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INTRODUCTION

This volume contains the 48 essays contributed to the most significant single
effort to chart the societal implications of nanoscience and nanotechnology. The
authors include natural scientists, social and behavioral scientists, engineers,
philosophers, and legal experts. They work in industry, universities, government,
and private practice. All have thought deeply about the profound implications of
the newest realm of science and technology.

The first major examination of the human future of nanotechnology was a
workshop held in September 2000 at the National Science Foundation that
resulted in an influential book-length report [1]. More than three years later, in
December 2003, knowledgeable science and policy leaders met again at NSF to
consider the great wealth of information and ideas that had accumulated during
that period, and to envision the opportunities and challenges that nanoscience and
nanotechnology would present in the coming years. The meeting was sponsored
by the Nanoscale Science, Engineering, and Technology Subcommittee (NSET) of
the U.S. National Science and Technology Council’s Committee on Technology,
and it has recently published the major findings and recommendations of the 10
topical task forces that were organized in this large and complex meeting:
Productivity and Equity; Future Economic Scenarios; The Quality of Life; Future
Social Scenarios; Converging Technologies; National Security and Space
Exploration; Ethics, Governance, Risk and Uncertainty; Public Policy, Legal and
International Aspects; Interaction with the Public; Education and Human
Development [2] (also included as Vol. I of this book).

The participants prepared drafts of their contributions before the meeting, but then
revised them in response to what they learned from the rich exchange of
information and insights, with the constant encouragement of the editors. As a
result, the 48 essays have stronger intellectual connections than conference papers
usually do, as well as greater depth. They range from rigorously factual reports of
recent developments, to well-informed projections of trends, to visionary outlines
of what the technology could mean in future years.

These individual contributions support the conclusions and recommendations of
the 10 task forces [2]. These include the need for clear, scientifically grounded
statements of the principles of nanotechnology to enable non-scientists to
participate effectively in public policy discussions. Participants strongly
recommended supporting a broad range of research studies at the nanoscale,
selected primarily from peer-reviewed investigator-initiated proposals and
evaluated with public involvement. They judged that research will be needed on
the human health and environmental consequences of nanostructured materials
and that government will need to review the adequacy of the current regulatory
environment for nanomaterials, given the existence of size-dependent properties.

Another point of consensus was that a careful and rigorous analysis of the
adequacy of current NNI funding levels and of future investment priorities is
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necessary to optimize societal benefit. Participants were especially concerned
about the need for educational reforms not only to teach principles of nanoscience
and nanotechnology to students at many levels, but also to support cross-
disciplinary training, to equip underutilized scientists and engineers with
nanotechnology-related skills, and to train social scientists and other scholars to
conduct science and technology studies related to the field. Enthusiasm was also
expressed for research and development partnerships linking industry, academia,
national laboratories, U.S. funding agencies, and corresponding international
organizations.

The essays in this volume do far more than merely support such recommenda-
tions. They also outline a complex agenda for future research, offer creative ideas
for policy initiatives or industrial entrepreneurship, and inform the reader about
vast possibilities for future human progress. Although the 10 task force areas were
an excellent rubric for organizing input to the formal recommendations, we found
that the individual contributions best fit a seven-part categorization: economic
impacts including commercialization, social scenarios charting alternate paths for
the future, converging technologies, ethical or legal issues, appropriate
governance mechanisms, public perceptions of the science and technology, and
educational issues such as curriculum development and multidisciplinarity. Brief
descriptions of the seven sections of this volume follow.

1. Economic Impacts and Commercialization of Nanotechnology

A good beginning has been made on developing methods and databases to chart
the growth of nanotechnology-based industries. Pressing challenges include the
need to identify the best innovation models for management, the processes that
will provide essential human resources, and the most informative measures of
success. Some participants believed that the value of nanoscale and nano-enabled
innovations would be great enough to support a distinctive nanoeconomy. More
specifically, the economic growth and improvement of human life attributable to
information technology depends on continued improvement in microelectronics,
which has recently entered the nanoscale and must become nanoelectronics.
Larger questions concern the sustainability of economic growth stimulated by
nanotechnology and its benefit for the wages of workers.

2. Social Scenarios

Although one cannot accurately predict the future of any technology, it will be
necessary to develop ways of identifying likely possibilities in order to anticipate
ethical issues, based on multiple points of view, metaphors, contexts, and
timeframes. For example, nano-enabled, mobile information technology will allow
people to record all their experiences, thereby increasing many opportunities for
personal fulfillment while raising a privacy issue for the people with whom the
individual interacts. The question often will be not how a given nanotechnology
will affect otherwise stable conditions, but how it will interact with the chaotic
forces that swirl in an already unstable world, such as the impending population
collapse in postindustrial nations caused by insufficient fertility. Sometimes, a
conceivable but unproven nanotechnology application might have tremendous
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impact, however; for example some analysts think it may be possible to create
general-purpose fabricators capable of producing many valuable products from
readily available materials locally at low cost. Many other issues deserve analysis,
such as whether nanotechnology really will contribute to broader prosperity,
whether it will encourage research universities to emulate commercial enterprises,
what new possibilities it will open for artists, and how we can actually arrive at an
appropriate vision of its potential.

3. Converging Technologies

Nanotechnology will have much of its effect on humans in partnership with other
technologies, notably biotechnology, information technology, and new tech-
nologies based on cognitive science [3]. Examples include molecular machines
comparable to the natural machinery inside living cells, medical devices and
materials that might be implanted inside the human body, and the application of
principles from computerized natural language processing to genomics and
proteomics. The complexity of such multidisciplinary innovation will make it
difficult to distinguish real risks from phantom risks in practical contexts such as
product liability law. Convergence of historically distinct sciences and branches of
engineering is not an automatic process, and it may be difficult to achieve because
the communities involved are culturally heterogeneous and may unnecessarily
defend their professional autonomy. At the same time, convergence of technical
disciplines at the nanoscale will be essential for society, for example, by providing
the knowledge and the tools for environmental protection.

4. Ethics and Law

There is general recognition of the importance of incorporating an ethical
consciousness throughout the process of nanotechnology innovation, rather than
waiting until an innovation has been deployed and reacting belatedly to the
consequences. However, a vigorous debate concerns the proper roles of pro-
fessional ethicists in this process, with some participants doubting their objectivity
and technical competence. The conference itself illustrated the important roles that
academic philosophers can play, raising issues that others had overlooked,
stressing values like transparency in public decision-making, and sharpening
conceptions of the quality of life. Among the challenges for law and government
regulation are establishing consistent definitions of terms, finding ways to make
sure that courts benefit from the necessary technical expertise, and ensuring that
the patent system protects intellectual property rights in an era when the technical
realities are changing rapidly.

5. Governance

In the modern world, government not only regulates the applications of
technology but also invests in the fundamental scientific research that makes it
possible in the first place. Comparison with past examples, such as nuclear power
or genetically modified organisms, can alert one to issues that may arise, without
providing perfect guidance for managing development to maximize human
benefit. The multidisciplinary field of Science and Technology Studies needs to
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apply increasingly improved research methodologies to a growing range of
questions about nanotechnology. Some of the implications of government action
may be indirect, such as the way in which large-scale funding initiatives transform
the goals and functioning of universities. Given the heightened concern for
national security at the present time and the dual-use nature of nanotechnologies
that have military applications, policy debates in the defense area will be both
complex and crucial.

6. Public Perceptions

For the interests of the general public to be represented in the making of public
policy and investment strategies concerning nanotechnology, public perceptions of
the field could be decisive. It is difficult to communicate about risks, especially
when the probability of harm and its degree of severity cannot be estimated, and
when the general public has its own ideas about how frightening an imaginable
but improbable accident might be. Research on the actual likely societal impact
will be useful, as will studies of how the mass media are reporting nanotech-
nology, and of how relevant social movements muddy the waters with hyperbole.
However, public involvement cannot be a one-way street, in which our only
responsibility is to make sure that correct information flows to the public. Rather,
the public must be fully engaged, with ample opportunity to express its concerns
and state its goals for the technology.

7. Education

In significant measure, nanoscience and nanotechnology education is a human
resources challenge, because an unknown but probably large number of scientists,
engineers, and other skilled workers will be required for economic progress,
national security, and new frontiers such as space exploration. Both by its own
nature and through convergence with other fields, nanotechnology is inherently
multidisciplinary, which means that many students must be trained to be
interactional experts mediating between disciplines. New nanoengineering
curriculum will also be needed, as well as new interactive learning environments
to help students visualize reality at the nanoscale. Some knowledge about nature at
the nanoscale must be incorporated in even the earliest school grades. Many non-
technical advanced students will need to learn about nanotechnology, and future
nanoengineers will need to study the ethical and societal implications of their
work.

Research on the societal implications of nanoscience and nanotechnology has only
just begun, but the 48 essays offered here demonstrate that already it has
discovered some valuable findings, that rich theory to guide research already
exists, and that a solid basis has been prepared for rapid progress. The insights
collected in this volume will be of value for scientists, engineers, students, policy
makers, journalists, investors, and anyone who wants a clear view of the
remarkable future made possible by humanity's new power to understand and
create at the nanoscale.
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1. ECONOMIC IMPACTS AND COMMERCIALIZATION
OF NANOTECHNOLOGY

SOCIO-ECONOMIC IMPACT OF NANOSCALE SCIENCE: INITIAL
RESULTS AND NANOBANK

Lynne G. Zucker and Michael R. Darby, UCLA'

Research on the nanoscale has revolutionized areas of science and has begun to
have an impact on, and be impacted by, society and economy. Early traces of
these processes are already available to us, and we are capturing these data in
NanoBank now before the ephemeral traces are lost to the social science and
ethics research communities. NanoBank is a large- scale, multi-year project to
provide a data resource for social scientists, ethicists, nanoscientists, government
officials, and the public. NanoBank will hold data elements that document the
socio-economic impact of nanoscience and nanotechnology, and institutional
change that occurs either to support the development or as a response to it. The
research of the discovering scientists, those who learn from them, the nonprofit
organizations that assess risks and/or benefits of the new technology, and the
process of industry formation will be documented. NanoBank traces the
knowledge flows that underlie these changes, with special emphasis on cross-
discipline flows and flows that transfer knowledge from discovering scientists to
scientists working in firms. We begin the early part of the process of
disseminating findings based on NanoBank in the figures included in this report.

The U.S. government has identified nanoscience and nanotechnology as a
scientific and technological opportunity of immense potential, formally launching
a National Nanotechnology Initiative (NNI) in January 2000. It is difficult to
define simply the full range of nanoscience, but the NNI's steering committee
settled on a definition of nanotechnology that incorporates the scale
(“approximately 1-100 nanometer”), the understanding, creation, and use of novel
properties and functions that occur at the nanoscale, and the integration into larger
scale assemblies [1]. Roco, Williams, and Alivisatos; Siegel, Hu, and Roco; Roco;
and Roco and Bainbridge [2, 3, 4, 5] provide a thorough review of the present
state of nanoscience and technology, the implementation of the NNI, and an
introduction to thinking about the implications of nanoscience and technology for
our economy and society in the context of international developments in nanoscale
research and commercialization.

' This research is supported by National Science Foundation Grant SES 0304727 (as a
Nanoscale Interdisciplinary Research Team project), University of California's Industry-
University Cooperative Research Program, UCLA’s International Institute, and the Harold
Price Center for Entrepreneurial Studies at the UCLA Anderson School.
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Our Approach

“Technology transfer is the movement of ideas in people” (Donald Kennedy,
Stanford University, March 18, 1994).

NanoBank is built on three insights into the processes of knowledge transfer,
commercialization, and industry change. Turning first to knowledge transfer,
scientific breakthroughs often yield new knowledge that is initially tacit—not yet
codified. New codes and formulae describing breakthrough discoveries often
develop slowly—with little incentive if value is low and many competing
opportunities if high. This tends to keeps the knowledge tacit.

Second, those with the most information about breakthrough discoveries are the
scientists actually making them, so there is initial scarcity: Scientists must learn
the new knowledge from the discoverer or someone trained by the discoverer,
limiting diffusion [6]. The combination of scarcity and tacitness yields natural
excludability, a barrier to the diffusion of the valuable knowledge. Indeed,
cooperation by the inventor is required for successful commercialization by the
licensee for 71 percent of the inventions licensed at universities [7, 8, 9, and Table
7.11.

Third, commercialization of scientific breakthroughs requires access to naturally
excludable knowledge, both tacit and scarce, that constitutes intellectual human
capital retained by the discovering scientists. Thus, top scientists become the main
resource around which firms are built or transformed in both biotechnology [10,
11, 12] and nanotechnology [13]. Top discovering scientists who collaborate with
company scientists have strong positive effects on company success that increases
as the extent of involvement goes up [14, 15].

Technological change at any given time is highly concentrated in a relatively few
firms in a few industries [13, 16]. This metamorphic progress dramatically
transforms existing industries, forms new industries, or both. It is misleading to
concentrate on the many firms in many industries achieving perfective progress
through gradual improvement or inching up. To understand or affect technological
progress we must focus on the exceptions—the industries and firms achieving
metamorphic progress.

The source of the driving innovations for metamorphic change may be internal or
external to the industry, with external innovations using different technological
bases the most threatening to existing firms in a transforming industry [17].
Biotechnology transformed the pharmaceutical industry, and nanotechnology also
uses different technological bases likely to transform industries—but it is too early
yet to identify which industries will experience the largest impacts. In both cases,
natural excludability of breakthroughs gives discovering and other top scientists
and engineers a key role and increases the likelihood of metamorphic change.

In this chapter, we report preliminary results based on core data files from an early
pre-beta test form of NanoBank that focuses on nanoscale research and
commercialization—an area with dramatic, recent breakthrough academic
discoveries and evidence of likely metamorphic industry change. For purposes of
comparison, we will refer to biotechnology, which is a well-studied recent and
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1. Economic Impacts and Commercialization of Nanotechnology

continuing case of the development of a science-driven industry. In the first
section, we outline the central features of NanoBank and report on our current
work identifying nanoscale search terms and phrases. We compare
nanotechnology to biotechnology in the next section to motivate our approach and
analyses. The third section explores the extent and geography of localization of
nanoscience, including where and when firms are entering into nanotechnology
and in what kinds of technologies. The fourth section provides some comparison
of the U.S. nanoscale science base with that in Europe, Japan, and some
interesting recent developments in China (PRC). The final section of the chapter
presents a summary of the evidence and our conclusions.

NanoBank Under Construction

Theory-based databases are not merely lists of variables and their related data, but
build theoretically important relationships among variables that are predicted to
alter the socio-economic impact of nanoscale research, as well as variables
predicted to alter the socio-economic feedback effects on both the science and its
commercialization. Nanotechnology affects society, but society also affects
nanotechnology. NanoBank is designed to provide the raw materials to conduct
further research that can help understand and potentially guide the development
and deployment of nanoscience and its commercialization, while simultaneously
addressing basic processes of interest in social science.

NanoBank is designed as a data archive, an active site for exchanging papers and
ideas for social scientists and ethicists, and a site for interdisciplinary learning
across scientific disciplines through the construction of analogies and other
methods. It will be located as one of the sites available from the NNIN portal, and
also located as one of the resources available from the California NanoSystems
Institute (CNSI at UCLA and UC Santa Barbara).” From design to launch in under
four years requires rapid decisions and an active program of informing and
engaging social scientists and ethicists likely to use this resource through
professional organizations, national and local government agencies, and nonprofit
policy advisory organizations. We are also drawing in scientists who are crossing
interdisciplinary boundaries, via analogies and other tools to aid understanding
and use of concepts from other disciplines.

The research on social and ethical impacts of nanotechnology will be facilitated
by and, in many cases, enabled by NanoBank. NanoBank is an integrated
database, which will be a public Web-deployed digital library (DL). NanoBank
links currently disparate data sets such as articles, patents, firm financial reports
and directory listings, and university data. Thus, a nanoscientist or social scientist
will be able to focus, for example, on articles and patents by a particular scientist
through implementation by and success of a company or companies for which the
scientist is a collaborator or officer. Alternatively, an ethics researcher will be able
to locate all firms reporting research programs on products for which there are

2 Principal Investigators for the NSF-funded NanoBank project are Lynne Zucker, Michael
Darby, Roy Doumani, Jonathan Furner, UCLA, and Evelyn Hu, UCSB (SES 03074727).
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particular ethical concerns, while another might quantify university-to-firm
knowledge flows or patents, articles, and products resulting from particular
research funding programs.

NanoBank will also serve investors and firms seeking to allocate investment to
promising new technologies, and policymakers attempting to assess the effects of
alternative policy proposals. A NanoBank user might also seek all publications,
patents, collaborations, alliances, and stock-price returns of firms working, for
example, on a particular use of carbon nanotubes and trace all academic
publications and research grants in nanoscience and technology tied to each firm
involved in that use.

The key data elements that define the scope of content in NanoBank are outlined
in Table 1.1. Related to each one is a series of specific elements (variables). We
cannot review them in detail here, but the searchable fields found at
www.webofscience.com and at www.uspto.com, plus the text found at
www.edgar.gov, provide some feel for the underlying richness of variables. To
data at those sites we add links on specific variables within and between sites,
such as linking patents and research articles by the same person and venture
capital received and products in development by the same company. In fact, a key
aspect of NanoBank is that we will build links, supervised by Darby and Zucker,

Table 1.1

NanoBank: Examples of Defining Data Elements [1]

Name of Person

Patent inventor

Article author

Principal investigator (PI)
Dissertation author

Dissertation chair
Officer/founder of firm

Science advisory board chair
Science advisory board member
*Coinventor, author, etc.

Discipline of Person
Department, curent or former [2]
Department of dissertation [2]

Date or Time

Patent application & grant dates

Article publication date

Grant/contract begin & end dates

Dissertation filing date

Dissertation filing date

Directory/database dates

Firm founding date

Firm nanotech entry date

Financial reporting dates

Initial public offering (IPO) date

Merger or alliance dates

Venture capital round dates

*Interdisciplinary team start dates

*Dept., institute, center entry/change/
merger date

*New interdisc. journal areas/start date

*Existing journal new discipline/area
entry date

*Fed. Instit., IGA program start date

*Date of move between disciplines [3]

Notes: ™ indicates NBIC elements

Organization

Patent assignee

Affiliation on article
Grant/contract recipient
University lists--NRC, IPEDS
Firm directory listings

Public firm databases (filings)
Financial market databases
Mergers & alliances database
Venture capital firm database
Investment bank database
Federal laboratory listings
Research institute directories
Organization's parent org. (if any)
*Non-profit directories, tax filings

Industry of Organization
Firm/university/fed lab/res. Inst.

SIC or NAICS industry codes
Venture Economics industry codes
*Nonprofit tax codes [501(c)(3), etc.]

Science & Technology Area Codes
US & International patent classes

ISI journal area

PACS codes/text

Nano S&T subareas (VJNano et al.)
Z-D broad science/tech area codes
*NBIC product codes

Geo-location

Patent inventor's address
Patent assignee's address
Author address

Grantee address(es)
Organization address(es)

Inputs, Outputs, and Success Measures
These can be measured at person, organization or
sub-organization level and aggregated (as appropriate)
based on: organization,; city, state, region or country;
discipline, industry, science/technology area, time;
or combinations (e.g., by firm, region, and year)
Patent: counts, citations, claims
Articles: counts, citations
*Employment (& membership for nonprofits)
*Interdisciplinary Collaborations: counts, classifications,
citations for articles and patents
Products in development: counts, classifications
Products on the market: counts, classifications
Venture capital: round counts, round values
Offerings: IPO value, later offering values and types
Investment bank reputation rankings
Stock price history
Impact of risk assessment on stock price:
(1) Product failure, adverse event news
(2) NPO report, event news
Doctoral programs: ranking, graduates, faculty, funding
Awards: Nobels, NAS/NAE/IOM, Phi Beta Kappa, etc.
Grants/contracts: Federal, SBIR, ATP
*Interdisciplinarity
*Cross-discipline co-chair on dissertation: counts
*Cross-discipline co-authors, co-inventors: counts,
citations, claims for patents
*Cross-discipline firm officers, firm science boards: counts
*Cross-discipline articles in old & new journals: counts,
citations
*Cross-discipline membership: depts., instits., centers,
IGAs: counts

*NBIC Interdisciplinarity Convergence
*Analogies/images of cross-discipline concepts
*New cross-discipline analogies/tools
*Cross-discipline teaching, patenting, research

[1] Identify and search on specific terms in all NBIC areas.
[2] Non-academics: use former department or dissertation department.
[3] E.g., if dissertation discipline is different from department of first job.
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between data elements that theory identifies as especially crucial to knowledge
transfer and to productivity in both science and industry.

We include some elements in NanoBank designed to track interdisciplinary
convergence across nano-, bio-, info-, and cogno- areas of research and teaching
(NBIC) and its outcomes in both nanoscience and nanotechnology. These
elements are starred in Table 1.1, and they range from a variety of
interdisciplinary measures to tracking changes in departments and schools that
reflect and institutionalize interdisciplinary boundary changes. Two main NBIC
themes are addressed:

1. Track amount/quality of interdisciplinary research and training and timing/
degree of new organizational structure that institutionalizes these changes,
and the impact of this interdisciplinary convergence on products and success
outcomes, with additional coding of products by NBIC subarea [18, p.17
Table 2 items B-F].

2. Use of analogies/images of cross-discipline concepts to: (a) Communicate
clearly across discipline boundaries (in part, to decrease tacitness and hence
natural excludability) and stimulate discovery of new knowledge; and (b)
Facilitate borrowing of tools and other solutions across discipline boundaries,
as in the new interdisciplinary area of computational biolinguistics.

NanoBank will also provide an important communication function for
nanoscience and engineering generally, and for special initiatives such as the NSF
National Nanotechnology Infrastructure Network (NNIN), through two archives
on the site: (1) Vetted white papers dealing with nanoscience and engineering,
business applications and issues, legal issues, and social and ethical impacts will
provide a convenient source of reliable information for practitioners, other
professionals, and an informed public; and (2) Preprints or links to preprints on an
open basis subject to providing complete identification information on all
affiliations and commercial interests will provide early access to nano-relevant
research.

We are developing improved methods, including experimenting with alternative
specifications for computer identification of nanoscale articles. In this paper,
nanoscale articles are identified by the union of these two (overlapping) text
searches: (1) for the string “nano”; and (2) for any of 475 nanoscale-specific
terms. All measurement terms are excluded. Some initial results are displayed in
Figure 1.1 using a dataset of high-impact (very highly cited) articles from ISI. The
nanoscale articles are categorized by a broad science and technology classification
scheme [19].

The number of articles rose initially most rapidly in semiconductors, but more
recently the biology-medicine-chemistry and multidisciplinary categories have
also seen dramatic growth. While the increase in information technology (IT)
articles seems slight, other analyses not reported here show that, given the lower
overall number of articles published in IT, the percentage increase is actually more
dramatic than for the biology area.
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As we develop new search strategies, we are benchmarking them against the
Virtual Journal of Nanoscale Science & Technology (hereafter, VINano, found
online at www.vjnano.org). VJNano contains references to nanoscale articles
published elsewhere as vetted by a distinguished scientific advisory panel of
researchers actively working on the nanoscale. The search-based methodology
used to produce Figure 1.1, discussed above, identifies about 65 percent of the
articles in VIJNano. This provides one test of the degree to which search terms and
phrases are able to identify recent nanoscale articles. With Jonathan Furner, we
are combining these and other methods with information studies techniques to
develop computer algorithms that use probability-based methods of discriminating
between nanotechnology and non-nano.

Number of High-Impact
Nanoscale Articles
w
[=]

. Semiconductors, ICs, Superconductors

Multidisciplinary

g Biology, Medicine, Chemistry
Information Technologies

§ Other Engineering

2

Figure 1.1. High-impact nanoscale articles by major S&T category and year.

Comparing Nanotechnology and Biotechnology

Fundamentally, nanotechnology and biotechnology are rooted in basic science,
and thus we expect their development to follow roughly similar trajectories. While
there are a number of different ways to measure this, to begin the process we look
at the rate of development of the scientific knowledge base as indicated by
scientific publishing and the rate of knowledge capture as indicated by patenting.
While publishing alone is sufficient to build the science side of the process,
establishment of intellectual property rights is necessary for much of the
commercialization and its finance.

Figure 1.2 compares the remarkable increase in publishing and patenting that
occurred during the first 20 years of the biotechnology revolution with what is
occurring now in nanoscience and technology. The figure shows that the scientific
and patenting growth of nanotechnology is of at least the same order of magnitude
as biotechnology at a similar stage of development. We use 1973 as the base year
for the start of biotech and 1986 for nanotechnology to compare them at similar
points in their development (see the explanation of different years—and different
methods of selection—below).
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Figure 1.2. Comparing Nanotech (1986-2004) and Biotech (1973-1994)

Publishing and Patenting Trajectories as a percentage
of all patent issues.

For articles, nanoscience and nanotechnology is maintaining a growing lead over
biotechnology articles. It is clear that nano nanoscience and nanotechnology has
burst upon the science and engineering scene a bit less suddenly than one would
judge by the current notices. In terms of publications, rapid growth began about
1990. Since 1990 the growth in nano nanoscience and nanotechnology articles has
been remarkable, and now exceeds 2.5 percent of all science and engineering
articles. Beginning in 1990, the percentage of nanotechnology articles was
significantly greater than the 1981-1989 mean and increasing every year.

Figure 1.2 also shows steady growth in nanotechnology patents as a percentage of
all patent issues. This growth is more dramatic considering that total patents also
rise, increasing by about 150 percent over the same period. Actual counts of
nanotechnology patents suggest a takeoff date for nanotechnology in the late
1980s. We observe that nanotechnology patents are ahead of biotech patents early
in the process (through year 11) because very few patents were issued in biotech
until the courts gave the go-ahead in 1980. Thirteen years into the biotech
revolution (1986), biotech patenting took off as: (1) gene sequences were patented
with little proof of their use, and (2) many variations on drug candidates were
patented in an attempt to prevent quick competition from me-too drugs if one
particular candidate were proved safe and effective.

For Figure 1.2, we identified nanotechnology articles using the text-search
methodology described earlier, searching titles and abstracts for all articles in
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Science Citation Index Expanded through 2003 [20]. Nanoscience and
nanotechnology patents are identified in the same way as nanotechnology articles,
searching both title and abstract at www.uspto.gov. Biotechnology articles are
defined in the figure as any reporting a genetic sequence discovery (i.e., appear in
GenBank). This definition is conceptually overly narrow, but it has been proven in
practice a very useful measure in our research on biotech. Biotech patents are
defined through combining GenBank-related patents with the universe of
biotechnology patents as identified by the U.S. Patent and Trademark Office on its
published, CD-ROM distributed data set.

The Cohen-Boyer invention of genetic engineering (recombinant DNA) in 1973 is
the conventional base year for biotechnology [21, 22]. There is no consensus yet
on the starting date for nanotechnology, but we will tentatively use 1986 as the
base year based on the development of instrumentation that enabled manipulation
of individual atoms and molecules at the nanoscale.

The atomic force microscope (AFM) was invented in 1986 by Gerd Karl Binnig,
Calvin Quate, and Christoph Gerber [23]; the AFM greatly broadened the range of
materials that could be viewed at the atomic scale and enhanced the ability to
manipulate individual atoms and molecules. Haberle, Horber, and Binnig [24]
report a modified AFM for use on living cells with which they observed the
effects of antibody attachment and changes in salinity on living red blood cells.
This built on earlier work developing the scanning tunneling microscope (STM)
conducted at IBM’s Zurich Research Laboratory in 1981 by Binnig and Heinrich
Rohrer [25, 26]; they received the Nobel Prize in Physics in 1986 for their STM
work. The STM works by moving a very fine pointer back and forth over a
surface with each scan line displaced slightly from the next, called raster scanning
in reference to the parallel lines that make up a television picture. A sensitive
feedback mechanism maintains a constant distance relative to the surface so that a
three-dimensional representation is obtained. The STM could be used only on
conductive materials (metals) due to the electron tunneling method used to
maintain the constant distance between pointer and surface. The STM was the first
instrument to enable scientists to obtain atomic-scale images and ultimately to
manipulate individual atoms on the surfaces of materials.

Darby and Zucker [27] argue that such inventions of procedures or instruments—
not exclusively the paradigm shifts famous from Kuhn [28]—are the usual
“inventions of a method of inventing” which set off major scientific and industrial
transformations. Zvi Griliches [29, 30] was the first economist to study the class
of breakthrough discoveries that he named an “invention of a method of
inventing.” His case was hybrid seed corn, a method of breeding superior corn for
specific localities that effectively excluded farmers from reproducing the hybrid
seed by saving part of their crop.

Instruments are particularly important because they effectively codify much of the
“know-how” involved in a breakthrough discovery making it possible for others to
access and apply the new knowledge without directly working with the
discoverers and their students. For a parallel example, consider the gene splicing
machines that made discovery of new genetic sequences so routine that by 1988
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graduate students at major research universities could no longer get a Ph.D. by
reporting the discovery of a new genetic sequence.

Geographic Concentration, Knowledge Transfer, and Firm Entry in
Nanotech

There is concentration of knowledge in a few scientists and engineers who are
pushing the frontiers of nanoscience and nanotechnology and in the laboratories in
which they work, just as metamorphic technological progress is concentrated in
relatively few firms in relatively few industries. This concentration is a notable
characteristic of previous scientific breakthroughs, especially those that involve a
significant degree of tacit knowledge—art learned by doing at the lab bench level.
This tacit knowledge provides natural excludability that limits the diffusion of the
new knowledge in cooperation with or even in the absence of explicit intellectual
property rights of the discovering scientists and their organizations [12, 14, 15].

In Figure 1.3 as well as Figures 1.4, 1.5, and 1.6 that follow, we measure science
base by the number of nanoscale-related publications in the ISI World of Science
database. This database contains all the ISI indexed-articles from 1980 through
2003 and nanoscale publications are identified by searching for nanoscale-specific
terms in the title and abstract (when available), as explained above.

Geographic Concentration

Figure 1.3 shows the geographic distribution of the nanoscience base in the United
States with respect to years and functional economic areas identified by the U.S.
Bureau of Economic Analysis (BEA). An address can be uniquely matched to a
BEA area when the zip code is reported (which is the case in 95.56 percent of the
observations). When the zip code is missing, the city and state information were
used to infer the BEA area.

Number of Nanoscale Articles
&
8

=7 o __-'_‘4_—- New York-Morthern New Jersey-Long Island
.G'.Q ¢°.-;':_:—-_ San Francisco-Oakland-San Jose
."‘. \-\ Los Angeles-Riverside-Orange County
7 Boston-Worcester-Lawrence-_aweil-Brocklon
™ Washington-Baltimore
£ Chicage-Gary-Kenaosha
Champaign-Urbana

Detroit-Ann Arbar-Flint
Philadelphia-Wilmington-Atlantic City
Raleigh-Durham-Chapel Hill

Figure 1.3. Nanoscience geographic concentration by region.
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Ten regions with the most nanoscale-related papers (out of 172 BEA areas)
account for 54 percent of the articles having at least one coauthor with a U.S.
address. These 10 regions—New York-Northern New Jersey-Long Island, San
Francisco-Oakland-San Jose, Los Angeles-Riverside-Orange County, Boston-
Worcester-Lawrence-Lowell-Brockton, Washington-Baltimore, Chicago-Gary-
Kenosha. Champagne-Urbana, Detroit-Ann Arbor-Flint, Raleigh-Durham-
Chapel Hill, and Philadelphia-Wilmington-Atlantic City—are notable for the
strength in nanoscience and nanotechnology of particular academic institutions
and are not predictable by size, economy, or even overall strength of the science
base. These regions can be compared with the relative importance of high-tech
states in other studies [19, 31]. As a further illustration of the concentration,
almost 28 percent of all nanotechnology articles are accounted for by the top-3
regions (New York-Northern New Jersey-Long Island, San Francisco-Oakland-
San Jose, and Los Angeles-Riverside-Orange County).

Knowledge Flow from Universities to Firms

When commercialization is occurring close to the scientific frontier, it is more
likely that natural excludability is a significant barrier to knowledge transfer from
discovering scientists to those who are applying the knowledge to develop
commercial products. Under these conditions, characteristic of both
nanotechnology and biotechnology, participation at the lab bench level by top
scientists who are making these discoveries is important to successful commercial
application, necessary but not sufficient. Star scientist authorships of articles as or
with employees of a firm were a potent predictor of the eventual success of
biotech firms. Zucker, Darby, and Armstrong [15] showed that counts of articles
authored by firm employees with authors at top-112 universities had a significant
(although smaller) impact on firm success.

To identify knowledge flows to firms in nanotechnology, we selected out all of the
articles that include a firm in California as one of its addresses. All such articles
(CA-firm articles) were then grouped into one of the five categories according to
the other address reported for the same article. This is far from a simple process:
variant names, non-standard abbreviations, and spelling errors make it difficult to
determine the organization type. The categories are: “Firm Only” (for CA-firm
articles that report only firms as addresses); “With University” (for CA-firm
articles that have at least one university-affiliated address); “With National Lab”
(for CA-firm articles that have no university affiliation but have at least one
national lab affiliation); “With Foreign” (for CA-firm articles that have no
university or national lab affiliation, but reported at least one foreign address); and
“With Other” (for CA-firm articles that don’t fall into any of the above
categories). Using all addresses reported in California, 95 percent were identified
with a specific firm, university or national lab. The rest are mainly composed of
federal and state government agencies and non-profit research institutions. Less
than 5 percent have insufficient information to determine the organizational type.

In Figure 1.4 we see not only extensive and increasing publishing by scientist
authors working in firms, but also a rising percentage of these articles are written
in collaboration with scientists and engineers at universities. The university-firm
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Figure 1.4. Tracing knowledge flow to commerce: California firm articles
by year and co-authorship.

knowledge flows represented by these articles indicate not only the natural
excludability that makes the costs of close collaboration across university-firm
boundaries worth incurring, but also the expected commercial payoff of
nanotechnology. While Figure 1.4 is based only on California data at this point,
we expect the results to replicate more generally.

Birth of the Nanotechnology Industry

Figure 1.5 illustrates the number of firms first publishing a nanoscale-related
article in the ISI database by region and publication year with the firm’s region
based upon the address given by the author at the firm. Less than 2.5 percent of all
cases are unidentified. If a firm reports an address in s different areas in its first
year in nanotech, each area is assigned 1/s firms. It can be argued that a parent
company establishing branches in different areas is similar to establishing a new
firm and should be counted as such; however, for the purposes of this paper, we
count any branch of a corporation as part of the same firm. Hence, if an IBM
Research Center in San Jose, California, enters nanotechnology earlier than a
second IBM Research Center—located in Yorktown Heights, New York—only
the California entry is reported in Figure 1.5.

The regions that have the most firms entering the field overlap with the regions
where most nanoscale articles are being written, except that San Diego, Denver-
Boulder-Greeley, and Minneapolis-St. Paul appear in the top 10 regions for firm
entry.
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Figure 1.5. Birth of the nanotech industry: Comparing entry by region and
year, 1980-2003.

