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EXECUTIVE SUMMARY

Advances in nanoscience and nanotechnology promise to have major implications for health,

wealth, and peace in the upcoming decades. Knowledge in this field is growing worldwide,

leading to fundamental scientific advances. Inturn, thiswill lead to dramatic changesin the ways

that materials, devices, and systems are understood and created. The National Nanotechnology

Initiative (NNI) seeks to accelerate that progress and to facilitate its incorporation into beneficial
technologies. Among the expected breakthroughs are orders-of-magnitude increases in computer
efficiency, human organ restoration using engineered tissue, “designer” materials created from
directed assembly of atoms and molecules, and the emergence of entirely new phenomena in
chemistry and physics.

The study of the societal implications of hanotechnology must be an integral part of the NNI. An
interagency effort within the U.S. Government, the NNI supports a broad program of nanoscale
research in materials science, physics, chemistry, and biology; it explicitly seeks to create new
opportunities for interdisciplinary work. It is balanced across five broad activities: fundamental
research; grand challenges; centers and networks of excellence; research infrastructure; and, the
ethical, legal, and social implications, including educational and workforce programs.

This report outlines some potential areas for research into societal implications of
nanotechnology. It has been prepared just as the NNI is commencing, when there is greater
opportunity to affect the NNI investment strategy. Research on societal implications will boost
the chances for NNI's success and help the nation take advantage of new technology sooner,
better, and with greater confidence. Moreover, sober, technically competent research on the
interactions between nanotechnology and society will help mute speculative hype and dispel
some of the unfounded fears that sometimes accompany dramatic advances in scientific
understanding.

Toward this end, the National Science and Technology Council (NSTC), Committee on
Technology (CT), Subcommittee on Nanoscale Science, Engineering, and Technology (NSET)
O the Federal interagency group coordinating the NINkponsored a workshop on “Societal
Implications of Nanoscience and Nanotechnology.” Held Septemb€028000 at the National
Science Foundation, this workshop brought together nanotechnology researchers, social
scientists, and policy makers representing academia, government, and the private sector. Their
charge was to: (1) survey current studies on the societal implications of nanotechnology
(educational, technological, economic, medical, environmental, ethical, legal, etc.); (2) identify
investigative and assessment methods for future studies of societal implications; (3) propose a
vision for accomplishing nanotechnology’s promise while minimizing undesirable consequences.

This report sponsored by NSF incorporates fully the views, opinions and presentations

contributed by workshop participants and other leading experts. The NSET report to the NSTC

Committee on Technology presents a more concise perspective. The workshop participants
offered recommendations to: (a) accelerate the beneficial use of nanotechnology while

diminishing the risks, (b) improve research and education, and (c) guide the contributions of key

organizations. These recommendations, summarized below, serve as a basis for both the NNI
participants and the public to begin addressing societal issues of nanotechnology:

» Make support for social and economic research studies on nanotechnology a high priority.
Include social science research on the societal implications in the nanotechnology research
centers, and consider creation of a distributed research center for social and economic
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research. Build openness, disclosure, and public participation into the process of developing
nanotechnology research and development program direction.

* The National Nanotechnology Coordination Office (NNCO) should establish a mechanism to
inform, educate, and involve the public regarding potential impacts of nanotechnology. The
NNCO should receive feedback from the nanotechnology community, socia scientists, the
private sector, and the public with the goals of (a) continuously monitoring the potential
societal opportunities and challenges, and (b) providing timely input to responsible
organizations.

» Create the knowledge base and institutional infrastructure to evaluate nanotechnology’s
scientific, technological, and societal impacts and implications from short-term (3 to 5 year),
medium-term (5 to 20 year), and long-term (over 20 year) perspectives. This must include
interdisciplinary research that incorporates a systems approach (research-technology
development-societal impacts), life cycle analysis, and real time monitoring and assessment.

 Educate and train a new generation of scientists and workers skilled in nanoscience and
nanotechnology at all levels. Develop specific curricula and programs designed to:

a. introduce nanoscale concepts into mathematics, science, engineering, and
technological education;

b. include societal implications and ethical sensitivity in the training of
nanotechnol ogists;

c. produce a sufficient number and variety of well-trained social and economic
scientists prepared to work in the nanotechnology area;

d. develop effective means for giving nanotechnology students an interdisciplinary
perspective while strengthening the disciplinary expertise they will need to make
maximum professional contributions; and

e. establish fruitful partnerships between industry and educational institutions to
provide nanotechnology students adequate experience with nanoscale fabrication,
manipulation, and characterization techniques.

» Encourage professional societies to develop forums and continuing education activities to
inform, educate, and involve professionals in hanoscience and nanotechnology.

Over the next 10 to 20 years, nanotechnology will fundamentally transform science, technology,
and society. However, to take full advantage of opportunities, the entire scientific and technology
community must set broad goals; creatively envision the possibilities for meeting societal needs;
and involve all participants, including the general public, in exploiting them.
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1. INTRODUCTION

A revolution is occurring in science and technology, based on the recently developed

ability to measure, manipulate and organize matter on the nanoscale — 1 to 100
billionths of a meter. At the nanoscale, physics, chemistry, biology, materials science,

and engineering converge toward the same principles and tools. As a result, progress in
nanoscience will have very far-reaching impact.

The nanoscale is not just another step toward miniaturization, but a qualitatively new
scale. The new behavior is dominated by quantum mechanics, material confinement in
small structures, large interfacial volume fraction, and other unique properties,
phenomena and processes. Many current theories of matter at the microscale have
critical lengths of nanometer dimensions. These theories will be inadequate to describe
the new phenomena at the nanoscale.

As knowledge in nanoscience increases worldwide, there will likely be fundamental
scientific advances. In turn, this will lead to dramatic changes in the ways materials,
devices, and systems are understood and created. Innovative nanoscale properties and
functions will be achieved through the control of matter at its building blocks: atom-by-
atom, molecule-by-molecule, and nanostructure-by-nanostructure. Nanotechnology will
include the integration of these nanoscale structures into larger material components,
systems, and architectures. However, within these larger scale systems the control and
construction will remain at the nanoscale.

Today, nanotechnology is still in its infancy, because only rudimentary nanostructures
can be created with some control. However, among the envisioned breakthroughs are
orders-of-magnitude increases in computer efficiency, human organ restoration using
engineered tissue, “designer” materials created from directed assembly of atoms and
molecules, as well as emergence of entirely new phenomena in chemistry and physics.

Nanotechnology has captured the imaginations of scientists, engineers and economists
not only because of the explosion of discoveries at the nanoscale, but also because of the
potential societal implications. A White House letter (from the Office of Science and
Technology Policy and Office of Management and Budget) sent in the fall of 2000 to all
Federal agencies has placed nanotechnology at the top of the list of emerging fields of
research and development in the United States. The National Nanotechnology Initiative
was approved by Congress in November 2000, providing a total of $422 million spread
over six departments and agencies.

Nanotechnology’s relevance is underlined by the importance of controlling matter at the
nanoscale for healthcare, the environment, sustainability, and almost every industry.
There is little doubt that the broader implications of this nanoscience and nanotechnology
revolution for society at large will be profound.

National Nanotechnology Initiative

The National Nanotechnology Initiative (NNI, http://nano.gov) is a multi-agency effort
within the U.S. Government that supports a broad program of Federal nanoscale research
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in materials, physics, chemistry, and biology. It explicitly seeks to create opportunities
for interdisciplinary work integrating these traditional disciplines. The NNI will
accelerate the pace of fundamental research in nanoscale science and engineering,
creating the knowledge needed to enabl e technological innovation, training the workforce
needed to exploit that knowledge, and providing the manufacturing science base needed
for future commercia production. Potential breakthroughs are possible in areas such as
materials and manufacturing, medicine and hedthcare, environment and energy,
biotechnology and agriculture, electronics and information technology, and national
security. The effect of nanotechnology on the health, wealth, and standard of living for
people in this century could be at least as significant as the combined influences of
microelectronics, medical imaging, computer-aided engineering, and man-made polymers
developed in the past century.

The NNI is balanced across five broad activities: fundamental research; grand challenges,
centers and networks of excellence; research infrastructure; and societal/workforce
implications. Under this last activity, nanotechnology’s effect on society — legal, ethical,
social, economic, and workforce preparation — will be studied to help identify potential
concerns and ways to address them. As the NNI is commencing, thereaig a
opportunity to integrate the societal studies and dialogues from the very beginning and to
include societal studies as a core part of the NNI investment strategy.

NSET Workshop on “Societal Implications of Nanoscience and Nanotechnology”

Research on societal implications will boost the NNI's success and help us to take
advantage of the new technology sooner, better, and with greater confidence. Toward
this end, the National Science and Technology Council (NSTC), Committee on
Technology (CT), Subcommittee on Nanoscale Science, Engineering, and Technology
(NSET) O the Federal interagency group that coordinates the NNsponsored a
workshop on “Societal Implications of Nanoscience and Nanotechnology.” Held
September 289, 2000 at the National Science Foundation, this workshop brought
together nanotechnology researchers, social scientists, and policy makers representing
academia, government, and the private sector. It had four principal objectives:

» Survey current studies on the societal implications of nanotechnology (educational,
technological, economic, medical, environmental, ethical, legal, cultural, etc.).

* Identify investigative and assessment methods for future studies of societal
implications.

* Propose a vision and alternative pathways toward that vision integrating short-term (3
to 5 year), medium-term (5 to 20 year), and long-term (more than 20 year)
perspectives.

 Recommend areas for research investment and education improvement.

This report addresses issues far broader than science and engineering, such as how
nanotechnology will change society and the measures to be taken to prepare for these
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transformations. The conclusions and recommendations in this report will provide a basis
for the NNI participants and the public to address future societal implications issues.

Chapters 2 through 5 of this report present the conclusions and recommendations that
arose from the workshop. The participants statements on societal implications are in
Chapter 6, and a list of participants and contributors is in Appendix A. Selected
endorsements of the NNI are provided as a reference (Appendix B).

2. NANOTECHNOLOGY GOALS

Nanoscale science and engineering will lead to better understanding of nature; advances
in fundamental research and education; and significant changes in industria
manufacturing, the economy, hedthcare, and environmental management and
sustainability. Examples of the promise of nanotechnology, with projected total
worldwide market size of over $1 trillion annualy in 10 to 15 years, include the
following:

» Manufacturing: The nanometer scale is expected to become a highly efficient length
scale for manufacturing once nanoscience provides the understanding and
nanoengineering develops the tools. Materials with high performance, unique
properties and functions will be produced that traditional chemistry could not crezate.
Nanostructured materials and processes are estimated to increase their market impact
to about $340 hillion per year in the next 10 years (Hitachi Research Institute,
personal communication, 2001).

» Electronics: Nanotechnology is projected to yield annual production of about $300
billion for the semiconductor industry and about the same amount more for global
integrated circuits sales within 10 to 15 years (see R. Doering, page 74-75 of this

report).

« Improved Healthcare: Nanotechnology will help prolong life, improve its quality, and
extend human physical capabilities.

« Pharmaceuticals: About half of all production will be dependent on nanotechnol ogy
— dffecting over $180 billion per year in 10 to 15 years (E. Cooper,
Elan/Nanosystems, personal communication, 2000).

« Chemical Plants. Nanostructured catalysts have applications in the petroleum and
chemical processing industries, with an estimated annual impact of $100 billion in 10
to 15 years (assuming a historical rate of increase of about 10% from $30 billion in
1999; “NNI: The Initiative and Its Implementation Plan,” page 84).

» Transportation: Nanomaterials and nanoelectronics will yield lighter, faster, and safer
vehicles and more durable, reliable, and cost-effective roads, bridges, runways,
pipelines, and rail systems. Nanotechnology-enabled aerospace products alone are
projected to have an annual market value of about $70 billion in ten years (Hitachi
Research Institute, personal communication, 2001).
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« Sustainability: Nanotechnology will improve agricultural yields for an increased
population, provide more economical water filtration and desalination, and enable
renewable energy sources such as highly efficient solar energy conversion; it will
reduce the need for scarce material resources and diminish pollution for a cleaner
environment. For example, in 10 to 15 years, projections indicate that
nanotechnology-based lighting advances have the potential to reduce worldwide
consumption of energy by more than 10%, reflecting a savings of $100 billion dollars
per year and a corresponding reduction of 200 million tons of carbon emissions
(“NNI: The Initiative and Its Implementation Plan,” page 93).

Knowledge and Scientific Under standing of Nature

The study of nanoscale systems promises to lead to fundamentally new advances in
science and engineering and in our understanding of biological, environmental, and
planetary systems. It aso will redirect our scientific approach toward more generic and
interdisciplinary research. Nanoscience is at the unexplored frontiers of science and
engineering, and it offers one of the most exciting opportunities for innovation in
technology.

Nanotechnology will provide the capacity to create affordable products with dramatically
improved performance. This will come through a basic understanding of ways to control
and manipulate matter at the nanometer scae and through the incorporation of
nanostructures and nanoprocesses into technological innovations. It will be a center of
intense international competition when it lives up to its promise as a generator of
technology.

Nanotechnology promises to be a dominant force in our society in the coming decades.
Commercial inroads in the hard disk, coating, photographic, and pharmaceutical
industries have already shown how new scientific breakthroughs at this scale can change
production paradigms and revolutionize multibillion-dollar businesses. However,
formidable challenges remain in fundamental understanding of systems on this scale
before the potential of nanotechnology can be realized.

Today, nanotechnology is still in its infancy, and only rudimentary nanostructures can be
created with some control. The science of atoms and simple molecules, on one end, and
the science of matter from microstructures to larger scales, on the other, are generaly
established. The remaining size-related challenge is at the nanoscale — roughly between
1 and 100 molecular diameters — where the fundamental properties of materials are
determined and can be engineered. A revolution has been occurring in science and
technology, based on the recently developed ability to measure, manipulate and organize
matter on this scale. Recently discovered organized structures of matter (such as carbon
nanotubes, molecular motors, DNA-based assemblies, quantum dots, and molecular
switches) and new phenomena (such as giant magnetoresistance, coulomb blockade, and
those caused by size confinement) are scientific breakthroughs that merely hint at
possible future devel opments.

The nanoscale is not just another step toward miniaturization, but a qualitatively new
scale. The new behavior is dominated by quantum mechanics, material confinement in
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small structures, large interfaces, and other unique properties, phenomena and processes.
Many current theories of matter at the microscale have critical lengths of nanometer
dimensions; these theories will be inadequate to describe the new phenomena at the
nanoscale.

Nanoscience will be an essential component in better understanding of nature in the next
decades. Important issues include greater interdisciplinary research collaborations,
specific education and training, and transition of ideas and people to industry.

Industrial Manufacturing, Materials and Products

The potential benefits of nanotechnology are pervasive, as illustrated in the fields
outlined below.

Nanotechnology is fundamentally changing the way materias and devices will be
produced in the future. The ability to synthesize nanoscale building blocks with precisely
controlled size and composition and then to assemble them into larger structures with
unique properties and functions will revolutionize materials and manufacturing.
Researchers will be able to develop material structures not previously observed in nature,
beyond what classical chemistry can offer. Some of the benefits that nanostructuring can
bring include lighter, stronger, and programmable materials; reductions in life-cycle costs
through lower failure rates; innovative devices based on new principles and architectures;
and use of molecular/cluster manufacturing, which takes advantage of assembly at the
nanoscale level for a given purpose.

The Semiconductor Industry Association (SIA) has developed a roadmap for continued
improvements in miniaturization, speed, and power reduction in information processing
devices — sensors for signal acquisition, logic devices for processing, storage devices for
memory, displays for visualization, and transmission devices for communication. The
SIA roadmap projects the future of nanoelectronics and computer technology to
approximately 2010 and to 0.1 micron (100 nanometer) structures, just short of fully
nanostructured devices. The roadmap ends short of true nanostructured devices because
the principles, fabrication methods, and techniques for integrating devices into systems at
the nanoscale are generally unknown. New approaches such as chemica and
biomolecular computing, and quantum computing making use of nanoscale phenomena
and nanostructures, are expected to emerge.

The molecular building blocks of life — proteins, nucleic acids, lipids, carbohydrates,
and their non-biological mimics — are examples of materials that possess unique
properties determined by their size, folding, and patterns at the nanoscale. Biosynthesis
and bioprocessing offer fundamentally new ways to manufacture chemicals and
pharmaceutical products. Integration of biological building blocks into synthetic
materials and devices will alow the combination of biological functions with other
desirable materials properties. Imitation of biological systems provides a major area of
research in several disciplines. For example, the active area of bio-mimetic chemistry is
based on this approach.
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Medicine and the Human Body

Living systems are governed by molecular behavior at the nanometer scale, where
chemistry, physics, biology, and computer simulation all now converge. Recent insights
into the uses of nanofabricated devices and systems suggest that today’s laborious
process of genome sequencing and detecting the genes expression can be made
dramatically more efficient through use of nanofabricated surfaces and devices.
Expanding our ability to characterize an individua’s genetic makeup will revolutionize
diagnostics and therapeutics. Beyond facilitating optimal drug usage, nanotechnology
can provide new formulations and routes for drug delivery, enormously broadening the
drugs' therapeutic potential.

Increasing nanotechnological capabilities will also markedly benefit basic studies of cell
biology and pathology. As aresult of the development of new analytical tools capable of
probing the world of the nanometer, it is becoming increasingly possible to characterize
the chemical and mechanical properties of cells (including processes such as cell division
and locomotion) and to measure properties of single molecules. These capabilities
complement (and largely supplant) the ensemble average techniques presently used in the
life sciences. Moreover, biocompatible, high-performance materials will result from the
ability to control their nanostructure. Artificial inorganic and organic nanoscale materials
can be introduced into cells to play roles in diagnostics (e.g., quantum dots in
visualization), but also potentialy as active components. Finally, nanotechnology-
enabled increases in computational power will permit the characterization of
macromolecular networks in realistic environments. Such simulations will be essential
for developing biocompatible implants and for studying the drug discovery process. An
open issue is how the healthcare system would change with such large changes in
medical technology.

Sustainability: Agriculture, Water, Energy, Materials, and Clean Environment

Nanotechnology will lead to dramatic changes in the use of natural resources, energy, and
water, as outlined in the following paragraphs. Waste and pollution will be minimized.
Moreover, new technologies will alow recovery and reuse of materials, energy, and
water.

Environment

Nanoscience and engineering could significantly affect molecular understanding of
nanoscale processes that take place in the environment; the generation and remediation of
environmental problems through control of emissions; the development of new “green”
technologies that minimize the production of undesirable by-products; and the
remediation of existing waste sites and streams. Nanotechnology also will afford the
removal of the smallest contaminants from water supplies (less than 200 nanometers) and
air (under 20 nanometers) and the continuous measurement and mitigation of pollution in
large areas.

In order to hasten the integrated understanding of the environmental role of nanoscale
phenomena, scientists and engineers studying the fundamental properties of
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nanostructures will need to work together with those attempting to understand complex
processes in the environment. Model nanostructures can be studied, but in all cases the
research must be justified by its connection to naturally occurring systems or to
environmentally beneficial uses. Environments for investigations are not limited and
might include terrestrial locations such as acid mines, subsurface aquifers, or polar
environments.

Energy

Nanotechnology has the potential to significantly impact energy efficiency, storage, and
production. Several new technologies that utilize the power of nanostructuring, but
developed without benefit of the new nanoscale analytical capabilities, illustrate this
potential:

« Increasing the efficiency of converting solar energy into useful forms.
« High efficiency fuel cells, including hydrogen storage in nanotubes.

« A long-term research program in the chemical industry on the use of crystaline
materials as catalyst supports has yielded catalysts with well-defined pore sizes in the
range of 1 nanometer to reduce energy consumption and waste; their use is now the
basis of an industry that exceeds $30 billion a year (“NNI: The Initiative and Its
Implementation Plan,” page 84).

« Developed by the oil industry, the ordered mesoporous material MCM-41 (known
also as “self-assembled monolayers on mesoporous supports,” SAMMYS), with pore
sizes in the range of 10-100 nanometers, is now widely used for the removal of
ultrafine contaminants (see work performed at Pacific Northwest National Laboratory
in Nanotechnology Research Directions, Kluwer Academic Publishers, 2000, pp.
216-218).

« Severa chemical manufacturing companies are developing a nanoparticle-reinforced
polymeric material that can replace structural metallic components in automobiles;
widespread use of those nanocomposites could lead to a reduction of 1.5 billion liters
of gasoline consumption over the life of one year’s production of vehicles, thereby
reducing carbon dioxide emissions annually by more than 5 billion kilograms (“NNI:
The Initiative and Its Implementation Plan,” page 88).

« Significant changes in lighting technologies are expected in the next ten years.
Semiconductors used in the preparation of light emitting diodes (LEDs) for lighting
can increasingly be sculpted on nanoscale dimensions. In the United States, roughly
20% of all eectricity is consumed for lighting, including both incandescent and
fluorescent lights. In 10 to 15 years, projections indicate that such nanotechnol ogy-
based lighting advances have the potentia to reduce worldwide consumption of
energy by more than 10%, reflecting a savings of $100 billion dollars per year and a
corresponding reduction of 200 million tons of carbon emissions (“NNI: The
Initiative and Its Implementation Plan,” pages 92 - 93).
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« The replacement of carbon black in tires by nanometer-scale particles of inorganic
clays and polymers is a new technology that is leading to the production of
environmentally friendly, wear-resistant tires.

Water

Global population is increasing while fresh water supplies are decreasing. The United
Nations predicts that by the year 2025 that 48 countries will be short of fresh water
accounting for 32% of the world's population (“NNI: The Initiative and Its
Implementation Plan”, page 95). Water purification and desalinization are some of the
focus areas of preventative defense and environmental security since they can meet future
water demands globally. Consumptive water use has been increasing twice as fast as the
population and the resulting shortages have been worsened by contamination.
Nanotechnol ogy-based devices for water desalinization have been designed to desalt sea
water using at least 10 times |ess energy than state-of—the art reverse osmosis and at least
100 times less energy than didtillation. The critica experiments underpinning these
estimations are underway now. This energy-efficient process is possible by fabricating of
very high surface area electrodes that are electrically conductive using aligned carbon
nanotubes, and by other innovations in the system design.

Agriculture

Nanotechnology will contribute directly to advancements in agriculture in a number of
ways. (1) molecularly engineered biodegradable chemicals for nourishing plants and
protecting against insects; (2) genetic improvement for animals and plants; (3) delivery of
genes and drugs to animals; and (4) nano-array-based technologies for DNA testing,
which, for example, will alow a scientist to know which genes are expressed in a plant
when it is exposed to salt or drought stress. The application of nanotechnology in
agriculture has only begun to be appreciated.

Space Exploration

The stringent fuel constraints for lifting payloads into earth orbit and beyond, and the
desire to send spacecraft away from the sun for extended missions (where solar power
would be greatly diminished) compel continued reduction in size, weight, and power
consumption of payloads. Nanostructured materials and devices promise solutions to
these challenges. Nanostructuring is also critica to the design and manufacture of
lightweight, high-strength, thermally stable materials for aircraft, rockets, space stations,
and planetary/solar exploratory platforms. The augmented utilization of miniaturized,
highly automated systems will also lead to dramatic improvements in manufacturing
technology. Moreover, the low-gravity, high-vacuum space environment may aid the
development of nanostructures and nanoscal e systems that cannot be created on Earth.

National Security

Defense applications include (1) continued information dominance through advanced
nanoelectronics, identified as an important capability for the military; (2) more
sophisticated virtual reality systems based on nanostructured el ectronics that enable more
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affordable, effective training; (3) increased use of enhanced automation and robotics to
offset reductions in military manpower, reduce risks to troops, and improve vehicle
performance; (4) achievement of the higher performance (lighter weight, higher strength)
needed in military platforms while providing diminished failure rates and lower life-cycle
costs; (5) needed improvements in chemical/biological/nuclear sensing and in casualty
care; (6) design improvements in systems used for nuclear non-proliferation monitoring
and management; and (7) combined nanomechanical and micromechanical devices for
control of nuclear defense systems.

In many cases economic and military opportunities are considered to be complementary.
Strong applications of nanotechnology in other areas would provide support for national
security in the long term, and vice versa.

Moving into the Market

Since economists have not yet really begun research on nanotechnology, their insights are
somewhat tentative and based on experience with earlier technologies. A common
paradigm is that new applications will be initially more costly than existing technologies,
but will achieve better performance. However, completely new technologies may be
cheaper, such as chemica manufacturing to mass produce nanoelectronic circuits as
opposed to current methods using lithography in microelectronics.  Overal,
nanotechnology will offer substantial advantages, being smaller, faster, stronger, safer,
and more reliable. At the same time, it will require investments in new production
facilities and in a host of ancillary industries supplying the raw materias, components,
and manufacturing machines. Because it will take time to achieve economies of scale
and to develop the most efficient fabrication methods, costs are likely to be relatively
high in the beginning.

