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Foreword

Vijoleta Braach-Maksvytis

When Donnie Maclurcan approached me in 2004 to help guide some of his
groundbreaking PhD research on the societal implications of nanotechnol-
ogy, I was delighted to discover a like-minded colleague who shared such
a consideration. As his PhD conclusions sharpened, Donnie was already
beginning to collate the work of others into a volume that would take his
dissertation findings about nanotechnology and global inequity one step
further. With a steadfastness of vision, unswerving integrity, and belief in
the better characteristics of us as global peoples, this book was created.

Yet this work has much deeper foundations. In the late 1950s, the field of
nanotechnology was foreshowed with Nobel Laureate physicist Richard
Feynman’s dream of taking advantage of a “new world” available at the
nanoscale—the level of atoms and small molecules.

What is it about nanoscience that has created so much attention? It has
opened a world of new materials and properties simply by the reduced
dimensions of familiar materials on the nanoscale. This is because of three
main characteristics: The nanoscale is the scale of nature’s building blocks,
such as DNA and proteins; at this scale, materials have more surface than
volume, increasing the importance of surface-interaction properties; and, at
nanoscale, the effects of quantum physics begin to dominate over classical
physics. Take, for example, the simple interaction of light with gold metal.
Light on a golden wedding ring tells us that gold is gold colored. Light inter-
acting with a 20 nanometer-sized nanoparticle of gold tells us that gold has
a deep red color—not a trace of gold in sight!

It was not until the early 1990s that Feynman’s dream became a frontier
science and, even then, it needed the advent of analytical tools that were
capable of shedding “light” on the nanoscale before it could really take off.

The field began to grow in the late 1990s with an aspiration and approach
that, in part, contrasted sharply with previous emerging technology areas
such as nuclear power, stem cell research, and genetic engineering. The
usual path of scientific research is driven by curiosity or funding, and typi-
cally develops in isolation from societal frameworks. Scientists are trained
and respected for their abilities within a particular field, and they dedicate
their lives to the pursuit of knowledge. Most of science methodology or
insight remains a mystery to the general population. Over the past decade
or so, attempts have been made to connect science to other areas such as
business and policy, but scientists are still being trained without appropriate

xi
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consideration for the social context or ramifications of their work. When new
breakthroughs are made, such as the examples given above, they descend
upon the population as existing technology—and only then is consideration
given to the debates about human and environmental safety, ethics, legali-
ties, long-term effects, unexpected up- and downsides, and commercial ver-
sus global needs.

Yet, at the turn of the millennium, there was a different mood among
those who took a more public lead in the area of nanotechnology, marking
the first of three distinguishing characteristics for the field with respect to
science and society. Resulting from preceding experiences, some recogni-
tion was given to issues relating new science to societal impacts. Many of
us also thought that perhaps this time we could learn from history and
avoid repeating the same mistakes. Hence, safety and societal implica-
tions were fostered at the same time as the fledgling scientific research
expanded. In Australia, for example, the philosophy school at Charles
Sturt University set up a nanotechnology investigative program in the
early 2000s. Similarly, as Cornell University established its major nano-
technology research center, it included projects looking at the interaction
of nanomaterials with biological materials to foreshadow safety and toxic-
ity issues. This provision of thought and resources to the possible future
ramifications of technologies simultaneous to their emergence had never
been done before.

However, connecting science and society more broadly was extremely dif-
ficult to put into practice among the members of the nanotechnology com-
munity itself. In the early 2000s, I convened a meeting of nanoscientists to
discuss the societal implications of nanotechnology. “What has that got to do
with us?” came the response because they felt it was their job to only create
the knowledge; what happened after that was not their business and it was
not that for which they had been trained. I followed up with a nanotechnol-
ogy lecture to the Australian Academy of Sciences, ending my presentation
by raising the possibility that perhaps this new field of scientific application
could consider a change in the usual approach to research. I suggested that
by collaborating with disciplines other than science, we could seize a unique
and historic opportunity to directly address the urgent issues currently fac-
ing the world. However, for some this was an unwelcome view and there
was a sense of indignation at the suggestion that people outside the field of
science might determine areas scientists could or could not research.

The second characteristic that marked this new field in the early 2000s
was a deliberately forged, immediate international connectivity. The usual
path for new areas of research is usually decided by individual scientists,
schools, departments, research organizations, or funding agencies. At the
Australian Nanotechnology Network in Australia, however, we linked our
nanotechnology activities with key policy groups around the world and cre-
ated cross-country collaborations (such as with the EU). This was both pos-
sible and particularly beneficial because of the enormous ramifications that
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nanotechnology holds across almost all applications. We were far from alone
in recognizing such possibilities.

The third unusual aspect influencing nanotechnology’s development was
the funding of collaborations between developing and developed coun-
tries. This funding arrangement created entry points for new research-
ers at the start of an emerging field, undermining long-held conservative
views that developing countries were not sufficiently educated to be at
the forefront of science, let alone capable of making early and significant
contributions. This challenge to traditional perspectives about scientific
development subsequently began to drive a realization that the huge issues
facing the world are the responsibility of us all as global citizens. This new
awareness was spurred on by a range of international developments, such
as the UN Millennium Development Goals and the “living” philanthropy
exemplified by people such as Bill and Melinda Gates. Irrespective of one’s
views on their outcomes, these happenings helped substantiate, for many, a
sense of interconnectivity across the planet and a renewed desire to ensure,
for all, the provision of basic needs in areas such as health care, food, and
water. Nanotechnology has weighed in on these debates, offering new ave-
nues for consideration in our approaches to vast and long-standing prob-
lems such as those relating to water purification, malaria detection, and
targeted drug delivery.

Have these approaches worked and are they truly beneficial? Has the field
succeeded in opening up the closed world of science research to other disci-
plines and players, enough to actually deeply inform the work being carried
out? Although some progress has undoubtedly been made when compared
to previous frontier fields, the historical approaches to science research still
hold fast and, for me, the progress is not nearly ambitious or rapid enough in
the “how” of nanotechnology.

As the authors in this book explain, despite the best of intentions, technol-
ogy remains fundamentally constrained by the market-defined framework
in which it presently operates.

But the ground is indeed shifting. The cracks have appeared, and the
world has turned with the tiniest shift in its axis of rotation—a shift that is
irreversible. This book is a product of that shift.

There are some truly unique connections made in this book—and timely
ones, too. Donnie Maclurcan and Natalia Radywyl highlight and exemplify
the kind of systems approach required to shape positive and sustainable
paths we can jointly pursue. They have not held back with their boldness of
vision. In light of the truly engaging collection of questions and viewpoints
they have assembled in this book, their boldness is well justified. In piec-
ing together such a range of views, this book differs from previous multi-
authored efforts by collectively proffering a glimpse, however small, of how
that vision could play out. Its fundamental significance and contribution
to the field of nanotechnology and, more broadly, our shared futures are
undoubtedly important and unique.
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1.1 Introduction

A new era of human collectivity is emerging. Born of desire, fear, sensibil-
ity, and ingenuity, it rides on the back of past struggles and our increasing
capacity to share information across the globe.! The individualistic milieu
that epitomized neoliberal structures of the previous four decades is begin-
ning to change form. A common, underlying goal is progressively connect-
ing us to one another: a desire to better the present as a means to secure
viable futures on this planet. Rising climate awareness, for example, is being
translated into practical community action via movements such as transi-
tion towns, collaborative consumption, and slow food. This marks a palpable
shift in commitment toward what we view as sustainability: addressing the
needs of the present without compromising the ability of future generations
to also meet their own needs (Brundtland 1987). Nanotechnology is one such
significant site where scientific innovation, new forms of collaboration, and
new thinking about sustainability could indeed coalesce to pave the way to
more equitable futures for individuals and communities around the world.
However, while the hope of a new collectivity is inspiring, we believe
that to understand this book’s aims it is crucial to recognize that current
big-banner issues—such as climate change—are not the root causes of our
present global predicament. Indeed, these issues are a symptom of a much
more vicious, seemingly untouchable malady: our addiction to economic,
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consumption, and population growth in a world of finite resources—or, as
Serge Latouche (2010) explains, the colonization of our imaginations by the
growth paradigm.

Arguments placing questions about growth and its limits at the heart of
sustainability debates are not new (see, for example, Barnett and Morse 1965;
Meadows et al. 1972; Ehrlich and Holdren 1972). However, they have been
revitalized in recent years (see Turner 2008; Hall and Day 2009; Latouche
2010; Martinez-Alier et al. 2010; Simpson, Toman, and Ayres 2005), in part
because of growing support for the notion of socially equitable and environ-
mentally sustainable “degrowth” in the Global North (Reichel and Seeberg
2009).2 Furthermore, such arguments now exist atop strong evidence of “eco-
logical overshoot” since the 1980s, whereby humanity’s demand on the envi-
ronment—in terms of the amount it takes to produce all the living resources
we consume as well as to absorb our carbon dioxide emissions—has continu-
ally exceeded the biosphere’s regenerative capacity (Wackernagel et al. 2002).

1.2 Rethinking Sustainable Innovation

Understanding these issues is fundamental to any investigation of emerg-
ing technology and its interaction with sustainability. The time has come to
think closely about what sustainability means and the forms it could take.
For example, the modern scientific model—still the dominant paradigm for
scientific innovation—flourished in the context of the Industrial Revolution
and has therefore been customarily driven by a process of modernization
inextricably linked with economic growth. Gains in efficiency, productivity,
and utility have constituted the often unspoken drivers of assessment for
technological innovations such as the steam train, antibiotics, and even the
“green revolution” of the 1940s—an agricultural approach that focused on
increasing crop yields via the application of new plant varieties and modern
agricultural techniques.? As Ellul (1964) noted in the 1960s, “modern technol-
ogy has become a total phenomenon for civilization, the defining force of a
new social order in which efficiency is no longer an option but a necessity
imposed on all human activity” (17). In this respect, little has changed in
recent times (Scrinis and Lyons 2007). From a contemporary sustainability
perspective, mainstream critiques of emerging innovation rarely venture
beyond questions of which environmental efficiency gains can be made,
which effects productivity impacts might have on financial sustainability,
and which abilities each technology holds to sustain and improve levels of
perceived human comfort. For sustainable development, ecological modern-
ization is proffered as the answer, where it is believed that economic growth
can be decoupled from environmental degradation via changes in produc-
tion processes and institutional adaptation (Blowers 1997). It is this kind of
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thinking that leads popular economic commentators to suggest that “inno-
vation is what allows you to use a finite amount of resources more efficiently,
yielding the kind of growth that is sustainable” (Economist 2009).

The limitations of such approaches become immediately apparent when
held to more serious scrutiny. As Tim Jackson (2009, 488) shows, based on
realistic demographic and lifestyle expectations, carbon intensities “would
have to fall, on average, by more than 11% per year to stabilize the climate, 16
times faster than they have fallen since 1990. Additionally, in what is gen-
erally known as the rebound effect, environmental benefits from efficiency
gains are typically offset by corresponding increases in overall consumption
(see Polimeni et al. 2008).> There are clearly limits to growth.

This is not to deny the many fruits of modernization that may be—and
have been—of great importance for meaningfully adapting to limits to
growth.® Developments in cradle-to-cradle manufacturing, open source soft-
ware, the transnational movements outlined above, and critical theory itself,
spring to mind. However, what we seek to highlight is that a whole other set
of benchmarks hold increasing levels of legitimacy when it comes to explor-
ing the implications of emerging technologies, such as the extent to which
technological innovation can be decentralized, locally appropriate, and dem-
ocratically controlled. Benchmarks such as these call into question the cur-
rent range of dominant assumptions: How narrowly has sustainability been
defined, and how might this definition be pragmatically interrogated and
expanded? What is the broader potential here for science and sustainability?
Are there alternative forms of scientific knowledge and production that can
be looked to for grappling with questions of sustainability in a deeper and
also more global sense—especially forms that are able to incorporate the
voices and needs of communities who are not yet represented within main-
stream science?

Given that present and future ecosystems’ stability is tied directly to the
ways in which we collectively act (Pachauri and Reisinger 2007), address-
ing these questions can afford no further wait. The problems of unfettered
growth and the role of emerging technology in growth’s perpetuation are
now so great that we must either adapt more holistic approaches to the
processes of technological creation, or risk their continuation as a medium
through which we move emphatically toward self-ruin. On a more positive
note, we believe that a timely opportunity has now arisen in light of the
increasing attention by scholars and the broader community to the prospect
of futures without growth (see, for example, notions of prosperity without
growth [Jackson 2010]; property beyond growth [Alexander 2011]; and man-
aging without growth [Victor 2008]). Apart from commentary by Peter Victor
(2008) about technology assessment, technological innovation is given little
consideration in these works. Thus, in this book we add to such alternatives
the notion of innovation without growth—a scenario in which further sci-
entific innovation does not equate with further increases in national gross
domestic product (GDP).”
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1.3 Lines of Inquiry

Building on previous work (Maclurcan 2011), we believe that holistic
approaches to creating futures founded upon innovation without growth
require the following four fundamental attributes:

1. Recognition of limits, ecological overshoot, and unsustainable trajecto-
ries—an alternative starting point for innovation that acknowledges
the need for a new scientific approach—one that is impregnable to
co-option by the shortsightedness often underscoring capitalist ven-
tures, such as “greenwashing.”

2. Decentralized capacity—an alternative global infrastructure for inno-
vation that responds to the various detrimental divides between and
within the Global North and Global South (the terms we prefer to
use to describe what are more commonly referred to as the devel-
oped and developing countries, respectively) through greater decen-
tralization and autonomy.®

3. Local appropriateness—alternative approaches to technological
designs that ensure sensitivity to human needs, cultural norms, and
environmental effects.

4. Democratic governance—alternative methods for overseeing innova-
tion that are participatory, enable the empowerment of people, and
influence innovation trajectories.

