to four, allowing obser-
vation of molecular interactions in appropriate length and time
scales.

The STM's imaging capacity is also being extended to more accu-
rately resolve molecular structures. Because the STM responds to
the electron cloud surrounding an atom, and because atoms bound
in molecules share electrons in complex ways, it remains difficult
to identify molecular species with scanning probe microscopes.
However, recent work at IBM's Almaden Research Center on STM
image-processing algorithms has made it possible to image molecu-
lar structures with much improved clarity. Their work has "brought
researchers a step closer to using STM to track the reactants, inter-
mediates, and products of chemical reactions."®*

Graphically demonstrating Louis de Broglie's 1942 theory that all
elementary particles behave as both waves and particles, researchers
at IBM's Almaden Research Center used an STM to create and image
a circular "quantum corral" of forty-eight iron atoms on the surface
of a copper crystal. The corral, fourteen nanometers in diameter, in-
duced the copper electrons to dramatically display their wavelike
nature by exciting the otherwise planar array of copper electrons
into a standing wave pattern (figure 1.14, plate 2). "When electrons
are confined to length-scal es approaching the de Broglie wavelength,
their behavior is dominated by quantum mechanical effects."® In
short, the corralled atoms share their electrons to create a standing
wave of quantum-mechanical densities that the STM can perceive.
The STM was also used to nudge the iron atoms into place.

Buckytubes and Other Nanotubes

Elongated tubes of carbon, discovered in 1991 as a byproduct of
buckyballs, became known, naturally enough, as buckytubes (figure
1.15). The tubes are roughly the diameter of buckyballs, but they
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Figure 1.14 (Plate 2) STM of 48 iron atoms in a circle (14.3 nm in diameter) on a copper
crystal surface demonstrates the wave-particle duality of electrons. (Courtesy IBM Corpo-
ration, Research Division, Almaden Research Center.)

can be several microns in length. Although reliable manufacturing
techniques have yet to emerge, the structural properties are known
to be unprecedented. Richard Smalley claims that "they would be
the strongest fibers we could make from anything."®* Discovered by
Sumio lijima, a physicist at the NEC Fundamental Research Labora-
tory in Japan, the carbon tubes have already been recommended for
many applications. For example, "two concentric buckytubes may
form a wire with an insulating outer shell and a conducting inner
shell. This is possible because a buckytube's electronic proper-
ties vary with its diameter and other dimensions. The difference
is not chemical—as in copper insulated with PVvC—but entirely
geometrical "%

While lijima has used buckytubes to cast metal wires thinner than
DNA, others in Japan and the United States have discovered how to
build nanotubes out of various self-assembling molecules. For ex-
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Figure 1.15 Computer simulation of a double-shell carbon nanotube. (Figure courtesy
John Mintmire, Theoretical Chemistry Section, Naval Research Laboratory.)

ample, Akira Harada, a chemist at Osaka University, has assembled
tubules 15 run in diameter from cyclodextrin, aglucose derivative.®®

Reza Ghadiri, a chemist at the Scripps Research Institute in La
Jolla, Cdlifornia, has developed a class of nanotubes built from
groups of amino acids, or peptides (figure 1.16, plate 3). "For the first
time," clams Ghadiri, "tubular structures on the molecular scale can
be used in biological settings.... These nanotubes may be able to
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Figure 1.16 (Plate 3) A polypeptide organic nanotube in an extended polypeptide lat-
tice. (Courtesy Reza Ghadiri, The Scripps Research Institute.)
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form molecular channels, sdf-assembling inside cell membranes
and acting like junctions for transferring molecules into and out df,
or between, cells.... They're like little test tubes in which we can
perform reactions or confine the growth of materials placed
inside."®’

Lipids, which consist of long-chain aliphatic hydrocarbons (i.e.,
the carbon atoms form chains rather than rings), and their deriva-
tives have also been used to construct nanotubes. Because of their
aliphatic chains, lipids are insoluble in water but soluble in fat sol-
vents, such as ether, chloroform, and benzene. In an article on lipid
tubules, Joel Schnur of the Center for Bio/Molecular Science and
Engineering at the Naval Research Laboratory in Washington, DC,
argues that self-assembling tubules is an area "ripe for technological
breakthroughs." If we can coordinate the expertise of a number of
different disciplines—biology, biochemistry, organic chemistry, in-
organic chemistry, physics, and materials engineering—Schnur be-
lieves that we should soon be able to "design and engineer...
molecules to form self-assembling structures optimized for specific
applications."®®

Reverse Engineering Biological Motors

Biochemists and molecular biologists have discovered and de-
scribed thousands of molecular mechanical structures used by living
organisms—the most famous being DNA, which holds the informa-
tion used to construct protein molecules. One family of protein ma-
chines under intense scrutiny is the "motor molecules" that move
tiny components about within the cell. The interior of all living
cells, from fungi to humans, is laced with dense cobwebs of microtu-
bules that provide a network of 25-nanometer-wide train tracks for
hauling molecular equipment from place to place. These molecular
cargo trains "play arole in many of the cells' most fundamental ac-
tivities. They may help orchestrate the dance of the chromosomes as
they separate into the two daughter cells during cell division....
They guide the migration of the small membrane-bound vesicles that
carry the enzymes that synthesize neurotransmitters to the nerve
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terminals where the transmitters are made and released. And they
may shuttle into place the protein filaments needed for the assembly
of large internal cellular structures such as the endoplasmic reticu-
lum, which is where many proteins are assembled."®

Using "optical tweezers'—a device that pins molecular structures
in place with beams of light—Steve Block, a biophysicist at the Row-
land Institute for Science in Cambridge, Massachusetts, has discov-
ered how kinesin molecules move along microtubule fibers (figure
1.17). Although it remains unclear exactly how kinesin consumes
ATP to turn over its engine, Block's research group has "shown that
a single kinesin molecule takes an 8-nanometer step [Thig] re-
sult dovetails nicely with recent research from other labs showing
that kinesin molecules naturally sit on microtubules at 8-nanometer
intervals, agap corresponding to the spacing of some of the smaller
proteins of which microtubules are formed."”

Biomolecules for Computation
Another reverse-engineering effort that is close to producing func-
tional applications is the exploitation of biomolecules as logical
units and memory elements in computational devices. Robert R.
Birge, Director of the Center for Molecular Electronics at Syracuse
University and an editor for the journal Nanotechnology, has devel-
oped a technique that harnesses the reaction of the light-harvesting
molecule bacteriorhodopsin—whose femtosecond response to pho-
tons is similar to that of rhodopsin—to store and manipulate digital
information. Using two lasers that operate at distinct wavelengths,
Birge is able to "read" and "write" data by, respectively, interrogat-
ing and flipping the configuration of bacteriorhodopsin molecules.
Birge has successfully built three-dimensional, light-addressed
memory modulesthat store 18 gigabytes of datain ablock measuring
16 cm X 16 cm X 2 cm. Birge states that "our current storage capac-
ity iswell below the maximum theoretical limit of 512 gigabytes for
the same 5-cm® volume.""*

As Birge focuses on bacteriorhodopsin, Jonathan Lindsey, a chem-
ist at Carnegie-Mellon University, is investigating another light-
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1 Scanning tunneling microscope (STM) image of a single atom defect in an iodine ad-

sorbate lattice on a platinum surface, 2.8 nm square. (Courtesy Digital Instruments, Santa
Barbara, California. Photo captured by a NanoScope® scanning tunneling microscope.)

2 Scanning tunneling microscope (STM) image of 48 iron atoms in a circle on a copper
crystal surface. (Courtesy IBM Corporation, Research Division, Almaden Research
Center.)



3 Computer graphic simulation of a polypeptide organic nanotube in an extended poly-
peptide lattice. (Courtesy Reza Ghadiri, The Scripps Research Institute.)

4 A porphyrin pentamer gathers bluish wavelengths of light at its periphery and emits
reddish light at its core. (Reprinted with permission from Science, 10 September 1993,
1388. Copyright 1993 American Association for the Advancement of Science.)
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Figure 1.17 Kinesin, a 60-nm molecule, is a biological engine for intracellular transport.
(Reprinted with permission from Science, 27 August 1993,1112. Copyright 1993 Ameri-
can Association for the Advancement of Science.)

harvesting molecule: porphyrin (figure 1.18, plate 4) Porphyrin is a
precursor of both the heme molecule (which binds oxygen in animal
blood) and chlorophyll. In plants, chlorophyll arrays are extremely
complex. Nobody has been able to figure out their structure or pre-
cisely how their configuration relates to their light-capturing func-
tion. In an effort to study a simplified version of the chlorophyll
mechanism, "Lindsey and his team built porphyrin pentamers, each
made of one central porphyrin molecule flanked on each of its four
sides by another porphyrin molecule.... The outer quartet of por-
phyrins, they found, absorbs light of specific wavelengths and rap-
idly transfers the light energy to the core porphyrin, which vents the
energy input by fluorescing." Although this research is still explor-
atory, Lindsey anticipates using porphyrin structures to to build
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Figure 1.18 (Plate 4) A porphyrin pentamer gathers bluish wavelengths of light at its
periphery and emits reddish light at its core. (Reprinted with permission from Science,
10 September 1993,1388. Copyright 1993 American Association for the Advancement
of Science.)

"molecular information-processing devices" based on the molecular
absorption and emission of photons.”

Other molecules are also being pressed into service as computa-
tional elements. At Queen's University, Belfast, in Northern Ireland,
ateam led by Prasanna de Silva reports "the fabrication of a single
molecule that behaves as an 'and' gate in a logic circuit. The mole-
cule, an anthracene derivative called benzo-15-crown-ether-
aldehyde, fluoresces, or emits light of one wavelength, when
exposed to light of another. The molecule can function as an 'and'
gate because it reacts differently to two inputs: hydrogen ions and
sodium ions. The intensity of this molecule's fluorescence varies,
depending on whether a signal comes from the hydrogen channel,
the sodium channel, or both. When both channels provide input,
the molecule radiates at a stronger intensity, clearly signaling that
channel 1 and channel 2 are both on. This technology offers the
promise that single molecules could replace whole electronic com-
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ponents, such as transistors.... In theory, a cluster of molecules
could replace an entire computer chip.""

In any attempt to engineer—or reverse engineer—useful molecu-
lar structures, a primary hurdle is the ability to predict, from first
principles, the atomic machinations and the macroscopic properties
of designed, or modified, molecules. Considering the work of
Chunming Niu, a chemist at Harvard University, Marvin L. Cohen,
aphysicist at the University of California, Berkeley, and the Material
Sciences Division of the Lawrence Berkeley Laboratory, afirms that
we have cleared this hurdle. Niu's research team successfully de-
signed and then created a material that is at least as hard as (has a
bulk modulus greater than or equal to) diamond, which had been
the hardest known material. Cohen writes that "the confirmation of
theory implied by the measurements of Niu et ah, indicates that we
have entered an era in which it is possible to use theory to design
materials with predictable properties."™

Directed Evolution of Molecules and Software

In contrast to the "rational" design of molecules, as pursued by Co-
hen and Niu, some scientists have found ways to use Darwinian se-
lection to evolve molecular structures. "Researchers begin with a
single molecule, selected for its potential to do some useful chemical
task. They make millions or billions of copies of the molecule, each
with a dlightly varied structure. Then they launch atalent search by
making members of this 'population’ compete at atask, such as bind-
ing to another molecule. They discard those that fail and replicate
those that perform well. By repeating this process again and again,
each time selecting the best in that generation, scientists ... evolve
amolecule exquisitely adapted to do exactly what they want."" For
example, Gerard F. Joyce, a chemist at Scripps Research Laboratory
in LaJolla, California, and others used directed evolution to produce
an RNA enzyme, or ribozyme, that would cut strands of DNA, some-
thing it does not naturally do. Using a technique developed in the
mid-1980s, polymerase chain reaction (PCR), Joyce's team generated
copies of the original strand of RNA while introducing mutations
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into each generation. They selected the best performers from each
generation and, after twenty-seven generations, their hothouse ribo-
zyme was 100,000 times more effective than the original. Because
PCR is able to copy only strands of DNA and RNA nucleotides, this
method does not provide a general purpose technique for evolv-
ing molecules, but it clearly demonstrates the power of directed
evolution.

Darwinian mechanisms are also at the forefront of software design.
Stephanie Forrest, a computer scientist at the University of New
Mexico, Albuquerque, writes that "genetic algorithms are a search
method that can be used for both solving problems and modeling
evolutionary systems. With various mapping techniques and an ap-
propriate measure of fitness, a genetic algorithm can be tailored to
evolve a solution for many types of problems." " Genetic algorithms
operate by creating an initial population of binary strings in a com-
puter memory; then the strings are tested for their capacity to exe-
cute a given function. Depending on the ability of an individual to
perform, it is allowed to "procreate” with other successful individu-
als and produce offspring that must face similar evaluation. Darwin-
ian functions such as variation, selection, and inheritance have been
shown to be useful techniques for evolving binary-string representa-
tions of functional programs. Indeed, "biologica mechanisms of all
kinds are being incorporated into computational systems, including
viruses, parasites, and immune systems."’” John Holland, professor
of psychology and computer science and engineering at the Univer-
sity of Michigan, and Maxwell Professor at the Santa Fe Institute,
points out that genetic algorithms are particularly useful for model-
ing many "systems of crucial interest to humankind that have so
far defied accurate simulation by computer, [including] economies,
ecologies, immune systems, developing embryos, and the brain."”®

Central to evolution-based simulations as well as directed mole-
cular evolution is the problem of replication and, in particular,
self-directed replication. Given the complexity of known biological
replicators, researchers have imagined that self-replication was ine-
scapably complex. As a result, early theoretical work in this area
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did not strive for models that might lead to physical realizations.
Von Neumann's initial proposal for a self-replicating machine, for
example, embedded a general-purpose computer into a two-
dimensional cellular automata that required 29-state cells.”® Re-
cently, however, ateam led by James Reggia, a computer scientist at
the University of Maryland, has shown that "self-replication is not
an inherently complex phenomenon but rather an emergent prop-
erty arising from local interactions in systems that can be much
simpler than is generally believed."® Extending the work of
Chris Langton, who has shown how to build 86-cell, self-replicating,
"Q-shaped sheathed loop" cellular automata,®* Reggias team has de-
monstrated a much smaller, but still Q-shaped, two-dimensional
structure that requires only five cells. Reggia notes that, "the exis-
tence of these systems raises the question of whether contemporary
techniques being developed by organic chemists studying autocata-
Iytic systems [in which structural molecules function as templates
for their own replication]®... could be used to redize sdf-
replicating molecular structures patterned after the information pro-
cessing occurring in unsheathed loops."®

Molecular Computation
Another challenge facing molecular engineers is the design of new
computational architectures. For example, one of the most diffi-
cult problems in contemporary high performance computing is
heat-extraction. The computational density implicit in molecular
machinery will require novel architectures if the machines are to
operate at acceptable temperatures.

One proposal is to make the operations in a computer reversible.
It would then be possible to design systems that could "harvest"
information from the tidal flow of instructions through computa-
tional ecologies. This approach would avoid, at least in theory, the
thermally costly move of intentionally destroying stored informa-
tion.®* Over twenty years ago, in 1973, a computer scientist at
IBM, Charles Bennett, presented a description of a reversible com-
puter: "In the first stage of its computation the logically reversible
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automaton parallels the corresponding irreversible automaton, ex-
cept that it saves all intermediate results, thereby avoiding the irre-
versible operation of erasure. The second stage consists of printing
out the desired output. The third stage then reversibly disposes of
all the undesired intermediate results by retracing the steps of the
first stage in backward order (a process which is only possible be-
cause the first stage has been carried out reversibly), thereby restor-
ing the machine (except for the now-written output tape) to its
original condition."®® Reversible computation has not been pursued
with microtechnological systems, primarily due to the memory re-
quirements for storing intermediate data, but for molecular comput-
ing it may well be essential. Indeed, Ralph Merkle, head of the
Computational Nanotechnology Project at Xerox PARC, claims that
"reversible logic will dominate in the twenty-first century."®

Exploring another novel approach to computation, John Ross, a
chemist at Stanford University, and his team have "shown that a
network of chemical-filled beakers can perform one of computing's
hardest tasks—recognizing a pattern."®” That is, groups of intercon-
nected beakers, organized into aneural net, can perform logical op-
erations by exploiting various chemical equilibria established
among the containers.®

In related work, Jean-Pierre Banatre and Daniel Le Metayer, com-
puter scientists at the National Institute for Applied Sciences in Re-
nnes, France, have developed a programming technique based on
unordered collections of data objects, such as nested containers of
solution-based molecules. Thistechnique is based on the logical no-
tion of a multiset, which is the same as a set except that multisets
can contain multiple occurrences of the same element. (Multisets
are sometimes referred to as bags.) Banatre and Le Metayer suggest
that "an intuitive way of describing the meaning of a GAMMA [Gen-
eral Abstract Model for Multiset MAnipulation] program is the meta-
phor of the chemical reaction: the set can be seen as a chemical
solution, function R (called the reaction condition) is a property to
be satisfied by reacting elements, and A (the action) describes the
product of the reaction. The computation terminates when a stable
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state is reached, that is to say, when no elements of the set satisfy the
reaction condition."® While demonstrating that the machinations of
multiset transformation provide a powerful technique for describing
the operations of parallel-processing systems, Banatre and Le Meta
yer emphasize the effectiveness and completeness of their model,
rather than any practical realization of it. Indeed, they claim they
are "not concerned with implementation issues.” In contrast, Jack
LeTourneau, Chief Scientist at Prime Arithmetics, Inc., has devel-
oped an efficient implementation strategy for this kind of "logical
paralelism" based on an arithmetic interpretation of finite
multisets.*

Artificial Cellularization
The notion of hierarchically nested containers is the conceptual
foundation of both object-oriented programming® and cellular life.
And while multisets provide a logical tool for describing cellular
interactions, recent advances in polymer chemistry are beginning to
provide the physical tools for encapsulating microscopic molecular
systems. Common polymers, such as nylon and polyethylene as well
as DNA, consist of linear chains of simple molecules, or monomers,
which have at least two reactive sites available for bonding. Samuel
Stupp, a chemist at University of Illinois, has now created two-
dimensional polymers (figure 1.19). In a 21-step process, rodlike
molecules with two reactive sites, one at the end and one in the
middle, self-assemble into 10-nm thick films. "It is perhaps easiest
to understand how these precursors are assembled if one imagines
that they are sharpened pencils. The eraser corresponds to the reac-
tive end, and the brand name stamped on the pencil represents the
central reactive site. The 'brand name' encourages the pencils to
align side by side in the same direction. The pencils therefore form
alayer with the erasers on one side and the points on the other."%
Such two-dimensional polymer films, which easily extend over
several square microns, should be able to provide semipermeable
membranes for encapsulated and connected populations of evolving
molecular components. Here we might listen to Harold Morowitz,



44 BC Crandall

Self-organized bilayer

/

Figure 1.19 Two-dimensional polymer sheets made from rodlike precursors with two
reactive sites. (Reprinted with permission from Science, 1 January 1993,43. Copyright
1993 American Association for the Advancement of Science.)

professor of biology at George Mason University, who has argued
that "it is the closure of an amphiphilic bilayer membrane into a
vesicle that represents a discrete transition from nonlife to life....
It seems likely that... the emergence of deoxyribonucleic acids,
transcription, and other elaborations came later.... Thefirst radia-
tion leads from the earliest vesicles to the universal ancestors. At
this stage biogenesis is over, and the origin of species begins. The
rest is history."%

History is also what this book has become. That isto say, it is out of
date. Asyou read this, our molecular knowledge is alive and grow-
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ing. Books can never depict this cutting edge. If you want to know
what's happening now, get on the Internet.

To connect to the Internet, you need a computer and a modem. If
these resources are not readily available, contact your local town
hall, library, or school for information. Once on-line, any of the fol-
lowing World Wide Web (WWW) sites can serve as an entry point to
the current state of the art of nanotechnology. Web search engines,
such as Alta Vista [ http://www.altavista.digital.com/] or Lycos [http:
[Zwww.lycos.conV], are also useful if you are interested in a particu-
lar area of nanotechnological research; searching on "nanotechnol-
ogy" aone will turn up thousands of web pages.

Academic sites include the National Nanofabrication Users' Net-
work at Stanford University [http://snf.stanford.edw/NNUN/], the
University of Southern Californids Laboratory for Molecular Ro-
botics [http://alicudi. usc.edu/Imr/molecular_robotics lab.html], the
Materials and Process Simulation Center at the California Institute
of Technology [http://www.wag.caltech.edu/], the Nanostructures
Laboratory a MIT [http://mww-mitl.mit.edw/MTL/NSL.html], the
Molecular and Electronic Nanostructures group at the Beckman In-
stitute for Advanced Science and Technology at the University of
[llinois  [http://mwww.beckman.uiuc.edu/themessMENShtml],  the
National Nanofabrication Facility at Cornell University [http://
www.nnf.cornell.edu/], the Nanomanipulator Project in the Depart-
ment of Computer Science at the University of North Carolina
[ http: //mww.cs.unc.edu/nano/etc/www/], the Center for Molecular
Design at the Institute for Biomedical Computing at Washington
University in St. Louis [http://wucmd.wustl.edu], Ned Seeman's lab-
oratory a New York University [http://seemanlab4.chem.nyu.edu/
homepage.html], and Tom Schneider's Laboratory of Mathematical
Biology at the National Cancer Institute [http://mww-Immb.nciferf.
gov/~toms/toms.html].

Other sites include the IBM Almaden Research Center Visualiza-
tion lab [http://www.almaden.ibm.com/visivis lab.html], the Com-
putational Molecular Nanotechnology laboratory at NASA Ames
Research Center [http://www.nas.nasa.gov/NASProjects/nanotech-
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nology/], The Foresight Institute {http://www.foresight.org/), Ralph
Merkle's Computational Nanotechnology laboratory at Xerox PARC
{http://nano.xerox.com/nano/), The Molecular Manufacturing
Shortcut Group, which promotes "the development of nanotech-
nology as a means to facilitate the settlement of space" {http://
www.musi c.qub.ac.uk: 80/~amon/| landOne/MMSG/), Molecular
Manufacturing Enterprises Incorporated, a seed capital investment
firm {http://mwww.mmei.conv), Nanothinc, Inc., an information com-
pany seeking to trade at the development horizon of nanotechnol ogy
{http://www.nanothinc.comy), the "sci.nanotech" Internet news-
group archives, which are maintained by Josh Hall, the creator of
utility fog {http://athos.rutgers.edu:80/nanotech/); and the Nano-
Technology Magazine home page {http://planet-hawaii.com/
nanozne/).

For three-dimensional molecular images, see CambridgeSoft's
Chemfinder Database {http://chemfinder.camsoft.comy), for a com-
plete chemical reference, see the Cambridge Structural Database
{http://csdvx2.ccdc.cam.ac.uk/csd.html), and for a detailed index of
chemistry sites on the Web, see Mark Winter's ChemDex at Sheffield
University {http://www.shef.ac.uk/~chem/chemdex/). For an index
of artificial life publications available on the Web, see Ezequiel Di-
Paolo's bibliography at the University of Sussex's School of Cogni-
tive and Computing Sciences {http://www.cogs.susx.ac.uk/users/
ezequiel/alife-page/alife.html/).
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2 In-Vivo Nanoscope and the "ltoo-Week Revolution
Ted Kaehler

Neither the naked hand nor the understanding left to itself can effect
much. It is by instruments and helps that the work is done, which
are as much wanted for the understanding asfor the hand.
—Francis Bacon

The reason we are on a higher imaginative level is not because we
have finer imagination, but because we have better instruments.
—-Alfred North Whitehead

In-Vivo Nanoscope

Inacagein front of usis apregnant mouse. To one side, two women
are arguing about the meaning of a live video picture that shows
molecules interacting in a cell inside the mouse. The pregnant
mouse is cleaning her fur and occasionally scratching at a white
thread that emerges from the side of her abdomen. The thread enters
the skin surprisingly cleanly, because its surface exhibits mouse
skin-cell markers and is accepted as normal by the surrounding
tissue. The thread travels under the skin and then dives into the
muscle of her abdomen, again accepted as normal tissue by the
mouse's cells. Though the thread is small in diameter, it has a com-
plex structure of fiber optic links and power cables.

The thread eventually crosses into the womb of the pregnant
mouse and into the circulatory system of a mouse embryo. In the
thymus gland of the embryo, the thread is firmly anchored to the
wall of ablood vessel and begins a succession of narrowings until it
is no wider than ablood cell. Thetip of the thread is just withdraw-
ing from an immune system T cell and poised to enter another cell.
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The tip left no wound when it withdrew, for its surface carried the
same phospholipid pattern as the membrane of the cell. As it enters
the next cell, it becomes an integral part of that cell's membrane. As
before, the thread is accepted by the membrane in the same way that
the membrane accepts large proteins that also cross it in their role
as molecular pumps.

How is this thread accepted inside the body of an animal without
rejection? The sides of the thread consist of a series of flapsthat can
lift to expose avariety of different manufactured surfaces. The tip of
the thread is an octopus-like array of sensors on stalks. Each is no
thicker than a large protein molecule and waves constantly, probing
its watery surroundings. At the base of each stalk, motors whir to
generate movements, and simple mechanical "electronics' collect
the data from the sensors. The sensors "feel" their environment us-
ing force, electric charge, moving magnetic fields, and a variety of
hydrophobic and hydrophilic probes. The sensors are small-scale
versions of the rich family of scanning-probe microscopes. The data
are sent back up the fiber optic channels in the thread for processing
by computers in the lab.

The thread and its accompanying computer and displays form the
in-vivo nanoscope, avital tool for the hands-on investigation of bio-
logical processes inside the cells of aliving animal.

In the room with the mouse cage, the scientists argue about the
process by which the T cells are being "educated" in the thymus of
the mouse embryo. On a dozen computer screens around the room,
live video pictures display false-color views of what the tip of the
thread is sensing inside the mouse cell. Just as Landsat' images are
often displayed, each monitor combines the data from several sen-
sors into a single color picture. The colors are not "true" because
the sensors do not see light. Instead, a computer colors the pictures
"falsely" in order to highlight interesting details.

The two women are doing research on the immune system. It has
been known for quite some time that immune system cells have to
be educated about what is the body's own tissue and what is foreign
matter that should be destroyed. But the exact mechanism for how
this happens in the thymus gland is not well understood. If the de-
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tails of the ways in which the body's T cells distinguish between
friend and foe were known, the secrets of arthritis, diabetes, and
other auto-immune diseases might be unlocked.?

Before the development of the in-vivo nanoscope, research on the
chemical processes inside living cells was extremely difficult. What
scientists learned in the days before the nanoscope is amazing, con-
sidering how indirectly the knowledge was obtained. To study apro-
cess inside a live cell, one often had to fuse that type of cell with
cancer cells so they would grow without restriction in the lab. Then,
while keeping finicky cell cultures alive, one had to introduce dyes
or radioactive chemicals that would bind to the portion of the cell
under scrutiny. Getting all these indirect methods to work required
a good idea of what one was looking for. It was like drilling a hole
in abank vault and using a piece of wire to poke around in order to
find out how the lock worked, or deducing the layout of the complex
gears inside without being able to see them.

In the lab with the mouse, the two scientists continue to argue,
"Wall, if that's true, then we should see pieces of DNA actually being
spliced here, but we're not."

"You just aren't looking in the right place. Look over there." The
first scientist looks at several false-color displays and concentrates
on moving the controls for aminute. "There—look at that."

"Yes, but how do you know that that's really what we're seeing?
Here, let's put some better filterson that image ..."