For this reason, nanotechnology-based goods and services will probably be introduced
earlier in those markets where performance characteristics are especially important and
price is a secondary consideration. Examples are medical applications and space
exploration. The experience gained will reduce technical and production uncertainties
and prepare these technologies for deployment into the market place. Similarly, in the
private sector, technology transfer is likely to occur from performance-oriented areas
(such as medicine) to price-oriented ones (such as agriculture). As a given technology
matures, its cost may decline, leading to greater penetration of the market even where
performance is not decisive.

The displacement of an old technology by a new one tends to be both slow and
incomplete. Displacement of older methods will accelerate to the extent that
nanotechnology extends its technical range and perhaps lowers its relative price.
However, nanotechnology also is likely to stimulate innovations in older technologies
that make them better able to compete — an ironic but potentialy beneficia second-
order effect.

The diffusion and impact of nanotechnology will be partly a function of the development
of complementary technologies and of a network of users. Whole new industries may
have to be developed — along with the trained scientists and technicians to staff them.
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There may be many obstacles along this road that ordinary market processes cannot
easily overcome. An important role for the government will be to invest in the long-term,
high-risk, high-gain research needed to create these new industries and to ensure that they
are consistent with broader societal objectives.

Federal support of the nanotechnology initiative is necessary to enable the United States
to take advantage of this strategic technology and remain competitive in the global
marketplace well into the future. Focused research programs on nanotechnology have
been initiated in other industrialized countries. Currently, the United States has alead on
synthesis, chemicals, and biological aspects; it lags in research on nanodevices,
production of nano-instruments, ultra-precision engineering, ceramics, and other
structural materials.  Japan has an advantage in nanodevices and consolidated
nanostructures; Europe is strong in dispersions, coatings, and new instrumentation.

3. NANOTECHNOLOGY AND SOCIETAL INTERACTIONS

The I nteractive Process of | nnovation and Diffusion

New technologies come into being through a complex interplay of technical and social
factors. The process of innovation that will produce nanotechnology and diffuse its
benefits into society is complex and only partially understood. Economists, as well as
scholars in other fields, have long studied the generation, diffusion, and impact of
scientific and technological innovation. These studies outline the variables likely to
determine the rate and direction of these impacts, and to identify relevant research
guestions. They provide a foundation on which to build studies of societal implications
of nanotechnology.

Scientific discoveries do not generally change society directly; they can set the stage for
the change that comes about through the confluence of old and new technologies in a
context of evolving economic and social needs. The thorough diffusion of even maor
new developments rarely happens all at once. Nanotechnologies are so diverse that their
manifold effects will likely take decades to work their way through the socio-economic
system. While market factors will determine ultimately the rate at which advances in
nanotechnology get commercialized, sustained support for nanoscience research is
necessary in this early stage of development so as not to become a rate-limiting factor.
Expediting research (innovation) and its incorporation into beneficial technology is a
major challenge to the NNI.

Unintended and Second-order Consequences

Perhaps the greatest difficulty in predicting the societal impacts of new technologies has
to do with the fact that once the technical and commercial feasibility of an innovation is
demonstrated, subsequent developments may be as much in the hands of users asin those
of the innovators. The diffusion and impact of technological innovations often depends
on the development of complementary technologies and of the user network. Asaresult,
new technologies can affect society in ways that were not intended by those who initiated
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them. Often these unintended consequences are beneficial, such as spin-offs with
valuable applications in fields remote from the original innovation. For instance,
consider how the Internet has progressed from a technology supported by the Department
of Defense’'s Advanced Research Projects Agency (DARPA) to facilitate digital
communications among universities with DARPA contracts, to a means by which
teenagers and college students exchange music files. In another example, intended
benefits may also have unintended or “second-order consequences.” Nanotechnology-
based medical treatments, for example, may significantly improve life span and quality of
life for elderly people; a second-order consequence would be an increase in the
proportion of the population that is elderly, which might require changes in pensions or
health insurance, an increase in the retirement age, or a substantial increase in the
secondary careers undertaken by older people. Another potential consequence that would
need to be addressed is the potentia increase of inequality in the distribution of wealth
that we may call the “nano divide.” Those who participate in the “nano revolution” stand
to become very wealthy. Those who do not may find increasingly difficult to afford the
technological wonders that it engenders. One near-term example will be in medical care:
nanotech-based treatments may be initially expensive, hence accessible only to the very
rich. Other consequences are not so desirable, such as the risk of closing old industries
and environmental pollution, which sometimes becomes a problem, especialy for large-
scale technologies.

To assess a hanotechnology (or any technology) in terms of its unintended consequences,
researchers must examine the entire system of which the technology is a part through its
entire life cycle. Asthe case of electric automobiles illustrates, without a careful analysis
of the entire set of activities that produce, operate, and eventualy dispose of a
technology, people may leap to false conclusions about the extent to which the
technology pollutes. For example, manufacture and disposal of an electric vehicle's
battery may release more lead into the environment than if the vehicle had been fueled
throughout its working life by leaded gasoline.

One concern about nanotechnology’ s unintended consequences raises the question of the
uncontrolled development of self-replicating nanoscale machines. A number of very
serious technical chalenges would have to be overcome before it would be possible to
create nanoscale machines that could reproduce themselves in the natural environment.
Some of these challenges appear to be insurmountable with respect to chemistry and
physical principles, and it may be technically impossible to create self-reproducing
mechanical nanoscale robots of the sort that some visionaries have imagined. A new
form of life different from that known (i.e., carbon-based) would be a dramatic change
that is not foreseen in the near future.

Initially, the impact of nanotechnology will likely be limited to a few specific products
and services. Nanotechnology-based goods and services will probably be introduced
earlier to those markets where consumers are willing to pay a premium for new or
improved performance. Such primary effects would be to make things work better,
cheaper, with more features, etc. This might, for example, increase food yields, generate
new textiles for clothing, improve power production, or cure a certain disease. As
mentioned above, by and large, the displacement of an old technology by a new one tends
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to be both slow and incomplete. As aresult, nanotechnology will coexist for along time
with older technologies rather than suddenly displacing them. During that time it will
affect the further development of those competing technologies. Other secondary
effects might be shiftsin demand for products and services, so that people come to expect
different kinds of food, medical care, entertainment, etc. This shift in demand may also
initiate a tertiary effect, the need for augmented nanotechnology infrastructure —
interdisciplinary research centers, new educational programs to supply nanoscientists and
nanotechnologists, etc. Other tertiary effects would move upstream in our social
structures and cultural patterns, such as shifts in education and career patterns, family
life, government structure, and so forth. While there is no way of knowing, a priori, the
unintended and higher order conseguences of nanotechnology, the participation of social
scientists in the NNI may allow for important issues to be identified earlier, the right
guestions to be raised, and necessary corrective actions taken.

An effective and cost-efficient way to protect the public and deal with nanotechnology’s
potential negative consequences is to develop a tradition of social-science-based
countermeasures — and to support research in publicly recognized institutions on the
processes that devel op nanotechnology and apply it in diverse areas of life.

Ethical Issues and Public Involvement in Decision Making

An important aim of a societal impact investigation of nanotechnology is to identify
harms, conflicts over justice and fairness, and issues concerning respect for persons. For
example, changes in workforce needs and human resources are likely to bring benefits to
some and harm to others. Other examples of potential issues include safeguards for
workers engaged with hazardous production processes, equity disputes raised by
intellectual property protection, and questions about relationships between government,
industry, and universities.

Scientists and engineers bring to their work a laudable concern for the socia vaue of
their labors. However, those working in a particular technical field may be focused on
the immediate technical challenges and not see al of the potential social and ethical
implications. It isimportant to include a wide range of interests, values, and perspectives
in the overall decision process that charts the future development of nanotechnology.
Involvement of members of the public or their representatives has the added benefit of
respecting their interests and enlisting their support.

The inclusion of social scientists and humanistic scholars, such as philosophers of ethics,
in the social process of setting visions for nanotechnology is an important step for the
NNI. As scientists or dedicated scholars in their own right, they can respect the
professional integrity of nanoscientists and nanotechnologists, while contributing a fresh
perspective. Given appropriate support, they could inform themselves deeply enough
about a particular nanotechnology to have a well-grounded evaluation. At the same time,
they are professionally trained representatives of the public interest and capable of
functioning as communicators between nanotechnologists and the public or government
officials. Thelr input may help maximize the societal benefits of the technology while
reducing the possibility of debilitating public controversies.

12
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In addition, attention needs to be given to the individual responsibility of engineers,
scientists, and others involved in the processes of generating powerful new
nanotechnologies. Professiona societies have a role to play in providing opportunities
for discussing and devising guidelines that incorporate relevant ethical principles into
emerging issues. Perhaps most importantly, ethics must be incorporated effectively into
the curriculum for training new nanoscientists, nanotechnologists, and nanofabrication
technicians.

Education of Nanoscientists, Nanotechnologists, and Nanofabrication Technicians

The United States faces the daunting challenge of attracting enough of the best graduate
students to the physical sciences and engineering disciplines. Under present conditions,
far too few good students are attracted to the fields relevant to nanotechnology. To some
extent, this is a problem faced by all of the sciences, but the problem is especially acute
for nanotechnology because a very large number of talented scientists, engineers, and
technicians will be needed to build the nanotechnology industries of the future, and these
professionals will require an interdisciplinary perspective.

Development of nanotechnology will depend upon multidisciplinary teams of highly
trained people with backgrounds in biology, medicine, applied and computational
mathematics, physics, chemistry, and in electrical, chemical, and mechanical engineering.
Team leaders and innovators will probably need expertise in multiple subsets of these
disciplines, and al members of the team will need a general appreciation of the other
members’ fields. Developing a broadly trained and educated workforce presents a severe
challenge to our four-year degree and two-year degree educationa institutions, which
favor compartmentalized learning. Because current educational trends favor
specialization, there must be fundamental changes in our educational systems. However,
introducing new degree programs in nanotechnology that provide a shallow overview of
many disciplines, none in sufficient depth to make major contributions, may not give
students the training that is needed to meet the future challenges. The right balance
between specialization and interdisciplinary training needs to be worked out through
innovative demonstration programs and research on the education process and workforce
needs.

Education in nanoscience and nanotechnology requires special laboratory facilities that
can be quite expensive. Given the cost of creating and sustaining such facilities, their
incorporation into nanotechnology workforce development presents a considerable
chalenge. Under the present education system, many engineering schools, let alone the
two-year-degree colleges, cannot offer students any exposure to the practice of
nanofabrication. Innovative solutions will have to be found, such as new partnerships
with industry and the establishment of nanofabrication facilities that are shared by
consortia of colleges, universities, and engineering schools. Web-based, remote access to
those facilities may provide a powerful new approach not available previously.

Despite the tremendous educational challenges, the exciting intellectual, economic, and
socia opportunities of nanotechnology might become a major factor in reinvigorating our
nation’ s youth for careersin science and technology.

13
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Education of Social Scientists

A related educational challenge isthe very small number of social scientists who have the
technical background and research orientation that would allow them to conduct
competent research on the societal implications of nanotechnology. At the university
level, libera arts education gives far too low a priority to scientific literacy. Social
science professional societies, universities, and government agencies will have to make a
long-term commitment to attract talented young social scientists to this area of research
and to encourage them to gain the necessary professional skills and awareness of
nanotechnology. This will require research on the societa implications of
nanotechnology at a consistent and high enough level to establish this as a viable field of
socia science research.

4. SOCIAL SCIENCE APPROACHESFOR
ASSESSING NANOTECHNOLOGY'SIMPLICATIONS

Social Science Research Approaches and Methodologies

It is important to have social scientists study the processes by which nanoscience is
conducted and nanotechnology is developed — even at this early stage. The knowledge
gained will help policymakers and the public understand how nanoscience and
nanotechnology are advancing, how those advances are being diffused, and how to make
necessary course corrections. Insight into the innovation process will aso grow.

Social scientists and scholars possess many effective ways of studying the development
of new technology and its implications for society. Some methodologies suitable for
studying nanotechnology are known; others will have to be identified or developed.
Ethnographic techniques, such as those traditionally employed by anthropologists, are
appropriate for some of this work. Also useful will be interviews of research and
development teams, conducted over time and augmented by surveys and historical
methods, to document the evolution of the knowledge and technology. Interviews, socia
network techniques, studies of communication patterns, and citation anaysis of
publications more generally can offer insights into the diffusion of scientific discoveries
and ideas. Application of a scientific idea to a technical problem, technology transfer,
and introduction of products into the marketplace can be tracked through statistics on
research and development investments, patent applications, and new products and
services.

With concerted effort, it will be possible to develop a number of indicators that provide
early signs of change. One challenge to social science research will be to identify
“bellwethers,” “early adopters,” or “first movers.” For example, some geographic areas
and strata of society experience technological change earlier than others do. Incipient
transformations may revea themselves first in start-up companies, university labs, and
Internet communications.
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Innovating activity takes place in academe, industry, government laboratories, Federal
agencies, and professional societies. For each group, measures and methodologies for
studying the process and content of change must be developed. In academe, key
indicators might include interdisciplinary work, new courses, fellowships, information
flow, and regional codlitions. In the private sector, key indicators might include
investments, startups, and corporate partnerships. For government laboratories, data
would cover budgets, equipment, standards, and coalitions, and for agencies, examination
might be given to new initiatives, databases, and centers. The professions will create
some number of new forums, symposiums, journals, and job fairs where interdisciplinary
topics and careers would flourish. Social science research areas relevant to the process of
discovery, invention, and development include appearance of new ideas and innovations,
change in societal goals, and shift in commercial investment.

The societal impacts of nanotechnology may be of great scope and variety. A second
research challenge is to address both short- and long-term impacts, intended and
unintended, and first-order through Nth-order consegquences. Because nanotechnology
presents a highly diverse set of novel technical possibilities, accurate prediction of even
the immediate consequences of individual innovations may be impossible. Some impacts
will be surprising, and others will have emergent implications that will reveal themselves
only over along period of time. Ultimately, both technology and society are elaborate
systems with the potentia for chaotic and variable feedback mechanisms.
Nanotechnology has such promise to impact so many aspects of society that predictions
will be uncertain and difficult to validate empirically. This observation should not
discourage researchers, however, but should inspire them to invest considerable
sophistication and effort in their work. The domains and measures of potential social
impacts include: economic growth, employment statistics, socia transformations and
medical statistics.

A third chalenging, but important, area for social science research is the socia
acceptance, resistance, or rejection of nanotechnology. Representative sample surveys,
supplemented by focus groups and open-ended interviews, can measure affective,
cognitive, and psychosocia parameters. In recent years, political scientists and
sociologists have developed new computation-intensive techniques for studying coverage
by the news media; they have been tested in research on public controversies and are
ready to track the changing public perceptions of nanotechnology. These and more
traditional methods can also be applied to charting the process of regulatory review and
approval, court decisions that actively sanction the use of the technology, mobilization of
political support and opposition, and the activities of relevant social movements. There
are multiple feedback loops in which society responds to new innovations and in so doing
transforms the context in which innovation occurs. As more and more new
nanotechnologies are publicized and actualy appear in the marketplace, the variable
degree of social acceptance will become ever more important. Indicators to measure
social acceptance of nanotechnology will be needed in the following areas: economic,
political, religious and cultural.
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Institutional Infrastructurefor Societal I mplications Resear ch

Nanotechnology’s vast scope and the necessity of bringing together researchers from
different disciplines may require that some of the important social science research be
carried out by large teams, housed in research centers set up for this purpose. At the
same time, many of the research methodologies require social scientists to be on site
where nanoscientists, nanotechnologists, and decision-makers are doing their work. One
model that meets both of these requirements is the virtual distributed research center
(VDRC). Under this approach, each VDRC would be organized around a specific but
somewhat broad set of scientific questions and research methods, so that the members
would have a common framework for designing, carrying out, and communicating their
research. To ensure that results reflect the wide diversity of nanotechnology, socid
scientists would have to examine a range of empirical settings — for example, by
conducting ethnographic research in a variety of nanotechnology laboratories. Thus
many individual members of the VDRC would be situated, or would spend large blocks
of time, at the geographicaly dispersed sites where they are studying. However, the
VDRC would have a physical center that coordinates the work, develops and maintains
funding and institutional partnerships, and supports effective communications among the
far-flung team, both electronically and face-to-face in periodic meetings.

Many important nanotechnology-related questions could best be examined by more
traditional centers, teams, and individual investigators. For example, survey research on
public attitudes might best be done by a conventional team of researchers connected to
one of the existing socia survey organizations. Some research on economic trends,
changing labor markets, and publication patterns could be done by individual
investigators with access to data already available. Finally, there will always be a need
for innovative projects carried out by individual scientists or small teams to develop new
theories and methodologies and to carry out reconnaissance studies of emerging social
phenomena.

5. RECOMMENDATIONS

Given the tremendous potential benefits of nanotechnology, and the concern that it be
developed with sensitivity to potential negative implications, the workshop participants
offered the following recommendations:

« Make support for social and economic research studies on nanotechnology a high
priority. Include social science research on the societal implications in the
nanotechnology research centers, and consider creation of a distributed research
center for social and economic research. Build openness, disclosure, and public
participation into the process of developing nanotechnology research and
development program direction.

« The National Nanotechnology Coordination Office should establish a mechanism to
inform, educate, and involve the public regarding potential impacts of
nanotechnology. The mechanism should receive feedback from the nanotechnology
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community, social scientists, the private sector, and the public with the goals of (a)
continuously monitoring the potential societal opportunities and challenges; and (b)
providing timely input to responsible organizations.

Create the knowledge base and ingtitutional infrastructure to evauate
nanotechnology’s scientific, technological, and societal impacts and implications
from short-term (3 to 5 year), medium-term (5 to 20 year), and long-term (over 20
year) perspectives. This must include interdisciplinary research that incorporates a
systems approach (research-technology development-societal impacts), life cycle
analysis, and real time monitoring and assessment.

Educate and train a new generation of scientists and workers skilled in nanoscience
and nanotechnology at all levels. Develop specific curricula and programs designed
to:

(a) introduce nanoscal e concepts into mathematics, science, engineering, and
technological education;

(b) include societal implications and ethical sensitivity in the training of
nanotechnologists;

(c) produce a sufficient number and variety of well-trained social and economic
scientists prepared to work in the nanotechnology area;

(d) develop effective means for giving nanotechnology students an interdisciplinary
perspective while strengthening the disciplinary expertise they will need to make
maximum professional contributions; and

(e) establish fruitful partnerships between industry and educational institutions to
provide nanotechnology students adequate experience with nanoscal e fabrication,
manipulation, and characterization techniques.

Encourage professional societies to develop forums and continuing education
activities to inform, educate, and involve professionals in nanoscience and
nanotechnology.

Other Measures

Involve social scientists at the onset of major nanotechnology R&D activities, while
the technology is till in an early stage of development, from vision setting to
development projects. Extend the NNI grand coalition of academe, the private sector,
and government to include the social, behavioral and economic science communities.
Coordinate this activity through the National Nanotechnology Coordination Office.

Prepare corresponding management plans and policies to ensure that we can respond
flexibly to implications as they appear on the horizon.

Integrate short-, medium-, and long-term objectives and ensure intermediate
outcomes.
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Specific Areasfor Research and Education I nvestment

Invest in significant new innovative efforts to educate and train the nanoscience and
nanotechnology workforce, including the sensitivity to societal implications and the
introduction of nanoscale concepts in mathematics, science, engineering, and
technological education. Conduct a comprehensive study to determine the distinctive
educational and workforce issues related to nanotechnology and seek potential
solutions for problems that are identified in that study.

Support interdisciplinary research that includes a systems approach (research-
technology-society), life cycle analysis, and real-time monitoring and assessment.
Study the evolution of disruptive technologies, the winners and losers in major
technological transformations, and the implications for the economy. From those
studies, project the social purpose, socia equity implications, and socia enterprise
dynamics of anticipated nanotechnologies

Recommendationsto Organizations

Academe;

Focus on multidisciplinary work on key research and education issues concerning
socio-economic implications.  Support interdisciplinary interactions between the
physics, chemistry, biology, materials, and engineering communities on one hand,
and the social sciences and economic science research communities on the other
hand.

Educate and train a new generation of scientists and workers for nanoscience and
nanotechnology at al levels.

Create local information centers for the public, teachers, industry, and scholars.

Private Sector:

Provide intellectual input and seed funding of activities aimed at assessing the
societal implications of nanotechnology.

Develop partnerships with academic institutions and other sectors.

Offer accessibility to social science researchers and provide feedback on societal
implications studies.

Government R& D Laboratories:

Establish interdisciplinary teams for magor grand challenges in nanotechnology
including socio-economic perspectives, including social scientists.

Develop databases for evaluation and continuously update scenarios for the future.
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« Establish user facilities available to industry and academe that enable integration of
basic and applied research.

«  Support nanotechnology research within laboratories emphasizing national defense
mission.

Government Funding Agencies.

« Support nanotechnology researchers and socia scientists to study the societal
implications of nanotechnology.

« Support NNCO or an advisory group to monitor developments and examine the
socio-legal implications of nanoscience and nanotechnology and take appropriate
actions. Communicate the resulting activities to the public.

« Provide coordinated support for long-term basic research and shorter-term
technological developments to create the technological base and prove the potential
of the new technology.

« Establish dialog between NNCO and information technology (NSO) and
biotechnology (BECON) coordinating groups elsewhere in the Federal Government.

Professional Societies:

- Develop forums and continuing education activities to inform, educate, and involve
professionals and the public.

« Provide suggestions for grand challenges and suggest warning signs of potential risks.

With an Eyetothe Future

Nanotechnology will fundamentally transform science, technology, and society. In 10 to
20 years, a significant proportion of industrial production, healthcare practice, and
environmental management will be changed by the new technology. Economic growth,
personal opportunities, sustainable development and environmental preservation will be
affected. To take full advantage of the new technology, the entire scientific and
technology community must involve al participants, including the general public;
creatively envision the future; set broad goas, and work together to expedite societal
benefits.
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6. STATEMENTSON SOCIETAL IMPLICATIONS

6.1 OVERVIEWS

NATIONAL NANOTECHNOLOGY INITIATIVE
T. Kalil, White House

(Transcript from September 28, 2000)

Good morning, it's a pleasure for me to be here. | want to recognize the work that Mike
Roco and the other members of the Nanoscience & Technology Working Group have
been putting into developing this initiative. What | am going to do this morning is just
give you an overview of the initiative, and then talk a little bit about some of the issues
that | hope you will address today.

The national nanotechnology initiative was unveiled by President Clinton in a speech that
he gave on science and technology policy in January of 2000. He called for an initiative
with funding levels around 500 million dollars, and as he noted some of the research
goals may take 10, 20, or even more years for us to realize. | think that's very important
because | think there is a tendency in a new field when there is a lot of excitement to
over-promise. For example, artificial intelligence that led to the famous Al winter, when
people said that a strong artificial intelligence was just around the corner. | think it's
important that people — even though there’s a huge amount of enthusiasm about this area
— continue to give the public a sense of how long it will take to make some of these
breakthroughs. This gives you a sense for what was in the President’s budget.

We estimate that in FY 2000 government agencies were investing around 270 million
dollars in nanotechnology, and the President proposes to roughly double that. As you
know, congress has not concluded the appropriations process right now. There are a
number of areas where we are very concerned that congress has not provided full funding
for this. For example, in the NSF budget, which is really the lead agency for the initiative,
the congress has provided 125 million dollars for nanotechnology compared to our
request of 217 million dollars. That's below the level that NSF was proposing to put into
nanotechnology even if they didn’'t get any budget increase. NSF thought this area was
important enough so that they were going to reallocate some of their base funding. We
are particularly concerned about that, but we are also concerned about the lack of full
funding for the initiative in DOE and NIST as well.

The initiative had five elements. The first was to increase support for fundamental
research. The second was to pursue a set of grand challenges, which | am going to talk
about later. The third was to support a series of centers of excellence, primarily
university-based. The fourth was to increase support for research infrastructure. The fifth,
what we are engaged in today, is to think about the ethical, economic, legal and social
implications and also address the education and training of the nanotechnology
workforce.
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So what are some examples of some of these grand challenges? One was the ability to

have really dramatic improvements in our ability to store and process information the

way the President talked about this in the Cal Tech speech was the ability the equivalent

of the Library of Congress in a device the size of a sugar cube; developing
nanoengineered MRI contrast agents that might allow us to detect tumors that were a few

cellsin size as opposed to waiting until they are visible to the human eye; materials that

were ten times stronger than steel at a fraction of the weight; doubling the energy
efficiency of solar cells from 20% to 40% and something that was of great interest to

NASA — the ability to have a continuous unmanned presence outside the solar system.
So those were just a few examples of the types of grand challenges that we thought were
possible.

Why now did the administration decide that this was an area that really deserved a great
deal of attention and additional resources? First of all, | think there was a sense within the
science and engineering community that this was an area that could have huge potential
payoff and could be a technology that is every bit as significant as electricity or the
development of the transistor or the Internet. It was also an area where, clearly, long-
term, high risk research is needed which is where there is an important government role.
For research that has a payoff that is longer than five years, it's very difficult for
individual companies to justify to their shareholders making those sorts of investments.