By reflecting upon these four attributes, it is possible to consider how new
technologies can actually offer so much more than scientific breakthroughs
as they are traditionally conceived. In short, we believe new technologies can
also become an advanced platform for defining social values—values that
are constituted “in both direct and not-so-direct ways ... [highlighting] the
reciprocal relationship between the role of artefacts in reflecting social priori-
ties and their role in reinforcing or stabilizing those priorities” (Nieusma 2010,
223). In this sense, along with our authors, we value the various forms of
equity that lie at the heart of each of the four attributes we have mentioned:
environmental equity (limits), equity of power (capacity), equity of needs
(appropriateness), and participatory equity (governance). We foreground
equity in this way in part to acknowledge that such attributes are critical for
technology to be considered truly appropriate (Schumacher 1973). But our
larger interest is in acknowledging the need to address the strong correlation
between inequity and unsustainability and the converse, long-held belief
that social and environmental sustainability go hand in hand (Wilkinson
and Pickett 2009).
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1.4 Introducing Nanotechnology

Thus, with a steadfast belief in our ability to cocreate equitable, sustainable
futures, we turn our attention to one of the most controversial of all recently
emerging technologies—nanotechnology: “the application of scientific
knowledge to control and utilize matter in the nanoscale [the scale of atoms
and small molecules], where properties and phenomena related to size or
structure can emerge” (ISO Technical Committee 2008). Here, we use a defi-
nition agreed upon by the International Organization for Standardization
(ISO) to highlight our consideration for nanotechnology in its accepted
form (compared to its speculative form as molecular manufacturing, which
brought with it limited and populist notions such as “gray goo” and “robots
in the bloodstream”).1

Although what nanotechnology is remains contested (and, therefore, any
reading must keep this limitation in mind), at a fundamental level, it does
have the following six defining features: it is based upon a size or length
scale (the nanoscale—generally agreed as 1-100 nanometers, with 1 nanome-
ter equal to 1 billionth of a meter); it involves the ability to control, manip-
ulate, or engineer on that scale; it involves exploiting properties unique to
the nanoscale; it is the practical application resulting from this exploitation;
it is often the product of conducting “old science” in a new way; and it is
the natural (but sometimes unconscious) progression for those working in
cutting-edge areas of science and is therefore a new field rather than a new
discipline (Maclurcan 2009).

A range of scientific developments have been fundamental to nanotechnol-
ogy’s emergence. The materialization of “tools to see, measure, and manip-
ulate matter at the nanoscale” (Ratner and Ratner 2002, 39) has included
the discovery of the scanning tunneling microscope (STM) in 1981 and the
atomic force microscope (AFM) in 1986.!! Utilizing various forms of surface
interaction, these instruments have enabled imaging of a sample’s topogra-
phy, composition, and scientific properties at the nanoscale. Furthermore, the
ability of the STM to move single atoms on surfaces has provided humans
with a means by which to engineer with atomic precision (Harper 2003).12
New techniques have also driven nanotechnology’s emergence, including
quantum mechanical computer simulation, soft x-ray lithography, and new
synthesis methods such as chemical vapor deposition, all spurring an ever-
accelerating understanding of scientific endeavor at the level of atoms and
small molecules.”® The final significant piece in nanotechnology’s scientific
evolution has been the discovery of materials such as quantum dots, circa
1983 (see Brus 1984); fullerenes—including the spherical forms known as
buckyballs—in 1985 (see Kroto et al. 1985); and nanotubes—particularly car-
bon-based—in 1991 (see lijima 1991).14
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Playing a significant role in nanotechnology’s development is the luxury it
has enjoyed as a financially well-supported field (to be explored in Chapter
4). Nanotechnology has received a wide uptake in research and development
(R&D), particularly in the Global North, with a range of applications across
many sectors, already available for purchasing. This relative ease of develop-
ment in the Global North has been aided by favorable policy conditions and
agreements with industry, which have given innovators relative freedom to
develop and exploit the technology (as will also be explored in Chapter 4).

1.5 Perspectives on Nanotechnology

More broadly, for some, nanotechnology also provides new hope for global
equity (Court et al. 2004; Juma and Yee-Cheong 2005; Salamanca-Buentello
and Daar 2005) and national economic growth decoupled from environmen-
tal degradation (Court et al. 2004; Barker et al. 2005; Juma and Yee-Cheong
2005; El Naschie 2006; Esteban et al. 2008). In light of present trajectories and
historical precedence, others, including ourselves, are more skeptical about
these two claims (ETC Group 2008; Invernizzi and Foladori 2005; Maclurcan
2011).5 As Nieusma (2010, 212) notes, the market is presently failing to “direct
nanotechnology in many of the directions that are both possible and broadly
desirable.” Moreover, Foladori and Invernizzi (2008) believe that nanotech-
nology has yet to offer evidence of an ability to technologically fix detri-
mental consumer addiction to the use of ever diminishing nonrenewable
resources, and the market’s compliance in supporting such an addiction. As
Slade (2010) notes, the dominant values driving technological innovation are
inherently economic, and that “economic values rarely serve as preferred
end-state values for public policies, especially those that relate to health and
wellbeing” (70).

However, with the mass of political, business, and financial support for
nanotechnology seemingly guaranteeing its near-term continuation in some
form or another, in this book we seek to cut through the polarizing discourse
outlined above by advancing with critically-informed hope. In short, we seek
to engage deeply with the challenges posed by nanotechnology and, where
possible, from asset-based positions—that is, by taking existing social, phys-
ical, economic, and political assets into account rather than working within
a needs-based, problem-solving paradigm (see Mathie and Cunningham
2003). Hence, the writing in this book is as much concerned with how cur-
rent, emerging, and future efforts in nanotechnology can play constructive
roles in shifts toward holistic approaches to sustainability as it is with ques-
tions of whether nanotechnology offers hope for greater equity or, indeed,
sustainability. This does not necessarily spell a compromised position nor,
one would hope, a platform for co-option by market forces. Rather, it is about
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understanding the importance of cocreating optimistic alternatives that both
resonate with and are understandable to the mainstream and, as such, can
enter popular discourse for debate and scrutiny.

In this light, we regard two present, era-defining trends as holding great
importance for our particular engagement with nanotechnology and sus-
tainability: increasing information openness and greater global interconnec-
tivity. For researchers, open-access publishing is a watershed for broadening
horizons. But perhaps more importantly, interconnectivity offers us, as
editors, the ability to rapidly pull together disparate ideas from these vast
horizons. The result, in cases such as this book, is a cross-fertilization of
insights and ideas from authors who collectively bridge historically impas-
sible boundaries of gender, discipline, sector, and geography. The propensity
for holistic systems-thinking and shifts in approaches becomes possible in
such circumstances.

As we shall reflect upon in our conclusions (Chapter 13), we believe the col-
lective meeting of our authors within this text allows the drawing of new and
valuable associations. Our contributors write from a range of perspectives,
experiences, professions, and locations around the world and raise the issues
they regard to be most pressing and urgent. Inevitably, when drawn together,
they form a chorus of multifarious perspectives, some dissonances, but also
unlikely congruity—and we believe that this is where the richness of this
text lies: It allows us to think about scientific innovation and sustainability
in new ways. This co-presence may, in fact, assist in transcending the identi-
fied competition between instrumentalist and contextualist perspectives on
nanotechnology and global development (see Liao 2009; Maclurcan 2011).1¢

In this regard, our work in this book marks a departure from other con-
tributions examining the relationship between nanotechnology and sus-
tainability. There have been numerous investigations of nanotechnology’s
potential environmental impacts, each presenting its own valuable perspec-
tive.l” Some have written comprehensively on nano-applications to protect
and enhance our natural environment and humanity’s place in it (Garcia-
Martinez and Moniz 2010; Smith and Granqvist 2010). Others have detailed
matters relating to nanotechnology’s environmental risks (Bottero 2007;
Karn 2004; Sellers 2009). Yet, as an understandable result of their scientific
focus, these efforts have all stuck to a narrow remit with respect to sustain-
ability rather than tackle the philosophical heart of the issues at hand. In this
book we adopt a much broader remit, regarding sustainability as less about
sustaining the ways we live and more about cocreating sustainable ways of
living.1# Along with increasingly shared risks around issues such as climate
change and emerging infectious disease (see Chapter 7), this is why the title
of our book refers to global sustainability, flagging that we will extend our
discussion beyond the investigative realms of technological efficiency, pro-
ductivity, and utility.

In a book with global implications, we are compelled to explain our deci-
sion to collate writing that focuses on nanotechnology and the Global South."
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This is primarily because, irrespective of outcomes, many of the North’s
most sustainable aspirations would seem to be reflected in approaches pro-
posed for the Global South and, from a sustainability perspective, the South
offers different wisdoms and knowledge that presently have an indefensible
lack of influence over contemporary and dominant scientific paradigms.?
Furthermore, with an equitable response to ecological overshoot requiring
degrowth of the economies in the Global North toward a steady-state global
economy, the philosophies and approaches of appropriate technology (which
place local and ecological contexts at the heart of innovation), as often envis-
aged for the Global South, become increasingly relevant to the Global North
(Wicklein and Kachmar 2001).

1.6 Chapters and Themes

The chapters we have collected have been organized around the four values
we regard as fundamental to a sustainability approach to science and tech-
nology (although, as would be expected, there are some chapters that could
be seen to straddle a number of these values). The book is therefore divided
into four sections to reflect each of these themes. Each section includes a
broad thematic critique as well as more specific criticisms, case studies, and
proposed alternatives for many of the challenges raised.

In this first section, Limits, we have collated work that provides a start-
ing point for considering the limits to growth. In “Nanotechnology and the
Environment” (Chapter 2), David Hess and Anna Lamprou review signifi-
cant ways in which nanotechnology could assist in “greening” the economy.
Placing their discussion in a broad framework of limits and the need for a
steady-state economy, they investigate nanosolar as an avenue for increas-
ing energy efficiency, improving energy storage, enabling renewable energy
technologies, and shifting to more flexible solar designs. This framework
results in a critique of nanosolar, raising the issue of exposure to toxic
nanoparticles and thereby highlighting the care that must be given to new
technologies, especially when arriving on the back of hype and claims of a
“single-bullet” solution. Yet Hess and Lamprou’s analysis sees the conver-
gence of solar energy and nanotechnology not only as an exemplar of the
complex mix of benefits and risks that nanotechnology poses, but also as an
opportunity to develop an analysis of how environmental social theory and
environmental policy might be brought together. They thereby navigate a
new path for environmental sociology that can respond pragmatically to the
ecological impacts of overaccumulation.

In “Nanotechnology and Traditional Knowledge Systems” (Chapter 3),
Ron Eglash takes a very different approach to investigating nanotechnol-
ogy within the context of limits. He uses case studies of nanomaterials to
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explore relationships between nanotechnology and the traditional knowl-
edge of ancient state and nonstate indigenous societies. Eglash’s detailed
discussion helps us expand our understanding of how indigenous practices
can contribute to contemporary science and technology while opening up
new perspectives on the ability for cutting-edge innovation to exist without
growth. By also connecting nanotechnology with traditional knowledge at
the macroscale as a “boundary object,” he expands the horizons of science
education, highlighting the value (especially among indigenous descen-
dants) of cultural connection to nanotechnology. Upon returning to tradi-
tional knowledge in concluding discussion, he explores the implications for
patenting of nanoproperties, including those of purely inorganic origin or
organic—inorganic hybrids.

Section 2, Capacity, draws together contributions ranging from geopo-
litical pressures of governance, barriers and promises in the agri-food sec-
tor, to unlikely, bespoke-style innovation that is exceeding expectations in
Thailand. In “Nanotechnology and Geopolitics: There’s Plenty of Room at the
Top” (Chapter 4), Stephanie Howard and Kathy Jo Wetter provide a thorough
survey of the emerging geopolitical landscape in which nanotechnology is
situated. Their review is crucial to understanding the various capacities of
features shaping this landscape, including funding distribution, research
orientation, and policy engagement. The authors map how the technologies
and their ownership, control, and governance are evolving, before engaging
with rising areas of debate such as intellectual property. Using nano “clean
tech” as an example, they also question the rigor of economic analysis under-
pinning the case for a nano-economy, especially in relation to governmental
support. Moving to discussion of the responsible-development governance
culture that many governments have adopted, they conclude by reviewing
public participation in nanotechnology.

In “Nanotechnology, Agriculture, and Food” (Chapter 5), Kristin Lyons,
Gyorgy Scrinis, and James Whelan draw attention to the competing visions
for technological innovation shaping the future of agriculture and food
in which nanotechnologies are being developed and applied. Their aim is
to examine the extent to which the agricultural and food industries have
embraced nanotechnologies and the contribution such technologies could
make to address the agri-food crisis. In doing so, their work provides a
comprehensive review of the wide variety of applications (and the range of
processing functionalities) being researched and commercialized in rela-
tion to agriculture and food. The authors raise questions around the claims
associated with each, especially with “smart” applications, and their likely
impact on the future of agriculture and food. They subsequently move to
discussion of environmental and human side effects, particularly given the
greater potency, reactivity, and bioavailability associated with nanoparticles
(as compared to conventional counterparts). Throughout their contribution,
Lyons, Scrinis, and Whelan explore the potential for nanotechnology to be
co-opted by corporate interests in the food and agriculture sector and to also
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drive technological solutions to systemic problems in dietary patterns, food
quality, poverty, and socioeconomic structures.

Moving from a macro to a micro analysis, in “Poor Man’s Nanotechnology—
From the Bottom Up (Thailand)” (Chapter 6), Sunandan Baruah, Louis
Hornyak, and Joydeep Dutta present an inspiring and at times humorous
case for different thinking when it comes to the requirements for conduct-
ing nanotechnology research. Drawing on their work at Thailand’s Centre of
Excellence in Nanotechnology, they write from a self-identified “perspective of
the poor man’s laboratory.” After sharing the story of their research institute’s
humble beginnings, they detail the processes involved in developing a num-
ber of technologies through bottom-up nanomaterial synthesis inspired by the
natural world. Their work explores the extent to which cost and other resource
barriers to high-quality research are indeed surmountable and whether nano-
technology research can realistically be oriented toward human needs.