With the direct visualization made possible by the in-vivo nano-
scope, biologists can learn in an afternoon what formerly took years
of groping with frustratingly indirect methods. A new generation of
drugs and therapies is emerging as a result of this leap in under-
standing of the processes within normal, living cells.

Pre-Assembler Nanotechnology

The in-vivo nanoscope is the product of an awkward stage in
the development of nanotechnology. It required a building full of
equipment and graduate students to construct the nanomachines at
the tip of the nanoscope. Most of the "thread" and its surface are
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made with conventional technology. The computers with the intelli-
gence for processing the images are conventional desktop machines
sitting in the lab at the other end of the thread. True assemblers have
not yet been made.

Assemblers, universal nanomachines, are nanoscale machines
that can place atoms with precision and bond them in any possible
pattern by following a stored design, or program. At the time of the
invention of the in-vivo nanoscope, abuilding full of equipment can
make a nanomachine, but no existing nanomachine will imme-
diately be capable of making another nanomachine by itsdf. A
true assembler must contain a computer, it must be able to "see"
and make sense of its surroundings, it must be able to propel itself
and navigate, and it must be able to handle and bond atoms of var-
ious kinds. Assemblers will be built someday, but not in the same
decade as the simple nanomachines located at the tip of the in-vivo
nanoscope.

The "TWo-Week Revolution”

Never in history has atechnology been so clear in our vision yet so
frustratingly out of reach as is nanotechnology in the 1990s. We
know alot about what can be done with nanomachines, but we can-
not build them now. If we had a single assembler, we could order it
to build another one. Those two could produce more, until any de-
sired number were produced. Then we could tell them to build other
things. A great flourishing of new nanotech machines would fol-
low—as fast as we could design them.

But there is a technological bottleneck before we can build the
first assembler. We have been accumulating plans for pieces of nano-
machines, starting with the first bearing designs presented in 1987,
but we remain unable to build them.? It may be decades before we
can actually build the first working assembler. In that time, we will
accumulate many levels of designs, leading to a spectrum of useful
nanomachines. When the first assembler works, a stampede of work-
ing machines could follow. All we have to do is dust off the designs
and tell the newly created assemblers to go to work.
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This sudden surge of working nanomachines has been called the
"two-week revolution."* In the first two weeks after the assembler
breakthrough, the world may change radically. For some, thisis not
a metaphor but a prediction of great change in a matter of days. En-
tire new systems of fully functional technology will emerge, ready
to transform the world.

What, no learning curve?

The two-week revolution will not happen that way. Development
will occur gradually after the first assembler works. Using the devel-
opment of computers as a parallel, we can see that design and con-
struction must go hand in hand. If we accumulate a backlog of
designs, they simply will not work at first. Steady and magnificent
technological progress has been the hallmark of the last half century.
It is atestament to the power of the product development cycle: de-
sign something, test it, learn what needs to be changed, modify the
design, and repeat the cycle. The learning curve for computer chips
shows that the price of agiven chip falsin relation to the total num-
ber of units shipped since the product first came out. The ability of
an industry to learn how to make a product depends very strongly
on how many units have been made. Hundreds of little corrections
and small tricks help lower the price of aunit in the next production
run. Sheer experience is the most important factor. Many products
from VCRs to photocopiers exhibit the same kind of learning curve
and attest to the power of feedback and gradually modifying the
design.

Consider the designers of a nanomachine. They design the device,
using software on personal workstations. As soon as they think they
are done with the design, they choose "Build" from a pop-up menu,
and a group of assemblers in a tiny capsule fabricate the new de-
vice. Suppose that the building process is absolutely perfect. The
nanomachine is assembled exactly the way the blueprints say it
should be. Will it work the first time?

We have awonderful example of a perfect medium to learn from:
computer software. When the software designers are finished writing
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aprogram, they ask the system to compile, and a software "machine"
is built—and built perfectly. The only thing that can go wrong are
"bugs." A bug occurs when a program does exactly what the pro-
grammer wrote down, but this is not the intended result. One might
think that this would not be much of a problem, but it is. Software
must be tested over and over in order to discover al of the subtle
bugs. The length of time needed to test and debug a large software
system is notoriously large.

Bugs, Bugs, Bugs

Why does software, the most perfectly manipulable of all media, still
take such along time to debug? It is because software is very dense
with ideas. A small amount of software code can express a complex
idea. The programmer weaves many such pieces into the complex
fabric of a large system. There are lots of subtle interactions among
the parts of the system. Also, there is a great contrast between the
static, written form of the program and the active movement of data
in the running system. Programmers have to imagine what will hap-
pen dynamically when the computer executes the program. Often
they picture it incorrectly. They do not see the consequences of the
many threads interacting in different combinations.

As with any complex system, the same bugs and misunder-
standings face the designers of a nanomachine. Assuming the design
is executed accurately, untested nanomachines will have the same
kind of bugs as untested software. (Not counting the fact that a nano-
device will contain a large amount of software running on its own
on-board computer.) As with software development, the major prob-
lems will be caused by misunderstandings on the part of the de-
signer. One misreads the specification of amodule that someone else
designed and tries to use it in the wrong way. One forgets an as-
sumption made a month before—that a certain module would never
be used in a certain way. One pushes a module beyond its design
limits by overloading it in some way—making it drive too many
other things, making it go too fast, not holding input signals steady
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for along enough time, and so on. One uses someone else's module
correctly, but in away that exposes a bug that no one has encoun-
tered before. Anyone who has debugged a computer program knows
these frustrations intimately.

In addition to software bugs, there is a broad class of "process
errors." In the first two weeks after the first assembler is built, the
art of building nanostructureswill not yet be flawless. The assembler
may make a mistake and install the wrong atom at some location. It
may not be able to reach the place where the next atom needs to go.
It may be unable to make an element bond properly. The structure
it is building may become unstable when only half finished, and
react chemically or fold up in a strange way. All of these errors can
be corrected; assemblers will eventually work wonderfully well—
just not in the first two weeks. Many cycles of design and test will
have to be performed by humans to get everything working.

As one thinks about this monumental "design-ahead" project and
tries to imagine planning for every conceivable eventuality, one
comes to appreciate the power of fast turnaround. The technique of
finishing adesign, testing it, figuring out what went wrong, and fix-
ing the design is a very powerful tool. One of the main reasons that
Paul MacCready and his crew were able to build the first human-
powered airplane is that they had quick turnaround. Before the Gos-
samer Condor, many others had tried, but they all spent months
painstakingly building a beautiful plane and then crashing it in a
few seconds. MacCready designed his plane to be fixed. His plane
also crashed amost every time it flew, but it could be repaired or
rebuilt easily. Sometimes it flew again just twenty-four hours after a
crash. This short design cycle enabled MacCready's crew to make
rapid progress on improving the design.”

Thisis also true of commercial products. Advancesin camcorders,
Walkmans, and personal computers have been much greater than
the advances in space flight over the last ten years. This is largely
because the design-cycle time for a consumer item is months, and
the design cycle for spacecrafts is closer to a decade. Yet we hear the
proponents of the "first two weeks" saying we will be able to do it
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with infinitely slow turnaround, without any testing cycles before
the first effective assembler is built.

A Counterargument

Those who believe in the two-week revolution argue that computer
simulations can be detailed and accurate enough to find and correct
virtually all the bugs before any working machine is built. They note
that similar problems are faced by computer-chip designers. It can
take up to six weeks to run abatch of wafers through a chip-making
factory. Because of this time lag, it is very important to make sure a
newly designed chip works before it is sent off to be built.

Chip designers use simulators to find out what the chip will do.
Working with computer files that describe the layout of the chip,
they submit them to programs that extract the circuit from the de-
sign. Simulators try out the circuit, and the designers compare the
results to what they think the chip should do. One kind of simulator
tests to see if individual transistors will work as expected. Another
looks at the timing of signals traveling long distances across the
chip. Another assumes that everything works on that level and tests
the logic of the I's and Os. Another assumes that small sections of
the chip work and tests if the chip as a whole produces the right
answer. Such modular testing techniques might allow us to simulate
all important aspects of nanomachines before they are built. Thus,
when we arefinally able to build them, we will have confidence that
they will work as planned.

Indeed, there is a famous example of this approach working. Dur-
ing World War n, the Manhattan Project built a gas-diffusion separa-
tion plant in Oak Ridge, Tennessee. Its job was to separate the light
isotope of uranium from the heavy one, which no plant had ever
been built to do before. The principle upon which it ran was new.
The gas was corrosive, and the plant had to resist it on every surface
that touched the gas. In addition, the gas and the plant around it
were so radioactive, repairs or rebuilding would be extremely diffi-
cult. There was no time to build a small-scale pilot plant.
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Stephane Groueff describes the challenge. "Barrier problems,
pump problems, corrosion problems, cascade problems. One of the
major difficulties was the extraordinarily corrosive power of ura-
nium gas; it ruled out the use of practically every known metal. An-
other one was the requirement of airtightness. Such a regquirement
exceeded—by far—anything that had ever been conceived before,
even in small systems. To incorporate such airtightness on agigantic
scale, in piping hundreds of miles long and through two thousand
cascade stages, seemed an impossible dream. The gaseous-diffusion
system could be ruined by even an infinitesimal leakage. Such mi-
nute leakage, however, seemed unpreventable  No existing valve,
no welding technique and no pipe joint could guarantee such opti-
mum airtightness."® The plant had to work the first time. It did.

Some chip designers have had the wonderful experience of having
acomplex chip work thefirst time. Many others have had to test the
chip, think hard about what went wrong, make changes, and submit
the design for fabrication again. And again.

Projects to build large artifacts suffer from the same it-has-to-
work-the-first-time problem. When you cannot build prototypes and
properly test them, you have to go to extraordinary lengths to make
the machine work. The space shuttle flew with humans on board the
first time. However, the amount of design effort, and the huge num-
ber of design change orders, attest to the difficulty of working this
way. And indeed, the design of the shuttle is flawed in many ways.

Tools for Design-Ahead

We know some very powerful tools for doing good design without
testing it. "Design rules" are an especially powerful technique. A
transistor in the middle of a computer chip can be varied in many
ways. Different shapes of transistor, for example, will have different
speed and power. But chip designers often give up that flexibility
and agree to follow a set of rigid design rules. The rules only allow
certain kinds of transistors, sometimes as few as three simple con-
figurations. These transistors are slower than optimum and have
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a lot of restrictions on how far they can send their signals, and
SO on.

Why would designers give up al that flexibility and produce a
design that is worse than it could be? Because they know it will
work. If you were to design your own transistors, you would make
mistakes. It is a complicated and specialized business. The set of
officid design rules are certified by the people who manage chip
fabrication. When designers follow these rules, they are more or less
guaranteed that the transistors will work.” A significant develop-
ment in nanotechnology will be a good set of design rules. Such
rules are rarely the best, but they can be used with assurance.

Another powerful tool is the idea of modules. A module is a
"black box" of machinery whose inputs and outputs are carefully
described. A designer can use someone else's module in his or her
design without understanding how it works. The designer needs
only to know how to hook it up and what it does. Cooking offers
several examples. If you are preparing arecipe that calls for mayon-
naise, it's very convenient to buy mayonnaise from the store, rather
than making it yoursalf. You could, of course, prepare it from
scratch, but you would need to know quite abit about mayonnaise.
It's often more practical to put that thought and effort into preparing
the dish at hand. Buying the "mayonnaise module" off the shelf
allows you to focus on the final culinary design.

Dividing a machine into modules greatly simplifies the design
process. The "owner" of one module can become an expert in mak-
ing it work better and can debug it thoroughly. Many people can use
a well-designed module, and the number of things they need to
think about is greatly reduced. The result is a more reliable overall
design.

Questions of Degree
Simulation is a powerful tool, but it hasitslimits. Yes, it is theoreti-

cally possible to have designed an entire set of personal computer
software in 1950—before the firs commercial computer was
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shipped. It could have been all worked out on paper and in people's
heads, but the number of levels of new ideas required is staggering.
Today's software tools did not appear fully formed at the dawn of
the computer age; their evolutionary emergence occurred over time.
The advantage of having a spreadsheet on a personal computer was
not obvious even &fter it was invented. At least one magjor company
was offered the rights to VisCac™, the first spreadsheet program
for a personal computer, and refused. Nanotechnology's antici-
pated two-week revolution is akin to predesigning transistors, chips,
memory systems, operating systems, computer science, several
generations of programming languages, personal computers, and ap-
plications in the year 1950. We are asked to discover and appreciate
the amazing utility of a spreadsheet, when no person has ever expe-
rienced an hour in front of a personal computer.

Another issue is the cost of massive design-ahead. Each layer of
design that remains simulated but untested adds to the uncertainty
of the device actually working. Investors will have a limit to the
number of untested assumptions that can be believably piled on top
of each other and may wait until the first assembler proves itself in
the laboratory before they invest massive amounts of capital.

Patents are another consideration that will influence how much
design-ahead is done. No one knows the extent to which designs
for nanomachines will be patentable, and it may be hard to patent
something that is impossible to build today. In general, patents on
molecules are not given unless the molecule has been synthesized,
however, the molecular parts in a nanomachine are much more like
mechanical parts, and a very good computer simulation is arguably
aworking model of the actual machine. If patents are granted before
it is possible to build the device, venture capitalists will be much
more willing to pour money into design-ahead.

While some nanodevices will be designed before the first assem-
bler is working, they will not be whole products ready to do things
in the real world. They will not be the things described in the rest
of this book. Those will come later. The sheer number of new layers
of design in mature nanomachines make it very unlikely that all of
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it will work thefirst time. The practical details of getting a design to
actually work in the real world is a human endeavor. Humans need
time to understand ideas, communicate, get used to new things, and
get the right social organizations in place. Experience is the best
teacher. While simulation can go along way, we can be sure that the
real thing will contain plenty of surprises.

Conclusions

The two-week revolution will not happen. Two weeks after the first
assembler works, it will be in the shop for repairs. And not many of
the things that it built in those two weeks will work either. The per-
vasive use of assemblers in our lives depends on the development
of several new fields of study and entire new layers of infrastruc-
tures. It will be a human endeavor operating at human speeds. It
won't happen without thousands of cycles of experimental feed-
back, and certainly not in the first two weeks.
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3 Cosmetic Nanosurgery
Richard Crawford

Beauty is truth, truth beauty—that is all ye know on earth, and all
ye need to know.
—John Keats

The Beauty Business

One of the earliest and most rudimentary applications for nanotech-
nology may well be in what many might consider a frivolous
cause—the alteration and enhancement of human appearance,
otherwise known as the beauty business. Why? Because the technol-
ogy can be relatively simple, there is a great demonstrated demand,
and vast sums of money can be made. Even with the crude tech-
niques available today, the cosmetics industry is thriving and lucra-
tive. Once the means are at hand to actually perform safely,
painlessly, and inexpensively the miracles that advertisements now
promise, the race will be on.

The Martcet Potential

How big is the beauty business? That depends on how you define it,
but afew representativefigureswill provide arough idea. According
to various sources, the worldwide gross volume for toiletriesin 1990
was in the range of $14 to $18 billion. That's just for traditional per-
sonal hygine products such as powders, sprays, perfumes, and
deodorants.

The appearance-enhancement market goes far beyond that. The
diet industry is said to gross $33 billion annually. A recent survey
by Glamour magazine found representative young American women
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spending from $550 to $7400 a year on their looks, including such
items as contact lenses, gym sessions, and bicycles for exercise. And,
according to arecent Wall Street Journal article, the total spent for
breast implants, hair transplants, facelifts, tummy tucks, and other
surgical repair operations comes to about one billion dollars a year,
most of it for women but a growing percentage (about 30 percent by
some estimates) for men.

These expenditures are for goods and services that, by and large,
perform far less miraculously than their advertisements would lead
one to believe. Indeed, beauty-related goods and services are named
in ways that suggest a level of performance unattainable in practice,
such as "permanent” waves that last a few months at most.

Far more pervasive, and insidious, are ads that use gorgeous mod-
els to imply—without really saying—that using the product will
make you look beautiful too. Surely no one consciously believes
such advertising, but the implication is there. The subconscious na-
ively accepts and reacts.

No one knows what people would pay for products that really did
transform one's appearance. It's reasonable to suppose, however,
that it would at least equal and perhaps far surpass what they now
pay for cover-ups and nostrums.

And this is not the full extent of the market for cosmetic nanosur-

Typical examples might include completely
rebuilding poorly set bones to normal con-
damage that affects facial muscles.

Applications of Cosmetic Nanosurgery

Hair Color

To get an idea of cosmetic nanosurgery's potential, consider a hair-
color product as a simple example. This might take the form of a
rudimentary, nonreplicating nanomachine—little more than a care-
fully designed molecule—that simply circulates in the bloodstream
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until it findsitself in ahair follicle in the scalp. Then it inserts itself
into one of the follicle's melanocytes, the cells deep within the hair-
root bulb that color the hair, where it benignly but persistently regu-
lates the production or delivery of the pigment melanin. (W€l re-
turn later to the question of how to produce such a device and what
its properties would need to include.)

Hair color, except in the case of gray hair, depends less on the
amount of melanin than on its distribution. Red hair has regularly
spaced melanin granules, whereas in brown hair the melanin gran-
ules are irregularly spaced. Black hair contains large melanin gran-
ules, and in blond hair they are relatively small.

While the effect of a single melanocyte changing to a different
mode of melanin production would be detectable only with a micro-
scope, asmall syringe could easily contain more such nanomachines
than there are melanocytes on your whole scalp. As aresult, a bru-
nette could bleach her hair once and never again have to worry about
dark roots growing out. She would, in effect, become a blond from
the inside out, requiring only an occasional booster shot to replace
any nanomachines that get trapped accidentally in the hair shaft and
dragged out of the fallicle.

Further, just as in normally blond hair, no two strands of hair
would have exactly the same shade. (That's how you can tell a
bleach job from the real thing.) The color of each hair shaft would
depend on how completely the melanocytes had been converted to
the new mode, which would naturally vary somewhat from follicle
to follicle. And, since hair waviness is also controlled by what hap-
pens in the follicle, it might be subject to similar modification with
a suitable nanomachine.

Such a hair-color nanomachine could be rudimentary. It would
require no on-board computer, just the ability to recognize first a
scalp follicle and then a melanocyte. It could do both by binding
temporarily to an appropriate surface protein on the target cell. Then
it would simply bind to some structure within the melanocyte in
such away as to influence melanin formation. There would be no
need for the self-replication machinery an assembler would require;
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in fact, self-replication would be a real disadvantage in this and
many other applications.

Some sort of self-replicating machinery would be necessary to
produce these rudimentary nanomachines in useful numbers, of
course. This machinery need not be completely human constructed,
however. It should be possible to engineer a number of bacterial
strains to produce the various components of these simple nano-
machines. These components would then self-assemble when they
were mixed together, as virus components do.

A similar nanomachine could be programmed to have the oppo-
site effect—to restart melanin production for those who wish to re-
store the hair color of their youth. It would probably need to be more
sophisticated than the nanomachine we just described. There are
several causes of gray hair, so it would need to be "smart" enough
to recognize and evaluate symptoms and prescribe a cure. Alterna-
tively, one might design several different varieties of nanomachine,
one for each known cause of gray hair, and inject the proper one to
treat a particular patient based on the results of testing.

Suppose someone who has taken this treatment changes his or
her mind. Suppose gentlemen begin to prefer brunettes, or fashion
suddenly decrees that redheads deserve to have more fun. Would
the new blonds be stuck with their choice?

Not at all. It should be a simple matter to design a similar hair-
follicle-seeking nanomachine to simply turn off the first one. (It
would take a different and more sophisticated nanomachine to turn
a natural blonde into a brunette.) In fact, both nanomachines could
then allow themselves to be incorporated into the growing hair shaft
and thus eliminate themselves from the body. Thisflexibility would
also be desirable from a commercial standpoint, giving changing
fashions a chance to provide a continuing market.*

It has been suggested that gene therapy, already in clinical trials
for certain rare diseases, could probably address these same needs
and be equally reversible. Gene therapy is also likely to be available
long before functional nanomachines appear. However, gene therapy
will have mgjor political obstacles and formidable buyer resistance
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to overcome before it becomes accepted for taking care of anything
other than life-threatening diseases.

Skin Color

A similar set of nanomachines, perhaps even simpler because they
would have no need to seek out hair follicles, would allow people
to control their skin color. These machines could be made to act
locally—to deal with birthmarks, liver spots, and freckles for ex-
ample—or allowed to simply enter whatever melanocyte they en-
counter anywhere on the body. People could get whatever skin
shade—or eye color—they choose, lighter or darker. The socia con-
sequences of such innovations are perhaps best left to the imagina-
tion. There can be little doubt, however, as to its market potential.

Baldness

Before leaving the subject of hair follicles, it seems evident that there
would be a stupendous market for a nanomachine that would restart
hair growth in follicles that had turned off. There is probably no
branch of the cosmetic industry that has garnered more business
with less benefit to the customer than the potions that promise hair
restoration. A product that actually worked would be an instant
sensation.

Lest anyone argue that hair restoration is an impossible dream, it
might be well to mention that not all hair loss is permanent, even
now. Chemotherapy and various medical conditions can cause com-
plete hair loss, which reverses itself when the therapy is discon-
tinued or the condition is corrected. And it seems intuitively
reasonable that a nanomachine working from inside the hair follicle,
right where the action is, should have a better chance of success than
any amount of medication trying to fight its way in from outside
the scalp.

One problem in developing any such product would be to guaran-
tee that it would function only where one wants it to. No one wants
hair sprouting from their forehead or eyelids, for example. (Yes,
there are hair follicles on your eyelids. They just produce very short
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and nearly invisible hairs.) Similarly, women with thinning hair (it
happens) wouldn't be interested in a hair restorer that also grows
beards. The product would have to include strong safeguards against
indiscriminate action.

To accomplish this, nanomachines would need to have some way
of "knowing" where they are in the body. However, this need not be
nearly as complicated as might be imagined. One simple way might
be with subcutaneous injections of a colorless chemical marker—
an invisible tattoo—that would gradually seep into the surrounding
tissues. This would set up a localized concentration gradient that
the nanomachine could recognize as its start-up signal. Once the na-
nomachine had become attached to a particular follicle it would stay
there, indifferent to the gradual dissipation and eventual disappear-
ance of the chemica marker.

Unwanted Hair

Unwanted hair is an ongoing problem for many men and women:
hardly anyone really enjoys shaving. A nanomachine that would en-
ter hair follicle cells and stop unwanted hair production once and
for all would be welcomed with enthusiasm.

An aternative and possibly simpler way to avoid the need to
shave, although it might involve much more mature technology,
would be with a one-time external application of a nanomachine-
laden depilatory cream. In this case, the machines would attach
themselves permanently to the stubble ends and busily convert the
protein molecules of each hair stub (almost all keratin) into harm-
less, odorless gases such as methane, nitrogen, water vapor, and car-
bon dioxide, which would unobtrusively dissipate. It should be
possible to get them to digest each hair stub faster than it grows out,
eliminating shaving forever.

Sulfur, which constitutes four percent to six percent of hair by
weight, isn't really a troublemaker, even though all of its volatile
compounds are smelly (mercaptans, sulfur dioxide, hydrogen sul-
fide) and some are skin irritants or toxins. Elemental sulfur, on the
other hand, is relatively inert. It should be safe to let it accumulate
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in little crystals until the next washing removed it. The only poten-
tially troublesome nonvolatile constituent of hair protein appears to
be phosphorus, which is present in very minor amounts. Phospho-
rus itself can ignite on contact with air, producing skin-irritating ox-
ides and acids. However, it is unnecessary to carry the breakdown
of the hair protein that far. It should be simple to program the nano-
machines to leave the phosphorus in a harmless water-soluble or-
ganic compound that would wash away in the next rinse.

As a further refinement, these nanomachines could be made to
depend on a continuous supply of atmospheric oxygen. For ex-
ample, the energy to do their work could come from the flameless
oxidation-reduction reactions the nanomachines would be promot-
ing. This might provide a way to regulate their activity; whenever
the supply of oxygen diminished, the nanomachines would slow
down and wait for it to pick up again. This would be likely to hap-
pen whenever the end of the hair stub sank far below the skin sur-
face and became covered with sebum (the natural hair lubricant
secreted into each follicle by its sebaceous gland). In any case, some
such regulator might be advisable to assure that no overenthusiastic
nanomachines could work their way deep into a follicle and some-
how damage it.

For this scheme to work, it would be important to give the nano-
machines the ability to distinguish between hair keratin and the skin
keratin, and keep them from harming the latter. One way to do this
might be to give each nanomachine at |east five other arms (or attach-
ment sites) in addition to the one for manipulating keratin structure,
and require them to link up in away that would be easy on hair and
hard on skin. For instance, we might make the manipulator
arm inoperative unless the other arms were linked to two adjacent
cystine molecules—the predominant amino acid component of ker-
atin—perhaps by recognizing cystine's characteristic disulfide
group, and also to at least three other nanomachines. Hair is almost
all keratin, whereas skin keratin is mixed in with other components,
making it hard for the nanomachines to fulfill the attachment criteria
on skin.
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Nanomachines that failed to attach themselves in this way would
be neutralized with afollow-up rinse. Those already attached to ker-
atin, either on the skin or on a hair stub, would thereby become
immune to the rinse.

Any nanomachines that did attach themselves to skin keratin
would find slow going in comparison with the others on the hair
stubs. They would keep running into nonkeratin components that
they would be unequipped to disassemble. Long before they had
made much headway, the skin particle they were on would flake off.
Once such a nanomachine ran out of keratin to dismantle, it would
lose its immunity to moisture and would in all probability come
apart before it could attach to another source of keratin.

At the same time, this multiple-attachment requirement would
make it possible for each correctly attached nanomachine to stay
stuck to the hair shaft even as it cuts away the ground under its own
"feet.” Whenever one of its attachment sites to the hair shaft became
undermined, it would just grope around with the free arm until it
found a fresh handhold and then keep digging on the other side.

One obvious precaution would be to prevent this nanomachine
from attacking the keratin infingernails, which appears to be chemi-
cally indistinguishable from that in hair. The easy way to do this
would be to wear gloves, but that still leaves open the possibility of
damage through carelessness. It would undoubtedly be safer to pro-
vide a positive deterrent.

The solution might be to make the nanomachines susceptible to
attack by some simple solvent such as acetone, a common nail-
polish-remover ingredient and something not normally found on the
face. This would also make it possible to readjust the boundary of
the area within which the nanomachines can act if one wants longer
sideburns or decides to grow a mustache.

A Permanent Breath Freshener

A similar topical application would address another personal hy-
giene concern:; bad breath originating in the mouth. As most of us
are aware, halitosis frequently results from decaying food particles
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that perfunctory brushing has failed to dislodge. A useful prepara-
tion would bond itself firmly to the tooth enamel and prevent any-
thing else from sticking. It would a so actively remove anything that
became mechanically wedged.

In this case one would start with athorough professional cleaning
to remove any accumulated plaque and tartar. The dental technician
would then paint on a solution teeming with nanomachines that
cling tenaciously to every bit of exposed tooth enamel and link up
to form a complete, invisible surface film around each tooth. Each
of these nanomachines would then go to work disassembling any
foreign matter that came in contact with the tooth into harmless and
bacteriostatic gases or liquids, which would quickly be removed by
saliva

The same sort of idea could have many other applications such as
always-clean windows, self-cleansing dishes, the permanently spot-
less and odor-free bathroom, and a true antifouling paint for boats.
The latter would enjoy a multimillion-dollar market all by itself. For
these applications the nanomachines could have much simpler at-
tachment and attack criteria.