This was an area that was also clearly interdisciplinary, where it's going to require
collaboration between the biological/physical sciences and engineering, and we also saw
it as a way of increasing support for the physical sciences and engineering. The reason
that that's important is that, although biomedical research has enjoyed strong support on
the Hill, support for the physical sciences and engineering has been stagnant. That's a
real problem, both because these are important disciplines in their own right, and also
because if we hope to make progress in biomedical research it will draw on innovations
that are coming from physical sciences and engineering. A communications problem that
we've had is that while there were members of Congress like speaker Gingrich that
understood intuitively why it was a good idea to spend more money on biomedical
research. We did not enjoy that depth and breadth of support for the physical sciences and
engineering. So, increasing funding in this area was one way of addressing that major
challenge in science policy.

There was a high level of enthusiasm in the community. This is not something that was a
top-down initiative. | think it was really driven by the fact that the funding agencies were
getting many more meritorious proposals than they were able to fund. This is a time when
we are limited by dollars rather than ideas. NSF, for example, even after limiting
proposals to two per campus was only able to fund 12% of the proposals that were
coming in. We had some early promising results. The HP, UCLA and other
breakthroughs in molecular electronics is a good example of that. This was an area that
was important for multiple agency missions. We need nanotechnology if we are going to
stay on the Moore’s Law curve of improvements in price and performance in computers
and electronics. Finally, particularly if we want to prepare the workforce that is going to
be needed to capitalize on these new technologies, we need to increase support
particularly in our universities. So that is, sort of in a nutshell, why the administration
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decided to make this area a priority and an area of emphasis in the President's 2001
budget.

Now, in thinking about the societal implications of nanotechnology, | think that we have

to acknowledge from the outset that this is a very difficult exercise. We are at a stage
where this is an inherently speculative exercise. As some of the speakers noted in their
presentations, nanotechnology is sort of an umbrella term for a wide range of
technologies. We've got differences of opinion about what the ultimate outcome of
nanotechnology research is going to be, which is to be expected given that it is still a very
young and undefined field. Even when we have technologies that are widely diffused,
such as information technology, you don’'t have any consensus on what the impact is. So,
does that mean that we should just sort of wash our hands and say let’'s not even bother
thinking about it? | don’t think that’s the right answer either.

| think there a couple of directions that we can move down that may be fruitful — one is
to identify particular applications of nanotechnology that are going to be broader societal
objectives in areas like environment and health. Second, | think we can try to determine
what lessons can be learned from studying the impacts of other technologies. For
example, if we look at the literature on the impact of IT, a recurring theme of information
technology and technology in general is something that is part of a broader socio-
technical system. The reason that you can’t predict what the impact is going to be is that
it depends on the broader social, economic, and cultural context in which those
technologies are embedded. | think that we need to start thinking of the potential risks
and downsides. | think that although there are a number of points in Bill Joy’s article that
one could take issue with, | think it's difficult to deny his thesis that a lot of these
technologies are going to end up increasing the destructive capability of small groups.
Some of these technologies are not going to require Manhattan Project level of efforts in
order to produce significant destructive capabilities. So, | think it behooves people to start
thinking of those issues now as opposed to later. Then, | think you can engage in some
scenario planning to say what are some different plausible scenarios. For example, what
if we had 30 or 40 more years of Moore’s Law style progress in storage and processing
and what would that mean for our economy and our society? Even though this is an
inherently difficult and speculative exercise, | don't think it's too early to start thinking
about it.

| will conclude with a couple of thoughts. One is that | think we really need to reject this
naive technological determinism that | thought was best summed up by the slogan of the
1933 Chicago World’s Fair, which is “science finds, industry applies, man conforms.” |
think that you encounter an attitude that technology is something that is totally out of
control, and if it can happen it will happen. | think that's a dangerous attitude that we
ought to reject. | think the other area that is particularly difficult in the area of
nanotechnology is “keep an open mind but not so open that your brain falls out.” | forget
who said that, but I think one of the things that makes this discussion particularly difficult
when you get into the thinking about 20 or 30 years out, is that different people have a
different dividing line between keeping an open mind and allowing the brain to fall out. |
think that’'s one of the things that will make this complex issue interesting. The third
guestion | have is: there are certainly some people that believe that not only are we going
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to see continued change, which has been something that we are all familiar with, but that
the rate of change itself is going to accelerate dramatically, so how seriously should we
take this notion of some peoplein the field, particularly science fiction writers, that things
are going to get very different and very weird over the next 20 to 40 years? So, with that |
want to thank everyone for coming and participating in this workshop, because we really
are going to need the best minds thinking and working in this issue. Thank you very
much.

THE AGE OF TRANSITIONS

N. Gingrich, American Enterprise Institute

My perspective on the societal implications of nanoscience is as an historian, an amateur
student of science and as an elected official with along time in government. | have done
an extensive amount of reading and talked to people all across America who have made
or are on the edge of breakthroughs in science and technology. The newest, least
understood, and most promising area of science, in my opinion is nano scale science and
technology.

I'd like to try and put nanoscience in some kind of historical perspective, starting with the
concept of an S-curve of technology (see Figure 6.1). (A more detailed version is the
“Age of Transitions” at http://www.newt.org.)

Mature Flattening Out

Rapid Development

Slow Build-up

Figure6.1. The concept of an S-curve of technology.

As a general rule breakthroughs start relatively slow; they build up momentum, they
suddenly reach a period of catalytic change, they go up the curve of capability very, very
rapidly and then as they mature they tend to level out.
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The S-curve we have been experiencing, the revolution in computing and
communications that has been dubbed the Information Age, began around 1965. It isthe
result of two developments — computing and communications.

Computing is a key element in this change and we are only one-fifth of the way into
developing the computer revolution. To take one metric, according to Professor James
Meindl, the chairman of the Georgia Tech Microelectronics Department, the first
computer built with a transistor was “Tradic” in 1955, and it had only 800 transistors.
The Pentium Il chip has 7.5 million transistors. The Pentium Il chip has 29 million
transistors. In the next year or so an experimental chip will be built with one billion
transistors. Within fifteen to twenty years there will be a chip with one trillion transistors.
Graphing that scale of change, it is enormous and its implications are huge.

Yet focusing only on computer power understates the rate of change. Communications
capabilities are going to continue to expand dramatically and that may have as big an
impact as computing power on our society and economy. Today most homes get Internet
access at 28,000 to 56,000 bits per second. Within a few years a combination of new
technologies for compressing information (allowing you to get more done in a given
capacity) with bigger capacity (fiber optic and cable) and entirely new approaches (such
as satellite direct broadcast for the Internet) may move household access up to at least six
million bits per second, and some believe we may reach the 110 million bits needed for
uncompressed motion pictures. An amazing range of opportunities have and will continue
to open up as our communications capabilities continue to improve and grow.

When you look at the distance we have traveled in relation to computing and

communications capabilities and the distance scientists are predicting we will travel in
the next 20 years, | believe that we are only one-fifth of the way along that S-curve (see
Figure 6.2).

Today —»

Computer and
Communications Revolution 1965

Figure6.2. Present position on the S-curve of technology.

Even that understates the rate and scale of change because there is a second S-curve that
is beginning to develop, overlapping with the current S-curve. The best description |
have found of this second wave of change is the NASA AMES laboratory version. In
their mission statement, they use a triangle with biology on one side, nanoscience or
nanotechnology on the other side, and information, by which they mean supercomputing
and above, at the bottom of the triangle. It is the interaction of those three that, | think,
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leads to an enormous wave of change, which creates the second S-curve (see Figure 6.3
and Figure 6.4).

Nano

Biology Science

Information

Figure6.3.

So, looking out over the next 30 years, as these two S-curves continue to accelerate and
continue to overlap, we are going to be impacted by two large, profound waves of
change. It isthe overlapping period we are just beginning to enter that | believe will be an
Age of Transitions.

2010-2025
THE AGE OF TRANSITIONS

Represented by the dotted-lined box
(Rep y ) The New

Revolution

Nano

Biology i jSuence

Information

1965
Computer and

Communications Revolution

Figure6.4. The age of transitions.

The age of transitions will be an ever-evolving set of discoveries, with the information
world increasingly interacting with the physical world.

The topic of this conference is the societal implications of nanoscience. Discoveries
involving nanoscience will be as dramatic and, | believe, even more important than the
creation of the Internet. Let’s consider the economic impact nanoscience may have our
society. Bill Joy, co-founder and Chief Scientist of Sun Microsystems, has estimated that
the combination of the information and physical world will create in this century a
thousand trillion dollars worth of wealth. As a former lawmaker, | thought | was used to
dealing in big sums. This is really big! In fact, it would be adding 100 U.S. economies
to the world market.
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The application of nanoscience into nanotechnology will introduce disruptive
technologies into our lives and, therefore, into the economy. Large corporations have

been very successful at improving a product or service they are already providing. While
working to improve existing products, their new science will also create disruptive
technologies. It is very hard for corporations to incorporate disruptive technologies.
Clayton M. Christensen, in The Innovator’s Dilemma: When New Technologies Cause
Great Firms to Fail,describes case after case of new entrants dominating a field by
creating technology that big firms ignored. These disruptive technologies were initialy

too slow or too poor in performance to react well to meet the needs of the customers. It

was not that these big corporations were stupid or irrational; their customers initially
looked at the new technology and said, “I don’'t want it.” A new layer of customers then
appeared to create a new market that embraced the disruptive technology and it
eventually became the norm. Disk drives, hydraulic shovels, mini-mills are just a few
examples of technologies once considered disruptive and studied by Christensen.

When more research in the area of nanoscience is done, you will not only have a
disruption in scientific assumptions that lead to new discoveries, you will see the
nanoscience being applied to new economic sectors in ways that cannot be anticipated.

The application of nanoscience into real marketable products will be much more rapid
than we saw with the Internet or other revolutionary technologies. When computing
began, we had a remarkably primitive venture capital entrepreneurial system. As
nanoscience is translated into nanotechnology it will be entering a very aggressive, very
well financed, very experienced entrepreneurial venture world, which will be hungrily
looking for the next big deal. So the rate of translation into new startups and new
markets should be orders of magnitude faster than it was for computing.

Let’s turn for a moment away from placing nanoscience in the context of historical trends
and look more at the uniqueness of the science itself. As a student of science, | am going
to make some assertions. These may be corrected by my other conference attendees but,
again, as a student, the implications of nanoscience strike me as profound. Nanoscience
is the base of how the world operates. There may be many layers below the atom, but for
practical purposes an atom is an excellent base element. Taking the information
nanoscience is teaching us about atoms and their activity and applying it has dramatic
implications. Take the environment for example. We can learn to grow products using
less energy and with less waste by product. It may mean that if we use dramatically less
energy, then the projections and assumptions of current environmental debates, like
Kyoto, are totally obsolete. It certainly means in biology that as we get better nano
instrumentation and research tools, and if our nanoscale observational capabilities
continue to grow, our capacity to deal with the complexities of human biology are going

to go up dramatically and may not even be only orders of magnitude, but a different
world of capabilities. For example, | recently met with the NSF cognitive science group
and learned that in brain wave scanning, we are still at the molecular level. The potential
of nano-level brain wave scanning is a new frontier in mind science. The application
towards improving our education techniques alone are enormous.

If we want to stay at the forefront economically and remain a world leader politically and
militarily, | think we have an obligation to really look seriously at funding more
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nanoscience research. Although President Clinton deserves credit for creating the
National Nanotechnology Initiative, the amount he requested barely scratches the surface
of what we need to be spending. This is an extraordinary national security issue.
Americais certainly not the only country working on advancing the field of nanoscience.
The Japanese are working on it. The Europeans are working on it. In a decade you are
going to see the Indians and the Chinese with a very major effort in this area because it
will become obvious that it is so profoundly important.

After a year and a half of talking with scientists around the country | reached the
conclusion that we need to rethink from the ground up how we design our science budget.
In fact, | want to introduce the idea of an opportunities-based science budget (longer
explanation can be found at www.newt.org.) If without any comprehensive effort you
have eight times as many applications as you can finance (which is what many agency
directors have testified), taking about a six percent or nine percent increase is
inadequate.

| believe that we are actually at the edge of an age of discovery that is vastly richer than

anybody yet understands. When | was at MIT they were very excited by the fact that the

human ear has a million moving parts. We couldn’'t have discovered that fifteen or
twenty years ago. We still don’t fully understand what it means. Dr. Francis Crick, co-
discoverer of the structure of the DNA molecule, told me that, in his judgment, it would
take a hundred years of work to finish out the human genome project’'s implications.
Most Americans think it's almost done, and the newspaper says they are almost done
with “X” so we think we should relax. | am beginning to believe just the opposite. We are
at the opening of an age of discovery. We have a whole new wave of things about to
happen. Therefore, what | want to propose is an opportunities-based science budget. We
actually go out and say to all scientists: if you had the money, if you were not in an
economically constrained environment — what is it that we could learn across the whole
system from astronomy to physics to math to biology to chemistry. | think what you
would find is that we would have lots of grand projects we can’t even dream of today
because we start with a relatively limited budget. Again, | would cite the international
geophysical year as a model that changed geology decisively because it was a large
enough model that we had the data on the right level.

| have sent a letter to the appropriation chairmen and Senator Lott and Speaker Hastert
suggesting that the real number for NSF (letter found at www.newt.org) ought to be to
catch up with NIH. Since 1994, we've increased the NIH budget 72% and the NSF
budget 27% — that is in the long run profoundly wrong because if you don’t invest in
math, physics, chemistry, etc., if you don’t invest in basic research, basic instrumentation,
you will run out of the capability to do fresh biological work. When Harold Varmus was
the Director of NIH, he even testified to this point in front of Congress. It is vital that we
reassert the centrality of fundamental research in this country.

Finally, we cannot lead the world if we do not profoundly overhaul math and science
education. This is a sleeping crisis of unbelievable proportions. If, in fact, the scale of
change is as large as | just suggested, then in order to stay at the forefront we have to
have a lot more 19-year-olds capable of doing math and science. We just don’'t have
them, and the current system isn’t producing them. This is a crisis that requires at least
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an Eisenhower-level kind of national security look at this — even if that means paying
high-schoolers to take calculus. It is literally worth our thinking through any change we
have to make in order to produce a nation in which enough people are capable of doing
math and science. Nothing less will do.

TECHNOLOGICAL IMPLICATIONSOF NANOTECHNOLOGY: WHY THE FUTURE NEEDS US
J.A. Armstrong, IBM VP, ci. & Tech. (ret.)

Introductory Remarks

| have been asked to talk about “the technological implications of nanotechnology.” This
is a tall order for at least two reasons. First, because the technological and societal
implications of the major, present nanotechnologies, semiconductor and magnetic
recording, are so vast that it would take a month of workshops to explore them. Second,
the topic is a tall order regarding thew nanotechnologies because no one is sure what
they will be and which will be most successful and therefore pervasive and capable of
having significant impacts, both good and (possibly) adverse.

| find that the very term “nanotechnology” — although wonderfully suited to the
description of a welcome and significant funding initiative — is at too high a level of
abstraction for our purposes here today. Which “nanotechnology” are we supposed to be
talking about? Surely not semiconductors and magnetic recording, except as historical
examples and sources of valuable lessons.

Do we mean the new nanotechnologies that make use of the fabrication methods of
traditional silicon technology but extend them by incorporating exotic new materials
from the realms of biology, chemical sensing, and genetic engineering?

Or do we mean technologies based on chemical and materials-science methods that can
produce tiny particles — such as nanotubes and wires — with remarkable properties
despite the lack of lithographically defined spatial ordering?

Or, as is likely, some hybrid of the above? Or something altogether different that we will
hear about during the course of the workshop?

The question “Which nanotechnology?” is important because the societal impacts (almost
certainly overwhelmingly benign, but possibly occasionally adverse) depend very much
on which technology is involved, amden more soon which application is involved.

In their wisdom, the progenitors of this workshop have left all these questions open, no
doubt with the intention of ensuring a very stimulating and wide ranging discussion. So |

am going to put forth a list of five questions of my own, and then proceed to answer, or at
least to address them.
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Questions

First question: Why are we having this workshop at all? When the Administration and
Congress fund an NSF initiative to build a high energy physics detector, or a
supercomputer, or an Engineering Research Center, we do not normally proceed to
collective scrutiny of possible societal impacts. May it be that we have promised too
much in the way of a nano revolution, and aroused unease in the community at large? Is
there some message that goes beyond nanoscience and technology that we should be alert
to? Are more and more areas of scientific research going to be funded with these
precautionary measures attached?

Second question: What can we learn from the examples of past technology devel opments
and societal impacts that will be helpful in thinking about the future of nano
developments? Thereis, in my view, much to be gained from reflecting on the emergence
of semiconductor technology as a major force shaping society. Not all of the coming
nanotechnologies will share attributes of the semiconductor revolution, but some will.

Third question: Can we say anything useful a priori about the impacts of the
manufacturing of new nanotechnological devices as distinct from the societal impacts of
the applications to which the new devices will be put? This is a subset of the previous
guestion, but easier to deal with in concrete terms.

Fourth question: How is one to measure societal impacts anyway? (a) What will count

as benign and what as adverse? Recall Joseph Schumpeter's characterization of the
genius of modern capitalism as “creative destruction.” Much of that creative destruction
has been enabled by the digital revolution that in turn was made possible by
nanotechnology. In many cases, one man’s benign impact is another man’s adverse
impact. (b) Can we use one or more of the emerging nanotechnologies as test-beds for
determining so-called “societal returns?” For example, what is to be counted in the set of
societal returns, as opposed to the private returns which will accrue to firms that bring the
new technologies to market? It is certain that the list of what is to be counted as “private
return” is very different from the list of what is to be counted as societal return. Indeed,
some of what is counted as societal return is counted by the private saci@stagent,

not return. (c) And how are we to measure adverse impacts quantitatively? | am neither
an economist nor social scientist, but | am interested in these matters and frustrated by
what | perceive as a lack of clarity and transparency in discussions by specialists.

Fifth question: In view of the miserable track record in long range forecasting that has
been run up by scientific and technical experts over the yehyswould anyone take
seriously what we have to say about societal impacts decades into the future of any of the
emerging new nanotechnologies?

Responses

The remainder of my talk will deal as fully with these questions as can be done in twenty
minutes! But the main points | will try to make are these:
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+ We can say many plausible things about the possible evolution of new
nanotechnologies. But because of the great uncertainties that surround the future, no
particular view or concern about future impacts can have scientific claim to be so
certain that policy should seriously constrain scientific options now.

+ The whole aim of our forethought and intellectual preparation and policymaking
should be to ensure that we can flexibly respond to impacts as they appear on the
horizon, no matter how different they may be from what we expected.

« And therefore, the Future Does Need Us, we who can be flexible and rational and
respond to surprises and unintended consequences, as well as respond to wonderful
new opportunities. (If you are worried, as some seem to be, about a robotic future full
of nano mechanisms that don’t need us, | suggest you rent a copy of Woody Allen’s
Seeper from the video store, and restore your sense of balance!)

DON'T CoOuNT SocIETY OuT: A RESPONSE TO BiLL Joy

J.S Brown, Xerox Palo Alto Research Center; P. Duguid, University of California,
Berkeley

Summary

The April issue of Wired carried an article by Bill Joy, cofounder and chief scientist of

Sun Microsystems, called “Why The Future Doesn’t Need Us.” The article argued that
“our most powerful 21st-century technologies — robotics, genetic engineering, and
nanotechnology — are threatening to make humans an endangered species.” Here, we
offer a response.

All of us need to worry about the concerns Joy raises. Technology is moving
frighteningly fast. But much of the fear in Joy’s article comes from a tendency among the
digerati, when surveying technological change, to extrapolate from the steepest part of
the curve or, in effect, to count in the order of 1, 2, 3, ... a million — or even infinity. You
can see this in old predictions that a few years would take us from industrial nuclear
power plants to domestic ones. And you can see it again in the short steps Joy takes from
the possibility of replicating peptides to the imminent certainty of a robot society, or from
the theory of nanotechnology to its practical implications.

This sort of counting is an example of what we call “tunnel vision.” It excludes all the
other factors that come into play as technologies develop. In particular, it excludes the
social factors that always shape and redirect technology, making counting much harder.
In making this argument, we are not arguing that there is therefore nothing to worry
about. Far from it. The cause for worry is real. Instead, we are suggesting that — contrary
to those who can only see disaster — something can be done. But what that something
may be is very hard to see if tunnel vision cuts out all the forces in play except for the
technological ones.
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Our response asks that the socia factors at work be factored in. Society and technology
develop, we argue, in co-evolutionary steps, each profoundly affecting the other. When

the socia forces are left out of the picture, there seems nothing else to do but resign
ourselves to wait for a future that doesn’t need us. On the other hand, if the role of social
forces in the co-evolutionary spiral is clear, then warnings like Joy’s highlight the need to
develop new social forms, new kinds of organization, and new formal and informal
institutions to replace the slow, outmoded ones and to respond rapidly to rapid social
change. It's at this level, we believe, that debate should be engaged.

I ntroduction

Whatever happened to the household nuclear power pack? The full-scale nuclear
generator had barely left the drawing board before futurists predicted that every house
would soon have a smaller version. From here, technoenthusiasts could see the end of
power monopolies, the emergence of the “electronic cottage,” the death of the city, and
the long decline of the corporation. Pessimists and Luddites, of course, primarily foresaw
localized nuclear meltdown and household nuclear weapons. Each side waited for
Nirvana or Armageddon to roll by so it could triumphantly tell the other, “I told you so.”
They're still waiting.

Bill Joy’s recent article “Why the Future Doesn’t Need Uafred 8.04) brings those old
controversies to mind. In saying this, we do not want to underestimate the importance of
Joy’s much-cited article. No Luddite, Joy is an awe-inspiring technologist. So when he
describes a technological juggernaut thundering towards society and worries that even
those straight in its pathway are blindly cheering, all of us need to listen. Like the nuclear
prognosticators, Joy can see the juggernaut clearly. Like them, too, he can’t see any
controls. Indeed, it's the absence of controls that makes his vision so scary. But it doesn’t
follow that the juggernaut is uncontrollable.

To understand why no controls are visible, readers should note the publication in which
this article appears. For the best part of a decsddeed has been an enjoyable
cheerleader for the digital age. Its shift with Joy’s article from cheering to warning marks
an important moment in the digitaeitgeist. Finally, many prognosticators, like
investors, are coming to realize that rapid technological innovation can have a down side.
And as with many investors, the toneWhired has swung straight from wild euphoria to
high anxiety — as if there were no middle ground. That the change in mood should be so
extreme is not all that surprising. When they felt we were all being triumphantly carried
along by technology, the digerati saw little need to look for the brake. So now they fear
that, rather than being carried, we are instead standing smack in technology’s path, and
they don’'t seem to know where a brake might be found.

To see where one might lie, let's go back to the nuclear power pack. Innovation, the
argument went, would make nuclear plants smaller and cheaper. These would soon shrink
to household size. Then they would enter mass production and quickly become available
to all. The argument still seems unavoidable — until you notice what’'s missing. The tight
focus of this vision makes it almost impossible to see forces other than technology at
work. Yet in the case of nuclear development, there were many other forces at work.
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These included the environmental movement, anti-nuclear protests, concerned scientists,
worried neighbors of Chernobyl and Three Mile Island, NIMBY responses to nuclear
waste, government regulators, anti-proliferation treaties, and corporate-shareholder
rebellions. Cumulatively, these forces slowed the nuclear juggernaut to a manageable
crawl. Similar social forces are at work on modern technologies today. But because the
digerati, like technoenthusiasts before them, look to the future through a narrow
technological tunnel, they too have trouble bringing other forcesinto view.

The Tunndl Ahead

As an emblem of technological futurism, take the cover of Bill Gates’s first bidek,

Road Ahead. This showed a smiling Gates standing before an empty blacktop stretching
unproblematically into the future. There was the road. Gates pointed. We needed only to
follow it. When the book appearethe Nation magazine put an ad with this picture next

to one for a Bruce Springsteen concert. In that, if memory serves, a world-weary
Springsteen stood outside a tavern in some unidentified, industrial-age town. The tavern
looked seedy. Traffic blocked the oily, rain-swept road. The guys outside the tavern
probably weren’t sober. And the women further down the road probably weren’t waiting
for buses. The contrast between the two ads reminded us how much easier it is to lay out
the road ahead with confidence and plausibility if you only think about road and ignore
all the messiness that people willfully bring to the picture.