In Section 3, Appropriateness, our authors consider a range of contexts, includ-
ing innovations across the global health sector, facilitating discussions between
diverse stakeholders in the Global South, and sharing knowledge through
open source access to scientific innovation. In “Nanotechnology and Global
Health” (Chapter 7), Deb Bennett-Woods examines the relationship between
the emerging potential of nanotechnology and existing needs in global health,
particularly with respect to the Global South. Viewing health as a useful lens
through which to look at broader social indicators, Bennett-Woods consid-
ers the range of paradigmatic approaches that could be applied to assessing
technology (medical, well-being, and environmental models) and employs a
working conception of health grounded in social causes of poor health and
health-related inequalities (therein showing sustainability in its broader sense).
She gives consideration to ways in which nano-enabled technologies might
operate to improve human health on a global scale, investigating in more detail
the range of possible health-related applications that were traced by Howard
and Wetter in Chapter 4. Central to Bennett-Woods's critique is the need to con-
sider nanotechnology’s potential environmental impacts on patients, as well as
issues of accessibility (particularly costs) and the potential for greater inequity
in the distribution of health care resources. She concludes by posing a set of
strategically focused questions based on both the moral and practical consider-
ations to which nanotechnology proponents must be answerable.

In “Toward Pro-Poor Nano-Innovation (Zimbabwe, Peru, and Nepal)”
(Chapter 8), David Grimshaw contributes insight into the process of man-
aging “nanotechnology dialogues.” He draws upon his experience work-
ing with the United Kingdom-based nongovernment organization (NGO)
Practical Action, in which he facilitated discussions between scientists and
broader community stakeholders in Zimbabwe, Peru, and Nepal between
2006 and 2008. Taking a systems approach, Grimshaw documents ways in
which the actions and policies surrounding nanotechnology can be used to
ensure human needs are met. Using examples such as nanosensors devel-
oped for improving water quality, he mounts a case for a new approach to
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more appropriate scientific innovation. He believes such efforts represent
“pro-poor innovation,” and he pragmatically outlines its founding principles,
based upon the “seven Ps”: power, price, promise, poverty, pervasiveness,
promiscuous utility, and paradigm.

In “Open Source Appropriate Nanotechnology” (Chapter 9), Usman
Mushtaq and Joshua Pearce are primarily motivated by the question of who
ultimately benefits from nanotechnology. Citing patents and flow-on costs
as a significant driver of technological inequity, they consider the alterna-
tives offered by developments in the open source movement—f{rom open
information to software and hardware. In this light, they explore emerging
open source platforms for nano-innovation, as well as case studies of open
nano-innovation in water, energy, and materials. In doing so, they argue that
open source nanotechnology can act in support of more equitable and sus-
tainable futures by increasing access to innovation and its outputs, ensuring
local technological appropriateness, and enhancing technological oversight
through the power of the crowd.

Section 4, Governance, considers how approaches to governance are shaping
nanotechnology. A number of vital and pressing perspectives are presented,
including how governance is influencing risk assessment, the nature of state
regulation in India, and the intricacies and complex negotiations of global
regulation. In “Nanotechnology and Risk” (Chapter 10), Fern Wickson details
key concepts and critical literature central to understanding risk, especially
relating to risk analysis as a decision-aiding tool. In doing so, she compre-
hensively introduces a range of typologies of risk. Upon evaluating the latest
knowledge regarding nanotechnology’s risks to environmental and human
health as well as future challenges, she argues that scientific risk assessment
and risk management are dominating discourses and subsequently narrow-
ing the frame of discussion about the desirability of developing nanotech-
nologies. In response, Wickson details alternative decision-aiding tools that
might begin to push discussions about nanotechnology toward a broader
discourse of risk, thereby enabling a more deliberative negotiation of uncer-
tainty and a more integrated consideration of social and ethical issues.

Nidhi Srivastava and Nupur Chowdhury survey the product range and
depth of nanotechnology applications in the pharmaceutical sector in India
in “Nanotechnology and State Regulation (India)” (Chapter 11). Their analy-
sis provides an in-depth overview of the regulatory systems, legislation, and
players in nanomedicine on the subcontinent. Following this, they provide
an overview of the product safety and quality regulations that will govern
the manufacture and marketing of nanomedicines in India and consider the
extent to which the current regulatory framework for pharmaceutical regu-
lation, food safety, and environmental protection is equipped to address the
regulatory challenges stemming from developments within the nanotech-
nology and health care space. They identify critical points within the legal
framework that would need to be reexamined in light of the changing char-
acteristics of such new applications, as well as the legislative and policy work
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the current regime would need to undertake to develop regulatory norms to
address these new challenges. They conclude by speculating what an ideal
institutional framework for nanotechnology might look like.

Critical debates surrounding nanotechnology and regulation are raised
by Diana Bowman and Graeme Hodge in “Nanotechnology and Global
Regulation” (Chapter 12). Commencing with an outline of key regulatory
concepts and methods, they survey lessons learned from regulatory reviews
that have been conducted and the range of regulatory approaches available
and in use. The authors build upon an evolving body of literature that deals
with contemporary regulatory challenges, particularly focusing on the role
that international approaches (such as framework conventions, self-regula-
tion, and co-regulation) may play in ensuring the responsible development
of nanotechnologies. In doing so, their investigation examines several cur-
rent multilateral activities they believe must be in place to ensure that nano-
technologies can help drive sustainable futures.

In the concluding chapter, “Nanotechnology without Growth” (Chapter
13), we emphasize that the ideas in this book neither could nor are intended to
provide a blueprint for innovation without growth. The work, research, and
views of our contributors have not been drawn together with the assump-
tion that all are in common agreement but rather that their association cre-
ates a space for new conversations, innovation at the edges, and pathways
toward more equitable futures through further scientific and social explora-
tion. Therefore in this final chapter we aim to use the collective inputs of
our contributors to cultivate the grounds upon which a range of new dia-
logues can occur. We do so by tracing some of the new associations that have
emerged between these pages, speculating as to their saliency and efficacy
in regard to shaping an innovative future that is not growth dependent. By
consolidating the many lines of enquiry pursued throughout the chapters,
we hope to begin building pathways for further investigation and debate,
so that both nanotechnology and other forms of scientific innovation can
indeed become a positive impetus toward more equitable, and ultimately
sustainable, futures for us all.
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Endnotes

1. The use of the words “our” and “we” throughout this book is most often for
sake of ease but belies the very different circumstances that exist both between
and within countries around the world, as well as the differing rights and
responsibilities that can be deemed reasonable with respect to action around
issues such as climate change.
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13.

14.
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. Known also as decroissance (France), decrescita (Italy), and decreciemento (Spain).

For a seminal work on degrowth, see Latouche (2009).

. Throughout this book, the word innovation is used with particular reference to

scientific and technological innovation. These are, of course, far from the only
realms in which innovation can occur.

. This assessment is made with the following assumption: “In a world of 9 billion

people, all aspiring to a level of income commensurate with 2% growth on the
average European Union income today” (Jackson 2009, 488).

. Wilkinson and Pickett (2009) note: “as cars have become more fuel-efficient

we have chosen to drive further. As houses have become better insulated we
have raised standards of heating, and as we put in energy-saving light bulbs
the chances are that we start to think it doesn’t matter so much leaving them
on” (219). In a similar vein, according to Polimeni et al. (2008), the doubling of
food production efficiency per hectare over the past 50 years did not solve the
problem of hunger because the increase in efficiency increased production and
worsened hunger through a resulting increase in population.

. As Pieterse (1998) notes, even the strongest critiques of “development” them-

selves arise out of modernization.

. Speaking in the 1970s, William Taylor, director of the University of London Institute

of Education, provided a speech titled “Innovation without Growth.” Although
he was referring to innovation within the United Kingdom'’s tertiary education
system, he did make the comment “there is no necessary link between innovation
(equated with improvement) and growth, although many of the conditions associ-
ated with growth do facilitate innovatory processes” (Taylor 1976, 6).

. Although they remain contested, the terms “Global North” and “Global South”

are seen by some (see, for example, Rye Olsen 1995; James 1997; Slater 2004) as
less burdened by embedded meanings.

. According to Wilkinson and Pickett (2009), inequality heightens competitive

consumption and “governments may be unable to make big enough cuts in
carbon emissions without also reducing inequality” (215).

An apocalyptic scenario in which self-replicating, omnivorous nanoscale robots
consume the global ecosystem.

The scanning tunneling microscope is an instrument that uses the difference in
voltage between a conducting tip and a surface to scan the surface’s topography.
The atomic force microscope is an instrument that uses the difference in atomic
force between a cantilevered tip and a surface to map the surface’s topography.
The ability to maneuver atoms was made famous by the 1990 manipulation of
35 xenon atoms into the letters “I.B.M.” (see Eigler and Schweizer 1990).
Quantum mechanical computer simulation is a technique that facilitates the
theoretical modeling of atoms or small molecules for the purpose of predicting
the scientific characteristics of such matter. Soft x-ray lithography is a technique
by which a pattern is etched onto a surface via x-rays. Chemical vapor deposi-
tion is a process by which matter, once exposed to volatile agents, will leave a
material residue on a surface.

Quantum dots are semiconducting nanocrystals that differ in their ability to
absorb and emit energy, based on the size of the crystal. Fullerenes are a class
of carbon molecule that can be arranged in spherical, ellipsoidal, or cylindrical
formations. A buckyball is a spherical fullerene. Nanotubes can be further dis-
aggregated into those with single walls and those with multiple walls.
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15

16.

17.

18.

19.
20.

. Here we are particularly referring to the cases of pharmaceutical and agricul-
tural biotechnology, as well as information communications technology.

In essence, the instrumentalist view is a reductionist, “mechanical” vision of
the relationship between science and society. From this viewpoint, poverty and
social problems are largely due to a lack of technical capabilities. The contextu-
alist view presents a holistic vision of the relationship between science and soci-
ety. From this viewpoint, poverty and social problems are part of a complex web
of socioeconomic trends involving systemic inequities at the global, national,
and local levels.

For example, Sellers’s (2009) exploration of the apparent paradox of using
nanomaterials in environmental remediation, Karn et al.’s (2005) exploration
of environmentally benign manufacturing of nanomaterials, and Smith and
Grangqvist’s (2010) examination of energy flows in nature and how the optical
properties of materials can be designed to harmonize with those flows.

The inspiration for this expression comes from Steb Fisher. A similar expression
can be found at http:/ /pathfindernetwork.com.au.

And are even more so, given our authors are largely from the Global North.
Some of the Global North’s “most sustainable” aspirations reflected in
approaches proposed for the Global South have included the “Human
Development Index”; leapfrogging high-emission development paths; and
reforestation (often linked to carbon offsetting schemes in the Global North).
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2.1 Introduction

The advent of nanotechnology as the “next Industrial Revolution” might
cause anyone with some knowledge of the environmental and health effects
of previous industrial revolutions to ask some justifiably tough, skeptical
questions. The promises of previous technological revolutions—a car in every
garage, the peaceful atom, and better living through chemistry—have ended
up generating significant environmental and health-related side effects and
risks. The outcomes, in retrospect, are such that present generations would
have benefited if previous generations had been more perspicacious about
the regulation, design, and release of new technologies. Although precau-
tion may be the lesson from the past, and the benefits of new technologies
are often overhyped, new technologies generally involve both advantages
and disadvantages, and consequently there may be little support for a politi-
cal decision not to pursue at least some design variants of a proposed new
technology. In this sense, nanotechnology is no different from previous gen-
erations of technologies that posed issues of both substantial societal benefit
and environmental and health hazards and risks.

With respect to environmental benefits, there are various ways in which
nanotechnology can contribute to products that increase energy efficiency,
improve energy storage, or enable renewable energy technologies. For
example, nanotechnology can contribute to the greening of the economy via
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applications in fuel cells, batteries, and solar photovoltaics. The combina-
tion of solar energy and hydrogen-powered fuel cells represents one way
to address the challenges of intermittency associated with solar energy.
Nanomaterials can also be used in electrolysis to produce hydrogen, and
they generally exhibit better electronic transfer properties than bulk sub-
stances. By controlling the architecture of nanostructures, the energy con-
version may become more efficient and less costly (Grétzel 1991; Wei and
Zunger 1990). Nanomaterials can also play an important role in the devel-
opment of methanol, which can power fuel cells. Through carbon capture
and chemical conversion enabled by nanomaterials, carbon dioxide from the
atmosphere or from industrial emissions can be turned into useful products
like methanol, which can lower the carbon footprint of industrial processes.

More broadly in the area of energy generation and storage, nanotechnolo-
gies might prove important in improving efficiency. With respect to recharge-
able batteries and capacitors, nanotechnologies are able to hold more lithium
to enable batteries to have a higher charge density. Because of these energy
applications, nanotechnologies could make electric vehicles more cost com-
petitive. Nanomaterials have also been proven valuable in increasing the
energy efficiency of fuel additives and insulation. They can also be used to
improve fuel efficiency as catalysts, more specifically in reducing the use of
platinum-group metals or even replacing them completely in surface coat-
ing and lubricants. Nanotechnology can produce very light materials, which
makes transportation more efficient (Weizsédcker, Lovins, and Lovins 1998).

The use of nanotechnology to harness solar energy (nanosolar) is one
example of the potential environmental benefits of nanotechnology. The
advent of nanosolar could reduce the cost of solar energy significantly and
rapidly, and consequently the potential environmental benefits of this type
of nanotechnology are very attractive. However, the lack of information
about the health-related and environmental side effects of ubiquitous nano-
technology, even nanosolar, suggests a much more unsettling picture. Using
the case of solar energy as an example, in this chapter we explore how envi-
ronmental social theory could be developed to shed light on complex policy
issues regarding the evaluation and regulation of new technologies. We first
explore the potential environmental benefits and hazards of nanosolar, fol-
lowed by a consideration of the differences in strategies used to encourage
more precautionary regulation.

2.2 Theoretical Background

In an ecological sense, most scientists now recognize that the impact of
human civilizations on the global environment is unsustainable. In other
words, levels of human resource consumption and waste have already
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exceeded the capacity of the global ecosystem to replenish and process them
(Daly 1990, 1996). Unless rapid changes occur in global levels of consump-
tion and waste, the human—ecosystem relationship will collapse (Meadows,
Randers, and Meadows 2004). We cannot predict exactly when the collapse
will occur, but it probably will not take the form of a single, dramatic event
after which civilization descends into a dark age of rampant violence and
ubiquitous political chaos (Costanza, Graumlich, and Steffen 2007). Rather,
collapse will be unevenly distributed across countries, continents, ecosys-
tems, classes, age groups, and genders. Women, children, the poor, and the
elderly in the coastal areas of the poorest countries of Asia, Africa, the Pacific,
and the Caribbean are most likely to suffer the worst effects of collapse. In
many ways, we are already seeing the emergent signs of collapse in the ram-
pant poverty of shantytowns, the effects of increased severe weather events
on coastal populations, and other global problems and disasters.