Darby and Zucker [27] show that in a multiple-Poisson-regression context both
the number of highly cited articles published in a region and its average wage
level (a measure of labor-force quality) are significant determinants of where and
when firms enter nanotechnology. The effects of federal research funding to and
nanotechnology articles by authors from top-112 research universities, regional
employment, and total venture-capital flows are not statistically significant when
all of these variables are entered in the same Poisson regression, although these
variables may be significant in regressions in which they are not competing with
high-impact articles and/or average wages. It is difficult with small samples to
measure separate effects of highly correlated variables such as high-impact
articles (mostly authored by faculty with large federal research funding) and the
amount of federal research funding. We expect some additional variables will be
significant in future research when we can identify additional firms entering
nanotechnology. The statistical insignificance of past venture capital flows is
consistent with efficiency in that market.

There is in fact no census or widely accepted database to consult as to which firms
are actively using nanotechnology in production or at least R&D activities. Over
the next few years, we plan for NanoBank to fill that and other information gaps
faced by both researchers in nanoscience and nanotechnology and those who study
their impact. For now, the large number of articles in the ISI database provides a
means of identifying firms with a sufficiently deep involvement to be either
publishing highly cited research articles or articles coauthored with professors
from universities or both. Based on the patterns observed in biotechnology, few
other firms without such ties are likely to become significant players.
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International Comparison

Figure 1.6 illustrates the international distribution of nanotechnology articles in
the ISI database by year. Of articles written during 1980-2003, 72 percent have
authors in one or more of the United States, Japan, and the European Union. The
European Union articles are concentrated in Germany, France, and the United
Kingdom. China (PRC) was also added as a separate group to illustrate its
remarkable improvement in recent years. Considering the whole period, the
United States alone accounts for 29.15 percent of the world’s nanotechnology
articles, establishing it as the most dominant player in nanotechnology.
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Figure 1.6. International distribution of ISI nano articles.

The data also suggest nano-related research became increasingly global
throughout the last decade. Many countries that were not significant in the 1980s
and early 1990s increased their production dramatically. Other than China, which
eventually caught up with Japan, countries like South Korea and India can also be
counted as examples.

There was also a great increase in the number of countries that engage in nano-
related research. While nano-related articles were produced in 43 different
countries in 1990, this number increased to 102 in 2003. Overall, almost 150
different countries were cited in the ISI articles in this time period. Both these
factors cause a relative decline in the share of the U.S. nanotechnology articles,
when compared to the initial stages of the nanotechnology improvement. Even so,
more than 24 percent of the articles produced in the world in 2003 were in the
United States, which is almost double the number by the next country, China.

Initial results adjusting for quality of research articles are shown in Figure 1.7.
The distribution of high-impact (very highly cited) papers in the world further
reinforces the picture of U.S. dominance, but also shows that scientists and engi-
neers in other nations are increasingly publishing high-impact articles in the area
of nanoscale research. China’s great rise in nanoscience publications is evidence
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of a shift in effort, but its number of high-impact papers remains low relative to
the overall increase in publishing rate. Taken as a whole, these data confirm that
the strength and depth of the American science base points to the United States
being the dominant player in nanotechnology for some time to come, while it also
faces significant and increasing international competition.
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Figure 1.7. International distribution of high impact nano articles.

Summary and Conclusions

Nanoscale science and technology has all the earmarks of the kind of break-
through metamorphic progress in which cascades of important scientific
discoveries create the technological opportunities that transform existing indus-
tries and create new ones. We expect nanotechnology to account for a significant
proportion of technological progress and economic growth over the next several

decades. NanoBank will track these changes.

Nanotechnology is on a similar trajectory to biotechnology, stemming also from
basic science breakthroughs. These breakthroughs include important instrument
invention relatively early in its development to codify part of the most funda-
mental tacit knowledge: scanning probe and atomic force microscopy, similar to
the gene sequencing machines. However, much of the knowledge remains tacit in
nanoscience as in bioscience and is best transmitted by working at the lab bench
by one of the discoverers or someone trained by him/her, yielding natural
excludability. As in biotechnology, we find that nanotechnology companies are
founded when and where top nanoscientists are publishing. And we have also
presented early evidence that the knowledge flow via collaboration in the lab is
increasing between university scientists and company scientists, as indicated by

co-publishing.
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Regional agglomeration is also evident, with the main clusters forming around
major research universities publishing in nanoscience. While there is considerable
overlap with the biotechnology pattern, i.e. the relative dominance of the New
York region and both Northern and Southern California, there are also significant
differences that we believe are due to different resource-allocation decisions made
in the past. The same is true at the national level: the United States accounts for
over 55 percent of the highly cited articles on the nanoscale identified as “High
Impact Articles” by ISI, while the United States, European Union, Japan, and
China account for over 88 percent. So the concentration of nanoscale work is quite
high internationally, similar to that found within the United States.

It is too early to say where the most profitable commercial applications of
nanotechnology lie. However, we can derive some early indicators from observing
the pattern of areas in which firms enter nanotechnology, and over time decide to
focus their efforts in product development, since both decisions are heavily
conditioned by expectations held about eventual profits in different content areas
of nanotechnology. Klevorick, Levin, Nelson, and Winter [32] have emphasized
that profitability is based on the appropriability of returns by the pioneer(s) as well
as upon technological opportunity. Griliches [29, 30] argued that the earliest
applications of an invention or a method of inventing are to those areas with the
greatest expected profitability—now known as the lowest-hanging fruit. This
theory suggests focusing for analysis of early industrial formation and
transformation on the regions with the strongest science bases in areas where
profitability is expected to be highest.

The race to apply nanotechnology to new products and services will be a long one.
The growth and changes in institutions necessary to support this revolution, from
supporting new institutes to dealing with cross-pressures between disciplines in
interdisciplinary research, will determine part of the outcome. Interest groups
operating in the nanotechnology field will alter what is done, when it is done, and
how it is done—and possibly even whether it is done. Policy issues on many
fronts are already confronting nanotechnology, and must be successfully
addressed for nanoscale research and commercialization to grow and prosper.
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MANAGING THE NANOTECHNOLOGY REVOLUTION: CONSIDER
THE MALCOLM BALDRIGE NATIONAL QUALITY CRITERIA

William R. Boulton, Auburn University

With projected revenues of $1 trillion by 2015, nanotechnology-based industries
will generate a need for approximately 2 million nanotechnology workers. Critical
to meeting such demands will be an educational system and infrastructure that
supports the development of future nanoscale development initiatives. U.S.
National Nanotechnology Initiative (NNI) centers are being established to meet
these needs and are expected to make future contributions to the development of
nanoscale products and services to solve problems facing both business and
society. The goals of nanoscale developments are to improve health care and
ensure that our resources and an environment will support future generations.

In science and technology fields, we seldom discuss the basic needs for the
effective management of multi-million dollar investments. The field of strategic
management concerns itself with the effective use of resources and capabilities to
achieve the goals and strategies that we set. In considering an approach to
facilitate NNI contributions, the U.S. Baldrige National Quality Award, estab-
lished in 1987, provides criteria for assessing organizational performance. Nearly
30 percent of its criteria assess the effectiveness of leadership, strategic planning,
and the customer or market focus of the organization. Another 25 percent of the
criteria address the human resources and organizational processes that create value
for the targeted markets. But 45 percent of the Baldrige criteria rate actual
performance outcomes [1]. Given the Baldrige framework for evaluating
successful organizations, let’s consider its potential application for managing
today’s nanotechnology initiatives.

Leadership, Strategic Planning, and Market Focus (30 percent)

Without vision, there is no way to chart a course or build the infrastructure and
institutions needed for the future. The Baldrige criteria emphasize the need for
strong leadership to set a direction and plan for how specific goals will be
achieved. In the development of new science and technology (S&T), we seldom
follow a preplanned course of action. Managing S&T innovations is often a com-
plex and creative activity. The successful creation of useful products and services
that are based on new concepts that were unknown or unthinkable just years
earlier results in the growth of new markets and industries. A vision of today’s
integrated computer and communication world was first described in 1977 by
NEC Corporation’s chairman, Koji Kobayashi [2]. Miniaturization and integration
of electronics technologies have now combined with telecommunication and
Internet developments to support a mobile and virtual society for tomorrow. To-
day, nanoscale science and technologies give focus to a new vision and a vast
range of new opportunities for innovation. According to Mihail C. Roco [3], first
generation nanoscale innovations (~2001) were passive nanostructures like coat-
ings, nanoparticles, and bulk materials. Second generation innovations (~2005)
will include active nanostructures like transistors, amplifiers, targeted drugs and
chemicals, actuators, and adaptive structures. Third generation innovations
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(~2010) will include 3-D nanosystems with heterogeneous nanocomponents and
various assembling techniques, bio-assembling, networking at the nanoscale level,
and new architectures. By 2020, a fourth generation of molecular nanosystems
will be developed with heterogeneous molecules, based on biomimetics and new
architectural platforms. How we convert these new innovations into successful
products and services will determine who wins the marketplace of the future.
Management skills will certainly be an important contribution.

Henry Chesbrough argues that the open innovation model is the development
paradigm of today. It incorporates “external as well as internal ideas as inputs to
the innovation process, combined with employing internal and external paths to
market for the results of innovative activities” [4, p.6]. Internal and external ideas
flow into R&D processes, with outputs going to markets through both internal and
external paths, as shown in Figure 1.8.

Internal
Technology

Market

Projects

Technology
Base Ventures Products

Technology Insourcing

D

Figure 1.8. The Open Innovation Paradigm (Source: H. Chesbrough [4]).

Of particular importance is the flow of ideas and technologies into and out of the
process throughout. Ideas can come into the process, for example, from internal
research investigations, from external research, from licensing in another
company’s technology, or from an acquisition of a company’s product. Similarly,
ideas can flow out of the process to market in numerous ways. Many go to market
through the company’s own channels, while others may be licensed out, or spun
out into a new venture, or into a new joint venture [4].

However, many successes are the result of serendipity, such as the well-known
“Post-It” notes innovation, a serendipitous result of having developed glue that
didn’t stick well.

What the “open innovation” model does not explain is that technology inputs do
not directly transform into products. Since science and technology are seldom
stand-alone products or services, they must be integrated into devices or
components as part of the product development process. Products, in fact,
incorporate a wide range of technologies through their component technologies. A
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computer’s hard drive, CD player, microprocessor, and monitor each consist of a
range of technologies that have been packaged for computer applications. The
charged-coupled device (CCD), for example, became a key component in
allowing video cameras to be miniaturized. As shown in Figure 1.9, such
component technologies often allow for the development of next-generation
products, such as Sony’s 8mm camcorder or today’s cell phones with digital
cameras. Large-scale integration of semiconductors has been critical for the
miniaturization of consumer electronics products. The development of next-
generation product platforms allows for a range of new features to address a wide
range of market niches. For example, Sony offered shock-resistant sports versions
of its 8mm video cameras in different colors and fitted for underwater
applications. But we should remember that it took 16 years to develop the CCD
[5]. NNI's support of nanoscale research in materials, electronics, health care,
environment, energy, microcraft, manufacturing, security, and instruments should
generate similar innovations for the future

Since the NNI’s establishment in 2000, it has spurred support for nanoscale
technology developments across the world. Japan and South Korea followed with
initiatives established in 2001, and then the EC, Germany, and Taiwan entered the
race in 2002. By 2003, over $3 billion was invested across a full spectrum of
activities, with the United States, Japan, and the EU providing similar government
support. Of the $770 million budgeted for the United States, the National Science
Foundation (NSF), Department of Defense (DoD), and Department of Energy
(DOE) accounted for three-quarters of the expenditures. In its first two years of
existence, NNI’s leadership has facilitated faster development than expected in
materials, chemicals, pharmaceuticals, and electronics. Emerging areas include
nanomedicine, energy conversion and storage, agriculture and food systems,
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Figure 1.9. Technology and product development plan
(Source: W. Boulton [5]).

26



1. Economic Impacts and Commercialization of Nanotechnology

molecular architectures, multi-scale simulations, environmental implications, and
converging technologies from nanoscale developments.

Human Resources and Organizational Processes (25 percent)

The Baldrige criteria stress the importance of human resources and the processes
needed to accomplish a given set of goals. With the need for some 2 million
workers to be trained in nanotechnology over the next decade, NNI has provided a
major impetus for developing educational programs through sponsored centers.
NNI's 22 centers support nanoscale developments, including 10 centers funded
through NSF; three, through DoD; five, through DoE; and four universities
through NASA. All NSF centers require both education and outreach programs
and include international educational opportunities. NNI supports curriculum
development in K-12 and undergraduate programs. New teaching modules for
nanoscale science and engineering are being developed to attract and develop
students for tomorrow’s workforce. While these centers involved over 7,000
students, technicians, teachers, and faculty by the end of 2003, we have hardly
begun to address the numbers of skilled workers needed for the future.

The new Nanoscale Science and Engineering Education program was also
initiated in 2004 to produce systemic changes in nanoscale science and
engineering education. Centers for Learning and Teaching, Informal Science
Education, Instructional Materials Development, and Nanotechnology
Undergraduate Education are being established, and NSF plans to have 10 K-12
educational modules completed by the end of 2004. States are also leveraging
these efforts by establishing local nanotechnology initiatives with over $200
million per year.

NNI is investing about 10 percent of its budget into future considerations of
society and the environment. NNI is also addressing societal and educational
implications of nanotechnology development, which will become increasingly
critical as products begin moving into the marketplace. NSF’s environmental
centers and interdisciplinary groups are addressing a full range of concerns,
including air pollution, water purification, environmentally responsible solvents
and processes, environmental molecular science, nano-carbon particulates, and
sensing devices for marine systems.

Performance Outcomes (45 percent)

The Baldrige criteria weigh actual performance outcomes as the most important
measure of success. In terms of science and technology, Narin [6] specified the
indicators of development as follows:

e number of patents indicates technology development activity

e cites per patent indicates the impact of an analytical unit’s patent

e current impact index (CII) indicates patent portfolio quality

o technology independence (77) indicates independence of an analytical unit’s
technology development (the number of self-citations divided by the total
number of citations)
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o technology cycle time (7CT) indicates speed of invention (the median age in
years of the patent references cited for a unit’s patents)

e science linkage (SL) indicates the relationship between an analytical unit’s
technologies and academic research results (the average number of scientific
papers referenced in an analytical unit’s patents)

While the United States has led in these indicators in the past, Shelton and
Holdridge [7] have shown that U.S. leadership in science and technology has
generally been on the decline. They showed that the European Union and Japan
have surpassed the United States in overall scientific and engineering (S&E)
publications, patent applications, production of S&E graduates, and S&E Ph.D.s,
and have nearly matched the United States in share of triadic patents (patents in
the United States, EU, and Japan). They further argued that, as a consequence of
these trends, the U.S. market share in high tech trade has been continuing to
decline. It is unlikely that this trend will be reversed as global economies become
committed to S&T developments.

In nanoscale science and technology patent production, the United States has been
the leader due to the efforts of U.S. corporations like IBM (2,092 patents), Xerox
(1,039 patents), and 3M (809 patents). Huang et al. [8] explained the status of
existing nanotechnology patent citations:

e The United States dominated most of the nanotechnology citations;
e Japan was the second largest patent citation center;
e  Other patent citation centers included France, Great Britain, and Switzerland;

e Patents of Austria, Netherlands Antilles, Germany, Norway, and Singapore
only interacted with the patents of the United States;

e Several local country citation networks include: (1) United Kingdom and
England; (2) France, Sweden, Italy, and Netherlands; and (3) China (Taiwan)
and Korea.

According to the Chinese Ministry of Science and Technology (MST), during the
decade before 2001, China’s total applications for nanotechnology patents
numbered less than 1,000. By 2003, China had established more than 2,400 such
patents, accounting for 12 percent of the world’s total. Since the NNI is relatively
new, most of its supported activities are still in their infancy.

Huang et al. [8] further analyzed the areas in which patents (the number shown in
parentheses) were most prevalent:

e The fields of chemistry (530) and molecular biology and microbiology (435)
dominated patent citation centers. These fields also formed an interconnected
citation network with patents of “drug, bio-affecting and body treating
compositions” (514), “drug, bioaffecting and body treating compositions”
(424), “chemistry: analytical and immunological testing” (436), and “organic
compounds—part of the class 532-570 series” (536). [8, p.357]

e Patents of ‘“chemical apparatus and process disinfecting, deodorizing,
preserving, or sterilizing” (422) had interacted intensively with the patents of
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“chemistry: molecular biology and microbiology” (435) and “chemistry:
analytical and immunological testing” (436). [8, p.357]

e Patents of “chemistry: electrical and wave energy” (204) had cited the patents
“chemistry: molecular biology and microbiology” (435) and “chemical
apparatus and process disinfecting, deodorizing, preserving, or sterilizing”
(433) intensively. [8, p.357]

e Patents of “organic compounds—part of the class 532-570 series” (544 and
546) had cited the patents of “drug, bio-affecting and body treating
compositions” (514) intensively. [8, p.357]

e Local technology field citation networks included (1) “active solid-state
devices (e.g., transistors, solid-state diodes)” (257) and “semiconductor
device manufacturing: process” (438); (2) “coating process” (427) and “stock
material or miscellaneous articles” (428); and (3) “radiant energy” (250) and
“optics: measuring and testing” (356). [8, p.359]

Product developments will require the continued development of nanotechnology
tools and instruments (1995-2005), new materials and information capabilities
(2002-2007), and molecular manipulations (2005-2015).

Paper citations will most likely provide early indications of the NNI's success in
furthering nanoscale research and development. However, as the NNI
infrastructure matures, we would expect to see growth in publications, patent
applications, and the development of workers and Ph.D.s in the nanotechnology
fields.

Challenges and Risks

Development of human resources will be no small challenge for the NNI. Math
and science literacy scores of 15-year-olds ranked the United States below the
average of OECD nations in 2000. In mathematics literacy, the United States
ranked 18", In science literacy, the United States ranked 14" [9]. In addition,
Europe surpassed the United States by over 200,000 S&E graduates in 2000 [10].
Asian institutions also produce nearly 50 percent more Ph.D.s in S&E than the
United States, and over half of those receiving U.S. Ph.D. degrees in S&E are
foreign students. The U.S. challenge will be to develop the skilled knowledge base
needed to maintain leadership in the nanotechnology arena [11].

A 2001 study from the Rand National Defense Research Institute described the
nanotechnology revolution as multidisciplinary, global, and knowledge based.
Rand’s critical factors for success included the creation of multidisciplinary
training and degree programs, and the development of new products based on
local resource availability [12]. In developing growth scenarios, the report
included the existing technologies that have already stimulated nanoscale product
innovations. The potential barriers to future growth relate to costs, social and
ethical acceptance, insertion of nanotechnologies into new products, and the ease
of use and accessibility of new nanoscale technologies and their related devices
(Figure 1.10).
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Figure 1.10. Potential Nanotechnology Growth Scenarios
(Source: P. S. Anton, R. Silberglitt, J. Schneider [12]).

According to the Rand report, high-growth scenarios are dependent upon levels of
investments and the generation of major technological breakthroughs. It has
traditionally been the role of entrepreneurial corporations and angels to carry such
breakthroughs into the marketplace with new product innovations. These two
groups accounted for 34 and 25, respectively, of the funds used to develop and
commercialize the products that incorporate such breakthroughs. In comparison,
basic research and development has traditionally been the focus of federal and
state investments. Federal and state governments have accounted for 29 and 5 of
funding, respectively [10].

Most important is the transformation and integration of next-generation
technologies into new products and services that will generate whole new
industries. A full range of technology platforms will become nanotools,
nanomaterials, nanostructures, and processes that can be developed and used in a
wide variety of industry applications. In the field of nanotechnology coating
applications, for example, Taylor [13, p.17] described the range of opportunities
as enormous, as shown in Figure 1.11. The ability to use wet coating processes to
apply nano particles creates an almost infinite range of opportunities for
applications. A similar range of opportunities will exist for each nanotech
platform and will provide unlimited potential for applications to be developed
across industries. The barriers, however, will still come from investment
limitations and the limited availability of resources needed to develop and
commercialize the products that are conceived.
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Conclusion

While there are unlimited opportunities for nanoscale visions, the development of
basic capabilities and infrastructures to achieve these visions will determine our
future economic growth. The Malcolm Baldrige National Quality Award provides
insights and criteria for measuring successful organizations. These criteria can
serve as a solid assessment tool and prototype for NNI activities. The key to
leadership and planning is to develop applications for specific markets, thereby
specifying the required human resources and processes or infrastructure required
for success. These efforts are only successful if the outcomes meet the goals
established for supporting activities. For NNI, much of the early funding is in
support of infrastructural activities, including centers that target specific areas of
investigation and development. Areas such as nanotools, nanomaterials, nano-
structures, and related processes are needed for use across a wide variety of
industry applications. Specific application developments will ultimately fall to
organizations that seek to commercialize these applications, thereby generating
jobs and revenues for the future. Good management will provide a competitive
advantage to those organizations that enter the race. The Malcolm Baldrige
National Quality Award provides the assessment criteria for such efforts. Let’s
incorporate them into our nanotechnology toolbox.
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THE EMERGING NANOECONOMY: KEY DRIVERS, CHALLENGES,
AND OPPORTUNITIES

James Canton, Institute for Global Futures

Can we anticipate and direct the impact of nanoscience on the economy? Will we
be ready to develop the economic opportunities and navigate the challenges that
nanoscience will bring? This paper examines a strategic view of the emerging
NanoEconomy focusing on some of the change drivers, key challenges, and
opportunities that will face the nation in the near future. Though nanoscience is in
the early stages of invention, current breakthroughs indicate significant potential.
The convergence of other key innovations in information technology and biotech-
nology, for example, will be accelerators moving nanoscience into mainstream
commercial readiness. How might this occur? What other drivers of the
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nanoeconomy will be relevant? A possible nanoeconomic ecosystem will be re-
viewed. Attention to the key future-readiness factors that may influence the
emerging NanoEconomy will be examined including: entrepreneurship, education,
intellectual property, capital, jobs, talent, supply chains, competition, and
nanoscience product or service offerings. An analysis of future-readiness factors
that we need to adopt now, as a nation, to prepare for the coming NanoEconomy
will be identified.

Towards the NanoEconomy

e A young child at risk of dying from a genetic defect is saved by a
programmed nanoassembler in a telemedicine operation.

e A new nano-fuel cell enables hydrogen energy, bringing heat to a waiting
community who live off the traditional power grid.

e A material is so adaptive that it keeps a firefighter safe from the intense heat
of a warehouse fire so she can fight another day and return safely to her
family the same night.

Each of these examples is human-enabling but also represents new innovations,
new jobs, new industries, new companies, and a source of new economics—
nanoeconomics: products born from nanoscience that may create entirely new
industries.

Nanoscience, the design of matter at the atomic and molecular levels, represents a
radical change in more then just materials science [1], but perhaps more
fundamentally in the evolution of a new global economic system. It is too early to
gauge this NanoEconomy scenario with accuracy, but it may be useful to spec-
ulate about it [2], given what we do know today about the rapid economic changes
brought about by other technologies such as computing and the Internet.

There may be a new post-industrial economy emerging, shaped by nanoscience,
and based on manipulating matter on-demand, thus fundamentally changing the
products, services, markets, channels, jobs, and supply chains that we know today
[3, 4]. This post-industrial shift, called the NanoEconomy here, may be just
another stage, a marker in the evolution of economics as well as humanity.

We don’t have economic theory sufficiently well developed to understand the
impact of technology and science on the economy. This is a serious liability.
Economists and scientists know too little about each other’s worlds, but this must
change if we are to better formulate social and scientific policy. Just as civilization
and economics have evolved in parallel from hunter-gathers, to agriculture, to
industrialism to information, nanoscience maybe the next stage in this evolution.
We tend not to think about economics in evolutionary terms, like biology, but it is
time we considered it.

Evolutionary Economics

An evolutionary economic model might provide a useful context for explaining
the impact of core technologies and sciences that create economic change.
Economic change may be described as the movement of capital, the invention of
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new products and services, the emergence of new markets, and the production of
wealth. In addition the formulation of new economic opportunity such as job
creation and investment potential would be characteristic of these economic
changes as well. Competitive advantage may also be an outcome.

The basis of this approach to evolutionary economics is the recognition that core
technologies such as computing represent economic shifts impacting on markets,
customers, and industries. In fact, it is the convergence of these technologies that
creates the most significant economic changes. It is becoming clear that as
nanoscience becomes the next core scientific advancement, it also may represent
the next evolutionary economic shift as well. Certainly the multi-billion dollar
investment via the National Nanotechnology Initiative is a strong indication of
how the U.S. scientific leadership views the potential economic value of
nanoscience. Worldwide, the widespread and growing transglobal investment in
nanoscience would indicate the emergence of a robust new economic force, not
just the emergence of a new science. If this is the case, then we should rethink
micro and macroeconomics and consider a new model of evolutionary economics
that may provide insight into how core technologies may be key catalysts of
economic change [5].

Towards a 21* Century Architecture

Examples of other core technologies that are creating large-scale socio-economic
global change are information technology, Internet networking, and bioscience [6,
7]. Nanoscience is the next stage of core sciences that is creating an evolution in
global market value: driving jobs, capital, investment, and product development,
and provoking competition and opening new industries.

In a larger context here the sum is greater then the parts. These four power tools,
collaboratively driving innovation, will vastly accelerate the transformation of
society ushering in a new era of innovation. The next generation of nanoscience is
perhaps more accurate to view in this larger systems model of other key
technologies that together will make the most impact.

An emerging 21 century architecture, where the fusion of business and
innovation, specifically the four power tools suggested here (Figure 1.12), will be
the key to understanding the next global economic system. This NanoEconomy
will be fueled not by the building blocks of the previous economy such as oil,
steel or capital but rather on bits, atoms, neurons and genes. The NanoEconomy
will be radically shaped by new innovations but will still operate within the rules
of the global market economy.

Nanoscience may, much like computing, become embedded in every industry,
every product, essential to every job and enterprise; even forging a higher quality
of life for society [8]. If so, then the economic disruptions, changes, and
opportunities will be largely based on how effective we are at forecasting this
evolutionary shift as we prepare the nation.

34



1. Economic Impacts and Commercialization of Nanotechnology

Computers Biotech
Bits Genes
21st Century
Architecture
Neurons Atoms
o “Nanotech

Figure 1.12. 21* century architecture schematic (Source: J. Canton [6]).

When so ubiquitous a science as nanoscience appears, cutting across many
markets with so many varied applications in energy, medicine, materials, and
others, it would be difficult to defend a forecast of low economic impact or change
in the future.

Preparing for the Emerging NanoEconomy

The future-readiness of our institutions, especially education, government, and the
private sector, will be the end product of our forecasts. Simply put, we must as
effectively as possible prepare today for the future where evolutionary changes in
science will bring evolutionary changes in economics and society. Fast, even
radical change will most probably be the case where the timelines for adaptation
will become smaller and institutions like education and government must be agile
enough to be proactive.

Central to every economy, regardless of political ideology or model, is the idea of
markets shaped by a number of common integrated features: buyers and sellers,
pricing, capital, supply and demand, production and distribution. A NanoEconomy
might also be characterized by not just the familiar products themselves being
developed by nanoscience, but also the other aspects of what makes up an
economy such as financial markets, intellectual property and the availability of
qualified talent [9, 10].

A future NanoEconomy would be the totality of the commercial ecosystem that
creates products and services that are offered through markets, enabling buyers
and sellers to transact and conduct trade. The unique features of a NanoEconomy
might be based upon such factors as:

1. real-time electronic banking transactions
2. on-demand production and manufacturing
3. globally interoperable distribution logistics

35



Nanotechnology: Societal Implications — Individual Perspectives

fluid pricing structures

collaborative product development

venture capital and financial liquidity markets
agile organizations

dynamically traded financial products

© o N ok

. intellectual property formation and protection
10. talent availability

A Nano-Futures Market

One example of a scenario of the NanoEconomy that has been mapped by us at
the Institute for Global Futures is a nano-futures market. We have speculated
about a nano-futures market, available over electronic markets such as Bloomberg
or equity markets like NASDAQ that enables virtual financial instruments to be
traded, such as bonds or future contracts that are traded today. This might be a
popular investment market based on the supply and demand of certain nano-
commodities, branded nano-equities, or even forward contracts to deliver
nanoscience products to certain markets.

Many of the traditional commodity markets today, from coffee to steel, to energy
and even pollution credits, find an active financial services marketplace ready to
broker buyers and sellers. The financial futures markets in many regards fuels the
sales of real commaodities and have become a vital financial aspect of the lifecycle
and ecosystem of that industry.

Today there are many different—both traditional and fairly exotic—offerings of
securities in the market. For example, specialty commodities like Bowie Bonds,
based on the future projected revenues of the musician David Bowie, and
Hollywood FX Futures, based on which movies will be successful box office hits
based in Europe, represent highly speculative niche markets. It would not be
difficult to construct a nano-futures exchange that exploits the intellectual
properties, sales, products or return on investment for nanoscience. Where there
are buyers and sellers, there will be markets and investment companies interested
in brokering the speculation.

A nano-futures exchange is one end of the financial spectrum of fluid capital
markets where attractive nanoscience offerings worthy of venture capital, debt
financing and public offerings through stock markets would fuel nanoscience
enterprises. We have seen the early stages of what is today even a billion dollar
investment market for nanoscience. NSF predicts the market for nanoscience to be
at $1 trillion by 2010. We think this is a modest forecast at best with nanoscience
reaching over double this amount given the current forecasts at our firm.

Every technology wave in computing, biotech, and the Internet has set the stage
for this evolutionary economic wave in nanoscience [6, 7, 9]. It is not difficult to
see nanoscience become an engine of growth for the future global economy. The
more complex speculation of financial instruments tied to nanoscience companies,
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products and research may provide an interesting backdrop to the future economy
as nanoscience matures in time.

Robust liquidity and creativity in capital markets is emerging today in the venture
capital marketplace. Early stage investments in nanoscience indicate the potential
framework for next stage initial public offerings, mergers and acquisitions and
other evolutionary economic indicators of a NanoEconomy: buyers and sellers of
numerous financial and commercial products engaged in commerce.

An interesting way in the future to invest in nanoscience innovations might be to
purchase the intellectual property futures of a certain company based on its
receiving a patent for self-assembly as a debenture, a convertible debt issue, or
security [5]. Then the secondary stage is to sell that instrument over an electronic
supermarket, like Archipelago, an Electronic Communication Network. An entire
new financial marketplace based on nanoscience might emerge with investment
banks brokering global markets of buyers and sellers of nanoscience instruments.

Even the market for different types of self-assembly, for different industries such
as medicine or energy, might spawn specialized electronic trading markets and
investment schemes to create new investment markets for speculation. I could
envision that nano-commodities as well, like buckyballs, could have their own
financial markets where futures trading, hedges, wraps, and nano-bonds lie side by
side with today’s energy or pork bellies. Imagine that Rice U Bucky Ball Future
Contracts sell for a premium on global stock exchanges such as the Hang Sen,
Dax, or NY Stock Exchange.

NanoSupply Chains

Supply chains are the global distribution systems that facilitate how products get
from the manufacturer, to the buyer and to the end-user. Most supply chains are
becoming electronically linked, integrating finance, distribution, production, and
transportation.

It is still early in the evolution of supply chains to be tech-enabled with global IT
enablement. Supply chains would have to be changed to accommodate the
nanofoundries that would be supplying the hard final products [11]. The
framework for nanoscience is moving in this direction today, given the changes in
supply chain logistics. The logistics supply-chain vendors will eventually become
nanoscience-enabled. Today’s logistics companies running global supply chains
provide more then just the products they distribute for leading brands—they often
assemble the products and even produce some parts, providing end-to-end
solutions worldwide. This is certainly the trend.

There are also financial supply chains, logistics, payments, and transactions that
would be needed to adjust to this change in the NanoEconomy. Many of these
financial supply chains would be automated and Internet-enabled to capture orders
on one end of the world, fulfilling orders on the other and fueling the nano-
production somewhere else. There is much in place today to accommodate a
future NanoEconomy.
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Distribution would be in minutes or real time and might frustrate the tax collection
because where the product was made would change based on where the most tax-
advantaged sovereign domain would be. This would open up entirely new
opportunities for the developing world [2]. Today, nations that are often capital-
restricted cannot compete in the capital-intensive world of production but
tomorrow they could host nanofoundries, either virtual or physical due to the
tremendous cost reduction of a future nano-infrastructure [6]. Just as IT and
biotech are driving prices down in the bio-IT infrastructure today, the nano-
infrastructure of tomorrow will become a beneficiary of this value [12].

To companies like Intel, which spends an average of $5 billion per fabrication
plant for making silicon chips, the cost reduction due to nanoscience would
transform overnight the cost of computing, networking, and information
technology. Whether these are medical devices or transportation systems, this one
feature, reducing the cost of silicon by even one-third would have a radical impact
on twenty plus markets, from autos to computers. This one feature would
transform other commodities and finished products, causing drastic cost
reductions and opening up new global markets for growth [5].

Additionally, the cost of one new drug is over $800 million today. The drug
discovery process cost could be dramatically less, enabled by nanoscience supply
chains. The implications for being able to produce new drugs, faster, more cost-
effectively and with more accurate precision will transform both the medicine and
economics of the bio-pharma industry [7].

Personalized nano-medicine will give us drugs we cannot create as yet today—
such as a blood substitute or cancer treatment that can ‘see’ and ‘react’ at the
nanoscale, preventing a mutation leading to disease [11]. We are headed in this
direction now. Emerging drug delivery systems that might overnight change the
way drugs are administered are being conceptualized given the nanobioscience
platform strategy. An entirely new generation of nano-enabled cellular delivery
systems may result. One of the obvious outcomes of this delivery system maybe
the enhancement and repair of the human cell (or organ or system) via nanoscale
biodevices, programmed for specific missions, with personalized DNA a
“genomic awareness” (Figure 1.13).

Much of the transformation of supply chains is underway as the Internet and new
inexpensive manufacturing capacity have opened up worldwide. It is fair to
forecast that China and India will play an important role in the emerging
nanoeconomy, as two of the largest manufacturing markets and software centers;
they will become integral parts of this new future. Stiff competition will define the
nanoeconomy. Innovation bars will be raised to new heights. The rush towards
outsourcing to India and the manufacturing trade deficits with China point to this
future. A NanoEconomy might be characterized as being born from the
transformation of the existing high- tech economy [5]. Just as information
technology and biotech have made significant inroads into the global economy,
changing supply chains, contributing to the formation of new industries, and
creating new product development as well as channeling capital and intellectual
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K

Figure 1.13. Future cellular cybernetics as a biomedical commodity
(Source: C. Ostman [7]).

property, so, too, shall nanoscience play a vital role, an evolutionary role in the
future [6].

Nanofoundries in Asia receiving orders over the Internet from wireless
broadband-based customers will be designed, programmed for self-assembly and
distributed to waiting markets [11]. Some products, more exquisitely nano-
engineered with more features, robustness, or better price will attract a higher
price premium [13]. You will still get what you pay for; there may be more
choices as companies will be co-designing collaboratively virtual in-silico
products from DNA object libraries. Models may be available at lower costs, but
with more features [6].