Leaving people out of the picture and focusing on technology in splendid isolation, tunnel
vision doesn’t only lead to both exuberant and doom-and-gloom scenarios by the
bucketful. It also leads to tunnel design — the design of “simple” technologies that are
actually very difficult to use. So to escape both trite scenarios and bad design, we have to
widen horizons and bring into view not just technological systems, but also social
systems. Good designs look beyond the dazzling potential of the technology to social
factors such as the limited patience of most users. Paying attention to the latter has, for
example, allowed the Palm Pilot and Nintendo Gameboy to sweep aside more complex
rivals. Their elegant simplicity has made them readily usable. And their usability has in
turn created an important social support system. They are so widely used that now
anyone having trouble using a Pilot or Gameboy rarely has to look far for a more
experienced user to give advice.

As this small example suggests, technological and social systems shape each other. The
same is true on a larger scale. Technologies, as gunpowder, the printing press, the
railroad, the telegraph, and the Internet have shown, shape society in quite profound
ways. But equally, social systems, in the form of government, the courts, formal and
informal organizations, social movements, professional networks, local communities,
market institutions, and so forth, shape, moderate, and redirect the raw power of
technologies. The whole process might best be thought of as one of “co-evolution,” with
society and technology mutually shaping each other. In considering one, then, it's
important to keep the other in mind. Given the crisp edges of technology and the fuzzy
ones of society, it certainly isn’t easy to grasp the two simultaneously. But grasp both you
must, if you want to see where we are all going or design the means to get there.
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Tidings of Discomfort?

This joint perspective alows a more sanguine look at the central concerns Bill Joy laid
out in Wired: genetic engineering, nanotechnology, and robotics. Undoubtedly each
deserves serious thought. But each should be viewed in the context of the social systemin
which it isinevitably embedded. That context provides, to return to our earlier metaphor,
a glimpse of the brake and steering mechanisms on what otherwise would appear as an
out-of-control juggernaut.

Genetic engineering presents the clearest example. Barely a year ago this seemed an
unstoppable force. Mgor chemica and agricultural interests were barreling unstoppably
along an open highway. In the past twelve months or so, however, road conditions have
changed dramaticaly. Cargill has faced Third World protests against its patents.
Monsanto has suspended research on sterile seeds. And champions of genetically
modified foods, who once saw an unproblematic and lucrative future, are scurrying to
counter consumer boycotts of their products. If, as some people fear, genetic engineering
represents one of the horses of the Apocalypse, it is certainly no longer unbridled.

Erratic biotech stocks suggest that it's now very hard to see beyond this immediate, sharp
curve in what once looked like an open road. There’s no clear consensus — only a lot of
name calling (Frankenfood! Luddites!). Almost certainly, those who support genetic
modification will have to look beyond the labs and the technology if they want to
advance. They need to address society directly — not just by labeling modified foods, but
by educating people about the costs and the benefits. Of course, having ignored social
concerns, proponents have made the people they need to educate profoundly suspicious
and hostile. In consequence, they have made their road significantly more uphill.

Nanotechnology offers a rather different example of how the future can frighten us. For
this, which involves engineering at a molecular level, both the promise and the threat
seem unmeasurable. But they are unmeasurable for a good reason. The technology is still
almost wholly on the drawing board. Two of its main proponents, Ralph Merkle and Eric
Drexler, worked with us at Xerox PARC. They built powerful nano-CAD tools and then
ran simulations of the resulting designs. The simulations showed definitively that nano
devices are theoretically feasible. But theoretically feasible and practically feasible are
two different things. And as yet, no-one has laid out in any detail a route from lab-based
simulation to practical development.

So here the road ahead is unpredictable not because of an unexpected curve, but because
the road itself still lacks a blueprint. In the absence of a plan, it's certainly important to
ask the right questions. Can nanotechnology actually fulfill its great potential in tasks
ranging from data storage to pollution control? And can it do such things without itself
getting out of control? But no one should worry too much about the road’s maintenance
crew when the road itself has yet to be surveyed. If the lesson of genetic engineering
means anything, however, even though useful nano-systems are probably decades away,
planners would do well to consult and educate the public early on.

Worries aboutobotics suggest that here, too, the route has been added to our mapbooks
long before the road itself has actually been built. Take for example the much-talked
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about “bots” — the software equivalent of robots, which search, communicate, negotiate,
or act as agents on the Internet. They, it has been claimed, do many human tasks much
better than humans and so indeed might come to replace us all. In fact, bots are useful
because they are quite different from humans. They are good (and useful) for those tasks
that humans do badly. They are often quite inept at tasks that humans do well — tasks
that call for judgement, taste, discretion, initiative, or tacit understanding. So bots are
probably better thought of as complementary systems, not rivals to humanity.
Consequently, though they will undoubtedly get better at what they do, such development
will not necessarily make bots more human. They are in effect being driven down a
different road. Certainly, the possibility of a collision needs to be kept in mind. In
particular, we need to know who will be held responsible when autonomous bots
inadvertently cause collisions — as well they might. But we probably need not look for
significant collisions around the next few bends.

Are more conventional robots — the villains of science fiction — any greater threat to
society? We doubt it. PARC research on self-aware, reconfigurable polybots has pushed
at new robotic frontiers. When these are combined with our MEMS (microelectical
mechanical systems) research, they point the way to morphing robots whose ability to
move and change shape will make them important for such things as search and rescue in
conditions where humans cannot or dare not go. Nonetheless, for all their cutting-edge
agility, these robots are a long way from making good free-form dancing partners. In
particular, like all robots (but unlike good dancing partners), they lack true conversational
skills. The chatty manner of C3-PO still lies well beyond machines. Indeed, what talking
robots or computers do, though it may appear similar, is quite different from human talk.
Talking machines travel routes designed specifically to avoid the full complexities of
situated human language.

True, robots may still seem quite intelligent. Yet such intelligence is profoundly
hampered by their inability to learn in any significant way. (This failing has apparently
led Toyota, after heavy investment in robotics, to consider replacing robots with humans
on many production lines.) And without learning, simple common sense will lie beyond
robots for a long time to come. Indeed, despite years of startling advances and
innumerable successes like the chess-playing Big Blue, computer science is still almost
as far as it ever was from building a machine with the learning abilities, linguistic
competence, common sense, or social skills of a five year old.

So, like bots, robots will no doubt become increasingly useful. But, as a result of tunnel
design, they will probably also become increasingly frustrating to use. In that regard they
may indeed seem anti-social. But they are unlikely to be anti-social in the way of science
fiction fantasies, with robot armies exterminating human society. Indeed, the thing that
handicaps robots most of all is their lack of a social existence. For it is our social
existence as humans that shapes how we speak, learn, think, and develop common sense.
All forms of artificial life (whether bugs or bots) will remain primarily a metaphor for —
rather than a threat to — society at least until they manage to enter a debate, form a choir,
take a class, survive a committee meeting, join a union, build a lab, pass a law, engineer a
cartel, reach an agreement, or summon a constitutional convention. It is these critical
social mechanisms that allow society to shape its future. It is through planned, collective
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action that society forestalls expected consequences (such as Y2K) and responds to
unexpected events (such as epidemics).

One Small Step for Futurology, One L arge Step for Mankind

Why does the threat of a cunning, replicating robot society look so close from one
perspective, yet from another quite distant? The difference lies in the well-known
tendency of futurologists to count “1,2,3 ... a million” or even infinity. Once the first step

on a path is taken, it's very easy to assume that all subsequent steps are trivial. So, for
example, the telephone had barely appeared before people were predicting videophones
— yet we still don’t have videophones on any large scale today. Several of the steps Joy
asks us to take — from genetic engineering to a White Plague, from simulations to out-
of-control nanotechnology, from replicating peptides to a “robot species” — are
extremely large. And they are certainly not steps that will be taken on an open highway
without potholes, diversions, regulations, controls, or traffic coming the other way.

One of the lessons of Joy’s article, then, is that the path to the future can look simple (and
sometimes simply terrifying) if you look at it through what we call 6-D lenses. We coined
this phrase having so often come upon “de-" or “di-” words ldemassification,
decentralization, disintermediation, despacialization, disaggregation, and
demarketization in futurology. These are grand forces which some futurists see
technology blowing through society and uprooting our social systems like an irresistible
storm. If you take any one of the Ds in isolation, it's easy to follow its relentless journey
to a logical conclusion. So, for example, because firms are getting smaller, it's easy to
assume that firms and other intermediaries are simply disintegrating into markets. And
because communication is growing cheaper and more powerful, it's easy to believe in the
“death of distance.” But these Ds rarely work in such linear fashion. Other forces (indeed,
even other Ds) are, we need to remember, at work. Some, for example, are driving firms
into larger and larger mergers to take advantage of the social (rather than just
technological) networks. Other forces are keeping us together despite the availability of
great communications technology. So, for example, whether communications technology
has killed distance or not, people curiously just can’t stay away from the social hotbed of
modern communications technology, Silicon Valley.

Importantly, the Ds do indicate that the old ties that bound communities, organizations,
and institutions are being picked apart by technologies. A simple, linear reading then
suggests that these will now simply fall apart. A more complex reading, taking into

account the multiple forces at work, offers a different picture. Undoubtedly some

communities, organizations, and institutions will disappear. But others will reconfigure

themselves. So, while many nationally powerful corporations have shriveled to

insignificance, some have transformed themselves into far more powerful transnational
firms. And while some forms of community may be dying, others bolstered by

technology are growing stronger.

Two hundred years ago, Thomas Malthus, assuming that human society and agricultural
technology developed on separate paths, gloomily predicted that society was growing so
fast, it would starve itself to death. A hundred years later, H.G. Wells similarly assumed
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that society and technology were developing independently. Wells, however, like many

today, saw technology outstripping society. So he predicted that technology’s relentless
juggernaut would unfeelingly crush great swathes of society. Like Joy, both Malthus and
Wells issued important warnings, alerting society to dangers it faced. But by their actions,
Malthus and Wells helped prevent the very future they were so certain would come
about. These selinfulfilling prophecies failed see that, once warned, society could
wittingly and unwittingly galvanize itself into action. It could develop agricultural
technology to increase the food supply dramatically. And it could develop social
constraints to temper the exuberance of technology. Of course, this social action in the
face of threats showed that Malthus and Wells were most at fault in their initial
assumption. Social and technological systems do not develop independently. The two
evolve together in complex feedback loops, wherein each drives, restrains, and
accelerates change in the other.

Of course, once the social system is factored back into prognostication, the road ahead
looks much more convoluted. It is difficult to know what might lie beyond the next bend
and which way it is best to turn. But this much can certainly be said. Communities,
organizations, and institutions are indeed the main brake by which society slows the
destructive power of technology (and, indeed, accelerates its advantages). As new
technologies emerge, old institutional forms (copyright and patent law, government
agencies, business practices, social mores, and so forth) inevitably prove inadequate.
Consequently, society has to develop new ones. Robert Putnam’s newBbadtikg

Alone, shows this process in action. The dawn of the 1900s brought unprecedented
technological advances, including the introduction of cars, airplanes, telephones, radio,
and domestic power. With these advances came first, unprecedented social disruption,
and then a remarkable period of legal, government, business, and societal innovation —
stretching from the introduction of anti-trust legislation to the creation of the American
Bar Association, the Sierra Club, the American Red Cross, the NAACP, and the YWCA.
Society, implicitly and explicitly, took stock of itself and its technologies and acted
accordingly. The resulting social innovation has left marks quite as deep as those left by
technological innovation.

To deal with recent unprecedented technological change and the disruption it may cause,
we will need similarly extensive and unprecedented social reflection and similar
organizational and institutional creativity. New social forces, however, take time to
develop. And the more people ignore them, the more time development will need. But
technological acceleration gives us ever less time. So first the public at large needs to
become engaged in these debates and to understand that society and institutions are part
of the whole picture — something technological tunnel vision obscures. That way we can
all see where the brake lies. Then we need to consider how an educated public can help
construct new social institutions. That way, we can start to apply the brake where
necessary.
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NATIONAL NEEDS DRIVERS FOR NANOTECHNOLOGY

G. Yonas and ST. Picraux, Sandia National Laboratories’

Abstract

Nanoscience and nanotechnology may turn out to have significant societal implications,

as would be the case for any truly revolutionary advance in technology. We have
identified three areas — natural resources, human condition, and security — where trends
are raising significant social issues that will become drivers for technological change. To
achieve a safe, secure world we must consider both global and national aspects of
security, and the above issue areas are significant in this broader context. These problems
are complex and require a life cycle systems approach for technological advances to
contribute to real societal solutions. Finally, as with any radically new technology, the
consequences of using nanotechnologies can harm as well as help mankind. It is up to
society to debate and develop total and durable solutions.

I ntroduction

The Clinton Administration’s National Nanotechnology Initiative was instituted to

...support long-term nanoscale research and development leading to potential
breakthroughs in areas such as materials and manufacturing, nanoelectronics,
medicine and healthcare, environment, energy, chemicals, biotechnology,
agriculture, information technology, and national security. The effect of
nanotechnology on the health, wealth, and lives of people could be at least as
significant as the combined influences of microelectronics, medical imaging,
computer-aided engineering, and man-made polymers developed in this century.
(NSTC 2000)

We argue that a government research and development initiative of this scale should go

one step farther: the breakthroughs sought should relate to the central emerging problems

of our society. While curiosity and unforeseen discoveries will still motivate the science,

the scientific effort should point in the general direction of contributing elements to
systems solutions to the complex challenges that face our nation. We need to think at an

early stage about how nanotechnology will affect “the health, wealth, and lives of
people.”

Coming from a national security laboratory, we tend to think of most of the potential
nanotechnology applications as having national security implications. Figure 6.5 suggests
that national security cannot be independent of global security. But global security
encompasses many more dimensions than just the military. The consequences of
economic and informational globalization, combined with emerging demographic
changes, will bring new kinds of threats to national and international security. Individual

" Sandia National Laboratories is a multiprogram laboratory operated by Sandia Corporation, a Lockheed
Martin Company, for the United States Department of Energy under Contract DE-AC04-94AL 85000
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national security in a world of global collapse will not be tenable. We will have to seek
national security in a context of global security (upper left quadrant of Figure 6.5).

At our nuclear weapons laboratory, we tend to think of problemsin terms of systems and
life cycles. (Sandia has responsibility for the non-nuclear systems in nuclear weapons
from concept to production, to maintenance, and finaly to dismantlement.) An example
of atechnology area where we as a nation did not work the entire life cycle problem is
that of nuclear power. By not solving the nuclear waste disposal problem adequately as
we developed the power generating systems, we left ourselves with a sizeable unresolved
societal problem.

Societal / Security Implications

National
Security

Global

. Global
security

Insecurity

National
Insecurity

Figure6.5. A Secure nation in a secure world.

Our analysis of the conditions for global and national security leads us to consider three

broad issues. The first revolves around the condition of the planet and its natura
resources. We’'ll refer to this as the “green” issue involving foremost water, energy, and
the environment. The second broad issue, which we call “red,” is that of the human
condition, with health at its center. These first two areas are potential sources of conflict
that can drive global insecurity if unresolved. If it fulfills its promise, nanotechnology can
enable solutions to many problems within these “red” and “green” issues areas. The third
issue — which we call “black” — is military, for example as in the area of bio-warfare.
Military advances enabled by nanotechnology, if used wisely in the interests of global
security, can help to maintain a just peace. If used for purposes of aggression and
domination, they can pose a substantial risk to all.

Natural Resources

There appears to be an increased potential for conflict as a rapidly growing world
population tries to sustain itself with limited natural resources (Nichiporuk 2000; Brown,

Flavin, and French 2000). The disparity in wealth between developed and developing
nations, in combination with the uneven distribution of natural resources, remains a threat
to the stability of states and of the international system. With the advent of modern
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manufacturing, advanced technologies, and the information age, the importance of
natural resources has been reduced for developed nations. But, especially for developing
nations, the availability and control of critical resources such as oil, water, and food on an
increasingly crowded planet remain among the major sources of long-term insecurity. It
is possible that nanotechnology will contribute to easing resource disparities. Potential
areas of impact include new materias, potable water, new energy sources, and
sustainable environmental processes.

The availability of water resources remains one of the big issues for potential insecurity
around the globe. As the World Commission on Water for the 21st Century has pointed
out,

What is obvious is that progress, especially in developing countries, is much too
slow, and that unless there are drastic changes, water shortages and
environmental degradation will become the norm. More people than ever will be
added to some of the areas of the planet that are already most vulnerable socialy,
economically, and environmentally. (World Water Council 2000)

Low cost techniques for water purification, self-cleaning, evaporation reduction, and
desalination could have tremendous impact by providing adequate supplies of clean

water. A magor driver for regional conflict might be removed. Adequate water supplies

are necessary not only for human health, but also to assure the availability of food for the
developing world’s growing population. The potential impact of nanotechnology on
water supplies is hard to predict at this time, but several areas of significant opportunity
come to mind. Affordable, engineered membranes that incorporated a self-cleaning
process to avoid fouling could be used for large-scale desalination, which would go far in
solving the water resource problem. While this technology would be a significant leap
from current capabilities, the ability to tailor nanoscale membranes in combination with
advances in self-assembly processes make it one to watch. In a variation on this concept,
the ability to create membranes with molecular receptors that preferentially extract heavy
metals and other pollutants is making progress in Department of Energy and other
research laboratories (Roco et al. 1998nother potential means of preserving water
resources, particularly for agriculture, may be the control of evaporation through large-
scale application of nano-engineered films or membranes. Management of water
resources is a good example of where the life cycle systems approach should be taken to
assure that the technologies employed do not leave unanticipated environmental problems
in their wake.

A second “green” issue of growing long-term concern for global security is that of energy
resources and their use. Although proven reserves of oil and natural gas are large, heavy
energy usage by the developed countries, combined with the demographic and
development trends of the third world, will eventually put pressure on the supplies. (With
less than 5% of the world’s population, the United States accounts for about 25% of
world energy consumption.) In the meantime, the burning of fossil fuels has at least the
possibility of substantially degrading the global environment.

Nanotechnology may be able to ameliorate energy problems both on the supply side and
on the use side. In the near term, new, high-strength nanostructured magnets,
nanolubricants, and other improved materials may greatly improve motor efficiency. In
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the long term, nanoengineered fuel cells, biocatalysts for crops for food or biomass fuels,

or nanostructured photovoltaic films may permit cheaper alternative energy sources. For
example, if the efficiency of photovoltaics were improved by a factor of two from the 20

to the 40% range at comparable costs — something that is theoretically possible — the
role of solar energy would grow substantially. Likewise, if the oceans could be used for
growing biomass fuels or harvesting energy through nano-biotechnology advances,
significant increases in global energy supplies would result.

Systems life cycle thinking is particularly important in addressing the energy issue
because of the coupling of energy and the environment. For example, if artificially
engineered plants that produce ready-to-use energy become possible, at an early stage we
will have to address issues akin to those now arising from the field of genetically
engineered foods. But, properly designed, systems using such technologies as
photovoltaics, engineered photosynthesis, factory process heat re-use, or agricultural fuel
production could lead to a world of sustainable energy, agriculture, and climate. Such an
“open system biosphere” (see Figure 6.6) would clearly have enormous implications for
global security.

- photovaltalc
power genaration
S - photosynthesis
- passive solar haat

- powerheat as nesded

Figure6.6. Open System Biosphere — a city model for sustainable energy, agriculture, and climate.

Nanoscience may also enable new materials and technologies that reduce economic
dependence on other kinds of natural resources. The dependence of nations on extraction
resources might be altered if common materials could achieve the functions of rarer and
more costly materials. We refer to the ability to nanostructure a material for specific
desired properties not found in its usua forms as nano-alchemy. In essence one is
creating a new material by nanostructuring rather than by merely changing the chemistry.
For example, common materials in the form of nanoscale clusters have been
demonstrated to take on specific chemical catalytic properties, superior to those of more
expensive catalysts. At this point we cannot predict whether nano-alchemy will apply
broadly, or at what cost, but it is possible to envision large changes in how industries
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work. Then the relative wealth and power of nations could change, as could some of the
contributing sources of international conflict.

Note, however, that there are no guarantees that the unregulated marketplace will assure a
distribution of the benefits of nanotechnology that brings widespread prosperity and
tranquillity. It is also possible to imagine the new technologies being used in ways that
help the rich get richer and the poor get poorer. Given that nanoscience is being funded
on a large scale from public resources, it behooves us to think on a national level about
how its fruits can be directed to enhance national and international prosperity and
security

Human Condition

The human condition — the “red” issue — also must be considered in an analysis of the
potential societal implications of nanotechnology. In the United States the proportion of
the population at retirement age is increasing and will continue to grow rapidly over the
next several decades, with a corresponding decrease in the available fraction of workers
in the society. This trend has been strong in the developed countries where the birth rate
has declined significantly, leading to low or even negative population growth, while life
expectancy has been increasing. With an aging population, an increasingly large fraction
of national and personal resources is being spent on health care. Here, we will not discuss
the additional, very serious health issues, such as AIDS and other emerging infectious
diseases that burden developing countries. We would note, however, that if the
applications discussed above of nanotechnology to securing clean water were to prove
out, they could help with the disease problems of developing countries by improving
sanitary conditions.

Desirable goals for an aging population include maintaining productivity longer,
providing affordable health care, and deploying assistive technologies that maintain
independence longer. Achieving these goals would greatly reduce the burden that an
unhealthy, dependent older generation would place on younger citizens. The economic
and social benefits to the nation would be great. We consider here just two possible
connections to nanoscience and nanotechnology: assistive means to maintain physical
independence and tools to support cognitive capability.

In the area of assistive devices, the ability to see (eye repair or hardware to replicate the
eye function) and to maintain mobility (prostheses and sensor-based systems) could
contribute significantly to maintaining productivity and physical independence. Advances
in micro and nanotechnologies hold promise for contributing to a wide range of assistive
solutions, from prosthetic limbs that adjust to the changes in the body, to more
biocompatible implants, to artificial retinas or ears. Other opportunities lie in the area of
neural prosthesis and the “spinal patch,” a device envisioned to repair damage from
spinal injuries.

In the area of cognition, revolutionary technical advances could have great impact on
individual productivity and independence. We do not understand the workings of the
brain well enough to predict with any confidence that assistive devices will actually
work. However, rapid advances in the intersecting nano-, information science, and
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biological sciences seem to promise significant surprises. Possible results include devices

that enhance learning, cognition, judgement and decision making. Devices that helped
people with dementia — nearly a third of the population over 85 — could have great
impact. At the same time concerns about the use of artificial or assisted cognition for
social control must be addressed.

As with the potential benefits of technologies relating to natural resource use, those
relating to human health and quality of life also could end up being available only to
small segments of the world’s population. Today we talk of the “digital divide”;
tomorrow it may be the “nano divide.” Only the right combinations of public policy
(from whence a significant part of the initial investment in nanoscience is coming) and
free enterprise will lead to maximizing the societal benefits of the new technologies.

Security

There is little doubt that nanoscience and nanotechnology will carry implications for the
use of force for military and civilian security. Military and police organizations would
highly value enhanced situational awareness in a world of ambiguity, confusion, and
asymmetric threats. The implications of advances in computing speed, higher density
memories, enhanced sensing and communication, and microsystems that, individually or
in swarms, may contribute to situational awareness and control are obvious. Nanoscience
will enhance all of these technologies. Implications of such advances range from
distributed early warning, assessment, and response systems, to enhanced decision
support systems. New non-lethal weapons may also emerge.

One area in which our understanding is rapidly growing is that of the emergent behavior
of collective systems (see Figure 6.7). For example, researchers are beginning to
appreciate how bees, with limited individual capabilities and simple rules of interaction,
are collectively able to complete complex tasks, such as finding and harvesting nectar.
Nanoscience, understanding of cognition, and microtechnologies may combine to give us
small, smart devices that sense, think, act, and communicate as swarms. Robotic swarms
might play important roles in both security situations and natural disasters where direct
human presence would be dangerous or ineffective.
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Figure6.7. Nanotechnology may be akey enabling element to creating small, smart swarms of devices
that sense, think, act, and communicate — resulting in emergent behavior of collective systems.

New information technology (possibly nanotech enabled) combined with better
understanding of human and machine cognition, may give us new decision support
systems. Information display and data fusion are already important military technologies.
If memory aids (information storage and analysis) can be integrated with the human brain
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for decision support, applications in areas beyond military and emergency situations may
become available. Related technologies would be interface devices such as wireless
communication to the ear or displays on the retina, or reasoning support systems that
would serve as decision advisors.

These various advances could contribute to global stability by enhancing the capabilities
of peacekeepers to operate in difficult circumstances or of soldiers to resist aggression.
As with other enhancements of military capability, however, they could also contribute to
the success of military aggression. If the technologies were cheap and widely available,
they could expand threats from terrorist or paramilitary groups.

Disruptive Technologies'

“Disruptive technologies” are those which produce new products in new ways. Initially,
they may cost more and be less effective than the more mature, “sustaining
technologies.” But eventually, they become so much cheaper and better as to drive the
older technologies out of the market. The technologies emerging from nanoscience may
well prove disruptive. If so, they will have societal implications that extend beyond their
functional applications and into the realms of industry and economy (see Figure 6.8).
Particular manufacturing firms, and perhaps entire industries (e.g. petroleum,
agriculture), might be deeply changed, or even shrink to insignificance. Some managers
and workers might be put out of business, while others may prosper. Those with the
resources and adaptability to retrain may succeed, while others — perhaps especially
older workers — may not make the transition successfully. Redistributions of economic
power could lead to corresponding redistributions of political influence.