To the general diagnosis and prognosis offered by scientists, environmen-
tal sociologists have added a political economy perspective that reframes the
sustainability problem as driven by a more complex set of societal factors
than the biological facts of ongoing human population growth and increas-
ing resource consumption and pollution. The treadmill of production theory
(Gould, Pellow, and Schnaiberg 2008; Schnaiberg 1980; Schnaiberg and Gould
1994) and related theories of the political economy of accumulation (Foster
2005) draw attention to the tendency for most human societies, and espe-
cially capitalist societies, to accumulate wealth and to concentrate it in the
hands of elites. Profits garnered by capitalist firms tend to be reinvested in
more capital-intensive production processes. This investment pattern leads
to higher levels of productivity and, if those gains are passed on in the form
of wages, to higher consumption for workers who remain employed in the
capital-intensive industries. For workers who lose their jobs due to new effi-
ciencies in production, the government must ensure new employment and
therefore must facilitate overall job creation, a goal that generally requires
policies that support economic growth. As a result, even in the absence of
population growth, there is a tendency for the reinvestment of profits into
innovation to lead to economic growth. In turn, economic growth is histori-
cally associated with a higher level of aggregate production and consump-
tion, which results in the growth of environmental “deposits” of wastes and
pollution into the global ecosystem and “withdrawals” of resources from the
system. Eventually the ecological growth in deposits and withdrawals hits
the wall of ecological limits, and the specter of various collapse scenarios
emerges.

There is a way out of the dilemma. Ecological economist Herman Daly
(1996) calls it a steady-state economy, in which economic growth is both lim-
ited and disentangled from environmental destruction. However, the dema-
terialization of the economy would require significant shifts of investment
into new technologies to enable the rapid greening of a variety of industries
and, to date, the shifts have not occurred. Understanding the absence of a
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concerted, rapid, and effective policy response by the leaders of the world’s
industries and governments is the second major contribution of environmen-
tal social theory to the broader, interdisciplinary discussion of the environ-
mental crises. In an ideal world, the research of natural and social scientists
about impending ecological crises and their economic foundations would be
taken up immediately by elected political officials and their appointees, who
would respond dramatically and swiftly with new legislation and regula-
tions to head off future collapse.

Three basic conditions result in a huge gap between the ideal response
to the environmental crisis and the actual response of policymakers. First,
there is no firewall between the political field and the economic field, and
consequently economic elites tend to dominate the policymaking process
on issues that affect their interests. Those interests include the protection
of “treadmill” industries, especially industries involved in the production
and use of fossil fuels and chemicals, which benefit from political inaction
on environmental policy. Second, even in the absence of treadmill indus-
tries, ongoing geopolitical rivalry among nation-states involving the ulti-
mate sanction of warfare drives national governments toward competitive
growth, because countries that occupy or aspire to positions of hegemony
in the global political order require growth in order to maintain the budgets
that underlie support for the military, foreign aid, and a strong economic
position in general. As long as other countries are growing economically,
the arms race and foreign aid race are linked to competition to attain eco-
nomic growth. Third, even in the absence of the first two conditions, as long
as populations are growing, national governments must maintain economic
growth in order to maintain the standard of living. This third factor may
be the least important of the three for a variety of reasons, including the
predicted leveling off of population growth by the middle of the twenty-first
century, the concentration of environmental impact in countries with lower
population growth, and the capacity for economies to absorb the ecological
impact of population growth through economic redistribution. Nevertheless,
it remains a factor, and the concentration of population growth in the urban
shantytowns of the less-wealthy countries will play a significant role in the
global pattern of confronting ecological limits.

Together, the three factors result in an ongoing growth logic that is built
into national economies and polities. The metaphor of treadmills in envi-
ronmental sociology—of production (Gould, Pellow, and Schnaiberg 2008),
accumulation (Foster 2005), consumption (Bell 2006), and, we would add,
weaponry—can be generally interpreted as representing an attempt to cap-
ture two historical processes: high levels of economic growth and a lack of
systemic response to changes in adaptation to the global ecology. In other
words, the economic and political fields support ongoing economic and eco-
logical growth and lack the capacity to address the ecological crises gen-
erated by the growth. However, the metaphor of a treadmill is imperfect
because it does not capture the overall growth logic of the economic system



Nanotechnology and the Environment 25

with respect to the global ecosystem (see also Foster 2005). To do so, one
might be better off thinking of it as an expanding treadmill in a cage: the
treadmill is itself expanding, and eventually it reaches the walls of the cage
of ecological limits, when the treadmill breaks down or collapses.

The metaphor of a treadmill helps capture a fundamental problem in the
linkage between the economy and the global ecosystem, but it does not com-
pletely capture the dynamics of how elites respond to awareness of ecological
limits. The economy is also undergoing the greening of industrial produc-
tion, and the polity is undergoing a transformation of governance processes
that involves the construction of a wide range of environmental regulations
and reforms. The changes have been amply described in the literature in
environmental sociology on ecological modernization (Mol 1995; Mol and
Spaargaren 2000, 2005; Scheinberg 2003). The literature can be interpreted to
claim that a new industrial revolution is taking place along ecological lines,
and this interpretation ends up forcing a choice between a treadmill per-
spective and an ecological modernization perspective (Gould, Pellow, and
Schnaiberg 2008). However, the two perspectives can be made compatible
if the ecological modernization thesis is interpreted as recognition that a
greening process is occurring and governance processes are changing, but
the extent of such changes is highly variable across industries and countries.
If interpreted in this restrictive manner, one can then recognize the coexis-
tence of the greening of industry and governance and ongoing growth in
withdrawals and deposits into the global ecosystem. Furthermore, a global
perspective on sustainability, in Daly’s sense, makes it possible to see that
the greening of one industry and country may be associated with the export
of pollution, waste, and browner industrial processes to other countries
(Pellow, Schnaiberg, and Weinberg 2000; York and Rosa 2003). To date, the
greening of industry and the changes in governance at a global scale have
not yet addressed the fundamental issue of achieving a steady-state econ-
omy. In order for the greening of industry to be ecologically significant from
the perspective of a Daly-type definition of global ecosystem sustainability,
technological innovation at a global scale would have to outpace levels of
absolute global growth of environmental withdrawals and sinks. To date the
dematerialization of the economy generated by green technological innova-
tion has been swamped by the overall growth of environmental sinks and
withdrawals (Gould, Pellow, and Schnaiberg 2008).

Treadmill and other accumulation theories suggest a dismal diagnosis
and poor prognosis regarding the capacity of technological innovation to
bring about a dematerialization of the economy, and they have not offered
much in the way of a therapy. Part of the appeal of ecological moderniza-
tion theory is that it has analyzed policy strategies for developing coopera-
tive relations among the state, industry, and civil society in order to move
forward on pressing problems of environmental degradation. In contrast, to
the extent that there is any treatment program in accumulation theories, it
tends to draw attention to the role of social movements, including blue-green
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coalitions of labor and environmental groups, in providing the basis for a
less-cooperative and more conflict-oriented strategy that contests the power
of elites who have ignored warnings about environmental crisis (Gould,
Pellow, and Schnaiberg 2008). Here, we suggest, is the starting point for a
more interesting and fruitful debate, recast in somewhat different terms, that
might move forward the field of environmental sociology as a whole. Which
strategy poses a better way out of the dilemma of the treadmill: building
complex partnerships among civil society organizations, the state, and
industry; the confrontation, protest-oriented repertoires of the social move-
ment sector of civil society; or some combination of both?

To be clear about the argument, from a diagnostic and prognostic perspec-
tive, the differences between a treadmill of production theory and an ecolog-
ical modernization theory can be resolved. There is little doubt that greening
processes and governance changes are occurring (ecological moderniza-
tion), but the changes have not occurred at a sufficient pace to compensate
for growth in global levels of environmental sinks and withdrawals, which
are driven by the capitalist accumulation process in addition to interstate
competition and, to a lesser extent, population growth (treadmill of produc-
tion). If current trajectories continue, then scenarios of uneven collapse will
become increasingly evident. However, the closure of the theoretical contro-
versy on one front might also serve as a starting point for questioning the
analytical focus of the field of environmental sociology on diagnosis and
prognosis. In other words, recognition of closure of the debate might provide
an occasion for exploring the potential of the field to contribute to the analy-
sis of strategies of environmental policy. By linking environmental social
theory to environmental policy, the field is challenged to bring its theoretical
insights and empirical research findings into contact with real-world prob-
lems of pressing policy significance. In this chapter we use the case of the
convergence of solar energy and nanotechnology not only as an exemplar of
the complex mix of benefits and risks that nanotechnology poses but also as
an opportunity to develop an analysis of how environmental social theory
and environmental policy might be brought together.

2.3 Nanotechnology and Solar Energy

The “next Industrial Revolution” is full of promises and hype about how
nanotechnology will change every aspect of human existence. The claims
are at times alluring but also foreboding: Drug delivery and diagnostics will
be transformed, new materials will become available at a much lower cost
and higher strength, potable water will become readily available through
new processes of desalinization, new systems of surveillance and chemical
monitoring will become possible, and a new generation of armaments and
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weaponry will emerge. The promises also extend to environmental ame-
lioration, an issue that makes an environmental sociology of nanotechnol-
ogy a complicated enterprise: Nanoscale chemicals may become available to
replace the current generation of toxic, chlorinated chemicals; nanomaterials
could lead to breakthroughs in the use of fuel cells and batteries; new materi-
als based on nanotechnology could reduce the impact of mining for metals;
and nanoscale electrical materials will be both smaller and more conductive,
leading to revolutions in electrical use and efficiency and a post-silicon era
for computing. Among the environmental benefits, we focus on solar energy,
partly because the promise here is perhaps the most appealing: solving the
problem of climate change through nanotechnology (Schmidt 2007).

Solar energy has long been the alternative energy technology preferred by
social movements, partly because its modular design can be made compatible
with decentralized and democratic ownership (Hayes 1979; Laird 2001; Reece
1979). Furthermore, from an energy perspective, solar energy is potentially
much greater than other clean or renewable energy sources, and, to date, it
has been less controversial than wind farms (Breukers and Wolsink 2007,
Firestone and Kempton 2007). Solar, wind, and related renewable-energy tech-
nologies have long been recognized as the basis for an economy that enables
the dematerialization of its energy consumption; hence, they are likely to be
essential ingredients in a transition to a steady-state economy. However, the
great problem with solar energy has been its high cost. Eventually, new mate-
rials, such as the ones that are already appearing in thin-film technology, will
bring down the costs and reduce the environmental impacts of production.
Grid parity, the point at which the price of solar energy becomes equivalent
to that of energy supplied over the grid primarily from a fossil-fuel source,
will occur sometime between 2012 and 2020. When the convergence of prices
is reached, industry analysts predict that there will be an explosion of solar
energy production and a rapid transition toward solar energy. This is not to
say that other energy sources—such as wind, geothermal, and tidal energy—
will not be important, but solar energy is different because it is a beneficiary of
the rapidly advancing innovations of photonics, materials science, and other
fields. Although perhaps not enjoying quite the rapid improvements associ-
ated with Moore’s law, solar energy is likely to become much less expensive
over time, not only in relationship to fossil fuels and nuclear energy but also
in relationship to other renewable energy sources.

There are many ways that scientists are trying to achieve a revolution in
solar energy technology with nanoparticles: photosynthesis through the use
of titanium dioxide nanoparticles; nanoparticle encapsulation in polymers;
the development of calcopyrites produced as thin film photovoltaics; the use
of molecular organic solar cells; organic polymer photovoltaic systems with
nanoscale layers; the addition of single-wall nanotubes to conduct polymers
that improve efficiency; smaller size nitride semiconductors, which result in
more efficient photovoltaic systems; and photovoltaic nanoparticles coated
with thin films of polymer that can create cheap flexible solar cells. Through
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a combination of the many innovations that are currently in laboratories
or beginning to be tested in markets, nanotechnology becomes central to
the field of solar energy by offering the potential to accelerate the decline in
solar energy costs and even to help solar energy become the cheapest form
of energy.

Nanotechnology and clean energy consultant Bo Varga states the potential
frankly and succinctly: “Solar growth at 20 percent per year for fifty years
can replace fossil fuels and nuclear and remove the causes of global warm-
ing” (2007, 1). One may argue with his assumptions and projection, but the
fundamental proposition is interesting as a possible way out of some very
difficult energy problems posed by climate change. There is little incen-
tive for any country to leave oil, coal, and natural gas in the ground, and
the increase in global demand will only make it more difficult to resist the
temptation to drill, extract, sell, and use more fossil fuels. Carbon trading
agreements could make fossil fuels less competitive with respect to renew-
able energy technologies, but to date the schemes in Europe have proven
to be less effective than originally projected (Hansen 2009). A technological
development that would bring about the widespread diffusion of a much
cheaper alternative could provide an even more powerful incentive for coun-
tries and firms not to continue to use fossil fuels. Solar energy could provide
that technological innovation.

To its credit, the U.S. government has recognized, albeit in a limited way,
the potential of the nanosolar convergence. If one looks through the research
projects funded by the Solar America Initiative, a significant number of
them involve nanocrystals, nanotubes, nanowires, quantum dots, and other
nanoscale materials (U.S. Department of Energy 2007). By 2011, a few com-
panies were already bringing nanosolar technologies to market. Innovations
include a printable nanocrystal technology by Solexant and a nanoparticle
ink printed on thin foil by Nanosolar. The new, printable technologies enable
solar photovoltaics to be produced without the glass panels that are charac-
teristic of the older-generation, silicon-based photovoltaics.

Nanosolar convergence promises to do more than simply bring down the
costs of solar and make it the preferred form of energy generation. Future
scenarios include a complete redesign of energy products and technologies.
Just about any surface that receives light, including clothing, could provide
an opportunity for energy generation. Nano-antenna arrays can produce
energy based on infrared resources. A flexible, plastic-like nanosolar cell
could be sprayed onto other materials much in the way that one can spray
paint onto a surface today. Stefan Lovgren, National Geographic correspon-
dent and winner of the American Association of Advancement of Science
journalism award, describes the following scenario: “A hydrogen-powered
car painted with the film could potentially convert enough energy into elec-
tricity to continually recharge the car’s battery. The researchers envision that
one day ‘solar farms’ consisting of the plastic material could be rolled across
deserts to generate enough clean energy to supply the entire planet’s power
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needs” (Lovgren 2005). Lovgren goes on to estimate that only 0.1 percent of
the Earth’s surface would be needed to replace all human energy needs with
this “clean and renewable” alternative.