To return to the fresh-breath nanomachine, such a system would
obviously need to be "smart" enough to recognize gum and tongue
tissue and leave them alone. It might also need to be periodically
reapplied, as normal chewing and brushing would tend to remove it
from exposed surfaces. However, the protection would still be there
on the hard-to-reach surfaces, and that's where it's most needed in
any case. As an added bonus, the nanomachines could be pro-
grammed to construct oil of peppermint (or whatever aromatic es-
sence might be desired) out of the organic molecules they have
been dismantling.

Although such a rudimentary nanomachine system would
certainly improve mouth cleanliness and go a long way to prevent
cavities and tartar buildup, it would not by itself be enough to pre-
vent periodontal (gum) disease if it were used as an excuse to stop
gum massaging and flossing. That advance will probably have to
await the development of fully capable cell-repair nanomachines,
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which would conquer all diseases including gum disease.? Until
then we will have to keep supplying manually the exercise our gums
need to keep them vigorous and healthy, a discipline that is neces-
sary because our usual bland diets of refined foods fall to provide
the stimulation. One hopes that the promoters of a breath-freshener
system will market it as a between-brushing safeguard instead of a
dental hygiene cure-all.?

Wrinkle Repair

As cosmetic nanosurgery technology matures, it should become pos-
sible to undertake more ambitious transformations such as skin reju-
venation. The saying, "Beauty is only skin deep," simply serves to
emphasize how very important the skin is.

The skin is avery complex and little appreciated organ, exposed
to awide range of environmental assaults that would simply destroy
any of our other vital organs. It resists extremes of heat and cold,
dryness and abrasion, biologic, organic, and inorganic poisons, inva-
sive organisms, the force of gravity, and continual bending and flex-
ing. No wonder it begins to look somewhat worn after a few decades!

Total and spontaneous skin renewal will probably have to await
the arrival of fully capable cell-repair nanomachines. These would
be able to analyze whatever ails a particular cell or tissue component
and restore it to its pristine condition. Along the road to that ideal,
however, there will surely be jobs that more modest hanomachines
can fill.

One of these will probably be the removal of wrinkles. Wrinkles
arise from many causes, and it is unlikely that any single remedy
will cure them all. It should be feasible to design special nanomach-
ines to attack specific symptoms, however, and it would certainly
be possible to employ a number of different kinds of hanomachines
simultaneously.

Most wrinkles occur in response to persistent folding, as with
crows feet around the eyes and smile lines, and the deep nasolabial
folds that develop on either side of the mouth. Part of the problem
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is that the skin has lost elasticity, although there may be any number
of contributing factors.

A start at treating one of the basic symptoms would be a nano-
machine designed to improve the skin's elasticity, or at least to pre-
vent further deterioration. What gives youthful skin the ability to
adapt gracefully to the body's contours and movements while re-
maining tough enough to resist the wear and tear of everyday lifeis
its supply of collagen fibers. Old skin is softer and floppier than
young skin; it has less collagen, either because its cells make less
collagen than they used to or because they produce too much colla-
genase, an enzyme that destroys collagen fibers. Most likely, both
processes are at work.

To attack this problem, a nanomachine could be designed to seek
out the cells that produce collagenase and slow or stop them. An-
other and possibly simpler approach would be a nanomachine that
attaches itself to collagenase in such a way as to jam its collagen-
cutting mechanism. Either way, it would be necessary to ensure that
the nanomachines would act only in the skin, where we want them
to, and to monitor the process carefully to keep it under control.

One simple way to keep the nanomachines from attacking colla-
genase anywhere but in the skin would be to make them temperature
sensitive. (W€l discuss how to do this later.) They could remain
inert and circulating in the bloodstream until they encountered a
high temperature, say 110° F (easily obtained locally at the surface
with ahot pack). Then they would migrate out of whatever capillary
they were in and go to work.

As with the previous products, afeature of such a nanomachine
would be its inability to reproduce. This would permit control of
the action by limiting the dose. But whereas for other applications
the degree of change was a matter of vanity, in this case it would
be a safeguard against removing so much collagenase as to make
the skin leathery. Nonreproducing nanomachines also permit an
incremental approach to the treatment. Instead of trying to prescribe
the exact dose needed, the therapist could schedule a series of
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sessions in which no single application would contain enough of
the product to do any harm.

Slender Now

A final example deals with what appears to be the number one
beauty concern of American women: obesity. Here we venture be-
yond mere surface appearance and into bodily restructuring. And it
must be admitted at the outset that not all kinds of obesity will yield
to nanosurgical control. It appears that some obesity is genetic, some
psychological, and some imaginary.

That said, however, thereis still avast market for atreatment that
would short-circuit the ceaseless roller-coaster ride of conventional
diet-splurge cycles. The ideal weight control product would allow a
person to eat more or less what one wanted, continueto live a seden-
tary life, and maintain afigure that reasonably approximates one's
ideal proportions. It should also be capable of spot application, to
reduce a person's hips or abdomen for example, or wherever the
problem appears to be.

At the same time, the product should induce a feding of well-
being, rewarding the user with positive sensations to make it easy to
stick with the program and keep using the product. Just how that
might be accomplished | leave as an exercise for the reader. As a
hint, consider the role of endorphins, those natural mood-altering
chemicals that your body is constantly ready to produce.

One possible approach would enlist the aid of the body's own im-
mune system. A nanomachine could be designed to home in on afa
cell, plant a marker on its surface that fasely identifies it as a patho-
gen, and let the nearest phagocyte take over. An easy way to accom-
plish this would be to instruct the nanomachine to fabricate the
marker on the spot by altering a surface protein so that the cell is no
longer recognizable as "part of the family."

To make sure that such a product works only where needed (a
person needs some fat storage capability, after all), it would probably
be wise to make this nanomachine temperature sensitive too. Sur-
plus fat generally lies just under the skin, and it is a notoriously
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good insulator, so it is easy to produce local temperature gradients
across it. Any surplus nanomachines could just keep circulating un-
til they were either eliminated naturally or put to use at some new
problem elsewhere.

Techniques and Strategies

Any protein product designed to circulate through the body and per-
form some specific task on a certain class of cells must fulfill several
criteria. 1t must first of all conform to a rigid set of specifications
imposed by the body's immune system. It must also have some way
of recognizing the target cells and, in some cases, some way of
"knowing" when it hasarrived at an appropriate location inthe body.

Foiling the Immune System

The need to get past the immune system's detectors is a daunting
requirement in view of that system's perpetual vigilance and almost
devilish versatility. As we have learned more about the system's
functioning, however, small chinks have begun to appear in its
armor. Presumably these chinks will widen with further research, of
which we can expect a considerable amount in the ten to twenty
years that are likely to elapse before the first nanosurgical products
appear.

However, there is one surefire way to protect such a product from
the immune system, even in our present state of ignorance: package
it in something that your immune system instantly recognizes as
completely familiar. And what could be more familiar than red
blood corpuscles of your own blood type? After al, routine blood
transfusions trigger no immune response.

A case might be made for using white blood cells, since these
are naturally able to leave the bloodstream, crawl through tissue,
and sense their environment. It might appear that hitchhiking
nanomachines could simply wait, reading the macrophage's sensory
input until it finds itself at its intended destination, and then slip
out to do its work.
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There are at least three mgjor drawbacks to this scheme. In the
first place, blood contains about 600 red cells for every white cell.
Getting enough white cellsto do the job would involve either taking
and separating a large volume of blood or cultivating large numbers
of white cells outside the body. Second, it seems quite unlikely that
information about the white blood cell's environment travels- to
some central organ analogous to a brain, where a hitchhiking nano-
machine could read it. More than likely, the cell's sensory equip-
ment is confined to the tips of its probing tendrils and is designed
to be simply oblivious to contact with "self materials of whatever
kind. In other words it reacts only when it senses something it recog-
nizes as foreign, and then it would react in exactly the same way,
wherever it happens to be in the body. Finally, it may be possible to
dlip a nanomachine past a macrophage's defenses and into the cell
at the outset, say by inactivating the white cell with cold. It is hard,
however, to imagine how an emerging nanomachine could escape
instant destruction by the fully active macrophage it had been ri-
ding. It would be much like the case of the smiling young woman
from Niger, who went for aride on atiger.

On the other hand, slipping nanomachines into red blood cells
would be easy and completely harmless, assuming the product is
correctly designed to be nontoxic and to penetrate the cell mem-
brane without damaging the cell, as viruses do now. A sample of
blood of the correct blood type would be separated into its compo-
nents by centrifuge or otherwise. With no white cells to interfere,
the nanomachines could infiltrate the red blood cells upon contact.
A rinse to remove stragglers that failed to make contact would prob-
ably be in order before injection.

Packaging the nanomachines inside red blood cells gets them past
the immune system, but it isolates them from many of the clues that
might be used to activate them. Any attempt to poke a molecular
fragment complex enough to act as a sensor out through the cell wall
would invite attack by the immune system. What to do?

One possible approach would be to take advantage of the red
blood cell's internal environment. All of the nanomachines we have
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considered are supposed to do their work at or near the body's sur-
face. And that is where blood temperature is lowest and where the
hemoglobin in red blood cell's becomes maost oxygen-depleted. The
nanomachines should be able to recognize these environmental
clues while still inside the red blood cells.

Once the nanomachines get the "jump signal” that tells them they
are in their "drop zone," they emerge from the red blood cell and
begin to search for their programmed target cell, which they can rec-
ognize by its surface proteins. Some nanomachines may fal prey to
wandering phagocytes, but most of them, having been released close
to their targets, should succeed. Those that do will be safe from
phagocytes as soon as they slip inside their target cells.

Sensory Equipment

So far we have postulated nanomachine molecules able to act on
environmental cues such as temperature, oxygen depletion, and
chemical concentration. The question is, how do we make molecul ar
machines with these sensitivities? The answer is, with sensing
mechanisms much like those found in natural molecules.

By now we have discovered many examples of proteins (enzymes)
that bind to a certain shape of molecule, often with exquisite selec-
tivity. The common feature of all these examples is a receptor site
on one molecule that closely matches a shape on the other molecule.
In most such instances, once the two molecules have come together
they tend to stick. In other words, it takes only one molecule to fill
the site and trigger a given reaction.

To make a sensor that responds only above a certain concentration
of the target chemical, we need something more. We need to give the
nanomachine two weakly binding receptors linked in such a way
that both must be occupied before the nanomachine responds. That
way nothing happens until the concentration is high enough to pro-
vide a reasonable chance that the second site will be filled before
the molecule occupying the first one shakes loose. It would be pos-
sible to control the concentration required to trigger the device by
adjusting the binding energy, and thereby the residence time, in the
receptor sites.
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For a sensor to detect above-normal temperatures, we need some-
thing similar but opposite. In this case we start with the active site
already filled with a target molecule in such a way as to jam the
nanomachine's mechanism. However, we design the attraction be-
tween the two so that they break apart under molecular bombard-
ment above a certain temperature, freeing the nanomachine.

For a below-normal temperature sensor, we start with a na-
nomachine consisting of target and receptor molecules aready
connected by a flexible hinge, but with enough mismatch between
their shapes that they are only weakly attracted at normal tempera-
tures. As the temperature decreases, the two halves of this hinged
ensemble spend more and more time in contact. Eventually, they
stay together long enough for a slow-acting latch to function, holding
them together permanently.

When a predetermined sequence of triggers fires, the nanomach-
ine is activated to perform its intended function. We can envision
the activated nanomachine unfolding itself into the required shape
like one of those "transformer" toys, an obedient robot ready to go
into action.

IntBrcommuiiicatioiis
For most of these applications, each nanomachine would be on its
own, carrying out its instructions on atoms and molecules within
reach of its manipulator arm or within a single target cell. For con-
trol over hair waviness (which requires that the nanomachines affect
the hair's cross-sectional shape), however, hundreds of hanomach-
ines in a particular follicle must work in concert. This means that
they will have to communicate, at least in a rudimentary way.

Since such traits as hair color and hair waviness are clearly inher-
ited, it seems reasonable that the eventual channel for this commu-
nication would be genetic—by manipulating a person's DNA. But
long before we have nanomachines capable of such fine control, we
should be able to find ways to coordinate less-sophisticated groups
of them to override the genetic instructions.

One such crude signaling method for hair waviness could be by
means of a chemical gradient. The first nanomachine to gain a foot-
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hold in a particular follicle would stimulate its cell to generate a
chemical marker, thereby staking its claim as the controlling nano-
machine. This chemical marker would inhibit each subsequent na-
nomachine from emitting the same signal, thereby establishing a
chemical gradient from one side of the hair follicle to the other. From
this, each nanomachine could estimate its position with respect to
the "master" nanomachine and modify its cell's hair-making activ-
ity accordingly.

Licensing

It should be clear that none of the techniques so far described, with
the possible exception of the depilatory and tooth-protector nano-
machines, could in any way be marketed over the counter. Each of
the injectable products involves at least some technical sophistica-
tion and probably would need to be administered by medical profes-
sionals. What will be the legal ramifications?

In the first place, as injectable pharmaceuticals, each of these
products would come under the licensing authority of the Food and
Drug Administration. (I think we can assume the continued jurisdic-
tion of the FDA. This agency has, on the whole, done yeoman's ser-
vice in protecting the American public from hazardous nostrums,
despite recent criticism of its slowness in approving untried meth-
ods of controlling AIDS. And even totally useless government agen-
cies have amazing powers of self-preservation.)

FDA approval is a long and costly process, involving extensive
testing for both safety and efficacy. This process would be under-
taken primarily by drug companies, not cosmetic manufacturers,
since externally applied cosmetics need to be certified only for
safety.

At present, the preliminary testing of any such new technology
would be done on animals, athough there are many opposed to this
practice. And there are valid arguments against animal tests in this
case. It would not be easy to prove, for example, that a nanomachine
designed to work in mice or rabbits would necessarily perform prop-
erly in humans.
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At the same time, the idea of testing a brand new technology on
humans is far from attractive and involves serious ethical questions.
A possible way out may be to develop surrogate human tissues on
which to perform these preliminary tests. Tissue culture methods so
far developed, however, work only on single cell types. They are
incapable, without considerable development, of producing the
complex structures of even such arelatively simple organ as skin.

We would have no problem, of course, if we had self-reproducing
cell-repair nanomachines to work with. They could monitor the in-
ternal workings of each cell in agrowing population, reproducing in
synchrony with the cell they inhabit, and guide the development of
its descendants along predetermined pathways to produce any de-
sired tissue component. Just for the testing of cosmetics alone, such
technology could grow acres of human skin,* complete with nerve
endings, capillaries, hair follicles, sweat glands, and even subcuta-
neous musculature and fa cells—thriving under glass in racks of
oversized Petri dishes in alaboratory. (It would also be important to
cultivate mucous membranes, since these are much more sensitive
to many irritants than the outer skin.) Incidentally, this system could
also be used to grow all sorts of replacement organs for transplanta-
tion, relieving the chronic shortage. But by the time such capabilities
matured, organ transplants are likely to be unnecessary except for
the treatment of severe, life-threatening injuries. In-body repair, us-
ing injected nanosurgical nanomachines, would be far preferable in
every way whenever there was time for it to work, and it could
be used to treat conditions we now tolerate until they become
emergencies.

Long before cell-repair nanomachines become available, however,
a much simpler solution will have presented itself. Recent experi-
ments show great progress in grafting human tissue onto animals
without provoking an immune reaction. Carried just a bit further,
this xenograft technique should enable us to produce living surro-
gate organisms whose tissues mimic those of humans closely enough
for reliable test purposes but with just enough of a nervous system
to control such vital functions as respiration, digestion, and circula-
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tion. Naturally, they would have no sensory equipment that would
allow them to fed pain. It's hard to see how animal-rights activists
could object to laboratory tests on living nonanimals such as a pil-
low-shaped object covered with human skin.

Economics

What will be the likely response of the cosmetic industry? Probably
not much—at first. As usual, the first feeble attempts will be greeted
with derision and ascribed to the work of crackpots and charlatans.
As the procedures became more mature and routine, however, and
more affordable, the established companies might be forced to
choose between opposing the new technology or buying in to it.

Some of the largest of them will probably hedge their bets by do-
ing both. After all, Chevrolet competes as fiercely against Pontiac as
it does against Ford. It will be interesting to watch the mediabattles
that will predictably ensue.

Distant Prospects

| have tried so far to touch on only the easily foreseeable and imme-
diate consequences of the simplest nanosurgical nanomachines, but
it is aso worthwhile to sketch more distant possibilities. Once fully
capable cell-repair nanomachines hit the market, there will be little
the imagination can conjure up that would be impossible. Perma-
nent rejuvenation of face and body is only the most obvious result.

Nonsurgical Nanomachine-based Cosmetics

In the end, however, it is unlikely that cosmetic nanosurgery will
completely supplant conventional cosmetics. After all, there is
something to be said for being able to adjust one's makeup to one's
mood or costume, and to change back and forth between different
looks quickly. And it should be noted that the primary consumers
of beauty preparations today are not the elderly, who might presum-
ably need them most, but the already young and beautiful.
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Instead, it is likely that nanomachine techniques will take over
the task of manufacturing cosmetics, ajob for which programmable,
self-reproducing nanomachines are ideally suited. The ability to ma-
nipulate individual atoms and promote or inhibit specific reactions
could lead to all sorts of new fragrances and materials tailored to the
cosmetic industry's needs.

Some cosmetics, in fact, might consist of nanomachines. Who
could resist a fingernail polish or eye shadow, for example, made of
units that automatically aligned and spaced themselves to produce a
diffraction grating? Rainbow colors would flash from such a product,
depending on the lighting and on the angle from which it was
viewed. The colors might also be made to change with skin tempera-
ture or other environmental cues.

The Total Makeover

Eventually, under the care of a competent practitioner backed up by
talented molecular programmers and a responsive pharmaceutical
industry, it should become possible to mold the face and body to
whatever shape might be desired. Each person who cared to could
achieve hisor her ownideal of physical perfection or, for that matter,
whatever frightening or gruesome effect they wanted.

Inevitably, there will be people who don't know how to leave well
enough alone. Many who never liked their own youthful appearance
will opt instead to copy some popular model or other sex symbol. It
could become very confusing, with dozens of pop-idol look-alikes
crowding the parks and boulevards of our future metropolis. Some
may not relish the prospect, but we may never see the last of the
Elvis clones.
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4  Diamond Teeth
Edward M. Reifman

The tooth is out; once more again the throbbing, jumping nerves are
stilled. Reader, would you avoid this pain? Then have your crum-
bling teeth well filled.

—David Bates

Diamonds are Forever.
lan Fleming

Losing Teeth

Recent, exciting strides in permanently attaching fase teeth to the
jaw, or using "space-age" plastics to restore an old tooth to its natu-
ral strength and beauty, can make it easy to forget that, not too long
ago, millions of people in the United States had all their teeth out
by the age of twenty-five or thirty in order to put an end to bother-
some, rotting teeth. In fact, through the 1950s, families that could
aford a dowry would often provide for the purchase of a spouse's
dentures. Today it seems that everyone over the age of fifty is anx-
ious, to a degree, about the prospect of losing some or all of their
teeth.

Is tooth loss inevitable? No. When nanotechnology arrives—two
or three decades hence—it will arrest the genetics behind tooth loss
and the accompanying thinning and deterioration of the jaw bone.
Moreover, nanotechnology will be able to reverse this process of deg-
radation. Let's look at some of the |atest advances in the field of den-
tistry and then consider how avisit to the dentist will be irrevocably
altered when nanotechnology becomes a reality.
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Saving and Replacing Teeth in the 1990s

Dental implants, or permanently attached false teeth, have become
very popular. Metal anchoring units surgically implanted into a pa-
tient's jaw alow the bone to flow around and bond to them. This
bonding process, known as osseointegration, can take up to six
months. Once complete, a dentist attaches one or more artificia
teeth to these strong anchors. After several visits to the dentist over
a period of several months, the satisfied patient with a brand-new
smile is able to chew on an apple the way he or she did when young
and, well, full of teeth.,

Unfortunately, malpractice suits related to this practice have in-
creased, partly because the implant process is sometimes carried out
too swiftly or the implants are improperly fitted. In some cases, the
procedure should never have been recommended. With aging, a pa
tient's jaws can become so weak or diseased that implants cannot
find afirm foundation; implant technology available today does not
replace the jaw bone or mitigate bone thinning as we get older.

Dentists have recently begun to use computer-aided design and
manufacturing (CAD-CAM) systems to fabricate porcelain caps.
With one end of afiber-optic light wand plugged into a desktop com-
puter, the dentist moves the free end over the tooth. Instantaneous
measurements of the tooth contours (before and &fter the tooth is
drilled) are transmitted via the computer to a portable milling ma
chine, where atooth-colored cap is fabricated. It isthen permanently
cemented onto the prepared tooth—all within 90 minutes. No more
suffering for two weeks with an ill-fitting, temporary tooth cover-
ing, al the while dreading another trip to the dentist for the final
procedure.

A genetic approach, only now on the "biological drawing board,"
could make even this CAD-CAM procedure obsolete. By the turn of
the century, your friendly neighborhood dentist will routinely repair
that cracked molar, not with computer-designed caps, but simply by
adding a tooth-colored "paste"—derived from cloned enamel
genes—to almost any broken-down tooth. Thanks to a few small al-
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terations in the DNA, this biocompatible material could be stronger
than the original enamel and more resistant to cavities.

Dental Care in the Nanofuture

Let's get into a dental time-machine set for the year 2020 and visit
the posh dental suite of Dr. Harvey Smile-Maker. His office is lo-
cated, naturally enough, in Southern California, where so many new
dental techniques are first attempted—for better or worse.

Dr. Smile-Maker peers into the oral cavity of his new patient, Mr.
John Garbage-Mouth. Mr. Garbage-Mouth's teeth are in a state of
chaos. He steadfastly refuses to use his robotic tooth-flosser before
retiring for the evening. His habit of eating chocolates has acceler-
ated an already severe case of tooth rot. The last straw was when his
horrific mouth odor finally drove his girlfriend to leave him. The
man is desperate for (among other things) some good dental care.

Mr. Garbage-mouth timidly reclines in an air-cushioned dental
chair that is computerized to custom fit the contours of his body.
As our patient hopefully nods at the holographic "We Cater to
Cowards" sign, the dentist adjusts a handheld, portable positron-
emission tomographic (PET) machine. The PET scan will show the
precise, three-dimensional characteristics of the toothless regions of
his mouth and will summarize the following: normal/abnormal bone
and gum densities, all vessels, and the specific sites where further
tooth or jawbone loss is most likely to occur. All this information is
used in conjunction with other scanning devices (still on the draw-
ing boards in the 1990s) that feed the data directly into a computer.
Powerful "expert system" software almost instantly determines opti-
mal jawbone sites and the precise amount of biological ingredients
to be used for tooth rehabilitation.

The treatment begins. Patches attached to the patient's gums send
out electrical signals that deaden the appropriate gum and jaw
nerves within seconds. (Injections of anesthetic will be a thing of
the past). A computerized robotic arm designed to work inside the
mouth begins drilling tiny, cylindrical holes into the jawbone at
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positions selected by the PET scan. Then the robotic arm grasps a
syringe containing a few drops of "seed" material containing un-
countable programmed assembler molecules and injects them into
the drilled sites. A dental impression tray containing the construc-
tion materials necessary for building the tooth is carefully fitted
over the site.

Let me discuss the tray for a moment, for it is the centerpiece of
this fantastic technology. It resembles a disposable plastic dental-
impression tray of the 1990s that was used to make a mold of the
prepared tooth so that the dental |ab could fabricate a cap. On closer
inspection, we see the interior or backbone of the tray is lined with
trillions of molecular-sized computers. Working in parallel, they
precisely regulate the flow of construction materials—mixtures of
artificial calcium hydroxy-apatite crystals (the molecules that bone
is made of) and natural and semisynthetic organic molecules, as well
as other molecules never seen before—as they come in contact with
the seed material within the jawbone sites. The process is initiated
and powered by an excimer laser pulsing through a fiber-optic
bundle. Thus excited, the nanoseeds configure the scaffolding for a
new tooth, consuming the provided construction materials flowing
from thetray.

"Bleep, blurp, blam!" Before you can say "dental floss,” a beauti-
ful, perfectly shaped tooth begins to take form. And don't worry
about long dental appointments. "nanodentology” will produce
pearly whites within an easy morning appointment. Or just about
long enough for our patient to get those chocolate cravings again.

This wonderfully high-tech molar will duplicate or improve upon
the clinical and morphological characteristics of the original, un-
worn tooth that existed prior to decay and breakdown. Unlike the
cloned-gel material discussed earlier, there will never be the danger
of tooth fracture or decay at the interface of natural and artificia
tooth substance. The entire replacement tooth, root and crown, will
consist of asingle, solid, cavity-proof matrix.

Constructed with atomic precision, the new tooth will be a sub-
stantial improvement—considering strength and durability—over
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mother nature. Biting an apple will fee as comfortable and satis-
fying as if you had the teeth of ateenager. What a far cry this dental
erawill be from the 1990s when it took stressful surgery, discomfort,
and await of up to nine months for an implanted artificial tooth to
achieve a similarly strong bite.

Diamond Jaws

Nanotechnology will deliver the holy grail of dentistry: long-lasting,
cavity-free teeth. But just a few months or years later, advanced na-
notechnology will deliver another coup: arresting or neutralizing the
genetics behind a degenerating, aging jawline. For if we are able to
fabricate perfect, ageless teeth, could not the same technique be used
to augment and strengthen a thinning mandible? And what material
would be the strongest and most durable to use for this procedure?
Diamond.

Our patient could be an eighty-year-old with few or no teeth and
ajaw that the ravages of time had narrowed to only the thickness of
a pencil. In this procedure, uncountable assembler molecules from
the dental tray are quickly depositing a diamond substructure that
fills in and augments the disease-deficient and thinning areas of the
patient's jaw. At the conclusion of this treatment, the patient could
well end up with the youthful jaws of a twenty-year-old—or better.
Forever freed from the ravages of a deteriorating jawbone, not to
mention bone cancers, numerous bone disorders and other distaste-
ful age-related phenomena, we could enjoy the jaws, teeth, and
smile of youth, perhaps for decades.

We could eventually see the replacement of the entire jaw and
teeth with a diamondoid matrix. But why stop there? We can expand
this approach to improve or replace the body's entire skeletal struc-
ture. We've seen Batman, Superman, even Lawnmower Man—I ook
out now for Diamond Man. Only this amazing human will be each
of us, an Everyman, finally freed from bad teeth, worn-out jaws, and
other bone maladies.
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What an era the human race is fast approaching! A time when
crutches, bone casts, and dentures will exist only in museums. And
if you decided to never brush or floss again, the worst you might get
is a case of diamond breath. To help you hold out for the nanotech
miracles of your local dentist in a couple decades hence, floss and
brush well. The world of dentistry is about to offer exciting improve-
ments—all for a healthier you.
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5 Early Applications
Harry Chesley

First you see video. Then you wear video.
Then you eat video. Then you be video.
—Pat Cadigan

An Opening Selection

So what good are nanomachines? How will they have an impact on
my life? What will we use them for? How pervasive will they be?
Consider these possible applications:

» Full-wall video screens for television and video games.

e Full-wall cellular automata for chaotic and fractal entertain-
ment.

* Full-wall speakers for people without neighbors.

* Programmable paint that changes color, texture, and pattern on
command.

* Reprogrammable books that retain the tactile fed of today's
books, and the ability to keep your place by thumb, but which have
changeable content.*

» Sdf-adjusting contour chairs that change shape to match the per-
son sitting in them.