Intelligence Perception

Info Bio
Enhancing
Human
Performance

Nano Cogno
Skill Learning

Figure 1.14. Human performance enhancement system dynamics
(Source: J. Canton [6]).
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Future-Readiness and the NanoEconomy

In preparation for the NanoEconomy there are key steps to take to become future-
ready to take full advantage of the opportunities brought by nanoscience. Here are
a few to consider:

The need to change the educational system in radical ways to prepare
nanoscience-ready students, starting from the primary school, will be
paramount.

Key disruptions in the readiness of U.S. business to tool-up, skill-up, and
have the necessary vision and support for change will be essential.

Investment capital will be needed in strategic areas such as manufacturing,
nanomedicine, and energy that go beyond the paltry private capital we see
today.

The development of a post-graduate talent pool of nanobusiness-savvy
executives will be needed.

A competitive analysis of the nano-market landscape will be needed.
Nanotechnology intellectual property development and protection will be
vital.

Supply chains need to be reconsidered, given the emerging nanoproduct
pipeline.

Nanotechnology needs to be conceptualized as a component driver, an

accelerator of other convergent technologies such as IT, biotech, and
neuroscience.

A clear special-purpose effort to explain, promote, and market nanoscience to
the public—emphasizing health enablement and quality of life—will be
needed, continuing the work of NSF.

A focused strategy for the business community to understand the need to
invest in and prepare for the nanoeconomy in the future will be needed, with a
call for a National Nanotechnology Global Competitiveness Plan.

Implantable Integrated Biodevices
Bio-engineeerd Tissue, Organs, Organisms
Synthetic Recombinant DNA - Genopharmacology

F T | %

Figure 1.15. Future nanobio products (Source: C. Ostman [7]).
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Nanoscience in a Democratic Society

Concerns about emerging technology and its impact on social and economic
systems are not new [10]. There is a common misconception that scientists don’t
care about people and the risks of science and steam ahead with reckless abandon.
Nothing could be further from the truth. With society embroiled in numerous
debates today about the Internet, wireless broadband, cloning and stem cells,
concerns are a vital part of the national debate in a free society. With every
innovation, from electricity to automobiles, from biotech to atomic energy, there
were debates questioning the value, ethics, safety, and impact on society. Even so,
mistakes were made. Some harm was done. Scientists have learned to proceed
with more caution today and will do so in the future.

The point is that in a free society and a democracy, dissent and debate are good,
especially about new technologies that seem awesome in their potential for good
as well as for harm. But since Big Brother’s 1984 has come and gone, as nuclear
proliferation is contained, and as privacy is still protected by law, we seem not to
have fallen prey to technology’s long-promised specter of destruction.

The sheer power of the innovations offered today, and those that may be invented
tomorrow, may challenge our capacity to control nanoscience, some critics argue.
Nanoscience—with its wide reaches, its sweeping potential, and with the
possibility of radical change before us—justifiably requires special attention.
Exploration, by definition, does not come without some danger, threat, or even
risk. But that should not stop us from applying the Reasonable Person Rule of
Law to science: Is it reasonable to continue the exploration? Is it reasonable to
have controls? To both questions, I would answer yes.

Can we learn to control this technology? I would hypothesize yes, as we have as a
society grappled successfully with other risks, such as nuclear proliferation. There
are many unknowns about nanoscience that will challenge us, even maybe
threaten society. Should we run and hide, placing a moratorium on nanoscience
for fear about what has not even been proven possible to create, such as Bill Joy’s
nanobots on overdrive? This would be irresponsible and not consistent with our
ethos as scientists or as a democratic nation to be free to explore the unknown.
This does not mean we should throw out the controls, but quite the opposite.

There is too much at stake here to stop the research or drive it underground for
fear of disaster. It is very early in our understanding of this science. Nevertheless,
we owe it to future generations to proceed with caution, controls, and concern. I
think, if properly guided, that nanoscience can be one of the single greatest
contributions to enhancing the quality of life of humans. But, there is much more
at stake.

If there is any real crisis coming, it is in not being ready for the socio-economic
impact and changes that may come abruptly and disruptively to our economy.
Jobs, businesses and people will be disrupted. We must be prepared for potential
changes that will require change in education, jobs, markets, and talent [12, 16].
We must consider the radical innovations that nanoscience may bring sooner then
anyone can imagine and prepare to meet this challenge, as a nation. We must
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become future-ready to deal with the economic impact of nanoscience to change
our world.

If nanoscience is to provide an increase in the quality of life, as well as
competitive opportunity for our nation, it will not come without some risk. We
must learn to understand the risks associated with nanoscience and move rapidly
to prepare our nation for the anticipated changes due ahead. I for one do not think
there is a crisis coming, a nano-disaster waiting for us. I would prefer not to limit
innovation so early in the evolution of this new science.

The Grand Challenge Revisited

If there is one overarching grand challenge that nanoscience presents to us, it is
the possibility to do an immense amount of good for humanity. From an economic
perspective, the emerging NanoEconomy promises to create more jobs, fuel more
innovative products, perhaps heal and cure more patients, extending life and
health. It is not about the concentration of power in the hands of the few, nor
should it be viewed as a furthering of the gap between the haves and have-nots. I
know it would be easy for some to think otherwise.

We embark on this journey to use science to better understand our world and to
pass this benefit along to the generations to come. It will not come on the cheap or
without risk. Nanoscience is a bold science; by its definition it will change many
aspects of society. What may be speculation today may be the reality of science
tomorrow.

There are many examples of sciences and technologies that have created
competitive advantage and increased quality of life in global markets. At the very
least this paper calls for an analysis of the socio-economics of nanoscience in
preparation for a new future. The NanoEconomy is coming. Markets will be won
and lost. Economies will rise and fall. The strategic question is, will we be ready
and what constitutes readiness to meet the global challenge of the NanoEconomy?
As the NanoEconomy emerges, this will create a number of unique challenges for
individuals, businesses, and institutions.
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TRANSCENDING MOORE’S LAW WITH MOLECULAR
ELECTRONICS AND NANOTECHNOLOGY

Steve Jurvetson, Draper Fisher Jurvetson

The history of technology is one of disruption and exponential growth, epitomized
in Moore’s Law, and generalized to many basic technological capabilities that are
compounding independently from the economy. Thinking about Moore’s Law in
the abstract provides a framework for predicting the future of computation and the
transition to a new substrate: molecular electronics. More than a niche subject of
interest only to chip designers, the continued march of Moore’s Law will affect all
of the sciences, just as nanotechnology will affect all industries. An analysis of
progress in molecular electronics also provides a detailed example of the commer-
cialization challenges and opportunities common to many nanotechnologies.
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Introduction to Technology Exponentials

Despite a natural human tendency to presume linearity, accelerating change from
positive feedback is a common pattern in technology and evolution. We are now
crossing a threshold where the pace of disruptive shifts is no longer inter-
generational and begins to have a meaningful impact over the span of careers and
eventually product cycles.

As early-stage venture capitalists, we at Draper Fisher Jurvetson look for
disruptive businesses run by entrepreneurs that want to change the world. To be
successful, we have to identify technology waves early and act upon those beliefs.
We believe that nanotechnology is the next great technology wave, the nexus of
scientific innovation that revolutionizes most industries and indirectly affects the
fabric of society. Historians will look back on the upcoming epoch as no less
important than the Industrial Revolution.

The aforementioned are some long-term trends. Today, from a seed-stage venture
capitalist perspective (with a broad sampling of the entrepreneurial pool), we are
seeing more innovation than ever before. And we are investing in more new
companies than ever before.

In the medium term, disruptive technological progress is relatively decoupled
from economic cycles. For example, for the past 40 years in the semiconductor
industry, Moore’s Law has not wavered in the face of dramatic economic cycles.
Ray Kurzweil’s abstraction of Moore’s Law (from transistor-centricity to
computational capability and storage capacity) shows an uninterrupted
exponential curve for over 100 years, again without perturbation during the Great
Depression or the World Wars. Similar exponentials can be seen in Internet
connectivity, medical imaging resolution, genes mapped, and solved 3D protein
structures. In each case, the level of analysis is not products or companies, but
basic technological capabilities.

Moore’s Law

Moore’s Law is commonly reported as a doubling of transistor density every 18
months. But this is not something the co-founder of Intel, Gordon Moore, ever
said. It is a nice blending of his two predictions; in 1965, he predicted an annual
doubling of transistor counts in the most cost-effective chip and revised it in 1975
to every 24 months. The popular perception of Moore’s Law is that computer
chips are compounding in their complexity at near constant per unit cost. This is
one of the many abstractions of Moore’s Law, and it relates to the compounding
of transistor density in two dimensions. Others relate to speed (the signals have
less distance to travel) and computational power (speed x density).

Moore’s Law drives chips, communications, and computers and has become the
primary driver in drug discovery and bioinformatics, medical imaging, and
diagnostics. Over time, the lab sciences become information sciences, modeled on
a computer rather than through trial-and-error experimentation.

NASA Ames shut down its wind tunnels this year. As Moore’s Law provided
enough computational power to model turbulence and airflow, there was no longer
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a need to test iterative physical design variations of aircraft in the wind tunnels,
and the pace of innovative design exploration dramatically accelerated.

Eli Lilly processed 100x fewer molecules this year than it did 15 years ago. But its
annual productivity in drug discovery did not drop proportionately; it went up
100x over the same period. “Fewer atoms and more bits” is its coda.

Accurate simulation demands computational power, and once a sufficient
threshold has been crossed, simulation acts as an innovation accelerant over
physical experimentation. Many more questions can be answered per day. Recent
accuracy thresholds have been crossed in diverse areas, such as modeling the
weather (predicting a thunderstorm six hours in advance) and automobile
collisions (a relief for the crash test dummies), and the thresholds have yet to be
crossed for many areas, such as protein folding dynamics.

Unless you work for a chip company and focus on fab-yield optimization, you do
not care about transistor counts. Integrated circuit customers do not buy
transistors. Consumers of technology purchase computational speed and data-
storage density. When recast in these terms, Moore’s Law is no longer a
transistor-centric metric, and this abstraction allows for longer-term analysis.

As Ray Kurzweil has pointed out, the exponential curve of Moore’s Law extends
smoothly back in time to 1890 (Figure 1.16), long before the invention of the
semiconductor. Through five paradigm shifts—such as electro-mechanical
calculators and vacuum tube computers—the computational power that $1,000
buys has doubled every two years. For the past 30 years, it has been doubling
every year.

-
rey
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Figure 1.16. Moore’s Law, as generalized by Ray Kurzweil.

Any one technology, such as the CMOS transistor, follows an elongated S-shaped
curve of slow progress during initial development, upward progress during a rapid

45



Nanotechnology: Societal Implications — Individual Perspectives

adoption phase, and then slower growth from market saturation over time. But a
more generalized capability, such as computation, storage, or bandwidth, tends to
follow a pure exponential—bridging across a variety of technologies and their
cascade of S-curves. If history is any guide, Moore’s Law will continue on and
will jump to a different substrate than CMOS silicon. It has done so five times in
the past and will need to again in the future.

Problems with the Current Paradigm

The traditional semiconductor chip is finally approaching some fundamental
physical limits. Moore recently admitted that Moore’s Law, in its current form,
with CMOS silicon, will run out of gas in 2017. One of the problems is that the
chips are getting very hot. This provides the impetus for chip-cooling companies,
like Nanocoolers, to provide a breakthrough solution for removing 100 Watts per
square centimeter. In the long term, the paradigm has to change.

Another physical limit is the atomic limit—the indivisibility of atoms. Intel’s
current gate oxide is 1.2 nm thick. Intel’s 45 nm process is expected to have a gate
oxide that is only 3 atoms thick. It is hard to imagine many more doublings from
there, even with further innovation in insulating materials. Intel has recently
announced a breakthrough in a nano-structured gate oxide (high k dielectric) and
metal contact materials that should enable the 45 nm node to come on-line in
2007. None of the industry participants has a CMOS roadmap for the next 50
years.

A major issue with thin gate oxides, and one that will also come to the fore with
high-k dielectrics, is quantum mechanical tunneling. As the oxide becomes
thinner, the gate current can approach and even exceed the channel current so that
the transistor cannot be controlled by the gate.

Another problem is the escalating cost of a semiconductor fab plant, which is
doubling every three years, a phenomenon dubbed Moore’s Second Law. Human
ingenuity keeps shrinking the CMOS transistor, but with increasingly expensive
manufacturing facilities—currently $3 billion per fab. A large component of fab
cost is the lithography equipment that patterns the wafers with successive sub-
micron layers. Nanoimprint lithography from companies like Molecular Imprints
can dramatically lower cost and leave room for further improvement from the
field of molecular electronics.

We have been investing in a variety of companies, such as Coatue, D-Wave,
FlexICs, Nantero, and ZettaCore, that are working on the next paradigm shift to
extend Moore’s Law beyond 2017. One near-term extension to Moore’s Law
focuses on the cost side of the equation. Imagine rolls of wallpaper embedded
with inexpensive transistors. FlexICs deposits traditional transistors at room
temperature on plastic, a much cheaper bulk process than growing and cutting
crystalline silicon ingots.

Molecular Electronics

The primary contender for the post-silicon computation paradigm is molecular
electronics, a nano-scale alternative to the CMOS transistor. Eventually,
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molecular switches will revolutionize computation by scaling into the third
dimension—overcoming the planar deposition limitations of CMOS. Initially,
they will substitute for the transistor bottleneck on an otherwise standard silicon
process with standard external I/O interfaces.

For example, Nantero employs carbon nanotubes suspended above metal
electrodes on silicon to create high-density nonvolatile memory chips (the weak
Van der Waals bond can hold a deflected tube in place indefinitely with no power
drain). Carbon nanotubes are small (~10 atoms wide), 30x stronger than steel at
one-sixth the weight, and perform the functions of wires, capacitors and transistors
with better speed, power, density and cost. Cheap nonvolatile memory enables
important advances, such as “instant-on” PCs. Other companies, such as Hewlett
Packard and ZettaCore, are combining organic chemistry with a silicon substrate
to create memory elements that self-assemble using chemical bonds that form
along pre-patterned regions of exposed silicon.

There are several reasons why molecular electronics is the next paradigm for
Moore’s Law:

Size: Molecular electronics has the potential to dramatically extend the
miniaturization that has driven the density and speed advantages of the integrated
circuit (IC) phase of Moore’s Law. In 2002, using an STM to manipulate
individual carbon monoxide molecules, IBM built a 3-input sorter by arranging
those molecules precisely on a copper surface. It is 260,000x smaller than the
equivalent circuit built in the most modern chip plant.

e Power: One of the reasons that transistors are not stacked into 3D volumes
today is that the silicon would melt. The inefficiency of the modern transistor
is staggering. It is much less efficient at its task than the internal combustion
engine. The brain provides an existence proof of what is possible; it is 100
million times more efficient in power/calculation than our best processors.
Sure it is slow (under a kHz) but it is massively interconnected (with 100
trillion synapses between 60 billion neurons), and it is folded into a 3D
volume. Power per calculation will dominate clock speed as the metric of
merit for the future of computation.

e  Manufacturing Cost: Many of the molecular electronics designs use simple
spin coating or molecular self-assembly of organic compounds. The process
complexity is embodied in the synthesized molecular structures, and so they
can literally be splashed onto a prepared silicon wafer. The complexity is not
in the deposition or the manufacturing process or the systems engineering.
Much of the conceptual difference of nanotechnology products derives from a
biological metaphor: complexity builds from the bottom up and pivots about
conformational changes, weak bonds, and surfaces. It is not engineered from
the top with precise manipulation and static placement.

o Low Temperature Manufacturing: Biology does not tend to assemble
complexity at 1000 degrees in a high vacuum. It tends to be room temperature
or body temperature. In a manufacturing domain, this opens the possibility of
cheap plastic substrates instead of expensive silicon ingots.
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e FElegance: In addition to these advantages, some of the molecular electronics
approaches offer elegant solutions to non-volatile and inherently digital
storage. We go through unnatural acts with CMOS silicon to get an inherently
analog and leaky medium to approximate a digital and non-volatile
abstraction that we depend on for our design methodology. Many of the
molecular electronic approaches are inherently digital, and some are
inherently non-volatile.

Other research projects, from quantum computing to using DNA as a structural
material for directed assembly of carbon nanotubes, have one thing in common:
they are all nanotechnology. Nanotechnology is often defined as the manipulation
and control of matter at the nanometer scale (critical dimensions of 1-100 nm).

As venture capitalists, we start to get interested when there are unique properties
of matter that emerge at the nanoscale, and that are not exploitable at the
macroscale world of today’s engineered products. We like to ask the startups that
we are investing in: “Why now? Why couldn’t you have started this business 10
years ago?” Our portfolio of nanotechnology startups have a common thread in
their response to this question—recent developments in the capacity to understand
and engineer nanoscale materials have enabled new products that could not have
been developed at a larger scale.

There are various unique properties of matter that are expressed at the nanoscale
and are quite foreign to our “bulk statistical” senses. (We do not see single
photons or quanta of electric charge; we feel bulk phenomena, like friction, at the
statistical or emergent macroscale.). At the nanoscale, the bulk approximations of
Newtonian physics are revealed for their inaccuracy, and give way to quantum
physics. Nanotechnology is more than a linear improvement with scale;
everything changes. Quantum entanglement, tunneling, ballistic transport,
frictionless rotation of superfluids, and several other phenomena have been
regarded as “spooky” by many of the smartest scientists, even Einstein, upon first
exposure.

For a simple example of nanotech’s discontinuous divergence from the “bulk”
sciences, consider the simple aluminum Coke can. If you take the inert aluminum
metal in that can and grind it down into a powder of 20-30 nm particles, it will
spontaneously explode in air. It becomes a rocket fuel catalyst. The energetic
properties of matter change at that scale. The surface area to volume ratios
become relevant, and even the inter-atomic distances in a metal lattice change
from surface effects.

Innovation from the Edge

Disruptive innovation, the driver of growth and renewal, occurs at the edge. In
startups, innovation occurs out of the mainstream, away from the warmth of the
herd. In biological evolution, innovative mutations take hold at the physical edge
of the population, at the edge of survival. In complexity theory, structure and
complexity emerge at the edge of chaos—the dividing line between predictable
regularity and chaotic indeterminacy. And in science, meaningful disruptive
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innovation occurs at the inter-disciplinary interstices between formal academic
disciplines.

Herein lies much of the excitement about nanotechnology: in the richness of
human communication about science. Nanotechnology exposes the core areas of
overlap in the fundamental sciences, the place where quantum physics and
quantum chemistry can cross-pollinate with ideas from the life sciences.

Over time, each of the academic disciplines develops its own proprietary systems
vernacular that isolates it from neighboring disciplines. Nanoscale science
requires scientists to cut across the scientific languages to unite the isolated
islands of innovation. Nanotechnology is the nexus of the sciences (Figure 1.17).

In academic centers and government labs, nanotechnology is fostering new
conversations. At Stanford, Duke, and many other schools, the new
nanotechnology buildings are physically located at the symbolic hub of the
schools of engineering, computer science, and medicine.

Nanotechnology is the nexus of the sciences, but outside of the science and
research itself, the nanotechnology umbrella conveys no business synergy
whatsoever. The marketing, distribution and sales of a nanotechnology solar cell,
memory chip, or drug delivery capsule will be completely different from each
other, and will present few opportunities for common learning or synergy.

Electrical Engneering
Computer Stience
nformation Technology

T

Figure 1.17. Nanotechnology is the nexus of the sciences.

Market Timing

As an umbrella term for myriad technologies spanning multiple industries,
nanotechnology will eventually disrupt these industries over different time
frames—but most are long-term opportunities. Electronics, energy, drug delivery,
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and materials are areas of active nanotechnology research today. Medicine and
bulk manufacturing are future opportunities. Nanotechnology could have a trillion
dollar impact on various industries inside of 15 years.

Of course, if one thinks far enough in the future, every industry will be eventually
revolutionized by a fundamental capability for molecular manufacturing—from
the inorganic structures to the organic and even the biological. Analog
manufacturing becomes digital, engendering a profound restructuring of the
substrate of the physical world.

Given that much of the abstract potential of nanotechnology is a question of
“when” not “if,” the challenge for the venture capitalist is one of market timing.
When should we be investing, and in which sub-sectors? It is as if we need to pull
the sea of possibilities through an intellectual chromatograph to tease apart the
various segments into a timeline of probable progression. That is an ongoing
process of data collection (e.g., the growing pool of business plan submissions),
business and technology analysis, and intuition.

Two touchstone events for the scientific enthusiasm for the timing of
nanotechnology were the decoding of the human genome and the dazzling visual
images from the Scanning Tunneling Microscope (e.g., the arrangement of
individual Xenon atoms into the IBM logo). They represent the digitization of
biology and matter, symbolic milestones for accelerated learning and simulation-
driven innovation.

And more recently, nanotechnology publication has proliferated, much like the
early days of the Internet. Beside the popular press, the number of scientific
publications on nanotechnology has grown 10x in the past 10 years. According to
the USPTO, the number of nanotechnology patents granted each year has
skyrocketed 3x in the past seven years. Ripe with symbolism, IBM has more
lawyers working on nanotechnology than engineers.

With the recent codification of the National Nanotechnology Initiative into law,
federal funding will continue to fill the pipeline of nanotechnology research. With
$847 million earmarked for 2004, nanotechnology was a rarity in the tight budget
process; it received more funding than was requested. And now nanotechnology is
second only to the space race for federal funding of science. And the United States
is not alone in funding nanotechnology and is not even in the lead. Japan
outspends the United States each year on nanotechnology research. In 2003, the
U.S. government spending was one-fourth of the world total.

Federal funding is the seed corn for nanotechnology entrepreneurship. All of our
nanotechnology portfolio companies are spin-offs (with negotiated intellectual
property transfers) from universities or government labs, and all got their start
with federal funding. Often these companies need specialized equipment and
expensive laboratories to do the early tinkering that will germinate a new
breakthrough. These are typically lacking in the proverbial garage of the
entrepreneur at home.

And corporate investors have discovered a keen interest in nanotechnology, with
internal R&D, external investments in startups, and acquisitions of promising
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companies, such as AMD’s recent acquisition of the molecular electronics
company Coatue.

Despite all of this excitement, there are a fair number of investment dead-ends,
and so we continue to refine the filters we use in selecting companies to back. All
entrepreneurs want to present their business as fitting an appropriate timeline to
commercialization. How can we guide our intuition on which of these
entrepreneurs are right?

The Vertical Integration Question

Nanotechnology involves the reengineering of the lowest-level physical layer of a
system, and so a natural business question arises: How far forward do you need to
vertically integrate before you can sell a product on the open market? For
example, in molecular electronics, if you can ship a DRAM-compatible chip, you
have found a horizontal layer of standardization, and further vertical integration is
not necessary. If you have an incompatible 3D memory block, you may have to
vertically integrate to the storage subsystem level, or further, to bring product to
market. That may require industry partnerships, and will, in general, take more
time and money as change is introduced farther up the product stack. 3D logic
with massive interconnectivity may require a new computer design and a new
form of software; this would take the longest to commercialize. And most startups
on this end of the spectrum would seek partnerships to bring their vision to
market. The success and timeliness of that endeavor will depend on many factors,
including IP protection, the magnitude of improvement, the vertical tier at which
that value is recognized, the number of potential partners, and the degree of
tooling and other industry accommodations.

Product development timelines are impacted by the cycle time of the R&D
feedback loop. For example, outdoor lifetime testing for OLEDs will take longer
than in silico simulation spins of digital products. If the product requires partners
in the R&D loop or multiple nested tiers of testing, it will take longer to
commercialize.

The “Interface Problem”

As we think about the startup opportunities in nanotechnology, an uncertain
financial environment underscores the importance of market timing and revenue
opportunities over the next five years. Of the various paths to nanotech, which are
20-year quests in search of a government grant, and which are market-driven
businesses that will attract venture capital? Are there co-factors of production that
require a whole industry to be in place before a company ships product?

Today’s business-driven paths to nanotechnology diverge into two strategies to
cross the “interface” chasm—the biologically inspired bottom-up path, and the
top-down approach of the semiconductor industry. The non-biological MEMS
developers are addressing current markets in the micro-world while pursuing an
ever-shrinking spiral of miniaturization that builds the relevant infrastructure tiers
along the way. Not surprisingly, this is very similar to the path that has been
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followed in the semiconductor industry, and many of its adherents see
nanotechnology as inevitable, but in the distant future.

On the other hand, biological manipulation presents myriad opportunities to effect
great change in the near-term. Drug development, tissue engineering, and genetic
engineering are all powerfully impacted by the molecular manipulation
capabilities available to us today. And genetically modified microbes, whether by
artificial evolution or directed gene splicing, give researchers the ability to build
structures from the bottom up.

The Top-Down “Chip Path”

This path is consonant with the original vision of physicist Richard Feynman (in
his 1959 lecture at Caltech) of the iterative miniaturization of our tools down to
the nanoscale. Some companies, like Zyvex, are pursuing the gradual shrinking of
semiconductor manufacturing technology from the micro-electro-mechanical
systems (MEMS) of today into the nanometer domain of NEMS. SiWave
engineers and manufactures MEMS structures with applications in the consumer
electronics, biomedical, and communications markets. These precision mechanical
devices are built utilizing a customized semiconductor fab.

MEMS technologies have already revolutionized the automotive industry with
airbag sensors and the printing sector with ink jet nozzles, and are on track to do
the same in medical devices, photonic switches for communications, and mobile
phones. In-Stat/MDR forecasts that the $4.7 billion of MEMS revenue in 2003
will grow to $8.3 billion by 2007. But progress is constrained by the pace (and
cost) of the semiconductor equipment industry, and by the long turnaround time
for fab runs. Microfabrica in Torrance, CA, is seeking to overcome these
limitations to expand the market for MEMS to 3D structures in more materials
than just silicon and with rapid turnaround times.

Many of the nanotechnology advances in storage, semiconductors, and molecular
electronics can be improved, or in some cases enabled, by tools that allow for the
manipulation of matter at the nanoscale. Here are three examples:

e Nanolithography: Molecular Imprints is commercializing a unique imprint
lithographic technology developed at the University of Texas at Austin. The
technology uses photo-curable liquids and etched quartz plates to
dramatically reduce the cost of nanoscale lithography. This lithography
approach, recently added to the ITRS Roadmap, has special advantages for
applications in the areas of nano-devices, MEMS, microfluidics, optical
components and devices, as well as molecular electronics.

e Optical Traps: Arryx has developed a breakthrough in nano-material
manipulation. They generate hundreds of independently controllable laser
tweezers that can manipulate molecular objects in 3D (move, rotate, cut,
place), all from one laser source passing through an adaptive hologram. The
applications span from cell sorting, to carbon nanotube placement, to
continuous material handling. They can even manipulate the organelles inside
an unruptured living cell (and weigh the DNA in the nucleus).

52



1. Economic Impacts and Commercialization of Nanotechnology

e Metrology: Imago’s LEAP atom probe microscope is being used by the chip
and disk drive industries to produce 3D pictures that depict both chemistry
and structure of items on an atom-by-atom basis. Unlike traditional
microscopes, which zoom in to see an item on a microscopic level, Imago’s
nanoscope analyzes structures, one atom at a time, and “zooms out” as it
digitally reconstructs the item of interest at a rate of millions of atoms per
minute. This creates an unprecedented level of visibility and information at
the atomic level. Advances in nanoscale tools help us control and analyze
matter more precisely, which in turn, allows us to produce better tools.

The Biological Bottom-Up Path

In contrast to the top-down path, the biological bottom up archetype is grown via
replication, evolution, and self-assembly in a 3D, fluid medium. It is constrained
at interfaces to the inorganic world and limited by learning and theory gaps (in
systems biology, complexity theory and the pruning rules of emergence). Progress
is bootstrapped by a powerful pre-existing hierarchy of interpreters of digital
molecular code.

To elaborate on this last point, the ribosome takes digital instructions in the form
of mRNA and manufactures almost everything we care about in our bodies from a
sequential concatenation of amino acids into proteins. The ribosome is a
wonderful existence proof of the power and robustness of a molecular machine. It
is roughly 20 nm on a side and consists of only 99 thousand atoms. Biological
systems are replicating machines that parse molecular code (DNA) and a variety
of feedback to grow macro-scale beings. These highly evolved systems can be
hijacked and reprogrammed to great effect.

So how does this help with the development of molecular electronics or
nanotechnology manufacturing? The biological bootstrap provides a more
immediate path to nanotechnology futures. Biology provides us with a library of
pre-built components and subsystems that can be repurposed and reused, and
scientists in various labs are well underway in re-engineering the information
systems of biology.

For example, researchers at NASA Ames are taking self-assembling heat shock
proteins from thermophiles and genetically modifying them so that they will
deposit a regular array of electrodes with a 17 nm spacing. This could be useful
for patterned magnetic media in the disk drive industry or electrodes in a polymer
solar cell.

At MIT, researchers are using accelerated artificial evolution to rapidly breed T4
bacteriophage to infect bacteria in such a way that they deposit materials on
semiconductors with molecular precision.

At IBEA, Craig Venter and Hammy Smith are leading the Minimal Genome
Project. They take the Mycoplasma genitalium from the gut, and strip out 200
unnecessary genes, thereby creating the simplest organism that can self-replicate.
Then they plan to layer new functionality on to this artificial genome, such as the
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ability to generate hydrogen from water using the sun’s energy for photonic
hydrolysis.

The limiting factor is our understanding of these complex systems, but our pace of
learning has been compounding exponentially. We will learn more about genetics
and the origins of disease in the next 10 years than we have in all of human
history. And for the minimal genome microbes, the possibility of understanding
the entire proteome and metabolic pathways seems tantalizingly close to
achievable. These simpler organisms have a simple “one gene: one protein”
mapping, and lack the nested loops of feedback that make the human genetic code
so rich.

Hybrid Molecular Electronics Example

In the near term, there are myriad companies that are leveraging the power of
organic self-assembly (bottom up) and the market interface advantages of top-
down design. The top-down substrate constrains the domain of self-assembly.

Based in Denver, ZettaCore builds molecular memories from energetically elegant
molecules that are similar to chlorophyll. ZettaCore’s synthetic organic porphyrin
molecule self-assembles on exposed silicon. These molecules, called
multiporphyrin nanostructures, can be oxidized and reduced (electrons removed or
replaced) in a way that is stable, reproducible, and reversible. In this way, the
molecules can be used as a reliable storage medium for electronic devices.
Furthermore, the molecules can be engineered to store multiple bits of information
and to maintain that information for relatively long periods of time before needing
to be refreshed.

The technology has future potential to scale to 3D circuits with minimal power
dissipation, but initially it will enhance the weakest element of an otherwise
standard 2D memory chip. The ZettaCore memory chip looks like a standard
memory chip to the end customer; nobody needs to know that it has “nano inside.”
The I/O pads, sense amps, row decoders and wiring interconnect are produced
with a standard semiconductor process. As a final manufacturing step, the
molecules are splashed on the wafer where they self-assemble in the pre-defined
regions of exposed metal.

From a business perspective, the hybrid product design allows an immediate
market entry because the memory chip defines a standard product feature set, and
the molecular electronics manufacturing process need not change any of the prior
manufacturing steps. The interdependencies with the standard silicon
manufacturing steps are also avoided given this late coupling; the fab can process
wafers as they do now before spin coating the molecules. In contrast, new
materials for gate oxides or metal interconnects can have a number of effects on
other processing steps that need to be tested, which introduces delay (as was seen
with copper interconnect).

For these reasons, ZettaCore is currently in the lead in the commercialization of
molecular electronics, with a working megabit chip, technology tested to a trillion
read/write cycles, and manufacturing partners.
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Generalizing from the ZettaCore experience, the early revenue in molecular
electronics will likely come from simple 1D structures such as chemical sensors
and self-assembled 2D arrays on standard substrates, such as memory chips,
sensor arrays, displays, CCDs for cameras, and solar cells.

Intellectual Property and Business Model

Beyond product development timelines, the path to commercialization is
dramatically impacted by the cost and scale of the manufacturing ramp.
Partnerships with industry incumbents can be the accelerant or albatross for
market entry.

The strength of the IP protection for nanotechnology relates to the business
models that can be safely pursued. For example, if the composition of matter
patents afford the nanotechnology startup the same degree of protection as a
biotech startup, then a “biotech licensing model” may be possible in nanotech. For
example, a molecular electronics company could partner with a large
semiconductor company for manufacturing, sales, and marketing, just as a biotech
company partners with a big pharma partner for clinical trials, marketing, sales,
and distribution. In both cases, the cost to the big partner is $100-300 million, and
the startup earns a royalty on future product sales.

Notice how the transaction costs and viability of this business model option pivot
around the strength of IP protection. A software business, on the other end of the
IP spectrum, would be very cautious about sharing its source code with Microsoft
in the hopes of forming a partnership based on royalties.

Manufacturing partnerships are common in the semiconductor industry, with the
“fabless” business model. This layering of the value chain separates the formerly
integrated functions of product conceptualization, design, manufacturing, testing,
and packaging. This has happened in the semiconductor industry because the
capital cost of manufacturing is so large. The fabless model is a useful way for a
small company with a good idea to bring its own product to market, but the
company then has to face the issue of gaining access to its market and funding the
development of marketing, distribution, and sales.

Conclusion

While the future is becoming more difficult to predict with each passing year, we
should expect an accelerating pace of technological change. We conclude that
nanotechnology is the next great technology wave and the next phase of Moore’s
Law. Nanotechnology innovations enable myriad disruptive businesses that were
not possible before, driven by entrepreneurship.

Much of our future context will be defined by the accelerating proliferation of
information technology as it innervates society and begins to subsume matter into
code. It is a period of exponential growth in the impact of the learning-doing cycle
where the power of biology, IT, and nanotechnology compounds the advances in
each formerly discrete domain.
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So, at DFJ, we conclude that it is a great time to invest in startups. As in evolution
and the Cambrian explosion, many will become extinct. But some will change the
world. So we pursue the strategy of a diversified portfolio, or in other words, we
try to make a broad bet on mammals.

SEMICONDUCTOR SCALING AS A MODEL FOR
NANOTECHNOLOGY COMMERCIALIZATION

George Thompson, Intel

The semiconductor industry has successfully made the transition from
Microelectronics to Nanoelectronics, and it makes an interesting case study for
what may occur as other industries also make the transition to nanoscale
technology. The transition from microelectronics to nanoelectronics is a direct
result of the synergistic cost and performance improvements that result from the
reduction in size of the basic building blocks of modern semiconductor devices.
This dramatic improvement in cost and performance has made powerful
computers widely available and was the direct cause of the “Information
Revolution.” This revolution caused major changes in our business systems,
culture, and economic structure with complex impacts on society. The widespread
availability of databases with high-speed access at low cost has opened up new
opportunities for business and research. The widespread availability of computers
for most of the population has changed the way we work, play and communicate;
it has also created the “Digital Divide” where those without access to the
technology are at a disadvantage [1, 2]. The impact of the Information Technology
revolution and the implications of the pervasiveness of modern computers are so
widespread that they have been the subject of detailed treatment elsewhere [2].