It is impossible at this time to know how much, if any, of the promises of a
nanosolar future will be realized by 2050 or 2100. In this light, while nanoso-
lar may be new and full of possibilities, the hype surrounding it is not. Such
hype is similar to that which pervades other aspects of the nanotechnology
revolution and that which accompanied previous “technological revolu-
tions” such as nuclear energy during the 1950s and 1960s, which promised
to provide the world with an endless supply of cheap, clean electricity. Even
today, nuclear energy advocates continue to suggest that their energy source,
not solar energy, promises to solve the world’s energy needs and greenhouse
gas emissions problems. Nor is nuclear the only energy selected by contem-
porary industry to make such promises. Not surprisingly, there is also con-
siderable hype around carbon sequestration technologies as the best choice
of energy futures.

Although we have used the term hype to describe the futures promised
by advocates of various “clean” energies, their visions of a future of ubiqui-
tous and cheap solar energy are also expressions of a struggle among actors
for dominance as important players in a highly competitive energy industry
and field of funding competition. One site where this conflict plays out with
special intensity is energy research funding, and in the United States there
have been significant differences between Republicans and Democrats on
the issue. The Republican administration of President George H. W. Bush
was more supportive of research on nuclear energy and fossil fuels than
renewable energy, and it attempted to cut the federal government budget
for solar energy research and energy-efficiency technologies (DuBois 2008).
In contrast, the Democratic administration of Barack Obama steered more
resources toward solar and other renewable energy resources, and made
substantial cuts in research funding for nuclear energy and fossil fuels.
Even so, the budget of the Obama administration for energy research and
development continued to provide higher support for nuclear energy ($495
million) and fossil fuels research ($438 million) in comparison with solar
($302 million), wind ($123 million), and geothermal energy ($55 million) (U.S.
Department of Energy 2010).

2.4 Nanosolar Risk and Uncertainty

In addition to the parallel between the hype surrounding nuclear energy
during the 1950s and the hype around nanotechnology and nanosolar today;,
one might draw a second parallel between the two energy sources, one that
cuts deeply into the rosy futures described above. It took decades for the
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effects of uranium mining on local environments, the health effects of radia-
tion exposure, the possible nightmare of terrorist attacks on nuclear energy
plants, the risks of severe events such as the earthquake and tsunami that
affected the Fukushima reactors, and the problem of waste disposal of spent
nuclear fuel to become recognized as a bundle of negative side effects gen-
erated by nuclear technology. In a similar way, research is slowly emerging
on the environmental, health, and safety (EHS) implications of nanotech-
nology (for reviews, see Donaldson et al. 2006; Helland et al. 2007; Lam et
al. 2006; Singh and Nalwa 2007). Nongovernmental organizations such as
Environmental Defense, the ETC Group, Friends of the Earth, and Greenpeace
have sent warning signals about the potential for nanotechnology to repeat
the mistakes of the past (Hess 2010; Lamprou 2010). Whether one makes the
comparison with nuclear radiation or previous generations of materials that
proved hazardous (such as asbestos and chlorinated chemicals), emerging
knowledge on the EHS implications of nanotechnology suggests that society
may be in the process of repeating its past mistakes by unleashing a new
generation of toxic materials into the environment.

Although many of the world’s industrialized powers provide some gov-
ernment funding for research on EHS implications of nanotechnology, sev-
eral of the leading civil-society organizations in the United States, as well as
prominent researchers and policymakers, have argued that the research has
been systematically underfunded, whereas government support for the com-
mercialization of nanotechnology has been much more forthcoming (Hess
2010). As a result, more is understood about the potential benefits of nano-
technology than about the risks, dangers, and unwelcome surprises.

Engineered nanoparticles are already entering the biosphere through waste
streams and airborne particles. A main source of environmental exposure to
engineered nanomaterials is in the waste streams from factories and research
laboratories. Studies point toward the possible effects of nanoparticles on
microorganisms as well as small animals such as earthworms (Brumfiel 2003;
Oberdorster 2004). Studies conducted at Rice University have shown that
nanoparticles could easily be absorbed by earthworms; this research suggests
that it is possible for nanomaterials to move up through the food chain and
reach humans (Brumfiel 2003). Another source of environmental exposure is
the release of airborne nanomaterials from powders, which present especially
high levels of concern because they can easily enter the human body through
inhalation and become deposited in the lungs (Maynard and Kuempel 2005;
Oberdorster 2000, 2004; Oberdorster et al. 2004; Oberdorster, Oberdorster, and
Oberdorster 2005). Studies have shown that inhaled particles, in general—
even when they have a low intrinsic toxicity to cells—may cause diseases of
the lungs if the dose is of a particular strength. Diseases may arise because
the immunological defenses of the lungs become overloaded if the total sur-
face area of the affected lungs is large enough (Faux et al. 2003).

In particular, research on the toxicity of nanomaterials has character-
ized some risks and uncertainties associated with three commonly used
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nanoparticles: titanium dioxide, fullerenes (Cy;), and carbon nanotubes.! In
the case of nano-sized titanium dioxide, toxicity research shows that when
they interact with cells after inhalation the nanoparticles exhibit more toxic
properties than in their bulk form (Donaldson et al. 2006; Heinrich et al. 1989).
In the case of fullerenes, research based on computer modeling has indicated
that C,, molecules may bind to and deform nucleotides when they come into
contact with each other (Zhao, Striolo, and Cummings 2005). Recent studies
have also implicated fullerenes in oxidative stress in the brains of largemouth
bass and have suggested other adverse physiologic impacts on aquatic organ-
isms (Hood 2004; Oberdorster 2004; Zhu, Oberdorster, and Haasch 2006). To
date the research does not give a clear answer about how nano-C,, behaves
in aquatic environments, and until more is known about the toxicity, com-
pounds containing nano-Cg, must be handled carefully (Lyon et al. 2005).

When it comes to carbon nanotubes, there is evidence to suggest that they
may stimulate mesenchymal cell growth and cause granuloma formation
and fibrogenesis (Donaldson et al. 2006). Carbon nanotubes can also be much
more toxic than carbon black and quartz, and they represent a serious occu-
pational health hazard, especially in chronic inhalation exposures (Dreher
2004; Lam et al. 2004).2 Tests on single-wall carbon nanotubes (SWCNTs) in
rats and mice showed toxicity in the form of granuloma and inflammation
(Lam et al. 2004; Warheit et al. 2004). Other studies, also conducted with mice,
measured the pulmonary responses to SWCNTs delivered by pharyngeal
aspiration and suggested that if workers are exposed to such particles at the
current permissible exposure limit, they may be at risk of developing lung
lesions. The rapid fibrogenic response to aspiration of SWCNTs indicates the
need for more extensive inhalation research (Shvedova et al. 2005; see also
Poland et al. 2008).

The most important finding from research, with respect to the hazards of
nanoparticles, remains the fact that cells and organs may have toxic responses
even to normally nontoxic substances when they are exposed at a sufficient
dose at the nanoscale (Borm and Kreyling 2004; Renwick, Donaldson, and
Clouter 2001). Ultimately, the capacity for the kidneys to separate and dis-
charge chemicals depends on their solubility and surface coating (Borm and
Kreyling 2004). However, some particles selectively deposit in particular
organs or cells, and there is a possibility that nanoparticles can penetrate cells
or cross biological barriers such as the blood-brain barrier (Illum and Davis
1987). Particles smaller than one hundred nanometers (100 nm) in diameter
are not only able to enter the lung interstitium and become deposited in
the lungs but can also enter the bloodstream (Ferin and Oberddrster 1992;
Maynard 2006; Oberdérster et al. 2002), and they can enter the liver and brain
through the nerve axons (Oberddrster 2000; Oberddrster et al. 2002, 2004).

In summary, nanomaterials pose some documented risks and many
unknown dangers to human health, nonhuman organisms, and the envi-
ronment. Although exposure does not automatically translate into disease,
the preliminary and underfunded research on the EHS dimensions of
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nanomaterials for humans and other animals suggests the need for a pre-
cautionary approach to the regulation of nanomaterial release into the envi-
ronment. But regulatory policy should also recognize that some types of
nanomaterials are likely to be more dangerous than others. It may be possible
that some designs of nanotechnology materials will turn out to be relatively
more dangerous, in terms of human health risk, and relatively amenable to
disposal that minimizes diffusion into the environment. For example, cos-
metics and other personal care products that use free nanoparticles in creams
that are applied directly to the skin are more likely to pose higher levels of
risk due to increased contact with human bodies and a greater likelihood that
the materials will degrade outside of a safe disposal process. However, even
in that case we still do not know the levels of risk involved (Berube 2008). In
general, free or unembedded nanomaterials are more dangerous than those
that are embedded in a matrix structure or grown in a substrate. Assuming
that most nanosolar products could be embedded in a matrix structure at
a molecular level and placed in sealed solar panels at a product level (an
assumption that may eliminate the spray-on nanosolar materials described
above), this particular design of nanosolar materials may present relatively
low levels of hazard and risk compared with other nanotechnological prod-
ucts. In other words, from a toxicological perspective, printed nanosolar on
thin films may be a safe option if the materials do not degrade during use
and can be recycled in a safe way. The alternate prospect of a transparent
nanospray that can turn windows into photovoltaic generators may present
exposure problems to both workers who use the spray and users who are
exposed to the degradation of the materials due to sunlight, rain, wind, and
other weather factors.

At this point, we know little about which particular kinds of nanotechnol-
ogy designs can be deemed safest. The public, policymakers, and NGOs are
faced with a situation of “undone science,” or inadequate levels of research
to provide a basis for a public-interest perspective on policy action on the
risks of nanotechnology (Frickel et al. 2010). As in the case of funding for
solar energy research, the budgets for EHS research on nanotechnologies
have done relatively poorly during Republican administrations and only
relatively better under Democratic administrations. For example, the fund-
ing level for EHS research increased from about $35 million in 2005 during
the Bush administration to $117 million in 2011, during the Obama admin-
istration (Erickson 2011). The growth in the funding for nanotechnology
research and product development requires a constantly increasing level of
EHS research in order to keep pace, and not all funding is directly relevant
to understanding human health and safety issues.

In the United States, hundreds of nanotechnology products had been
released into markets by 2011, but the Environmental Protection Agency
had only managed, after several years of delay, to put in place a voluntary
regulatory program. The agency added to the existing and weak voluntary
program an interpretation of the Toxic Substances Control Act that required
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a premanufacturing notice of nanoscale materials only if they were structur-
ally different from larger chemicals that were already on the market. The
classification decision is highly controversial, because nanoscale materials
that are structurally similar to preexisting chemicals may have significantly
different biological properties due to their size, as noted above.

In summary, the phenomenon of nanosolar presents two underlying con-
flicts or tensions. First, there is widespread governmental and industrial
interest in nanotechnology, but solar energy has received relatively low
levels of support due to competition from fossil fuels and nuclear energy.
Consequently, nanosolar has not been brought to the forefront of the nan-
otechnology revolution. The attention it receives in the future, therefore,
depends largely on a purely rationalistic assessment: how the potential for
nanosolar to bring down the cost of solar energy is assessed, as well as how
the importance of the rapid commercialization of renewable energy tech-
nologies is prioritized. Second, nanosolar could reduce environmental side
effects resulting from human consumption by making manufacturing and
electricity generation much more efficient and cost effective, although it
could also generate new environmental side effects through EHS hazards
and risks. Assuming that nanosolar materials are embedded in matrices or
grown in a substrate, those hazards and risks would likely be concentrated in
the workplace where the materials are produced and in disposal sites where
sealed panels may break, matrices may degrade, and materials embedded in
matrices may be released into the environment. Potentially, those problems
could be addressed by extending existing models for handling toxic waste.

Given this situation, a complex response to nanosolar is in order. One
would want to see much more research funding, both for the technology
itself and for the EHS risks associated with different types of nanosolar
design. By setting research funding goals that would allow the two strands
of research to converge, it would be possible to know something about what
kinds of nanosolar designs are most likely to pose minimal EHS risks to best
protect workers, users, and the environment from EHS hazards posed by the
new technologies.

2.5 Policy Strategies and Nanotechnology

Treadmill of production theorists and other accumulation theorists in envi-
ronmental sociology would have no trouble explaining the rush to commer-
cialization of nanotechnology, the government support of nanotechnology
research, the relatively low levels of both solar energy research and EHS
nanotechnology research, and the failure to generate a new regulatory
framework for nanotechnology. Industrial interests, especially those of
the fossil fuel and chemical industries, have dominated the policymaking
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processes that shape the destiny of nanosolar. Scientific research groups and
civil society organizations are struggling to stay abreast of the problems
generated by the premature release of new substances into the environment
after significant investment and commercialization had already taken place.
From the perspective of environmental social theory, there is little of inter-
est in the EHS risks generated by the nanotechnology revolution. It is yet
another case of capital seeking new investment opportunities and attempt-
ing to block or slow any regulatory impediments that might reduce access to
those opportunities.

Although the case of nanotechnology may pose little theoretical interest
for accumulation theories other than more grist for their mills, we suggest
that the challenge of making sound nanotechnology policy, including nano-
solar policy, does pose a greater opportunity for environmental sociology.
If one begins with the assumption that a policy goal of developing a safe
and responsible nanosolar industry offers potentially high societal and envi-
ronmental benefits, then another analytical vista is opened up: the study of
policy strategies and their effectiveness.

Those who assume that a more robust regulatory policy and higher level
of EHS research would be generally beneficial would be advocating a shift
in policy toward a less market-oriented and more state-interventionist
approach to industrial regulation. One can then distinguish two strate-
gies for increasing the likelihood of implementing this policy approach:
an “activist” approach, modeled on historical social movements with their
extra-institutional repertoires of action, such as street-based protest and civil
disobedience, and an “advocate” approach, involving institutional reper-
toires of action that are associated with reform movements, such as working
within the political field via elections, petitions, and lobbying (Hess 2007).
Unfortunately, there is no good, concrete example of these two ideal types in
the field of nanotechnology activism and advocacy. However, we now briefly
examine the work of two organizations—the ETC Group and Environmental
Defense—that have attempted to approximate the two strategies, before
returning to the related theoretical implications for environmental sociology
(see also Hess 2010).