» Paint-on board games that can be applied to any surface; they
find the edges and scale the board to fit in the space available.

» Board games with hillions of moving parts, alowing economic,
logistical, and military games with incredible depth of simulation.

» Windows with variable transparency that allow you to select how
transparent or opaque they are, allowing you to maintain aparticular
interior light level—their transparency adjusts dynamically as the
outside light level changes.
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« Walls with variable transparency, to take the concept to its logi-
cal conclusion.

¢ Retractable walls and ceilings, to let you dynamically change
your apartment from small, cozy, and soundproof to big, open, and
essentially transparent.

e Walk-through walls composed of millions of small, spring-loaded
hinges that allow it to break apart harmlessly when you walk into it,
and then snap back together again; can be embarrassing—and dan-
gerous—when locked.

e Programmable rooms with configurable walls, ceilings, floors,
and optics; giving rise to the two room house: the other room recon-
figures to whatever you want next.

» Seamless doors, cabinets, and closets with no handles or hinges
or cracks—but hopefully outside ventilation.

e Odor-eaters that suck room air through themselves and filter out
dust and odor particles.

» Ever-sharp knives composed of nanomachines that cooperate to
rearrange themselves so the knife always has a perfect edge.

* Reversible shrink-wrap bags that seal and unseal on command.

» Always clean, nondlip bathtubs that are smooth at a molecular
scale, so that dirt doesn't stick, but which indent so you never slip.
» People-scrubbersthat run off your body heat and constantly scrub
dirt and odors from your body, so you never need to take a shower.
» Activefood that squirms around as you eat it, but becomes inert
once swallowed—very popular with kids.

* New techniques for terrorism and assassination, such as food
that, once swallowed, turns into razor blades.

» Solar-powered migratory houses that slowly move themselves
over land; it may take your house a year to get to Florida, but you
get to live in a different neighborhood every week.

e Zipperless pants that come apart on command—yes, that does
give rise to many practical jokes.

e Spray-on pants, for real.

» Temperature-sensitive cloth that changes the tightness of the
weave depending upon the ambient temperature.
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* Mood- and context-sensitive clothing andjewelry that change col-
ors and patterns depending upon the local sound and light levels,
the wearer's heart-rate, body temperature, and so on—just in case
disco comes back into style.

* Paint-on watches and thermometers.

¢ All-emergency clothing that expands to several feet in thickness
and becomes gently resistant to deceleration (like an air bag), inflates
with air (like a life vest), radios your position and vital signs, and
activates on command or under sudden deceleration—useful in car
crashes and earthquakes, or when falling in the ocean or off a diff.
» Temperature insensitive gloves with receptors that conduct pres-
sure and texture but not heat or cold.

» Active-bounce shoes that use energy from your photocell shirt to
"push off' with each step; or, if you want exercise, make it fed like
you're constantly walking uphill.

» Tool-less construction material that breaks apart along a perfect
seam on command—and glues together seamlessly.

e Solar-powered dirt movers that relocate hills, one grain of dirt at
atime.

» Timerelease and time-retract medicine that exposes a chemical
catalyst at a set time, and then retracts it at another time.

 Ditto for recreational drugs.

» Ant poison that tastes good so ants take it back to the nest, where
it expands to several times its original size and density.

« Whole-building shock absorbers for those living in California.

* Modeling clay that works with special tools to make perfectly
straight cuts, add textures, change colors, and so on; and con-
verts itself into a computer-aided design (CAD) specification on
command.

» Instantaneous scale models from CAD designs.

» CAD-driven, sdf-constructing, self-destructing molds for building
things out of cements and plastics.

e Paint-on, computer-readable white-boards that can be sprayed
onto any surface and, when written on with a special stylus, read by
a computer.
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» Sdf-testing construction material that constantly checks its struc-
tural integrity and current load, emitting an audible sound when
unsafe.

* Industrial espionage—well, you can just imagine.

» Floorless elevatorsin which you just step into space: it "catches"
you part way down and smoothly decelerates you—will probably
take alittle getting used to.

» Lateral-force sensitive tires that change shape as you take aturn.
» Bulk material shock absorbers that work like normal shock ab-
sorbers but have no macro-scale moving parts.

» All-around bumpers that extend themselves if they sense some-
one getting too close and unbend themselves after impact.

» The ultimate air bag that collapses at an optimal rate to mini-
mize damage.

« Safe deceleration from any speed, by combining all-around
bumpers and ultimate air bags—giving rise to 90 MPH bumper cars
as a popular sport among teenagers.

* Extensible cars that extend on command from two- to four- to
Six-seaters.

e Sationary moving walkways that use microcilia or microrollers
to move passengers, but which are themselves stationary.

» Computer-generated holograms that require huge amounts of eas-
ily available computing power.

» Contact lens virtual reality consisting of an arbitrary mix of the
real world and a superimposed computer-generated virtual world.

* Fully encased virtual reality users where the virtual reality
environment completely surrounds the user, providing full-
bandwidth, visual, auditory, and tactile stimulation and "realistic"
physical feedback.

Changing Lives
Some new technologies change every aspect of our lives. By this |

don't mean a change in our ability to do some one thing, or a small
collection of things, that we were unable to do before. | mean change
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that pervades every part of our day-to-day lives—change that really
alters the way we live.

Electronics is probably the best known contemporary example of
this sort of change. Electronic machines have changed the way we
work, play, and live—or don't live. They have created whole new
industries, including the concept of a "knowledge worker."? The in-
formation industry, one of the hallmarks of modern civilization,
could not have grown to its current size and complexity without
electronics. There would be no computers without electronics—
Charles Babbage notwithstanding. There would still be entertain-
ment, of course, but there would be no radio or television or stereo.
(I'll leave it to the reader to decide if that's good or bad.)

Nanotechnology is a technology destined to change every aspect
of our lives. It will allow marvelous new machines and applications,
things we can only just imagine, and things we can't imagine at all.
It will have an overwhelming impact on our daily lives. And it will
happen sooner than you think.

This chapter will show how pervasive an impact nanotechnol ogy
will have on your life—and that it won't take wild, far-fetched con-
cepts or Herculean feats of engineering either. Fairly simple, easily
engineered nanomachines are capable of performing tasks that have
value—or at least impact—at virtually every level of our lives. We
don't need to develop full-blown replicating assemblers to enter an
entirely new world.

It may be that what is described in this chapter is all that can be
predicted. As others have pointed out, once self-enhancing artificial
intelligence (Al) has been built, we quickly snowball into a sort of
singularity.® It is very difficult to predict what entities much more
intelligent than you or | will create, or for what purposes they will
use the things they do create. Artificia intelligences that can rede-
sign and improve themselves will develop at exponential rates, and
it is quite possible that such intelligences will appear shortly after
nanotechnology creates molecular-scale computing devices, devices
with truly awesome power.
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Indeed, we may not survive the process. This sort of Al isnot only
unpredictable in its capabilities, it's unpredictable in its intent. Our
only hope for survival may well be to get there first by creating en-
hanced human beings with equally high levels of intelligence. But,
by definition, such intelligence amplification (IA) will produce en-
hanced humans that are only partly human—and the human part
will not be the greatest part. Again it becomes difficult to predict
what such entities will want from their technology. And it is hard
to predict what they will do with nanotechnology.

This isn't meant to sound pessimistic. I'm looking forward to be-
ing one of the enhanced humans leading the way into new territory.
It will be very exciting. But one of the reasons for excitement is the
fact that it's unpredictable.

In the meantime—and it may take several decades—we'll have
the technology, machines, and applications described in this chap-
ter to keep us busy. View this chapter as an interim prediction: it
aims to cover the territory from the first realization of nanotechnol-
ogy to the creation of true, inexpensive replicators. After that, it's
wide open. You may find glimpses of the future here and in the other
chapters of this book. Or you may find that we're in the same posi-
tion as a prehuman ape trying to imagine what electrons are good
for. We certainly don't have the perspective, and we may not even
have the intelligence or imagination—yet.

Nanomachlnery

There are usually several ways to engineer a device, nano-scale or
macro-scale. The final design is based on hundreds if not thousands
of practicalities, efficiencies, availabilities, and experiences. Since
many of these are currently unknown for nanotechnology, this chap-
ter presents a plausible rather than certain design for a general pur-
pose nanomachine that can be programmed for several different
uses.* The following paragraphs present a description of the scale,
shape, processing power, communication systems, energy require-
ments, and construction techniques of one such nanomachine.
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Scale

Although the active elements of this device are measured in nano-
meters, the machine itself measures approximately a micron or a
millionth of ameter. There are severa reasons for this. The machine
needs to be resistant to damage and capable of affecting its environ-
ment without breaking up. In addition, the device needs a reason-
able amount of computing power to accomplish its tasks, and
computational machinery, especially memory, requires a certain
amount of space. The device also needs to influence the outside
world, physically pushing against things or reflecting visible wave-
lengths of light. Finally, the energy requirements of many applica-
tions will require power supplied from outside the device, either
electrically or mechanically. Such an interface requires a certain
minimum size.

Shape

Spheres are the most efficient shape, in terms of volume-to-surface-
area, and the most efficient and stable spherical approximations are
the various geodesic forms (figure 5.1) studied by Buckminster Ful-
ler.> A micron-scale geodesic structure built with carbon rod struts
would form an extremely secure exoskeleton for housing nanomach-
inery. Whether such forms are based on the popular soccer ball
structure of buckminsterfullerene or other geodesies is a matter of

Figure 5.1 Regular geodesic two-, four-, and nine-frequency icosahedrons. (Reprinted
with the permission of Simon & Schuster, Inc., from Synergeticsby R. Buckminster Fuller.
Copyright © 1975 by R. Buckminster Fuller.)
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design. In any case, a series of structurally linked, concentric geode-
sies could easily form a secure shell for nanomechanisms, providing
them with structures to push against.

A one-micron sphere provides avolume of about 520,000,000 cu-
bic nanometers. Dedicating a third of that to structural supports—a
conservative estimate—leaves just over 340,000,000 cubic nanome-
ters for functional machinery.

By extending arms through the vertices of the geodesic, the ma-
chine can influence and communicate with the outside world.
Simple collapsible rods allow external objects to be pushed away
and can also make electrical power contacts. Rods that end in pro-
trusions—perhaps dynamically extensible themselves—allow other
nanomachines to grab the rod. In this way, two nanomachines can
both push and pull each other and establish secure power and com-
munications linkages.

To give each rod a good reach, we can use a telescoping design.
To alow them to fit snugly within the structural framework, each
rod, when collapsed is a little over a third of the machine's total
diameter. We then need nine telescoping components to give the rod
areach of three microns, or three times the diameter of the machine
itself. 1f each rod component is a hollow cylinder with awall thick-
ness often nanometers, the entire assembly will fitin acylinder 180
nanometers in diameter and 400 nanometers in length, and occupy
about 10,000,000 cubic nanometers.

If the basic design is icosahedral, and one rod extends through
each primary vertex, twelve rods are required, occupying atotal of
120,000,000 cubic nanometers.

Processing Power

Each machine needs storage and computing facilities. It seems that
it will be possible to build a 1,000 mips (million instructions per
second) molecular computer that fits inside a cube 0.4 microns on a
side (i.e, in a volume of 65,000,000 cubic nanometers).G This
is roughly 1,000 times the computing power of today's personal
computers.
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In addition to the processor, we need alarge memory, primarily to
store the programs that deal with the situations the machine may
encounter as it operates in the real world. Efficient memory systems
should allow for the storage of one bit per 5 cubic nanometers. As-
signing 50,000,000 cubic nanometers of our remaining space to stor-
age can provide 10 megabytes, including room for error correcting
codes.

Computing power requires energy—often a scarce commodity. For
applications described in this chapter, we don't need anything close
to 1,000 mips for each micron-sized device; one personal computer
equivalent is more than enough for our purposes. This reduces the
energy needs a thousandfold. Molecular memory does not require
large amounts of energy. Indeed, it only requires energy when it's
being accessed. By reducing our requirements for computing speed,
we also reduce our needs for space and energy.

Communication

These devices need to communicate with each other and with hu-
man users. In fact, both types of communication will be needed si-
multaneously as the machines interact with each other and the users
to carry out the user's wishes.

For many applications, a number of nanomachines must work co-
operatively toward a single goal. To do so requires communication
between the devices. In some circumstances, it may also be desirable
to employ large amounts of computing power. By cooperating, the
machines can turn their millions of individual processors into a
single, much more powerful, multiprocessor computer.

Peer-to-peer communication is achieved most easily by electrical
connectivity. Even a fairly sparse set of connections can provide
global communication if the individual machines forward messages
to other machines.

User communication is a different problem. In many applica-
tions—though not all—the user must tell the machinery what to
do. This can be accomplished via optical communications, using
the same technology that is used today for remote control of stereo
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Figure 5.2 Network of nanomachines with communication paths shown.

components. Surface nanomachines detect the optical signals, inter-
pret them, and pass them on to machines not in the line of sight of
the control device.

Communications between machines is actualy a computational
issue. It uses the computing power described in the previous section
and does not require any additional space. As shown in figure 5.2,
communication channels can piggyback on structural and power
components of the machinery so that no additional spaceisrequired
either. However, we will need to allocate some 10,000,000 cubic na-
nometers per device for signal detection and amplification.

Energy
Some nanomachines can be designed to operate passively. But many
will require power to actively affect the environment. In fact, thisis
probably the most limiting aspect of the nanomachine design prob-
lem, and one often overlooked when uses for nanomachines are con-
sidered. Although nanotechnology provides many solutions for
mechanical problems, it provides few solutions for energy produc-
tion—and nanomachines can be very energy thirsty.

In addition, heat dissipation can be a seriously limiting factor in
the design of nanomachines. It can restrict the density of the ma-
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Figure 5.3 Machines with photocells routing power to other, interior machines.

chinery, or it can increase the size of the machines by requiring the
addition of channels for heat removal.

For applications requiring large amounts of power, where substan-
tial physical work must be done, direct connection to an external
electrical or mechanical power source is essential. If all coherently
functioning nanomachines are physically adjacent, connecting some
will alow them to route the power to the others through electrical
junctures or mechanical couplings or both.

For applications requiring small amounts of power, photocells on
surface nanomachines may suffice. As shown in figure 5.3, surface
machines would convert available light into electrical power and
then route the electrical power to other machines as needed.

For applications requiring only occasional bursts of power, or op-
erating in environments with agreat deal of physical motion, simple
physical shaking may be sufficient to supply the needed power—
like an old, mechanical, self-winding watch. In some cases, the user
may literally shake the nanomachines before using them. In other
cases—in an automobile or on clothing—normal environmental
movements may supply enough energy.

Wherever the power comes from, and in whatever form, a mecha-
nism is needed to store it and convert it to a usable form. About 15
percent of our nanomachine, or 75,000,000 cubic nanometers, will
be reserved for power storage and conversion.
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Congtruction

As described, these nanomachines are very simple. They are com-
posed of simple, nested geodesic skeletons and extensible rods, with
Nno more computing power than today's personal computers. It is not
such a tremendous task to design machines with nanometer-scale
components, but how can we construct them?

At first, the answer will no doubt be, "One at atime." As of this
writing, we can manipulate individual atoms at the nanometer scale
and build more complex machinery at the micron scale (eg., com-
puter chips). Given the pace of technological development, we will
certainly see machines of the complexity described here built "by
hand" fairly soon. But to be useful, we will need trillions of them—
one trillion would fill a single cubic centimeter.

In time, limited-scale mass production will arrive. Shortly after
the first effective assembler has been built by hand, they will be
manufactured in quantity—and used in turn to manufacture the ma-
chines described here. If afactory has ten million assemblers (which
might have taken years to create), each capable of producing ten
thousand nanomachines a day, it will take two weeks to produce a
cubic centimeter of finished goods. During this period, nanomach-
ine-based products will be rare and very expensive.

Eventually, replicators will be used to produce assemblers, which
will then produce nanomachines for final use (figure 5.4). During
this period, replicator technology will be viable only within very
constrained environments. | expect that this period will last for
some time, since designing unconstrained replicators is avery hard
problem. Although this period will not allow consumers access to
replicator technology, it will be atimefilled with inexpensive, easily
accessible nanomachinery of the type described in this chapter.

These three stages of nanomachine production seem most likely,
but there are other possibilities. A crystal array might simultane-
ously "stamp out” millions of nanomachines, using the same tech-
niques we use today to manipulate individual atoms. But this
technique would likely produce only very low yields.

We may also use genetic engineering to adapt and exploit the na-
nomachinery of living organisms to create nanomachines similar to
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Figure 5.4 Replicators producing assemblers producing nanomachines.

the ones described in this chapter. But this would lead to machines
with significant restrictions, depending upon the capabilities of the
organisms used.

Material Properties

Having described individual nanomachines, and how we might
manufacture them, we can now consider how to use them to con-
struct materials with interesting properties. Here we'll consider the
properties of bulk, solidity, shape, optics, and force.
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Bulk

The first, and most obvious, aspect of a material is its bulk: its size
and density. For humans, a single micron-scale machine isinvisible
and ineffective. It takes trillions of them to make something we
would notice. Once we have enough machines to make a material
of useful size, we can change its density simply by extending and
retracting the nanomachine arms described earlier. With arms three
times the diameter of the body, we can effect 4-to-I changes in den-
sity. If the arms can directly oppose each other, we could double
that distance. But this would require much more substantial arms.
Assuming a conservative design, the changeable density ratio is lim-
itedto 4 to 1.

Changing bulk takes energy. In the process of extending the arms,
adjacent machines may need to be pushed away. If a good power
source is immediately available, there's no problem, but power will
often be in limited supply. Still, there are several possible solutions.
By employing a ratchet mechanism, arms can be constrained to ex-
tend (or contract), so that density can be changed by shaking or
"fluffing” the material. In situations where there is a lot of physical
movement—a car's shock absorbers, for example—this is even eas-
ier. Or, if we're not in a hurry, low-level, external power sources
such as sunlight may suffice.

Solidity
Viscosity is a measure of how much internal friction aliquid has, or
how easily it flows, or, in a sense, how liquid the liquid is. We can
adjust the viscosity of our machines by having them grab—or not
grab—onto each other. In the extreme cases, we end up with a solid,
where all the machines are grabbing each other firmly, or a fluid in
which al the machines tumble past each other without constraint.
Between these two extremes, we can set the granularity of the mate-
rial and independently set its resistance to flow. /

In addition, we can also determine the strength of § solid. If all
the machines are initially set to grab each other, they can be pro-
grammed to release as certain levels and types of forces are applied.
We can make avery hard solid, or acrumbly one, or one that's very



Early Applications 103

resistant to horizontal force but not at all resistant to vertical force.
We could also make solids that are extremely solid at low pressures,

but which give way at slightly higher pressures. Or the other way
around.

Shape
Shape has two components: overall form and surface detail. Object
form is the shape of the abject itself—a cube or sphere or lawn chair
or teapot. Surface detail determines the texture of the surface, the
smoothness—or sharpness—of the edges, and so forth.
Nanomachines can coordinate with each other to build a particu-
lar shape, or, with much less expenditure of energy, they can let
users set the shape. For example, a special tool could be used to
indicate aplane along which to break. All machines along that plane
would simply let go of their neighbors, so that the material breaks
apart aong a perfectly straight cut. The process can also be reversed
to seamlessly recombine two pieces of material. Using techniques
like this, arbitrarily complex designs can be fashioned without re-
quiring the material to consume large amounts of energy or to solve
complex global communication and coordination problems.
Texture, forming and maintaining desired edges, and otherwise
coordinating the surface structure requires an awareness among the
nanomachines of the existence of the surface. Those machines at the
surface can sense that fact because they are only in contact with
other machines on one side. By communicating with other adjacent
machines, they can determine the current shape of the surface and
what needs to be done to reach the desired shape. As always, it may
require some energy input to effect the change. A nanoengineered
knife, for example, may need to be tapped against the counter a few
times to supply the energy required to resharpen it.

Optical Properties

There are two main aspects to optics: changing the machine-level
characteristics of amaterial and determining what this looks like to
a human.



104 Harry Chedey

Micron-scale machines are large enough to reflect visible light.
This is both ablessing and a curse. On the one hand, it's fairly easy
to change their reflectivity characteristics; on the other, transparency
becomes a challenge. While complete transparency seems quite
hard, a variety of optical effects could be derived by mixing the ma-
chines with inert, transparent tiles that the nanomachines could re-
arrange—covering them or causing them to overlap.

With this control, we can select an object's overall appearance.
The easiest effect to achieve is changes in color. Simply by telling
the machines to randomly pick one of three colors, with probabili-
ties supplied by the user, any color is possible. With global coordina-
tion, the machines could display any image the user desires, in full
color, with micron resolution.

Force

Materials use force to change shape, in some cases to maintain
shape, to absorb acceleration and deceleration, to vibrate, to move
external objects, and to move themselves. Since often-expensive en-
ergy is needed to generate a force, we'll consider three situations:
those requiring little to no energy, moderate amounts, and large
amounts of energy.

Applying a force always requires energy from some source. So
when we say we need little or no energy, we really mean we're being
efficient about recycling energy that came in from outside, or finding
ways to replenish the energy supply over time. For example, nano-
machines can act as springs to absorb and then return energy—»but
not necessarily immediately, as anormal spring does. This can lead
to materials that deform when pressure is applied, but return to their
original shape when the pressure is relieved, either immediately,
over time, or on command.

With moderate energy, nanomaterials can significantly reshape
themselves, change their texture or optics, or provide vibrational or
other dynamic stimulation. The energy required might come from
outside the material or from the user. For example, if you shake a
"book" in a certain way, it could display different content.
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If energy is abundant, almost anything is possible. The material
can reshape itself at will, carrying with it the user, other objects, or,
for that matter, the entire house.

Summary

Try to imagine living before the telephone was invented, or before
there were computers, or before highways, or before plumbing—or
before all of these. We arein the same situation today with nanotech-
nology.

The point of this chapter is not that any one of the particular items
described will change your life. They all will. While it is quite pos-
sible that none of these uses for nanotechnology will be desirable or
even feasible, it is virtually certain that an equal number of uses,
over an equally far-ranging set of applications, will be invented and
developed. Perhaps more than any other technology invented up to
now, nanotechnology is al in the details.
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6 The Companion: A Very Personal Computer
John Papiewski

The appeal of seeing society's data structures in cyberspace ... is
like the appeal of seeing the Los Angeles metropolis in the dark at
5,000 feet: a great warmth of powerful, incandescent blue and green
embers with red stripes beckons the traveler to come down from the
cool darkness.

—Michael Heim

The Street finds its own usesfor things.
—William Gibson

A New Dawn

Compact, powerful communications devices have been described in
both science fiction and serious speculative technical writing. The
twentieth century, with the advent of inexpensive, miniature elec-
tronics, has glimpsed possibilities of personal communications. The
twenty-first century will dawn with the development of nanotech-
nology. Advances in communications technology will accelerate
even more, and devices such as the Companion, described here, will
become possible.

Purpose and Scope

The Companion is designed to provide information, communica-
tions, and entertainment of unprecedented quality and quantity. It
will include an extensive library, comprehensive two-way commu-
nications, high-quality audio and video displays, and powerful com-
puter facilities.
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Molecular-scale manufacturing will afford a tremendous advance
in data storage capacity over current integrated circuit technology.
It will be possible to create a pinhead-sized library with a capacity
of several million trillion data bits. The library in the Companion
will contain digitized versions of millions of books, thousands of
musical recordings and motion pictures, interactive courseware on
many subjects, and several special-purpose knowledge bases to help
us in everyday life.

Design Characteristics

» Personal empowerment, via communication, entertainment, in-
formation

» Lightweight, unobtrusive, attractive, durable, convenient

* High memory capacity, redundancy in communications and
power supplies

e Severd easy-to-use interfaces

* Redlistic audiovisuals

» Trustworthiness through privacy and security

* Low cost and wide availability

» Credible as a future product; an outgrowth of currently available
technology

» Easy to understand, not dangerous or threatening

Appearance

Packaged as an ordinary looking pair of eyeglasses, the Companion
uses the power of nanotechnology to deliver the services listed in
the previous sections. The lenses of the glasses contain an imaging
system to present a high-quality display. Integral earphones provide
audio. Built of advanced materials, the Companion will be tough,
durable, and lightweight. The Companion, like present-day glasses,
will be available in awide variety of styles and colors.
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D Technical Details

The following sections detail the fundamental architecture of the
Companion.

Frames

The frames of the Companion have ample room for data processing
and power supplies. Data is stored and manipulated in a few cubic
millimeters of nanoelectronics and nanomachines. Power supplies
will occupy up to 90 percent of the available interior volume of the
frames and more than 50 percent of the available exterior surface
area.

The frames are likely to be a dark color to collect solar power d-
fectively. The surfaces touching the skin have a dlightly sticky mate-
rial that gently clingsto the face. This preventsthe annoying sliding-
down-the-nose problem—without invoking the parts-that-pinch
problem. The inside surfaces have biosensors to pick up pulse, skin
temperature, and blood chemistry via perspiration.

Audiovisuals
An imaging system embedded in the eyepieces produces extremely
high quality pictures. The Companion uses phased array optics
(PAQ), described by Brian Wowk in chapter 9. Images produced us-
ing PAO can be indistinguishable from reality, given enough data for
the picture. Conventional imaging would put the picture too close
to your eyes to focus properly, but PAO can create an image that
seems to float a meter or two ahead of you, alowing your eyes to
focus on it naturally. The imaging system is mounted on athin film
inside the lenses. It rolls up like a window-blind to permit unob-
structed vision and clear eye contact when special imaging isn't
needed. PAO, when in place, would reduce incoming light about as
much as a pair of sunglasses.

Not everyone will need corrective lensesto see clearly, and twenty-
first-century medical science may have solved vision problems
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permanently. Depending on the owner's needs, the eyepieces can be
either optically neutral or lenses.

Mounted right above the eyepieces are two video cameras. They
are the same distance apart as your eyes to give recorded images a
greater sense of realism. The cameras can be tuned to pick up infra-
red and ultraviolet as well asvisible light. They can also be designed
to provide light amplification for use in near-darkness.

Earpieces are provided for each ear, which resemble hearing aids
embedded in eyeglass frames. The technology for the earpieces
doesn't need to be much more sophisticated than in present ear-
phones, though they will sound better and use less power. Miniature
microphones placed near the earpieces pick up stereo sound from
the outside environment. As with the video cameras, the micro-
phones can be designed to perceive a greater range of frequencies
and intensities than our ears can.

Computing

The Companion employs both neural networks and conventional
logic systems for computing. Computer neural networks duplicate
some functions of natural nervous systems and are well suited to
learning and recognizing patterns (a face, a sound) and linking one
piece of information to another. These don't need to be as powerful
or as well organized as brains to be useful in a specific role.

In the Companion, neural networks analyze torrents of broadcast
and sensory data and alert other components when something inter-
esting comes along. Serial logic systems are like today's familiar com-
puters. They complement the neural networks by being precise and
reliable. They handle internal housekeeping, library, security, and
other functions. The computersinthe Companion aretiny: depending
on requirements, hundreds to thousands of them may be employed.

Nanotechnology will enable a gigantic library to fit into a tiny
space. Data storage schemes, such as coded polymer chains, may be
able to achieve storage densities of abillion bytes per cubic micron,
or one million trillion bytes per cubic millimeter.! This storage den-
sity is roughly comparable to DNA, which packs about 100 mega-
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bytes into a small part of a cell. The Companion's design assumes a
one-cubic-millimeter block of such memory, however, if this isn't
enough, the frames have room for several cubic millimeters.