The potential for future scaling of semiconductor nanoelectronics is critical to
both the semiconductor industry and the wider economy. The dramatic historical
trends in both cost reduction and increased performance as a result of making the
semiconductor devices smaller appear to be sustainable well into the foreseeable
future. Cost reductions are primarily the result of more cost-effective wafer-
processing equipment, materials, and the ever-increasing economies of scale
realized through larger factories. These dramatic increases in manufacturing
efficiencies more than offset those processes, such as lithography or substrate
growth, which tend to have increasing manufacturing costs. Scaling could also in
principle be interrupted by technological limits to the scalability of the current
technology [3]. Technical limits have indeed been predicted several times in the
past and changes in the technology were made in order to maintain performance
and size scaling. Future technology enhancements and changes made in the
manufacturing methodologies to support continued scaling in the future may be
even more dramatic than those that have occurred in the past. It is possible that in
the future technologies in other industries, such as pharmaceuticals, catalysis, and
materials, may follow electronics and undergo a similar revolution in cost and
performance, and trigger major changes analogous to those caused by the
revolution in the electronics industry.

56



1. Economic Impacts and Commercialization of Nanotechnology

The Transition from Microelectronics to Nanoelectronics

The transition from microelectronics to nanoelectronics happened at Intel in the
summer of the year 2000, as Intel’s logic products, with transistor lengths of less
than 100 nm, began to be produced in high volume. Modern integrated circuits can
be economically produced in high volume today only as a result of the careful
control and manipulation of atomic level properties to obtain unique performance
characteristics that critically depend on size. Controlling the electrical
performance of transistors by controlling the physical and chemical structures on a
nanometer scale has long been a fact in the semiconductor industry. Well-known
processes such as epitaxial layer growth and sidewall spacer formation are
examples of nanoscale processing. The nanotechnology tradition continues with
the recent development of strained silicon and silicon-on-insulator technology.
The physical structures of current developmental transistors are also decreasing in
size, as shown by the “Tri-Gate” transistor in Figure 1.18 and the nominally 60
nm transistor shown in Figure 1.19. Experimental transistors have been made with
10 nm gate lengths.

Various self-assembly schemes are also being investigated in several universities
for future applications in lithography, thin film dielectrics, and transistor gate
formation. While many industries are now charting their course as they enter the
nanotechnology era, the semiconductor industry is already in the nanotechnology
era, and never turning back.

Tsi~18 nm  Epi Raised
' 8-D
Figure 1.18. Tri-gate Architecture Figure 1.19. Experimental 60 nm
(courtesy of Intel). device (courtesy of Intel).

Moore’s Law as the Driver to Nanotechnology

This synergy justified massive investments in research, development and new
factories filled with the latest equipment. The dramatic trend in the reduction in
transistor size was first predicted by Gordon Moore, and has since been referred to
as Moore’s Law. Figure 1.20 shows the exponential increase in the number of
transistors in time, which is a direct result of the decrease in the size of the
individual transistors. (There is little doubt in the industry that the 1 billion
transistor milestone will be reached by 2007, if not sooner.) Figure 1.21 shows the
corresponding reduction in cost per transistor. This dramatic increase in
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Toward 1 bilfion transistors in 2007
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Figure 1.20. Moore’s Law: The number of transistors per chip of Intel lead
products by year (courtesy of Intel).

performance and decrease in cost has been passed on to consumers, as evidenced
by the remarkably low prices of high-power home PCs that are available today
from any major computer supplier.

The transition of the semiconductor industry from microelectronics to
nanoelectronics has been driven by the industry mantra “cheaper, smaller, better.”

Transistor cost decreases,
driving increasing investments

0.01
0.001

0.0001

'7T4 '76 '78 '80

Source: WSTS/Dataquest/intel, 8/02

Figure 1.21. Transistor cost trend, a long-term 25 to 30 percent cost reduction per
transistor per year.
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In 1990 transistors had gate lengths on the order of 1000 nm, and by the year 2000
this had been reduced to less than 100 nm. This 10-fold reduction in size in a
decade is a direct result of the synergy that exists between decreasing size and cost
with increased performance. This synergy justified massive investments in
research, development and new factories filled with the latest equipment. The
dramatic trend in the reduction in transistor size was first predicted by Gordon
Moore, and has since been referred to as Moore’s Law. Figure 1.20 shows the
exponential increase in the number of transistors in time, which is a direct result of
the decrease in the size of the individual transistors. (There is little doubt in the
industry that the 1 billion transistor milestone will be reached by 2007, if not
sooner.) Figure 1.21 shows the corresponding reduction in cost per transistor. This
dramatic increase in performance and decrease in cost has been passed on to
consumers, as evidenced by the remarkably low prices of high-power home PCs
that are available today from any major computer supplier.

It has been argued that Moore’s Law is not sustainable as a result of cost factors.
This has been coined by some as “Moore’s Second Law.” Even if such an
economic argument for the limits of scaling had some validity, it was never
advocated by Dr. Moore and should not bear his name. The arguments for an end
to the cost scaling of semiconductors have generally been based on either the
potential increase in the cost of particular process modules, such as lithography or
wafer fabrication, the cost of ever increasingly complex designs, or meeting
reliability requirements. It has also been argued on the basis of the increasing
capital cost of new factories. The semiconductor industry has been aware of these
cost risks, and managed them aggressively by increasing the capacity of the
highest-cost process tools in order to maintain the critical cost-per-device, in part
by the transition to larger silicon wafers. There has also been a trend to build
larger factories to achieve greater economy of scale. These developments,
although technologically challenging, maintained the historical trends in cost
reduction. Intel’s current state of the logic process has a production cost, per
transistor, of less than one-third that of the previous generation processor.

The trend in wafer cost is supported by Intel internal data. Factories, or “Fabs”
constructed in 1993 cost approximately $0.9 billion and could produce typically
20,000 200 mm wafers per month. Fabs constructed 10 years later, in 2003, cost
approximately $3 billion. This large increase in Fab construction cost has alarmed
some, but the increase in cost to build a new Fab must be taken in context. New
Fabs typically produce 40,000 wafers per month, and the wafers are 300 mm in
diameter. The cost of each Fab has increased by a factor of 3, but the cost of the
Fab, when adjusted for its production volume of total square centimeters of silicon
per month, has actually decreased. This strategy has been successful so far,
although its impact on low-volume technology manufacturing has not yet been
fully comprehended. There is no clear evidence that this strategy for managing the
total cost will fail in the foreseeable future.

Technical factors are often raised as potential limiters to Moore’s Law. Several
potential limits to scaling have been proposed, lithographic resolution and device
stability in the presence of background radiation were often suggested as
fundamental limits to the construction of devices of less than 100 nm. Solutions to
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these challenges were found without any impact on the scaling trend. Eventually
fundamental limits to the scaling of charge-based devices will be reached as a
result of fundamental quantum mechanical effects associated with the Heisenberg
uncertainty principle [4]. These limits are not expected to become significant
within the next 15 years. These limits may require a change in the technology of
the computing devices in order to maintain the general scaling trend in
computational power described by Moore’s law.

The scaling of nanoelectronics is a result of the synergy that exists between the
performance and the cost of the product. Smaller devices are both cheaper and
have higher performance. The increased performance enables the integration of
additional features into the product, which in turn enables new functionality. The
increase in functionality creates new applications and markets. This in turn
justifies the massive industry investment in research and development, and new,
more efficient factories.

Information Technology and the Creation of Wealth

The Information Technology (IT) industry has been hailed as a major creator of
wealth, innovation, and high-quality American jobs [5]. While the positive aspects
of the creation of wealth are clear, the risk of the creation of a “Digital Divide”
has become apparent as businesses or individuals who cannot use modern
information technology in their daily routines run the risk of professional and
perhaps even social marginalization, as more aspects of commerce, industry, and
communication become IT-based. The economic impact of the IT revolution has
been described in detail in an excellent Department of Commerce report authored
by David Henry, et. al., in 1999 [6]. In the period from 1987 to 1996, the value
added of the semiconductor industry to the U.S. economy moved from 17 place
to first place. In the five years ending in 1998, the contribution of IT and the
communications-based industries to the U.S. GDP increased from 16 to 24. This
was done while maintaining a highly competitive employee compensation
strategy. The average salary increase for all industries from 1989 to 1997 was
approximately 35 percent, while for the IT-producing industries the increase was
over 50 [6].

In addition to the general increase in the efficiency of industries that adopted IT-
intensive strategies, another major impact of the IT industry has been its
contribution to the low level of inflation during the 1990s in the United States [6].
The low rate of inflation in the United States, and the subsequent lowering of
interest rates, was one of the factors in the major economic expansion that
occurred in the 1990s.

Conclusion

The semiconductor industry is unambiguously a leader in nanoscale technology.
This position of leadership has been achieved by a synergistic business model that
is often described as “smaller, faster, cheaper.” This technological revolution
provided the physical infrastructure that enabled the Information Technology
revolution, which has resulted in the creation of wealth, a reduction in inflation,
and high-quality employment for many. The impacts from the transition to
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nanotechnology in the semiconductor industry are a result of the overall
Information Revolution that has occurred, and the attached references are just an
introduction to a wide body of literature on the subject.

This dramatic trend in size and cost reduction has been the result of numerous
technological innovations and the ability of the increased functionality of the
devices to create new valued-added applications for the technology. This has
generated the cash flow needed to maintain the investments needed for additional
innovation and size reduction. There is no evidence found to support the notion of
an inherent cost constraint to scaling, often described by the misnomer Moore’s
Second Law. Technological changes may be required in the future in order to
insure the continuation of scaling, and it is a possibility that in the next 15 to 20
years, a transition from charge-based devices to computing-based on another
physical parameter may occur.

In addition to the direct implications from the development of nanoelectronics
technology, there is also the possibility that other technologies, such as
pharmaceuticals, catalysis and materials, may make a similar transition to
nanotechnology with the concurrent synergistic improvements in performance and
cost. This would drive the technological transition forward quickly as massive
investments are made to exploit the “smaller, faster, cheaper” business model, as
happened in the semiconductor industry. In such a case these industries may also
create similar increases in wealth, standards of living and quality of life for those
societies that embrace the new technology. If, on the other hand, the new
nanoscale industries do not arrive at a “smaller is better and cheaper” strategy,
then those nanoscale technologies, while possibly creating significant technical
advancements, will be less likely to revolutionize major aspects of our economy
and society.
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NANOTECHNOLOGY AND ZETTABITS: IMPLICATIONS OF
INFORMATION ANYTIME AND EVERYWHERE

Ray Tsui, Motorola

To set the stage for discussions, let us define nanoscale science and technology
(Nano S&T) as the knowledge and engineering of working at the sub-100-nm
length scale. Within this broad context, Nano S&T encompasses many diverse
subjects and undoubtedly will have significant impact on numerous aspects of
society, both in the near term and over the coming decades.

One area where there will be tremendous impact is on “information” in the broad
sense of the word, perhaps forever changing how information will be collected,
stored, processed, distributed, and handled. The Internet as we know it today is
only the very beginning. Imagine a world where information on anything can be
accessed anywhere, utilized and/or modified in a variety of ways, and then stored
and/or disseminated with no reasonable limits on processing speed and storage
capacity. Smart sensors will collect and transmit the information, which will be
viewed in highly portable displays, and stored and handled in ultra-dense and
super-fast data processing devices that are equally portable, all made possible by
Nano S&T. And the information available will be wide-ranging. It can encompass
the world of business, the environment, arts and sciences, governments, as well as
personal data on finance and health.

One may argue that it will require many years of research, development, and
commercialization before society will be faced with such a scenario. However, we
should bear in mind that the information proliferation need not be via electronic
means only. Nano S&T will give us light-weight materials to build more efficient
and less expensive vehicles as well as alternate energy sources that are cost-
effective, making it possible for more people to travel to more places than ever
before. Information will be carried back and forth by these travelers, and one can
imagine the impact in particular for people from less developed regions or from
countries with more restrictive governments.

It is obvious that access to such a wealth of information raises questions related to
privacy, copyrights, the well being of individuals, organizations, and
communities, and national security, as well as productivity and equity. But it will
introduce other questions also. What if we have certain information and do not
know how to act on it? An example could be detecting a disease at a very early
stage but having no cure for the individual. Will it change the way humans com-
municate? And last but not least—can the human mind adapt to handle and sort
through such a wealth of information?

Impact on Productivity and Equity

Given the earlier definition of Nano S&T (i.e., sub-100-nm length scale), the
semiconductor integrated circuits (IC) industry is already part of a nano-based
economy. Recent advances in scaling have resulted in more powerful data
processing and storage capabilities, with a lower cost per bit of information
processed or stored than before [1]. One would surmise that this contributed
towards an increase in the productivity of skilled individuals and the organizations
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that employ them. However, it has not prevented the occurrence of a major slump
in the high-tech industry in the last three years. Other economic forces and world
events would appear to have a dominating effect still.

The case can be made that an overriding positive impact of Nano S&T on the
economy would not occur until a truly disruptive scenario is commercialized
through advances in R&D. This can come in the form of a new manufacturing
process that is of significantly lower cost for one or more existing products, or the
introduction of a new capability/market not previously available. In their recent
book, The Innovator’s Solution, Christensen and Raynor have advocated for the
former case of “disruptive innovation” in particular [2]. As for the latter case, the
emergent convergence of nanotechnology and biotechnology may provide the type
of breakthroughs in health care and life sciences that can generate new
capabilities. Examples include early disease detection (at the molecular level),
microscopic implantable augmenters, and eventually in-vivo therapeutic agents.

Whether in an incremental or revolutionary manner, advances in Nano S&T will
undoubtedly give us more powerful computers as well as highly sophisticated
sensors and displays. This will drive an escalating increase in the generation and
availability of information. The implication on productivity could be quite
significant because having the appropriate information immediately will increase
the efficiency of carrying out the task at hand. The key, of course, is getting the
right information. In fact, being flooded with too much information of which the
majority is irrelevant and having to sort through it all can potentially cut down on
productivity. This suggests that the increase in information accessibility will
stimulate and generate new businesses geared towards the handling, processing,
and distribution of the generated information (e.g., data mining, real-time analysis,
ultra-wide-band communication, etc.). In turn, there could be corresponding shifts
in wage/profit equity from manufacturing to these other areas, since the former is
becoming more efficient and less dependent on skilled workers.

At a broader level, some other points to consider that are related to the increasing
quantity of information include the following:

e Will information become accessible to all equally, or will the
“Information/Knowledge Divide” become even wider? This is more than an
access issue for underserved populations. The role of education is also critical
since the information is only useful if it can be properly understood and
appropriately utilized to improve productivity or the quality of life.

e  Will readily available information on Nano S&T-based manufacturing allow
competing or new industries to start up and prosper in less-developed regions
and countries that hitherto lacked the resources and know-how to do so?

e How will we balance individual versus public versus government control and
processing of the ever-increasing amount of information?

Elsewhere in this volume, other authors have ably addressed these issues. Instead
of duplicating the information in this narrative, the interested reader can find many
insightful discussions there.
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Finally, it is necessary to mention the importance of developing better metrics to
measure productivity. Even for the more mature technology of computerization,
the conclusion on its effect on productivity is not certain. It is generally accepted
that Nano S&T is crosscutting in nature, and will impact many areas and products
without being obvious to the end user in many instances [3]. This will make
meaningful measurements even more challenging. Research funding to develop
more insightful approaches is highly recommended.
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SUSTAINING THE IMPACT OF NANOTECHNOLOGY ON
PRODUCTIVITY, SUSTAINABILITY, AND EQUITY

Louis Hornyak, University of Denver

Sustainability, in the context of this paper, implies the traditional environmental
meaning of the word, but is also intended in the economic sense. For example,
how long can a company remain within the community from which it was
germinated, gestated, and born and provide productivity and socio-economic
equity that exceeds short-term profitability? How does one predict the effect of
nanotechnology, a certainly disruptive and influential technology, on future
productivity and equity in an economy that is controlled by powerful forces? Will
nanotechnology simply map onto pre-existing infrastructure, one that defines
current American economic practice? Or is nanotechnology intrinsically capable
of altering paradigms in such a way as to encourage responsible change and
longevity? I propose a three-pronged agenda to ensure that nanotechnology
“hangs around” beyond the initial luster and polish phases by: (1) practicing
sustainable business development, (2) forming strategic economic clusters and
partnerships and (3) educating and creating a highly trained workforce.

According to a Battelle Press publication entitled Sustainable Development: A
Business Perspective [1], author Joseph Fiksel states that “following a decade of
globalization and increasing concerns over security, human rights, and
environmental stability, the need for foresight and equity in the satisfaction of
human needs is more important than ever.” [1, p.4] He states further that a policy
invoking a “Triple Bottom Line” is required:
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e Economic prosperity and continuity for the business and its stakeholders
e Social well being and equity for both employees and affected communities
e Environmental protection and resource conservation, both local and global

Let’s begin by addressing the first item in the above agenda. Whether perceived as
good or bad, environmental protection and resource conservation concerns often
are regulated, legislated-out in favor of business development, or simply fail to
acquire feasible market drivers that make environmental concerns practical in the
short-term. Fiksel proposes that “nanotechnology, in particular, may enable what
once seemed an impossible dream—products that deliver the same functionality
with a resource footprint two or three orders of magnitude smaller,” [1, p.9] and
that “companies that ignore sustainability may find themselves displaced by the
entry of new, more agile competitors. Some have delayed adoption of
sustainability because they perceive it as a threat similar to more stringent
environmental regulations, and are adopting a 'wait and see' attitude. Ironically,
the real threat may come not from regulatory agencies but from competitive
challenges in the marketplace” [1, p.9]. Nanotechnology, in addition to its vast
economic potential, also has the potential to make sustainable business practical.

If nanotechnology, a market-driven enterprise, can play a role in promoting
environmental protection and resource conservation while creating long-term
equity towards the “satisfaction of human needs,” then it will be the single-most
important technological breakthrough ever, making one think of the promises of
nuclear energy. Nobel prize winning scientist Richard Smalley states that one of
the most important challenges of the 21% century is creating enough energy to
supply the needs of a burgeoning population [2]. According to Smalley,
nanotechnology will be key in mitigating impending energy demands. A business
that incorporates sustainable affordable energy should be able to contribute
significantly to productivity and equity. By creating businesses that are built on
profitable but sustainable models (in the environmental sense), the probability of
long-term sustainability (in the economic sense) of nanotechnology productivity
and equity increases. Many indicators concerning nanotechnology -certainly
support this scenario [3]. Will a nanotechnology company consider relocation if
sustainable business practices that serve community well being are strongly
entrenched in the fabric of the businesses and the community? Is sustainable
practice alone enough to keep businesses from relocating elsewhere, especially
overseas?

Moving on to the second agenda item, if one were to evaluate the three
dimensions listed above as they apply in today's world, issues associated with
economic prosperity always draw the most attention. On the other hand, social
well being and equity, with jobs going overseas and pensions in danger of being
minimized, have diminished significantly in the past decade. The two dimensions
are inextricably entwined. On the economic front, will nanotechnology just simply
become “business and government as usual” or will nanotechnology be able to,
due to its unique intrinsic qualities and accelerated fanfare, influence the way
business and government are accomplished? The answer to the second component
involving governmental aspects has already been addressed at the federal level—
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in the affirmative. Nanotechnology has already influenced federal perspectives on
how to launch a new technology by stressing the importance of the societal
impacts of a new technology (like never before) [4].

On the other hand, the “business as usual” paradigm is paradoxical as business is
always subject to innovation. Changes in the way business is accomplished have
been demonstrated over and over during the past century with the advent of, for
example, mass production and computer management. As a result of these
innovations, American economic productivity and equity proceeded unparalleled.
Nanotechnology is capable of affecting the way business will be accomplished,
not just by the effects of new products, but by the way business itself will be done.
However, since globalization is not expected to abate anytime soon, what can
nanotechnology do to boost productivity and equity in the United States and keep
it here? Ironically, just by doing “business as usual” will certainly accomplish that
goal for the short-term. Any kind of economic development is, after all, economic
development and will bolster all the proper short-term indicators.

The promise of nanotechnology lies within its capability to stimulate a solid
manufacturing base, a base that has been eroded over the past decade, and its
reliance on forming academic, business and government partnerships (like never
before). How does one go about bringing nanotechnology clusters to the
marketplace? Larry Bock, CEO of NanoSys, inc., stated that nanotechnology will
be driven in large part by academia [5]. Does this statement and others like it
imply that productivity will, as a result, be increased if these components are in
place, and that socio-economic equity, hand in hand, will be spread across a
broader landscape due to the partnerships? The answer is yes, depending on how
long we can hold on to it: i.e., how sustainable (in the economic sense) is our
nanotechnology-derived productivity and equity? Building a solid manufacturing-
based nanotechnology cluster characterized by strong inter-institutional
relationships with facilitated intellectual property/ technology transfer/ patenting
mechanisms in place, would make relocation or buy-outs more difficult.

The roles of local economic development councils (EDC) and local government
are vital ones. Since EDCs understand the economic makeup of their district, they
must play a major role in putting the cluster together and maintaining viability.
But, what if a mega-multinational corporation tried to buy-out the key company
that serves the cluster with the intent to move it overseas? Would they have to buy
out the entire cluster? Do the citizens of the EDC district have a stake in the
cluster? Part ownership? Own their own equity? Once again, economic
sustainability has to be more than short-term profitability. Would this kind of
hijacking be more difficult to accomplish if a strong viable cluster is in place? But
money does talk and for a cluster to retain its status, it must offer better economic
incentives, plain and simple.

The third item on the proposed agenda concerning the high-tech workforce is a
critical one. Specialized economic clusters and infrastructure built from the
ground up, required for nanotechnology to happen, including development of a
highly trained workforce akin to Dr. Mary Ann Roe’s “Gold Collar Worker” [6],
should make nanotechnology stick for the long term. Part of any cluster would
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require a qualified workforce that can innovate and problem-solve [6]. According
to experts [2], there is a brain drain in the United States that is likely to threaten
the future of nanotechnology. Academic institutions, whether research or
educational, that are involved intricately with an economic cluster will help
maintain and retain the economic viability of the community by research dollars,
providing expertise and the workforce. The importance of EDCs, once again
cannot be understated. Academic entities are often members of governing councils
of EDCs.

Economic prosperity and continuity for the business and its stakeholders should
provide social well being and equity for both employees and affected
communities. Environmental protection and resource conservation based on
nanotechnology should provide for economic prosperity and continuity. The
promise of nanotechnology should be able to influence positive outcomes by
developing cluster-based manufacturing partnerships that will be difficult to
relocate by possessing intrinsic sustainable characteristics (both senses). Dr.
Daniel Chiras, President of Sustainable Systems Design, Inc., states that intra-
generation equity is a good thing, but we must also consider inter-generation
sustainability both in the environmental sense as well as in the economic sense
[7]. Chiras also promotes a strategy that rewards and enriches preexisiting
companies (or economic clusters) by providing incentives to them rather than to
big companies that are considering relocating into an EDC’s district. Aside from
stressing the infrastructure by increasing the population, reducing tax base and
living with the risk that the “big company” will relocate, perhaps overseas, what
happens to the cluster? Hopefully, the cluster will have a well-thought out strategy
in anticipation of such an event and that 1, 2, and 3 are all strongly in place.
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NON-NANO EFFECTS OF NANOTECHNOLOGY ON THE ECONOMY
Richard Freeman, Harvard University

Economic analysis has three messages about the effects of new technologies on
market outcomes, and thus on the likely impact of nanotechnology on U.S.
economic performance and the American job market.

Effect on Labor

The first message is that labor, rather than capital or natural resources, has been
and is likely to remain the main beneficiary of technological change. By
technological change, I mean improvements in the mode of production that reduce
costs of production by using less inputs to produce a given output or by allowing
the same inputs to create a higher-quality product, and inventions of new products
that meet consumer or business demands better than previous products. A good
example of cost-reducing technology improvements in the mode of production is
Henry Ford’s assembly line, which reduced the cost of automobiles. A good
example of the introduction of a new product would be the invention of the
daguerreotype in the mid-1800s. In practice, the distinction between whether a
given technological change should be classified as a new product or service or as a
cost-reducing improvement in an existing product is somewhat arbitrary. From
one perspective, digital photography represents a new product; from another it is
simply a higher quality version of the camera that the photography industry has
produced for years.

In any case, virtually all models of technological change predict that the main
beneficiary of technological improvements is the most inelastic factor of
production. In the modern world, where the supply of labor is inelastic relative to
the supply of capital and where the supply of economically useful natural
resources has increased as a result of the discovery of new sources of natural
resources and/or development of substitute resources, this makes labor the main
beneficiary of technological advance.

The easiest way to see that inelastic factors gain from technological advance is to
assume that goods and services, including new products, are produced by two
inputs, capital and labor, and that the economy is sufficiently competitive that any
technological advance reduces the prices of those goods and services in the
market. Evidence on the relation between productivity growth and price changes
across industries supports the assertion that technological advance does indeed
show up largely in declines in the prices of industries with productivity growth
relative to others [1, 2].

The following price-cost equation presents the argument in simplest form. It
relates percent changes in the price of output p', (where ' after a variable denotes
percent changes) to percent changes in wages (w'), percent changes in the price of
capital (1), and the rate of technological improvement (t'):
Hp=—t+aw+(l-a)r

The rate of technological improvement t' is defined as the percent decline in the
average amount of labor and capital used to produce a given amount of goods or
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services. A technological change that saves on labor and capital proportionately is
called a neutral technological change. While the analysis fits the case of neutral
technological changes most readily, it applies as well to changes in technology
that save more on one input than on the other. In that case, the measure of
technological change is the sum of the percentage change in each input per unit of
output due to the technology weighted by the factors’ share in the cost of
production. If labor is a larger share of the cost, a labor saving technological
change that reduces labor usage by 10 percent with no effect on capital will have
a greater impact on t’ than a comparable technological change that reduces capital
usage by 10 percent with no effect on labor usage.

The parameter a is the share of labor in the cost of production. When the share of
labor in cost is high, percentage changes in wages have a larger impact on the
percentage changes in prices than when the share of labor in costs is low. The
parameter 1-a is the share of capital in the cost of production.

Finally, since factor supplies depend on the real returns to factors, note that the
real wage is the nominal wage divided by the price, w/p, and that the real return to
capital is the cost of capital divided by the price, 1/p.

The key assumption of the analysis is that capital is more elastic with respect to its
real return than labor is responsive to the real wage. Indeed, over the long run the
supply of capital appears to be nearly infinitely elastic at a given real rate of
return, (r/p)*. With the real return to capital fixed at (1/p)*, the price of capital
changes at the same percentage rate as the price of goods and services: r'= p'. In
some periods of time, the real return to capital may rise; in other times it may fall,
but in the long run the real return to capital hovers around (r/p)*. Assume for
simplicity that the supply of labor is completely inelastic with respect to the real
wage. Then it is easy to demonstrate that labor is the beneficiary of technological
change. Substitute p' for r' in (1) and rearrange terms to obtain:

Q2)yw'-p'=t/a

Technological change that improves productivity and lowers cost by t percent
raises the real wage by a multiplier effect dependent on labor’s share in cost. This
does not mean that real wages increase more than labor productivity, measured by
output per unit of labor. The rate of technological change t' is defined as the
savings in labor per unit of output and in capital per unit output. If technological
change is solely labor saving and measured by output per unit of labor, thent' = a
multiplied by the change in labor per unit of output due to the labor-saving
technology. This yields the familiar result that changes in the real wage equal
changes in labor productivity as long as the share of labor in national output is
fixed.

Assuming a fixed coefficient technology, Simon [3] applied this model to both
labor-saving technologies and capital-saving technologies and showed that it does
not matter whether technological change is biased toward using less labor or less
capital. Going back further, classical economists used the same mode of analysis
to develop a very different picture of the effects of economic growth on the
economy. They believed that labor was the elastic factor due to Malthusian
population responses to incomes while land was the inelastic factor. In that case,
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the model implies that land gains from technological changes while labor does not
[4]. Club of Rome concerns over the economic effects of limited natural resources
in the 1980s rest on a similar belief: that those resources are the inelastic factor
while labor is elastic [5, 6].

The facts, however, support the generalization that labor is the most inelastic
factor input and thus the main beneficiary of technological progress. Real interest
rates vary from decade to decade, but show no long-term historical trend [7].
Government bonds paid the same in the latter half of the 1900s as in the 1800s as
in the 1700s. Interest rates were not markedly different in biblical days than today.
These observations imply that the supply of capital is highly elastic over the long
run, so that we can increase capital/labor ratios without paying capital an
increased rate of return. By contrast, real wages have trended upward over time.
The demographic transition has proven that Malthusian fears that higher wages
lead people to produce more children and reduce wages to subsistence were
misplaced. Similarly, the real price of natural resources has not risen over time,
contrary to the fears that natural resources are the inelastic factor whose scarcity
might reduce economic growth and gain a larger share of GDP [8, 9].

How does nanotechnology fit into this analysis? As a new driver of technological
progress, nanotechnology should have similar impacts on the well being of
citizens over the long run as previous technological advances. It should raise real
wages and living standards. To the extent that nanotechnology advances improve
or create better materials, moreover, nanotechnology should reduce the danger
that natural resources will be an inelastic factor that limits economic growth. It is
this aspect that makes nanotechnological advances potentially more advantageous
than advances that might use more natural resources and more friendly to the
environment than many other possible technological changes.

What about concerns about the effect of nano-induced technological progress on
employment? Will nanotechnology create jobs or destroy them?

Technological revolutions are invariably associated with changes in the nature of
work and thus in the composition of employment by industry and occupation.
New technologies usually give rise to fears that they will displace labor and create
unemployment. During the great “automation scare” of the 1960s, the government
was sufficiently worried that automated factories would eliminate jobs that it
established the National Commission on Technology, Automation, and Economic
Progress to investigate the effects of automation [10]. The fears proved false, as
the economy adjusted to automation. Advocates of nanotechnology currently
argue that it will create jobs. On the basis of what has happened in the past,
however, a better prediction would be that nanotechnology will have no
substantive positive or negative impact on the overall level of jobs or on the
unemployment rate. Rather, nanotechnology will impact rates of pay and the
quality of jobs. Claims that advanced technologies produce or destroy jobs miss
the point about how the economy adjusts to technological change. In the long run
technology affects living standards and quality of work, not quantity of work. If
higher living standards induce people to take more leisure, the amount they work
will fall (as appears to be the case in most advanced European countries). If the
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higher real wage that technology creates induces people to want to work more,
employment and hours worked may rise (as has occurred in the United States in
recent decades). What differentiates successful from unsuccessful societies is not
rates of employment but GDP per capita or real wages. Employment is quite high
and unemployment rare in some developing countries that have very low living
standards.

Effect on Employment

The second message is that technological change does not create proportionately
more jobs in the technically advanced industries.

Technological change in a given sector affects the demand for labor in that sector
in three ways. First, since a new technology almost always lowers the amount of
labor needed to produce goods or services, it will reduce the demand for labor at
given levels of output. If output did not change, this would lower employment in
the affected sector. This displacement effect of technology is what generates fears
that new technology will destroy jobs and create technological mass
unemployment. Second, however, new technology also increases the demand for
products. Productivity-induced reductions in the cost of goods and ultimately
prices, as in equation (1), generate greater demand for the product and thus greater
demand for labor to produce it. The massive decline in the price of computing
power that results from technological improvements has spurred huge increases in
the sales of computers. Whether the induced increase in output and demand for
labor overpowers the displacement of labor due to the increased productivity
depends on the elasticity of the demand for the product. When prices fall,
consumers increase their purchases massively for products with a high elasticity of
demand but increase purchases only modestly for products with a low elasticity of
demand. On the assumption that elasticities of demand are greater for new
products than for existing products, I expect that technological changes that create
new products are more likely to increase demand for the labor in the relevant
sector than technological changes that reduce the price of existing products.

For the past 50 years or so, the displacement effect of technological change has
exceeded the employment-increasing effect of expansion of production.
Employment declined in manufacturing and agriculture, where technological
change is most rapid, and shifted toward services, where technological change is
modest. Within manufacturing, employment has shifted to the more
technologically advanced sectors, and from less technologically advanced to more
technologically advanced goods, but this has not been sufficient to counterbalance
declining employment elsewhere in manufacturing. Still, there has been no
adverse effect on overall employment nor on the quality of jobs. In the United
States, though not in Scandinavian countries where central union federations and
employers’ groups determine wages, the wages of workers in sectors that have
rapid productivity advances tends to rise relative to wages of comparable workers
in other sectors [2].

Since nanotechnology is likely to become part of the way many industries
operate—a general purpose technology that affects everything, analogous to
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electricity or IT—rather than a technology that creates a new industry, it will take
a long time to affect labor demand throughout the economy. Given the dominance
of the displacement effect, successful nanotechnology-initiated improvements in
production are likely to raise U.S. manufacturing output while reducing
employment in manufacturing or at least without creating many new jobs in
manufacturing. Nanotechnology should be seen as a productivity-enhancing
technology that permeates the economy, not as a job-creating technology. Its
effect on employment will be indirect, as productivity-induced higher real wages
and living standards generate additional consumer demand for all sorts of products
and services and thus contribute to the growth of employment.

The third way new technology affects demand for labor is in its use of particular
factors of production. New technologies invariably use a different mix of factors
than older technologies. During the development of a new technology, firms are
likely to have high demands for the scientists, engineers, and technicians who
have to build and integrate the new ideas into processes and products. In addition,
there is need for supporting labor services, which creates job opportunities for
other workers. Even the most high-tech industry hires many persons in sales,
clerical and office work, and employs blue collar workers and service workers of
different types. As the technology matures, demands are likely to shift toward
workers with lesser skills. In the past 30 years or so new technologies have been
skilled-labor-using, which has contributed to the increased earnings of educated
workers relative to less educated workers, despite the increase in the relative
supply of the educated.

Given that nanotechnology is a general technology, I am skeptical that it will have
any large impact on the relative demand for skilled as opposed to unskilled
workers beyond its initial impact on the demand for science and engineering
workers skilled in nanoscience and engineering. Studies of the impact of computer
technology on demand for skills indicate that only a modest part of the rise of
inequality in the United States in the 1980s and 1990s can be attributed to
computerization [11]. Nanotechnology is likely to have even less effect on labor
market inequalities. This is because most of us need not become literate in
nanotechnologies any more than we are literate about computer chip design.

Effect on Productivity

The third message from economics is that the impact of technology on the
economy depends on the share of cost of the final good that the technology
influences. The larger the share of cost of the inputs affected by the new
technology, the greater the economic gains from it. Nanotechnology
improvements in materials that make up 5 percent of the cost of a product will
have a smaller economic benefit than improvements in materials that make up 10
percent of the cost. Since nanotechnology is likely to affect lots of sectors in small
ways rather than affecting one sector massively, I expect nanotechnology to have
relatively smooth impacts on the economy, rather than to cause substantial
upheavals in production and employment. Nanotechnology improvements in one
sector will lead to increased output, lower prices, and will alter labor demands in
that sector. Different improvements in another sector will cause comparable
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changes. With enough sectors and improvements, nanotechnology will boost
overall productivity without dislocating production or employment. In any case,
adjustments will occur over relatively long periods. The economy took a long time
to adjust to electricity and is still adjusting to computerization and the Internet. In
1987, Robert Solow said “we see computers everywhere but in the productivity
statistics”’[12, p.36]. Now we see computerization in the productivity statistics. I
anticipate a similar long-time delay before nanotechnology affects the productivity
statistics.