The international status of the nations which first master the new technologies may rise,
while the nations overly committed to old industrial processes or to extracted resources
may fall behind. As on the national level, redistributions of global technological strength
could result in realignments of global prosperity and influence. These changes could
promote national and international stability and security — or they could hinder it.

Conclusions

Nanoscience and nanotechnology may turn out to have significant societal implications,
as would be the case for any truly revolutionary advance in technology (Figure 6.8). We
have identified three areas — natural resources, human condition, and security — where
trends are raising significant social issues that will become drivers for technological
change. To achieve a safe, secure world we must consider both global and national
aspects of security, and the above issue areas are significant in this broader context.
These problems are complex and require a life cycle systems approach for technological
advances to contribute to real societal solutions. Finally, as with any disruptive
technology the advances brought about can be used for good or evil. It is up to society to
debate and develop total and durable solutions.

! A term coined by Clayton M. Christensen (Christensen 2000).
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Figure6.8. Nanotechnology may fal into the category of disruptive technol ogies where significant new
capabilities and industrial systems bring large-scale changes, which may result in the betterment of society
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NANOTECHNOLOGY AND SOCIETAL TRANSFORMATION

M.M. Crow and D. Sarewitz, Columbia University

Remaking theWorld

Technological innovation sustains a fundamental tension of civilization — the tension
between humanity’s quest for more control over nature and the future, and our equally
strong desire for stability and predictability in the present. Luddites were not against
technology per se. They were against losing their jobs, and so they smashed the power
looms that had put them out of work. The change wrought by technological advance
continually remakes society, and this transformational process is on the one hand central
to the dynamic that is commonly labeled “progress,” and yet on the other is a source of
continual destabilization and dislocation as experienced by individuals, communities,
institutions, nations, and cultures.

In the age of science and technology (S&T), the federal government has increasingly
become the prime catalyst for scientific advance and technological innovation. At the
same time, modern government is also continually responding to and managing the
transformational power of science and technology. Yet there is little effort to understand
the relation between these two critical activities — advancing knowledge and innovation,
and responding to their impacts — or to link them in a way that can enhance the value
and capability of each.

A single technological innovation can remake the world. When the metal stirrup finally
migrated from Asia to Western Europe in thec@ntury, society was transformed to its
very roots. For the first time, the energy of a galloping horse could be directly
transmitted to the weapon held by the man in the saddle — a combat innovation of
devastating impact. Because horses and tack were costly, they were possessed almost
exclusively by landowners. Battlefield prowess and wealth were thus combined, and
from this combination grew not just the traditions of a “warrior aristocracy” but the
structure of European feudal society itself. Later, when the Anglo Saxon King Harold
prepared to defend Britain against the invading Normans in 1066, he actually dispensed
with his horse and ornamental wooden stirrups, choosing to lead his numerically superior
forces on foot. The outnumbered Normans, however, boasted a strong, stirrup-equipped
cavalry, and thus won the day — and the millennium (White 1962).

Such narrative has the ring of mythology, yet the experience of the industrialized world
reinforces the knowledge that a new machine can help change everything. The invention
of the cotton gin in the late T&entury allowed a vast expansion of cotton cultivation in
the American south — and directly fueled a commensurate rise in the importation and use
of slaves for plantation labor. One hundred and fifty years later, the mechanical cotton
picker suddenly rendered obsolete the jobs of millions of African American share
croppers, and catalyzed a 30-year migration of five million people out of the rural south
and into the cities of the north. While the development of the mechanical cotton picker
was no doubt inevitable, its proliferation was consciously accelerated by plantation
owners who, fearing the rise of the civil rights movement, sought quickly to find a
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technological replacement for the existing system of exploitation labor upon which they
were economically dependent (Lemann 1991).

These examples point not only to the power of new technologies to transform society, but

to the comprehensive interconnectedness of technological change and the complex social
structure of society. The invention of the stirrup as a battlefield tool was in some very
intricate way connected to the development and expansion of feudalism in Europe; the
evolution of agricultural technology for a single cash crop is indissolubly bound to the
ongoing struggle to overcome the U.S. legacy of slavery, segregation, and bigotry. More
familiarly, a single class of technology — nuclear weapons — was a central determinant
of geopolitical evolution after the end of World War Il. Cars, television, air conditioning,
and vaccinations have all stimulated foundational changes in society during the past
century.

Of course new technologies rarely emerge in isolation. The industrial revolution is not
just the story of harnessing steam power to factory production capability, but also the
story of technological revolutions in transport, communication, construction, agriculture,
resource extraction, and, of course, weapons development. These technological systems
penetrated the innermost niches of society — home and family, school, workplace,
community — and forced them to change. They also introduced completely new social
phenomena, and stimulated the invention of completely new institutions.

The industrial revolution created the macroeconomic phenomenon of unemployment.
Prior to the 19 century, even the most economically and politically advanced societies
were dominantly agrarian and rural. For the majority of people, work was rooted in the
home and the family. Vagaries of weather and transportation imposed irregularities and
hardship, but most people and families harbored a diversity of skills that gave them
independence from the marketplace and resilience to cope with a variety of challenges.
In hard times, resort to subsistence farming and barter was usually possible (Keyssar
1986).

Industrialization and urbanization linked workers far more closely to the larger economic
market, while removing the need and ability for them to maintain the diverse skills
necessary for survival in the pre-industrial world. The traditional connection between
manufacturing and agriculture in the home was sundered by new economic organization
and by geography. Labor itself became a commodity, subject to the same fluctuations
and influences as other commodities. During an economic downturn, factories fired
people or closed down entirely. For the first time, workers could not easily respond to
changing economic conditions by switching to a different type of work or moving to a
subsistence mode. The political economist Karl Polanyi observed: “To separate labor
from other activities of life and to subject it to the laws of the market was to annihilate all
organic forms of existence and to replace them by a different type of organization, an
atomistic and individualistic one” (Polanyi 1944, 163).

As technological innovation interacts with society to create new phenomena, such as
unemployment, society also responds by developing new types of institutions and
response mechanisms. Today we can recognize the problem of unemployment as central
to a diversity of social, political, and economic structures and activities ranging from the
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organization of labor to insurance safety nets to educational programs to immigration
policy. Unemployment rates are a key indicator of economic health, and a key
determinant of political behavior. National and international economic policies focus
strongly on managing unemployment, even as theoretical investigations seek to clarify
the relation between unemployment rates and other key attributes of modern economies.

The general point is that transformational technology represents one variable in a
complex assemblage of dynamic, interrelated societal activities. Decision making
processes tend to address each of these activities in isolation from the others, e.g.,

conduct of research and development (R&D), dissemination of innovation products,
development of regulations, reform of institutions. Concerted action occurs when a given
innovation stimulates enough transformation to demand a response from other sectors of

society. This response then triggers additional changes, which in turn demand further
modulation. The process is reactive, discontinuous, disruptive, and sequential — like
billiards. The challenge is to move toward a process of technology-supported societal
progress where different sectors and activities can continually coevolve in response to
knowledge about one another’s needs and constraints — like an ecosystem. We are not
there yet.

Transfor ming the Present

A brief consideration of evolution of information technologies helps to bring this look at
societal transformation into the present. Gutenberg’s perfection of the printing press of
course had enormous transformational impact, allowing the broad dissemination of
written texts and consequent expansion of information — and literacy — that undermined
the Church’s hegemony over knowledge and culture, and helped promote the dissolution
of medieval social structure. Lewis Mumford suggested that the printed word represents
“the media of reflective thought and deliberate action,” a prerequisite, perhaps, for the
intellectual achievements of the Enlightenment. But he also observed — as early as 1934
— that new modes of electronic communication were increasing the speed of information
exchange to levels that made reflection impossible, and increasing the volume of
information transmission to a point that exceeded our absorptive capacity (Mumford
1934, 240).

The implications of the information and communication revolution on democracy itself
are far from clear. On the one hand, proliferation of information dissemination networks
means greater access by more people to more information — and a greater capacity to
communicate one’s ideas and preferences in democratic fora. Control of information by
authoritarian governments is becoming increasingly futile, and organization of
democratic opposition increasingly enhanced, by new information technologies. But
when this same capacity translates into 10,000 identical e-mail messages sent to a
Member of Congress in support of a particular bill, one is hard-pressed to suggest that
democracy is the beneficiary. Of particular concern is the recent increase in public
referenda aimed at bypassing the legislative process. The barriers to putting referenda on
ballots have been enormously reduced by information and communication technologies
that can be used to disseminate ideas and organize group action with relatively little
effort. While on the one hand this type of direct democracy can be a refreshing antidote
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to sclerotic legidlative process, on the other it is quite often devoid of any serious
deliberative process or public discourse, reflecting perhaps the pique of one well-
organized interest group or individual, and the substantiation of a Warholian politics
where anyone with access to a decent list-serve can lead a movement for a day. Is
democracy in transition?

The implications of the information and communications revolution on the distribution of
economic benefits in society are aso problematic. Does the troubling increase in wealth
concentration that characterizes both the U.S. and the global economy derive from the
way that advanced technologies diffuse in market economies? Does the synergistic
character of information and communication networks mean that disenfranchised
populations and nations will find it increasingly difficult to participate in the spectacular
economic growth that we have seen in the past decade? In other words, are the benefits
of technology becoming increasingly appropriable by particular sectors of society, and is
thisin part an attribute embodied in new types of technological systems? Society isill-
prepared to answer such questions, let alone act on them in a knowledgeable manner.

Paradoxically, concerns about appropriability cut both ways. In the information society,

the increasing ease of information dissemination may also threaten our system for
protecting intellectual property and innovation. From pirated CD’s sold on the streets of
Shanghai to the advent (and apparent demise) of NAPSTER, the concept of intellectual
property seems increasingly vulnerable. Are we looking to a future where such
protection is no longer practically possible? Does a world without patents and copyrights
seem unimaginable? More unimaginable than, say, the loss of monopoly over the written
word would have seemed to the Church in 14507

At issue here is not the value of change, but the path that change follows. What may look
in retrospect like the march of progress may be experienced in real time as wrenching
dislocation. The Dickensian squalor of™&entury London remains a symbol of the
human impacts of technological change. Faced with unprecedented societal
transformations, the English government (as well as other European states) failed to
develop effective policies that could accommodate the rapid transition from rural agrarian
to urban industrial society. Today, the plight of many overpopulated developing nations
is the post-industrial, global manifestation of the same failure.

We see the fingerprints of societally transforming technological systems in the
controversy over genetically modified organisms; in the morally reprehensible situation
where 24 million HIV-positive sub-Saharan Africans cannot possibly afford AIDS drugs
that are widely available in the affluent world; in the existence of 40 million Americans
with no medical insurance; in the general inability of our public school systems to create
a citizenry able to take advantage of the opportunities of the knowledge economy; in the
challenges presented by the aging of our population; in the rising atmospheric carbon
dioxide levels that symbolize 150 years of industrial dynamism.

Even the unprecedented rise of civil and ethnic conflict throughout the world in the past
decade can be plausibly connected to technological transformation. Approaching this
phenomenon from entirely different directions, the political scientists Samuel Huntington

and Benjamin Barber each conclude that advanced communication and information
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technologies have created new fora for expressing ethnic identity and pursuing and
strengthening cultural solidarity. Virtual communities, for example, can act to maintain
identity over great distance, while also more efficiently garnering resources to support the
expression of cultural goals. As Barber observes: “Christian Fundamentalists [can]
access Religion Forum on CompuServe Information Service while Muslims can surf the
Internet until they find Mas’ood Cajee’s Cybermuslim document.” The result may be
locally empowering and globally divisive (Barber 1996, 155-156; Huntington 1996).

Nanotechnology and Societal Transformation

The marriage of science and technology beginning in the latter part of theetfury
accelerated the process of innovation, and thus the process of societal transformation as
well. If the industrial revolution played itself out in less than 200 years, the electronics
revolution seems likely to have a working life of perhaps 75 years, while the
biotechnology revolution, although hardly yet on its feet, is already prophesied to be
supplanted by (or perhaps to morph into) the nanotechnology revolution in the first half
of the new century. What type of transformations might this revolution have in store?

Our point here is not to predict the future of nanotechnology and its impacts — an
impossible goal — but to illustrate the direction and scale of thinking that will be
necessary if we are to successfully manage the interaction of new knowledge and
innovation with society. Judging by the literature prepared by the government (NSTC
1999; NSTC 2000), as well as the work of futurists and other techno-pundits (e.g., Cetron
and Davies 1997), the promise of nanotechnology to remake our world seems virtually
infinite. So the first thing to say is that if — as is variously claimed — nanotechnology is
going to revolutionize manufacturing, health care, travel, energy supply, food supply, and
warfare, then it is going, as well, to transform labor and the workplace, the medical
system, the transportation and power infrastructure, the agricultural enterprise, and the
military. Each one of these technology-dependent sectors is operated by and for human
beings, who act within institutions and cultures, according to particular regulations,
norms, and heuristics, all of which may reflect decades or even centuries of evolution and
tradition. Not one of them will be “revolutionized” without significant difficulty. The
current chaos in our medical system is emblematic of this type of difficulty.

In the near term, the current state of knowledge may suggest that the first wave of useful
nanotechnologies will lie in the area of detection and sensing. The capacity to detect,
precisely identify, and perhaps isolate single molecules, viruses, or other complex,
nanoscale structures has broad application in such areas as medical diagnosis, forensics,
national defense, and environmental monitoring and control. The potential for direct
benefits is obvious; how might this evolving capacity influence society?

When detection outpaces response capability — as it usually does — ethical and policy
dilemmas inevitably arise. For example, it is already possible to identify genetic
predisposition to certain diseases for which there are no known cures, or to diagnose
congenital defects in fetuses for which the only cure is abortion. In the environmental
realm, new technologies that detect pollutants at extremely low concentrations raise
complex questions about risk thresholds and appropriate remediation standards. The
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presence of tiny amounts of toxic materials in groundwater may justifiably raise alarm
among the public even if the health risk cannot be assessed, and the technological
capacity for remediation does not exist. These types of dilemmas may be expected to
accelerate and proliferate with the advance of nanodetection technologies.

Advances in sensing and detection may transform existing societal mechanisms and
ingtitutions that were designed to cope with uncertainty and incomplete or imprecise
information. The insurance industry, for example, deals with incomplete knowledge
about the health of specific individuals by spreading its risk among large populations. |If
there is no way to distinguish between someone who is going to suffer a potentially lethal
middle-age heart attack, and someone who is going to live to 105, then they can both get
health and life insurance. Society clearly gains from this arrangement: costs are broadly
disseminated, and benefits are delivered to those who most need them.

Medical sensors that can, for example, “detect an array of medically relevant signals at
high sensitivity and selectivity” (NSTC 2000, 45) promise to aid diagnosis and treatment
of disease, but also to develop predictive health profiles of individuals. Today, health
and life insurance companies often use pre-existing conditions as a basis for denying or
restricting coverage. The advent of nanodetection capabilities will considerably expand
the information that insurance companies will want to use in making decisions about
coverage. The generation of new information might thus destabilize the risk-spreading
approach that allows equitable delivery of social benefits to broad populations. How will
society respond?

Nanotechnology offers a dizzying range of potential benefits for military application.
Recent history suggests that some of the earliest applications of nanotechnology will
come in the military realm, where specific needs are well articulated, and a customer —
the Department of Defense — already exists. One area of desired nano-innovation lies in
the “increased use of enhanced automation and robotics to offset reductions in military
manpower, reduce risks to troops, and improve vehicle performance.” (NSTC 2000, 20).
How might progress in this realm interact with the current trend toward rising civilian
casualties (in absolute terms and relative to military personnel) in armed conflict
worldwide? As increased robotic capability is realized in warfare, will we enter an era
when it is safer to be a soldier in wartime than a civilian?

Such considerations are simple extrapolations of current trends in technological

innovation and societal transformation. More adventurous speculation is tempting but is

perhaps best confined to science fiction novels. The question of public response to nano-
innovation, however, should not be avoided, even at this early stage. The ongoing

experience of public opposition to old technologies such as nuclear power, new

technologies such as genetically modified foods, and prospective technologies such as
stem cell therapies, needs to be viewed as integral to the relationship between innovation
and societal transformation.

Three observations are particularly relevant here. First, the impact of rapid technological
innovation on people’s lives is usually not consensual. Second, in the short term at least,
the social changes induced by new technologies usually create both winners and losers
(where what is lost may range from a job to an entire community). Third, rapid
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technological change can threaten the socia structure, economic stability, and spiritual
meaning that people strive in their lives to achieve. As the nanotechnology revolution
begins to unfold in all its promise and diversity, such issues are bound to express
themselves. They should not be viewed as threats, or as manifestations of intellectual
weakness or repugnant ideology. Rather, they need to be recognized as a central part of
the human context for technological change.

Preparing for the Revolution

Now nanaotechnology had made nearly anything possible, and so the cultural role
in deciding what should be done with it had become far more important than
imagining what could be done with it. (Stephenson 1995)

When resources are allocated for R&D programs, the implications for complex societal
transformation are not considered. The fundamental assumption underlying the
alocation process is that all societal outcomes will be positive, and that technological
cause will lead directly to a desired societal effect. The literature promoting the National
Nanotechnology Initiative expresses this view. The current policy approach thus
addresses two elements:

«  Conduct of Science and Technology
« Products of Science and Technology

These elements reflect the internal workings of the R&D enterprise. The fact that
societal outcomes are not a serious part of the framework seems to derive from two
beliefs: (1) that the science and technology enterprise has to be granted autonomy to
choseits own direction of advance and innovation; and (2) that because we cannot predict
the future of science or technological innovation, we cannot prepare for it in advance.
These are oft-articulated arguments, not straw men. Yet the first is contradicted by
reality, and the second is irrelevant. The direction of science and technology is in fact
dictated by an enormous number of constraints (only one of which is the nature of nature
itself). And preparation for the future obviously does not require accurate prediction;
rather, it requires a foundation of knowledge upon which to base action, a capacity to
learn from experience, close attention to what is going on in the present, and healthy and
resilient institutions that can effectively respond or adapt to change in atimely manner.

If we flip the current S& T policy approach on its head, and start by thinking about
desired social outcomes, rather than desired inputs to the R&D enterprise (i.e., more
money), where would we begin? We might identify several very general categories of
outcomes that most people would agree are worth thinking about. For example:

+ Social equity: the distribution of the benefits of science and technology.

« Social purpose: the actual goals of societal development that we want to pursue or
advance.

+ Economic and Social enterprises: the shape and make-up of the institutions at the
interface between technology and the human experience.
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How can consideration of these types of outcomes be integrated into the S& T policy
framework? The years since World War |l have seen a very gradua evolution in the
effort to connect thinking about S& T to thinking about the outcomes of S& T in society.
A science policy report issued by the Truman Administration, for example, mentioned in
its first pages the need to prepare for both the positive and negative impacts of scientific
and technological change (Steelman 1947, viii). The rise of the environmental movement
in the late 1960s reflected a public demand that society devote more S& T resources to the
achievement of desired social outcomes like clean air and water. The creation of the
congressional Office of Technology Assessment reflected growing public concern about
the need to understand the societal implications of technological choices. Over the past
decade, federally funded programs on the human dimensions of global climate change,
and the ethical, legal, and socia implications of the human genome project and
information technologies, have been supported as adjuncts to much, much larger core
research agendas in the “hard” sciences. Yet S&T policy itself remains input-driven.

Concepts such as sustainability, and analytical tools such as human development
indicators, provide conceptual frameworks for linking R&D to societal outcomes, and in
fact imply that outcomes are to some degree implicit in the choices we make about R&D
inputs. These types of insights point the way toward the next step: to implement an
approach to R&D policy that addresses the complex interconnections between
technological advance and societal response. Such an approach would need to integrate
the pursuit of innovation with an evolving understanding of how innovation and society
interact, and include mechanisms to feed this understanding back into the innovation
process itself. (In a very specific way, the private sector does this as a matter of course,
as it uses consumer input to continually refine and improve the next generation of
products.)

If we wanted to be serious about preparing for the transformational power of a coming
nanotechnology revolution, we would need first to get serious — at this very early stage
— about developing knowledge and tools for more effectively connecting R&D inputs

with desired societal outcomes. This in turn would require the creation of a dedicated
intellectual, analytical, and institutional capability focused on understanding the

dynamics of the science-society interface and feeding back into the evolving

nanotechnology enterprise. Such a capability might include the following elements:

« Analysis of past and current societal responses to transforming technologies. A case
history approach could be used to investigate the diverse avenues that society has
followed in responding to a range of technological advances. Understanding the roles
and relations between the media, academia, policy makers, institutions, and cultural
factors could be the basis for assessing — and anticipating — the likely trajectories of
technology-induced social change.

« Comprehensive, real time assessment and monitoring of the nanoscience and
nanotechnology enterprise. At this relatively early stage, it should be feasible to
build a database of important activities in nanotechnology, and then track the
evolution of the enterprise over time, in terms of directions of research and
innovation, resources used, public and private sector roles, publications and patents,
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marketed products, and other useful indicators. This type of information is essential
to understanding potential impacts.

« A science communication initiative, to foster dialogue among scientists, technol ogists,
policy makers, the media, and the public. Understanding, tracking, and enhancing the
processes by which information about nanotechnology diffuses from the laboratory to
the outside world is central to understanding the social transformation process as it
occurs. Of equal importance is the need to understand and monitor how public
attitudes and needs evolve, and how they reach back into the innovation system.
Empirically grounded, research-based investigations on communication can be the
basis for strategies to improve social choice in ways likely to secure favorable
outcomes.

« A constructive technology assessment process, with participants drawn from
representatives of the R&D effort, the policy world, and the public. Technology
assessment is both a process for bringing together a range of relevant actors, and an
evolving product that can inform and link the innovation and decision-making
processes. Understanding the changing capabilities of both the nanotechnology
enterprise and various sectors and institutions likely to be affected by the enterprise
can contribute to a healthy policy making environment where innovation paths and
social goals are compatible and mutually reinforcing.

Should nanoscience and nanotechnology yield even a small proportion of their
anticipated advances, the impacts on society will be far-reaching and profound — “as
socially transforming as the development of running water, electricity, antibiotics, and
microelectronics” (NSTC 1999, 1). We can allow these transformations to surprise and
overwhelm us, and perhaps even threaten the prospects for further progress. Or we can
choose to be smart about preparing for, understanding, responding to, and even managing
the coming changes, in order to enhance the benefits, and reduce the disruption and
dislocation, that must accompany any revolution.
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6.2 FOCUS ON ECONOMIC AND POLITICAL IMPLICATIONS OF
POTENTIAL TECHNOLOGY

IMPACT OF NANOTECHNOLOGY ON THE CHEMICAL AND AUTOMOTIVE INDUSTRIES

J.M. Garcés and M.C. Cornell, Dow Chemical

We do what we can. This simple aphorism — the wisdom of the average person — may
be used to shape the subject of this essay, namely, what can we do with nanotechnology
in the chemical and automotive industries? Before trying to answer the question, we will
take a brief scientific and historical detour.

The relationship between the meter and the nanometer can be understood better in
monetary terms. A dollar bill is to a billion dollars, as a hanometer is to a meter. There
are 1000 million dollars in a billion, and there are 1000 one thousand dollar bills in a
million dollars. Thus a nanometer is 1000x1000x1000 times smaller than a meter, just as
a dollar is 1000x1000x1000 smaller than a billion dollars. Nanotechnology deals with
objects having at least one dimension in the range of nanometers, typically from 1 to
100 nm.

Scientists, from the onset of modern scientific thought in Greece, struggled for centuries
to learn about the sizes of atoms and molecules. In 1905, Albert Einstein, as part of his
doctoral dissertation, calculated the size of sugar molecules to be close to 1 nm. He used
experimental results for the diffusion coefficient of sugar molecules in water measured by
Graham, in the Einstein diffusion equation and obtained 0.99 nm as the answer. This
historical development put the sizes of atoms and molecules on solid theoretical ground.
Recent developments in microscopy [such as transmission electron microscopy (TEM)
and atomic force microscopy (AFM)] allow scientists today to see and manipulate
particles of nanometer dimensions as easily as a child can manipulate with a needle
grains of salt seen with a light microscope. The TEM and AFM microscopes are about
one thousand times more powerful than the light microscope.

The transition from theory to practice, from calculating the size of very small objects to
manipulating them at will, defines the onset of nanotechnology. The things that we can
see and do when we deal with nanometer size objects are the subjects of nanotechnology.