This data storage capacity is astronomical by today's standards,
exceeding the present combined storage capacity of every computer
in the world. The problem with capacity advances, however, is that
the marvelous gains have been temporary; people are quick to find
new uses for expanded memory capacity and fill it quickly. The li-
braries and software described here are based on present-day trends;
the needs and wants of twenty-first century society will doubtless
make these projections seem naive. The components described will
occupy less than atenth of one percent of the Companion's memory,
leaving the rest free for a lifetime of use.?

A sdf-integrity system consisting of dedicated computers and
software keeps tabs on the Companion's battery condition, structural
integrity, available memory capacity, and security status. It will au-
tomatically aert a network-based emergency center if it or its owner
comes to harm. If it is lost or stolen, the personal data contained
inside can be automatically erased or transferred to another
Companion.

Communications
The Companion uses both optical and radio channels of communi-
cation. The outside surfaces of the frames are lined with dozens of
optical send-receive units; a radio antenna 20 centimeters long is
imbedded within the frames. The light-based link is by far the faster
medium, capable of sending and receiving several billion bits per
second, but it will be limited to wherever you can find an optical
outlet. Radio is more widely accessible, but slower. Because of noise,
power, and distance trade-offs, radio channels will have a much
smaller bandwidth for transmitting, less than 500 kilobits per second.
This will be sufficient for voice transmissions or small data files.

In the next ten to twenty years, fiber optic outlets will likely re-
place conventional telephone and cable TV in most homes and of-
fices. If you're at home or in apublic building, your Companion will
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have the full high-speed access that optical fiber offers. Optical out-
lets placed on the walls and ceiling could bathe most of the room's
volume in low-power infrared light. These outlets would be on all
the time. When you walk into a room, your Companion would sense
the infrared signal and send its own signal, establishing a two-way
link. The Companion'sframeswill have optical receivers all around,
so turning your head or moving around the room won't break the
connection.

If an optical outlet is not close by, radio channels are still avail-
able. Today, a portable phone provides service aslong as we're close
to civilization. With low-orbit communication satellites like Mo-
torola Corporation's Iridium going up, cellular radio services will be
available from anywhere on Earth.® You'll have to leave your Com-
panion at home to be out of touch.

Today, aradio or television tunes only one channel or frequency
at atime because it has only one tuner circuit, whereas home VCRs
allow you to record one channel whileyou watch another. Molecular
technology will make it possible to build hundreds or thousands of
tunersin atiny space, all working simultaneously. Each tuner would
have its own computer that selects and records broadcasts the user
might find interesting, and notifies the user when the recordings are
ready. Using this technology, the Companion can extend the user's
reach into information and entertainment channels tremendously.

Power
A variety of sources such as photovoltaic cells, fud cells, recharge-
able batteries, and thermal-differential cells provide power. A direct
electrical connector will be provided for recharging if the batteries
become completely drained. Severa different power sources are
necessary for two reasons: if one source—say, the solar batteries—
isn't sufficient in a situation, such as darkness, other sources will
take over. The other reason isthat the total aggregate supply must be
up to handling peak power drains on the system.

Power is the biggest limit to the Companion's capability. Radio
transmission consumes the greatest amount of power, up to perhaps
five watts. The display, earphones, and optical transmission each
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use less than 100 milliwatts for continuous duty. The computers and
memory draw a negligible amount of power, less than one milliwatt.
The Companion may be limited to a maximum of an hour or two of
radio frequency broadcasting before automatic monitors prevent any
further power drain. The power supply would have to deliver a max-
imum of about five watts, and the battery capacity needs to be at
least 10 watt-hours.

Interface

The spoken word will be the cornerstone of the Companion's user
interface. It will handle such casual requests as, "l want to call my
sister Susan," or "Is there anything worth watching tonight?' Con-
tinuous speech recognition, a long-desired goal of computer scien-
tists, has seen some dramatic breakthroughs in recent years.
Personal computers will increasingly incorporate this technology in
the next few years, and common appliances are likely to incorporate
voice recognition soon after.

Since speech isn't always appropriate or convenient, the Compan-
ion provides other interfaces. Eye-motion tracking sensors in the
frames combined with projected visual control panels allow the user
to operate the Companion through eye movement.* This virtual dis-
play panel can also be operated by hand movement; built-in cameras
locate the user's hands and fingers. When needed, realistic images
of keyboards, levers, buttons, and knobs are projected into the user's
field of view. The projected controls move and react the way real
controls do. The controls do not provide force feedback, but an aud-
ible click or other sound effects make up for this shortcoming. Much
of thistechnology is already available in the "heads-up" display hel-
mets that fighter pilots use today, which eliminate the need to look
down at a control panel whilein flight.

Library
The Companion contains an extensive library of information and en-

tertainment, including digital versions of books, music, movies,
and more.
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Data Bases

Books can be represented in a computer as graphic images of pages
or as text, or both. By using images, the original ook of the book is
preserved, including typefaces and artwork. But images take up alot
of memory and are difficult, if not impossible, to search. Plain text
is memory-efficient and searchable but a little dull. By using both
techniques, millions of books can be stored.

In addition to books, the Companion's memory has enough room
for many thousands of hours of video. Since many thousands of still
art worksfit in the same amount of memory as an hour of continuous-
motion video, a large still art collection will be offered as well.

Personal empowerment is akey goal in the design of the Compan-
ion. To that end, the library will be well stocked with interactive
computer software called courseware, which combines various me-
dia (narration, music, text, video, quiz sections) to educate the user
in subjects ranging from first aid to French cooking. An owner's
manual for the Companion will also be included.

The companion will also be able to play many games. Old stand-
bys—card games and chess—are offered along with twenty-first cen-
tury video games and interactive electronic-community events. Foot
pedals, joysticks, and other equipment can be interfaced easily. To-
day, thousands of computer hobbyists across the country link up
nightly to play shared games on computer networks. Games like
these also will be possible with the Companion, but with far
greater realism.

The library contains extensive and detailed maps. The maps com-
bine with the computing and communications facilities to form a
powerful navigation system. The global positioning system (GPS), a
present-day satellite-based navigation system originally developed
for military applications, allows aradio receiver to determine its lo-
cation, accurate to acouple meters, anywhere on Earth.® Thirty years
from now GPS, or its eventual successor, will be able to locate any
constructed object large enough to contain the required antenna—
about ten centimeters. The Companion can receive these signals to
determine the user's location as well as the location of other users
and specified objects.
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The personal library contains audiovisual recordings the user
makes, both live and copied from broadcasts. It also includes a per-
sonal medical history and a record of individual preferences in en-
tertainment and news. Directories, notebooks, and active calendars
keep track of friends, relatives, acquaintances, business associates,
important dates, and other changing information.

Knowledge Bases

The Companion contains knowledge bases for medicine, law, and
finance. Knowledge bases are sets of facts, procedures, and rules of
thumb that pertain to a given field. The medical knowledge base
provides a multimedia resource covering anatomy, medicine, and
psychology. It emphasizes self-help. And it ties in to the owner's
private library to provide an ongoing personal medical history using
data gathered from the biosensors. In case of an emergency, the Com-
panion can automatically call for medical help.

The legal and financial knowledge bases provide the user with
extensive advice on tackling business and life's sticky situations.
Like the medical knowledge base, the financial and legal knowledge
bases tie in to the private library that keeps track of the user's per-
sonal financial and legal data.

A survival knowledge base hel ps the owner cope with severe and
life-threatening situations. It describes how to gather food, build
shelter, treat injury, and deal with terrain and wildlife. Of course,
with global communication capabilities, sending for help will be
easy. Yet some people will want to challenge themselves by setting
out deliberately with only the Companion's suggestions to show
them how to survive. Wilderness training and survival courses enjoy
popul arity today because of the challenge and escape such activities
provide. As technology progresses and life gets more complex, some
people will crave the direct confrontation of physical survival more
and more.

The library includes extensive language translation facilities and
a cross-cultural etiquette knowledge base. The user can carry on a
conversation in a foreign language and the Companion simultane-
ously translates a foreign tongue and presents it as displayed text or
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spoken words. Automatic or machine language translation is techni-
cally very challenging, but even if imperfect, machine translation
can still be helpful in many situations.®

The etiquette knowledge base contains information on cultural
practices, protocols, and taboos. With this information, users can
find out what's appropriate to bring to a birthday party in Warsaw,
Ohio, or awedding in Warsaw, Poland. Although you may never use
the etiquette knowledge base in a practical situation, many people
will find this information fascinating, and it will help us appreciate
the way others live.

Additional Features

Security is provided at many levels. An identity file containing a
retinal scan, blood chemistry profile, and speech patterns personal-
izes your Companion. This identity file is developed over time as
you use your Companion and is continuously updated. It can be
used to prevent another person from activating a stolen Companion.
In addition, you will be able to give explicit commands and pass-
words to make your personal information more private.

Computer viruses, "Trojan Horses," and other methods of hacking
pose a greater problem than outright theft. Powerful computers in
the larger communications system and in the Companion will prob-
ably be dedicated to watching for suspicious content in received
data. Since some people want to protect information, and others
want to get at it, data security is likely to remain a very tough issue,
regardless of the technological milieu.

One of the greatest advantages of having data computerized is that
it can be searched rapidly. Techniques range from brute force meth-
ods that find every mention of the poet Robert Frost, to artificial-
intelligence searches that spot poetry in a Robert Frost style, and
hypertext searches that let you know what Robert Frost's relatives
did. Music and pictures can also be searched. At a minimum, de-
scriptive text will accompany each movie and musical selection,
which can be searched by commonly used text search methods. Neu-
ral networks and advanced Al may be able to search the actual con-
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tent of the selections for musical phrases, scenes, and the like. This
would be like using the speed-search button on your VCR, if the VCR
was smart enough to look for scenes you wanted to see.

With few exceptions, all this material is already available in com-
puterized form. Maps, books, and music have al undergone comput-
erization in recent years. Video and movies will follow as the cost
of memory continues to plummet. The main contribution nanotech-
nology makes to the Companion is data storage big enough in bytes,
yet tiny enough in volume, to carry al this material around with
you, easily.

Alternatives

The hardware technology and packaging, interesting though it is, is
only secondary in importance to the libraries and working software
of the Companion. The physical form of the Companion, eyeglasses,
is a convenient package because it gives easy access to the eyes and
ears, is lightweight, isbig enough to contain the necessary hardware,
and is already an everyday sight.

But the Companion's technology may be delivered in other ways.
One possible configuration would be similar to a pocket calculator
with a foldout viewing screen, similar to Apple's Newton. Or the
Companion could be designed as an implant, inserted into the body,
powered by blood sugar, and connected directly to visual and audi-
tory nerves. Assuming it will be harder to work out these biological
details than to use known technologies for visual displays, audio,
and so forth, an implant version of this technology—while inevit-
able—seems further in the future.

One style alternative that may be quite attractive is wraparound
goggles that would cover the entire visual field, producing an
artificial-reality effect that is much more compelling.

Marketing and Costs

One of the promises of molecular manufacturing is to drastically re-
duce the costs of making things. In the Companion's case, the costs
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of design will probably be the greatest: organizing the data, designing
the hardware, and writing the software will take a substantial effort.

But the market is huge. Potentially everyone who has a phone or
aTV set will want one. So the costs of design and manufacture can
be amortized over hundreds of millions of units. This would make
the Companion so cheap that it could be sold for a very nominal
amount, say, one dollar. Thereal cost to the end user would be deter-
mined by the services he or she chose to subscribe to.”

Social Impact
So, where does al this fancy technology get us?

Madia
To begin with, radio, telephone, and television will merge into a
single media resource. The familiar paper print media of newspa-
pers and magazines will be largely displaced; print reporters and
editors will gradually move to this new medium. Social forms of
information and entertainment (cinema, night clubs, town meetings)
may remain but probably in an altered form.2®

For much of the history of broadcasting, the maor networks were
the only game in town; people had few choices in what they could
see or hear. Recently, cable services and low-cost videotapes have
made huge inroads in the networks' formerly sovereign territory.
This trend toward entertainment on demand will most likely con-
tinue. Individual tastes will become more specialized, more esoteric.
The Companion is well suited to cater to specialized tastes. Its huge
storehouse of entertainment and its high-speed communication sys-
tem allows entertainment consumers an enormous selection from
which to choose. In addition, powerful search capabilities will be
able to sort through a large selection quickly and automatically.’

Politics
Because television broadcasting is still controlled by a few well-
heeled interests, every society, from the most libera to the most
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reactionary, has this medium manipulated to some degree by the
government. The Companion puts the technology of television
broadcasting in everyone's hands. It may no longer be possible for
large institutions to deliver an impenetrable wall of distorted infor-
mation. If eyewitnesses are present, "facts' will be extremely diffi-
cult to control. Currently, personal communications, from letters to
videotapes, are seen as politically subversive in some areas of the
world. In such areas, devices as powerful as the Companion would
be officidly banned, though enforcing such a ban would be ex-
tremely difficult due to its cheapness, small size, and innocuous
appearance.

If social acceptance is high, the Companion has the potential for
becoming a new political tool. The Companion's software could in-
clude an electronic voting booth. Since the Companion will know
the user's home address, it will present only those candidates and
issues appropriate for his or her political district. Information and
propaganda on the pros and cons of issues can be called up for dis-
play. The Companion sends its electronic ballots to a central voting
system. Voting data could be encrypted to preserve vote secrecy.
Vote counting would be very fast. Today, informa radio and TV
polls are taken by people calling in and registering their opinions by
Touch-Tone phone. These public opinion polls, while entertaining,
carry little political weight. The use of the Companion in elections
and referenda could change the face of palitics forever.

Everyday Life

It's tempting to think that, as radio squelched the art of conversation,
and television has assumed a central role in many of our lives, the
Companion also will be divisive in personal relationships. Since it
provides so much information at a personal level, it will undoubt-
edly help people become more independent. By catering to the most
esoteric personal tastes, the Companion will make our already frag-
mented society even more so. However, although it's true that many
people may become even more addicted to a never-ending stream
of news and entertainment, remember that the Companion is a
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two-way communications device. It's designed to connect like-
minded individuals and to aid social interaction with its etiquette
and language libraries.’

People will use their Companionsto record their life's experiences
as they do today with still and video cameras. It has such avolumi-
nous memory that a person can, for example, let it record an entire
two-week vacation, then review the results later and (we can only
hope) weed out the boring parts. One possible downside is that with
all these cameras on all the time, people will be more circumspect
about how they act in public, lest they be caught in some terribly
embarrassing moment. "Candid Camera" and "Funniest Home Vid-
€0s"' may bejust thetip of theiceberg. For thisreason, it may become
a socia gafe to wear your Companion to any gathering where mu-
tual trust and privacy are important.

Because the Companion contains a highly personalized data bank
that is tied in to communications networks, the potential exists for
institutional abuse. Governments could use the Companion to keep
track of political undesirables or foreign nationals. If the security
were broken, a companion could function as a portable spy even
without the owner's knowledge. Demographics brokers could se-
cretly gather buying patterns and personal preferences to build tar-
geted advertising lists. These unfortunate prospects of the device
will lessen its acceptance by some. The Companion will have secu-
rity features, but even so, many people will be reluctant to own one
out of fear of having their privacy invaded.

All too often, advances in technology promise to make life easier
but end up delivering only fleeting glamor and then endless compli-
cation. The Companion will be exciting, complicated, and will make
life easier. Serving as a personal secretary, it will remind us of ap-
pointments and keep track of all those phone numbers we need to
know. For the most part it will be unobtrusive, doing its own inter-
nal housekeeping, requiring no battery replacements, and bothering
us only whenwe ask it to. Thereal challenge is deciding how to use
such enormous informational resources. Undoubtedly, our values
will shape how we use it, and using it will in turn shape our values.
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Handicap Assistance

The wonderful possibilities of advanced molecular and biological
technology give us the hope that we might eliminate physical handi-
caps. However, this will likely be very difficult to achieve; many of
us may be blind and deaf for some time to come. Nevertheless, the
Companion, while not warm and fuzzy like a seeing-eye dog, can be
of service to the handicapped.

The blind can benefit in several ways. Neural network and pattern
recognition technology may be sufficiently advanced to program ev-
eryday objects into a visual memory and to allow an ongoing learn-
ing process for unfamiliar objects. The Companion's video cameras,
surveying the scene, can-provide a running verbal narrative about
the scene before you (like the Simultaneous Audio Program channel
on contemporary TVs)."

Likewise, a hearing-impaired person could "listen" to someone
talking. The Companion would pick up the audio and translate it in
real-time into atext or sign-language window displayed in his visual
field, like closed-captioned television today. Discriminating the
right sounds may be a problem though: picking out one voice in a
crowded or noisy room may be as difficult for the Companion as it
is for a person.

People with a physical handicap that limits their movement could
use the Companion as a control center. Devices such as appliances,
doors, robot arms, and the like can be designed to be controlled by
the Companion. Using eye movement to drive these interfaced de-
vices, a person could run a household of automated equipment even
if he or she were completely immobilized.

If biotechnology doesn't solve the problems of aging, the Compan-
ion can also help the elderly. They can either summon help at a
moment's notice or have the Companion summon help automati-
cally, sending asignal if the user'svital signslook bad. The Compan-
ion could also aid their hearing and assist visualy, if needed.

Normally healthy people can have their senses enhanced as well.
The cameras and microphones both cover a broader range of light
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and sound than our natural senses can detect. The Companion can
be used with infrared or low-light capabilities to find your way
around in the dark, or with audio sensitivity boosted to listen to
faint sounds.

In combination with the appropriate software, the sensory appara-
tus can do much more. The microphones can detect a specific sound
from ajumble of noise. The cameras can pick out an object and zoom
in on it. Thiswould be an obvious boon to bird-watchers, since the
bird's call can be automatically isolated and identified. In addition,
it could help us all out of those terribly awkward moments when
someone recognizes us and calls us by name, but we've forgotten the
other's name!

Barriers and Breakthroughs

Technical

The Companion depends heavily on nanotechnology. With the pres-
ent level of technical activity, it seems likely that nanotechnology
breakthroughs such as assembler construction may take place as
early as the year 2010. The Companion's display, communications,
power supplies, and computers are all refinements of currently
available technologies. The only effort would be to translate these
known technologies to anew form, similar to designing aradio using
transistors instead of vacuum tubes.

The Companion assumes only moderate advances in current com-
muni cations technology; it requires no major breakthroughs. Multi-
channel radio frequency transmission has been in practice for the
better part of a century. Fiber optic communications development is
well underway and will continue to replace copper wire as the bulk
communications medium of choice; we can expect to see fiber optic
connections in some homes by the turn of the century.

Social
With television and radio slowly migrating to cable and other media,
slices of the airwaves, or radio-frequency spectrum, will be freed
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up for other uses. The process of deallocating and reallocating the
airwaves isn't afree-for-all; it's heavily government regulated and
reguires years to hammer out each detail. The Companion would
have go through approval by the FCC and the anal ogous agencies of
other governments before necessary radio bands can be allocated.

Currently, the most difficult barrier to producing the Companion
seems to be our unresolved struggle over intellectual property rights.
Digitized books, movies, and music must be created somewhere.
Much of this material is currently in the public domain, and more
will be by the time the Companion is developed. But under exist-
ing copyright law, newly created works will be protected for as
long as seventy years. Copyright holders will naturally want com-
pensation. The legal and economic process of putting al this infor-
mation and entertainment into the public's hands will be quite
complicated.

If we are unable to establish atechnical means for rewarding the
holders of existing copyrights, the Companion can still be sold with
a standard library of public domain works, and the user would have
the option of purchasing copyrighted works from various vendors.
The user, of course, won't have to decide at the time of manufacture;
data packages can be transferred into the Companion easily at any
time over the radio or optical channels.

Pay-per-use is another alternative. A huge library could be deliv-
ered including al the desirable movies, music, and games, but some
material could be locked out. You would call an entertainment ser-
vice that unlocks the requested items and bills your account. Thisis
now done with pay-per-view television and software delivered on
optical disk.

In addition to copyright complications, legal and medical profes-
sionals, fearing an impact on their careers, may resist providing
cheap availability of knowledge bases gathered from their fields.
This fear may be unfounded; many self-help books on medicine and
law already provide help for individuals without adversely affecting
these professions.
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2020 Vision

The most formidable breakthrough needed to produce the Compan-
ion will be the development of nanotechnology itself. Computerized
libraries of information and entertainment will emerge with or with-
out nanotechnology, and the process is already well underway.
Based on these trends, we can project the Companion to arrive on
the scene around the year 2020.



7 Trivial (Uses of) Nanotechnology
H. Keith Henson

What mighty contests rise from trivial things!
—Alexander Pope

Drivlal?

Nanotechnology changesjust about everything—or does it? Substan-
tial numbers of Amish and Mennonites living in the United States
stick as close as they can to away of life frozen over ahundred years
ago. Advancing technology has changed little for these folks—they
still buy buggy whips! In the coming nanotech era, some individuals
or groups of people might try to live a life based on current stan-
dards, using a minimal amount of the new technology. Advanced
nanotechnology will give us the tools to alter the molecular make
up of our own bodies, thereby generating arange of variously viable
species, but if some of us choose to remain biologically human, it is
fairly easy to imagine goods and services that we would want, and
how "trivial" applications of nanotechnology might provide them.
Trivial applications of complex new technologies can result in a
substantial business. People who purchased the first computers
would, at thetime, have been aghast at the concept of children using
many millions of computer instructions per second (MIPS) to play
silly games. Last year Nintendo and Sega split a"trivial” five billion
dollar market! The same is true of word processor programs running
on today's average (tens-of-MIPS) PC. By the standards of two de-
cades ago, a powerful computing machine is being used for the an-
cient and relatively simply task of written human communication.
Those who first ran computers with such capability would have
been absolutely appalled at the prospect of a machine being used in
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such atrivial way, spending almost all of its time waiting for a key-
stroke. A simple mechanical typewriter would suffice for the task.
Even a pencil would do. Using a million-instructions-per-second
machine to type is technological overkill—but cost effective.

Gasoline frees and Roving Real Estate

If we consider future applications for nanotechnology, a similar
overkill use would be a"gasolinetree," or, at first, an organic waste-
to-gasoline converter. (I presume cars will still be driven for fun if
nothing ese.) Inthe early stages, such a device might be the size and
shape of awashing machine. You lift the lid and drop in food waste,
paper, cardboard, chunks of wood, and so on. An ash hopper off to
the side fills up with ceramic marbles, excess water runs down the
drain, and carbon dioxide comes out a stack.

Organic materials placed in the machine would be rearranged by
nanomachines forming liquid fuels suitable for use in internal com-
bustion engines. Actually, everything in this idea could be achieved
today on an industrial scale; the chemistry and physics are sound,
it just needs alittle engineering development to put it into the home.

Later versions might come as a seed. Plant it next to the driveway,
and it grows into a nice looking tree, complete with arecessed filler
hose. Instead of continuing to grow more tree after it matures, it
makes gasoline and stores it in the trunk. In fact, a vine that grows
in the Amazon produces enough oil that oil can be skimmed off the
tapped sap and used to run diesel engines. So, agasoline tree might
be possible to develop simply by using genetic engineering. And if
you wonder how roads would be maintained without fuel taxes be-
ing paid, consider a self-repairing road that used solar energy to
grow more road in place—kind of like crabgrass. If the "road plant”
were partly derived from kudzu, road crews might be less busy with
repairs and more concerned with keeping the road plant from over-
growing everything!

Providing energy is another trivial use of nanotechnology—or at
least, providing the levels of energy currently used in the West. It is
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agood bet that solar collectors that are close to 100 percent efficient
can be made with nanotechnology (well, ok, so they only hit 50 per-
cent). Moreover, they could be self-repairing, grow from a seed like
the gasoline tree, and double as permanent roofing. To install the
solar collector, you would place a small square on your roof. A week
or so later, it would grow an extension cord into your electric box
and start supplying part of your electricity—the inverter is part of
the distributed design. More elaborate models could supply a steady
supply of electricity by growing an energy-storage module under-
ground. Dense housing (if people still live that way) and large-scale
industrial activities (whatever they are) will still require more en-
ergy than can be supplied by local sunlight, so good reasons remain
for keeping the power grid operational. (Personally, | enjoy seeing
transmission towers, but if people want to bury them underground,
that can be done easily. Transmission lines can be made supercon-
ducting as well.)

Regarding transportation, it is not entirely obvious that the con-
ventional needs of a community for getting around—such as com-
muting to work—make sense in an era of nanotechnology, but if
people want to congregate in large numbers (for rock concerts?), it
would be a simple matter to provide a personalized subway stop for
every house that wanted one. With alittle notice, a new line could
be run wherever and whenever a large group of people needed to be
transported to a new location. A hotel/convention center could con-
sist of abig tank of undifferentiated "nanostuff," alarge area of unoc-
cupied land, and a subway terminal. Choose one of thousands
(millions?) of designs for your convention.

Another possibility is movable real estate. With hordes of minute
earth movers, surface structures could be moved slowly to open up
new space for public works (again, whatever that might be in such
an erd). If an evolving community wanted to live in a less dense
mode, all the structures, trees, roads, utilities, and the like could
creep outward at an inch or so a day. (Tak about urban sprawl!)

A local version of the same ideawould be timesharing part of your
local real estate. A week before your big party, your house and lot



128 H. Ketb Henson

would start to grow, while the neighbors' houses would shrink and
move away. By the time your party began, your house would have
metamorphosed into whatever size mansion was needed. Over the
next week, it would shrink to its original size—or perhaps a little
smaller, if someone else were planning a party.

Home Appliances

Inside the home, there are countless applications for trivial nano-
technology. To start, the whole house could be carpeted with a sdf-
cleaning rug. An early version would ripple like the cilia in your
lungs to move al the little stuff that fell on it to a central bucket.
Coins, nuts and bolts, paper clips, and the like could be sorted from
dirt, dust, hair, skin flakes, and similar debris. A later version might
be smart enough to know what it should eat. (It wouldn't do to have
the rug eat the fur off one side of the cat while she took a nap!)
A still later version might deal with the classic clothes-on-the-floor
problem that has broken up so many marriages. Left for more than a
few minutes, underwear, socks, even dress clothes could be disas-
sembled by the carpet and rebuilt—clean, of course, and folded—in
dresser drawers, or hanging in the closet.

Clean floors are even more of aproblem in the kitchen. Carpets for
kitchens and bathrooms (and in all rooms for those with pets or ba-
bies) could also have soak-up powers. A network of pumped veins
within the carpet could either be connected to the drain, or (de-
pending on how you fdt about it) attached to the food synthesizers.
A nanotech carpet could be covered with cilia so short that it would
look and fed like a no-wax surface. An active no-slip option could
hang on to your shoes and keep them from slipping while offering
no resistance to vertical movement. (The same technique could be
used between tires and the roads to get greater-than-one-g perfor-
mance from vehicles.)

Nanotechnology would also let you redecorate—daily. Walls and
ceilings would get nanotech paint that could act as a universal dis-
play screen programmed to appear however you wanted, up to a
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very high definition TV screen. Tak about trivial, you could have
striped paint! Don't like the color, or the art work? No problem: any
color, any design (delivered by optical fiber) can appear at your
whim with a few clicks on whatever is being used as a computer
interface. (Naturally, there will be a small charge for displaying
copyrighted art works.) You could even have areal-time view of the
Grand Canyon on the wall of your living room.

Furniture could be ordered in the same way. Static items that you
wanted to keep for a while could be built by your general-purpose
household constructor. More dynamic items—an end table today
and hassock tomorrow—would be made of general purpose nano-
stuff, sort of an "Erector Set-in-a-bucket." And don't be too surprised
when you come home to find that the kids have reprogrammed the
spare bed into a slobbering, eight-foot-high Godzilla.