The fly in the ointment in these expectations is the potential that, shades of Eric
Drexler [13], some nanotechnology-related advance could create new products
that would shake up the structure of the economy and greatly change the structure
of employment. Indeed, given that scientists tend to be conservative in their
assessments of future changes and expect major breakthroughs to take more time
to develop than in fact they have done historically, it is probably safe to predict
that there will be some such breakthrough product in the next decade or so,
associated with nanotechnology broadly defined. But I would still expect the
economy to take two or so decades to adjust to any breakthrough product and for
the effects on the allocation of the workforce to be modest rather than massive.

Conclusion

The bottom-line message from economics is to think of nanotechnology not as a
job-creating technology in manufacturing but rather as a productivity-enhancing
technology that will operate throughout the economy. Given worldwide
competition in advancing nanotechnology, with the European Union, Japan, and
China as well as the United States supporting large research investments in the
area, the key policy issue is much more about how the United States can
effectively develop and use the technology to improve well being than in worrying
about its impact on the economy and employment. Research has shown that with
the same technology and comparably skilled workers, U.S. firms have done a
better job in adjusting to IT and using it productively than EU firms [14], which
suggests that the U.S. edge is organizational, associated with startup businesses
and business practice more than with science and engineering research per se.
Consistent with this, in nanotechnology, while the United States has a sizeable
proportion of scholarly papers, it has a larger proportion of patents. One way to
maintain this edge in using new technologies would be to introduce
nanotechnology courses into MBA programs and into shorter executive education
programs. This will alert firms to new opportunities, as well as add some exciting
science and engineering into business curriculum. In addition, since new products
are likely to have a larger impact on the structure of the economy than new
processes, policymakers should pay special attention to identifying those
nanoscience advances that are most likely to engender brand new products and
industries and to seek ways to give firms incentives to think about new products as
well as processes. The agglomeration of economic activity, whereby firms tend to
buy products from other firms more in the cities and states where they are located,
remains significant despite globalization, and the country that succeeds in linking
nanotechnological advances to traditional production and services, is likely to be
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the main winner in the nanotechnology revolution. But I reiterate, the payoff will
be in higher living standards and wages and in the quality of employment, not in
the number of jobs generated.
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2. SOCIAL SCENARIOS

NAVIGATING NANOTECHNOLOGY THROUGH SOCIETY
Davis Baird, University of South Carolina

Obstacles, Opportunities

Work on the societal and ethical implications of nanotechnology faces major
obstacles. But, at the same time, these obstacles present significant opportunities
to re-conceptualize how societal and ethical concerns can work with the many and
various forces that drive technological change, in particular nanotechnological
change.

There is no single definition of what nanotechnology is [1], and, whatever it is,
nanotechnology is not singular. Among other things, nanotechnology embraces
work on molecular electronics, novel materials, and biomedical technologies that
run from new systems for drug delivery to work on the human/machine interface
[2, 3]. Each individual area presents its own special set of problems and concerns
to those thinking about the societal and ethical implications of nanotechnology [4,
5]. The definition itself—or the struggle over its specifications—poses societal
and ethical issues. The definition affects the distribution of resources from federal
grants and other sources. At a deeper level, nanotechnology challenges traditional
disciplinary boundaries, and exactly how these boundaries are breached may have
far-reaching consequences for the various institutions involved in the development
of nanotechnologies, and indeed for the final form of the technologies developed.

The fact that nanotechnology runs roughshod over disciplinary boundaries
provides powerful momentum toward transgressing boundaries between C.P.
Snow’s “two cultures” [6], and it is these boundaries that have kept societal and
ethical deliberations about new technologies from constructively engaging the
development of these new technologies.

Our time is characterized by a fundamental and deep paradox. On the one hand,
developments in information technology, transportation technology and the rise of
powerful multinational corporations, give genuine meaning to the oft-repeated
slogan that we live in a “global village” [7, 8]. The environmental protection,
progress on unraveling the interconnected complexities of global climate change,
and even the images that space exploration has provided of the earth floating in
the vast abyss of space, powerfully bring home the point that we all share a finite
planet, “lifeboat earth” [9].

While we may all live in a global village, we do so in increasing disciplinary
isolation. C. P. Snow lamented two disconnected cultures, a scientific culture and
a humanities culture [6]. If anything Snow’s concerns have ramified. We now
have a dizzying multiplicity of sub-sub-sub cultures where we seem only to
engage fellow travelers in our own special interest group. Identity politics has
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replaced the politics of the melting pot [10, 11, 12, 13], and one can get the
impression that there is little engagement between sub-cultures beyond each
jockeying for a larger piece of the pie. In the sciences, the drive toward
specialization and the multiplicity of technical jargons that has come with
specialization have sharply limited the ability of researchers to engage across
disciplines—Ilet alone engage with those in the humanities and social sciences.

So we live in a time when we have some awareness that we are “in this together”
and we need to work together to create a better world for all—as well as avoid
some international political, military, or climate-related disaster. At the same time,
we have sharply diminished skills for multi-disciplinary and multi-cultural
engagements, and it is exactly these skills that we need to make progress with the
multi-dimensional issues that socio-technological change produces.

The good news is that there is widespread and growing recognition of this
situation. Consider the following from the National Science Foundation’s
Integrative Graduate Education Research and Traineeship (IGERT) program:
“The program is intended to catalyze a cultural change in graduate education, for
students, faculty, and institutions, by establishing innovative new models for
graduate education and training in a fertile environment for collaborative research
that transcends traditional disciplinary boundaries” [14, p.1]. Nanotechnology lies
at the intersection of a variety of disciplines—chemistry, physics, biology and
several engineering disciplines. There is a growing understanding that new
patterns of interdisciplinary engagement will be necessary to realize the potential
nanotechnology presents. Again, the calls for nano-related research proposals
issued by the NSF demonstrate the agency’s awareness of this situation.

In addition to numerous science and engineering disciplines, nanotechnology also
fundamentally involves the humanities and social sciences. These disciplines, in
their different ways, work to provide a better, more socially contextualized
understanding of socio-technological change. Armed with a better understanding,
we are better able to manage socio-technological change, and in particular those
transitions that nanotechnologies will prompt. Thus, in addition to making
demands on the traditional science and engineering disciplines to engage and work
with each other, nanotechnological progress also makes demands on those who
have concerned themselves with the societal and ethical implications of
technology to work with each other, and to work with those in nano-science and
nano-engineering. Nanotechnology presents an opportunity to invent a new and
better way for ethical and societal concerns to inform and be informed by
scientific, engineering, commercial, political, and geo-political concerns.

Post-hoc Versus Therapeutic Ethics

Consider the motto of the 1933 Chicago World’s Fair, “Science Discovers,
Technology Applies, Man Conforms” [15]. How strange and jarring this sounds
today—and in so many different ways. The motto concisely captures the
seductive, but historically unsupportable notion of change uni-directionally
flowing out from the Olympian brains of scientists to the forge of technology and
thence to a compliant society. But the piece that jars is this last bit, society—or
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“Man”—conforms. As the 1933 World’s Fair had it, society was simply a
receptacle for the fruits of technology. Society was not even a choosy consumer,
let alone an active contributor to the process of technological change.

This was an era of technological enthusiasm [16]. The World’s Fair was devoted
to “a century of progress” [17]. Society did not grudgingly conform, society
gobbled up the amazing fruits of technological change. When I was 10 years old,
at my grandmother’s funeral in 1964, I was struck by the minister’s relating my
grandmother’s sense of awe in having lived from 1882 and the age of horse-and-
buggy to space exploration. This was indeed a century of progress.

Times change. Rachel Carson’s Silent Spring [18], Three Mile Island, Chernobyl,
the Challenger and Columbia accidents all have done their part to promote a more
reflective attitude toward technology. Now we have environmental impact
statements; we have careful investigations into what happens when O-rings freeze.
When bad things happen we want experts to tell us why and we want other experts
to develop analytical tools that we can apply to proposed technologies to see if
they will be bad, too. Disaster has been the springboard for the desire for societal
and ethical assessment.

The waning of society’s naive technological enthusiasm, and the consequent rise
in the demand for societal and ethical assessment, have occurred at the same time
as the waxing of disciplinary isolation that Snow was vexed by. I doubt this
simultaneous waning and waxing is anything but coincidence, but it is a
coincidence with consequences. The ethical assessment of technology has been
conceived something like this. The ethicist, like an expert consultant in any other
area, uses a conceptual probe—an “instrument”—to determine whether some
social structure tied to a technology is good or bad. To do this, the social structure
and its allied technology need to be fairly well developed. Instantiating Snow’s
“two cultures,” the ethicist from one culture examines and, with the help of the
conceptual probe, passes judgment on the efforts or products of scientists and
engineers working in their other culture. I call this post hoc analysis.

Post hoc analysis is unsatisfactory. This picture of “expert ethical analysis”
assumes that ethicists are inherently moral in a way that scientists and engineers
are not—an assumption both false and insulting. The insult further entrenches a
cross-disciplinary antagonism and entrenches the mutual dismissal Snow was
bothered by. Under such conditions ethicists cannot work with scientists and
engineers, but at best examine scientific and engineering work on completion and
in situ. But analyzing established technologies or technologies at a point where
much research and development has already been invested in them is too late.
Change—*"“for the better”—is much more costly late in the game. “Technological
momentum” [19, 20] is a real phenomenon that can only be ignored by those
doing societal and ethical assessment at risk of being irrelevant.

In light of these problems with post hoc analysis, the efforts to frontload work on
the societal and ethical implications of nanotechnology are important. The effects
of the National Nanotechnology Initiative to promote and support serious efforts
to think about these issues, in co-evolution with the technology itself,
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demonstrates an awareness of the need to frontload work on the societal and
ethical implications of nanotechnology [21, see also http://www.nano.gov].

Such co-evolution makes two demands on this work. First it needs to start now,
while the space of possible nanotechnological development is open and informed
choices can be made unencumbered by a large load of technological momentum.
Second, this work needs to be pursued in a multi-disciplinary manner where the
genuine prospects of nanoscience and nano-engineering inform societal and
ethical reflection, and vice versa, serious societal and ethical scholarship informs
the science and engineering.

Multiple Points of View

Multiple points of view will be necessary to fully consider the societal and ethical
implications of nanotechnology. Consider the following—no doubt, incomplete—
list:

Technical drive: J. Robert Oppenheimer spoke of an “organic necessity” to
tracking the technological promise of solutions that were “technically sweet” [22,
p-317; 23, p.1]. He used these terms when speaking of Teller’s solution to building
a hydrogen bomb. Fully aware of the significant social consequences of this work,
he acknowledged a kind of drive from our human curiosity with the technology
itself.

e  FEconomic drive: Technologies develop in economically competitive
environments. If one company—or one country—hesitates because of, for
example, concerns over potential toxicity, a competitive advantage is lost.
This drive works within the United States, and between U. S. firms and those
of Japan, the European Union, and other countries, any one of which would
be very happy to get a competitive advantage in nanotechnology. Jobs, access
to new and/or less expensive consumer goods, and broad indices of health and
wealth are tied to economic competitiveness.

e Ethical norms: There are individual, social and political norms concerning
what we should and should not do. The “prudential principle,” which has
gained some currency in bioethics [24, 25; see also http://www.biotech-
info.net/precautionary], urges us not to take unnecessary risks. The demands
of fairness urge an even distribution of risks and benefits, and our democratic
system of government demands that citizens have a voice in the decisions and
policies of the government.

e Limited resources: Public and private funds are always in limited supply.
Intellectual capital is in limited supply. Skills are in limited supply. All of
these limits place constraints on how and how fast nanotechnology can
develop. Of course decisions have to be made to juggle limited resources.
These decisions are made in Washington; they are made by venture capitalists
and by managers of large corporations with interests in nanotechnology.
Researchers make choices on how to spend limited research hours and limited
research funds.

e  Facts: Facts on the ground have a kind of force. The fact that we now have
carbon nanotubes, that we can produce them in good quantity, and that they
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have very interesting properties, has been very important for the development
of nanotechnology. Carbon nanotubes provide a partial down payment on all
the grand speculative claims that have been made for nanotechnology. Facts
present a kind of existence proof that is a powerful antidote to pure
speculation. And where the facts lie has a powerful influence on where
limited resources are expended.

e Contextualized facts: Who discovered carbon nanotubes? Why were they
sought? Who is likely to benefit from them, and who is not? Why have we
funded research to establish certain facts and not other facts? Again, who
benefits and who loses? How were the decisions made to pursue certain facts
rather than other facts, and who made these decisions? All of these issues play
central roles in how a new technology develops, and if we want to understand
and better manage the development of nanotechnology, we need to have a
good handle on the contexts surrounding the emerging facts of nanotech-
nology.

e Politics: There is little doubt that governments worldwide are playing major
roles in pressing the nano-research and development agenda. This means
politics, and politics takes the scientific and technical facts from their safe
well-controlled homes and subjects them to very different kinds of discussion
and action. Hyperbole, simplification, and re-contextualization are political
tools. How various publics—correctly or incorrectly—understand the facts of
nanotechnology have political power in a democracy.

e Forces of tradition: Humans remain creatures of habit, and frequently these
habits are codified in cultural, religious, or historical patterns of behavior.
These habits can act as a kind of sea anchor that slows socio-technological
change. All socio-technological change confronts an already existing socio-
technological world. Change requires new habits and behaviors to displace
old habits and behaviors, and this produces social turbulence as new and old
habits struggle with each other, the more rapid the change, the more turbulent
the struggle. If one adds a significant redistribution of opportunities and risks,
which typically attends socio-technological change, one gets more turbulence
as losers struggle to maintain position.

Metaphors

Clearly socio-technological change presents a highly complex system. It is no
surprise that we do not have a good track record predicting how new technologies
will fare. It would be nice if we understood or could predict—or could control—
any one of these “forces” individually. It would be nice if we could perform some
kind of “vector addition” to get a handle on their joint effects. It would be nice if
our attempts to understand one or another of these “forces” didn’t itself immedi-
ately change the “force.”

Alas, social “forces” simply do not operate like physical forces. Socio-
technological systems are complex and highly interactive. Humans are reflective
creatures and will change their behavior in light of newly constructed conditions.
Measuring humans changes humans in ways that can undermine the meaning of
the measurement. This is most easily seen in our attempts to assess education. As
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we test, teachers learn to “teach to the test” and students learn to “learn to the
test.” Our attempts to assess education end up redefining what it means to be
educated. If our means of assessment do not allow us access to every dimension of
human knowing—and surely they cannot—then we end up with an impoverished,
yet instantiated, understanding of what it means to be educated [26]. Similarly, as
we come to understand a “force of technological change,” insofar as that force
works through reflective humans, our understanding will feedback and this will
change the force.

But this talk of “force” is wrong in the first place. We are working with the wrong
metaphor, imagining a field of forces, and bemoaning our inability to capture and
control their joint effects. A better metaphor might see this as a complex system
with ourselves as elements, interactively engaging in its development. We should
think of the management of socio-technological change more like a town meeting
or a political primary caucus. We come together and engage each other in a
transforming exchange of information, beliefs, attitudes, hopes, fears, visions of
how things could be better, or how they might be worse. Leadership matters, and
this requires the ability to articulate a vision of constructive change that embraces
a broad spectrum of hopes for the future, while honestly and expeditiously
responding to fears. But this demands understanding, which in turn demands
listening. The right, town-meeting metaphor sees socio-technological change as
engaged social communication, not engaged physical manipulation.

Two aspects of socio-technological change, locus of control and process versus
product, are fundamentally different viewed from this town-meeting metaphor.
How we should think of controlling a communicative system is not the same as
how we do think of controlling a techno-physical system. With techno-physical
systems our ability to reliably predict, or even better create, the response of the
system to “provocations” of the system is a central goal. This is what lies behind
the empirical adequacy of “laws of nature,” and this is what is necessary for some
newly engineered product to “work™ [26]. Fundamentally, this picture has “us”
outside, attempting, in our representations and our interventions, to predict and
control some part of the world that is “inside.” Social systems do not work this
way, and this is why interpretive and self-reflective (or “hermeneutic”) methods
have always been an unavoidable part of social science and humanist research. We
don’t control a communicative system so much as participate in it.

Since we cannot extract ourselves from the system, and since we cannot hold the
defining human/social variables of the system constant, we are not in good
position to conceive ideal products of the system. This would be to revert to the
physical force metaphor. Instead we need to focus on process, and how different
processes can promote or undermine fundamental human ideals. Constructive
change requires giving all the stakeholders voices in the process. It requires a
space where a diversity of points of view can be “put on the table” and considered
for their merits. It requires sufficient time and energy for evidence to support the
truth. It requires attention to perceived and/or real conflicts of interest, and it
requires steps to mitigate such conflicts. At the same time, interested parties
frequently are in the best position to articulate a position; advocacy, if subjected to
analysis, can find truth.
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This alternative metaphor should clarify why I see the obstacles that face work on
the societal and ethical implications of nanotechnology as opportunities. We have
become aware that we need to do something different in our dealing with socio-
technological change. My diagnosis is that part of the problem here has to do with
a ramification of Snow’s isolated two cultures, and this has gone hand-in-glove
with the wrong metaphor for understanding and controlling socio-technological
change. We are at a point where a new town-meeting metaphor of engaged social
communication, breaching the kinds of cultural boundaries Snow described, has
an opportunity to bring about constructive change in how we as a society deal
with nanotechnologies and the other technologies that will play important roles as
we move into the future.

We need to create multiple and wide channels of communication. We all need to
take the time to learn to understand the multiple points of view that bear on how
nanotechnologies may improve or degrade our futures. As we learn to appreciate
multiple points of view, we will creatively construct the directions that we take
with these technologies. If we adopt a process that allows for every voice to be
heard, and that promotes vision, evidence, analysis, and even advocacy, we will
jointly create our better nano-socio-technological future.

Current Contexts

As we pursue this work on the societal and ethical implications of nanotech-
nology, developing these wide channels of communication, there are certain
aspects of our current scene that are salient. While none of these are specific to
nanotechnology, it is significant that nanotechnology has come on the scene at a
time when these aspects are in play, and it is vital that we consider them as we
begin to work on the societal and ethical implications of nanotechnology.

Universities, Research, and Technology Transfer

The relationships between the university, government, and the private sector are
changing in ways that are designed to decrease the time it takes to get laboratory
discoveries into the marketplace. These changes are having fundamental effects on
all of the institutions involved. They are changing the nature of university research
(and education), and they will have an effect on the technologies developed. For
much of the half century after World War II, the United States pursued an ap-
proach to funding science and technology that was articulated by Vannevar Bush
in his report to the President, Science: The Endless Frontier [27, 28, 29]. Bush
supported substantial funding for “pure research” with the idea that technological
applications would naturally follow. This idea has come into question, and in re-
cent years we have pursued mission-oriented science aimed at technology transfer
from inception [29]. The manner in which nanotechnology has been promoted and
developed has certainly gone along with, if not accelerated, this trend. It is, after
all, a National Nanotechnology Initiative, not a nanoscience initiative. The NNI
speaks of the next industrial revolution, not the next scientific revolution [21].

Public Goods and Private Goods

Closely related to changes in the institutions that are bringing nanotechnology into
being are changes in assumptions about public and private goods. What can we as
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a society reasonably assume should be a public good, shared by all? The
distinction between public and private is especially important in respect to the
increasingly important category of intellectual property, particularly the
intellectual property created at institutions of higher education. When one begins
to think seriously about molecular manufacturing, intellectual property becomes
that much more important. These changes are having profound implications for
the distribution of risks and benefits that come with new technologies.

Nanotechnology and Biotechnology

Nanotechnology follows biotechnology, particularly genetically modified foods
and agricultural products, into the marketplace. Genetically modified organisms
did not achieve a smooth transition, and there remains significant public
resistance, particularly in Europe [30]. This has had all kinds of consequences.
First, we are better aware that—and how—the market introduction of new
technologies can go badly. Advocacy groups that came into being to provide an
avenue for public resistance to genetically modified organisms are now well
organized and easily capable of turning their attention to nanotechnology. The
ETC Group is a case in point [31, 32]. ETC’s early and well-produced position
papers on nanotechnology demonstrate that nanotechnology is not going to get
any slack as it moves from laboratory to society.

Pace of Change

There is evidence—I won’t claim that it is conclusive—that the pace of
technological change is itself changing, and that this change in the pace of change
is reaching a critical point [33]. Humans are creatures of habit, and as such, resist
many changes. Thus, if there is any credibility to this changing pace of change
argument, we will have problems. If we move toward a new industrial setting
where many production processes are automated, at a general level, we all gain,
because of the overall productivity gains. But, this is small comfort to displaced
workers. We can try to identify how such changes will impact various segments of
society and to take steps to ameliorate ill effects. But an increased pace of change
throws a monkey wrench into this approach. The traditionally slower, more
reflective examination of societal and ethical consequences may have difficulty
keeping up. Here is another reason that we need to pursue a new approach as we
examine and shape the societal implications of nanotechnology.

To Do Now

We have to think carefully about time frames. The issues that matter now will not
likely be the issues that will matter in five years’ time. Issues of immediate
concern can and should prompt a focus on specific societal and ethical contents
that arise from the current situation. Longer-term, more speculative possibilities
demand a focus on process more than position. We are not now in a good position
to reach useful societal and ethical judgments about nanobots because we do not
know what the world will be like if and when nanobots appear on the scene. But
we are in a good position to establish social habits and institutions that are able to
consider nanobots if and when they arrive. I am inclined to distinguish three time
frames for the current consideration of the societal and ethical implications of
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nanotechnology: now, or near-term; medium-term, say 3—7 years out; long-term,
say 10-20 years out.

Nanoparticle Toxicity and Risk

In the near term, it is nanoparticles that are coming onto the market now, and
consequently nanoparticles require attention now. Are they toxic to humans or the
environment? Are they appropriately regulated? How are the risks tied to these
particles distributed, and how are these risks understood and communicated?
Depending on what we learn about these risks, and how we communicate this to
the broader publics, the toxicity of nanoparticles could ignite the first widespread
resistance to nanotechnology.

We need to do this, and to publicize this work, in a way that is open, honest and
engages the many interested publics as fully as possible. Suppose we start
producing certain nanoparticles on a mass scale for some product or another, and
we find out—after the fact—that they are highly toxic. This would create a
disaster on several levels. There would be direct harm to persons and to the
environment. There would be the very difficult and unpleasant problem of funding
clean-up efforts. And finally there would be public backlash against
nanotechnology that would have the potential to affect the whole field. Anyone
concerned with the development of nanotechnology should very much want to
avoid this outcome.

At the same time, as we begin to use new nanoparticles in commercial products,
we should be thinking in terms of the lifetimes of these products. How will they
be discarded and what will happen to them? What modes of regulation at the local,
state, national, and international level will best help mitigate risks while
promoting opportunities—and distribute both risks and opportunities fairly?

Thinking through Societal and Ethical Implications

We should begin serious work on the medium- and long-term ethical and societal
implications of nanotechnology. In the medium term—three to seven years out—
we will have smaller computers and computer components. There are likely to be
more ubiquitous computing and communication capabilities, and these will raise
surveillance and privacy concerns. We will have better catalysts, which will raise
issues tied to industrial disruption. We will have more developed ways to interact
with and manipulate the human body, raising questions about the distinction
between therapy and enhancement. There will be insurance implications.

In the long term—10 to 20 years out—we are likely to have more radical human-
artifact entanglement—embedded communication and sensory and effector
devices. These technologies will force us to examine the question of what it means
to be human. The nature of our social, cultural and national bonds will be at issue.
Difficult-to-detect nano- and micro-machines will have greater functionality, with
possibilities of engaging in lots of mischief, especially in a military context. We
may have some form of molecular manufacturing, and this has the potential to
drastically alter our understanding of manufacturing and the economic structures
that are tied to it. There are likely to be problems with the fair distribution of risks
and benefits.
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What kinds of privacy concerns does ubiquitous computing raise, and how can we
be prepared for them? How will current research impact significant industrial
sectors of society—e.g., energy—and what political repercussions will be
involved? How will this change the environmental discussion? If, per chance, we
develop plentiful and cheap renewable sources of power, what happens to the
fundamental environmental concept of sustainability? We will develop more
powerful interventions with our bodies, and this will raise questions about what it
means to be human, to live in a “cyborg society.” We need to think about these
implications. We should examine the stated goals of current nano-related research
programs. For example, there is talk of “reversing the aging process” in the
“NBIC” document [3]. We need to be careful what we wish for. Conquering aging
would do much more than produce technical problems of over-population. It
would radically impact our understanding of what it means to be human, of how
individual and group interests work in concert with or at cross-purposes with each
other. The reality of death drives one generation’s interests forward to another
generation.

While I am fascinated by all of these long-term concerns, particularly the
seductive yet troubling idea of conquering aging, and while I think we must now
begin to think through these matters carefully, I believe it is much more important
that we focus our efforts on institutionalizing the multi-disciplinary discussion of
nanotechnology.

Institutionalizing Multi-Disciplinary Engagement

We should act now to figure out how to institutionalize the examination, discus-
sion and action with respect to the medium- and long-term social and ethical
implications of nanotechnology. We need to create enduring structures that will
encourage cross-disciplinary—indeed cross-cultural—exchange about the socio-
technological issues that we will face in the 21* century. We need to develop the
skills and habits to think and talk with each other about technology as a form of
social change. Scientists and engineers need to engage their colleagues across
campus in their work, but equally they need to incorporate some of the points of
view of their social science and humanist colleagues into their work. Social scien-
tists and humanists need to take greater notice of the scientific and technological
developments that are coming down the pike. And we all need to do a much better
job engaging the public and bringing the public’s voice into these discussions.
This will not be easy work. We have long habits of specialization and dissociation
to combat. We won’t understand each other at the outset, and we’ll have to be
willing to struggle in confusion as we move from talking past each other to talking
to each other. This work will require sustained encouragement and support at all
levels.

Institutionalizing such a multi-disciplinary discussion raises many issues. We need
to think through sticky issues of conflicts of interest between funding, research,
commercialization, and the ethical examination of nanotechnology. For example,
should someone with significant input into how nanotechnology is funded own
stock in a company that serves the nano-business sector? What about someone
working on the societal and ethical implications of nanotechnology? How should
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work on the societal and ethical implications both be integrated with—and yet
also have an independent voice about—scientific and engineering nanotechnology
research? How can we best promote constructive discussion between and among
all the stakeholders in nanotechnology without stifling voices of restraint and
prudence? How can we bring advocacy groups to the table in such a way that the
discussion moves towards constructive dissension, not un-engaged antagonism?

Involving Many Publics

We should begin now to develop an appropriate public education program about
nanotechnology. Many people will get virtually all of their understanding about
nanotechnology from the release of a movie version of Michael Crichton’s Prey,
or from other fiction sources. The entire nanotechnology community—scientists,
engineers, policy makers, social scientists, lawyers, journalists, humanists, indeed
the public at large—have much to gain from efforts to put into wide circulation
better information about the nature of nanotechnology and what its realistic
opportunities and risks are. The final discussion at the December 2003 Workshop
on Societal and FEthical Implications of Nanotechnology focused almost
exclusively on this topic. It clearly is critical, and perceived to be critical.

More than anything else, we need to take advantage of the opportunity presented
to us to put into place institutions that will promote and support intellectual and
political habits of discussion about the issues that nanotechnology raises that cross
disciplinary and cultural boundaries. Only with such new habits in place will we
fully tap nanotechnology’s potential while avoiding its problems.
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NANOTECHNOLOGY, SURVEILLANCE, AND SOCIETY:
METHODOLOGICAL ISSUES AND INNOVATIONS FOR SOCIAL
RESEARCH

Jeffrey M. Stanton, Syracuse University

With the development of... technical advances which made it
possible to receive and transmit simultaneously on the same
instrument, private life came to an end. Every citizen, or at least
every citizen important enough to be worth watching, could be
kept for twenty-four hours a day under the eyes of the police and
in the sound of official propaganda, with all other channels of
communication closed. (George Orwell, 1984 [1, p.205])

Nanotechnology promises numerous innovations in the power, capabilities, and
form factors of information and communications technologies. Some of these
innovations may enable the development of mobile, networked computer devices
that substantially extend audio and video recording capabilities beyond those
offered by present-day camera-enabled cell phones and non-mobile, network-
connected television camera systems. One might term these new devices
experiential data recorders, and their application in education, business, and other
areas may have the potential to significantly increase learning, productivity, and
organizational effectiveness. At the same time, however, the widespread
deployment of sophisticated and unobtrusive experiential data recorders also has
the potential to change the nature of routine social interactions, invade personal
privacy, and shift balances of power in the workplace and elsewhere.

Tens of millions of cellular telephone subscribers in the United States, Japan, and
elsewhere already routinely use telephones equipped with low-resolution, full
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motion video cameras. Current discussions of cameras built into mobile phones
suggest that a few of the issues relevant to experiential data recording have al-
ready begun to emerge [2]. In particular, the cameras have created controversy as
a result of their use in capturing locker room photographs of unsuspecting
subjects, but have also gained plaudits in their role assisting police in the
apprehension of criminals. Mobile phone vendors have sold millions of units, and
although interoperability is limited at this time, the prospect of exchanging full
motion video with other phone users is not far in the future. New devices that ex-
tended the capabilities of camera phones would become possible with advances in
detection, storage, and battery designs enabled by nanotechnology. Such devices
might become even less obtrusive and more powerful than today’s camera phones
and might allow an unprecedented degree of fidelity and recording length.

The issues raised by such devices could easily serve as the basis of a substantial
set of meaningful research programs on societal impacts of nanotechnology-based
IT innovations. If one goal of such research is the provision of information and
guidance for policy decisions about deployment, regulation, and control of
nanotechnology-based innovations, then the research must occur to some extent in
advance of widespread public distribution and acceptance of the relevant new
forms of technology. As one among many variants of nanotechnology with possi-
ble, significant societal impacts, the unobtrusive experiential data recorder
illustrates the methodological challenges of such prospective research. To conduct
prospective research in this area, social researchers would need early access to
prototype systems, technology specifications, and willing pools of volunteer par-
ticipants who could realistically generate a community of interacting users. In the
present paper, I use an example of a plausible experiential data recorder to explore
three methodological ideas for enabling societal impacts research earlier in the
nanotechnology engineering innovation process.

Enabling Nanotechnologies and the Experiential Data Recorder

Nanotechnology promises a wealth of methods for leveraging the unique mecha-
nisms and capabilities of molecular machinery to develop powerful new products
and tools. Focusing for the moment on how nanotechnology might contribute to
the development of new varieties of information technology, it appears likely that
order-of-magnitude advancements could occur in at least four areas:

1. substantial increases in the amount of information that one can store per unit
volume through the use of three-dimensional rewritable memory devices [3]

2. computing and communication devices with vastly increased mechanical
flexibility, expanded possibilities for unique, unusual form factors, and
operability under a wide range of environmental conditions [4]

3. new alternatives for information transmission in addition to standard
electronic and electro-magnetic techniques including improvements to
photonic techniques already in widespread use [5]

4. significant reduction in the power demands of computer and communication
devices based on improvements to conventional batteries and movement
towards energy sources with fewer constraints than batteries [6]
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The listed citations represent just the tip of the iceberg in most of these areas:
Basic and applied research in nanotechnology has already resulted in thousands of
research articles and presentations in these and many other areas [7]. Together,
these advances will likely provide the basis for a multiplicity of ubiquitous,
mobile, and networked devices that perform computing, communication, and data
capture functions. Many of these devices may take physical forms entirely unlike
present-day PDAs, tablets, smartphones, and wireless laptops. New devices might
thus appear relatively unobtrusive, and might easily take the form of “wearable
computing” devices such as those under development at MIT’s media lab and
elsewhere. Such devices might in some cases even be physically implanted within
the human body. Simultaneously, however, this new generation of technology
would offer capacities and capabilities for input, processing, and output well
beyond those available in present-day devices.

To sketch an example that might be plausible within a few years, consider the
lowly baseball cap worn by legions of present day undergraduates. Embed some
micro-molecular devices for video and audio capture in the cap. Add a removable
terabyte data storage module in the little button at the top. Include some firmware
woven into the fabric that conducts real-time speech recognition. Use natural
language processing to develop a narrative outline of the output of the speech
recognition. Package the complete device with software drivers for automatic
connection and download of data to one’s laptop or desktop computer and market
the package for the same price as a few pairs of high-end basketball sneakers.

The resourceful undergraduate who did not wish to take handwritten notes could
wear the cap into the classroom and capture and automatically index the lecture,
questions, answers, discussions, and everything else that occurred during class
time. Use of the cap would not intrude in any way on the conduct of the class: A
casual observer might not even notice the difference between the “data-cap” and a
regular baseball cap. An enhanced version of the cap might even sense and record
some of the student’s key vital signs: This data stream could provide useful clues
later on concerning when alertness and attention may have flagged. After class the
student could share the pre-processed material with friends who couldn’t make it
to class. Automatic, ad hoc, proximity-based networking would make data transfer
between caps simple and quick. The student could also upload the material to a
laptop and use the automatically generated outline to generate a study guide and
search index. One could query the search index to playback full motion video of
the group discussion in which a key concept was clarified. Figure 2.1 shows a
mock-up marketing display of the data cap that has been customized with logos
for the Syracuse University athletics fan.

This data-cap example represents a benign, perhaps even banal application of
nanotechnology to the development of an unobtrusive mobile computing device
that is not in the least farfetched given current developments underway at a variety
of university and industry labs. The data-cap could enable students who can afford
one to improve learning, retention, and application of knowledge obtained in the
classroom. Following graduation, the student could also bring the technology and
the collected body of information into the workplace. Equipped with a data-cap,
the new professional could treat the office and the meeting room as simply the
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Figure 2.1. Mock marketing display for experiential data recorder.

next step in the computer-aided lifelong learning process. Every new work project
would present an opportunity to extend and update a growing data library of
experiential knowledge. With careful indexing and organization, one’s personal
knowledge base could become an important career asset, valuable to the
employee, the employee’s work team, the current work organization, and future
work organizations. Indeed, selective sharing of indexed experiential data might
provide a basis for substantially improved productivity for managerial
professionals whose primary workplace roles lie in social interactions with
colleagues, partners, vendors, and customers.

Let us take the next step, however, and also equip each supervisor, manager, and
executive in the work organization with a data-cap (of course, these individuals
would wear form factors in styles other than baseball caps). Besides increasing
employee productivity, we could enhance personnel security as well. Thanks to
the low cost, we can equip every security guard with a data-cap, and we can
mount a variety of devices with similar capabilities throughout the workplace. Out
on the street, the parking attendant is equipped with experiential data capture, as is
the police officer directing traffic in and out of the parking lot. Given the
proximity networking capability of each data-cap, we can also continuously
monitor the security feeds at an operations center by bouncing data requests and
submissions from cap to cap until they reach a cap in close enough proximity to a
base station. All of the data collected at the operations center could be cross-
correlated and analyzed to provide a complete, semi-permanent archive of each
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employee’s movements throughout the workday providing possible benefits in the
areas of productivity, information security, and physical security.