The ETC Group has called for a complete moratorium on all labora-
tory research and commercial applications of nanotechnology until an
“International Convention on the Evaluation of New Technologies” is estab-
lished (ETC Group 2003a, 2003b). With respect to nanotechnology policy, the
group has not engaged in extra-institutional repertoires of action charac-
teristic of social movements, but it has built bridges with labor, consumer,
and human rights groups. The primary policy tactic to date has been the
circulation of petitions, publication of reports, and participation in the World
Social Forum. Until now, ETC’s petitions and public information campaigns
have not had much policy impact. Industry has rejected the group’s call for
a complete moratorium until a global regulatory structure is in place, and so
far the public has not taken up the NGO’s warnings about the potential risks
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of nanotechnology. Although nanotechnology is still in a less-mature phase
than biotechnology was in the late 1990s, a repeat of the public rejection of
genetically modified food, especially as it occurred in Europe, has yet to hap-
pen for nanotechnology. The special place of food in cultural politics and its
status as a product that is ingested on a daily basis made it easier and more
tangible for social movement organizations to politicize genetically modified
food. However, the story for nanotechnology is far from over, and it is pos-
sible that an anti-nanotechnology movement equivalent of that for geneti-
cally modified food could emerge (on the parallels with genetically modified
food, see Sandler and Kay 2006; cf. Thompson 2008).

In contrast, Environmental Defense developed a partnership arrange-
ment with DuPont to articulate a best-practices framework for voluntary
participation by industry, and the organization helped the Environmental
Protection Agency develop a voluntary program of chemical registra-
tion (Environmental Defense-DuPont Nano Partnership 2007). Over time,
Environmental Defense advocates became frustrated with the voluntary
approach and increasingly called for a definition of all nanomaterials as
“new chemicals” under the Toxic Substance Control Act (Denison 2007c).
Environmental Defense also called for a higher budget for EHS research, a
separation of the nanodevelopment budget from the EHS budget, and other
regulatory changes for the United States (Denison 2007a, 2007b).

From the perspective of environmental social theory, the contrasting
policy approaches of the ETC Group and Environmental Defense represent
relatively minor disagreements within an overall policy strategy of a shift
toward higher levels of regulation of nanotechnology. However, the differ-
ences in the relative impact of the two strategies are potentially of interest
for answering the kinds of questions that an environmental sociology or
environmental policy might ask. In this particular case, a conflictual strat-
egy of a call for a complete moratorium and social movement mobilization
has had little impact on policy. More generally, the conflictual strategy may
be an effective policy strategy for some political issues. As we have shown
elsewhere in a comparative analysis of industrial opposition movements, the
results often lead to partial success in the form of a partial moratorium (Hess
2007). In the case of nanotechnology, in particular, we are most likely to see
partial moratoria emerging for specific particle types found in consumer
products, such as nanosilver in clothing and nanoparticles in sunscreens
and cosmetics. In contrast, a cooperative strategy that has involved partner-
ships among industry, the government, and civil society has produced some
changes in the nanotechnology policy. The strategy of dialogue, partnership,
and politicking through federal government institutions seems to be paying
off for Environmental Defense and partner organizations, as it has showed
some progress on achieving policy goals in Congress, especially relating to
levels of EHS research funding,.

From the perspective of treadmill theory, the work of Environmental
Defense would be considered “policy tinkering.” Gould and colleagues note
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that such approaches do have some environmental benefits and offer some
potential, but they also find that such approaches do not address funda-
mental institutional dynamics that drive ongoing destruction of ecosystems
(Gould, Pellow, and Schnaiberg 2008). Instead, they are more supportive of a
social movement strategy that involves coalitions among labor, environmen-
tal, and other transnational social movement organizations. Presumably, the
strategy would also maintain a focus on the fundamental goal of building
a steady-state economy. Of course, the two strategies do not need to be con-
sidered in a zero-sum relationship. Having both strategies work in tandem
is likely to be more effective than either strategy employed on its own, par-
ticularly because of the potential for flank effects. In other words, the threat
of a public uptake of a complete moratorium on nanotechnology posed by
the ETC Group may help open up political opportunities for Environmental
Defense and other insider organizations that are attempting to institute
industry-wide best-practice standards and achieve incremental regulatory
and research funding reforms. Likewise, the process of educating legislators
that Environmental Defense has undertaken may open up political opportu-
nities for partial moratoria.

2.6 Conclusion

The treadmill tendency for capital to invest in new technologies that increase
the efficiencies of production, as well as the tendency for governments to
invest in new technologies with military and economic potential, will lead
to ongoing nanotechnology innovations. Those innovations could result in
the growth of nanosolar, which in turn could generate new levels of toxic
exposure to workers, consumers, and the broader environment. One might
argue that the rush to nanotechnology, especially outside the framework of
a robust EHS research agenda and extensive regulatory oversight, is merely
one more example of accumulated capital being channeled into a new indus-
try that will generate higher profits and better weapons at the expense of a
new level of environmental destruction. In a worst case scenario, ubiquitous,
spray-on, plasticized solar panels will generate new energy sources along
with growing levels of toxic chemical exposure.

On the other hand, from an ecological modernization theory perspective,
one might counterargue that the development of nanosolar will provide a
new, inexpensive source of energy that could substantially displace other,
less environmentally desirable alternatives, such as nuclear energy and car-
bon sequestration for coal. Furthermore, by utilizing best practices in the
design, manufacture, use, and disposal of the technology, spray-on nano-
solar designs may end up being excluded from production, and safer nano-
solar designs can be brought into existence in ways that are consistent with



Nanotechnology and the Environment 37

the emerging research of the EHS field. As a result, nanosolar might actu-
ally lead to a significant dematerialization of the economy in the sense of
reduced aggregate levels of human impact of greenhouse gases on the global
ecosystem.

Although playing the two frameworks against each other may be help-
ful in elucidating the environmental politics at play in the development of
nanosolar, we are not trying to use the case of nanosolar to reopen the debate
between treadmill of production theory and ecological modernization the-
ory. In our view, the debate over diagnosis was largely resolved as follows:
the greening of industry and the ecological modernization of society are
occurring, but the changes are highly localized and industry specific, and
to date they have not fundamentally addressed the challenge of growth in
aggregate withdrawals and deposits into the global ecosystem. Even if at
least half of the world’s energy is produced from nanosolar by the year 2050,
it is very possible that it will not be enough to enable a steady-state global
economy to be achieved, because overall energy consumption may continue
to grow so much that nanosolar does not displace fossil fuels enough to bring
down atmospheric greenhouse gas emissions. Hence, even with a nanosolar
revolution, aggregate levels of absolute withdrawals and deposits from the
global ecosystem might continue to rise.

Rather than use the case of nanosolar to give new life to the controversy
between treadmill of production theory and ecological modernization the-
ory, we are instead arguing that the debate be transposed into the sociol-
ogy of policy. The controversy left unanswered by the debate over diagnosis
and prognosis was the crucial question of treatment, of an analysis as to
which strategies for political and economic change are most likely to bring
about the dematerialization of society. Even if one suspects, as we do, that
the prospect of solving global greenhouse gas emissions with ubiquitous
nanosolar is overblown, one might nevertheless agree that, as long as gov-
ernments such as that of the United States are investing over $1 billion per
year in nanotechnology research, then a priority within that investment
portfolio should be nanosolar technology development coupled with EHS
research that would enable the determination of how to design nanosolar
in ways that minimize environmental, health, and safety risks. Although
one might have some qualms about the potential toxicities of nanosolar, the
other, “back to the future” energy scenarios for twenty-first-century energy
production appear even less appealing, such as a return to the mid-twenti-
eth-century world of nuclear energy or the nineteenth-century world of coal,
albeit cleaned up with carbon sequestration technology. Both of these energy
solutions have well-known shortcomings, including the threat of terrorist
attacks, meltdowns, nuclear waste disposal, ecosystem degradation from
coal mining, the unproven effectiveness and availability of underground
storage, the lethal toxicity of carbon bubbles, and the cost of carbon seques-
tration technology. Even wind energy, which is currently cost effective at a
large scale, poses problems of intermittency, storage, and transmission. As
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a result, an energy policy that would enable the possibility of a more rapid
transition to grid parity for solar energy would seem to be a reasonable part
of a balanced future energy research portfolio.

To shift environmental social theory toward the analysis of environmental
policy, one could argue that no incremental or reformist policy interventions
will work, and that, because more radical approaches have been taken off the
table of policy debate, collapse is inevitable. In that case, retreat into margin-
alized, ecosocialist movement activism is probably the only viable strategy.
But if one assumes that some incremental changes are possible and that they
will at least mitigate the worst effects of collapse, then one has shifted the
debate onto the grounds of an analysis of mainstream policy. We have devel-
oped a contrast between extra-institutional activism and institutional advo-
cacy as ideal types. To some extent the contrast between these two different
strategies for reform approximates the underlying theoretical differences in
environmental social theory between the treadmill of production and eco-
logical modernization approaches. However, the connection is probably only
coincidental and contingent. For example, one might agree with the funda-
mental treadmill argument that, to date, the greening of industry has not
had a significant impact on levels of absolute global deposits and withdraw-
als, and yet one might still consider an incremental, institutional advocacy
policy strategy similar to that of Environmental Defense as more effective in
this particular historical circumstance. Conversely, one might argue that—at
least in some countries and industries—the greening of industry has signifi-
cantly reduced local deposits and withdrawals into the ecosystem, yet still
prefer an extra-institutional activist policy strategy as the best way to move
such localized and industry-specific victories forward. More to the point, it
could also be argued that a mixture of the two strategies is more likely to
be effective than either solely on its own. Whichever position one takes, the
broader point is that any research on this issue may help open up new vistas
in environmental sociology that have been inadequately conceptualized and
explored in this theoretical debate. This could help shift environmental soci-
ology from diagnosis and prognosis to treatment, which in turn could offer
more effective strategies for policy reform.

To avoid misunderstanding, it should be clear that the analysis of policy
and political strategy should be distinguished from prescriptive discourse.
Therefore, we are not suggesting that environmental social scientists begin
proselytizing with normative statements about what should be done.
Instead, we are arguing for a more empirically oriented form of social science
research that seeks to understand what kinds of political strategies work best
given a particular set of environmental policy goals and historical circum-
stances. Therefore, a key question arises as to which advocacy strategies are
likely to be most effective if we wish to see a greater government role in solar
research, nanosolar research, EHS research, and nanotechnology regulation.
We now know that the patient is sick and possibly terminal; those debates
are over. What we do not know and need to know is which therapies are
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most likely to help or, at a minimum, which therapies will reduce the misery
as the disease of global ecosystem collapse runs its course.
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Endnotes

1. Cq is a spherical carbon molecule in the form of twenty hexagons and twelve
pentagons, named “fullerene” after Buckminster Fuller.

2. Carbon black is a material produced from the incomplete combustion of petro-
leum products that is used as a pigment and reinforcement in rubber and other
products.
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3.1 Introduction

Traditional knowledge systems, in particular those of indigenous societ-
ies with hunter-gatherer or horticultural economies, have made a surpris-
ing impact on many disciplines surrounding science and technology. The
pharmaceutical industry, for example, has long used “ethnobotany”—the
study of indigenous utilization of plants—to help discover biologically
active molecules. This is not entirely counterintuitive; we can imagine many
centuries in which an exhaustive trial-and-error search by indigenous com-
munities resulted in the discovery of medically useful preparations. Such

45
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common-sense assumptions, however, leave us unprepared to appreciate
the aspects of indigenous knowledge that go beyond mere accident, nor do
they prepare us for indigenous practices in nonorganic arenas. In this essay I
present case studies in which indigenous knowledge has produced parallels
to particular artifacts or processes in the high-tech world of nanoscience. Not
only do these cases provide evidence that sophisticated traditional knowl-
edge can extend beyond the organic world, but they also help us under-
stand the contributions of indigenous practices in contemporary science and
technology.

The uses of curare in surgery, quinine in malaria prophylaxis, and other
traditional medical applications of indigenous discoveries now pale in com-
parison to the massive efforts in “bioprospecting,” in which large-scale
scientific programs launch a comprehensive search for biologically useful
compounds (often in ecosystems of indigenous communities). The legal and
ethical issues have become so significant that the American Association for
the Advancement of Science has instituted a project on indigenous knowl-
edge and intellectual property (IP) rights, and the concerns have spread to
other ethnoscience disciplines (Hansen and VanFleet 2003; Nicholas and
Bannister 2004).

As Watson-Verran and Turnbull (1995, 116) note, “indigenous peoples have
been frequently portrayed as closed, pragmatic, utilitarian, value laden,
indexical, context dependent, and so on, implying that they cannot have the
same authority and credibility as science.” A key challenge to this dismissal
of traditional knowledge has been the acknowledgment that Western science
is also local and value laden. Scott (1996), for example, notes that all knowl-
edge systems make use of “root metaphors” to provide a cohesive frame-
work. A root metaphor is a fundamental analogy that guides our thinking
across phenomena that are otherwise hard to conceptualize. For example,
our understanding of electrical current uses the root metaphor of fluid
flow—we know that the movement of electrical charge is not really a fluid,
but we can conceptualize it by talking about electrical “resistance” as if it
were a blockage in a fluid pipe, electrical “capacitance” as a tank with a cer-
tain fluid capacity, and so forth (hence electrical “current”). Scott shows that
the root metaphor of personhood in native conceptions of particular species
allows the construction of (what we could translate as) ecologically sustain-
able natural resource management. In a similar example, Langdon (2007)
provides archaeological evidence suggesting that as the indigenous popula-
tion of what is now coastal southern Alaska increased, salmon populations
also increased. Langdon attributes this to an intertidal fishing practice that
increased salmon habitats, guided in part by the personhood root metaphor.
One need not partake of a mystical or religious point of view here; rather we
can think of the personhood root metaphor as one way of understanding the
“agency” of nonhuman systems, which has been an important development
in recent social studies of science and technology (cf. Pickering 1995), and an
ancient practice for indigenous societies.
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Indigenous knowledge systems cannot be automatically dismissed as
merely nontheoretical, unintentional, and unconscious, just as they cannot
be automatically valorized as transparent equivalents to Western science.
Skeptical questions and falsifiable hypothesis testing are crucial to the doc-
umentation of traditional knowledge; both deliberate charlatanism as well
as well-meaning efforts leaning on pseudoscience or misinformation can
destroy its scholarly value (Oritz de Montellano1993; Martel 1994; Restivo
1985). The best approach is not to claim wholesale analogies but rather to
show the various connections between the body of knowledge in its original
and historical contexts and their parallels (and differences) in contemporary
science and technology—illuminating both in the process.!