Structurally, houses could be reinforced to the point that no natu-
ral disaster—short of a large incoming meteor—would do much
damage. Certainly earthquakes, tornados, hurricanes, and the like
could be reduced to minor annoyances. When buildings are rein-
forced with intelligent diamondfiber, such events would cause little
or no real damage. And if damage were done, a nanomachine-based
house could repair itself.

If we choose to retain historical structures "as is," we can coat
them with diamond, and all deterioration—termite damage in-
cluded—would be stopped. Actually, every prenanotech structure
might be considered historical, but most of them will be replaced,
or greatly modified. If there isany question about the historical value
of a structure, we can make a record of how it was put together
(down to the marks on the nails). Then we can always reassemble
it later.

With all the new comforts of home, will people leave home very
often? Thisis ahard one to answer. Even now, a growing number of
people choose to work at home and telecommute. In the future, if
you "work" at home (whatever that is), and if tasty, nutritious food
is made in a "cabinet beast"—from elements scrounged off the floor
or out of the air, and rearranged with energy from your rooftop—and
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if most of your shopping needs are met with home-shopping net-
works that deliver instruction sets by optical fiber to the nanomach-
inesin your house, most of the reasons for going out vanish. Perhaps
thisis the real solution to the traffic problem!

Health Assurance

With al the time on our hands from less commuting, would we
spend more of it worrying about our health? | doubt it. One of the
primary reasons to develop nanotechnology is to cope with nasty
health problems—including aging. Once we have done that, those
who stick to a more-or-less standard human configuration will want
improvements. Self-repairing, diamond-reinforced teeth for ex-
ample. Or replacements for glasses. We are already reshaping eye
lenses with crude surgery. Actively controlling lens focus would be
an obvious application for smart nanoimplants. Floaters could be
cleaned out of the eye fluid by nanomachines designed for the
purpose.

A more complex modification would be rearranging the retinas of
our eyes. Why evolution wound up with vertebrate nerve circuits in
front of the light receptors is not well understood.* We get along fine
with the wires on the "wrong" side, but what a trivial use of vast
developments in biological nanoscience to be able to turn the retina
over in place. In that way we could get rid of "unsightly" blind
spots. A more challenging problem is that of giving sight to people
blind from birth. Building eyes may be easy compared to rewiring
brains.

Given an understanding of biology at the nanolevel, nanotechnol-
ogy should be up to solving the subset of human health problems
due to mechanical or chemical causes. The same will be true for our
pets. Given the rate at which new treatments are approved, our pets
may get it first. | expect there will be a demand for animals that can
be switched on and off. ("Honey, did you remember to turn off the
dog?') The biggest difference for humans between horses and cars is
that cars don't need attention every day. Members of the Society for
Creative Anachronism (SCA) really need switchable animals. Their
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battles and pageants are short on horses, but few of them want to
take care of a horse between events.

In addition, the people get so banged up in mock battles that
the SPCA would object if real animals were subjected to the same
beatings. Once a thorough understanding of human anatomy and
chemistry is stored in nanomachines, the SCA can stage real—
dripping-with-gore—Conan-style battles. After the performance, the
chunks of the participants can be stuck back together, Vahalla style.
Not my idea of agood time, but | don't much care for football either.

While there seems to be no limit to the level of Medieval realism
that could be achieved, we don't have to put up with vast amounts
of dung. A partial solution to the dung problem has been proposed
in the form of a "doggy afterburner.” Such a device (critter? relative
of the tapeworm?) would inhabit the lower intestine of an animal,
burning the organics out of whatever came along. The nonorganic
elements would be formed into ceramic marbles, to be excreted at
rare intervals.

In a nanotech world, human relations with engineered animals
could get very weird indeed. Today, pastoral nomads in Africa drink
the blood of their cattle. A less messy method would be to grow
plugs on the animals that could be connected to humans directly,
supplying energy and material s to the bloodstream. Instead of killing
sheep, you could bring in a batch and "recharge" from them. A
lower-on-the-food-chain alternative could be a grafted on "back-
pack" that would unfold when you lay in the sun, forming a large
photosynthetic area. Assuming the nomad's sheep don't trample
you, with thirty square meters of surface, afew hours a day soaking
up rays would eliminate the need to eat animals or plants. Totally
recycling "hypervegetarians’ would be able to live the simple life
par excellence—really leaving "nothing but footprints.”

What Work?
In aworld of nanotechnological systems, what would people do for

work anyway? Work is an activity specific to humans that got started
long, long ago when we started moving food from where we found
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it to wherewe could ezt it. Work has become so elaborate, the origins
have almost been lost and have been made very indirect by the in-
vention of money.

One of the difficulties we face with nanotechnology is the ques-
tion, "What do you do with the money, or its equivalent, that you
receive in exchange for work?' There are still many things you might
want to buy—Iland, transportation, elements, energy, information,
even finished goods. |Is there reason to expect that any of these will
be very expensive? | don't think so. There is a whole lot of land,
especially with nanotech to make it worth something. It also seems
likely that we could make alot of really nice new land, reorganizing
what we have here to make more beaches, or we could go into space.
The reorganization can incorporate as many vacuum tunnels for
transportation as we wanted. The useful elements are common and,
with solar energy on tap, power for personal use can't be expensive.
(Energy required to launch interstellar crafts may be another matter.)
The kicker in a nanotech world is that no matter how much some-
thing costs to make in thefirst place, it costs almost nothing to dupli-
cate, because it's mostly made of information. Finished goods will
become "services" rather than distinct products. On the other hand,
demand for personal services may actually increase, if you seek in-
teraction with areal human.

We may see along period of deflation offset, perhaps, by areduc-
tion in the need for money to live. Or, at worst, you might get a
photosynthesizing modification (see above) and live dff the land. But
what of money itsalf? Perhaps it will need to be based on chips that
actively resist duplication, or possibly coins of genuinely rare ele-
ments. Or perhaps, continuing a growing trend, money will be no
more than abstract patterns exchanged by computers.

Even if we don't need much money, what kind of work might be
in demand? Is there a trend in the past few centuries (in this cen-
tury?) that might continue? At the beginning of this century, well
over half of American heads of families were farmers. Today, some
two percent are so occupied. Are the rest unemployed? Far from it.
They work in avast array of jobs, many of them information related,
few of which existed at the turn of the century.
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If you lump communications, entertainment, news and journal-
ism, scientific endeavors, engineering, and most of the functions of
government together and call it the "information industry," it is
clear that this segment of the economy has accounted for an ever
increasing fraction of what people do for employment. It may turn
out that the nanotech revolution hardly causes a hiccough in this
curve. If your "work" creates new knowledge, stories, or entertain-
ment of any kind, you are likely to have ajob in a nanotech world—
if you want one.

Government, too, faces uncertain prospects. My libertarian bent
prefers little or no government, but my guess is that there will be a
substantial fraction of the population working for the government, or
perhaps living on welfare, provided with food, shelter, and endless
reruns. Another trend in the service sector that gives me the shakes
is more lawyers: the richer people get, the more legal actions they
seem to be involved in.

Real Wealth

Which brings me to my final point. There is no reason a nanotech
world should not be very rich. Again, thisis in line with long-term
trends. Citizens of the United States who live in poverty today are
(on average) better off in many ways (square feet of living area, nutri-
ent content of food) than the average worker in the 1930s or those
living under current average conditions in Eastern Europe. Food and
floor space should be nearly trivial cost items in a nanotech world—
at least for populations within an order of magnitude of our current
population.

In an era of nanotechnology, it might turn out that people work
because they want something to do, or are seeking status, rather than
simply facing the harsh realities that say we must work or starve.
More and more people have been deciding what they will do with
their life by criteria other than just making enough money to survive.
This may represent a long-term trend.

As we become wealthier, will we travel more? What if the entire
solar system were open for exploration? My personal pet project is
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interstellar exploration—and parties. At a recent Asilomar Confer-
ence, | asked a room full of cryonicists how many would go on a
several -hundred-thousand-year expedition to the far side of the gal-
axy. About 95 percent of them were ready to pack up and go.

Galactic dispersal of the nanotechnologically advantaged presents
an interesting challenge that | will leave you with: How can we carry
on economic exchange if the only thing exchanged is information
carried on laser beams? Establishing a value for something where a
bargaining cycle takes millennia is an intriguing problem. We may
choose to send short-duration personality constructs designed to
handle the bargaining along with encrypted goods. But would that
be satisfying? And if so, for whom?
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Tom McKendree

No man is really happy or safe without a hobby, and it makes pre-
cious little difference what the outside interest may be—botany,
beetles or butterflies; roses, tulips or irises; fishing, mountaineering
or antiquities—anything will do so long as he straddles a hobby and
rides it hard.

—Sir William Osier

An Abundance of Hobbies

Western society has long been a culture of abundance, its people
spending a great deal of time, money, and effort in "the pursuit of
happiness."” People go dancing, see movies, and visit amusement
parks. They build model railroads, collect stamps, garden, and pur-
sue crafts. Others explore more esoteric hobbies, like war-gaming,
bungee jumping, and dressing as medieval lords and ladies.

Nanotechnology will affect hobbies as dramatically as it affects
everything else. Far and away the biggest impact, however, will be
from the unprecedented abundance that nanotechnol ogy makes pos-
sible, which will remove the need, for most people, to spend much
time earning a living. People will have much more time to pursue
hobbies—most of their lives if they so desire. Nanotechnology will
also make possible more extravagant, gigantic, and imposing hob-
bies. Here are some examples of the possibilities.

Model Railroads

Nanotechnology is the most extreme form of miniaturization using
ordinary matter, and because miniaturization is at the heart of model



136 Tom McKendree

railroading, one might expect the two to be anatural match. A rotary
engine can be at least as small as 30 run in diameter, as demonstrated
by bacteria that use such engines to move.* Thus, one could build a
model railroad where the rails are 50 nm apart (a scale ratio of over
abillionto one.) Because a single engine or car would be near alight
wave in length, a train would be much too small to see directly.
On the other hand, one could build a working replica—small but
visible—of the entire U.S. railroad network.

Actually, model railroading is usually not concerned so much
with making things small as with making them realistic at the se-
lected scale. At any current model railroad scale, nanotechnology
could realistically render the shading on a splinter inside the letter
"e" carved into the back of awooden seat in a passenger car. Every
detail that could be visible in a model railroad could be created us-
ing nanotechnological tools, although with the danger that tiny
pieces—such as HO-scale playing cards—might blow away.

Most model railroads include human figurines. Because nanotech-
nology will be able to produce motors down to a millionth of an
inch across, and hundred-million MIPS computers that will fitin a
Z-scale skull, figurines that move and act realistically could be built
for every model railroad scale. Some model railroaders may be reluc-
tant to have nanotechnology provide everything. After all, a great
deal of the satisfaction in making layouts comes from doing the work
onesalf. There are two responses to such reactions. The first is that
much of that work requires delicate tools, and nanotechnology can
provide the tools to create finer details onesalf. The second response
is that some people who might want to start model railroading find
the initial set-up too daunting; making the first steps easier might
entice more people into the hobby.

Philately
Many hobbies involve collecting things, and stamps and coins are

classic items to collect. How will nanotechnology be incorporated
into stamps, and how will this effect stamp collectors? One might
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reasonably argue that with massive computer networks linking ev-
erybody, postal mailing will disappear. That is possible, but often
technology displaces old forms without completely eliminating
them. Western Union, for example, still sends telegrams. Assuming
postal mail continues to exist, how might nanotechnology &ffect the
stamps? There are many possibilities. A working model railroad of
the entire U.S. rail network, mentioned above, could fit on a postage
stamp. It would certainly be an original commemorative issue. In-
deed, working models and detailed scaled miniatures of anything
could be produced cheaply for inclusion in stamps. Stamps them-
selves might change so that each included a nanocomputer, with
unique serial humbers to reduce copying. How valuable would a
Lincoln stamp with the serial number 05.15.1865 (the date Lincoln
died) be?

Numismatics

Originally, coins had the value of the metal they contained. A coin
was simply a way of certifying that a particular hunk of metal held
the proper weight of gold or silver. Through many intermediate
steps, we have come to have fiat money, which governments say
have value, and which does have value when others accept the
money in exchange. Thus, afifty-dollar bill does not carry fifty dol-
lars worth of ink and paper, but is rather a symbol for the wealth of
fifty dollars. Nanotechnology will make possible atomically perfect
counterfeits, so using money that is merely a physical symbol will
no longer be effective. Instead, every coin could be given a unique
serial number—»but then a counterfeiter could pass different copies
at different stores, unless a central data registry recorded who held
what coins and bills. In that case, people might as well use the data
registry and forego the actual coins and bills.

If this happens, the supply of new coins will end, but the demand
to hold collected coins will likely stay at least the same, and may
well grow dramatically when people have more time and wealth for
hobbies. A possible answer to the counterfeiting problem isto return



138 Tom McKendree

to coins that have value based on their content. The only way to
perfectly counterfeit a one-ounce gold coin is to use an ounce of
gold. This will be popular with some people, since not everyone
wants the details of their finances kept in a central computer. If this
sort of currency became predominant, it would turn the fiat money
of today into interesting curios.

In the case of both stamps and coins, authentic pre- nanotechno-
logical specimens will be rare relative to the wealth that follows,
and may be prized as tokens embodying those older times.

Copying Issues

Nanotechnology will allow one to make perfect duplicates with
atomic precision. (To make convincing copies, forgers must not only
put the same atoms in the same places, they must use the same iso-
topes as well. Otherwise, a forgery could be recognized if it had, for
example, the wrong amount of carbon 14.) How will collectors know
they have an original? The easiest way to distinguish originals from
copiesis to put amark on the original. Today, invisible serial num-
bers are etched into diamonds. This approach will foil those who
create copies from detailed photographs of an original, but it will
not work if the forger can use the original itself in making a copy.
One approach would be to create a registry to authenticate that an
original is an original. For collectibles that predated nanotechnol-
ogy, this would be persuasive—if you could verify that the authenti-
cation record predated nanotechnology. Anyone with a valuable
collection today will likely want to prepare a complete inventory
and, if possible, register that inventory.

On the other hand, not everyone can have an original. By creating
reproductions of significant items, more people will be able to be-
come collectors. For example, an indistinguishable copy would be
good enough for many who collect comic books. (A commercially
legitimate reproduction would likely have "copy" unobtrusively
written all over it, perhaps in lettering eight atoms tall, rather than
be truly indistinguishable, but this will be unnoticeable for anything
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besides checking authenticity.) A final difficulty—if one were to
take an authentic Roman coin, disassemble it, and then reassemble
two atomically precise copies, each with 50 percent of the atoms
from the original, all in their respective origina places, could one
really say that neither coin was the original?

Gardening

There are those who like to garden, and others who think it is just
an outdoor chore, but that's what makes a hobby a hobby. One of the
biggest problems for those in thefirst group seems to be pests. Every
plant is aliving thing, and there are always other living things that
would like to eat it. Although it may be an incredibly complex task,
it may be possible to build ecosystem protectors. Such devices
would not need to replicate, but they could be designed to kill spe-
cific weeds or animals as effectively as any predator. Ecosystem pro-
tectors could guard against invading species such as kudzu, fire ants,
and killer bees in the United States, or rabbits in Australia. The eco-
system agardener istrying to protect is his or her garden. Nanotech-
nology could provide "garden protectors,” to effectively kill off the
unwanted pests invading one's tiny plot, without using chemicals
or harming anything besides the pests. Or biological nanotechnol ogy
could be used to create new, hardy strains of plants that look and
smell exactly like the original but are designed to thrive in utterly
different climates. Thus, one could grow what looked like orchids
next to a mountain cabin, and what looked like healthy blue fir on a
sunny beach. The coloration of flowers, when they bloom, the fra-
grances, or any other feature of a plant could also be specified. One
could even order personalized cuttings, so that each petal of arose
bore the cameo of someone in the family.

Any plant designed to delight or amuse must carry an extra bur-
den that would put it at a competitive disadvantage in trying to sur-
vive in the wild. For added safety, however, these garden plants
probably would not have any of the capabilities necessary to repro-
duce (athough they could present asexual flowers) There is one
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plant a gardener could grow that seems almost mythic, a wish-for-it
tree. Once the tree had grown large enough, one could walk up and
ask for any object—a cup, abicycle, a computer, a bucket of utility
fog, Companion glasses, or any other small object that could be made
of available atoms and that the tree knew how to build or could de-
sign. Then, abud would form on one of the branches. It would grow
and grow, and eventually one could pick the desired object off the
tree.

Homecrafts

In ananotechnological culture, home crafts will not be just an inex-
pensive way to build a coffee table or weave a nice table linen, but
a means for people to express themselves in a tangible object and
give something of their labor and human spirit to one another. Every
object a person makes will have sentimental value.

Many people who like to build things have workshops in the ga-
rage because it is the easiest and least disruptive room in a house to
convert into a shop. In a nanotechnological home, however, one
could easily transform any other room into aworkshop. On demand
and with alittle notice, the tools and work pieces could be put away,
and the shop would turn into the old room again. The shop could
have the finest hand tools possible with the sharpest cutting edge
atoms can form. The handles could change their shape to fit the
hands perfectly and to massage away muscle pains. Molecular intel-
ligence on the work end would make smart tools that adjusted to the
work piece, or that modified it at the atomic level, like varnishes,
but with vastly finer control. One could also incorporate nanotech-
nology inthework piece, including, say, avideo gamein an ornately
carved wooden board, or making a stool that was self-repairing.

Needlepoint seems to be immune to changing times. It is obvi-
ously not a cost-effective way to decorate cloth, so it is clearly serv-
ing other needs and purposes. One purpose is that needlepoint
is much more personalizable than manufactured cloth; most gift
samplers include spaces for names and dates for births or weddings.
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In aculture of abundance, however, we will be able to provide cloth
personalized to each individual thread no more expensively than
bulk cloth is produced now.

The second function of needlepoint is the sentimental value men-
tioned above, and the final benefit is the pleasant, caming effect it
has on those who do it. For this hobby, nanotechnology could help
by removing some of the petty annoyances, by offering sdf-
threading needles for example. A piece of cloth could have a pattern
printed directly on it that faded away at each stitch, or could sound
a gentle alarm if one mis-stitched a thread. For those who want to
experiment with the final product, there would be active threads
that move on their own, creating interesting visual effects in the fi-
nal design.

Nanotechnology will make it incredibly easy to build specified
objects, so designing furniture, pottery, textiles, and so forth might
become a popular pastime practiced by those with artistic inclina-
tion. Final products being fabricated automatically.

Thrill Seeking and Blood Sports

Not everyone spends their hobby hours in quiet seclusion; the ad-
renalin rush is widely popular. Witness bungee jumping. Molecular
engineering could provide super bungee cords of varying thickness
and much stronger material that would allow significantly higher
jumps. Harry Chedley hints at (chapter 5), and Keith Henson de-
scribes (chapter 7), how to protect against sudden deceleration.
Other approaches could work, and all would protect people who
decided to jump out of airplanes without a parachute. Most dare-
devil activities are similar in that they have in common experiences
of speed and acceleration. Future wealth will provide the opportu-
nity for a great deal of both, and nanotechnology will provide the
means to help people survive the experience.

Henson has suggested that hand-to-hand combat, using medieval
weapons, could provide a thrill for those seeking historical enter-
tainment in the future. This activity could be quite realistic, down
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to producing wounds that today would kill a person. One difficulty
is that mgjor damage to the brain may not be repairable even with
nanotechnology. Those portions of the mind where information has
been lost might not return on reconstruction. Truly severe head
wounds could be fatal. Such games may well draw the more extreme
thrill seekers, for whom nanotechnology may seem to have taken all
the "fun" from life (denned by them as areal chance to die).

This brings up a moral issue: Should people engage in blood
sports when their direct threat to life becomes small? This is not
the question, "Should blood sports remain illegal?" With nanotech
healers standing nearby, blood sports could be made less dangerous
than sports car racing is today. If "play" is aresult of the informed
choices of consenting adults, many would consider outlawing that
choice overly authoritarian, an infringement of rights. The moral is-
sue arises when we consider that repeated exposure to brutality may
lead to an acceptance of violent acts performed without mutual con-
sent. If, as it seems, future technology will allow us to much more
easily translate our thoughts into reality, we may want to cultivate
finer thoughts than blood sports would lead us to contempl ate.

Thrill Rides

The classic thrill ride is the roller coaster, still growing in popular-
ity. Higher performance bulk materials will make possible taller,
faster roller coasters with more elaborate track layouts. With current
materials, however, it is already possible to make roller coasters that
pull "snap turns" sharp enough to kill people—current acceleration
limits are based on rider safety, not the technological limits of roller
coaster engineering. Thus, future roller coaster rides may not pull on
people much more strongly than today. On the other hand, greater
disposable wealth will mean that parks can afford much longer
rides. Amusement parks have many other rides that spin, loop, lift,
and twirl. A towering Ferris wheel made primarily out of diamond
would look spectacular on the fairway at sunset.
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D Amusement Park Attractions

Many people agree that the Disney Corporation offers the best
amusement parks in the world. The Disney people insist, however,
that the parks do not offer "rides," they offer "attractions." Anyone
who has been to a Disney park can sense what they mean by the
difference. A Disney attraction aims to be a total experience. The
parks are divided into tourist-friendly representations of places one
might want to visit: aland of fairy tales, the American Old West, or
the future. Each attraction has a theme that fits within its area, and
each attraction looks like it belongs there. The line one waits in for
an attraction continues the iheme while offering diversion. The at-
traction itself is entertaining and seems more realistic than just a
roller coaster. Increasingly, other amusement park developers are
trying to copy Disney's approach.

With nanotechnology, very realistic attractions will be easy to cre-
ate and affordable. Until then, Disney and other amusement park
companies will continually push available technology in order to
make the background, the characters, the action, the motion, and the
sounds and smells all seem more realistic. Thiswill eventually make
these attractions very believable, but it will not make the fantasies
real. In other words, amusement parks will offer ever-improving
virtual realities. Indeed, entertainment drives much of virtual-reality
technology, because amusement parks can pay for simulations long
before such equipment is affordable in the home.

Two of the most difficult effects to create are sensations of contin-
uous extreme acceleration and weightlessness. This is because they
can only be approximated by using real acceleration, which requires
long distances if it is to be continuous. Thus, certain daredevil activ-
ities like jumping from airplanes cannot be easily co-opted by virtual
reality—yet. Nanotechnology-based virtual reality will be able to
simulate even these effects by actual continuous acceleration across
the solar system, or holding one at rest away from any gravitational
bodies. In any event, amusement rides will undoubtedly be a grow-
ing popular entertainment for the rest of this century and beyond.
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Premise and Conclusion

Whatever on€'s habby, be it an old hobby in a new world, or a new
hobby made possible by future changes, the abundance nanotech-
nology promisesto providewill allow oneto spend vastly moretime
pursuing that hobby. The machines can have dinner ready when you
aredone.
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9 Phased Array Optics
Brian Wowk

By the agency of Man a new aspect of things, a new universe, comes
into view.
—Francis Bacon

TheFutureIn Sight

The year is 2020. You are standing on a platform at the edge of a
thousand-foot cliff overlooking the Tharsis volcano range on Mars.
Your body casts a long shadow in the light of the setting sun as you
scan the horizon for interesting features with your binoculars. Walk-
ing toward the edge of the precipice, you survey the texture of the
rusty red boulders around you. Butterflies rise in your stomach as
you peer over the cliff edge.

Sixteen hundred miles overhead, Phobos, one of the Martian
moons, shines conspicuously. There is a new transport base under
construction there. You move toward your telescope to get a better
view when suddenly a doorway materializes out of empty space! A
leg steps through it. It's your spouse with dinner.

Of course, you were never really on Mars. The "platform” you
were standing on was merely the floor of a small, comfortably fur-
nished room called a teleporter. The walls and ceiling of this room
are covered with one of the technological wonders of the twenty-
first century: phased array optics.

Theory

Phased array optics is an application of nanotechnology that will
produce three-dimensional views of objects and scenery using only
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two-dimensional displays. Display systems based on this technol-
ogy—optical phased arrays—will behave quite literally as windows
onto whatever scenery we can imagine.

Phased arrays are based on the theory of diffraction from physical
optics. Thistheory saysthat patterns of light waves traveling beyond
an aperture (such as a window) are entirely determined by the
amplitude and phase distribution of light at the surface of the aper-
ture. This means that if we produce light with the right phase and
brightness distribution across atwo-dimensional surface, we can re-
produce the same light waves that would emanate from a three-
dimensional scene behind the surface. In other words, we can make
the surface appear as awindow onto the scene.

Diffraction theory is mathematically continuous; it is assumed
that surfaces can be reduced to an infinite number of small elements
radiating with different amplitude and phase. This introduces com-
plications from the standpoint of developing a practical technology.
Fortunately we can achieve effective results with a discrete array of
sources, provided they are coherent and less than half a wavelength
apart. The wavelength of visible light ranges from 0.4 microns (vio-
let) to 0.7 microns (red). A two-dimensional array of programmable
sources 0.2 microns apart will therefore be sufficient to reconstruct
any light wave pattern we desire.

Figures 9.1 through 9.3 illustrate the reconstruction principle in
two dimensions for a few simple cases. In figure 9.1 al the sources
radiate with the same amplitude and phase. Their waves interfere to
create a plane wave propagating normal to the surface. This is the
type of wave that would be produced by a distant point source. In
figure 9.2 there is a linear variation of phase among the sources
down the line. The result is a plane wave propagating at an angle to
the surface. By adjusting the amount of phase variation, we can
"steer" this beam in any direction we please. In figure 9.3 a more
complicated phase relationship is used to produce a spherical wave,
creating the image of a point source near the surface.

By choosing the correct phase and amplitude distribution across
the array, we can, in fact, create images of any number of points at



Figure 9.1 Waves emanating from discrete sources in a phased array interface to create
a plane wave that appears to come from a distant source behind the array.

Figure 9.2 By emitting waves with different phase relationships, the array sources are
able to create a plane wave that propagates at any angle to the array surface.
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apparent source

Figure 9.3 A different combination of phase relationships produces a spherical wave
that appears to come from a point near the array surface.

any number of locations behind the array. Since any three-
dimensional scene can be represented as a collection of discrete
points in space, it follows that an array can reproduce any three-
dimensional scene.

The procedure for calculating the phase and amplitude distribu-
tion required to produce a scene is straightforward. All visible ob-
jects in the scene are represented in a computer in terms of discrete
surface points. The spacing of the points is determined by the reso-
lution of the array. Each point is assumed to produce a spherical
wave. The complex amplitudes of these waves are summed at each
source position on the array. The resultant complex amplitude at
each source point determines the phase and intensity that source
must radiate to reproduce the scene.
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D Design

The sources in a phased array must radiate coherently. That is, they
must be able to interfere with each other. The easiest way to achieve
this is to illuminate the back of the array with light from a single
laser. A diverging laser beam could be aimed at the array from be-
hind, or the beam could be transported through a thin planar wave-
guide on the rear surface of the array. Since lasers can be made with
coherence lengths of kilometers, it doesn't really matter how the la-
ser light gets to the sources. It will always be coherent across the
array, and each source can have its own phase and amplitude cali-
bration factors.

In this scheme, each source in the array is a passive transmission
element with adjustable optical path length (phase) and transmis-
sion (amplitude). Figure 9.4 shows a cross section through a few
elements. The elements are 0.2 microns (200 nm) apart. (A bacte-
rium could cover five of them.) Each element consists of a phase
shifter and an amplitude modulator.