Possible Social and Societal Implications of the Experiential Data Recorder

Widespread deployment of nanotechnology-based experiential recorders and
similar devices might provide the basis of an organically growing and shifting
network of unobtrusive experiential data capture, analysis, and storage devices.
This scenario comprises a simple and plausible extension of the increasingly
widespread availability of wireless networks and mobile computing [8]. Research
work that could lead to this scenario has already begun. For example, the “Virtual
markets and wireless grids” project funded by NSF offers as its goal, “that of an
adaptive network offering secure, inexpensive, and coordinated real-time access to
dynamic, heterogeneous resources, potentially traversing geographic, political and
cultural boundaries...” (available at http://www.wirelessgrids.net/). Just a few
engineering steps lie between the present and a data-cap-enhanced future.

The data-cap could offer remarkable opportunities for increasing productivity by
serving as an essentially infallible aid to personal memory. As such, the data-cap
could eliminate the need for scribbled notes, meeting minutes, memos, and even
some types of contractual agreements. The data-cap could facilitate project
management, could assist with mentoring and career development of employees,
and could help take full advantage of brainstorming and creative tasks by
providing a complete and accurate record of generated ideas. In short, for
individuals whose lives are replete with social interactions at work and in the
home, the data-cap could enable the creation of a huge database of everyday
personal interactions that would have a variety of potentially beneficial uses.

On the other side of the equation, however, the capability of making accurate,
long playing, high fidelity experiential recordings of many or most personal
encounters raises some weighty questions about privacy, security, confidentiality,
and the foundational basis of routine human social interactions. Many aspects of
human social interactions and relationships have some of their roots in the
fallibility of human memory and people’s extensive ability to reframe, reinterpret,
and restate their past experiences in a new light. Arguably, the long-term success
of human groups and societies depends in part on the ability to forget certain
sequences of events or at the least to reinvent the memory of the events in a way
that is more conducive to mental health and positive social relationships. Anyone
who has kept a diary over a period of time may recognize the likelihood of
experiencing the “what was I thinking” reaction when reading their recordings of
personal experience as words on paper. Imagine the magnification of this feeling
with infallible access to past interactions with coworkers, friends, and family
members.

As a closing note, one needs to look no further than the present for examples of
the potency of widespread recording of human experience. At the moment in
Great Britain, the public and the government are already wrestling with the
tradeoffs and unexpected consequences of omnipresent recording of personal
behavior. Over 800 closed circuit television cameras equipped for continuous

91



Nanotechnology: Societal Implications — Individual Perspectives

recording have been deployed through the streets of London by government
authorities. Although the cameras were originally mounted as a strategy for
controlling and improving traffic flow, following the events of September 11,
2001, law enforcement and government personnel began to imagine new
applications of the cameras to fighting both terrorism and more typical types of
crime. In combination with image processing software that can isolate and identify
license plates, faces, and other image features, the cameras’ data streams have
become usable for a variety of tasks besides improving traffic congestion. Privacy
advocates have, not unexpectedly, decried the use of the cameras for purposes
other than those originally intended. But thousands more of these cameras exist in
private hands beyond the easy reach of government controls, and many of these
connect directly to the Internet. Further, this issue is not isolated to London: New
York City also has hundreds or even thousands of cameras, as do many other U.S.
and European cities.

Recently, Jay Walker, the founder of the Internet company Priceline.com, has
proposed the deployment of tens of thousands of “webcams” throughout the
country at sensitive locations such as reservoirs and power plants [9]. The
proposal was made to the Department of Homeland Security, which, at this
writing, has not publicly announced the adoption of any strategies using these
ideas. Walker suggested that the widespread distribution of inexpensive devices in
the hands of untrained operators (i.e., regular citizens) could serve as an effective
distributed strategy for the detection and/or prevention of terrorist acts. Whether
or not a national government decides to fund and adopt such an idea, it seems
likely that innovations in technology and manufacturing will make the underlying
technology so inexpensive and easy to use that many corporations and
homeowners will adopt it for their own purposes. Given the likely widespread
deployment of such technology, researchers and policymakers alike may have
substantial interest in understanding the social and societal implications of such
technology. In the next section I discuss the methodological issues associated with
trying to understand these social and societal implications in advance of the
widespread deployment of such technologies.

Methodological Issues for Societal Implications Research

Given the potential of nanotechnology-enhanced computing and communication
devices to modify and enhance human capabilities, it seems evident that a variety
of opportunities arise for research on the social impacts of these technologies.
Technologies that affect the nature, frequency, and setting of social interactions,
particularly those in the workplace, at home, and public spaces, appear to have
significant potential to change the rules and boundaries of those interactions and,
eventually, the essential nature of society. These changes may provide fertile
ground for future social impacts research. Note, however, that some of the
research that one might envision apparently must occur post facto—after the
technology has been deployed in consumer versions that make its availability and
market penetration widespread.

The necessity of conducting social impacts research only after a new technology
appears on the public scene logically appears to limit the power of that research to
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influence public policy or behavioral norms in ways that are beneficial to the long-
term interests of society. Although some might argue that this is as it should be, in
the case of nanotechnology, counterarguments may exist for conducting a greater
amount of pre-deployment social impacts research. In particular, recent human
history surrounding technological developments such as the automobile and
nuclear energy suggest that a greater degree of forethought in advance of
widespread deployment may have the potential to offer substantial long-term
societal benefits. Assuming this was the case, a need arises for alternative
methodological strategies that can provide stronger prospective insights into the
effects of a technology. These strategies must somehow overcome a basic set of
problems with conducting social research on new technologies.

More specifically, at least three barriers exist for social researchers who wish to
conduct research on implications of emerging technologies. First, researchers
often lack access to cutting-edge technologies, arguably in part as a result of
segregation of academic disciplines into narrow, discipline-focused departments.
For instance, many sociologists work from departments in schools of arts and
sciences while the cutting edge technology is developed over in the school of
engineering. Second, most experimental research is conducted on individuals or
small groups, rather than large interacting groups. That is, health and
psychological researchers frequently conduct research on human beings where
some new element (e.g., a drug or intervention) is introduced to test a hypothesis,
but such tests are rarely conducted where the unit of analysis is any larger than a
small interacting group. This limits researchers’ ability to examine the effects of
an intervention on large groups over time. Generally, those who conduct research
on large groups do so from a retrospective viewpoint, by examining a group’s
prior history of attitudes, beliefs, and behavior. To date it has largely been
impractical to conduct experimental research on large groups of individuals
because of a combination of unlikely logistics and unworkable expenses. Finally,
research that is prospective in nature often suffers from a lack of realism. For
example, research on social judgment analysis typically requires research
participants to respond to some hypothetical situations or choices [10, 11].
Although in some cases these hypothetical stimuli can shed useful light on
people’s likely future behavior and attitudes, the results must always be
interpreted with care because of the artificiality of the research situation and the
typical absence of social interaction surrounding the judgments.

To address these three issues, some innovations in social research may be
necessary. In general terms it is the technology itself, and in particular the
widespread availability of the World Wide Web, that may make some of these
innovations cost-effective and feasible. First, to address social researchers’ lack of
access to emerging technologies, incentives must exist for socio-technical
partnership research. Although serendipity sometimes enables fruitful partnerships
between engineering researchers and social researchers, a surer way of
encouraging these partnerships might focus on including a requirement for such
partnerships in funding strategies. Several such partnerships exist at present, but
these have primarily resulted from commercial investment and focus on a narrow
research agenda. For example, NTT DoCoMo, a Japanese mobile communications
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company, has recently announced its “Mobile Society Research Institute.” The
researchers at this institute will examine “both the positive and negative aspect of
mobile phones” on society. Those researchers include sociologists, technologists,
and scholars from information studies, management, and a variety of other
disciplines. Another example manifests in the form of the Stanford Institute for the
Quantitative Study of Society (SIQSS), founded in 1999. SIQSS generally focuses
on recent and present macro-societal issues by using large databases (e.g., the
census database) to examine general societal trends and patterns related to
information technology. SIQSS has produced worthwhile research, but
intentionally avoids focusing on new types of technology currently in the lab and
thus cannot provide prospective evidence about social and societal changes
resulting from emerging technologies.

As an alternative to the serendipitous research opportunities that have arisen as a
result of private and commercial funding, a more systematic strategy would be to
provide incentives for the integration of applied engineering research and social
implications research. By providing financial incentives for including
psychologists, sociologists, and other social researchers on applied engineering
projects, funders could provide a productive setting for social impacts research
through early access to prototype devices and technologies, as well as the test
facilities used to develop them. Additionally, such requirements might have the
benefit of clearly communicating the criticality of social impacts research to the
engineering community. The applied research resulting from such funding could
achieve two integrated components: advances in the technology plus insights into
how the technology may affect people if widely deployed.

Addressing the second challenge, social researchers need access to larger groups
of interacting individuals to participate in research. One method of addressing this
need lies in the development of “test-market” social interaction communities.
Consumer and marketing researchers have long used a strategy of taking a
“representative slice” of society as a testing ground for a new product or idea. The
benefit of such slices lies in the ability to try out the product or idea on a
representative segment of the public in a reasonably realistic social context and at
a reduced cost relative to a full-scale national or international test. With the
connectivity and speed offered by the Internet, many new possibilities arise for
assembling communities of volunteer participants who could interact (virtually)
with one another and with new technologies under experimental conditions
devised by social impacts researchers.

For example, the StudyResponse project (http://www.StudyResponse.com)
suggests one small step in this direction. StudyResponse maintains a database of
several tens of thousands of individuals worldwide who have agreed to participate
in academic research projects conducted over the Web. Although the projects
conducted to date using the StudyResponse project have primarily comprised
surveys, the only barrier to deploying more sophisticated research methodologies
lies in obtaining appropriate funding. Although researchers have previously
constructed a few specialized online research systems to explore particular
questions (e.g., price setting: see, e.g., market.econ created at the University of
Arizona’s Economic Science Lab) these systems either do not support networks of
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interacting users or are impractical for widespread distribution to enable other
types of studies. In short, the tools needed to create and administer communities of
interacting individuals have begun to appear in isolated form, but to date few
researchers and little funding have addressed the development of volunteer
participant communities or their use in large-scale social experimentation.

Given the popularity and potential of the Web as a medium for making
connections among large groups of individuals, this area appears to present
substantial opportunities for research on societal implications of new technologies
that impact social interactions. To the extent that these technologies can be
represented in the form of graphical or textual stimulus materials, or audio, video,
or text-based interactions among individual users, the Web provides a natural
medium for experimentation and analysis [12, 13]. The capabilities of the Web for
supporting interacting communities who work together to enact situations or
scenarios relevant to social research await further research investment before
researchers can exploit them more fully.

On a related note, the third methodological challenge for prospective social
research pertains to the realism that researchers can achieve in the scenarios or
situations they construct for research participants. Conventional research
paradigms use so-called “paper people”—text-based descriptions of individuals
and situations—or, in more sophisticated cases use videotaped vignettes in which
actors model some behavior that participants must respond to or judge. While the
latter is arguably more realistic than the former, both are highly contrived, and
both lack the spontaneity that characterizes the events that arise in freely
interacting groups. Recently, however, a new phenomenon has emerged, also
linked with the burgeoning of the Web, that promises to offer a much greater
degree of realism in social experimentation. In particular, the advent of high-
fidelity immersive interaction gaming communities has provided a surprising new
basis for experimental research on interacting communities. The successes of so-
called massively multiplayer online games (MMPOGSs) such as EverQuest and
Ultima suggest that creating immersive, artificial environments for social
interaction can engender enthusiastic participation. Indeed, social scientists have
already begun to conduct research on these environments, by recruiting users who
have participated in the commercial versions of games [14]. As elsewhere,
however, little investment has occurred in making such environments available for
social researchers. Borrowing users from existing games that have existed and
evolved in unpredictable ways out of the control of researchers provides a poor
substitute for a virtual world designed to examine a particular set of research
propositions. In combination with the availability of volunteer research
communities, the availability of immersive interaction environments for
researchers would enable the development of projects that could predict, rather
than simply describe the social impacts of new technologies on society at large.

The three challenges to prospective methodological research described above and
the suggestions for methods to overcome them represent just the start of an
extensive brainstorming process that must involve social scientists and
technologists at the same table. Likewise, the numerous ethical questions raised by
the prospect of intentionally designed immersive social environments require a
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considerable degree of further thought and exploration. Many other
methodological possibilities exist in addition to those discussed here, and the
specific examples proposed above primarily pertain to new types of technology
that engender changes to social interactions within workplaces or the community.
Other technologies that have less of a direct impact on the fabric of social
interactions will inevitably require other methodological innovations. Nonetheless,
the same basic problem of prospective versus post hoc research would still be
operative in those cases. Effective research on societal impacts of nanotechnology
requires methods that can facilitate conduct of research that anticipates some of
the impacts before they occur rather than studying them in situ or from a historical
perspective. Meaningful and credible social research conducted in advance of
widespread deployment of nanotechnology-based innovations will provide a more
solid basis for informed and judicious policy decisions.
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NANOTECHNOLOGY AND SOCIAL TRENDS
William Sims Bainbridge, NSF"

Science-funding agencies such as the National Science Foundation (NSF) need
expert advice about what research projects to support and what research programs
to establish. Here I will offer a possible framework for such advice, with the
awareness that others may suggest very different approaches. My own perspective
comes from a background of doing research on societal implications of other
kinds of technology (notably, information and space technology) and representing
two NSF directorates (first social science, then computer science) on the National
Nanotechnology Initiative (NNI). It is my hope that this essay will encourage the
scientific community to contribute advice for good planning and assessment of
programs to study the societal implications of nanotechnology [1, 2].

The impact of nanotechnology depends not merely upon the technical capabilities
of the technology, the decisions that people make in implementing it, and the
relevant government investments and regulations. It also depends upon the ways
in which existing social, economic, and cultural trends interact with these factors.
The question is not how nanotechnology may change a stable world. Rather, we
should ask how the development of nanotechnology will play into the forces that
already swirl in an unstable and often chaotic world.

Thus, it will be important to identify current trends, understanding them both as
forces that shape our daily lives today and as transformations that will lead to a
radically different way of life in the future, even without nanotechnology. Indeed,
we may find that nanotechnology could in some ways be a stabilizing influence,
rather than of necessity a destabilizing one. Nanotechnology may not be directly

“The views expressed in this essay do not necessarily represent the views of the National
Science Foundation or the United States Government.
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relevant for some major trends, although it may have powerful indirect implica-
tions through its closer connection to other trends.

There is much room to debate the nature and meaning of current trends, and each
may be defined and described in different ways. In listing trends here, I shall draw
upon not only my own reading of social science, but also upon the perspectives of
about 20,000 people who responded to a question I placed in a major online
questionnaire study, Survey2000, sponsored by the National Geographic Society.
It asked, “Imagine the future and try to predict how the world will change over the
next century. Think about everyday life as well as major changes in society,
culture, and technology.” Respondents were given a text area on the Web page in
which to write their thoughts, anything from a single word to several paragraphs.

To assemble the respondents’ ideas into a coherent unity, I went carefully through
the text, copying distinct thoughts about the future. The method of analysis was
one I have used many times before, for example in surveys about the possible
goals of the space program for a book I published a decade ago [3]. Naturally,
some ideas were expressed in about the same language by many different
respondents to Survey2000, and 1 copied only the first or best expressions I
encountered. This very time-consuming process eventually gave me a new file
with just over 5,000 text extracts. I then worked carefully through these 5,000
excerpts, combining and editing them into 2,000 clear statements of single ideas.
Some are simple declarative statements asserting that something will be true in the
year 2100. Others are more complex, suggesting what will cause a particular
outcome, or combining factors to describe a general condition in the future. One
byproduct was a software module, posted on my Web site and published on a CD-
ROM disk, that lets the user express his or her own evaluations of the ideas.
Several articles or chapters have already been published, based on these data, or
are in press [4, 5, 6].

Naturally, the thousands of people who contributed ideas and evaluations were not
of one mind. Indeed, they expressed several competing scenarios of the future for
each of the major realms of human life. Following are listed 11 realms, with a
brief statement of some of the issues expressed by the respondents, illuminated by
social-scientific research, and connected to nanotechnology by theory.

Family

Survey2000 respondents had a wide variety of opinions about the future of the
family. Some believed that the average family will become stronger over the
coming century, with lower divorce rates and possibly a return to traditional fam-
ily values. Others predicted that the long-term trend of rising divorce rates will
continue, with dire consequences for children and for society as a whole. Others
imagined that the family will be reinvented, and people will live in a variety of
quite different but equally viable family forms. To social scientists, it is not at all
clear what could reverse the trends of the 20th century, and in recent years the
greatest concern has become the demographic collapse occurring in technologi-
cally advanced nations.
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Table 2.1 brings together data from the 2003 World Factbook of the U.S. Central
Intelligence Agency [7], showing the birth and death trends in 23 industrial
nations, compared with data for the world as a whole. The data show that all but
one of the nations are headed toward or have actually entered population decline.
The one notable exception is the United States. Consider Austria, for example, a
nation of about 8.2 million people, as of July 2003. The birth rate, about 9.43

Table 2.1
The Fertility Collapse in Technologically Advanced Nations, 2003
Nation Population Births/ Deaths/ Births/ Growth Fertility
1000 1000 Deaths Rate* Rate**
Australia 19,731,984 12.55 7.31 1.72 0.93% 1.76
Austria 8,188,207 9.43 9.69 0.97 0.22% 1.41
Belgium 10,289,088 10.45 10.07 1.04 0.14% 1.62
Canada 32,207,113 10.99 7.61 1.44 0.94% 1.61
Czech 10,249,216 9.01 10.74 0.84 -0.08% 1.18
Republic
Denmark 5,384,384 11.52 10.72 1.07 0.28% 1.73
France 60,180,529 12.54 9.05 1.39 0.42% 1.85
Germany 82,398,326 8.60 10.34 0.83 0.04% 1.37
Hungary 10,045,407 9.32 13.00 0.72 -0.29% 1.25
Ttaly 57,998,353 9.18 10.12 0.91 0.11% 1.26
Japan 127,214,499 9.61 8.55 1.12 0.11% 1.38
Korea 48,289,037 12.60 6.03 2.09 0.66% 1.56
(South)
Netherlands 16,150,511 11.31 8.66 1.31 0.50% 1.65
New 3,951,307 14.14 7.54 1.88 1.09% 1.79
Zealand
Norway 4,546,123 12.17 9.72 1.25 0.46% 1.80
Poland 38,622,660 10.47 9.96 1.05 0.00% 1.37
Portugal 10,102,022 1145 10.21 1.12 0.17% 1.49
Russia 144,526,278 10.09 13.99 0.72 -0.30% 1.33
Spain 40,217,413 10.08 9.48 1.06 0.16% 1.26
Sweden 8,878,085 971 10.58 0.92 0.01% 1.54
Switzerland 7,318,638 9.59 8.82 1.09 0.21% 1.48
United 60,094,648 10.99 10.21 1.08 0.30% 1.66
Kingdom
United 290,342,554 14.14 8.44 1.68 0.92% 2.07
States
World 6,302,309,691 2043 8.83 2.31 1.17% 2.65

*Including migration. **About 2.1 is required to sustain population stability.
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babies per 1,000 population per year, is already lower than the death rate, 9.69 per
thousand. The ratio of births/deaths is 0.97, and any number below 1.00 implies a
shrinking population. The population of Austria is actually growing, albeit at the
low rate of 0.22 percent per year, because substantial numbers of people immi-
grate to the country. Austria’s total fertility rate is 1.41 births per woman,
assuming the average woman lives through the childbearing years. A constant
population requires a fertility rate of about 2.1 to offset the facts that some girls
die young and that more boys than girls are born (about 105 boys worldwide per
100 girls). Except for the United States and the world as a whole, all the fertility
rates in the table are well below 2.1, indicating that these nations will need sub-
stantial immigration to survive.

Three of the nations in Table 2.1 are already losing population: the Czech
Republic, Hungary, and Russia. Four others have death rates higher than their
birth rates: Austria, Germany, Italy, and Sweden. Demographers have long
warned that birth rates of technologically advanced nations might drop signifi-
cantly below replacement [8, 9, 10]. A nation that declines in population is likely
also to decline in world influence [11]. Its market for goods and services may also
shrink, stifling economic development. A higher proportion of its population will
be elderly and dependent. A lower proportion will be young and creative.

The United Nations reports that half the world annual population growth occurs in
just six nations: India (21 percent), China (12 percent), Pakistan (5 percent),
Nigeria (4 percent), Bangladesh (4 percent), and Indonesia (3 percent) [12]. In the
short term, their influence is likely to increase, but eventually modernization may
cause their fertility rates to collapse as well [13]. We can well wonder how the
demographic trends will play out, as population explosion continues in underde-
veloped societies while fertility collapse threatens the long-term viability of post-
industrial societies.

The mutual implications of nanotechnology and family trends for each other are
not clear. However, nanotechnology could have major roles to play in medical
control of fertility (whether reducing or increasing the birth rate) and in increasing
the lifespan with complex implications for how older people fit into families and
communities. In principle, nano-enabled medical treatments could allow infertile
adults to produce children progressively later in an ever-increasing lifespan,
thereby sustaining fertility at a level that keeps industrial society viable. One could
imagine a time when many couples produce two generations of children, offset-
ting with their higher fertility those couples who produced no children, taking
advantage of nano-enabled medical treatments that prolong both lifespan and the
portion of it during which women are fertile. Social-scientific research is needed
to help us understand whether any technical means can reverse the declining birth
rate in the absence of major socio-cultural shifts.

Culture

Survey2000 respondents debated whether the “culture wars” would be settled on
the basis of shared ideals and common beliefs, or if technologies like the Internet
will replace the broadcast media with a babble of narrowcast ideologies and
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aesthetics. They worried about whether the arts and education would thrive,
stimulated by wealth and communication technologies, or fall into an anti-
intellectual Philistinism in which corporate greed and popular stupidity combine
to prevent creativity. Nanotechnology is very relevant here, partly because it can
contribute to rapid progress in technologies of computation, communication, and
creativity.

Cultural trends will greatly affect the direction nanotechnology takes, in great
measure because the condition of educational institutions will determine whether
competent personnel will be available to develop and implement the technology,
and because science education may be reformulated around principles provided
and illustrated by nanoscience. Worldwide, there has been great concern that the
schools are not giving many children a good introduction to mathematics and the
sciences, but at the same time there is reason to be optimistic that effective
methods of teaching are now at hand [14, 15, 16].

Coupled with educational reform, nanoscience could transform culture by
providing a unified understanding of nature, based on the material unity of the
chemical, physical, and biological world at the nanoscale. This would accomplish
what Edward O. Wilson [17] called consilience and Mihail C. Roco and I [18]
have called convergence: integration of the sciences and other rigorous fields of
knowledge, based on shared concepts, language, and research tools. Unification of
the sciences would become the basis for unification of other aspects of culture,
thus providing a firm basis of knowledge not only to specialists but also to the
general public.

Personality

For more than a century, social scientists have argued that technological and eco-
nomic developments are indirectly but powerfully eroding the traditional basis of
human personality, by creating a progressively more complex and variable social
environment that forces young people to mature under highly inconsistent and
individualistic influences [19, 20, 21, 22, 23, 24]. Respondents to Survey2000
wondered whether people will continue to become increasingly sensate,
hedonistic, and self-centered. Or will the pendulum swing back toward moral
conservatism or social responsibility? Will people become ever more alienated,
suffering anomie, neurosis, and even psychosis, or will a combination of
supportive social relationships and improved psychiatric treatments successfully
combat the stressful factors pushing toward collective and individual
disintegration?

Nanotechnology may be directly significant for psychiatry in promising a better
understanding of the brain and improved medications, but its indirect influence on
mental health may be greater. We have known for a century and a half that mental
disorder was strongly associated with poverty [25, 26]. As a powerful amplifier of
the value of other technologies, nanotechnology can enhance individuals’ abilities
to attain a diversity of personal goals.

On the other hand, if human beings do become more alienated, they will be less
trusting and may capriciously oppose new developments in nanotechnology
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because of a general suspiciousness of societal institutions rather than a careful
analysis of what the technology will actually do. Thus, it is unclear whether the
value of nanotechnology will be reduced by a vicious circle of psychopathology
causing bad policy decisions begetting more psychopathology, or a virtuous circle
of nano-enabled economic growth improving the options for policymakers and
ordinary citizens alike.

Economy

The close of the 20th century gave global dominance to the economic system that
its opponents called capitalism and its proponents called free markets or private
enterprise, but people are uncertain whether the current consensus is good or bad,
robust or fragile. Many respondents think this triumphant economic system will
flourish and improve over the coming century, with a rising standard of living all
over the world and a stable economy, compared with the booms and recessions of
previous centuries. A very different view believes that large conglomerate
corporations will control the lives of their workers, owning their homes and the
stores where they must buy things. The living conditions and wages will be very
poor worldwide, as automation replaces workers and results in lack of jobs for
many people. Because they have to compete with the unemployed and with
machines that have no bargaining rights, human beings will be forced to accept
increasingly bad working conditions, in this view.

Much economic inequality reflects differences across nations rather than among
individuals within nations [27, 28], so real improvement of economic well being
must be global in scope [29]. Increased investment in current productive
technologies could enable a larger fraction of the world's population to enjoy
prosperity, but it is doubtful whether they could sustain universal prosperity
without ruining the environment and exhausting natural resources. Thus, whatever
economic system prevails, it must be fueled by technological progress,
undoubtedly requiring vastly greater control of nanoscale processes and materials
[30]. For example, cheap, clean, renewable sources of energy are necessary, such
as nano-enabled solar power production, vehicles with nanoscale-engineered
energy storage media, and vastly increased efficiency of energy use permitted by a
wide range of nanotechnologies. Already, many nations have begun working to
realize this hope [31].

Government

Survey2000 respondents disagree greatly about the future of government, some
feeling it will become more benevolent, and others fearing it will fulfill the
nightmares of Brave New World and 1984 [32, 33]. Perhaps the criminal justice
system will grow ever more civilized, but if the public feels it is drowning in a
massive crime wave, the political response could be so mindlessly punitive that it
defeats its own purpose of achieving security with justice. Some fear a future big
government that is a coalition of exploiters, big and small, who prey upon
productive citizens. Others dream of a humane welfare state or the workers’
paradise. Optimistic moderates hope that democratization and devolution will
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bring political renewal that can solve the problems of repressive and unresponsive
government.

Government establishes the context in which nanotechnology will either develop
or be stifled through establishing regulations, by investing in fundamental
nanoscience research, and in supporting projects to demonstrate and evaluate
particular new applications. In return, nanotechnology can provide new tools by
which government can serve the public, especially in areas such as defense and
communications between citizens and government, where it amplifies the value of
existing technologies. Governments will have to decide how intrusive to become
in nanotechnology-related issues involving other institutions of society, and how
intensive a role to play in evaluating the societal impacts.

Nations

Many stresses affect international relations in migration, racism, conflict, warfare,
and peace. Some nations have fragmented in recent years, such as Czechoslovakia
and Yugoslavia, which experienced very different processes of division, while
other nations have moved closer together, notably the member states of the
European Union. The fundamental question, how varied the future will be, is
partly a matter of the extent to which nations and regional blocs continue to exist.
Under a single world government, it is still possible that people would be divided
by non-geographic factors such as religion and ethnicity. If the world is not
unified politically, however, the scope of variation and competition could be far
greater. Thus it is important to know whether nations are going out of style, or are
a permanent feature of human life.

Survey2000 respondents disagreed fundamentally about such issues as whether
nations will consolidate into either a single world society or into a small number
of competing blocs [34]. Some felt that political independence movements and the
failure of governments could split many nations into even smaller units. Will the
United States and allied advanced industrial societies be able to maintain their
dominance, or will they fall, to be replaced by another center of power, such as
China, or by world chaos? Years ago, some scholars predicted Japanese
dominance, but that has not happened, so we must be prepared for the possibility
that such crucial questions cannot be answered with confidence [35].

The emergence of a peaceful, progressive world society depends at the very least
upon a technology that can offer abundance to a majority of people in all societies.
Even in the short term, nanotechnology can be an effective multiplier of the
effectiveness of many other wealth-producing technologies, and in the long term
manufacturing through control of matter at the nanoscale can be one of the
greatest treasures of all mankind. In a great variety of ways, nanotechnology can
increase the effectiveness of military forces, so then the question becomes whether
those forces will be fighting for or against civilization, freedom, and justice. In
convergence with other sciences, nanoscience could become the intellectual basis
for a shared, global culture, thereby helping nations to cooperate on development
projects.
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Religion

Survey2000 respondents identified many issues concerning the future of religion,
and they proposed several competing scenarios [36, 37]. The chief issue of broad
scope is whether religion will wane over the coming century, hold roughly
constant, or actually increase in power. Of great importance will be the
relationship between religion and science, which may be one of hostility, but
cooperation is also possible [4, 38].

A unified science, based on the unity of nature at the nanoscale, could, for the first
time, provide a really comprehensive explanation of the world that humans
inhabit, based on concepts like the evolutionary dynamics of complex, adaptive
systems. As a result, the nanoscience of the future could challenge many tradi-
tional religious beliefs, thereby leading either to conflict with religious institutions
and movements, or to a synthesis in which religion adopts the truths discovered by
science to offer people an even more accurate and comforting faith than they have
ever known before. For understandable reasons, federal agencies appear to be
reluctant to support research on religion, and many social-scientific studies of
religion are supported by private foundations. However, the post-9/11 world is
anxiously aware of serious social issues concerning religion, and several current
policy debates bring religion into contact with science at several points. Thus, it
could be very helpful to learn the current views of the scientific community about
the potential role of government-supported science in this area.

Science

Many Survey2000 respondents said that scientific research will continue to
achieve significant discoveries, possibly even at an accelerating rate, but others
felt we are nearing the end of the Age of Discovery. Will science soon stall, either
because it has exhausted the possibilities for discovery or because society loses
interest in fundamental research, or will science-based technology improve every
individual's spiritual, physical, emotional, and psychological well being?

Nanotechnology offers to all of the sciences new research instruments, method-
ologies, and paradigms. Perhaps the greatest potential for radical transformation
comes not from any one science, but from the integration of all sciences. At the
nanoscale, science and technology become one, and practical applications of new
laboratory discoveries can enter the market very quickly. Previously separate dis-
ciplines will blend, in a unified scientific technology that completely controls the
structure and properties of manufactured objects, from the atomic level, up
through the nanoscale level at which large molecules exist, on up to the scale of an
entire machine, biological-mechanical hybrids, and globe-spanning information
systems.

Space

Many respondents to Survey2000 continued to have faith that a vigorous space
program could lead not only to scientific discovery but also eventually to the
colonization of the solar system and beyond, but where today is evidence that
space technology is really moving forward? Could we be at the end of the Space
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Age, rather than the beginning, as world leaders turn their backs on the universe to
concentrate on mundane conflicts? Narrowly defined in terms of human travel, the
Space Age lasted from December 1968 through December 1972, from the first
flight of Apollo 8 around the Moon to the last flight of Apollo 17 to its surface.
For more than three decades, no human being has flown much higher than 300
miles above the Earth’s surface.

In economic terms, space flight is costly with relatively little return on most
investments. Accomplishments to date have largely been the result of a
transcendent social movement that was able to exploit international competition to
support its goals, without caring very much about economic factors. A resurgence
of space exploration could be launched by nanotechnology, if it simultaneously
reduces the cost and increases the profit. Importantly, it may be necessary to find
entirely new uses for outer space and new motivations for voyaging out into it [39,
40, 41].

Nanoscale-designed advanced materials could improve the mass ratios of launch
vehicles, improve power production and efficiency for space vehicles, and
potentially provide more effective ways of surviving and even thriving in
extraterrestrial environments. More broadly, successes achieved in nanoscience
could reinvigorate public enthusiasm for investment in a range of research and
development projects, including a renaissance of the space program.

Environment

The natural environment is an extremely complex system, and Survey2000
respondents have a very diverse range of opinions about how it may change over
the coming century. Many respondents anticipate that all fossil fuels will run out,
causing drastic changes in the distribution of food and manufactured goods, heavy
increases in energy prices, and a halt to industrial development. Others hope that
renewable energy sources will reduce pollution, appropriate technology will
humanize industry, and new farming practices will allow more food to be
produced. Over the coming century, the conservation movement may grow in
strength, until environmentally conscious lifestyles become the norm. But there is
reason to fear that the Earth will suffer massive extinction of species, terrible
pollution, global warming, and exhaustion of critical natural resources. These are
issues of great importance, public concern, and scientific uncertainty [42, 43].

Nanotechnology can contribute to solution of these problems through methods to
prevent or remediate conventional forms of pollution, through meeting human
goals by means of novel use of the most abundant and renewable resources, and
by improving the efficiency of all technologies, including reducing waste of every
kind. For example, nanotechnology may have an important, beneficial role to play
in precision agriculture, improving the quality and quantity of food production
while reducing pollution. However, some particular applications of nanoscience
may threaten to pollute or to exhaust scarce resources, so we must be alert to such
cases either to avoid these applications or to find ways of overcoming their
environmental disadvantages.
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Health

Will human health improve over the coming decades, or will problems of the
elderly or of resurgent diseases grow beyond control? Are the greatest gains to be
attained simply through improving people’s lifestyle choices or through aggres-
sive treatments based on genetic engineering and other radical technologies? Both
the apparently slowing rate of development of effective new treatments and sug-
gestions from demographers that we are reaching the point of diminishing returns
in increasing the lifespan give cause to doubt that human health and longevity will
improve significantly without a radical shift in approach [44, 45, 46, 47].

The health quality of human lifestyles can benefit from general improvements in
nutrition and public health, made possible by a host of specific nanotechnologies
applied to production industries and civil engineering, and from innovations such
as nano-enabled microscale sensors to warn of food contamination, disease agents,
and harmful pollutants. More controversial will be techniques that combine
nanotechnology with genetic engineering, or that introduce nanoscale materials
and devices into the human body for medical treatment. While appropriate care
must be given to avoid increasing risks to human health, the policy decisions must
be made in awareness of the fact that humans are already at great risk of ill health
or death, and failing to explore radically new approaches could be the most
inhumane choice of all.

Thus, nanoscience and nanotechnology could have significant and highly various
benefits across 11 major areas of human life where powerful trends are already
bringing change: family, culture, personality, economy, government, nations,
religion, science, space, environment, and health. However, my comments have
been based on theory more than empirical evidence. Thus, it will be important to
work out appropriate research methods for examining nano-assisted change in all
these realms, and to launch well-designed research projects at the earliest feasible
time. Only by starting soon can we gain the tremendous scientific advantage of
observing revolutionary technological change at an early stage in its development.
Only by examining the societal implications of nanotechnology in many varied
settings can we understand the full potential of this multifaceted world of science
and engineering.

References

1. 'W. S. Bainbridge, Public attitudes toward nanotechnology, Journal of
Nanoparticle Research 4, 561-570 (2002).

2. W. S. Bainbridge, Social and ethical implications of nanotechnology. In
Springer Handbook of Nanotechnology, ed. B. Bushan, Berlin: Springer
(2004).