The epistemological status of traditional knowledge is critical to preventing
appropriations of indigenous heritage, which also makes its use possible in a
contemporary context—as in the case of nanotechnology. Another important
area of application for traditional knowledge has been in underrepresented
minority student education. Many teachers in science, technology, and math
have turned to cultural connections that often include traditional knowledge
from ancient state societies, such as Egyptian, Mayan, and Hindu, as well as
those of smaller-scale tribal or band societies. Again, this application hinges
on the epistemology of these practices; unless they have the status of knowl-
edge, they cannot be used to contest primitivist or ethnocentric portraits of
non-Western culture. In this chapter I first map a number of connections
between traditional knowledge and nanotechnology, thereby arguing that a
more careful examination of the social histories of these artifacts and prac-
tices can shift our understanding of their epistemological status. I then detail
some of the new and significant possibilities emerging for their application,
especially in the areas of education and further research development, with
the caveat that such practices should be done with the consent and legal
safeguards that protect indigenous intellectual property rights and the well-
being of their communities.

3.2 Connections to Nanotechnology in the Traditional
Knowledge of Ancient State Societies

3.2.1 Case study: Wootz and Damascus Steel

One of the most spectacular connections between nanotechnology and cul-
ture has been the discovery of the famed Damascus steel, used in Middle
Eastern sword making from about 1100 to 1700 CE. In ordinary steel produc-
tion of that period, sharpness and strength would be opposing tradeoffs:
Increasing carbon content for sharpness would make a sword more brittle,
and decreasing carbon content for strength would prevent it from holding an
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edge. We now know that it was a special type of steel (“wootz”) from India—
developed perhaps as early as 300 BCE—that was used to forge the blades.
Indian metallurgists used ores from particular mines that included alloying
trace elements such as vanadium and molybdenum (Verhoeven, Pendray,
and Dauksch 1998). The name “Damascus steel” may have originated in
association with the forging of blades in Damascus, Syria, but another pos-
sibility is that it was named after the characteristic pattern of wavy lines
seen on the blade (in Arabic, “damas”). The disappearance of wootz steel in
the eighteenth century is attributed to the diminishing supply of Indian ores
with the proper trace elements. Bladesmiths continued to mimic the wavy
line pattern by forge welding alternating sheets of high- and low-carbon
steels, but the extraordinary material properties of wootz were no longer
present. It has been known for some time that the wavy pattern in blades of
wootz steel origin was due to bands of iron carbide particles (“cementite”).
But cementite is typically brittle; somehow the trace elements, together with
the particular heat treatments, were preventing the cementite from weak-
ening the blade. Recently, high-resolution transmission electron microscopy
was used to examine a sample of Damascus saber steel from the seventeenth
century; it showed the presence of carbon nanotubes as well as cementite
nanowires (see Reibold et al. 2006).

This example illustrates that traditional knowledge can include manipu-
lation or use of material properties relevant to nanotechnology. But if we
stop there, we leave the impression that wootz was simply an interesting
artifact from the ancient past, and science merely tells us what the ancients
failed to understand. Such a view leaves out the active role that wootz has
played throughout the history of metallurgic science. Scientific analysis of
wootz is nothing new; Europeans have long been aware that there was some-
thing special about it, and this mystery has inspired a great deal of impor-
tant metallurgical research. Michael Faraday, for example, is best known
for his foundational work in electrical and chemical physics, but prior to
those experiments he sought to discover the secret of wootz (not a surpris-
ing move, given his father’s employment as a blacksmith). His study proved
that the wavy pattern on wootz blades was due to an inherent crystalline
structure and not a mechanical mixture of substances. Faraday’s later experi-
ments with metallic colloids, in which he suggested that size differences in
extremely small metal particles could produce color changes, has been cited
as the birth of nanoscience (Edwards and Thomas 2007).

Wootz experimentation has since continued over centuries and continents,
such as by Giambattista in Italy (1589), Reaumur in France (1722), Bergman
in Sweden (1781), Anossoff in Russia (1841), and Smith in the United States
(1960), among many others. In their review of this history, two professors of
materials science in India, Sharada Srinivasan and Srinivasa Ranganathan,
concluded that several important innovations in metallurgical science—
most strikingly the role of carbon in steel—have been associated with wootz
research. They also pointed out that discoveries in this historical trajectory
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are still ongoing. For example, Reaumur proposed that the properties of steel
are determined at several scales, from microscopic “grains” to a hypothesized
nanoscale of “periodic spheres.” At Massachusetts Institute of Technology in
the 1960s, Cyril Smith, sometimes referred to as a “philosopher-metallur-
gist,” recovered the work of Reaumur, translating it into the modern idiom of
a multiscale architecture where crystalline, molecular, and atomic processes
have mutual influence on each other. Professor of material science Greg
Olsen, inspired by Smith as a student, later developed software to “design”
steel using this model of multiscale processes. Recently, Olsen’s work was
celebrated for its mixture of humanities and technology, as he hired blade-
smith Richard Furrer, an expert in the reproduction and use of wootz steel,
to make a “mythic” blade using his computationally designed steel, Ferrium
C69 (Davis 2001). Therefore, in short, wootz steel as an example of nanotech-
nology in traditional knowledge is not merely an matter of historical curios-
ity but rather a “boundary object” (Star and Griesemer 1989) through which
Western and non-Western metallurgists have maintained a dialogue over
the past 400 years—one still relevant today.>

3.2.2 Case Study: Maya Blue Pigment

Another remarkable example of “retrospective” nanotechnology is Maya
blue pigment. First formally identified by Harvard archaeologist R. E.
Merwin at Chichén Itza in the 1930s, it is notable for its stability, maintain-
ing a brilliant blue color despite centuries of exposure to heat and moisture
in a tropical climate. Why this mixture of indigo and white clay (palygor-
skite) did not fade was a mystery. Miguel José-Yacaman, a materials scientist
then at the University of Mexico, proposed that nanosized channels in the
palygorskite protected the indigo and metal combination (José-Yacaman et
al. 1996). Recent evidence suggests that the indigo is actually embedded in
surface grooves, rather than interior channels (Chiari et al. 2008) and that the
carbonyl oxygen of the indigo is bound to a surface aluminum ion (Polette-
Niewold et al. 2007). José-Yacaman found an almost identical composition in
eight paint samples, even though they came from sites dozens of kilometers
apart. He concluded that there was a remarkable level of “quality control” in
the paint production.

Again this retrospective view—remarkable as it is—is not the end of the
story. Maya blue is not only resistant to heat and moisture, it is also resistant
to biocorrosion, mineral acids, and alkalis (Sanchez del Rio 2006). Researchers
at the University of Texas in El Paso noted that, since indigo could be sub-
stituted by other organic dyes, its chemistry not only offered a new class of
organic/inorganic complexes for research but also exciting new possibilities
for application, since current pigments are mostly based on either environ-
mentally unfriendly heavy metals or strategic metals that are in short sup-
ply (Polette-Niewold et al. 2007). The researchers recently formed a private
company, Mayan Pigments Inc., and have already received National Science
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Foundation funding for their research as well as contracts with industry for
their services.

Finally, it is important to note that although popular representations limit
the use of Maya blue as an artifact from the precolonial past, Maya blue pig-
ment continued to be used even after colonization. It was applied in the six-
teenth century in Catholic convents in Mexico; the best examples are in the
paintings of Native American Juan Gerson in Tecamachalco. Although its
use in Mexico apparently ended after that point, in Cuba its use continued
up to 1830 (Chiari et al. 2000).

3.3 Connections to Nanotechnology in the Traditional
Knowledge of Nonstate Indigenous Societies

3.3.1 Case Study: The Obsidian Blade

Although indigenous societies that did not constitute a state typically lacked
the labor specialization we associate with knowledge production, they
still managed to refine their use and manipulation of materials over many
centuries. Perhaps one of the best known is obsidian tools, which reached
a highly sophisticated state of craft among Native Americans. Obsidian is
a glassy mineral used in many indigenous cultures to produce blades for
arrows, spears, and knives. Anthropologist Payson Sheets of the University
of Colorado, Boulder, was excavating obsidian glass blades in El Salvador
during the early 1970s. Sheets investigated the blades’ cutting properties,
replicating the fracturing process used in ancient indigenous cultures of
Central America. Using an electron microscope, he compared the cutting
edges of the obsidian blades to those of modern disposable steel scalpels
and to diamond scalpels, the sharpest surgical tools available. The obsidian
blades turned out to be two to three times sharper than diamond scalpel
blades—at their smallest only 3 nanometers across—but at 1/100th the cost,
and have since gone into commercial production (Sheets 1989). One study
comparing wound healing using obsidian and steel scalpels found that the
extremely thin edges of obsidian create statistically significant wound heal-
ing advantages (Disa, Vossoughi, and Goldberg 1993).

A significant contradiction exists between the popular press reports of this
technology and the actual history of native flint knapping (that is, sculpting
a stone into a blade). For example, the Michigan University Record (September
10, 1997) titled its article “Surgeons use Stone Age technology for delicate
surgery” and ended with a comment about “our Paleolithic ancestors.” While
the contrast between the prehistoric and modern works well to grab readers’
attention, it misleads the popular audience into thinking that this technology
stopped advancing when glaciers receded. Flint knapping was widely used
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by Native American groups well into the nineteenth century (and in some
cases beyond). Nonnative admiration for obsidian tools was dramatically
increased when flint knapping took hold as both a hobby and aid to profes-
sional archaeologists (such as Payson Sheets) wishing to reconstruct original
methods to better understand these tools. Some of the most highly crafted
projectile points are still beyond the skill level of all but a handful of dedi-
cated artisans. Computational models for flint knapping have been applied
to fracture mechanics in dentistry, metal fatigue, tribology, and other areas
of contemporary concern (cf. Fonseca, Eshelby, and Atkinson 1971). Again,
far from an irrelevant artifact of interest only to antiquarians, this body of
traditional knowledge and practice is still a resource for contemporary tech-
nological development.

3.3.2 Case Study: Piezoelectricity

Another mineral-based case of indigenous connections to nanoscience can
be found in the Native American use of quartz crystals to generate flashes
of light for ceremonial purposes. Piezoelectric actuators (in the form of tiny
polycrystalline ferroelectric ceramic materials) are often used in nanoposi-
tioning systems: Energy inputs create mechanical movement. The Native
American use is the reverse: The light is energy output generated by the
piezoelectric effect of mechanical stress on the crystals. This is accom-
plished by placing the crystals in translucent rattles. Again, the popular
representations are at odds with the actual practice. The phenomenon first
received wide coverage when it was described in a Wikipedia page on the
Uncompaghre Ute Indians (Colorado-Utah area) and quickly became a stan-
dard “human interest” component for popular accounts of the piezoelectric
effect. Plenty magazine, for example, reported that “Thousands of years ago,
the Ute Indians of Colorado cleverly filled rattles with pieces of quartz that
glowed when shaken together to create the world’s first flashlight, no batter-
ies required” (Clark 2007).

However, a review of the literature on Ute traditions has not revealed any
mention of it. Two ethnographers contacted by this author have confirmed
reports among Southwestern groups (Eastern Pueblo and Northern Ute),
but it appears that this was adopted in the twentieth century through “pan-
Indian” syncretism—that is, the blending of various native cultures that
occurred after (and partly in oppositional response to) colonization (Cornell
1988). The only well-documented reports of traditional use of the piezo-
electric effect appear to be in the Lakota yuwipi (“stone power”) ceremony.
Descriptions of this ceremony typically report sparks at the crucial moment
when all light is extinguished; the sound of rattles accompanied by these
blue flashes of light is said to indicate the presence of spirits (cf. Powers 1986).

An Assiniboine spiritual leader in northern Montana (culturally of close
relation to the Lakota) described how a medicine man would send a request
to ants—"“Please mine white quartz’—and then return a week later to
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anthills to gather the stones, which he said were valued because they pro-
duce flashes of light in the dark during the yuwipi ceremony (Mayor 2005).
Two aspects of this story are particularly significant in making the case for
indigenous knowledge of the piezoelectric effect. First, this shows how the
root metaphor of personhood in nonhumans (in this case, ants) can work for
traditional knowledge concerning inorganic physical phenomena. Ants are
spiritually significant because they connect the subterranean world, identi-
fied with sacred origins, and the world that humans inhabit. Mayor notes
that in addition to sorting out quartz for the yuwipi ceremony, ant mounds
also sort out tiny fossils that have ceremonial use among the Sioux as well
as the Cheyenne. He also describes similar use of ant mounds by paleontolo-
gists, who found them so useful in sorting out tiny fossils that they would
bring soil samples from other areas to ant mounds to be sorted for them, and
even packed ant mounds in crates and had them shipped to sites. Pickering
(1995) would describe such scientific phenomena as a “mangle”—capturing
nonhuman agency in ways that change both scientific practice and the non-
humans. Mangle here seems an apt way to identify the Native American root
metaphor as well, although they would likely reject Pickering’s use of the
term “capturing” as identifying a more European-American attitude than
the collaborative approach they emphasize with personhood.

A comparison between Native American and European histories of piezo-
electricity is also illuminating. Katzir (2006) notes, “Various references in
ancient and mediaeval literature suggest the possibility that the phenom-
enon was observed in the West long before. However even if the attraction
of tourmaline was known before ... it was forgotten and had no practical
tradition. No one knew how to identify the stone or stones mentioned in the
books” (24).