The amplitude modulator is simple. A cross polarizer like those
in LCD displays should suffice.

The phase shifter is made of an electrooptic birefringent material.
This means that the shifter changes its refractive index along one
polarization direction in response to an electric field. A polarizing
filter down the back of the array ensures light of the proper linear
polarization enters the shifter. A quarter-wave plate on the front of
the array to restore elliptical polarization is optional.

A large variety of crystals are known to exhibit the required elec-
trooptic effect.’ Some of these are semiconductors that are the stock
in trade of existing microfabrication technology. Unfortunately the
electrooptic effect in solid crystals is rather weak. Even very large
electric fields produce very small changes in refractive index. Since
each phase shifter must be able to retard light passing through it by
one full wavelength, a small change in refractive index means a long
phase shifter. For solid crystals this length will be on the order of a
millimeter, which is probably too long to be practical.
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Figure 9.4 Schematic cross section of an optical phased array.

Nematic liquid crystals exhibit an electrooptic effect thousands of
times stronger than that found in solids.? If these crystals can be
made with a high refractive index and fast response, then phase
shifters one micron long, such as those in figure 9.2, should be
possible.

An interesting alternative has been suggested by Jeffrey Soreff of
EBM2 Rather than relying on electrooptic effects, a crystal with a
large fixed birefringence, such as calcite, could be used. The crystal
is sandwiched between parallel linear polarizers and rotated relative
to the direction of polarization. The phase-shifting rotation could be
accomplished by mechanical rotation of the crystal or by rotating the

polarizer directions. This scheme would also permit micron-length
phase shifters.
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In all these designs each phase shifter is behaving as a waveguide
near cutoff. Red light, with a wavelength in free space of 0.6 mi-
crons, will be the most difficult to deal with. To get through awave-
guide less than 0.2 microns wide, the wavelength will have to be
reduced to less than 0.4 micrpns. Thiswill require arefractive index
of at least 15 in the phase shifting medium.

Data Management

Although the synthesis of array images may be mathematically
simple, it will be computationally severe (by today's standards). A
source separation of 0.2 microns gives 25 million sources per square
millimeter, 2.5 billion per square centimeter, and 25 trillion array
sources per sguare meter. Each one of these sources will have to
radiate with its own calculated phase and amplitude.

Thisis a staggering amount of information. To understand the ori-
gin of this information, recall that the array behaves as a window
onto, the scene it is reproducing. Suppose a square meter array is
reproducing a wilderness scene. Looking at (through) the array, one
sees a meadow, a small lake, and a mountain beyond. One mile
away, on the far shore of the lake, a man is fishing. If you aimed a
telescope in his direction, you would see him clearly. And if you
had areally big telescope (one with atwo-foot wide lens), you would
be able to see a housefly on his hat.

It is now obvious why the array contains so much information. A
meter wide array (or window for that matter) has a diffraction lim-
ited resolution of about one millionth of aradian, or 0.2 seconds of
arc. The array image therefore contains every scene element sub-
tending a solid angle greater than atrillionth of a steradian: the fly
onthe man's hat, leaves on treesfive miles away, almost every blade
of grass in the meadow, and so on.

The number of scene elements recorded by an array is roughly
equal to the number of sources in the array. To compute the phase
and amplitude for each source, we must add the contributions of
spherical waves from each scene element to each source point. For
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asquare meter array, thisis 1000 trillion trillion floating point opera-
tions. A single computer would have trouble finishing this calcula-
tion within the lifetime of the universe.

Fortunately several considerations come to our rescue. First, this
type of calculation is amenable to Fast Fourier methods, which tend
to reduce N-squared operations to NlogN operations (a trillionfold
decrease in our case). Second, this problem is well suited to massive
parallelism. With enough processors, there is no reason why array
image synthesis couldn't proceed at movie frame rates. Finally, not
all array images will require resolution beyond that of the unaided
eye. This concession alone reduces the computation and bandwidth
requirements by several orders of magnitude.

Real-time arrays still pose formidable data storage and transmis-
sion problems. A square meter array operated at human eye resolu-
tion will require about a gigabyte per frame, or 50 gigabytes per
second. Interestingly, light itself is ideally suited to transmission at
thisrate. Modulated light could be used for both long distance trans-
mission and local control of array sources. Instead of trillions of tiny
wires, light traveling through the same waveguide as the primary
laser could carry image information to decoders at periodic intervals
in the array.

The data storage requirements of arrays cannot yet be met econom-
ically. (A phased array movie would consume several hundred tera-
bytes!) Nevertheless, storage technologies able to handle arrays are
on the horizon. Certainly molecular technology, with its promise of
one gigabyte per cubic micron, will be more than sufficient.

Phased Arrays vs. Holography

Phased arrays and holography are both methods of wavefront recon-
struction, and both can produce three-dimensional images. They dif-
fer in some important ways, however.

Holography avoids the computational requirement of arrays with
a simple and elegant solution. The scene to be reproduced is illumi-
nated with alaser. Photographic filmis placed near the scene to cap-
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ture reflected light (the "object" beam). At the same time, areference
beam from the same laser is shone on the film. Because they come
from the same laser, the object and reference beams are coherent
and produce a microscopic interference pattern that is recorded on
thefilm.

This interference pattern is analogous to the phase and amplitude
modulation of sources in a phased array. When alaser beam is shone
on the developed film, the transparent areas of the interference pat-
tern select out those parts of the beam that have the correct phase to
reconstruct the recorded scene.

Holography is simple and works without a computer; however,
it has inherent drawbacks. Holographic recording produces phase
modulation that is too coarse for unambiguous wave reconstruction.
When you shine alaser on a hologram, three beams will always be
emited: the reconstructed object beam, the (unwanted) conjugate
beam, and the laser beam itself. This happens because of the wide
spacing of interference fringes produced by holographic recording.
(The three beams are actually three orders of diffraction.) Phased
arrays modulate phase and amplitude at half-wavelength intervals.
This is close enough to generate only one interference maximum,
which contains the reconstructed beam and nothing else.

Simulated Incoherence

Phased arrays reproduce scenery using coherent light. This raises
certain problems that have been glossed over so far. It was assumed
earlier that different parts of a scene could be reproduced indepen-
dently. This is not quite true for coherent light. Light waves from
different points in a coherent scene would interfere with each other,
generating unnatural effects such as laser speckle.

A simple solution exists. Numerous separate versions of a scene
could be synthesized, each assigning a different random phase factor
to points in the scene. When presented in rapid succession (say
twenty versions per second), al interference effects would blur
out, creating an effectively incoherent scene. In terms of eliminating
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laser speckle, this process is equivalent to rapidly altering the micro-
scopic structure of a scene surface.

Color

Producing colored scenes is easy. Three versions of each scene
would be synthesized in red, green, and blue light (the three primary
colors of human vision). The array would cycle through them
rapidly, alternating between red, green, and blue lasers. Because
scenes would tend to split apart into separate colors if you moved
your eyes fast, you would want a fast cycle time (ideally less than a
millisecond).

Although they would appear perfectly authentic to human eyes,
scenes produced in this way would be easily detectable by a prism.
They might not fool animals either. The ultimate solution is to cycle
very quickly through the entire visual spectrum at random incre-
ments. Such an array would be difficult to detect.

Transparent Arrays

If atransparent planar waveguide is used to carry laser light across
the back of a phased array, then the array will be semitransparent
with perhaps 30 percent transmittance (like tinted glass). This raises
all sorts of interesting possibilities. For one, the array could super-
pose images on real scenery behind it. (A glide path for a landing
aircraft is anice example.) More profound, though, iswhat the array
could do to the scenery itsalf.

In the theory of diffraction, ailmost every element of an optical
system can be modeled as atwo-dimensional surface with a complex
transmission function. (A lens, for example, is equivalent to a flat
surface with particular phase changing properties.) Phased arrays
will turn this mathematical abstraction into technological reality. A
single transparent array could behave as a programmable phase
plate, Fresnel zone plate, hologram, prism, diffraction grating, or
variable focd length, low f number, diffraction-limited lens. All this
from an array microns thick and able to change roles in a microsec-
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ond. You could hold such a thing in your hand and swear it was
from another world.

The Recording Problem

For many applications the scenery produced by an array will origi-
nate entirely in a computer. When it doesn't, a way must exist to
record real scenery that allows reproduction by an array. In the gen-
eral case of an incoherent (naturally illuminated) scene, the only
way to do this is brute force: record conventional flat images from
every angle you can get.

For low-resolution reproduction, a "fly's eye" lattice of one-
centimeter wide lenses could be used to record multiple views of a
scene. A computer would then infer the three-dimensional structure
of the scene from these views and proceed with image synthesis by
methods already discussed. This system would have adequate reso-
lution for viewing with the unaided eye. Higher resolution would
require larger lenses.

Transparent arrays are well suited to this application. A transpar-
ent array could behave as a fly's eye lens to record nearby objects
and later become a single huge lens to record details miles away.
This type of system could quickly gather all the information needed
to reproduce scenes with telescopic resolution.

High-Power Arrays

The array designs presented so far operate by modulating laser light
passing through them. The "sources" don't actually produce light
themselves. For some applications, particularly outdoor use, a
higher power design is desirable. The visual intensity of the sun
(about 500 watts per sguare meter) is the regime we seek.

Consider putting a tiny laser at the base of each phase shifter.
(Quantum well semiconductor lasers would be ideal.) These lasers
provide a coherent boost to light passing through the array, essen-
tially transforming the whole array into a resonant cavity. In other
words, the array becomes one big laser with adjustable emission
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phase across its surface. Color could be dealt with by making the
lasers tunable, or by laying them out in ared-green-blue hexagonal
lattice.

Now consider a building covered on al sides by a high-power
phased array. By day it could produce an image of alandscape con-
tiguous with its surroundings, thereby rendering itself effectively in-
visible. By night it could do more of the same, or, for variety, create
the image of a floodlit building. Perhaps it would supplement this
scene with the image of a powerful, sweeping searchlight to detect
and/or intimidate intruders. For those occasions when a searchlight
is not intimidating enough, the phase of a few array sources could
be matched to the coordinates of an intruder, with interesting conse-
guences. Suppose an observer looking at the array sees one square
meter worth of sources radiating at exactly the same phase relative
to him. The sources will interfere constructively, depositing their
entire output energy to a very small point at his location. In other
words, the observer will be at the focus of a one-kilowatt laser (not
avery healthy place to be).

Of course the same principle can be employed over the entire sur-
face area of the building, encompassing hundreds of kilowatts of
laser power. Our camouflage, decorative lighting system is now a
long-range missile defense system, or directional transmitter of in-
terstellar range. (With abeam divergence of less than a millionth of
a degree, a stable 100-meter wide array would appear 1 percent as
bright as the sun at any distance.)

While this example is a bit extreme, it illustrates that very small
coherent sources can produce very big laser power. It follows that
generating images of lasers and laser light will be an important ap-
plication of phased arrays (particularly in view of the high efficiency
of semiconductor lasers).

Invisibility Suits

Displaying still scenery matching your surroundings is one form of
invisibility. We could call this passive invisibility. With a view to-
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ward very fast and compact computers, an even more audacious pos-
sibility exists: active invisibility.

Active invisibility means an array would acquire and synthesize
contiguous scenery in real time. This could be accomplished with a
system a few millimeters thick. The interior layer of our hypotheti-
cal "invisibility suit" consists of photosensors comparable to a hu-
man retina. The exterior is a phased array with phase shifters of
extra close spacing and high refractive index. Half of the shifters are
dedicated to image production, while the other half transmit light
through to the photosensitive layer. The transmitting shifters are ad-
justed to form a multitude of focused fly's eye images on the photo-
sensitive layer. The system is thus able to both produce and view
scenery from all angles at the same time. A powerful computer net-
work would manage the scenery synthesis and other details, such
as how suit movement affected phase relationships. Other designs
are possible.

Such speculations lie at the limits of foreseeable technology. It is
nonetheless amazing that something as fantastic as invisibility could
be achieved using known science.*

Front-Projection Images

Phased arrays can produce images of objects anywhere in space be-
hind them. But that is not al they can do. With certain restrictions,
they can also make objects appear in front of them.

Figure 9.5 illustrates the principle for a point source. By produc-
ing converging spherical waves, the array creates the image of a
point source in front of it. Once again, creating awhole object is just
a matter of assembling the points that constitute it. By controlling
the areas of the array that reproduce various points, hidden lines
and surfaces are removed, and even front-projected objects will ap-
pear solid and opaque.

Imagine you are back in your teleporter room enjoying the Martian
panorama. This time thefloor is also covered with phased array op-
tics. Martian boulders now appear at your feet, among the furniture,
and in one case right in front of your nose! Now that's realism.
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apparent source

igure 9.5 Phased arrays can produce wavefronts that appear to originate in empty
space in front of the array.

Virtual teleporters covered on all sides by phased arrays bear a
striking similarity to the "holodeck" concept of Sar Trek. Anything
could happen in such aroom. Anything.

Eyeing The Future

Optical phased arrays pose substantial challenges for information
processing and nanofabrication. Nevertheless it seems certain that
these challenges will be met within the next twenty to thirty years.
Some precursor technologies, such as LCD holography, are at the
edge of current capability.

Over the long term, the future of arrays is as limitless as imagina-
tion itself. The few applications mentioned here are just a glimpse
of their potential. As Arthur C. Clarke said about virtual reality, this
technology "won't merely replace TV. It will eat it alive."®



10 Utility Fog: The Stuff That Dreams Are Made Of
J. Storrs Hall

This is a most majestic vision, and Harmonious ... which by mine
art | have call'd to enact my present fancies.
—William Shakespeare

An engineer of the ancient world would have gone slowly mad, try-
ing to understand how a solid roadway could be fixed at both ends
while its center traveled at a hundred miles an hour.

—Arthur C. Clarke

This that you see is simply my projection, composed of forces for
which you have no name in your language.
—E. E. Smith

D Sufficiently Advanced

Somewhere in your house there is arefrigerator, and within it stands
aglass bottle of abeverage you wish to drink. Without getting up, or
putting down this book, beckon with your hand. The door of the
refrigerator will open, and the bottle will emerge, floating in the air.
Simultaneously, a crystal goblet will appear in your hand. As the
bottle approaches, the stopper will remove itself with a minimum of
fuss. Enjoy your refreshment while the bottle floats serenely back to
its place.

You decide to relandscape your yard. Go outside; somehow you
become 50 feet tall, and the area looks like amodel of itself. To your
tools, the ground seems to have the consistency of whipped cream;
but no matter how careless your step, your feet and knees aren't able
to damage anything. After you've swapped the pond and the tennis
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court, utter afew odd-sounding words. Y ou're normal size, the better
to judge the effect. A few more magic words, like "plinth" and "col-
onnade," and a small Grecian temple—marble columns and all—
appears. Wave your arms and it expands and contracts like some
outsized accordion. When it's just right, lock it into place with a
final command.

Any sufficiently advanced technology, wrote Arthur Clarke, is in-
distinguishable from magic. The particular invention this chapter is
about, "utility fog,” brings this point home poighantly. Magic is
what you get when the rules of the mind describe the real, physical
world. Objects appear and disappear, like thoughts do. Similarity
and contagion—the "laws" of magic—are really associative retrieval
and processing. With utility fog, the physical world is mind, in an
objective literal sense that will become clear in the next few pages.

A Pall of Air

Imagine a microscopic robot, about the size of a single human cell.
It has abody about the size of abacterium and several arms sticking
out in all directions. A bucketful of such robots might form a "robot
crystal" by linking their arms together into a lattice structure. Now
take aroom, with people, furniture, and other objects in it—it's still
mostly empty air—and fill it completely full of robots.

With the right programming, the robots can exert any force in any
direction on the surface of any object. They can hold an object up,
so that it apparently floats in the air. They can hold you up, applying
the same pressures to the seat of your pants that your chair would.
They can exert the same resisting forces that your elbows and fin-
gertips would expect from the arms and back of the chair. A program
running in utility fog can thus simulate the physical existence of
amost any abject.

Utility fog operates in two modes: first, the "naive" mode where
the robots act much like cells, and each robot occupies a particular
position and does a particular function in a given object. In the sec-
ond, or "fog" mode, the robots act more like the pixels on a TV
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screen. Objects are then formed of patterns of robots, which vary
their properties according to which part of the object they are repre-
senting at the time. An object can then move through a cloud of
robots without moving the individual robots, just as the pixels on
your TV stay put while pictures move around on the screen.

Although each of the robots is too small to see individually,
masses of them would scatter light so much as to be opague (just
like fog). The robots at the surface of a naive-mode object could hold
a layer of surface plates of any desired color. Unused plates could
be distributed throughout the volume of the object and physically
swapped into place about as fast as a television changes its picture.
In fog mode, the object would have to hold up holographic "eye-
phones," in front of your eyes, similar to those described elsewhere
in this volume.

Utility fog that is pretending to be air needs to be impalpable. You
would like to be able to walk through your fog-filled house without
having the feeling you had been cast into a solid block of Lucite.
You'd also like to be able to breathe. To this end, the robots repre-
senting empty space constantly run a fluid-flow simulation of what
the air would be doing if the robots weren't there. Each robot does
what the air it displaces would do in its absence. How do you
breathe when the air is a solid mass of machines? Actually, it isn't
solid—foglets only take up about 5 percent of the volume they oc-
cupy (they need lots of "elbow room" to move around). Like cotton
candy, they carry the air in a given volume along when the fog
moves, but relatively little force is required to compress the air out
when needed. Thus when fog simulates the normal air currents
caused by breathing and other motions, air is moved and mixed just
as it normally would be; when you inhale, fog squeezes out the ap-
propriate amount of air.

Carried aong in the fog, every six inches or so, is a pea-sized ob-
ject that acts as a control center and local power reservoir. In the
case of a catastrophic system failure, all the fog that is part of anaive
mode object simply freezesinto place, and that which is pretending
to be air contracts around its local centers. In atypical room, the
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floor would be covered to a depth of half a foot in objects very simi-
lar to golf balls.

To understand why you'd want to fill the air with microscopic
robots only to go to so much trouble to make it seem like they
weren't there, consider the advantages of a TV or computer screen
over an ordinary photograph. Objects on the screen can appear and
disappear at will; they are not constrained by the laws of physics.
The whole scene can shift instantly from one apparent locale to an-
other. Completely imaginary constructions, impossible to build in
reality, can be commonplace. Virtually anything you can imagine
could be given tangible reality in a utility fog environment.

Why not, instead, build a virtual-reality machine that fools al
your senses into a purely simulated version of the same apparent
world? Well, in aVR machine you could experience digging up your
backyard as afifty-foot giant, but the backyard itself would miss all
the fun. Fog acts as a continuous bridge between actual physical
reality and virtual reality. Fog is a universal effector as well as a
universal sensor. Any (rea) object in a fog environment can be ma-
nipulated with an extremely wide array of patterns of pressure,
force, and support; illuminated with any pattern of light; measured,
analyzed, smelled, tasted, weighed, cut, reassembled, or reduced to
bacteria-sized pieces and sorted for recycling.

* The Roads Must Roll

As well as forming an extension of the senses and muscles of indi-
vidual people, fog can act as a generalized infrastructure for society
at large. Fog City need have no permanent buildings of concrete, no
roads of asphalt, no cars, trucks, or buses. It can look like a park, or
aforest, or if the population is sufficiently whimsical, ancient Rome
one day and the Emerald City the next.

It will be more efficient to build dedicated machines for long dis-
tance energy and information propagation and physical transport.
Fogisideal for local use and as an interface to worldwide communi-
cation networks. It can act as shelter, clothing, telephone, computer,
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and automobile. It can be almost any common household object, ap-
pearing from nowhere when you need it (and disappearing when
you don't). It gains a certain efficiency from this extreme polymor-
phism; the same fog that was your clothing becomes your bath water
and then your bed.

Another item of infrastructure that will become increasingly im-
portant in the future is information processing. Nanotechnology will
allow us to build some really monster computers. Although each
foglet will possess a comparatively small processor—which is to
say, it will have the power of a current-day supercomputer—there
are over 16 billion foglets to a cubic inch. When those foglets are not
doing anything else, that is, when they are simulating the interior of
a solid object or air that nothing is passing through at the moment,
you could use them to balance your checkbook. Or whatever.

What Computers Can't Do

When discussing something as far outside of everyday experience as
utility fog, it is agood ideato delineate both sides of the boundary.
Because fog is capable of so many amazing things, we should point
out a few of the things it will be incapable of simulating.

» Anything requiring really hard surfaces, such as knives, axes,
drill bits, nails, and so on. Individual foglets are hard, but then so
are individual grains of confectioner's sugar. Naive-mode fog objects
can be about as hard as plastic. Fog-mode fog can simulate much
harder objects, but only by fooling your senses in a number of ways.
* Anything requiring high density. Naive-mode objects can be
about as heavy as wood. Fog-mode objects can seem heavier by dy-
namically supplying the forces you'd fedl from weight and inertia.

* Anything requiring both high strength and low volume. You
couldn't make a parachute out of fog. (Unless, of course, al the air
were rilled with it, and then you wouldn't need one.)

» Anything requiring high heat. A fog fire could merrily blaze away
on fog logs in your fireplace, and it would fedl warm on your skin a
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few feet away. It would fed just the same if you put your hand into
the "flame."

* Anything requiring molecular manipulation or chemical transfor-
mation. Foglets are simply on the wrong scale to play with atoms.
In particular, they cannot reproduce themselves. On the other hand,
they can do things like prepare food the same way a human cook
does—by mixing, stirring, and using special-purpose tools designed
for them to use.

» Fog cannot simulate food, or anything else destined to be broken
down chemically. Eating fog would be like eating the same amount
of sand or sawdust.

Monsters from the Id

In 1611 William Shakespeare wrote his final play, The Tempest.
Three hundred forty-five years later a pair of obscure writers, Irving
Block and Allen Adler, updated the Tempests plot into a story
called "Forbidden Planet" and created a modern myth.

"Forbidden Planet," more precisely the movie version developed
by Cyril Hume, has become aclassic cautionary tale for any scenario
in which people become too powerful and control their environment
too easily. In the story, the Krell are an ancient, wise, and highly
advanced civilization. They perfect an enormous and powerful ma-
chine, capable of projecting objects and forces anywhere in any
form, following the mental commands of any Krell. The machine
works "not wisely but too well," manifesting all the deeply buried
subconscious desires of the Krells to destroy each other.

Utility fog will provide humans with powers that approximate
those of the fictional Krell machine. Fortunately, we have severa
centuries of literary tradition to guide us around the pitfalls of hu-
bris made reality. We must study this tradition, or we may be
doomed to repeat it—a truth that is by no means limited to utility
fog, or indeed to nanotechnology in general.

Thefirst thing we can do isto require fully conscious, unequivocal
commands in order for the fog to take any action. Beyond that, we
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can try to suggest some of the protocols that may be useful in manag-
ing the fog in situations where humans are interacting in close phys-
ical proximity. Even if we solve the problem of translating one's
individual wishes, however expressed, into the quadrillions of sets
of instructions sent to individual foglets to accomplish what one de-
sires, the problem of who gets to control which foglets is probably a
much more contentious one.

We can, if we desire, physicalize the psychological concept of
"personal space." Foglets within some distance of each person
would be under that person's exclusive control; personal spaces
could not merge except by mutual consent. This single protocol
could prevent most crimes of violence in our hypothetical Fog City.

A corollary point is that physically perpetrated theft would be im-
possible in a fog world. It would still be possible by informational
means—fraud, cons, hacking, and so on—but fog could be pro-
grammed to put ownership on the level of a physical law (not that
it makes much sense to think of stealing a fog-mode object, anyway).
Ownership and control of fog would not be greatly different in prin-
ciple from ownership and control of land. Most of us are used to
such laws, but it's actually a complicated bundl e of rights: you don't
own the road, but you have exclusive rights to the part you're driv-
ing on right now. You do own your car, but you will discover limits
if you park in atow-away zone.

Indeed, much of the fog's programming will need to have the char-
acter of physical laws. In order for the enormous potential complex-
ity to be comprehensible and thus usable to human beings, it needs
to be organized by simple but powerful principles that are consonant
with the immense, hard-wired information processing that our sen-
sory systems perform. For example, it would be easy to move furni-
ture (or buildings) by manipulating a scale model with your hands,
and easy to see what's going on by looking at the model. However,
fog could just as easily have flooded the room with 100 kHz sound,
and frequency-scaled the echoes down into your auditory range. A
bat would have no trouble with this kind of "scale model," but to us
it's just noise.
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It will be necessary, in general, to arrange the overall control of
the fog to be extremely distributed, as local as possible, and robust
in the presence of failure. When we realize that a single cubic inch
of fog represents a computer network of greater complexity and com-
puting capacity than any existing in the world today, the concept of
hierarchical control with human oversight can be seen to be hope-
lessly inadequate. Agoric distributed-control algorithms that barter
locally for computational resources offer one possible solution.?

With Folded Hands

Another major advantage for space-filling fog is safety. In your car
(or its nanotech descendant) fog forms a dynamic form-fitting cush-
ion that protects you better than any nylon-fiber seat belt. An appro-
priately built house filled with fog could even protect its inhabitants
from the effects of a nuclear weapon—within 95 percent or so of its
lethal blast area.

There are many more mundane ways fog can protect its occupants,
not the least being to physically remove bacteria, mites, pollen, and
so forth, fromthe air. A fog-filled home would no longer be the place
where most accidents happen. First, by performing most household
tasks using fog as an instrumentality, the cuts and fals that accom-
pany the use of knives, power tools, ladders, and so forth can be
eliminated.

Second, the other major class of household accidents, injuries to
young children who hurt themselves out of ignorance, can be
avoided by a number of means. A child who climbed over a stair rail
would float harmlessly to thefloor. A child could not pull abookcase
over on himsdlf; falling over would not be among the bookcase's rep-
ertoire. Power tools, kitchen implements, and cleaning chemicals
would not normally exist; they or their analogues would be called
into existence only when needed and then vanish, instead of having
to be cleaned and put away.

Outside the home, the possibilities are, if anything, greater. One
can easily imagine an "industrial fog" factory. It would consist of
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larger robots, perhaps the size of grains of sand. Of course no one
would care that it couldn't simulate the textures and appearances of
silk or fine chinal Unlike domestic fog, which would have the den-
sity and strength of balsa wood, industrial fog could have bulk prop-
erties resembling hardwood or aluminum. A nanotechnological
factory would probably consist of a mass of fog with special-purpose
reactors embedded in it, where high-energy chemical transforma-
tions could take place. All the physical manipulation, transport, as-
sembly, and so forth would be done by the fog—providing the
ultimate in flexible manufacturing.

From Earth to Moon

The mgjor components and systems of spaceships will need to be
made with special-purpose nanotechnological mechanisms, and in-
deed with such mechanisms pushed much closer to their true capac-
ities than anything we have mentioned heretofore. In the cabin of
your spaceship, however, you will want an acceleration couch, a fine
application for fog. But when you're not accelerating, which is most
of the time, you'd prefer there to be something useful, like empty
space.

Put utility fog in the cabin and you never have to worry about
floating out of reach of ahandhold. Instruments, consoles, and cabi-
nets for equipment and supplies are not needed. Items that cannot
be simulated can be embedded in the fog in what are apparently
bulkheads.

Fog can add great structural strength to the ship itsdf; the rest of
the structure need be not much more than a balloon. The same is
true with your spacesuit: fog inside the suit manages the air pressure
and makes motion easy; fog outside gives you extremely fine manip-
ulating ability for various tasks. Of course, like the ship, the suit
contains many special-purpose, nonfog mechanisms.