3. W.S. Bainbridge, Goals in Space, Albany, NY: SUNY Press (1991).

4. W. S. Bainbridge, Religious ethnography on the World Wide Web. In
Religion on the Internet, ed. J. K. Hadden, D. E. Cowan, New York: JAI
(2000).

106



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

2. Social Scenarios

W. S. Bainbridge, Validity of Web-based surveys. In Computing in the Social
Sciences and Humanities, ed. O.V. Burton, Urbana: University of Illinois
Press (2002).

W. S. Bainbridge, The future of the Internet: Cultural and individual
conceptions. In Society Online: The Internet in context, ed. P. N. Howard, S.
Jones, Thousand Oaks, CA: Sage (2004).

The World Factbook, Langley, VA: Central Iintelligence Agency (2003)
(available at http://www.cia.gov/cia/publications/ factbook/ index.html).

K. Davis, M. S. Bernstam, R. Ricardo-Campbell, eds., Below-replacement
fertility in industrial societies: Causes, consequences, policies (A supplement
to Population and Development Review)(1986).

B.J. Wattenberg, The Birth Dearth, New York: Ballantine (1987).

K. Davis, The theory of change and response in modern demographic history,
Population Index 29, 345-366 (1963).

Long-term global demographic trends: Reshaping the geopolitical landscape,
OTI IA 2001-045, Langley, VA: Central Intelligence Agency (2001).

United Nations, Population Division, Department of Economic and Social
Affairs, World population prospects: The 2000 revision, New York: United
Nations (2001).

N. Thomas, N. Price. The role of development in global fertility decline,
Futures 31, 779-802 (1999).

V. S. Mullis, M. O. Martin, E. J. Gonzalez, K. M. O’Connor, S. J.
Chostowski, K. D. Gregory, R. A. Garden, T. A. Smith, Mathematics
benchmarking report: TIMSS 1999—FEighth grade, Chestnut Hill, MA:
International Study Center, Lynch School of Education, Boston College
(2001).

M. O. Martin, I. V. S. Mullis, E. J. Gonzalez, K. M. O’Connor, S. J.
Chostowski, K. D. Gregory, T. A. Smith, R. A. Garden. Science
benchmarking report: TIMSS 1999—FEighth grade, Chestnut Hill, MA:
International Study Center, Lynch School of Education, Boston College
(2001).

J. D. Bransford, A. L. Brown, R. R. Cocking, eds., How people learn: Brain,
mind, experience, and school. Washington, DC: National Academies Press
(1999).

E. O. Wilson, Consilience: The unity of knowledge, New York: Random
House (1998).

M. C. Roco, W. S. Bainbridge, Converging Technologies for Improving
Human Performance, Dordrecht, Netherlands: Kluwer (2003).

F. Tonnies, Community and Society, East Lansing, MI: Michigan State
University Press (1887; 1957 edition).

107



20

21.
22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.
33.
34.

35.

36.

37.

38.
39.

40.

Nanotechnology: Societal Implications — Individual Perspectives

. E. Durkheim, The Division of Labor in Society, New York: Free Press (1893;
1964 edition).

E. Durkheim, Suicide, New York: Free Press (1897; 1951 edition).

R. E. L. Faris, H. W. Dunham, Mental Disorders in Urban Areas, Chicago:
University of Chicago Press (1939).

D. Riesman, The Lonely Crowd: A study of the changing American
character, New Haven: Yale University Press (1950).

P. E. Slater, The Pursuit of Loneliness: American culture at the breaking
point, Boston: Beacon Press (1970).

E. Jarvis, Report on insanity and idiocy in Massachusetts, Boston: White
(1855).

B. Hollingshead, F. C. Redlich, Social Class and Mental Illness, New York:
Wiley (1958).

G. Firebaugh, Empirics of world income inequality, American Journal of
Sociology 104, 1597-1630 (1999).

G. Firebaugh, The trend in between-nation income inequality, Annual Review
of Sociology 26, 323-339 (2000).

H. Cleveland, The global century, Futures 31, 887-895 (1999).

M. C. Roco, R. S. Williams, P. Alivisatos, Nanotechnology research
directions, Dordrecht, Netherlands: Kluwer (2000).

R. W. Siegel, E. Hu, M. C. Roco, Nanostructure Science and Technology,
Dordrecht, Netherlands: Kluwer (1999).

Huxley, Brave New World, Garden City, NY: Doubleday, Doran (1932).
G. Orwell, Nineteen Eighty-four, a novel, New York: Harcourt, Brace (1949).

S. P. Huntington, The Clash of Civilizations and the Remaking of World
Order, New York: Simon and Schuster (1996).

E. F. Vogel, Japan as Number One: Lessons for America, Cambridge, MA:
Harvard University Press (1979).

R. Stark, W. S. Bainbridge, The Future of Religion, Berkeley: University of
California Press (1985).

W. S. Bainbridge, The Sociology of Religious Movements, New York:
Routledge (1997).

W. S. Bainbridge, Religion and science, Futures 36, 1009-1023 (2004).

W. S. Bainbridge, The Spaceflight Revolution, New York: Wiley Interscience
(1976).

W. S. Bainbridge, Beyond Bureaucratic Policy: The spaceflight movement. In
People in space, ed. J. E. Katz, New Brunswick, NJ: Transaction (1985).

108



2. Social Scenarios

41. W. S. Bainbridge, The Spaceflight Revolution Revisited. In Looking
Backward, Looking Forward, ed. S. J. Garber, Washington, DC: National
Aeronautics and Space Administration (1992).

42. D. Sarewitz, R. A. Pielke, Jr., R. Byerly, Jr., Prediction: Science, decision
making, and the future of nature, Washington, DC: Island Press (2000).

43. R. T. Watson, M. C. Zinyowera, R. C. Moss, D. J. Dokken, eds., Climate
change 2001. Geneva, Switzerland: Intergovernmental Panel on Climate
Change c/o World Meteorological Organization (2001) (available at
www.ipcc.ch and www.grida.no/climate/ ipcc/regional/ index.htm).

44. S. H. Preston, American Longevity: Past, present, and future, Syracuse, NY:
Center for Policy Research, Syracuse University (1996).

45. V. R. Fuchs, Health care for the elderly: How much? Who will pay for it?
Health Affairs 18, 11-21 (1999).

46. F. W. Hollmann, T. J. Mulder, J. E. Kallan. Methodology and assumptions for
the population projections of the United States: 1999 to 2100, Population
Division Working Paper No. 38, Washington, DC: U.S. Census Bureau
(2000).

47. D. Costa, R. Steckel, Long-term trends in the health, welfare, and economic
growth in the United States. In Health and welfare during industrialization,
ed. R. H. Steckel, R. Floud, Chicago: University of Chicago Press (1997).

FIVE NANOTECH SOCIAL SCENARIOS
Robin Hanson, George Mason University

During the dotcom boom, popular discussions about the future of the Internet
often included claims of dramatic social implications; the “new economy” was
said to follow new rules [1]. This hype was ridiculed after the dotcom crash, but
the Internet did, in fact, bring real changes, with non-trivial social implications.
And early on, economists were able to play the important role of analyzing these
claims, and distinguishing the hype from real changes. For example, in
Information Rules, Carl Shapiro and Hal Varian did a great job of using economic
theory to distinguish plausible from implausible claims about the Internet [2].

Popular discussions of nanotechnology have also included many claims of
dramatic social implications [3, 4]. Some even point to a new ‘“economy of
abundance” [5]. Naturally, many others consider these claims to be hype. It is my
hope that, as with the Internet, economic analysis might help to distinguish
plausible from implausible claims about nanotechnology.

What assumptions about this technology should we base our economic analysis
on? At one extreme, some think of ‘“nanotechnology” as a new name for
“materials science” and “chemistry.” This view suggests that while advances in
these fields will continue, there is little to say regarding nanotechnology beyond
general analysis of long-term growth, and perhaps analyses of certain new enabled
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products, such as better surveillance. A variation on this position suggests that we
are seeing the coalescence of a new research specialty, a view that may have some
minor implications regarding the organization of research. At the other extreme,
some think of “nanotechnology” as the technology of a new device, the
“assembler,” which like the computer will induce large social changes via its
novel and general capabilities [6]. (Others are very skeptical about such scenarios
[71.)

Economists should not choose sides in these technical disputes. While radical
nanotechnology scenarios might be less likely, if realized they would have larger
social implications, and we already understand the conservative scenarios
reasonably well. Furthermore, it was most likely the public’s interest in and
concern about more radical scenarios that led Congress to request an analysis of
the social implications of nanotechnology. Economists should therefore consider
the social implications of radical nanotechnology scenarios. Since mild scenarios
are a priori more likely than radical scenarios, however, we should also think
about how these radical scenarios might be only partially realized.

The short informal analysis in the remainder of this paper is a very preliminary
attempt at such an analysis, intended primarily to indicate what might be possible
with a more careful analysis. A range of assumptions and future production costs
are presented that define five economic scenarios spanning the range from
conservative to radical nanotechnology scenarios. We start with the most
conservative scenario, and then each scenario adds more assumptions and has
additional social implications. The goal here is to identify the economic
assumptions behind an imaginable radical nanotechnology scenario, as well as
some milder and more likely variations.

Scenario 1: Atomic Precision

Atom-scale manufacturing is feasible; we put some atoms where
we want.

Such abilities may eventually allow many new products, such as cheaper and
smaller computers and sensors, and perhaps tiny medical implants. Exactly which
products are feasible would depend on exactly which assembly contexts allow
such precision, and at what cost. Economic growth could go far before hitting
limits. Particular products may have particular implications.

Scenario 2: General Plants

General-purpose manufacturing plants, using fewer kinds of
inputs, displace most special purpose plants, as general-purpose
computers have displaced most special-purpose signal
processors (This is mature “3D printing” or “direct manu-
facturing”). [8]

Computers displaced special-purpose signal processors because of scale
economies in computer production (the more we made, the cheaper they got) and
because it was usually easier to program a general computer for a particular task
than to design and build a special-purpose device for that task. These advantages
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usually outweighed the fact that special-purpose devices could produce the same
results faster, with fewer transistors, and with less energy.

Similarly, for more general plants to dominate, the scale economies of making
them, and the reduced cost of designing a production plant and retooling for it,
would have to overcome the efficiency advantages (e.g., time, energy, inputs) of
specialized plants. Generality is relative, of course; a “general” plant might make
most consumer goods, most kinds of household furniture, or just most kinds of
mattresses. More general plants should use fewer kinds of inputs, have production
costs that depend on fewer design details, and cost more themselves to design. The
skills of manufacturing workers would be less specialized to particular kinds of
products.

The reduced design and retooling costs of more general plants should allow more
product differentiation, and more rapid product evolution. When transport costs
matter, production should be at the general plants of the relevant type nearest to
each customer.

Scenario 3: Local Production

Small general plants, located in or near homes, dominate
manufacturing.

This requires a high level of plant generality, and requires that production
processes, including diagnosis and repair of problems, be almost fully automated,
with human intervention rare. Such high levels of generality and automation are
harder to design. But once such devices existed, they would allow hobbyist
designers of products (and production plans), as PCs allowed hobbyist
programmers. As with PCs today, open-source product design and sharing of
stolen product designs could become issues. Any companies who owned the
standards for such devices, such as Intel and Microsoft do today for PCs, would
hold a commanding position in the economy.

In this scenario the costs of transportation of products and of labor for their
production have been mostly eliminated. What remain are marginal costs of
energy, inputs, waste disposal, plant rental, marketing (people learning about
product price, quality, and features), and regulation (such as of use externalities),
and fixed costs of design, plant setup, marketing, and regulation.

Software and cable TV companies now offer a few large packages of diverse
products in order to better price-discriminate. (This works when marginal costs
are low and item values are not too positively correlated [9].) Future consumers
might similarly be offered a few lifestyle packages costing most of their income
and entitling them to use a wide range of product designs (e.g., clothes, furniture,
food, cars) at their local plant (if the customer pays for inputs, energy, etc.). This
would require a lot of coordination by (or concentration of) sellers of consumer-
good designs, and deterrence of sharing between buyers of different packages.
Geographic separation, which now lets cruise ships and resorts offer all-you-can-
eat-and-play deals, might help deter sharing.
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Scenario 4: Over-Capacity

Local general plants are so fast and cheap that they are usually
idle, like PCs now.

Most home PCs today are usually idle (or doing very low value work); they are as
capable as they are because they are cheap, and on occasion we want that much
capacity. Similarly, if it is cheap enough to create local general plants, they might
usually be basically idle, and be only rarely used at capacity. If so, the relevant
cost of capital would usually be very low; the marginal costs of most products
would be inputs, energy, waste disposal, marketing, and regulation. Fixed costs of
design, regulation, and marketing would usually dominate total costs, as with
software and music today. In this scenario, “information economics” would
describe most consumer goods [2].

Scenario 5: Self-Reproduction

A local manufacturing plant can create a copy of itself in much
less than a year.

Once we add in this assumption, we reach the most radical nanotechnology
scenarios [3, 4], where plants built to atomic-precision can reproduce themselves
(as all life forms do today), and in addition be programmed to produce other
products (as a few life forms can now do in some limited ways). The problem of
designing such entities seems very hard, but solving this design problem is one
possible route to achieving over-capacity of local general plants, and perhaps
soon.

Self-reproduction could give a large and sudden, and hence destabilizing, cost
advantage to the commercial or military power that first achieves this ability. How
large an advantage depends on just-prior costs, and how sudden an advantage
depends on self-reproduction time, the development lead held by the first
successful group, and the availability of product designs taking advantage of this
reduced cost. Self-reproducing military or terrorist weapons might be a concern if
these entities were small enough and reproduced fast enough.

Conclusion

The five social scenarios presented above, with their matching economic
assumptions and social implications, span the range between conservative and
radical nanotechnology. While the conservative scenarios are more likely, the
radical scenarios have larger social implications, and so are worth considering.
The preliminary analysis here of these scenarios is intended primarily to indicate
what might be possible with a more careful analysis.
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TECHNOLOGICAL REVOLUTIONS AND THE LIMITS OF ETHICS IN
AN AGE OF COMMERCIALIZATION

John Trumpbour, Harvard Law School

Nanotechnology has raised vital questions about the social impacts of new
technologies. This essay will try to supply some historical perspectives on
technological revolutions by assessing (1) their contributions to economic growth,
and (2) the ensuing stresses from the commercialization of research institutions. In
the desire to reap part of the rewards of ongoing technological innovation,
academic institutions in particular will have to be vigilant about guarding their
independence. Otherwise they may find themselves less capable of imparting a
social and moral dimension to policy making about new technologies, as well as
being hampered in delivering scientific knowledge in the public interest.

Technological Revolutions and Economic Growth

It is frequently asserted that nanotechnology will contribute to significant bursts in
economic growth and productivity, eventually culminating in an age of post-
scarcity. Similar claims were advanced for the IT revolution. In “A Magna Carta
for the Knowledge Age,” Esther Dyson, George Gilder, Jay Keyworth, and Alvin
Toffler heralded the primacy of IT and declared that “The central event of the 20th
century is the overthrow of matter. In technology, economics, and the politics of
nations, wealth—in the form of physical resources—has been losing value and
significance. The powers of mind are everywhere ascendant over the brute force
of things.” They later make clear in cadences reminiscent of Frederick Jackson
Turner on the North American frontier: “Cyberspace is the land of knowledge, and
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the exploration of that land can be a civilization’s truest, highest calling [1 pp.26
and 28].”

When it comes to overall productivity, the IT revolution may, in hindsight, have
provided more sobering lessons. IT contributed to the economic dynamism of the
U.S. economy in the 1990s, though growth rates still lagged behind many previous
decades (i.e., the 1960s saw a 3.3 percent leap in GDP per capita in the United
States, compared to 2.35 percent in the supposedly roaring 1990s. Japan grew 9
percent in GDP per capita during the 1960s compared to 1.1 percent in the 1990s)
[2, p-47].

In an article for Challenge, economist Jeff Madrick provided a longer frame for
observing computerization and productivity in the United States: “Business has
increased its investment in computers by more than 30 percent a year since the
early 1970s, but the rate of growth in productivity has fallen from about 2.85
percent a year between 1947 and 1973 to about 1.1 percent a year since 1973 [3,
p-50].” In the late 1990s and even throughout the recession of 2001 and its
aftermath, productivity growth has sometimes been majestic (6 percent in the
second half of 2003). But even Business Week concedes: “...this recovery has left
the unemployed and poor behind while mainly helping owners of assets such as
stock and homes....Indeed the only group whose wage gains are significantly
outpacing prices are managers and executives [4, p.45, 5].”

Under President Bill Clinton, the ratio of CEO wages to the average U.S. worker
skyrocketed from 113 to 1 in 1991 to 449 to 1 at the end of his Presidency [6, p.9].
While that result ought not to be blamed on IT, it should raise questions for those
who expect technological marvels to assure that prosperity is shared throughout
society. The Congressional Budget Office did a detailed survey of U.S. income
from 1979-1997 and concluded that the bottom quintile declined significantly, the
middle quintile stagnated, and the top 1 flourished, as household income (in 1997
dollars) soared for the latter from $256,400 in 1979 to $644,300 in 1997 [7].

On a global scale, the IT era has brought a boost to India and China, countries that
comprise a significant proportion of the world’s population. Still the richest 10
percent of nations in 1980 had 77 times higher median income than the poorest 10
percent; by 1999, it had grown to 122 times [8]. After total growth of 34 percent
between 1960 and 1980, sub-Saharan Africa actually declined by 15 percent in per
capita GDP between 1980 and 2000. Latin America grew only 7 percent between
1980 and 2000 in contrast to the 75 percent total growth in per capita GDP from
1960 to 1980 [9]. The IT revolution delivered little to these regions.

So there are those who raise the specter of a digital divide spiraling into a further
nanotechnology divide. For many advanced industrial nations, nanotechnology is
seen as a means of assuring or re-capturing a lead role in the global economy.
During the 1970s, Germany had been the “hot” economy, but then stumbled in the
1980s. Japan then became the center of attention in the 1980s, but fell
ignominiously in the latter half of the 1990s. The United States became for many
the center of dynamism in the 1990s, but it too started the 21 century with
lackluster performance. Through its Ministry of Economy, Trade, and Industry
(METI), Japan clearly regards nanotechnology as a component of achieving
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restoration as the pacesetter in the world economy. The United States hopes that
biotechnology and nanotechnology will help it overcome sluggishness lingering
from the dotcom meltdown. In Small Times magazine (November/December
2003), former Israeli Prime Minister Shimon Peres discusses how Nano-Zionism
will lead his tiny nation to “economic growth,” which will expand the “scope for
cooperating with neighboring states.” Foreseeing a world of pacific wonder, he
believes nanotechnology could provide Israel with an “increased standard of
living for its citizens, and this is one of the best ways to promote a lasting and
equitable peace [10].”

When it comes to social stratification or global inequality, it is more likely that
nanotechnology will accentuate divisions, in spite of Peres’s own view that it
could deliver regional prosperity to the Middle East. Those who are optimists
about the technology and its contribution to increased productivity should
probably refrain from claiming that part of its promise includes widely distributed
prosperity. It will take reforms in the economic and political spheres to deliver
those kinds of results.

Historians such as Duke University’s Alex Roland suggest that the marketing of
scientific agendas requires extravagant claims; otherwise politicians and the
science bureaucracies would balk at their exorbitant costs [11]. Many science
boosters are sincere in their theological devotion to earthly heaven in the making;
that is, if society could find the resources to realize technology’s unbound
potential.

Denise Caruso, founding editor of Digital Media, has raised the specter that the
need for venture capital encourages something more sinister, what might be
characterized as an exuberant techno-hucksterism: “The newly minted ‘visionary’
asserts he has found the equivalent of the Holy Grail—if not in terms of the actual
technology or concept, at least in terms of his ability to induce religious ecstasy in
investors.” She then explains the ensuing carnage after the visionary and imitators
take their companies public: “The venture capitalists and founders sell off a pile of
stock as soon as possible. The folks they sell it to lose their shirts when the stock
starts hemorrhaging, as it inevitably does. The news media start a backlash to the
mania, which they were complicit in creating [12].”

For the many sincere techno-optimists, there is a belief that the quadruple
revolution of nanotechnology, biotechnology, information technology, and
cognitive science (NBIC) will produce a concatenation of growth transforming the
world of the 21* century. The rightist ideologue Dinesh D’Souza characterizes it
this way: “A world without scarcity is one in which income or wealth differentials
should cease to have much effect [13, p.101, 14].” Reflecting on the vision of later
nineteenth century political economists and social theorists who held that the
industrial revolution would eventually bring triumph over scarcity, John Gray of
the London School of Economics counters that proponents of the latest wave of
technologies may be making a similar monumental error. He counsels caution:

The trouble with the cult of technology is not that it exaggerates
the power that comes with the practical application of scientific
knowledge. It is that it forgets the unregenerate human beings
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who use it. Developments in genetics may allow the eradication
of inherited defects that produce painful or disabling diseases;
but they also allow for the creation of genetically selective
bioweapons. New types of energy may be invented which
greatly reduce the role of hydrocarbons in industrial economies.
If so, we can be sure they will soon be turned to military uses.
[15]

For the anti-Enlightenment social critic John Gray, this is not the dawning of the
Golden Age. The vast diffusion of scientific knowledge combined with the
proliferation of nation-states should increase the likelihood that some will pursue
agendas of deadly consequence, he argues. In the most extreme cases of the
contemporary age, politicians, warlords, and rapacious corporations are converting
lands with plenty into zones of famine and human misery. Gray’s world is far
removed from that of the Ladies Home Journal, which in 1953 foresaw that
nuclear energy would soon deliver a planet where “there is no disease.... Where
hunger is unknown... where food never rots and crops never spoil.... Where ‘dirt’
is an old fashioned word.... Where the air is everywhere as fresh as on a mountain
top and the breeze from a factory as sweet as from a rose [16, p.4, 17].”

Like most path-breaking technologies, nanotechnology has produced its share of
utopian and dystopian scenarios. The dialectic of doom greets the party of hope,
who are warned that Yeats’s “blood-dimmed tide” will be loosed, and
“everywhere the ceremony of innocence is drowned.” Nanotechnology partisans
have grown weary of dire predictions of a planet converted into “grey goo” or
some similar soup-like concoction.

For those in search of a message less apocalyptic and more practical, there are a
few lessons that might help in putting this technology’s great potential in proper
perspective. First, scarcity is likely to remain a part of the human condition, so
forecasts of a Golden Age should be tempered with a better appreciation of
technology’s limits, especially under the constraints of the current social order.

Second, many technologies have brought great transformations, but their
contribution to broad-based prosperity has been something short of stellar. In the
case of the IT revolution, there is a fabulously wealthy software aristocracy and a
well-remunerated managerial stratum who continue to sing of its wonders and the
promise that the best is yet to come. But even Microsoft, by many measures the
most successful firm of the IT revolution, has a total workforce of 50,500 people
in 2003, “just one-seventh those of both Ford and General Motors,” observes
former Financial Times journalist Eamonn Fingleton, who adds that “the latter
two companies as of 2003 were a fraction of their former selves in employment
terms” [18 pp.42-43]. In the early 1980s, GM indeed had over 850,000 employees
and Ford, approximately 500,000.

Finally, for some U.S. partisans, nanotechnology is seen as a “silver bullet” that
might rescue the lackluster sectors of the national economy, particularly
manufacturing. It should be recalled that the United States has often had
technological supremacy over capitalist rivals, but quickly squanders the lead.
Manufacturing entails a lot more than just having the best technology, and it
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requires the proper orchestration of many elements. Fingleton tells the story of
steppers, which are “the mainstays of the semiconductor equipment business—a
business that in a good year generates close to $50 billion in revenues [18,
p-131].” Steppers are the machinery putting the complex patterns onto microchips.
Nikon, Canon, and ASM Lithography (Netherlands) dominate this industry, which
in the early 1980s was largely monopolized by the U.S.-based CGA Corporation.
CGA invented the equipment, but it was soon crushed by Japanese superiority on
a number of fronts: better optics, a highly-trained workforce whose lifetime job
security rendered them less likely to take skills to rival firms, and wells of long-
term capital supplied by Mitsubishi and other firms less afflicted with the short-
term stock market bonanza horizons of the U.S. managerial elite.

Nanotechnology will have a substantial role in the production processes of the
future. But similar to IT and many remarkable technologies, nanotechnology
should not be expected to fulfill the Machine Messiah prophecies of its most
devoted adherents.

Technology, Ethics, and the Commercialization of Higher Education

From its very inception, the history of technology as a field of intellectual inquiry
carried concerns about the balance of power between machines and humans. In his
essay “The Drama of the Machines,” Lewis Mumford asserted that the machine
“has conquered us. Now our turn has come, not to fight back, but to absorb our
conqueror.” [19, 20] The mechanized slaughter of World War I had contributed to
the sense that the machine could now overwhelm the human capacity for
resistance.

While Mumford believed that better historical understanding of technology and a
societal vision of its goals might put the machine back under human control, the
21* century response has been a call for a strengthened regime of ethics in the
scientific curriculum and in the training of corporate leaders. It should not be
forgotten, however, that in the late 1980s an enormous amount of resources went
into the expansion of ethics for aspiring corporate leaders. In 1987, outgoing
Securities and Exchange Commission chairman John Shad gave the Harvard
Business School (HBS) $20 million to set up professorships in business ethics, for
as he told the Boston Globe: “I’ve been very disturbed by the great number of
leading business and law school graduates becoming felons [21].” Alluding to
SEC prosecutions, Shad elaborated: “Some of those we’re bringing cases against
are Baker Scholars, Rhodes Scholars, Phi Beta Kappas. It’s the cream of the crop,
and that’s what is so shocking [22].”

What then were the results of Shad’s extraordinary commitment of resources to
redressing elite moral erosion? During the 1990s, Enron executive Jeff Skilling
(HBS class of 1979) boasted of hiring 250 MBAs per year, many of whom
received training from Shad’s corps of ethics faculty [23]. Few appeared to have
any scruples concerning Enron’s business model, which rewarded fraudsters and
mountebanks with the evident approval of “independent” financial analysts.

When it comes to the age of nanotechnology and biotechnology, Michael West,
the founder of Geron and later CEO of Advanced Cell Technology, seems to
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admit that bioethicists play little role in shaping company policy because it may be
easy to select ethicists who are already in accord with your practices. “In the field
of ethics,” he told Stephen S. Hall [24, p.323],“there are no ground rules, so it’s
just one ethicist’s opinion versus another ethicist’s opinion.... You’re not getting
whether something is right or wrong, because it all depends on who you pick.”
Bioethicists on occasion argue that they have been more successful at establishing
standards than business ethicists, but they are under considerable challenge today.

There has been admirable concern that the project of nanotechnology is informed
by ethical and social science insight. Contributors to the STEM Pathways
workshop held at NSF in Fall 2003 argued that some of NASA’s recent
spectacular failings could have been addressed and possibly remedied by a better
understanding of the social science on organizations and institutional dynamics. A
favorite of New Labour in Britain and organizational theorists in many business
schools, Charles Leadbeater puts it this way:

Creative work will increasingly involve people working in
teams which combine members with different skills and
backgrounds. These teams are most effective when people can
trust fellow team members to play their part. In low-trust
organizations, people will tend to hoard knowledge and only
share ideas formally through memos and when requested. In
high-trust organizations, people are more likely to bestow their
knowledge on one another and develop joint understandings of
problems and their solutions. Trust and co-operation will be
vital to the work cultures of the future. [25, p.153]

The pursuit of “pure science” is not enough, especially in enterprises that
increasingly require massive teamwork to accomplish distant goals. Nevertheless,
it may be necessary to assess candidly the limits, the failings, as well as the
triumphs of ethical and social scientific modes of inquiry.

Universities are under acute pressure to develop structures and institutions that can
better promote the new sciences, including biotechnology and nanotechnology.
Critics of biotechnology have long argued that it is a driving force behind
convergence between university science and corporate science. The
commercialization of university laboratories ignited social criticism; but corporate
strength continues to grow, perhaps augmented by the fiscal crisis of the state. As
state budgets decline for universities in the early 21* century, corporate interests
and resources receive a warmer welcome from beleaguered administrators.
Nanotechnology is likely to strengthen calls for corporate-university
collaborations. One of the engineers of greater corporate-university ties in the
1980s, former Harvard president Derek Curtis Bok, warns today that the
pendulum has swung too far and that society will pay a serious cost if
commercialization continues to progress without challenge [26].

It might be useful to reflect on some of the dangers to the university if corporate
interests have too dominant a role in shaping science. Disclosure restrictions
appear to be a growing feature of university-industry research centers. A survey
conducted by Carnegie Mellon University in the early 1990s indicated that over
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half of the centers allow corporate partners to delay publication, and a third permit
industry to delete information from papers slated for publication. Dianne Rahm’s
survey of the top-100 R&D-performing universities confirmed the CMU findings.
In Richard Florida’s summary of her findings, “79 percent of technology
managers and 53 percent of faculty members reported that firms had asked that
certain research findings be delayed or kept from publication [27, p.70].”
Restrictive covenants are contributing to public cynicism about the hidden
agendas of academic science. UCSF scientists came under enormous pressure to
suppress research showing the efficacy of a drug that could save patients with
thyroid problems $365 million per annum. Sheldon Krimsky of Tufts University
has cited this example as the workings of science in the private interest, rather
than the public interest [28].

Academic institutions want to become part of for-profit ventures; but getting in on
venture capital action has had baleful results. Placing itself “in the venture capital
game, a high-stakes contest where they don’t belong,” reflects Richard Florida,
“Boston University, for instance, lost tens of millions of dollars on its ill-fated
investment in Seragen. These activities do little to advance knowledge per se and
certainly don’t attract top people. They simply tend to distract the university from
its core missions of conducting research and generating talent.” In fairness to
corporations, it may well be the case that university administrators and academic
entrepreneurs among the faculty are driving this phenomenon. In the CMU survey,
“Some 73 percent of the university-industry research centers indicated that the
main impetus for their formation came from university faculty and administrators.
Only 11 percent reported that their main impetus came from industry [27, p.69].”

Those committed to the progress of nanotechnology will need to give important
consideration to the independence of research universities in the decades ahead. It
will take vibrant societal structures and institutions to ensure that technological
advances benefit the broader society, rather than merely enriching the favored
few.

This essay has sought to provide perspective on technology’s contributions to
economic growth and the role of societal institutions in establishing ethical
frameworks for knowledge. In the search for greater efficiency and wealth, many
institutions have succumbed to privatization and what is regarded as “the
commercialization of everything.” The university’s independence may well have
been exaggerated in the past, just another form of belief in the Golden Age.
However, if there are to be spaces where technology can be evaluated without fear
or favor, it will require public support for institutions that can look out for the
general well being. Otherwise the social impacts of new technology may fall short
of the promise of its visionaries, and public disenchantment will likely create a
stormier landscape for future scientific endeavors.
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NANOREVOLUTION: IMPLICATIONS FOR THE ARTIST
Tanwin Chang, National Bureau of Economic Research

Art is both a reflection of society, and a driver of its evolution. As interpreters of
cultural change, artists need to be attuned to new developments in human
knowledge as a source of ideas and inspiration [1]. Artists have a history of
exploiting technological advances in the exploration of aesthetic experience,
thereby forming a conduit through which new technology impacts the general
public. When examining the societal implications of nanotechnology, it is useful
to consider nanotechnology’s effect on artists.

The invention of photography provides an example of the synergistic power of art
and science to transform culture. In the early 1800s, Daguerre was a respected
stage designer seeking a method of recording an image, which he believed would
be useful as a tool for painting his signature dioramas. Collaboration with a

121



Nanotechnology: Societal Implications — Individual Perspectives

gentleman inventor Niépce, who was educated in physics and chemistry, provided
the initial technology. After a decade of further experimentation, the invention of
the “daguerreotype,” the first commercially available photographic process, was
announced in 1839. Imagine modern life without photography in its innumerable
forms: no photo albums, no glossy magazines, and no film industry.
Nanotechnology may similarly have extensive consequences on the world of art,
and therefore society at large.

Already artists are commenting on—and indeed educating the public about—
nanotechnology. For instance, the Los Angeles County Museum of Art is running
an exhibition through September 2004 called ‘“Nano” that makes “nanoscience
visible, tangible, and experiential.” While artists certainly have much more to
contribute in this manner, what is more interesting is the potential effect of
nanotechnology on artists, rather than the converse. In other words, let’s focus not
on artistic depictions of nanotechnology. Instead focus on how nanotechnology
can be art, or otherwise create or enable art.

Here are three predictions regarding nanotechnology and artists:

1. Nanomaterials will provide a wealth of new media that will be adopted by
artists.

An increasing percentage of the artist population will be scientifically trained.

3. Artists will explore a new ‘“sensory space” engendered by nanosensor
technology.

Nanomaterials as Experimental Artistic Media
The use of nanomaterials to enhance beauty and aesthetics has already begun.

The vibrant colors of opals and peacock feathers are captured in the form of
iridescent paints, which is usually a liquid medium carrying a suspension of tiny
microscale flakes. Each flake is about 1 micron thick and 12 microns wide, and is
composed of several layers of transparent material [2] designed to exploit the fact
that light can interfere with itself. Each layer is typically in the range of 100 nm to
350 nm thick, and the precise thickness of each layer determines the way the color
changes depending on viewing angle. For instance, the color of a car coated with
iridescent paint will appear to shift in hue as it passes by. Iridescent paints are
already commercially available at art supply stores, and for automobiles at
specialty body shops.

Nanotechnology is finding application in fashion. Stain-resistant pants have
already been the subject of a splashy marketing campaign since they were
introduced a couple of years ago. Each fiber in the fabric is coated with a covering
of nanoscale whiskers, which causes water to bead-up and roll off the fabric to
prevent a stain [3]. Other research is directed towards nano-fibers comprised of a
variety of materials in order to engineer the optical, electrical, and/or chemical
properties of the fabric to create so called “multifunctional textiles [4].”
Eventually, nano-enabled smart clothing will respond to the wearer in ways
inspired by the ideas of haute couture fashion designers. For example exercise
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clothing might broadcast one’s dedication to fitness by vibrantly changing color as
a reaction to perspiration or increased body heat.

Nanocapsules or “nanosomes” are used in cosmetics to increase the effectiveness
of skin creams by encapsulating and transporting active ingredients beneath the
outer layers of the skin [5]. Presumably, these nanosomes, which will eventually
be designed to implant temporary pigments into the skin, could be effectively used
by make-up and tattoo artists to further their craft. Socially conscious performance
artists may choose to alter skin color to comment on race relations. Extrapolating
to the more fantastic, science fiction writers have written about societies where
body art is applied and removed daily like clothing to confer mood, circumstance,
or status [6].

Carbon nanotubes possess at least 30 times the tensile strength of steel at one-sixth
the weight. Once they can be reliably braided into cords and cables, advances in
the field of architecture and sculpture will follow. The design of suspension
bridges, certainly, will undergo a transformation. Carbon nanotube cables should
also invigorate the sub field of architecture that is concerned with tensile
structures, which are presently used for enclosures that span a large area, such as
in a sports stadium, airport, or train station.