We can now leverage nano-scale particles into high-performance polymers and ceramics
to yield composite materials having uniqgue combinations of desired properties. We can
beneficially exploit these composites in useful applications that provide enhanced
functionality and value. The automobile is one platform that is beginning to take
advantage of nano-composites in diverse components and systems ranging from catalytic
converters that more efficiently convert combustion byproducts to benign emissions, to
economical light weight plastics and coatings that enhance fuel efficiency and vehicle
durability.

Catalytic converters, found in most modern cars and in high efficiency gas burners and
wood stoves, utilize nano-scale metal oxide ceramic coatings to efficiently present a high
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surface area of precious metals like platinum and palladium to exhaust gases. These
coatings are essential to speed and complete the conversion of harmful emissions such as
carbon monoxide, nitrogen oxides, unburned hydrocarbons, and soot into benign by-
products such as nitrogen, water and carbon dioxide. This is a good example of the
beneficial impact of nanotechnology on the environment and on the quality of life,
especialy in large cities.

Nano-particles derived from clays and related materials, strengthen and stiffen plastics.

This property is being exploited by converting inexpensive, light plastics to engineered
composites that have the unique combination of both stiffness and toughness. Such
composites are being developed for use in automotive bumper systems, for exterior body

panels, and for instrument panel structures and interior closeout panels. Nano-
reinforcement enables the homogenization of plastic materials, which will facilitate
recycling of plastics upon disposal of avehicle. The stiffening effect is also useful in the
processing of plastics by increasing melt strength, which in turn enables the molding of

larger and/or thinner parts without distortion. Blow molding — an inexpensive plastic
manufacturing process — will especially benefit, enabling the production of lighter and
less costly fuel tanks, bumper systems, and seating and other automotive and household
plastic components. The use of polymeric nanocomposites in automotive applications
will help to improve the efficiency of vehicles in miles per gallon and to reduce the
volume of byproducts discharged to the environment.

It is hard to imagine nanotechnology without an intensive participation of the scientists
and manufacturing technologies of the chemical industry. The assembly of atoms and
molecules into materials and substances that are useful to society are essential to the high
quality of life enjoyed by modern civilization. Pharmaceuticals, plastics, electronics,
textiles, food and many other things are the result of human ingenuity translated into
useful and cost effective products by the work of persons skilled in the use of technology
to convert raw materials found in nature into manufactured products. Nanotechnology
can extend the quality and number of useful products made by industry because it can
provide new building blocks and new tools to assemble them and to convert them into
new products. The size reduction of electronic circuits and components in the last forty
years has resulted in the creation of new industries and in dramatic changes in our life
styles. This incredible impact of size reduction in the electronics industry illustrates the
potential of nanotechnology to change the future of all industries and the quality of life.

The transition from the eye to the light microscope expanded our field of vision by about
1000-fold. Modern electronics circuits have components that are visible with the eye and
the light microscope. We have another 1000-fold of magnification open to us from the
light microscope to the TEM and the AFM. We can only imagine the potential that this
1000-fold factor will have in the evolution of electronic devices and in the creation of
new technology — nanotechnology — in all industries.

Carbon nanotubes is a good example of the new generation of nano-materials to be
produced by the chemical industry. They are far stronger than steel, but lighter, and
conduct electricity like metals. New applications for these amazing nanotubes are being
reported daily, in electronics, chemistry, optics, and biology. In the automotive and
plastic industries they are being examined for their reinforcing capability, but also to
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impart degrees of electrical conductivity to plastic composites. The utility of these
features range from more efficient painting to potentially “plastic” circuitry integrated
into insulating molded plastic articles. Static dissipative plastics efficiently accept paint,
reducing volatile emissions in the application of solvent born coatings and enabling the
use of non-solvent-containing powder coatings on plastics. They are also desired in fuel
system components to prevent static discharge fuel ignition. Semi-conductive plastics are
desired as functional enclosures to shield electronic components from disruptive
electromagnetic interference, which is becoming more of a challenge as the automotive
industry migrates to new electrical architecture.

Universities, new start-up and established companies, are engaged in the inventions
needed to produce carbon nanotubes and other nano-scale materials and products at
economic costs. They are conquering the barriers involved in working with very small
objects. The rules and theories that govern these new forms of matter are the topic at the
frontiers of science and technology. The challenges in dynamics, architecture, assembly,
and fabrication of nanomaterials are reinvigorating all fronts of science: from engineering
disciplines and physics, to synthetic organic and inorganic chemistries, from polymer and
materials science and polymer fabrication, to electronics and biology.

Recent developments provide a glimpse of the new industries that will be created by the
natural evolution of knowledge into technology. New mesoporous solids offer larger
surface areas and larger pores available for catalysis, absorption and separations. These
big brothers of the molecular sieves and zeolites hold promise for the design and
development of new catalysts and devices able to hold larger molecules, and reaction
intermediates, and to facilitate molecular events with the precision and elegance of
natural enzymes. The marriage of micelles, owned by colloid chemists, with silicate
chemistry, has created a new window that is taking scientists to explore the interactions
of other macromolecules such as proteins and enzymes with all types of substrates.
Combinatorial methods applied to bio-inorganic synthesis make it possible to find “wise”
proteins and enzymes that grow crystals and materials replicating the elegance of coral
growths, sea shells, or silicon chips. Thus, synthesis is moving from control of
composition and structure to the control of size, shape, morphology and function. Soon
we will have at our service the creative engines of nature to produce new materials with
tools not very different to those used to make wine, cheese or beer.

Molecular electronic devices, such as redox switches, are proposed as components of new
computer architectures to create chemically assembled electronic nano-computers from
the “bottom up”. Some of these devices are looking at DNA molecules as building
blocks to fabricate circuits. This approach contrasts the “top down” technology used to
manufacture electronic hardware today. Quantum dots, semiconductor-based
nanoparticles, are luminescent materials that can be used in all sorts of devices based on
optical signal detection. Coupling these nano-electronic and nano-optical devices will
create a plethora of new technologies that will eventually displace the current “top down”
built devices.

The chemical and automotive industries will be composers and musicians of the new
harmonies to be produced by the evolution of nanotechnology. The creation of polymeric
nanocomposites, new batteries, new electronic conductors, novel optical devices,
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catalysts and fuel cells, will lead to a transformation of the vehicle architectures into
lighter, more efficient and high performance transportation products. The cost-
performance balance will be a key driver of this metamorphosis from conventiona to
nano-structured systems and components. Society at large will be the beneficiary.

Examples of Nanotechnology Applications (from the report “National
Nanotechnology Initiative: the Initiative and Its Implementation Plan,”
NSTC/NSET, July 2000)

a. Nanoparticle reinforced polymers

Requirements for increased fuel economy in motor vehicles demand the use of new,
lightweight materials — typically plastics — that can replace metal. The best of these
plastics are expensive and have not been adopted widely by U.S. vehicle manufacturers.
Nanocomposites, a new class of materials under study internationally, consist of
traditional polymers reinforced by nanometer-scale particles dispersed throughout. These
reinforced polymers may present an economical solution to metal replacement. In
theory, the nanocomposite can be easily extruded or molded to near-final shape, provide
stiffness and strength approaching that of metals, and reduce weight. Corrosion
resistance, noise dampening, parts consolidation, and recyclability all would be
improved. However, producing nanocomposites requires the development of methods for
dispersing the particles throughout the plastic, as well as means to efficiently
manufacture parts from such composites.

Dow Chemical Company and Magna International of America (in Troy, Ml) have a joint
Advanced Technology Program (ATP) sponsored by the National Institute of Standards
and Technology (NIST) to develop practical synthesis and manufacturing technologies to
enable the use of new high-performance, low-weight “nanocomposite” materials in
automobiles (NIST/ATP Project Number 97-02-0047)The weight reduction from
proposed potential applications would save 15 billion liters of gasoline over the life of
one year’'s production of vehicles by the American automotive industry and thereby
reduce carbon dioxide emissions by more than 5 billion kilograms. These materials are
also likely to find use in non-automotive applications such as pipes and fittings for the
building and construction industry; refrigerator liners; business, medical, and consumer
equipment housings; recreational vehicles; and appliances.

b. Nanostructured catalysts

Researchers at Mobil Oil Co. have revolutionized hydrocarbon catalysis by the
development of innovative nanostructured crystalline materials. Their program focused
on zeolites, porous materials with well-defined shapes, surface chemistry and pore sizes
smaller than 1 nanometer. A new zeolite class, ZSM-5, was discovered in the late 1960s.
ZSM-5 has a 10 atom ring structure that contributes pore sizes in the range 0.45 — 0.6 nm

! See http://jazz.nist.gov/atpct/prjbriefs/pribrief .cfm?ProjectNumber=97-02-0047.
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(smaller than in zeolites X, Y and larger than in A) and enables shape selected
chemistries not previously available.

Zeolite catalysts now are used to process over 7 hillion barrels of petroleum and
chemicals annually. New Zealand is using the same catalyst to produce 1/3 of its oil fuel
requirement by converting it from natural gas via methanol and then high-octane fuels.
ZSM-5, aong with zeolite Y, now provide the basis for hydrocarbon cracking and
reforming processes with a commercial value that exceeds $30 billion in 1999 (J. Wise,
Vice President Exxon, ret.). Another example at Mobil Oil Co. isthe aluminosilicate 10
nm shaped cylindrical pores, which have been applied in both catalysis and filtration of
fine dispersants in the environment (Liu and Mou, 1996). Further systematic advancesin
nanotechnology are expected to increase its share of an overall world catalyst market that
exceeded $210 billion in 1999.

¢. Amorphous metal s with controlled atomic structure

Increasing ability to design and fabricate materials atom by atom has allowed creation of

new materials with customized physical and electronic properties. An example of such a

material isthe amorphous alloy called Vitreloy™ (Zrs12Ti138Cu125Ni0oBex»s). The new
material is twice as hard, twice as elastic, twice as strong, and twice as tough, compared
to steel. The rebounding and heat transfer properties are significantly different from the
crystalline materials due to the different types of atoms and their arrangements. The
atoms in the amorphous alloy Vitreloy™ are in a densely packed, but random
arrangement. Amorphous materials are formed by cooling the liquid material quickly
enough to prevent crystallization; the atoms do not have time to arrange themselves into
an ordered structure. Because of the varying sizes of these atoms and their random
arrangement in the solid, there are no groups of atoms that can easily move past one
another. A consequence of this low atomic mobility is the low internal friction when a
force is applied.

Vitreloy™, discovered at the California Institute of Technology by W.L. Johnson in
1993, can be cooled from the liquid state at rates as low@s Bnd still form a
completely amorphous solid. This slow cooling rate is very unusual for amorphous metal
systems that often need to be cooled at far faster rates in order to prevent crystalline
phases from forming. The unique properties of amorphous solids make them useful in
many commercial applications. One of the first applications of Vitreloy™ has been in
the design of golf clubs. The amorphous alloy is two to three times stronger than many
other conventional materials like titanium and steel. Other applications include
projectiles to alter the structure of subterranean oil fields and different defense
equipment.
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INFORMATION TECHNOLOGY BASED ON A MATURE NANOTECHNOLOGY: SOME
SOCIETAL IMPLICATIONS

Thomas N. Theis, IBM T.J. Watson Research Center

Summary

The history of information technology has been one of learning to make “bits” smaller.
There is no obvious and hard physical limit to the minimum size of logical devices that
process information or the marks that store information. Indeed, quantum physics is being
recast as a theory of information, and even a single atom can no longer be seen as the
ultimate limit to the minimum size of a bit. Currently, the smallest logical devices being
manufactured contain billions of atoms, and the smallest magnetic bits on commercial
hard drives contain millions of atoms. Assuming continued exponential improvement in
our ability to pattern matter at ever-smaller dimensions, in perhaps 35 years we will have
the capability to design and control the structure of an object on all length scales from the
atomic to the macroscopic — in other words, the beginnings of a mature nanotechnology.

To grasp some implications of a mature nanotechnology, imagine a world where
information technology is truly ubiquitous and dirt cheap, where even trivial human
artifacts contain extraordinary complexity and therefore extraordinary ability to process
and communicate information. These broad capabilities of future information technology
are easy to forecast, but their implications for society are still difficult to discern. History
suggests that the most important future applications of the technology will surprise us.
Rather than try to predict outcomes, | suggest some issues that society may struggle to
resolve: current societal debates may provide some guidance for the future.

Our present quandary over copyright law may seem quaint in a future where
reproductions of any object are increasingly inexpensive and increasingly
indistinguishable from the original. Privacy issues will be ever more important in a world
where ever more of the objects around us share information with each other. Finally,
while cost does not appear to be a factor that will limit broad access to the benefits of
information technology, education will be the key to full participation in the economy,
even more than it is today. Stable resolution of these issues will take decades, but | am
optimistic about the outcome

What is Nanotechnology?

In order to have meaningful discourse on the societal impact of nanotechnology, we must
first agree on what we mean by nanotechnology. In fact, definitions vary. This is to be
expected, since there is no agreed-upon educational curriculum for someone who wishes
to become a “nanotechnologist.” No university offers an advanced degree in
nanotechnology, although faculty are thinking hard about it. Nevertheless, a growing
community of researchers are beginning to call themselves nanotechnologists. Members
of this community come from such diverse disciplines as condensed matter physics,
synthetic chemistry, materials science, biochemistry, and electrical and mechanical
engineering.
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Apparently we are witnessing the emergence of a new technical discipline. This new
discipline will benefit from and contribute to important advances in science, but | believe
it will be primarily an engineering discipline. Severa contributors to this forum have
remarked on the cross-disciplinary nature of nanotechnology. This is a characteristic of
emerging engineering disciplines, which synthesize principles and techniques from
diverse scientific disciplinesin the pursuit of building something.

But what are nanotechnologists going to build? Common answers are “things at the
nanometer scale” or “things at the atomic scale”. But that is not a complete answer.
Chemists have been synthesizing ever more complex molecules for about two centuries.
Materials scientists have been growing semiconductor crystals one atomic layer at a time
for decades. To justify itself as a new engineering discipline, nanotechnology must be
about more than the ability to build things with atom-scale precision.

In fact, nanotechnology is about the creation and manipulation of information. Since |
work for a prominent information technology company, this statement may appear self-
serving, but in fact, it stems from rather basic physics. Information is now understood to
be a measurable, rigorously defined, fundamental construct of physics, on the same
conceptual level as energy or entropy. Roughly speaking, the information content of a
physical system is defined as the number of bits in its most concise description. (A bit is a
“zero” or a “one” in the binary number system, thus a bit is the fundamental unit of
information.) A perfect crystal has very little information content, since its structure can
be described very concisely. All that is needed is a short string of bits to list the
coordinates of silicon atoms to form a unit cell, and some bits to indicate repetition of the
cell indefinitely to fill space. A perfect crystal is perfectly monotonous and therefore
perfectly useless. But, if we supply the information needed to carve a particular pattern of
impurities, metals and insulators into that crystal, it can become, for example, a
microprocessor.

A typical microprocessor is one of the most complex, therefore information-rich, artifacts
yet designed and built by our species. If we examine one closely, we find a nested
hierarchy of structures. Some structures are as large as the entire silicon crystal (chip) and
some structures consist of layers of differentiated materials only a few atoms thick.
Integrating structure and function on many length scales down to the atomic, silicon
microelectronics is one of the few existing examples of a true nanotechnology (see Figure
6.9).

But if we measure all the structures in a microprocessor chip, we find the vast majority of
dimensions to be on the order of 180 nanometers or greater. 180 nanometers happens to
be the smallest principal dimension that can be routinely defined by the lithographic
processes currently used in manufacturing. The smaller dimensions are achieved through
controlled deposition of very thin films of material and a limited set of processing
“tricks” which take advantage of forces at the atomic scale to help assemble the atoms.
The amount of information we can incorporate into the structure is very limited at
dimensions below 180 nanometers. Still, a microprocessor contains a lot more
information than does a perfect crystal of silicon.
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Figure6.9. A computer integrates structure and function on many length scales. A transistor includes
some layers of differentiated materials only afew atoms thick. However, our ability to impart structure at
scaleslessthan 180 nmislimited. In contrast, biological systems arerichly structured all the way to the
atomic scale.

Now consider any living thing. Again we find a complex and nested hierarchy of
structures, but now the hierarchy extends al the way to the sub-nanometer scale.
Exchanging just two atoms in amolecule of DNA or RNA can make all the difference. A
very long string of bits is required to describe even a single living cell. Indeed, the
density of information in living things approaches the maximum that is physically
possible. Furthermore, living things do not just contain information, but they
continuously process vast amounts of information.

There is some correlation between the density of information (the complexity) in a
structure and its ability to process additional information. That is basically why sometime
next year my company and a few others will begin manufacturing microprocessors with
130 nanometer principal dimensions. Some years after that, we will manufacture at 100
nanometers, and so on. Thus, microelectronics research, devel opment, and manufacturing
will contribute to the development of nanotechnology.

But lithographic patterning techniques will never allow us to define complex hierarchical
structures all the way down to the atomic scale. To do that, we must become much better
at generating complex patterns the way nature does. We must take and extend the best
from synthetic chemistry, condensed matter physics, materials science and biology, and
learn to provide and control the precise conditions under which technologically useful
structures will form through natural processes. Already we see exciting hints of what is
possible from laboratories around the world. A recent example from IBM Research is
shown in Figure 6.10.

None of this, by the way, involves self-replicating systems, the specter raised by Bill Joy
in his recent article “Why the Future Doesn’'t Need Us” (Joy 2000). Natural assembly as
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currently pursued in our laboratories is kin to the processes through which water
molecules assemble themselves to form a snowflake. A snowflake can have a complex
hierarchical structure, but it is far from alive, and it does not replicate itself. Note,
however, that when the right conditions are present, snowflakes are readily produced by
thetrillions.
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Figure 6.10. (&) Careful control and steering of process conditions can produce technologically useful
structures on several length scales. Here chemical synthesis of uniformly sized nanocrystals and
subsequent deposition of the particles from liquid solution forms a nanocrystal superlattice. (b)
Comparison of current “state-of-the-art” magnetic storage medium with a nanostructured magnetic storage
medium. Such nanostructured materials may contribute to cost-performance improvements in hard disk
drives in the next few years (Sun et al. 2000).

This brings me to the last defining characteristic of a mature nanotechnology — very
inexpensive manufacturing processes. The cost of microelectronics is currently
dominated by the cost of the lithographic and related process tools used in manufacturing.
Tooling costs increase dramatically every time the minimum lithographic dimension is
shrunk. Processes of natural assembly can supplement and may someday eliminate
lithography in much of our manufacturing. To be sure, the manufacture of complex,
technologically useful structures will still require precise control of process conditions.
However, we envision a class of manufacturing tools and processes which are simpler,
more conservative of resources, and thus more cost-efficient than those of current
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practice. As we learn to build structures that are information-rich down to the atomic
scale, the cost of information technology should continue to drop by many orders of
magnitude.

Of course, nanotechnology will have many applications outside of information
technology as presently defined. It will certainly enable new medical procedures and
yield amazing new materials as suggested by other contributors to this forum. These will
be incredibly information-intensive medical procedures and materials that will make our
present “smart materials” look dumb indeed. Nanotechnology is, in a deep physical
sense, concerned with the creation and manipulation of information.

To summarize:
- Nanotechnology is an emerging engineering discipline.

« An important focus of nanotechnology research is, and will be, understanding and
harnessing natural processes of complex pattern formation for purposes of
manufacturing.

- A mature nanotechnology will allow design and control of the structure of an object
on all length scales from the atomic to the macroscopic, and will allow the
manufacture of such information-rich objects at low cost.

« Such objects will be able to store information at close to the maximum density and
perhaps process information at close to the maximum efficiency allowed by classical
physics.

How Nanotechnology Might Develop Over the Next Few Decades

The history of information technology has been a history of learning to make “bits”
smaller. There is no obvious and hard physical limit to the minimum size of logical
devices that process information or the marks that store information. Indeed, quantum
physics is currently being recast as a theory of information, and even a single atom can
no longer be seen as the ultimate limit to the minimum size of a bit. Moreover, the
smallest logical devices being manufactured currently contain billions of atoms, and the
smallest magnetic bits on commercial hard drives contain millions of atoms. From a
scientist’s point of view, there is a long way to go in the development of information
technology. However, as observed by John Seely Brown and Paul Duguid in their essay
elsewhere in this volume, “Don’t Count Society Out” (see p. 30), the road ahead is not
straight! It is not straight even in a purely technical sense. At current rates of progress,
logical devices based on silicon and information storage based on magnetism will reach
physical limits to size reduction in perhaps ten to fifteen years. Unless entirely new
logical devices and entirely new storage devices are invented and brought to
manufacturing, important economic forces driving the development of nanotechnology
will be weakened.

Another twist in the technical road will occur when lithographic manufacturing processes
can no longer be extended to smaller dimensions and must be supplemented or replaced
by processes of natural assembly as described above. Rather than carrying silicon
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microel ectronics and magnetic storage relentlessly forward, such technologies may first
be established in niche applications where the cost of the established technologies can be
easily undercut. The manufactured structures may not be particularly small, as shown by
the examplesin Figure 6.11.

Figure6.11. A world-wide community of researchersis currently pursuing the dream of printing or
stamping electronic devices using organic molecules chosen to take advantage of natural assembly
processes. (a) Transistors fabricated from the organic semiconductor pentacene exhibit performance
comparable to the amorphous silicon transistors used in flat panel displays. (Dimitrakopoulos et a. 1999)
(b) Yéellow light from a diode made from a hybrid organic-inorganic compound, which was crystallized at
room temperature from liquid solution (Chondroudis and Mitzi 1999).

But let us ignore for the moment the likely twists in the technical road, and instead

assume continued exponentially compounding improvement in our ability to build
complex structures with ever-smaller critica dimensions. Worldwide competition in
microelectronics will certainly drive us in that direction for at least the next decade, but

even at the end of a decade, atoms will be small. An additiona 25 years will be required

to develop the capability to fully design and control the structure of an object on all

length scales from the atomic to the macroscopic — in other words, the beginnings of a
mature nanotechnology. Society has some time to cope with, react to, and learn to
harness this capability.

Some Potential Societal Implications of Nanotechnology

To grasp some implications of a mature nanotechnology, imagine a world where
information technology is truly ubiquitous and dirt cheap, where even trivial human
artifacts contain extraordinary complexity and therefore extraordinary ability to store,
process and communicate information. These broad capabilities of future information
technology are easy to forecast, but their implications for society are still difficult to
discern. History suggests that the most important future applications will surprise us.
Who, among the visionaries, architects, and early developers of the Internet, predicted
electronic commerce as its “killer app”? History suggests that the trivial applications will
also surprise us. What a leap of faith it would have been, if the builders of ENIAC (the
first vacuum tube computer) could have imagined that in fifty years the computational
equivalents of ENIAC would be built into greeting cards, for the sole purpose of saluting
each card recipient with a trite melody, each “ENIAC” to be discarded after twenty
seconds of playing time.
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We would have to make similar leaps of faith in order to guess the impact of
nanotechnology on society in fifty or one hundred years. | will not try. I limit my remarks
to the next few decades. Rather than try to predict outcomes, | only suggest some issues
that society may struggle to resolve. Furthermore, since a primary impact of
nanotechnology will be to broaden and extend the reach of information technology, |
suggest that many key issues are already foreshadowed by our present (still early!)
experience with widespread dissemination of information technology.

Much public discourse currently centers on the ease with which copies of digital data can
be made, what constitutes fair use of this capability, possible technical solutions to limit
use, and the impact of all this on copyright and intellectual property law. Our present
guandary over copyright law may seem quaint in a future where reproductions of any
object are increasingly inexpensive and increasingly indistinguishable from the original.
Bill Gurley (Gurley 2000) suggests that Napster, while a big part of this, is not the driver.
Rather, the costs of digital information storage and communications bandwidth have
dropped to the point where it is now feasible for a large population to copy, store, and
transfer music digitally. Gurley points out what has just become feasible will rapidly
become trivial. At current rates of compounding progress, sending a complete music CD
to friend as an e-mail attachment will, in a few years, require no more relative storage
capacity or bandwidth than sending atext file today. A typical home computer hard drive
will easily house the entire CD canon (150,000 titles) in something like 12 years.
Nanotechnology has the potential to support this compounding cost reduction for
decades.

Thus the moral and legal issues surrounding the digital copying of music may be raised

again in broader and broader contexts in the coming decades. Right now it is text, music,
pictures, and the like that can be easily copied, but digital descriptions are, in principle,
possible for any object. In practice, it will be a very long time, if ever, before digital
descriptions of arbitrary objects are possible at the atomic scale. No matter. Less accurate

but more compact digital descriptions will be good enough. An MP3 file “ripped” from a
compact disk is a copy of a copy of an original sonic event. The CD format does not
digitally encode all the information present at the original event, and for sake of
compactness, the MP3 format discards additional information. But once the information
is in digital form, regardless of format or fidelity to some original, it can be readily
copied an arbitrary number of times with no further loss of fidelity. The fact that MP3
files are imperfect copies does not diminish the intensity of the societal debate regarding
their proper use. In the coming decades, an increasing fraction of all the property in the
world will be in the form of digital files or will be objects which, at ever diminishing cost

or increasing resolution, can be “captured” as digital files. The instruments and
manufacturing processes of nanotechnology imply the ability to reconstitute these digital
files as “analog” objects when needed. Much good can result from this, and much
mischief. It is very important that society get the rules right for the early test case of
music.