Surround your space station with fog; it needs radiation shielding
anyway. These would be big industrial foglets with lots of redun-
dancy in the mechanism, and even so they may get recycled fairly
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often. All the stock problems from science fiction movies go away:
you never need to go outside to fix something; and if you want to go
outside, you can't let go and go spinning off into space. Outside, fog
also makes a good tugboat for docking spaceships.

When you homestead your little patch of the Moon, bring along a
batch of heavy duty fog as well as special-purpose nanotech power
generation and waste recycling equipment. There will be a million
and one tasks, of the ordinary yet arduous physical kind, that must
be done to set up and maintain a self-sufficient household.

The Shape of Things to Come

Virtually every physical job humans do could be performed by util-
ity fog. Most nonphysical tasks—those involving communication
and decision making—could be greatly facilitated by fog-mediated
telepresence and computational power. (The question of whether ar-
tificia intelligence could replace those functions entirely is beyond
the scope of this chapter.)

The appearance and functionality of each individual's environ-
ment will be completely programmable, and we should expect an
extremely wide variety of styles to emerge. However, many of the
less lovely aspects of life, such as dirty crowded cities, which are
products of necessity, could reasonably be expected to decrease.

To demonstrate how fog would appear to its inhabitants and ex-
plain what would actually be happening underneath, let us consider
the following vignette. Each statement of a surface effect is followed
by a description of how the effect is implemented by the fog.

"] decided to seeif Fred was interested in breakfast. He was in, so
| popped over."

(Fred lives 100 miles away. You subvocalized a command to in-
quire about his status. Utility fog robots in a layer next to your skin,
acting as EEG receptors, are able to read enough of your nerve activ-
ity to interpret this command. A communication pathway is opened
between your domicile and Fred's; this consists of a foglet-to-foglet
network between you and the nearest hard-matter data transmission
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node, and along that network to whatever batch of fog Fred has act-
ing as his "social secretary" at the moment. Fred's program knows
that he is accepting visitors, at least you, at the moment, so an unoc-
cupied section of fog in Fred's place is bound over to your control. A
telepresence link is set up; thefog assumes your shape and transmits
sights, sounds, and forces to the fog around you, which assumes the
appearance of the remote location. To your senses and Fred's, you
have been instantly transported to his location.)

"Fred looked like the very devil, and in fact his place was a pretty
decent Hell. Carefully avoiding a pit of bubbling lava, | decided the
only appropriate shape for me was Frosty the Snowman."

Assuming that the appearance and physical properties of a shape
are programmed, the software techniques to simulate it are straight-
forward extensions of current-day computer graphics. Fog has more
than adequate computational power to do this in real time. Fog
around a person can easily simulate an elaborate costume, using, if
desired, telepresence techniques to make the person feel as if he ac-
tually had takenjpn that shape.

"We settled on La Belle Maison for breakfast on the way to the
Z00.

The zoo is a real place, since people like to see animals in the
flesh. Both of you must travel there physically. Each of you will travel
in a capsule that simulates the interior of a restaurant, including a
telepresence of the other. The restaurant itself is on the other side of
the world. In response to your query (and cash!), it downloads the
appropriate software for simulating its interior to both of you.

"Gaston's crepes were magnificent, as always. | enjoy the Old
World massiveness of La Belle Maison's furnishings, especially
those solid silver utensils."

Food, the most common item fog cannot simulate, is assembled
by "standard" molecular construction under the direction of other
programs downloaded from the restaurant. The developing food
forms a tree of coalescing subparts that intercepts your transporta-
tion trajectory just as the waiter, who is a program rather than a
telepresence, appears to bring it from the kitchen. Even though the
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substance of fog isn't much denser than balsa wood, it can appear
to have weight and mass by simulating the forces that gravity and
inertia would cause it to exert against your hand. It can do this as
long as any part of the object isin contact with the "air."

"As we wandered around the zoo, a family of leopards took an
interest in us and followed us around for a while."

Physicalized "personal space" could easily protect people and an-
imals from each other in a zoo, allowing them to intermix freely
without cages in perfect safety. For highly nervous animals, it would
be possible to program invisibility between them and their predators,
or for the visitors if they would overly excite the animals.

"Then we flew over to the jungle area. The monkeys chattered at
us from the high branches.”

Flying individually is no different than using fog to move any
other object. It fedls, presumably, more or less like swimming. You
would almost certainly want to map the control for attitude, speed,
and direction into motor impulses instead of verbal commands; it's
actually a simple technology, used today for prosthetics.

"Afterward, we zipped on up to the promenade to check out the
latest fashions.”

In the vicinity of the floating city, your trajectory is more closely
controlled, so you generally request a least-time routing. The city is
a mass of structures of varying permanence; there is no need for
streets or walkways, but mall-like promenades are provided in some
commercial sectors for that quaint twentieth-century ambiance.

Rossum'’s Universal Robots

Compared with an assembler, afoglet will be huge and overpowered,
able to control its motions to atenth of a micron instead of a tenth
of a nanometer. It will have an arm-spread of ten microns. Each
foglet will weigh about 20 nanograms and contain about 5 trillion
atoms.

This is about as small as it would be feasible to make a foglet.
There is no obvious upper bound on size, except to reduce the reso-
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lution and verisimilitude of the simulation. Foglets whose appear-
ance was unimportant and that were simply to manipulate objects
could be on the order of inches or even feet. It would probably be
workable to have fogletsten or even a hundred times as large asthe
design presented here, which would smplify some of the engi-
neering problems. They would be visible to the naked eye, if you
looked closely, but then so arethe pixels on your television.

Most currently proposed nanotechnological designs are based on
carbon. Carbon isamarvelous atom for structural purposes, forming
a crysal (diamond) that isvery giff and strong. However, a fog built
of diamond would have a problem that nanomechanical designs of
a more conventional form do not pose: fog has so much surface area
exposed to the air that if it were largely diamond, especially on the
surface, it would amount to an easily ignitable fud-air explosive.

Figure 10.1 A foglet, containing some five trillion atoms, with a reach of about ten mi-
crons.
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Therefore, the basic foglet is designed so that its structural ele-
ments, forming the magjor component of its mass, are made of alumi-
num oxide, a refractory compound using common elements. The
structural elements form an exoskeleton, which, besides being a
good mechanical design, allows us to have an evacuated interior in
which more sensitive nanomechanical components can operate. Of
course, any macroscopic ignition source would vaporize a foglet en-
tirely; but as long as more energy is used vaporizing the exoskeleton
than is gained burning the carbon-based components inside, the re-
action cannot spread.

Each foglet has twelve arms, arranged as the faces of a dodecahe-
dron. The arms have telescoping mechanisms rather than joints.
Each arm swivels on a universal joint at the base, and the gripper at
the end can rotate about the arm's axis. Each arm thus has four de-
grees of freedom, plus opening and closing the gripper. The swivel
and rotate axes are weakly driven, able to position the arm in free
air but not drive any kind of load. The only load-carrying motor on
each axis is the extension/retraction motor.

The gripper is a hexagonal structure with three fingers mounted
on alternating faces of the hexagon. Two foglets "clasp hands" in an
interleaved six-finger grip. Since the fingers are designed to match
the end of the other arm, this provides arelatively rigid connection;
forces are only transmitted axially through the grip.

When at rest, foglets form a regular lattice structure. If the bodies
of the foglets are thought of as atoms, it is a. face-centered cubic crys-
tal formation, in which each atom touches twelve other atoms. If you
imagine the foglets arms as the girders of a trusswork bridge, they
form a configuration known as an octet truss, invented by Buckmins-
ter Fuller in 1956.3 The spaces bounded by the arms form al-
ternate tetrahedrons and octahedrons, both of which are rigid,
three-dimensional shapes.

A mass of fog may be thought of as consisting of layers of foglets.
The layers, and the shear planes they define, lie at four major angles
(corresponding to the faces of the tetrahedrons and octahedrons) and
three minor ones (corresponding to the face-centered cube faces). In
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each of the four major orientations, each foglet uses six arms to hold
its neighbors in the layer; layers are thus a two-dimensionally rigid
fabric of equilateral triangles. In face-centered mode, the layers .work
out to be square grids and are thus not rigid, a slight disadvantage.
Most fog motion is organized in layers; layers slide by passing each
other down hand-over-hand in bucket-brigade fashion. At any in-
stant, roughly half the arms will be linked between layers when they
are in motion.

Each moving layer of robots is similarly passing the next layer
along, so each layer adds another increment of the velocity differ-
ence between adjacent layers. If we assume that an arm's speed is a
meter per second, and the interlayer distance is an arm's length (ten
microns), we get a maximum shear rate of one hundred kilometers
per second per meter. This means that if Sandy Koufax were stand-
ing in solid fog, pitching a 100 mile-per-hour fastball, the boundary
layer of foglets allowing his hand to pass need only be four tenths
(0.447) of amillimeter thick.

The atomically precise crystals of the foglets structural members
will have atensile strength of at least 100,000 pounds per sguare
inch (psi), or higher than most steels but lower than modern "high-
tech" composites using refractory ceramics. With an arm's length of
ten microns, fog will occupy 5 percent of the volume of the air but
has structural efficiency of only about 1 percent in any given
direction.

Thus utility fog, as a bulk material, will have a density (specific
gravity) of 0.2. For comparison, the density of balsa wood is about
0.15, cork is about 0.25. In action, fog will have atensile strength of
only 1000 psi, which is about the same as low-density polyethylene
(solid, not foam). Luckily the material properties arising from the
lattice structure are more or less isotropic; the one exception is that
when fog is flowing, tensile strength perpendicular to the shear
plane is cut roughly in half.

Without altering the lattice connectivity, fog can contract by up to
about 40 percent in any linear dimension, reducing its overall vol-
ume (and increasing its density) by afactor of five. (Thisis of course
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done by retracting all arms while not letting go.) In this state the fog
has the density of water. An even denser state can be attained by
forming two interpenetrating lattices and retracting; at this point its
density and strength would be similar to ivory or Corian structural
plastic: a specific gravity of 2 and tensile strength of about 6000 psi.
Such high-density fog would have the useful property of being wa-
terproof (which ordinary fog is not), but it cannot flow and takes
much longer to change configuration.

"Industrial" fog could, by use of thicker arms, increase the density
and strength of ordinary fog by a factor of three, without losing mo-
bility. In aretracted state, properly designed industrial fog could be
waterproof without interpenetrating, making it more flexible in ap-
plications demanding that property.

The Mightiest Machine

For a mass of fog to press against some object at its peak 1000 psi,
each foglet arm must sustain a force of about 30 dynes. For the arm
to go from fully retracted to fully extended will take 12 milliergs of
energy. If the foglet ran on hydrogen, it would burn about 3 billion
atoms to get this much energy. That may sound like a lot, but it's
less than 0.1 percent of the volume of a foglet, a pretty small fud
tank.

In fact, foglets run on electricity, but they store hydrogen as an
energy buffer. Hydrogen is used in part because it's almost certain to
be a fud of choice in the nanotech world, and thus we can be sure
that the process of converting hydrogen and oxygen to water and
energy—as well as the process of converting energy and water to
hydrogen and oxygen—uwill be well understood. That means wel'll
be able to make these conversions efficiently, which is of prime
importance.

Suppose that the fog is flowing, layers sliding against each other,
and some force is being transmitted through the flow. This would
happen any time fog moved a nonfog object, for example. Just as
your muscles oppose each other when you hold something tightly,
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opposing forces along different foglet arms act to hold the fog's shape
and supply the required motion.

When two layers of fog move past each other, the arms between
may need to move as many as 100 thousand times per second. If
each of those motions were dissipative, and the fog were under full
load, it would need to consume 700 kilowatts per cubic centimeter.
This is roughly the power dissipation in a .45 caliber cartridge the
millisecond after the trigger is pulled—which is to say: it just
won't do.

But nowhere near this amount of energy is actually being used;
pushing arms are supplying this much force, but the arms being
pushed are receiving almost the same amount, minus the work being
done on the object being moved. So if the motors can act as genera-
tors when they're being pushed, each foglet's energy budget is nearly
balanced. Because these are arms instead of wheels, intake and out-
flow do not match at any given instant, even though they average
out over time (measured in tens of microseconds). Some buffering is
needed. Hence the hydrogen.

| should hasten to add that almost never would you expect fog to
move actively at 1000 psi; even to raise your body, the pressure in
the column of fog beneath you is less than one thousandth of that.
The 1000 psi is available so that fog can simulate hard objects, where
forces can be concentrated into very small areas. Even so, current
exploratory engineering designs for electric motors have power con-
version densities up to abillion watts per cubic centimeter and dis-
sipative inefficiencies in the 10 parts per million range. This means
that if the Empire State Building were being floated around on
a column of fog, the fog would dissipate less than a watt per cubic
centimeter.

Moving fog will dissipate energy by air turbulence and viscous
drag. In the large, air will be entrained in the layers of moving fog
and forced into laminar flow. Energy consumed in this regime may
be properly thought of as necessary for the desired motion. As for
the waving of the arms between layers, the Reynolds number de-
creases linearly with the size of the arm.* Since the absolute velocity
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of the arms is low, that is 1 m/s, the Reynolds number should be
well below the "lower critical" value, and the arms should be op-
erating in a perfectly viscous regime with no turbulence. The re-
maining effect, viscous drag (on the waving arms), comes to a few
watts per square meter of shear plane per layer.

There will certainly be some waste heat generated by working fog
that will need to be dissipated. This and other applications for heat
pumps, such as persona heating or cooling (no need to heat the
whole building, especially since people prefer different tempera-
tures), can be accomplished simply by running aflow of fog through
a pipelike volume that changes in area, compressing and expanding
the entrained air at the appropriate places.

Marooned in Realtime

In the macroscopic world, microcomputer-based controllers (eg.,
the widely used Intel 8051 series microcontrollers) typically run at
a clock speed of about 10 MHz. They emit control signals on the
order of 10 kHz (usually less) and control motions in robots that are
at most 10 Hz. Thus a complete motion takes one tenth of a second.
A million clock cycles per action is not strictly necessary, of course,
but it gives us some concept of the action rate we might expect for a
given computer clock rate in a digitally controlled nanorobot.

Analysis shows that it is possible to build mechanical nanocom-
puters with gigahertz clock rates.” From this it is clear that we can
build a nanocontroller that can direct a 10-KHz robot. We can do
better, however.

Computer architectures have advanced since the early microcon-
trollers were developed. The 8051 completes a single instruction in
6,12, or 18 clock cycles; modern RISC (reduced instruction-set com-
puting) architectures execute one instruction each cycle. So far, no-
body has bothered to build a RISC microcontroller; they aheady
have more computing power than they need. RISC designs are also
efficient when it comes to hardware; one early RISC chip was imple-
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mented on a 10,000-gate gate array. This particular design could be
translated into a Drexlerian, rod-logic machine using less than one
tenth of one percent of a cubic micron.

Each foglet has twelve arms with three axis controls each. In cur-
rent technology it isn't uncommon to have a processor per axis; we
could easily fit thirty-six processors into the foglet, but it isn't neces-
sary. The tradeoffs in macroscopic robotics today are such that proc-
essors are cheap; in afoglet things are different. Control of afoglet's
arms is actually much simpler than control of a macroscopic robot.
They can be managed by much simpler controllers that need to exe-
cute commands like, "Move to point x at speed y." Using a RISC
design allows a single processor to control a 100 kHz arm; using
auxiliary controllers will let it control all twelve easily. But there is
still a problem.

There is a fundamental thermodynamic law that states that every
time abit is erased in a computer, you must dissipate kT In 2 joules
of energy.® This includes not only bits explicitly erased in aregister
but also ordinary logic operations such as a NOR (not-or) gate where
two bits go in and only one comes out. Rod logic (or other nanotech-
nological computer hardware) designs are quite efficient in that they
get near this physical limitation; but it's better if they do not. Ten-
thousand gates of conventional logic operating at a gigahertz (at
room temperature) must dissipate 27 nanowatts of heat even if they
are perfectly efficient.

Twenty-seven nanowatts may not seem like much, but there are a
billion foglets in a cubic centimeter. So each cubic centimeter of fog
must emit 27 watts of heat—from its computers alone. One cubic
meter would put out 27 megawatts; the volume of your whole house
doesn't even bear thinking about. Inasmuch as this is a physical
limit, some radical rethinking is necessary.

Luckily, some radical rethinking has already been done. The esti-
mates just used for irreversible bit operations were derived from the
design of a conventional macroscopic processor. In conventional de-
sign, the irreversibility of bit operations is not an issue, but we
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should design nanoprocessors to eliminate such operations as much
as possible. Some recent work on reversible computers by Ralph
Merkle, head of the Computational Nanotechnology Project at Xerox
PARC, and I, show that it is possible to build computers not very
different in basic instruction-level organization than conventional
ones, but which only execute irreversible operations on certain in-
structions.” Such designs should reduce the cost to an average of 10
bits per cycle.

This would bring the power dissipation down to around 30 milli-
watts per cubic centimeter, which is roughly the same as the dissipa-
tion required from mechanical motion! Aslong asthe computers can
go into a standby mode when the fog is standing still, this is quite
workable. Concentrations of heavy work—mechanical or comput-
ing—would still require cooling circulation to a degree, but, as we
have seen, fog is perfectly capable of doing that.

The Ophiuchi Hotline

What about all the other computing overhead for fog? Besides the
individual control of its robotic sdf, each foglet will have to run a
portion of the overall distributed control and communications algo-
rithms. We can use another clock-speed-to-capability analogy from
current computers regarding communications. Megahertz-speed
computers find themselves well employed managing a handful of
megabit data lines. Again we are forced to abandon the engineering
tradeoffs of the macroscopic world: routing a message through any
given node need theoretically consume only a handful of thermody-
namically irreversible bit operations; typical communications con-
trollers take millions. Special-purpose message routers designed
with these facts in mind must be a part of the foglet.

If fog were configured as a store-and-forward network, using pack-
ets with an average length of 100 bytes and a 1000-instruction over-
head, information could move through the fog at 5 meters per
second, or 11 miles per hour. You could beat this by writing the
infonnation on a paper airplane and throwing it across the room.
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This approach represents a highly inefficient use of computation
even with special-purpose hardware. A more efficient communica-
tion protocol will be needed.

The essence of such a protocol will be the ability to skip over in-
tervening foglets. There are two ways this might be done. First, long
chains of linked arms could be circuit-switched into end-to-end con-
ductivity, forming "long wires" through which a form of "worm-
hole" routing could be achieved. Second, if we use larger foglets, we
could add optical wave-guides that ran down the foglet's arms.
Larger foglets would also reduce the number of links required be-
tween any two given points.

Cellular automata-based algorithms might provide another source
of efficiency that could be used for simulating materials that fog is
supposed to be representing. These algorithms can be extremely par-
simonious in irreversible operations, and they are ideally suited for
the massively parallel, distributed computational base fog provides.

* The Rest of the Robots

The counterintuitive inefficiency in communications is an example,
possibly the most extreme one, of a case where macroscopic mech-
anisms outperform utility fog at a specific task. Other examples
will emerge when we consider nanoengineered macroscopic
mechanisms.

We could imagine arobot, human-sized, that was formed of a col-
lection of nanoengineered parts held together by a mass of industrial
utility fog. The parts might include "bones," perhaps diamond-fiber
composites, having great structural strength, as well as motors,
power sources, and so forth. The parts would form a sort of erector
set that the surrounding fog could assemble to perform the task at
hand. Fog could perform directly all subtasks not requiring the ex-
cessive strength, power, and so forth that the special-purpose parts
would supply.

A fog house, or city, would resemble a fog robot in this regard.
The roof of a house might well be specially engineered for specific
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qualities—waterproofhess, solar energy collection, resistance to
general abuse, and so on—far exceeding that which ordinary general
purpose fog would have. (On the other hand, fog could, if desired,
have excellent insulating properties.) Of course the roof need not be
one piece—it might be inch-square tiles held in place by supporting
fog, and thus be quite amenable to incremental repair and replace-
ment, and rearrangement at the owner's whim, and all the other ad-
vantages we expect from a fog house.

Other mgor components that would be profitably built from
special-purpose nanomaches are power and communications mod-
ules. Working on more-efficient protocols, as suggested above, fog
would form an acceptable communications link from a person to
some terminal in the same building, but it would be extremely inef-
ficient for long-haul, high-bandwidth connections such as would be
required for telepresence. Power is also almost certainly the domain
of special-purpose mechanisms. Power transmission in the fog is
likely to be limited, although for different reasons from data trans-
mission. Nanotechnology will give us an amazing array of power
generation and distribution possibilities; fog can use most of them.

The critical heterogeneous component of fog is the fog-producing
machine. Foglets are not self-reproducing; there is no need for them
to be, and it would complicate their design enormously to give them
fine, atom-manipulating capability. One imagines afog generator the
size of abread box producing fog for a house, or building-sized ma-
chinesfilling cities with fog. Fog itself, of course, would convey raw
materials back to the machine.

ltaimelintheSky

Fog moves an object by setting up a seed-shaped zone around it. The
foglets in the zone move with the object, forming afairing that makes
the motions around it smoother. If the object is moving fast, fog in
its path will compressto let it go by. The air in afog matrix does not
have time to move, so the motion is fairly efficient. For slower mo-
tions, efficiency is not so important, but if we wish to prevent slow-
moving, high-pressure areas from interfering with other airflow op-
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erations, we can enclose the object's zone in a self-contained convec-
tion cell that moves foglets from in front of it to behind.

The Cold Equations

Utility fog is actually one of the simpler nanotech devices. It does
not have to live between your cells, like medical nanorobots. It does
not have to manipulate single atoms, like assemblers. Itis physically
large, so we do not have to push any theoretical design limits to get
everything inside. The fog's motors, computers, and communication
systems are all well withinthe limits of conservatively applied engi-
neering principles.

It's abit ironic that the hardest part of the fog is the part we can do
right now: the software. To be lived in, fog needs to be very reliable.
Physically, that's not too hard; afoglet that breaks down becomes a
tiny speck of dust and can be cleaned out of the way like all the other
specks by the remaining fog. Furthermore, any individual foglet that
tried to do the wrong thing wouldn't accomplish much. But let a
distributed control program get loose and all sorts of mischief
could happen.

Of course, thisisn't aproblem for fog alone. Almost any believable
scenario for future technology involves ever more complex software
performing ever more important functions. Already banks, phones,
air traffic control, and a host of other institutions that our lives de-
pend on are run by complex, real-time, distributed programs. Per-
haps the prospect of living physically embedded in utility fog will
enhance the perceived need for simplicity, reliability, and predict-
ability, ultimately improving the quality of all our computational
systems.
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Our revelsnow areended. Theseour actors,
(Asl foretold you) wereall spirits, and
Aremeltedintoair, intothin air,

And, likethebaselessfabric of thisvision,
Thecloud-capp'dtow'rs, thegorgeous pal aces,
Thesolemn temples, thegreat globeitself,
Yea, and all which itinherit, shall dissolve
And, likethisinsubstantial pageant faded
Leavenot arack behind. Wearesuch stuff
Asdreamsaremadeon, andour littlelife

I srounded with a sleep.

—William Shakepeare
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validatetheclaim.
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In the next few decades, a nanotech research and development lab will be within the
means of many cultural groups who feel that their need to impose particular values
(memes) warrants the violent abrogation of the life and freedom of others. Their options
arefrightening, including diamondoid tanks, designer viruses, and unimaginably thorough
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countablearenasof themilitary.
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Isanything?

BC Crandall, 8 November 1991
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and Samue C. Florman, The Existential Pleasures of Engineering (New York: St. Martin's
Press, 1976), x. FHorman concludes, "My proposition is that the nature of engineering has
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of engineering lies existential joy." 101.
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Cambridge University Press, 1958).
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Nature of Things) in the first century BCE based on the philosophy of Epicurus (342-270
BCE), which in turn devel oped from the work of Democritus.
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Postscript

Ebola Zaire attacks every organ and tissue in the human body except
skeletal muscle and bone. It is a perfect parasite because it trans-
forms virtually every part of the body into a digested slime of virus
particles. The seven mysterious proteins that, assembled together,
make up the Ebola-virus particle, work as a relentless machine, a
molecular shark, and they consume the body as the virus makes cop-
ies of itself.

—Richard Preston

Superintelligence is not perfection—spectacular failures are certain.
For this reason, diversityis to be desired and expected.
—Hans Moravec

In aworld with Ebola and other viruses, such as HIV, a microscopic
sheathing of utility fog or some such similar material might be wel-
come.' Adopting a molecular layer of flexible diamondoid skin, we
may be able to protect our health as individual monads within dete-
riorating and increasingly dangerous ecosystems. It is, however, far
from certain that radically separating the body from its environment
would be viable.

Alternatively, if we can create molecular skins that would protect
our flesh from microscopic viruses and macroscopic violence, it is
likely that we will also be able to encapsul ate entire towns or ecolog-
ies with similarly strong, flexible, and intelligent materials. Archi-
tectural descendants of Biosphere Il and Buckminster Fuller's
geodesic domes could be used to create a multitude of distinct, sdf-
contained, human-bearing terrariums—terrariums that need not re-
main on Earth. By first growing the enclosing membrane under the
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enclosure to form a complete sphere, and then, pending a confidence
vote by the sphere's population, opening trillions of microscopic
vacuum chambers in the upper portion of the enclosure's nano-
skin, aterrarium could rise up into the air, using the density of the
atmosphere to buoy itself out into space, and float up to the top of the
tratosphere. From there, space tugs could haul the minute world to
a near-Earth solar orbit where it could join with other encapsulated
townships and ecologies to regroup, coordinating themselves into
spinning tubular structures, centrifugally generating a sense of
gravity.

Such atransition is not entirely without precedent. When cellular
life emerged from primeval pools, and, much later, when groups of
cells organized themselves into composite creatures, the natural or-
der of living systems was radically reconfigured. If the development
of nanotechnology is successful, and we are able to manage a molec-
ular transformation of human culture, we may recapitulate such pro-
cesses of separation and reorganization at a still higher level of
organizational complexity.

Considering the explosive growth of the human population and
the consequent ecological devastation of the planet, it is not difficult
to argue that the success of our species has driven the Earth out of
balance. One could say, with Robert Preston, that "the earth is
mounting an immune response against the human species."> And
this response implicates the machinic infrastructure as much as the
organic. Hemorrhagic viruses such as Ebola are everyone's concern
because of the global network of airplane traffic. Today there is only
one living experiment: the Earth. Developing the technology to
launch a multitude of ecologically self-contained experiments could
dramatically increase the chances for human survival. If the planet
is intent upon clearing itself of a human fever, there appear to be
only two alternatives: widespread human death or ecosystem migra-
tion. Indeed, the "purpose” of nanotechnology may be its capacity
to enable the global flowering of Earth life into space.’

But such speculation is at best abeginning, the rosy-fingered dawn
that precedes decision and action. Integrating the rising tide of mo-
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lecularly precise technologies into the real-world matrix of rapidly
changing human cultures will not be easy. We have yet to evolve the
political or economic—or indeed the ethical or aesthetic—mecha-
nisms that will allow humans as we have known them in the twenti-
eth century to coexist with the molecularized products of the
machinic phylum in the twenty-first. If you care to join me in an
effort to evolve such mechanisms, you can find me at the Molecular
Realities World Wide Web site {http://www.well.com/~bcc/Molecu-
larRealities.html).

When we think about the future of the world, we always have in
mind its being at the place where it would be if it continued to move
as we see it moving now. We do not realize that it moves not in a
straight line, but in a curve, and that its direction constantly
changes.

—Ludwig Wittgenstein
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