Future chefs will laud the rise of nanotechnology: “Food may also be designed to
suit individual profiles, and even selected tastes and textures. Nanotechnology is
being applied to studies into improved flavor deliver, encapsulating flavor
particles in nanoparticles to protect them from the environment until they are
released, thereby maintaining freshness [7, p.21].” Also, there is an intriguing
possibility to create photonic crystals constructed from edible materials as a
benign additive to alter the appearance of food [8].

Artists seek in their choice of materials a spectrum of properties that may be
combined, mixed or otherwise worked to reflect an aesthetic vision.
Nanomaterials offer the promise of media with combinations of sensory properties
that have never been experienced before. The examples above are the proverbial
tip of the iceberg.

The Return of the Scientist to the Artist Community

Some argue that the creativity of the Italian Renaissance was in part due to the
intermingling of art and science at that time [9]. The discovery of perspective
drawing and the desire of visual artists to render more realistic paintings
facilitated innovations in science and engineering—particularly in architecture and
anatomy. Those investigators proficient at the sciences were also accomplished
artists, because it was precisely through artistic renderings that scientific
knowledge was transmitted.

The artist and the scientist are similar beings. This is evidenced by the examples
of scientists/artists living among us. The National Academy of Sciences Beauty of
Phenomenon exhibition (2003) features the work of eight prominent
scientists/artists. The curator’s statement:
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Since the 19th century a belief has flourished that science and
art are two mutually exclusive cultures. However, both scientist
and artist are on similar quests: to explore and express our
understanding of the world around us.

As a group, scientists have an inherent affinity for art and the artist’s lifestyle.
This may be attributed to the romanticized aspiration of many scientists to be the
maverick who upsets conventional wisdom and works feverishly in a basement
laboratory validating his or her own theories. In reality, much of science and
technology is done in large groups, with several levels of hierarchy, and where
most researchers must serve the vision of the group leader. For these researchers,
who are disillusioned with the process of big science, the artist’s lifestyle is
particularly inviting; a lifestyle which generally rewards vivid imagination without
demanding intellectual compromise. Presently the journal Leonardo, published by
the International Society of Arts, Science, and Technology, serves as a forum for
artists and scientists to exchange ideas. The Art and Science Collaboration, Inc
(www.asci.org) publishes a Web site fostering joint projects between artists and
scientists.

Nanotechnology is fertile ground for scientists and art to meet. The book
NanoCulture: The New Technoscience and its Implications for Literature, Art,
and Society attests to the power of nanotechnology to stimulate the artistic mind
[10]. Nanoscience researchers have already created art that is enabled by
nanotechnology. In 1996, researchers at IBM’s Zurich division constructed a
nanoscale abacus, which could arguably be considered one of the smallest
sculptures ever, as a vivid demonstration of the capabilities of scanning tunneling
microscopes. Eric Heller, a physicist and participant at Harvard’s Nanoscale
Science and Engineering center, has produced a collection of digital images
derived from the transport of electrons in nanostructures. Several of his works are
featured in the National Nanotechnology Initiative’s 2004 budgetary documents
[11].

Moreover, the advent of nanotechnology will enable scientists to take up artistic
pursuits as never before. The simplest reason is that scientists will have the most
access and best understanding of new nanomaterials. Secondly, the process of
nanomanufacturing has a strong component of design. That is, nanoengineering
projects will tend to offer many degrees of freedom, so engineers may
increasingly find themselves guided by aesthetics and essentially following in the
tradition of architects. Also, nanotechnology will eventually increase the
productivity of the society as a whole, so the community of scientists and
engineers will have greater means to take up artistic affairs. Presently, many
potential artists are discouraged by the difficulty of making a living through their
artwork. As productivity increases, goods become more affordable, and it
becomes easier for people to take up artistic activities that are not necessarily
remunerative. Nanotechnology workers, in particular, may enjoy ‘“sabbaticals”
between employment that can be devoted to the arts. That’s because
nanotechnology is really a collection of different technologies that will cause the
typical nanotechnology worker to change employers fairly regularly as one
segment of nanotechnology rises economically over other segments.
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Novel Sensory Spaces

Miniaturization of “bionic” equipment is underway. Several companies offer
implantable hearing aids. NASA has funded projects to develop artificial retinas.
Direct silicon/nerve interfaces are being developed to assist amputees control
prosthetic devices. Eventually entire suites of sensors may be placed in one's body
to monitor health. More dramatically, sensors may be placed in other objects, but
electronically linked to a nerve implant, so that one could “feel” what it's like to
be a car, or a bat [12], or even another person.

This is the ultimate canvas for the artist. If this type of technology passes from
science fiction to reality, the sensory space available for artists to explore will be
enormous. As an example, consider Figure 2.2, the art project “What does it feel
like to be a bridge?” Bridge safety and maintenance is an important issue that
some claim can be addressed by inserting fiber optic sensors into the load- bearing
elements of the structure. These sensors will be designed to measure the forces on
the bridge due to weather and traffic. Presumably a computerized system will
monitor the data from the fiber optic sensors to keep track of the “health” of the
bridge. In the age of implantable nanosensors, it is conceivable that a suite of
nerve stimulators could be implanted in a person’s hand. Then the sensor data
from the bridge could be wirelessly downloaded and used to stimulate one’s palm
to give a sensation that is directly correlated with the state of the bridge.

ART PROJECT: What does it feel like to be a bridge? C
omputer

and

Your Tactile Nerve .
Hand Implant wireless

T & = | relay
4 station

(2) Processed
signal to
implant

(3) Hand fecls tickly.
“Traffic must be heavy today™

Explorations by
artists into the
aesthetics of new
sensory modalities
may shed light on
the important
cognitive- sclence
question about the

Figure 2.2. Feeling something outside yourself (Photographs by the author).
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Artistic interest in projects such as this would contribute to science as well as
aesthetics. Cognitive scientists are interested in the problem of qualia: “Qualia is a
term which is applied to indivisible primary feelings such as the feeling of seeing
red in an apple or the feeling of pain in one’s foot. Traditionally qualia are
considered to be purely first-person or subjective in nature [13, p.76].” But when
it becomes possible to “feel” another person’s body as if it were one’s own, the
difference between subjective and objective may be a gray area indeed.

Nano-enabled art that examines this gray zone, made by artists fascinated with
subjective/objective experience, will undoubtedly serve the cognitive sciences as
surely as the study of anatomy was informed by Renaissance artists who were
fascinated with realistic depictions of the human body.
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VISION, INNOVATION, AND POLICY
William Tolles, Consultant

Innovation begins with a gleam in the eye (“vision”). Technologies emerge with
successful innovation. Characteristics of successful technologies (those that
displace existing ones) have been examined extensively by Clay Christenson [1].
A “disruptive technology” emerges first by the establishment of a new product in
a niche market. Thus, by examining the appearance of newly established niche
markets, the path of change may be anticipated. Appropriate policies may then be
introduced to encourage or discourage various aspects of the anticipated path. In
the absence of newly established niche markets, examining emerging patterns in
patents may give a clue as to where niche markets might possibly be established.
For successful examples, the emergence from niche market to dominance takes
typically 10-20 years. Thus, development of policy typically has that period of
time after niche markets have been established to consider revising or introducing
policies affecting a new technology.

By examining the frequency of patents that refer to nanometer structures (these
patents have had an order-of-magnitude growth over the past five years), a
measure of emphasis is obtained (unpublished data). For patents in the United
States, by far the largest number of patents in this category falls in the area of
pharmaceuticals, antibiotics, medical diagnostics and treatments. Many new
patents have emerged that make use of nanoparticles in plastics and composites, as
well as food and agriculture. The greatest impact of nanotechnology appears to be
emerging in these areas presently. The path of the semiconductor industry
continues with the next most frequent number of patents, followed by glasses,
ceramics, laboratory test equipment, and image-producing devices.

The emergence of a “vision” constitutes only the first step toward impact of an
innovation. Developing a stimulating vision is important, even critical, for
stimulating and integrating many individual efforts toward desired innovative
goals. Nanotechnology emerged with a wide variety of visions enunciated by a
diversity of groups. The issues emerging for nanotechnology represent a complex
set of interactions between competing visions (some real, some imaginary) and
societal concerns. It is important to distinguish the real from the imaginary and to
develop a vision that is credible, achievable within a lifetime, and that has a
positive impact on society.

The field of nanotechnology was stimulated by the emergence of new tools that
provided information about the behavior of materials at dimensions previously not
possible. Macroscopic behavior is frequently dependent on material properties at
nanometer dimensions. The goals of nanotechnology were readily stated in terms
of societal impact, imagined or real. A positive aspect of the emergence of the
field is that a number of good academic research programs are crafted about goals
to which society can relate.

An Appropriate Vision

To this end, recognize that there are a number of detractors to a positive image of
what is achievable through nanotechnology. The extent to which nanotechnology
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has been misrepresented is illustrated by many examples. In China there has been
a clamor for truth after vendors advertised “nanotech washing machines and
refrigerators” based on the fact that some paint may have been used to line a part
of an appliance [2]. Claims that a microliter of salt solution containing DNA has
the capacity to carry out 66 billion operations per second stretch the truth [3]. This
leads the public to feel that computational capabilities at the molecular scale are
many orders-of-magnitude greater than today’s computers. This avoids the issue
that the path of particles is not equivalent to controllable computations in a
computer. There are many examples of exaggerated or irrelevant claims about the
potential of nanotechnology. Public criticism of nanotechnology is feeding on
such claims:

Nanotechnology is being presented through the media as a
vehicle for scientific fantasy rather than of community
advancement [4].

Pronouncements extolling the possible impact of nanotechnology to be far beyond
what is possible have provoked criticisms of the science in proportion to the
exaggerated visions enunciated. One of the first of these was the treatise of Bill
Joy [5]. The book Prey by Michael Crichton [6] has based its theme on the highly
unlikely event of an intelligent swarm of nanoparticles that replicate with
nourishment from flesh. Visions of self-replicating nanobots developed by a
country that can overwhelm another country are emerging faster than any new real
self-replicating life forms [7]. The Action Group on Erosion, Technology, and
Concentration (ETC) has issued proclamations about the need to control research
in this field [8, 9]. Prince Charles has reacted to such documents [10], setting off a
number of studies in the United Kingdom [11]. Ignoring the signs of “irrational
intelligentsia” can be debilitating; witness the impact of sentiment against
genetically modified foods, which resulted from inattention by scientists [12].
What is badly needed is a vision that is credible, realistic, and shared by the public
as well as the scientific community [13]. “Gray goo” as a threat has been
recognized by an understanding Congress to this point [14]:

As many people here know, the most extravagant fear about
nanotechnology is that it will yield nanobots that will turn the
world into “gray goo.” That's not a fear I share, but I do worry
that the debate about nanotechnology could turn into “gray
goo”—with its own deleterious consequences.

Fundamentals

Fortunately, science builds on a firm base of an exceedingly complex and
interlinked set of hypotheses, proofs, and experimental observations that emerge
with amazing consistency. The fundamentals of thermodynamics are critical to
understanding, for example, why perpetual motion is not possible as a source of
energy. Such fundamentals also place limits on the manner in which matter may
be transformed from one state to another. The behavior of particles as waves has
gained extraordinary insight with the tools of quantum mechanics. Electronics and
information theory have emerged with many fundamental truths associated with
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the creation, storage, and distribution of bits of information. These fundamentals
form a basis for refuting many of the irrational visions being propagated today.

At the same time, concerns about the interaction of nanoparticles with living
species is a valid one, and laboratory tests, incomplete at present, are an essential
prelude to introducing large quantities of products into the public marketplace.

It is in the best interests of the scientific community to develop a rational basis for
visions and limits to those visions based on scientific fundamentals, particularly
those behaviors that are associated with the irrational fears about the vision of
nanotechnology today. Thermodynamics, chemical dynamics, biology and
biochemistry contain the concepts that will reveal what is possible with nanobots
and self-replicating species. When it comes to information technology, vast
resources in industry have responded to commercial opportunities over the past
several decades, and have developed an amazingly capable complex of researchers
knowledgeable about what is possible with today’s materials and treatments
involving information technology. Any academic community concerned with
information technology (for example, molecular computers) would benefit greatly
by joining forces with the intellectual components of this industry to search for the
true limits of what may be realistically expected.

Policy, patent law, and social acceptance will follow rational visions, suitably
developed in a reasonable time frame. It is imperative that credible scientific
discourse lead the visions and actions of those shaping social, legal, and policy
frameworks in the future.

References

1. C. Christensen, The Innovator’s Dilemma: When new technologies cause
great firms to fail, Boston: Harvard Business School Press (1997).

2. Financial Times Information Global News Wire, China Online (12 April
2001); FT Asia Intelligence Wire, China Daily (22 June 2001).

3. N. Easen, Is life the key to new tech? CNN.com International (22 September
2003). (available at http://edition.cnn.com/2003/TECH/09/19/
wow.tech.life.computing/index.html).

4. P. Binks, Questions loom large in nanotech’s tiny world, The Age (21
October 21, 2003). (available at http://www.theage.com.au/articles/
2003/10/20/1066631346170.html) B. Joy, Why the future doesn't need us,
Wired (April 2000). (available at http://www.wired.com/
wired/archive/8.04/joy.html).

M. Crichton, Prey, New York: HarperCollins (2002).

6. L. Navrozov, Nanotechnology—Part II, WorldTribune.com (15 August
2003). (available at http://216.26.163.62/2003/lev8_15.html).

7. ETC (Action Group on Erosion, Technology, and Concentration), The
big down, Winnipeg: Author (2003). (available at http://www.etcgroup.org/
documents/TheBigDown.pdf).

129



10.

11.

12.

13.

Nanotechnology: Societal Implications — Individual Perspectives

ETC, No small matter II: The case for a global moratorium, Winnipeg: Author.
(available at http://www.etcgroup.org/documents/Occ.Paper_Nanosafety.pdf)

Prince Charles whips up a nanotech storm in the UK, Trends in
Nanotechnology Weekly (5 June 2003). (available via free subscription at
http://www.cientifica.info/html/TNT/tnt_weekly/archive_2003/
issue_5.htm#_Toc40082455).

Royal Society, Nanotechnology: Views of scientists and engineers, London:
Author (2003). (available at http://www.nanotec.org.uk/workshopOct03.htm).

D. Brown, Perception may be nano’s biggest enemy, leaders tell Congress,
Small Times (10 April 2003). (available at http://www.smalltimes.com/
document_display.cfm?document_id=5809).

J. R. Von Ehr, Testimony of Mr. James R. Von Ehr II, Chief Executive
Officer, Zyvex Corporation, before the U.S. Senate Committee on Commerce,
Science, and Transportation (1 May 2003). (available at http:/
commerce.senate.gov/hearings/testimony.cfm?id=745&wit_id=2015).

S. Boehlert, Opening statement for hearing on nanotechnology
consequences, U.S. House Committee on Science (9 April 2003). (available
at http://www.house.gov/science/hearings/full03/apr09/boehlert.htm).

130



3. CONVERGING TECHNOLOGIES

NANOTECHNOLOGY’S IMPLICATIONS FOR THE QUALITY OF LIFE
Carlo Montemagno, UCLA

It is important to consider nanotechnology developments in the context of the
future and the potential implications that they may have. Some coming
opportunities may not be immediately obvious, based upon what we have seen in
the past. In his 1959 speech, “There’s Plenty of Room at the Bottom,” Richard
Feynman said: “The biological example of writing information on a small scale
has inspired me to think of something that should be possible....Consider the
possibility that we too can make a thing very small, which does what we want—
that we can manufacture an object that maneuvers at that level!” [1, p.29] Why did
it take 40 years for this to occur?

In the last four decades, a number of major advances have enabled the technology
to move ahead, creating micromachine devices that enable us to start working with
molecules at the single scale. We are starting to understand how cells work and
how to manipulate matter on the scale of single molecules. We have been able to
minimize and store huge quantities of data and have access to these data.
Together, those developments form an enabling event that generated immense
vigor around this area. As a result, many new advances have occurred, particularly
in diagnosis and medical treatment, involving precise manipulation of matter.

Examples include laboratories on a chip such as the LabChip systems produced by
Caliper Life Sciences Corporation, the micro-tweezers produced by MEMS
Precision Instruments, and the long-standing work on neural microprobes at the
University of Michigan’s Center for Neural Communication Technology.
Especially notable are the microcages, pneumatic manipulators, and DNA
microarray injection pins created by C. J. Kim’s Micromanufacturing Laboratory
at UCLA [2, 3]. At Rice University, Jennifer West’s laboratory has been
developing medically useful nanoshells, a new type of nanoparticle with tunable
optical properties, including gold “nanobullets” that could be employed in cancer
therapy where they would be guided by magnetic resonance and then generate
heat to destroy tumors [4].

The ability to use machines to manipulate matter a single molecule at a time
renders many things possible that were impossible before. For example, this
ability has enabled our team at UCLA to make a device that is a motor being run
by a single molecule [5, 6, 7, 8, 9]. More recently, it has allowed us to begin
engineering some basic motility devices that use the concerted reaction of a
number of molecules to allow motility to occur. These things altogether have
fostered what we call nanotechnology.

To get to the nanoscale, one of the things that we have to be able to do is interface
with matter at larger scales, because those are the scales at which we work. One of
the goals people talk about is making bio-bots, robots that are small, comparable

131
M.C. Roco and W.S. Bainbridge (eds.),
Nanotechnology: Societal Implications — Individual Perspectives, 131-168.
© 2007 Springer.



Nanotechnology: Societal Implications — Individual Perspectives

to microscopic organisms. The strategy, of course, is to manipulate the chemistry
and topology of the structures, creating the devices using MEMS technology, and
have them self-assemble and make our own bio-bots. Our team has created a
robotic device about 160 microns in length that can walk across a surface, small
enough to fit easily inside the zero on the head of a penny. Admittedly, this is still
microtechnology, but it shows that by using nanotechnology, we can work on that
interface between the two.

A Paradigm Shift

The question then becomes: How do we go to larger scales? That requires a
paradigm shift in understanding what is really required to make this new next-
generation type of materials. Consider the work done in the research laboratory of
Robert H. Singer at the Albert Einstein College of Medicine in New York,
studying the reproductive behavior of yeast cells [10, 11]. Yeast cells are very
interesting organisms in their own right that reproduce by budding. Only a female
yeast cell can bud, and whether it buds or not depends on the presence of a single
protein. The problem is how a female yeast cell can produce a male offspring. If
she produces the protein during reproduction, she becomes a he, and the budding
process does not work any more.

Here is how it does work. Messenger RNA is produced, put onto carrier
molecules, then onto a kinesin onto a microtubule, and then transported down to
the budding cell where the protein is actually produced. There is a purposeful
transport of information, occurring through the stochastic interactions of basically
seven molecules. This is a higher order of behavior that sends information down
from the mother cell to her son, emanating only through molecular interactions.

So from this, we have come up with the tenet that one should look at the stochastic
interactions in single molecular systems. They have higher orders of scales of
observation, in which emergent properties come through as it goes to scale—from
single molecules up to groups of large clusters of molecules up to the scale of
change. Higher-order functionality emerges from stochastic non-linear
interactions at a lower level that is observable at a higher level. Figure 3.1
suggests that this rule may apply at many nested levels.

The implication here is that the living system does not work like clockwork, but
comes about as an emergent result of the fact that there is randomness associated
with the processes. To elicit this higher order of behavior requires us to
incorporate this robustness and the randomness associated with it.

Integrative Technology

A key part of the paradigm shift is integrative technology, the fusion of
biotechnology, nanotechnology, and informatics. We look at nanotechnology for
the precision engineering of the matter. We look at biotechnology providing the
fundamental building blocks for our function. And then we look at informatics for
understanding and controlling how the flow goes between those entities.
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Figure 3.1. Emergence of functionality from lower to higher levels.

So how do you try and incorporate that? Through nanoscale structures. A living
cell is not just a bag of chemicals, but a structure of membranes. Information is
incorporated in the structure associated with cells, and that structure provides
delineations of functionality that occurs inside the cells. So if you create a
biomimetic membrane, a membrane that allows you to insert functional building
blocks of living systems, you should be able to get higher-order behaviors.

We have looked at aquaporin, a protein that transports water across membranes,
for systems that purify water. We have experimented with energy transduction
systems going from light to chemical energy, and light to electricity. We have
valves. All these are building blocks that are found in living systems, and 80
percent of the proteins in the human genome are membrane-bound proteins. All
those functional building blocks are there for us to use like Legos, which can be
assembled to create artificial organelles performing unit functions. These are
chemical factories, unit operations that function as a result of them working
together.

Combined in the right manner, these methods can achieve higher-order
functionality. Right now, we produce straight linear operations. We filter water.
We pump protons. But those are all things that we expect out of the process. One
way to achieve a higher order of behavior is to incorporate ion-gated channels.
These are the same type of channels that are used in cells to communicate with
one another, such as nerve cells for processing information.

Mathematical analysis indicates that a higher order of behavior can be elicited
with vesicles about 150 to 200 nanometers in size. They can be made to operate
like a monostable multivibrator. This may not seem like much, but it would be an
unexpected, emergent property from the system. And it is also a fundamental
property that we find in living systems. Notably it is part of the process that we
find within the sinoatrial node of the heart that triggers your heart to beat.
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This is the very beginning of an induction path. If you have a system in which you
incorporate these artificial nodes that self-stimulate, you should be able to mimic
the same function that a group of cells does, a higher-order type of function. Can
you do this with neuronal cells? Current analysis indicates that the action poten-
tials may be slower than neuronal cells, so some work in engineering will be
required. Success with that process could enable transporting information between
neurons, taking stimulation from one location, cascading it and stimulating it to
another neuron.

Consider the way our brain works when we process information, especially spatial
information that has structure. In cortical sensory integration, spatiotemporal
patterns are integrated over time to produce responses selective to specific patterns
and their natural variants. The fundamental basis of sensory perception involves
integration over both space and time. It is difficult to decode how the brain works
merely from looking at pulses, because where the pulses are coming from and the
associated structure are important pieces of information. This information all
comes over a time period of about half a second. Given how slowly the neurons
respond, nobody should ever be able to hit a baseball, because there is not enough
time for the process.

Human beings do vary rapid pattern recognition based upon their interpretation of
reality. This insight provides a framework where we can make environmentally
aware materials and systems. These systems would incorporate other biological
molecules with chemo receptors or mechanical receptors that stimulate them
inside these processes.

In the human brain, there are several neural operations that are fundamental
computational building blocks. Detecting transiently similar firing rates is
naturally executed by networks of spiking neurons. The collective synchronization
event is a “MANY ARE CURRENTLY APPROXIMATELY EQUAL” operation.
Integrate-and-fire neurons implement a fuzzy “AND” and a fuzzy “OR.” Neurons
with transiently similar firing rates can transiently synchronize, and this is how
they process banks of information.

We have been experimenting with vesicles on the order of 130 nanometers in di-
ameter that could perform the same logical operations, given appropriate changes
in parameters such as diameter, the number of molecules, and perhaps other
properties. Adjusting these parameters impacts coordination number, the trigger
threshold, and the duration and quality of current pulse and recovery period. From
a system of such vesicles, it should be possible to elicit a higher order of behavior.
In principle, the result would be a system that processes information based upon
interactions among the vesicles. They transmit information between themselves by
the communication of where the molecules are. The result could be an engineered
bio-computational intrinsically smart system, three-dimensional like the human
brain, rather than two-dimensional like computer chips.

Social Implications

Capabilities like those described above require us to start thinking about the social
implications of where things are going. In a very few years, DNA-based diagnosis
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may determine ultrasensitive and accurate pathology of disease through DNA
hybridization. This suggests the possibility of replacing traditional doctors, and it
raises implications on how medical insurance will be affected. Will machines and
automated health care represent peace of mind for patients?

Similar DNA technology may offer disease prediction, forecasting the future of
one’s health. This suggests the possibility for termination of health care insurance
based on results, raising serious issues of legality and ethics. Does withholding
results represent illegal action? What are societal ramifications of the
technological crystal ball?

The implications that are associated with this level of technology in terms of
human privacy and preserving health are issues that have to be reserved. When we
have nanotechnology, and we are able to acquire all this information and have it
accessible, the impact that it will have on people’s lives can be quite substantial
unless proper safeguards are addressed.

Many other potential technological outcomes can be imagined. One is a radically
new approach to manufacturing, broadcast architecture. Nature dictates self-
replication by delegating replication codes from a central “server,” and a similar
assembly approach can be developed for manufactured goods. It will be based on
replicating codes of information, and the information available will be transmitted
and will be indigenous to the materials and devices that you manufacture.
Engineered systems can address the regulation of autonomous activity and
undesirable replication.

Another direction for development is unparalleled biomimetics, integrating natural
with inorganic systems and engineering hybrid technologies. Biomimetic systems
bring the advantages, without the weaknesses, of enhancing stability and
robustness while harnessing nature’s most potent processes (i.e., energy
transduction enzymes) in synthetic materials. There will be a whole suite of new
sorts of biofunctional materials, which take the building blocks that living systems
have. One would be something that pumps a proton and transforms it into an
electron. Put many of them together, and you get a bio solar cell. Take something
that pumps a proton, and it is gated to a valve. Now you have a valve that
automatically self-regulates pH. You have unit operations in the classical sense of
the way that we build chemical factories.

Spying on the nanoscale has been touched upon numerous times, as it is a very
real issue. Nanotechnology operates at the scale that current devices cannot reach,
enabling us to observe what we cannot see with our eyes. One concept that must
be addressed is bio TTL—biological tagging, tracking and locating individuals.
We need to make sure that we find the right balance between our own national
security needs and our rights for privacy.

We may even have a responsibility for stopping certain developments, but any
nanotechnology prohibitions must be based upon correct information rather than
rumors. One of my students asks, “Are we prepared for uncontrollable self-
assembly processes?” The argument goes like this: Functional nanotechnology
relies on self-assembly to mimic natural systems. The process of self-assembly
can represent the hazards associated with nanoscience. Current nanobiotechnology
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concepts include devices based on autonomous behavior of nanoscale-engineered
systems. Are we prepared for uncontrollable self-assembly processes? What are
the environmental and medical-related ramifications? Can we address issues
associated with autonomous malfunction of devices we can’t see? Will the
environmental, military, and public health risks posed by nanotechnology
outweigh the proposed benefits?

In fact, I do not think we are going to have uncontrolled self-assembly processes.
However, educated students who are working in this area are influenced by a lot
of the media to believe this is possible. This is very, very telling, showing that the
media are very far-reaching in their influence. We scientists have to make sure we
deal with this misconception in a very aggressive manner, so that we don’t get
ourselves caught in the same type of dilemma that the people who do stem cell
research got themselves caught into.

More realistic concerns relate to nanopharmaceuticals and nanorobotics. Those are
areas in which I think we’re going to have fundamental impacting technologies,
and risks really will be associated with them. In the case of nanopharmaceuticals,
can uncontrollable aggregation result in catastrophic effects? Therapeutics can
react against healthy cells, resulting in new problems. We may see challenged
acceptance of proposed technology based on ingesting bacterial materials (i.e.,
pore proteins) as drug delivery vehicles.

Nanorobotics may be designed to scavenge hazardous materials. Can the robots
then serve as mechanisms to re-deliver the scavenged chemicals? If they exhibit
autonomous behavior, will autonomous malfunction create destructive
functionality? Whether rightly or wrongly, because devices are invisible, people
may fear that virus-like replication could result in uncontrollable problems. Will
they be misused for bioterrorism?

We need to face the new frontier. This requires a true partnership, including
agencies like NIH, DARPA, and NSF, with the legislative branch of government,
industry sectors, society, and the world at large. We have a responsibility for
educating the public and demystifying the impossible. We also must deal
aggressively with our lawmakers and with our policymakers, keeping them
educated and in the loop, and jointly consider appropriate regulatory mechanisms,
such as laws, commissions, and standards.

I am very upbeat about the technology, and I think an enormous amount of things
can happen. Health care will benefit from nano-bullets to kill tumors and form
artificial organs. Electric batteries structured at the nanoscale will deliver cleaner
energy. Nanoelectronics will enable cheaper and more efficient consumer
electronics, computers, communications, and information systems. The civil
infrastructure will have stronger structures, using materials with properties
controlled at the nanoscale. The environment will benefit from nano-enabled
recycling and waste management, and by real-time toxin detection and cleanup.
We should be cautious about imagined military and surveillance applications, such
as dissembler weapons, self-replicating nanomachines, and the invasion of
privacy.
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In general, the possibilities of this fusion of technologies are very real and very
positive. We will be able to do things that we never dreamed possible. The next 10
to 15 years are going to be quite extraordinary!
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MANAGEMENT OF INNOVATION FOR CONVERGENT
TECHNOLOGIES

Errol Arkilick, NSF

There is no shortage of description for the potential of convergent technologies to
radically alter the industrial landscape and bring vast improvement to society. In
particular, the convergence of nanotechnology, biotechnology and information
technology along with cognitive science has been described as having the
potential to significantly influence a society’s ability to project economic power in
the 21* century [1]. Recognizing the potential impact on national security, nations
are positioning their science and technology public investments and policies to
establish leadership in these convergent fields. This potential provides a vision of
our future for which we reach; now it us up to us to develop the plans and vehicles
to get us there. To do so, I believe it instructive to study and classify the
innovations we envision with an eye toward learning from the past as we invent
the future.

In order to develop a tactical plan to bring about our convergent futures, I believe
it instructive to study the innovations we envision by applying known best
practices of innovation management. Many innovations are actually extensions of
current paradigms. For instance, in the future we will be able to remove more heat
from a processor (nano/IT convergence), or develop immuno-neutral coatings to
decrease the body’s rejection of implanted medical devices (nano/bio
convergence), or develop new structures that enhance the ability of targeted
pharmaceutical agents to pass through the various epithelium (nano/bio
convergence). These types of innovations will likely entrench or conserve the
market/customer linkages of current market leaders, but may make obsolete
technologies or production capacities of these same leaders.

Consider a case where current paradigms will be extended. For example, for an
immuno-neutral hip replacement joint, instead of prowess in the ability to machine
and market unique components out of titanium for hip replacement joints, the
ability to quickly deliver a personally specific immuno-neutral cast carbon-filled
joint will be rewarded. (We are assuming that it is this capacity and not some
other aspect of business such as customer service or deep relationship with the
reimbursement/insurance industry that is rewarded in the marketplace for this
example.) To the extent that the convergent-enabled innovations are embraced by
the market, the industry-dominant players that don’t provide the capability will be
demanded by their customers to do so. And, depending upon the business
landscape (including intellectual property), the leaders will respond and acquire
the demanded capability. In the “transilience framework™ of Abernathy and Clark,
this type of innovation—one that entrenches market/customer linkages while
simultaneously obsoleting technology or production capacity—is classified as
revolutionary [2].

The market risk with revolutionary innovations can be relatively small and most
innovations of this type fall into the “better, faster, cheaper” category. To be sure,
there are vast opportunities for these innovations brought about by convergence,
and I am not downplaying the significance of wealth creation enabled by
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entrenching market/customer linkages. But, revolutionary (as defined in the
framework of Abernathy and Clark) innovations typically do not ‘“change the
world.” They can, however, be used by knowledgeable entrepreneurs to build
enterprises that are then acquired by market leaders (or often the number two
player) transferring new capability to the market.

For world-changing innovations enabled by convergence, think of innovations that
simultaneously act to enable completely new market/customer linkages as well as
obsolete technology or production capacity. In these cases, the leading firms will
be threatened on two fronts and it is here that huge shifts in the fortunes of
enterprises (and people) can occur. New industries are formed, new customers are
served and brave new worlds are created—but in a good way. Think of personal
computing and the fortunes of such venerable companies as Digital Electronics
Corporation (DEC) or Wang.

With DEC and the personal computer, problems arose because management did
not understand the significance of the difference in the dynamics of the
minicomputer verses the personal computer market. They did what all companies
in search of excellence do; they listened intently to their customers. What they
found was that desktop computers did not suit the needs of DEC’s “best”
customers. The problem was, a new paradigm for value was emerging with the
new personal computer and the capability that DEC possessed simply did not
address the new value placed on inexpensive lower-performing (as compared to
the mini-computer) microprocessor-based desktop platforms. So, both the
customer/market linkages possessed by DEC as well as the technical capability to
build high performance minicomputers in the face of the new value landscape of
the personal computer ceased to be advantages and actually became liabilities for
DEC.

In the framework of Abernathy and Clark, innovations that simultaneously make
obsolete market/customer linkages as well as technical or production capacity are
termed architectural. And it is within this sector of the “transilience framework”
where the most exciting opportunities for convergence lie and where the
entrepreneurial grand-slams will be made.

Innovation type classification can be valuable because the fields upon which
innovation-enabled enterprises play are uneven and knowledge of macro forces
can be used to advantage. Classification can help define the appropriate strategies
that should be engaged as we invent our futures. Said another way, it is important
to consider classification because different innovation classes represent different
opportunities/threats to the enterprise. In particular, the resources and skill sets
required to bring successful innovation to market differ for architectural and
revolutionary innovations.

Using the concept of gap analysis, namely looking to bridge the gaps between
where we are today and where we want to be tomorrow, and using the transilience
framework of Abernathy and Clark, we can develop appropriate strategies to
increase the effective use of resources to build our convergent futures.

Revolutionary and architectural innovations enabled by technology convergence
have different gaps to fill and will require different management techniques and
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resources for success. Revolutionary innovations are mainly technical in nature,
market risk is minimal, and those with established market/customer relationships
are in the best position to bring the innovation to market. This realization has
important implications when it comes to resource investment and enterprise
positioning.

With architectural innovations, market risk and technical risk are involved, and
often the entrenched customer relationship, as well as technical capability,
actually hinder an enterprise’s ability to recognize the potentially disruptive nature
of the innovation [3]. In this case, new entrants may be better suited to bring the
innovation to market.

In the United States, we are fortunate to possess a wide range of institutions where
both basic and applied research are conducted—research that leads to
revolutionary and architectural innovations. We have an industrial base that can
readily market revolutionary innovations as well as a large pool of aggressive
entrepreneurs backed by a mature venture capital industry. This combination can
build the architectural innovations into the industries of the future. In addition, our
society supports innovation and commercialization of nascent technology through
programs such as the Small Business Innovation Research (SBIR), Small Business
Technology Transfer (STTR) and the Department of Commerce’s Advanced
Technology Program (ATP). In particular, The National Science Foundation
SBIR/STTR program, in the Engineering Directorate under the Division of
Manufacturing and Industrial Innovation, supported a program specifically in
convergence (nano-, bio- and information technology) for Security Technologies.

The prominence of the American market over the past 60 years, may have given
American enterprises an edge in bringing new innovation to market. However, the
emergence of new global markets, particularly in Asia and Europe, and the
recognition that the capabilities outlined above are not uniquely American may
change this. In order to compete effectively and develop the tactics that will allow
us to capture the value of the convergent technologies, America will have to
continuously hone its innovation management and technology development tools
to embrace best practices. Note, I am not calling for a central planning body or
roadmap-developing committee for planning our tactical efforts to reach the
future—these rarely succeed. I am suggesting that each of us study the gaps that
lie between us and the convergent future with a