Privacy and security in a networked world is another current topic of intense public
debate. | suspect that this is another issue that will not be fully resolved for decades as
nanotechnology allows the incorporation of information storage, processing, and
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communication in everyday objects at ever decreasing cost. Eventually, nearly every
object around us might be networked. The current proliferation of web-enabled cell
phones and hand-held computers is just the beginning. We glimpse the future as
researchers strive to reduce the unit cost of radio frequency identification (RFID) tags to
pennies. Eventually every manufactured object might keep a digital record of its
manufacture, distribution, and use. The benefits have been widely discussed, but the
potential for invasion of privacy is clear. Today we fear misuse of data aggregated from
our transactions with various web servers. Tomorrow we may fear the misuse of data
aggregated from our transactions with our clothing and household appliances.

Finally, as a society, we will continue to debate the best ways to ensure broad access to
the benefits of information technology. Given what | have said about the likely low cost
and broad dissemination of products based on nanotechnology, it appears that physical
access can be assured to virtually everyone. But if nanotechnology becomes a dominant
manufacturing technology, then manufacturing will be ever more concerned with
information and dominated by information workers. Education, especially technical and
scientific education, will be the key to full participation in the economy, even more than
it istoday.

Stable resolution of these issues will take decades, but | am optimistic about the outcome.
In our pluralistic society, all viewpoints will be openly and passionately promoted.
Current debates over fair use of information technology will generate the initial practices,
policies, and laws that will help shape our nanofuture. Unforeseen applications of the
technology and new societal issues will continue to arise. But there will betime, and in a
democratic society there will certainly be opportunity, to make the necessary mid-course
corrections.

Example of Nanotechnology Applications (from the report “National
Nanotechnology Initiative: the Initiative and Its Implementation Plan,”
NSTC/NSET, July 2000): Giant magnetoresistance in magnetic storage applications

Within ten years from the fundamental discovery, the giant magnetoresistance (GMR)
effect in nanostructured (one dimension) magnetic multilayers has demonstrated its utility
in magnetic sensors for magnetic disk read heads, the key component in a $34
billion/year hard disk market in 1998. The new read head has extended magnetic disk
information storage from 1 to ~20 Ghits/in?. Because of this technology, most hard disk
production is done by U.S.-based companies.

In 3 to 5 years, nonvolatile magnetic random access memory (MRAM) using the giant
magnetoresi stance phenomenon will be competed in the $100 billion RAM market. In-
plane GMR promised 1Mbit memory chips in 1999. Not only has the size per bit been
dramatically reduced, but the memory access time has dropped from milliseconds to 10
nanoseconds. The in-plane approach will likely provide 10-100 Mbit chips by 2002.
Since the GMR effect resists radiation damage, these memories will be important to
space and defense applications.

The in-plane GMR device performance (signa to noise) suffers as the device lateral
dimensions get smaller than 1 micron. Government and industry are funding work on a
vertica GMR device that gives larger signals as the device dimensions shrink. At 10
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nanometer lateral size, these devices could provide signals in excess of 1 volt and
memory densities of 10 Gbit on a chip, comparable to that stored on magnetic disks. If
successful, this chip would eliminate the need for magneto-mechanical disk storage with
its slow access time in msec, large size, weight and power requirements.
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SOCIETAL IMPLICATIONS OF SCALING TO NANOELECTRONICS

R. Doering, Texas Instruments

Scaling to Nanoelectronics

The integrated circuit (IC) is a main “engine” of today’'s high-tech/high-productivity
economy. During the past four decades, it has continued to revolutionize the ways in
which we work, communicate, learn, and are entertained. And this revolution is not over!
To the extent that we can continue to miniaturize (“scale”) the components of integrated
circuits, we will continue to provide greater functionality and performance at lower
power and lower cost. The resulting societal impact of pervasive, affordable, IC-based
electronics is summarized in Figure 6.12. In fact, most of the key IC improvement trends
have been driven primarily by scaling to smaller features. These trends are listed in
Figure 6.13 (SIA 1999).

Present integrated-circuit technology spans both the “micro” and “nano” regimes. During
IC fabrication, the constituent films are grown/deposited as thin as 2 nanometers and
patterned (via optical lithography and plasma etching) into horizontal features as narrow
as 100 nanometers (0.1 micrometers) (SIA 1999). Within the next decade, the pattern
dimensions may approach 20 nanometers (SIA 1999, Wong et al. 1998). Scaling to this
level should drive IC manufacturing cost per transistor well below a micro-cent even
though cost will rise at the silicon-area level due to the increasing complexity of
processing ever-smaller devices and interconnects, as shown in Figure 6.14 (Doering and
Nishi 2000).
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« Economic Growth
— Development of “High-Tech” Industries and Workforce

— High-Productivity Economy

* Personal Equality/Opportunity
— Global/Portable Communications

— Personal Access to Vast Information On-Demand
(News, Education, Entertainment)

— Empowerment of Individuals to Process Information
(Networked PCs and PDAs vs. Mainframe Computers)

Figure 6.12. Societal impact of IC “scaling” via pervasive, affordable electronics.

Functionality (e.g., eDRAM, eFlash, analog, RF)

Integration Level  (e.g., components/chip - Moore's Law)

° Compactness (e.g., components per area  or volume)

* Speed (e.g., microprocessor clock MHz)

* Power (e.g., laptop or cell phone battery life)

* Cost (e.g., cost/function -- historically
decreasing at >25%/ year)

Figure 6.13. Improvement trends for ICs enabled by “Feature Scaling”.

— Dollars per Si cm2
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Transistor

Unit Cost

18% / year
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Figure 6.14. Manufacturing cost projection for logic at silicon-area and transistor levels

The resulting continued decrease in cost per electronic function should spur the creation
of new business and consumer products and push annual world-wide sales of integrated
circuits toward the trillion-dollar mark, asindicated in Figure 6.15.
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Figure6.15. Smaller features — lower cost/function — larger market.

The new electronic products should aso uphold their historic trend of
“enabling/empowering the individual” — creating new opportunities for high-quality
employment and for people to communicate with anyone, anywhere and to access and
use (e.g., process) vast amounts of information on-demand. Nanotechnology can
potentially help extend this vision even further into the future, via both new devices to
serve as the “switches and interconnects” of the next IC era (Collier et al. 1999, Bockrath
et al. 1997) as well as by providing a new manufacturing (“nanofabrication”) paradigm.
Note that some form of (perhaps “bio-based”) nanofabrication might be very significant
for cost reduction even if applied only to CMOS devices (Doering and Chatterjee 1998).
These possibilities are outlined in Figure 6.16.

* In the future, how do we cost effectively manufacture
“almost atomically-perfect” Nano-Electronic ICs ?
(based on silicon, nanotubes, or whatever)

* Nano-Tool Arrays ?
— Multiple-Tip AFM lithography ?
* Or Self-Assembly ?
(perhaps DNA + Enzymes !)

— Processing in a low-cost “beaker” ?

— “Defect immunity” and/or self repair ?

Figure 6.16. Could “nano-fabrication” enable either: (a) continued scaling to new devices or (b) continued
reduction of CMOS cost ?

If we are successful in devel oping nanoel ectronic devices and nanofabrication techniques
for manufacturing them in huge volumes at very low cost, the impact on society will be
enormous. New businesses would emerge, many based on the capability to connect
almost anything as a node in the “global network” (future version of the Internet). These
businesses would help us identify, track, find, safeguard, inventory, control, diagnose,
repair, upgrade, etc. virtually any type of item. The full scope of this vision represents a
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revolution in communication, with a large fraction of all man-made objects brought “on-
line” via at least low-power wireless networking through nearby nodes. There would
also, of course, be revolutions in computing based on nanoelectronics. At the high-end,
enormously greater parallel processing with much more power at each node would
greatly extend our ability to simulate complex systems, such as the weather, protein
behavior, etc. On the portable side, computing at a level beyond today’s “high-end
desktop” would become available in form-factors limited only by human-interface
convenience. For example, the visual display might be “heads-up in eyeglasses” and the
input might be primarily voice. The non-I/O hardware would be negligible in size and
weight. The entire system, including batteries and short-range wireless data/voice
communications, could be integrated, for example, into “small-frame” eyeglasses. Note
that the decreased power requirements enabled by nanoelectronics would be even more
significant for this vision than the increased computing performance.

We suggest that the supporters of future research in nanotechnology should encourage
broad cooperation between universities, industry, and government;, emphasize

precompetitive results; and include studies on technology choices/down-selection and

technology migration/ displacement. These suggestions are listed in Figure 6.17.

e Start Early!
e Maximize Interdisciplinary Collaboration

» Use/Extend the ITRS as a Consensus-Building Forum on
“Long-Range Research Needs” for Nanoelectronics

* Encourage Broad Cooperation

* Involve Industry as Stakeholders/Customers

» Utilize University Research Capability

* Leverage Federal/National Laboratories

 Emphasize Precompetitive Results (e.g., not proprietary)

* Include Studies on Technology Choices/Down-Selection
and Technology Migration/Displacement

Figure 6.17. Suggested guiding principles for long-range nanotechnology research.

Societal Implications of Nanotechnology

The following potential general outcomes of research in nanotechnology should be of
great benefit to society and especially to the electronics and information technology
industry:

1. Continued rapid growth of the “high-tech” economy

2. Increased support of university research in the physical sciences, math, and
engineering (reversing a long trend of decline)

3. Increased production of U.S. work-force educated in the above disciplines
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4. Increased opportunity for collaboration between industry, university, and government
researchers

5. Significant coordination of government and industry funding and review of academic
research, especially through pre-competitive consortia

6. Increased synergy between historically separate research fields

Figure 6.18 illustrates the exponential growth of the worldwide semiconductor
electronics market during the past four decades as more powerful and cost-effective
integrated circuits have provided society with four “eras” of information technology.
And, with the advent of worldwide networking, mobile wireless, and broadband
capabilities, “information technology” now includes “communications” as well as
“computing.”

Semiconductor
TAM

$5008 =
$100B =+ PC
Micraprocessor__l,
$108 Minicompute
TTL/Logic
k@ Mainframe

60's 705 80's 90's 00's
Figure 6.18. “Internet/Comm.” is now driving IC demand to the next level.

There are a'so more specific potential results of research in nanotechnology that would

have a profound impact on electronics and society. We have, perhaps, roughly another
decade of rapid advance in integrated circuit technology based on the present paradigm of
scaling CMOS. This is indicated in the 1999 International Technology Roadmap for
Semiconductors (ITRS), which represents a consensus view on the future technology
needs of the industry (SIA 1999). For example, Figure 6.19 shows some of the
technology barriers (collectively known as the “red brick wall”) that we are facing within
the next decade.

At gate lengths of 20-30 nm, it is currently estimated that even dual-gate CMOS
transistors may reach their practical scaling limits. One of the difficulties, threshold
voltage “roll-off,” is modeled in Figure 6.20 (Wong et al. 1998).

72



Societal Implications of Nanoscience and Nanotechnology

Year of Production: 1999 2002 2005 2008 2011 2014

DRAM Half-Pitch [nm]: 180 130 100 70 50 35
Overlay Accuracy [nm]: 65 45 35 25 20 15
MPU Gate Length [nm]: 140 85-90 65 45 30-32 20-22
CD Control [nm]: 14 9 6 4 3 2

Tox (equivalent) [nm]: 1.9-2.5 1.5-1.9 1.0-15 0.8-1.2 0.6-0.8 0.5-0.6
Junction Depth [nm]: 42-70 25-43 20-33 16-26 11-19 8-13
Metal Cladding [nm]: 17 13 10 0 0 0
Inter-Metal Dielectric K:  3.5-4.0 2.7-3.5 1.6-2.2 15 <1.5 <15

Figure 6.19. Approaching a “red brick wall?” Challenges/opportunities for semiconductor R&D.
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Figure6.20. Is Ly 025 nm the CMOS Limit? (Wong, Frank, and Solomon, IBM, 1998 IEDM).

Of course, improved system architectures and design techniques will extend
improvement trends at the system level somewhat after the device and process
technology mature. Beyond that point, corresponding to lithographic feature sizes
approaching the 10-nm scale, fundamentally new types of “switches and interconnects”
will probably be required to continue the basic “growth engine” underlying our “high-
tech” economy. One of the great opportunities for nanotechnology is to supply such
revolutionary electronic components, which would be needed by roughly 2015 at the
historical rate of scaling (a component of “Moore’s Law”). Carbon (and other) nanotubes
(Mirsky 2000), quantum dots, and several potential “molecular switches” (Reed and Tour
2000) are all examples of current research that look very promising but need additional
development to demonstrate feasibility for nanoelectronics. In addition to the
development of new components, nanotechnology holds the promise of a fundamentally
new manufacturing process, perhaps based on “biochemical techniques” (Doering and
Chatterjee 1998). For nanoelectronics, this could represent the key enabler for continuing
the historical decrease in cost per function available through integrated circuits (ICs).
This in itself, even without new types of electronic components, could continue to fuel
the high-tech productivity revolution for decades to come.
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At this point, let's make a quick estimate of the potential impact of nanotechnology on
the U.S. semiconductor industry via both of the aforementioned mechanisms. The 1999
annual sales of U.S. semiconductor makers was $77 billion, which increased by 4.1x
(15% CAGR) as overall CMOS feature sizes were scaled down by 3.9x during the
previous decade. Note that overall CMOS feature size is usually characterized in terms
of “minimum half-pitch,” which is also called the “technology node” (SIA 1999).
Individual minimum features (isolated lines), particularly transistor gate lengths, were
shrunk even faster during the past 10 years. The 1999 ITRS projections for scaling half-
pitch and gate length over the next 15 years are shown in Fig. 6.19 (SIA 1999). If we
assume that the 4.1x (~ 4x) sales increase was a result of IC cost reductions per function,
performance increases, power reductions, etc. associated with the 3.9x (~ 4x) CMOS
scaling, we could just approximate U.S. semiconductor company sales growth rate as
equivalent to the rate at which we scale IC technology. Thus, we could estimate that
sales would quadruple again, to about $300 billion, if we could scale CMOS from the
1999 state-of-the-art 180 nm technology node to 45 nm technology. Interpolation from
Fig. 6.19 projects that this would be in 2012, which is also when transistor gate lengths
would be getting into the aforementioned 20-30 nm range currently estimated to be the
limit for CMOS devices. Thus, we might predict that U.S. semiconductor company sales
growth would have to slow down from its historical 15% CAGR after it reaches $300-
350 billion in another 10-15 years unless some form of device nanoelectronics is
available to extend IC scaling beyond that period. This implies that the U.S. economy
might stand to lose the difference between 15% and some “mature” growth rate (worst
case, approaching just GNP growth) compounded annually on $300-350 billion after
2010-2015. Of course, as previously mentioned, nanotechnology in the form of a new
low-cost manufacturing paradigm could also help to maintain the rapid growth of IC
sales even if no new nanoelectronic devices were available to continue IC feature scaling.
In fact, reducing cost-per-function is undoubtedly the most important single factor in the
approximate proportionality between IC sales growth and feature scaling. Thus, we
would expect to see most of the 15% growth rate extended beyond the $300-350 billion
level even if we were still making CMOS at a fixed feature size, but with some form of
“nano-manufacturing” which continued to provide significant reduction in cost-per-
function (historically decreasing at about 25% annually).

The main risks for negative societal implications of nanotechnology will probably
continue to be in the area of biotechnology rather than electronics. Traditionally, the
largest societal risk associated with electronics has been in the area of system/component
reliability. Of course, one of the great benefits of microelectronics has been its greatly
improved reliability compared to older (e.g., vacuum tube) electronics. And it is
expected that further miniaturization of electronics via nanotechnology should result in
even further advances in reliability as nanoelectronic systems are designed and fabricated
with atomic-level precision.

Of course, the positive impacts of nanoelectronics can also be expressed in more
visionary terms. Continuing to improve the cost and performance of integrated circuits
through nanotechnology would lead to a future in which almost everything that we
manufacture and use could afford to include some electronic functionality. Even for the
simplest items, this might include the ability to self-locate/inventory via low-power
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wireless communication through neighboring objects/nodes in the ubiquitous “global
network.” As one example, imagine how loss through misplacement and theft would be
reduced if your car keys, watch, ring, etc. could send you a message with its current (GPS
measured) location!
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FUTURE IMPLICATIONS OF NANOSCALE SCIENCE AND TECHNOLOGY: WIRED HUMANS,
QUANTUM LEGOS, AND AN OCEAN OF INFORMATION

P. Chaudhari, IBM Watson Research Center

Why Nanoscale Science and Technology Now

If we use a length scale defined by a nanometer, nanoscience and technology have been
around for several decades, particularly in research, development, and manufacturing in
information technology, where film layers and lithographically defined features in the
nanometer range are needed.

It is the wide availability of tools and information, initially produced primarily by the
research community associated with information science and technology, to diverse
scientific communities, outside of the information related communities, that has
generated the current interest in this area. As a result, there is now a very significant
broadening of the research base that is interested in nanoscience and technology. A
notable example is the involvement of the biosciences community. It is this broadening
that makes nanoscience and technology of interest now days.

Diffusion of knowledge, as epitomized by nanoscience and technology, from one
discipline to another, so characteristic of all human endeavors, is a reminder that the
interface between knowledge and ignorance migrates nonuniformly; rushing ahead in one
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area and then spreading laterally to others to produce an apparent broad uniform front,
when measured over longer time scales.

My examples, concerning societal implications of nanoscience and technology, therefore
focus on the future synthesis or symbiosis of the information and life sciences;
nanoscience and technology is a vehicle for bringing different scientific communities
together just as data mining or modeling by computers of the genome or protein folding
brought the same two communities together, albeit with different emphasis.

It is a truism that we cannot predict the future. However, extrapolation of trends in
science and technology and lessons from history can be used to guide us about the future.
| want to use both to outline the future implications of nanoscience and technology in
generating knowledge and new technologies, and of their potential impact on society. |
shall do this by taking three examplesto illustrate the kinds of profound changes that may
arise. The description of these changes is perfunctory, asit must be, since | am opining.

Wired Humans

Computers have a very well defined historical trend. They have been reduced in physical
size for a given capability, and their capabilities have continuously improved; these
changes have been exponential with time. For example, a computer using vacuum tubes
occupied space that was measured in tens of thousands of sgquare feet. This was reduced
to thousands of square feet with the introduction of the transistor, and to hundreds of
square feet when the first integrated circuits were introduced. With miniaturization, the
smallest commercially available computers have afootprint of some square feet to square
inches. In addition, there is now a hierarchy of sizes and distributions, depending upon
requirements. It seems to me, by simple extrapolation, that there is the possibility of
further shrinking, to a point where computers can be carried by humans twenty-four
hours a day.

Similar to, and parallel with, the evolution of computer technology, there has been an
exponential change in communication systems. We have gone from fixed sites for
initiating communication to the ubiquitous cell phone and persona digital assistant,
which provide audio and video information. The networks, which collect information and
carry it over distances before aggregation, have a'so become increasingly hierarchical. |
am reminded of many dendritic or fractal structuresin nature. Clearly, we are evolving to
the point where every human being will be connected to any other human or to the vast
network of information sources throughout the world by a communication system
comprised of wireless and optical fiber communication links.

Humans communicate and receive information primarily using audio and visual means.
Although tactile senses also provide information, | shall not discuss them here. Visual
information requires large amounts of data to be transmitted and processed. It seems to

me that in the long run this and the need for low-power devices will require the first base

station to be not at a distance defined by a kilometer but a meter. In short, relay stations

will be ubiquitous in the future. There is some evidence that this is already beginning —
the bluetooth technology, for example.
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L et us examine how these trends translate into some specific possibilities.

The human body is already wired by nature. Our nervous system operates on electrical

impulses, generated by synaptic connections. There are many instances in which the

electrical signals between the brain and an organ or a part of the body are disturbed or

blocked. This could be due to an accident, disease, or defect; nanoscience and technology

will play an increasingly important role here. Let me take an example to be concrete. Let

us suppose there is a spinal injury, and signals to and from the brain can no longer be
transmitted below the injured site. A chip can intercept the neurona electrical signals,

transmit them across the injured site, and then another chip couples the signal back to the

body’s nervous system. There can be many variants of this idea. There is already research
in this area, but more is encouraged, for the benefits to mankind are obvious.

The next level of complexity involves nanoscale devices that can sense human
temperature, pressure, or blood chemistry. These devices transmit, wirelessly, on a
continuous basis the state of the human body. As long as the readings are within an
acceptable level for a particular individual, no medical intervention is called for, but if
they deviate from a defined range, intervention, by a human or a machine, becomes an
option. There are already many ideas of using chips that can deliver drugs to local sites,
and that bond, say, to a tumor and signal its whereabouts, and are wirelessly instructed to
deliver a drug. Clearly, success of these possibilities can have profound implications for
health care.

Let us carry these nascent ideas a bit further. Humans have an innate tendency to prefer
not to carry devices or be bound by them. For example, the wireless telephone is
preferred over one that needs a chord. It follows then, if one did not have to carry a
personal digital assistant in one’s hand and peer at a small display that would be even
more desirable. If communication relay stations are all over, say within a meter range,
then very low-power transmitting and receiving devices can be built. These can be carried
or even implanted into adult humans. We know microphones can be implanted into
throats, as is in the case of patients with cancer. Similarly, ear implants can be directly
coupled to the mechanical sensors in the inner ear. More problematical, it seems to me, is
visual information. Carrying large displays is a nuisance. Small projection displays have
their drawbacks, similar to those of headphones. Perhaps a nanoscanning device, which
directly projects a rastered image onto the fovea centralis, rather than the full retina may
be invented. A ray of light will require compensation for refraction, if it has to traverse
the cornea, but may not if it proceeds only through the vitreous medium. There is
considerable room here for invention. If all of these speculations come to pass then a
human will be wired fully — not only internally but also externally to the vast network
outside of the body.

Quantum Science and Engineering: Quantum L egos

Our desire to understand nature has always been guided by a philosophy of reductionism.
In order to comprehend the functioning of the very diverse world of nature, we invented
the disciplines of physics, chemistry, materials, biology, etc. These partitions of nature
have served us well. We are able to train students, develop methodologies, and perhaps
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most importantly, research subjects that interested us as individuals. The disciplines
provided us an umbrella at academic ingtitutions, within which we could advance our
field, belong to, and be appreciated by. There was a similar evolution of disciplines in
engineering but with avery different outlook. The engineers were not so much concerned
with understanding the laws of nature but rather in using them to build something useful
for mankind. In contrast to the reductionism of scientists, engineers are synthesizers.

Underlying most “hard” sciences are a handful of atoms. They combine in a myriad of
ways to produce the world around us and including us. The physical scientists have
worked hard to explain how things around us can be understood in terms of collection of
atoms and molecules. Within the last decade or so, following the discovery of the
scanning microscope and atom trapping devices, we have begun to “play” with single
atoms or molecules; these have length scales at the low end of the nanometer and are
guantized in their behavior. It is only a matter of time when these “quantum legos” will
evolve into a (new) field of quantum science and engineering. Researchers working in
this field-to-be are not likely to view their working philosophy as reductionism. They will
synthesize new arrangement of atoms, learn ways to replicate them, and produce objects
of interest to mankind. | can imagine that one day we will synthesize or build a molecule
that, like the DNA, will store a code that leads to the production of material objects.

As in the case of nanoscience and technology, quantum science and engineering has also
been around for a number of decades. It has not received wider recognition because it
was also primarily confined to the information technology industry. It is used, for
example, in the operation of transistors or lasers. Quantum mechanical considerations can
be essential in many systems, where the number of atoms or the length scales exceed the
nanometer range, for example, in superconductors or in photonic systems. Quantum
cryptography, teleportation, or computers also fall into the broad field encompassed by
guantum science and engineering.

An Ocean of Information: Thoughtson Privacy

| believe there will be numerous important contributions made by nanoscience and
technology in many diverse areas of technology that benefit mankind. | have only
touched on two of them. | believe it is only appropriate, as we are discussing the societal
implications of this field, that we consider issues which go beyond science and
technology. | want to raise this point, not so much because | have anything new to say,
but rather in the spirit of raising issues that we must face and find solutions to.

Humans have always had the desire to generate, diffuse, and receive information about
each other and the universe around them. What is changing very rapidly is the rate at
which these three components are being implemented, the ease with which this can be
done, and the nature of information. This virtual ocean of information about every aspect
of life, including health, financial, and personal behavior, increasingly surrounds us. It
has several thought provoking facets to it: our perception of reality and our sense of
privacy are two examples. Here, | want to touch on privacy.

We often equate privacy with the fundamental human right of freedom. In the US, for
example, the right to privacy is protected by the law (the law of torts), enshrined in the

78



Societal Implications of Nanoscience and Nanotechnology

constitution (first, fourth and fifth amendments), and underpinned by a philosophy
(Adam Smith) generally embraced by the people. It has deep roots. How will the people
respond knowing that any information on an individual or a group can be fished out of
this ocean? | do not know the answer but believe that the societal implications of any
technology, which deeply touches, and to some sacred, social compact between people,
deserves serious considerations.

IMPLICATIONS OF NANOTECHNOLOGY IN THE PHARMACEUTICSAND MEDICAL FIELDS
D.A. LaVan and R. Langer, MIT

Nanotechnology offers tremendous promise for advances in pharmaceutics and medicine.
This revolution is transforming established disciplines such as biochemistry and enabling
entirely new disciplines such as applied genomics. A distinction should be made between
molecular manufacturing, the creation of molecules with highly specific shape and
binding, and solid-phase nanotechnology, the creation of nanoscaled structures.
Nanotechnology can be interpreted narrowly; these broader definitions are used for the
purpose of this discussion. While some may dream of nanorobots circulating in the
blood, the immediate applications in medicine will occur at the interfaces among
molecular manufacturing, solid-phase nanotechnology, mi croel ectronics,
microelectromechanical systems (MEMS) and microopticalelectromechanical systems
(MOEMS). Much work in these fields has been focused on developing new tools,
techniques, and devices. The bounty will not be realized until those trained in these new
paradigms begin to extend their research to address basic medical and scientific
guestions.

The post-genomics era has aready begun to deliver on promises to provide detailed
descriptions of cellular, molecular and genetic processes and pathways. While there are
many years of work ahead to elucidate the human genome, discoveries are being
announced regularly. Once a marker or receptor isidentified, a molecule can be designed
to interrupt abnormal cell behavior, stimulate the return of normal cell function, or
specific binding can be used in a sensor to monitor normal biological cycles. These
technologies will enable new diagnostic techniques, more specific therapies, and local
delivery of drugs that will increase efficacy, slow the increase in resistance and reduce
exposure to toxic compounds. Drews (1996) has reported that the number of drug targets
resulting from the Human Genome Project is expected to be 3,000 to 10,000, compared
with only 417 identified, empirically, to this point. In addition, the detailed
understanding of the relationship between gene expression, molecular pathways and
disease provides an opportunity to create highly specific, individualized treatments.

Combinatorial chemistry has begun to explore the new world revealed by the Human

Genome Project. It is likely that the pharmaceutical industry will transition from a
paradigm of “drug discovery” by screening compounds to the purposeful engineering of
targeted molecules. Near term, current, approved, drugs can potentially be targeted to
specific tissue by selective binding, improving the efficacy and reducing side effects
(Arap, Pasqualini, and Ruoslahti 1998). It is important to recognize the node that occurs
where molecular manufacturing and structural nanotechnology meet. For example, non-
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viral delivery systems for gene therapy may help to propel this industry; they conform to
current regulatory models and their potential safety may more easily win physician and
patient acceptance (Ledley 1995). Along related lines, Gref et al. (1994) entrapped up to
45 percent by weight of a drug in nanospheres, linked to polyethylene glycol derivatives,
with extended circulation times due to decreased uptake by the mononuclear phagocyte
system. Such systems may have value in altering drug biodistribution. Tobio et al.
(1998) developed nanoparticles to deliver molecules, proteins and genes by transporting
them through mucosal barriers. Putnam et al. (2001) and Lynn et al. (2000) have recently
demonstrated polymers that condense plasmid DNA into nanostructures smaller than 150
nm with very little cytotoxicity in vitro™.

An example of the coupling of microfabrication and nanotechnology is seen in the work
of Santini et a. (1999), who demonstrated MEMS for delivering small quantities of a
chemical substance on demand. This system could be coupled to sensors to fabricate an
implantable pharmacy. The development of in vitro and in vivo diagnostic sensors will
follow this path; they will have sensing elements produced by molecular manufacturing
with power, telemetry and signal processing by aMEMS or MOEMS.

Current advances in diagnostic technology appear to be outpacing advances in new
therapeutic agents. New molecularly based diagnostic techniques will become common,

and traditional techniques will be improved. Highly detailed information from a patient

will be available promoting a much more specific use of pharmaceuticals. For example,

Piveteau et a. (2001) have recently succeeded, in vitro, in creating a targeted dendrimer

by grafting galactose with nitroxide to enhance imaging contrast of the liver. In the near

future, a healthcare provider may easily identify genetic predisposition to a disease
(Kalman and Lublin 1999), the virus or bacteria responsible for an infection (Grondahl et

al. 1999), or the health of a transplanted organ (Perkal et al. 1992). Many of these new
tools will have a foundation in current techniques; a targeted molecule may simply add
spatial or temporal resolution to an existing assay. Mahmood et al. (1999) have non-
invasively imaged tumors (by adding spatial resolution) in mice by creating a near-
infrared autoquenched fluorescent probe that targets proteolytic enzyme activity.
Automation of diagnosis may very well reduce the numbers of patients that require
physician evaluation, reduce the time necessary to make a diagnosis, reduce human errors
and enable wider access to healthcare facilities (i.e., via telemedicine).

It is early to predict the market impact that molecular manufacturing and solid-phase

nanotechnology will have. A fair indication, because of the more immediate impact of

these technologies on diagnostics, can be seen in the strong relative growth of the
diagnostics sector recently in relation to the rest of the pharmaceutical industry. Total
shipments in the diagnostic sector (all technologies) were estimated at almost 14 billion
dollars for 2000. A plot of the data from Dun and Bradstreet is shown in Figure 6.21

(McConnell 1998).

? Measured only for the bulk polymer by Lynn et al. (2000)
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However, there are obstacles for the widespread use of nanotechnology in pharmaceutical
and medical applications. Public sentiment is rising against genetically modified food
products, despite the great success and safe records of rDNA insulin, human-Growth
Hormone, and hepatitis B vaccine. Every effort must be made to reduce risks to society,
and the public must be educated to recognize the positive benefits of these new
technologies.

One of the greatest obstacles to the development of highly specific drug therapies may

result from genetic discrimination — discrimination directed against an individual or
family based solely on an apparent or perceived genetic variation from the “normal”
human genotype (Billings et al. 1992). Lapham et al. (1996) reported that perceived
genetic discrimination caused some at-risk respondents to refuse genetic testing. The
success of nanotechnology in certain areas of medicine (such as gene therapy) is
dependent on successful policies to encourage patients to undergo genetic testing.
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Figure6.21. Shipmentsof U.S. pharmaceutical products by market sector (McConnell 1998).

Example of Nanotechnology Applications (from the report “National
Nanotechnology Initiative: the Initiative and Its Implementation Plan,”
NSTC/NSET, July 2000): Drug Delivery Systems

By using nanotechnology fundamental changes in drug production and delivery are
expected to affect about half of the $380 billion worldwide drug production in the next
decade. The U.S. company market share is about 40%. Nanotechnology will be used in
various ways:

81



Societal Implications of Nanoscience and Nanotechnology

« Nanosizing will make possible the use of low solubility substances as drugs. This
will approximately double the number of chemical substances available for
pharmaceuticals (where particle size ranges from 100 to 200 nm).

« Dendrimer polymers have several properties (high solubility in agueous solvent,
defined structure, high monodispersity, low systemic toxicity) that make them
attractive components of so-called nanobiological drug carrying devices.

« Targeting of tumors with nanoparticles in the range 50 to 100 nm. Larger particles
cannot enter the tumor pores while nanoparticles can move easily into the tumor.

« Active targeting by adding ligands as target receptors on a nanoparticle surface. The
receptors will recognize damaged tissue, attach to it and release a therapeutic drug.

+ Increase the degree of localized drug retention by increasing the adhesion of finer
particles on tissues.

« Nanosized markers will allow for cancer detection in the incipient phase when only a
few cancer cells are present.

One example of current commercialization is liposome encapsulated drugs produced by
Nexstar (doxarubicin for cancer treatment and amphotericin B for fungal infection) with
sales over $20 million in 1999.
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WE’VE ONLY JUST BEGUN
R.S Williams and P.J. Kuekes, Hewl ett-Packard Labs

If anyone understands “future shock,” it's those of us who live in and work in Silicon
Valley. For the past decade or so, we've witnessed a constant preview of the future:
much of what takes hold technologically throughout the world starts here.

But for all the change we’ve seen so far, in our vilkevycomputer age hasn’t even begun
yet.

A Look at the Past

Let us look at the primary technology that dominated the latter part of the previous
century: the invention of the integrated circuit in 1959. Since that date, the number of
transistors that can be fabricated onto a single chip has been doubling about every 18
months — a rate commonly known as Moore’s Law. Moore’s Law is an example of an
exponential process: it has taken us from a crude chip with a single transistor to
integrated circuits with 100 million active components in only 40 years.

At the same time, the amount of useful work that comes out of an integrated circuit for
each unit of electrical power put into it has also increased by roughly 100 million. This
astounding technological progress has given us what we call today the Information Age.
It has had a profound effect on the lives and fortunes of people, companies and countries
throughout the world.

How much longer can this exponential growth continue? In biological systems, the early
stages of growth in any population are usually exponential. However, certain factors
arise — such as limited resources, increased predation or a deteriorating environment —
that can cause the process to slow. If you plotted the size of the population versus time,
you'd get an “S” curve.
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Ever since it was first proposed, there has been a great deal of discussion about when
Moore’s Law would reach a limiting plateau. We believe that the progress we’ve come
to expect from silicon technology will reach its physical, engineering and economic
limits in about 10 years. By that we mean that, not only will the never-ending quest for
tinier and tinier transistors run into the limits of pure physics, the ability to manufacture
them will also encounter a similar wall in the mechanical world. Finally, even if the
physics and mechanics were attainable, no one company will be able to afford to make
them. Says who? Says no less an authority than Gordon Moore himself, whose less
well-known “Second Law” states that the cost of building factories also increases
exponentially. Today’s fabs cost about $3 billion to build. In 12 years, they may cost as
much as $50 billion — a prohibitive amount of capital for any one company or even
group of companies to raise.

The fact that silicon is approaching the flat part of its “S” curve, however, doesn’t

necessarily mean that progress in electronics or computing will slow. In fact, we believe
the ultimate physical boundary for computing is a factor of 100 million beyond where we

are today. That's why we say the computer age hasn’t even begun yet.

What will take us well beyond 2010 are new technologies that are being pursued in
university and corporate laboratories around the world, including our own. At HP Labs,
in conjunction with our collaborators from UCLA, we are investigating the development
of molecular or quantum-state switching devices and the design of systems that will
assemble themselves through molecular recognition. These systems will be designed to
operate perfectly, even if many of the components are defective, because we recognize
that nature — in creating these self-assembling nanostructures — won't provide perfect
parts. That's why computer scientists have joined our transdisciplinary team of
physicists, chemists and engineers to design an architecture that will simply program
around the defects. Incredible as all of this sounds, HP Labs computer scientists have
already built an experimental supercomputer (using silicon technology) to test the
concept of defect tolerance: it ran 100 times as fast as a workstation, despite having more
than 200,000 defective components. Our UCLA collaborators have demonstrated that
certain molecules can be utilized as electronic switches. Within the next year, we intend
to build a memory using these molecules as an experimental proof of principle for
molecular electronics. This memory will only hold sixteen bits of information, but it will

fit in a square 100 nanometers on a side (for comparison, the smallest wire in a current
generation Si chip is 180 nanometers wide).

Technologies — Bio, Info and Nano

Our scenario for exponential growth during the next 20 years is not limited to electronic

circuits. At the beginning of this millennium, we are watching the birth of three great

new technologies: biotechnology, information technology and nanotechnology — we’'ll
call them bio, info and nano for short. Bio is the rational utilization of the chemistry of
life; info is the harvesting, storage and transmission of information; and nano is the
control of all matter at the scale for which basic material properties are determined. All
three of these areas will have completed the transition from applied science to technology
during the next 20 years, and all three will see exponential growth in their capabilities.
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Each by itself would qualify as an “industrial revolution,” but having all three
progressing simultaneously — sometimes competing and often interacting with each
other — will be completely beyond anything we have experienced to date.

How might the interaction of these technologies affect everyday life in 2020? Here are
three scenarios. At first glance, none of these examples seems to be related to the web,
but think of what happens when the Web itself is so pervasive that you literally forget it

is there — it is the medium that carries information from anywhere to everywhere.

nce

0

Figure 6.22. At the beginning of this millennium, we are watching the birth of three great new
technologies: biotechnology, information technology and nanotechnol ogy.

The first is “telepresence.” We will have devices of sufficient sensory fidelity and
information transfer capacity that, although they won’t yet be perfect, they will give us
the emotional experience of “being there.” Not only will we be able to experience a
sporting event from home as a fan in the stands would, but we could also face it from the
perspective of any of the players or referees on the field. We could experience a drama
from within the scene, either as a disembodied spirit or from the perspective of any of the
characters. Scientists could have the “Fantastic Voyage” experience of traveling through
the veins and arteries of a living being — not by shrinking themselves down, as depicted
in the movie, but by receiving information from a remotely controlled sensor unit inside a
subject that may be half a world away. Similarly, other explorers could fly over Mars,
travel down the throat of an active volcano or stroll through a forest of molecules on the
surface of a new catalyst.

The second is health care. As we now all know, it took about 10 years to sequence the
first human genome. In 2020, getting a complete genetic map will be a standard test,
much like a blood test is today. This will be a wonderful tool for doctors to assess risks
and design specific treatments for genetically related conditions, but it won’t help much
for trauma victims or those who suffer from environmentally caused illness. For these
cases, there will be three-dimensional whole body images with resolutions close to that of
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individual cells. A physical exam will include a complete head-to-toe scan using several
techniques simultaneously, with the data fused together not only to provide models of all
internal organs, but also to label which cells are healthy and which are diseased. This
will eliminate the need for exploratory surgery, and will guide minimaly invasive
procedures to remove tumors or repair damaged tissue.

The third is conversing with our machines. What will the appliances built in the next 20

years be able to do that they cannot do today? For one, they will be able to converse with

people. By the year 2020, the data handling capacity of a “low end” electronic system
will be roughly equivalent to that of the human brain. At that point in time, it should be
possible for our electronic devices to pass a limited version of the “Turing Test” — in
other words, to take part in a five-minute conversation with an individual so convincing
that the person could not determine whether he was talking to another human being or a
machine. This capability to converse in natural language should finally make the human-
machine interface as natural as our interactions with other people. It will mean a
significant shift in our view of the dividing line between what is natural and what is man-
made, as well as produce entirely new goods and services that will seem essential then,
but which we cannot even imagine today.

Economic and Social Consequences

What are the economic and societal consequences of these three exponentially advancing
technologies? We will most likely see entire industries rise and fall within a period of a
decade, as first one and then another of the new technologies addresses the problems that
people face. This will create amazing opportunities for those who do not fear uncertainty
and are willing to continually re-create themselves. But it will be extremely unsettling
and disruptive for many, if not most, people. The only certainty will be change, and it
will be extremely difficult for social and political systems to evolve quickly enough to
keep up with technology. Moreover, because the technological progress will be
exponential, the rate of change will also be continually increasing.

We may very well see the paradoxical situation that technology will — in absolute terms
— improve the lives of nearly everyone on the planet, but most people may actually feel
disenfranchised and less happy because the relative spread in wealth will continue to
widen. In order to cope with increasingly rapid change, we have to force ourselves as a
society to take the time to understand the consequences of our actions and ensure that our
wisdom is increasing fast enough to keep up with the changes. We shouldn’t fear
technology itself, but we must beware the consequences of technological ignorance and
irresponsibility. Technology does not emerge whole, like the fossil remains of a dinosaur
uncovered by an archeologist. Rather it is a reflection of the decisions made by countless
human beings, whether those decisions were informed or not.

The key is education — people must learn how to keep learning throughout their entire
lives. Schools and universities may once again be thought of as institutions where
students go to mature and stretch themselves intellectually, rather than to prepare for a
specific career that may no longer exist by the time they graduate. The ability to adapt
quickly to new environments, which has been the main differentiator of our species, will
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be challenged as a reaction to our technologies. And it's incumbenalipdrus — not

just the technologists — but ordinary citizens as well as leaders in government, business,
science and education to take a proactive part in shaping the use of technology for the
good of our planet and the welfare of all. We really need to take the time to consider
what is coming our way and how we should respond to it.

AN ECONOMIST'SAPPROACH TO ANALYZING THE SOCIETAL IMPACTSOF
NANOSCIENCE AND NANOTECHNOLOGY

|. Feller, The Pennsylvania State University

The history of predictions about the societal and economic impacts of promising new
technologies is replete with predictions that incipient advances will amount to little, only
to have them substantially transform daily life, and those about major advances that
subsequently fizzle.

Here are some brief examples from The Experts Soeak, compiled by Cerf and Navasky
(1984):

Failing to Seethe Future:

“When the Paris Exhibition closes, the electric light will close with it and no
more will be heard of it.” (Erasmus Wilson, Oxford University, 1878)

“l think there is a world market for about five computers.” (Attributed to Thomas
Watson, 1943)

“There is no reason for any individual to have a computer in their home.” (Ken
Olson, 1977)

Seeing a Future that Wasn't:

“(A) few decades hence, energy may be free — just like the unmetered air.”
(John von Neuman, 1956)

“(Dt can be taken for granted that before 1980 ships, aircraft, locomotives and
even automobiles will be atomically fueled.” (General David Sarnoff, 1955)

These quotes are more than an academic parlor game. They point to fundamental
difficulties in predicting the what, where, when, and how of asserted major scientific and
technological advances, however carefully and thoughtfully crafted the projections.
Reasoned agnosticism is thus a justifiable intellectual starting point.

Recognizing that inherent in forecasts of revolutions is the premise that “things will be
different this time,” this stance leads toward reliance on the research literature to
construct an analytical framework. Economists, as well as scholars in other fields, have
long studied the generation, diffusion, and impacts of scientific and technological
innovation. Findings from this body of research do not themselves constitute predictions
about the future of nanoscience and nanotechnology, but they do outline the variables
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likely to determine the rate and direction of these impacts and to identify relevant
research questions.

What follows is a brief distillation of mainstream propositions about the economics of
scientific discovery and technological innovation, customized to nanoscience and
nanotechnology. Particular emphasis is placed on what have recently been labeled
“general purpose technologies,” — that is, enabling technologies that open up new
opportunities (and create new production discontinuities) across a swathe of economic
sectors and production relationships. Although not explicitly articulated as such, each of
these propositions constitutes a researchable question about the direction (but not
magnitude) of public sector support for nanoscience and the rate and direction of the
technical development and commercial deployment of nanotechnology.

Uncertainty

Scientific and technological advances are characterized by both knowledge and economic
uncertainties. Analysis of ways in which lacunae in scientific and technological
knowledge constrain the generation of the societal impacts (both positive and negative)
claimed for nanoscience and nanotechnology would appear to be best left to scientists
and engineers rather than to social scientists. However, a building body of case histories,
highlighted in Frances FitzGerald’s account of questionable scientific claims of early
(and current) proponents of the Strategic Defense Initiative and in current accounts about
the feasibility of the National Ignition Facility, calls attention to systematic biases toward
exuberant and at times self-serving forecasts by champions of new scientific and
technical approaches of their ability to solve problems. The character of these claims
warrants scrutiny by social scientists (and others, of course). How close, at what cost, and
at whose expense the transformation of nanoscience is to commercially feasible
nanotechnology, for example, would seem to be a set of first-order questions.

Nanoscience and Nanotechnology Linkages

Nanoscience and nanotechnology provide an excellent testbed case to study increasingly
commonplace statements about the blurring of distinctions between science and
technology and the speed at which new scientific findings are transformed into
commercially important technological innovations. Current developments at the frontiers
of research in these domains also provide a natural experiment to assess alternative
models (e.g., linear, pipeline models; chain-link models; Pasteur’'s Quadrants, soccer
games) of relationships between scientific and technological advances.

Hedonic Char acteristics and Demand Elasticities

The promise of nanotechnology is its ability to do some things that cannot be done by
current technologies and to do some things “better” than are provided for by existing and
latent technologies. Better relates to technical performance: smaller, faster, stronger,
safer, reliable, even cheaper. The projected impacts of nanotechnology writ large thus
represent the summed demand for these performance enhancements across the several
potential uses claimed for it. Demand curve characteristics relate to projections about the
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values assigned by consumers to the specific performance attributes of the new
technology relative to its price and that of aternative technologies.

The projected uses of nanoscience and nanotechnology encompass public sector (e.g.,
space travel) and private sector (e.g., manufacturing) final demands. Differences in the
characteristics of demand schedules between the two sectors may affect the direction of
scientific research and innovative endeavors. Public sector demand, for example, may be
expected to emphasi ze performance characteristics, as in defense and space research, and
thus to be highly price inelastic. One might thus expect the early uses of nanotechnology
to be in those products produced to meet public sector demand. (In addition, these uses
may reduce technical and production uncertainties through the effects of learning by
doing, and thus lower the cost schedules of firms seeking to produce goods destined for
the private sector market.) How these projections of market entry in turn feed back upon
the posing and priorities of scientific questions is another analytical and policy-relevant
guestion that warrants study.

In terms of the private sector, an initial conjecture is that nanotechnology goods and
services will be introduced into those markets (e.g., medicine) where performance
characteristics dominate alternative techniques and for which demand is highly price
inelastic. Relatedly, one would expect that the impacts of nanotechnology would be
longer delayed and possibly less dominant in those markets where alternative techniques
were competitive on a performance basis, and consequently, where demand was more
price elastic (e.g., agriculture).

Supply-side Deter minants

Nanotechnology is presented as having potentially pervasive benefits — materials and
manufacturing, nanoelectronics and computing, medicine and health — to cite but a few
of the areas of use from the National Technology Initiative report and Dreklegises

of Creation. Pervasive relates to possibilities; not all possibilities are equally (potentially)
profitable, however. The timing and sequencing of where nanotechnology’s impacts are
felt, in part, is a market phenomenon. Different cost considerations enter into making
nanotechnology technically and commercially viable for different end users. As
demonstrated in Griliches’s classic study on the adoption and diffusion of hybrid corn
(and Brown’s work in the geography of diffusion), suppliers rationally order the
sequences of markets for which they customize a general purpose technology.

Creative Destruction and Partial Obsolescence

Forecasts of the puissant impacts of new technologies often are voiced in tones of
Schumpeter’'s metaphor of creative destruction — gale-force events in which a new
technology quickly and completely replaces earlier “obsolete” techniques. In fact, the
process of displacement can be both slow and incomplete, with use of earlier
technologies continuing to be economically rational for extended periods rather than
indicative of conservative or laggard behavior. Diffusion of the new technology, and thus
the range and magnitude of its societal impacts, represents displacement. In part,
displacement is propelled by continuous advances in the new technology that expand the
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technical range of its use and possibly lower its relative price (e.g., steam-powered
vessels; the Draper loom). In part, though, the process is slowed by renewed attention to
improving the range of uses of earlier technologies and/or relative price reductionsin this
technology that preserve for it markets in which price rather than performance is a
dominant selection criterion (e.g., sailing vessels).

L earning by Using

Perhaps the greatest difficulty in predicting the societal impacts of new technologies has
to do with the fact that once the technical and commercia feasibility of an innovation is
demonstrated, subsequent developments may be as much in the hands of users (through
what Rosenberg has termed learning by using) as in those of the innovators. Consider
how the Internet has rapidly progressed from a technology supported by ARPA to
facilitate communications among universities with ARPA contracts and to experiment
with digital communications systems, to a means by which teenagers and college students
exchange music files. In the process, the societal issues have changed from involvement
of universitiesin defense-related research to legal suits over intellectual property rights.

Complementary Technologies and Network Effects

The diffusion and impact of technological innovations is often as much a function of the
development of complementary technologies and of a network of users as it is of the
introduction of the discrete technology. The impact of railroads on economic growth

relates to the iterative pressures that development in each component — engines, rails,
brakes, signals, organizational structure — placed on the other; the value of the telephone
or Internet is a function of the number of users connected to the system as well as to the
number of computers that can be accessed for information. The technical or economic
specification of either complementarities or network economies for nanotechnology
appears to be at an early stage.

Technological Presbyopia

To paraphrase Paul David, the shift from one technological regime to another is a
journey, not an arrival. To further quote from his “Computer and Dynamo,” “many
intricate societal and institutional adjustments, transcending in complexity and
uncertainty the redirection of private investment planing, are usually entailed in effecting
the passage from one “technological regime” to another. On this view there are likely to
be many difficulties and obstacles that normal market processes cannot readily
overcome.”

What appears to be growing consumer resistance to genetically modified foods should
serve as a cautionary example that the world does not necessarily beat a door to those
who build a better mousetrap, however small it is. What needs to be better understood are
the reasons for acceptance, resistance and rejection, both economic and non-economic.
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