This stands in contrast to the Native American practice, which had both
practical application (yuwipi) and a systematic method for identifying the
particular stones that were most effective in producing the piezoelectric
effect (searching ant mounds). The books to which Katzir refers are ancient
Greek descriptions of pyroelectricity, a related phenomenon in which crys-
tals create an electrical charge when heated. This was rediscovered by Dutch
gem cutters in the early eighteenth century, but it was not until 1880 that
Jacques and Pierre Curie found that applying mechanical stress to crystals
could also create an electrical charge.

Thus, while the popular accounts (as in the case of obsidian) portray the
Native American practice in terms of a frozen prehistoric past, this case of
indigenous knowledge shows a dynamic history. Not only did the Native
American observations of the piezoelectric effect predate by many centuries
that of the European discovery, but more importantly their root metaphor
proved more reliable in allowing others to replicate the phenomenon than
did that of the ancient Greeks, who failed to transmit the ability to replicate a
similar phenomenon (the pyroelectric effect) to later generations. One might
defend the Greeks as having a difficult cultural barrier in communicating
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with Dutch and French scientists, centuries later, but the Ute adopters and
the Lakota originators were also from widely disparate cultures.

3.4 A Whole World of Scientific Knowledge

Both examples of exploiting the nanoscale properties of obsidian and quartz
are merely the tip of the iceberg for the intimate knowledge of physical and
chemical phenomena that indigenous societies have accumulated through
centuries of experimentation. The Gwich’in Athabascan tribe in Alaska, for
example, has over sixty artifacts/products they produce from the birch tree
(Engbloom-Bradley 2006). They not only differentiate use between botani-
cal parts of the tree (bark, roots, and so on) but also more subtle variations;
for example, they use the north side of the tree to make arrows because of
its greater hardness, and the south side to make bows because of its greater
flexibility. Plant extracts such as resins and saps are the most common
indigenous encounters with chemistry; traditional uses include adhesives
for crafting artifacts, waterproofing for containers, incense for religious cer-
emonies, medicinal compounds, and many other applications (Langenheim
2003).

As in the previous examples of wootz and obsidian, use of plant extracts by
indigenous populations has also been part of a long-term conversation with
Western science. Imagine what the history of technology would have been
without rubber, a plant extract introduced to Europeans by South American
Indians. Synthetics did not simply replace these natural extracts, since some
required plant extracts as part of their production (for example, the addition
of camphor to make celluloid), and many of these plant extracts are still in
use today (for example, shellac). As Peters (1994) notes, resin tapping “prob-
ably comes the closest to conforming to the ideal of sustainable non-timber
forest product extraction” and shows great promise for linking indigenous
livelihoods with forest conservation. One exemplar in this case is investi-
gation of spiniflex resin through collaboration between the indigenous
people of the Myuma group in northwest Queensland and the Aboriginal
Environments Research Centre at the University of Queensland’s School of
Architecture. The Research Centre’s director, Paul Memmott, notes that the
project includes experts in botany, bio-nano-engineering, chemistry, and
architecture, as well as Aboriginal community members ranging from elders
with traditional knowledge to postgraduate student Malcolm Connolly, who
conducts experiments in harvesting and regrowth of the plant.

One special category in the relation between nanoscale effects and indig-
enous knowledge is the contrast between our normal expectations of physi-
cal phenomena and the counterintuitive physics enabled by certain specific
nanoscale structures. For example, the indigenous descriptions of the
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Lakota yuwipi ceremony specifically mention the blue color of the sparks,
differentiating them from sparks generated by combustion. This special cat-
egory—indigenous knowledge that derives from counterintuitive physics—
is particularly important because of its potential for establishing the kinds
of cultural connections that could be applied to educational contexts. In the
West we think of magic as something requiring illusion or fakery, something
hidden up the sleeve or done with mirrors. But many traditional examples
of African “magic” are performed openly and depend on counterintuitive
physics. Some of these are related to nanoscale phenomena. For example,
anthropologist Paul Stoller reported that, during his apprenticeship to a
Songhay sorcerer, he witnessed his teacher spread a fine powder on the sur-
face of a bowl of water and then retrieve an item from the bottom of the bowl
without getting his fingers wet (Stoller 1987). Such demonstrations of surface
tension are common in contemporary science classes (where lycopodium
powder is typically used). Another example occurs in the Bayaka society of
central Africa, where fluids from a luminescent fungus are used as body
paint during a nighttime ritual (Sarno 1993).

3.5 Connections to Nanotechnology in Traditional
Knowledge at the Macroscale

Certain macroscale structures found in traditional knowledge systems also
offer important cultural connections to nanoscale phenomena. The relation
between fullerene molecules and the geodesic domes of Buckminster Fuller
is well known. Less well known is the use of similar structures in baskets
and other indigenous artifacts. Paulus Gerdes, professor of mathematics in
Mozambique, has studied the use of hexagonal weaving patterns in Africa
and indigenous cultures elsewhere (such as in India, Brazil, and Malaysia)
and has investigated their use in modeling fullerenes (Gerdes 1998). As a flat
sheet, the hexagonal weave resembles the structure of graphite; rolled into
a cylinder, it resembles a nanotube. Gerdes notes that weavers introduce a
pentagonal weave when they need a corner. Figure 3.1(a) and Figure 3.1(b)
show a Malaysian sepak ball in which the pentagons and hexagons tile the
surface, creating the same fundamental structure as that of a C,, fullerene
molecule (that is, both are truncated icosahedrons). Gerdes’s work demon-
strates how all the fullerene structures can be generated using this indig-
enous weaving technique. This has important applications in education, as
we will see in Section 3.6.

Other macroscale connections can be found under the rubric of self-organi-
zation, which is used in both nanotechnology (molecular self-assembly) and
indigenous social organization. A particularly vivid example of indigenous
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FIGURE 3.1
(a) Malaysian sepak ball (b) Cg, fullerene molecule.
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self-organization can be found in the fractal structure of African settlement
patterns, where consistent geometric patterns occur over several magnitudes
of scale (Eglash 1999). Coppens (2009) provides an extensive list of fractal
nanostructures, some with implications for improving environmental sus-
tainability, such as distribution of oxygen over a hydrogen fuel cell (which
would only produce water vapor as a by-product).

It is important to distinguish between the previous examples that are
based on knowledge of physical properties—wootz steel, Lakota rattles, and
so forth—and these examples of macroscale structures. There is no evidence
that any indigenous group had knowledge of nanoscale geometry, and the
pop-culture texts that claim such knowledge for ancient Hindus or Zen
Buddhists are detrimental to scholarly work (see critique in Restivo 1983).
Macroscale structures are significant because they show indigenous knowl-
edge of relations between geometry and physical properties (for example,
the structural integrity afforded by a hexagonal mesh). These relations can
also apply at the nanoscale—not because of indigenous scanning electron
microscopes, mystical cosmic knowledge, or ancient astronauts but simply
because some of the physics is similar at both scales; if you have flexible
joints, the only way to make a rigid structure is to use triangles. That is true
whether the triangle is 10 nanometers or 0.01 kilometers. The macro/nano
correlation is not itself a part of any indigenous knowledge, but that does not
mean the relationship cannot be usefully applied to nanoscale science educa-
tion, especially among indigenous descendants.

3.6 Applications of Traditional Knowledge
to Nanoscale Science Education

Research by many scholars indicates that some of the statistically poor record
of achievement and participation in science, technology, engineering, and
math disciplines by African American, Latino, and Native American youth
in the United States can be attributed to cultural barriers. One barrier can
be found in myths of genetic determinism, which lowers expectations for
minority students and thus becomes a self-fulfilling prophecy (Hoberman
1997). Another barrier can be found in myths of cultural determinism. For
example, African American students sometimes perceive a forced choice
between black identity and high scholastic achievement (Ogbu and Simons
1998). Many high-achieving African American students report that they
have been accused of “acting white” by their peers (Austen-Smith and Fryer
2005). Similar assessments of cultural identity conflict in education have
been reported for Native American, Latino, and Pacific Islander students
(Kawakami 1995; Lipka and Adams 2004; Lockwood and Secada 1999).
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Cultural connections to science and technology can be important resources
for defeating these barriers. Myths of genetic determinism and myths of cul-
tural determinism can be contradicted by evidence for sophisticated bodies
of knowledge from the heritage cultures of these students. Again, it is impor-
tant to note that the epistemological status of the traditional practice is criti-
cal to this use; merely showing that one can carry out a nanoscience analysis
of an indigenous material is far weaker than showing an indigenous knowl-
edge system that makes intentional use of a nanoproperty. Moreover, the
cultural connection offers the opportunity to discuss not only the cultural
context for indigenous innovation but also the social implications of con-
temporary practice. For example, students who insist that only the Western
version offers a complete understanding can be asked to consider the salmon
case cited in the opening of this chapter. If it’s true that only the Western ver-
sion is a complete understanding, then why are Western societies destroying
their salmon populations (Krkosek 2010), in comparison to the indigenous
sustainable harvest?

Case studies have shown effective culturally situated learning for minor-
ity students when using the epistemologically stronger examples of inten-
tional knowledge (cf. Lipka and Adams 2004). In one recent U.S. study, black
middle-school student responses to nanotechnology education were less
engaged than those of white peers; researchers concluded that experiences
that were more “connected to students’ lives” would stand the best chance of
addressing this disparity (Jones et al. 2007).

With others, my own research results in math education also support this
culturally situated framework. Culturally Situated Design Tools (CSDTs)
are web applets (http://www.csdt.rpi.edu/) based on ethnomathematics—
in particular, the mathematical knowledge embedded in cultural designs
such as cornrow hairstyles, Native American beadwork, Latino percussion
rhythms, urban graffiti, and others. These tools allow students to use under-
lying mathematical principles to simulate the original cultural designs,
create new designs of their own invention, and engage in specific math
inquiries. Preliminary evaluations with minority students indicate statisti-
cally significant increases in math and computing education achievement, as
well as attitudes toward technology-based careers (Eglash et al. 2006; Eglash
and Bennett 2009; Eglash et al. forthcoming).

Surprisingly, we did not see a strong correlation between design tool selec-
tion and heritage identity. Minority students who had been trained in the
use of all the tools and were allowed to select any tool for their final project
did not show an overwhelming preference for designs from their own ethnic
group. On the other hand, we often saw cases of “appropriation”—African
American students using the Native American beadwork tool to create some-
thing similar to graffiti tags, or Latino students using the graffiti tool (based
mainly on samples from New York City) but creating artwork that specifi-
cally reflected Latino cultural origins. Such appropriation fits well with the
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recent studies on the formation of cultural identity by contemporary youth,
which replaces older models of ethnicity as a static given with portraits of
youth in the process of actively constructing their identity, often in terms of
hybridity and syncretism (Pollack 2004).

This observation on the importance of creativity and flexibility in culture-
based education frameworks creates a challenge for culturally situated nano-
science education, which may lend itself less to design or other potentially
expressive activities. In February 2008, with others, I conducted a brief work-
shop with African American students at Rensselaer Polytechnic Institute
using Gerdes'’s African weaving approach. The website includes video clips of
Baka women in Cameroon weaving a basket using a hexagonal lattice, visual
content showing the connection between the woven artifacts and molecu-
lar structures, and finally instructions for creating a C, fullerene molecule
model using paper hexagonal weaves. The workshop successfully competed
for students with other programs offered at the time, drawing approximately
fifty African American youth, with a majority of girls (possibly due to the
traditionally gendered nature of weaving). A longer Nanoscale Technology
and Youth summer program was offered in 2009 at State University of New
York, Albany. It offered middle school students the opportunity to take sev-
eral different nanotechnology workshops. At the end, the students selected
images from our African weaving workshop over the other workshops as
the image for their T-shirts. Both the 2008 and 2009 sessions indicated that
the African weaving approach to creating a Cg, fullerene molecule model
was sufficiently engaging to compete with other activities. The current tech-
nique requires multicolored strands with numbers at specific intersections;
this method is probably not optimal in terms of simplicity, and we suspect
that it discourages the students from using the weaving technique creatively,
but clearly there is a strong potential for sparking interest through a cultural
connection to nanotechnology.

Another tool in the CSDT suite offering a nanoscale connection is that
of Anishinaabe Arcs, which offers simulations of wigwams, long houses,
canoes, and other structures based on wooden arcs. The arcs are placed in
very specific geometric relationships, such that a strong case can be built
for indigenous geometric knowledge. The building materials are carefully
selected according to factors such as terms of species and time of year to
obtain the maximum structural characteristics (for example, elasticity and
strength) as they must be placed into tension to form arcs. We tested our
prototype with Anishinaabe students in a summer camp run by the Native
American Studies center at Northern Michigan University. In contrast to the
African weave, students were highly creative with this tool and produced a
wealth of different forms (see Figure 3.2).

Finally, we tested Maya blue with a group of Latino and African American
students during an after-school program (Figure 3.3). Students created their
own Maya blue mix, heated it in a kiln, and painted it on white tiles. Although
the small sample size (eight students) prevented statistical significance,
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FIGURE 3.2
Design created by a Potawatomi student with the Anishinaabe Arcs tool.

pre- and post-test contrasts showed that “preventing pollution” became
more strongly associated with nanotechnology after the workshop.

3.7 Applications of Traditional Knowledge to
Intellectual Property Rights of Nanotechnology

In several cases, groups opposed to foreign ownership of traditional knowl-
edge have used the legal system to prevent the misappropriation of patents
(Ruiz 2002; Hansen and VanFleet 2003; Nicholas and Bannister 2004). The best
publicized cases are those of the turmeric patent (U.S. Patent No. 5,401,504),
the neem (Azadirachta indica) patents (over forty in the United States), and
the ayahuasca (Banisteriopsis caapi) patent (U.S. Plant Patent No. 5,751). Five
fundamental concerns are put forward by protestors.

1. That a patent unjustly appropriates the intellectual resources of the
culture that created the knowledge.

2. That nontraditional use may offend indigenous cultural or spiritual
sensibility or disrupt the social order.



60 Nanotechnology and Global Sustainability

FIGURE 3.3
Students prepare Maya blue by mixing indigo with palygorskite clay.

3. That a patent could block that culture from further development of
its traditional knowledge or even its use.

4. That traditional knowledge properly belongs in the public domain,
whereas a patent would privatize this knowledge.

5. That traditional knowledge practices serve an important role in pro-
tecting species, ecosystems, and landscapes.

In 1992 the United Nations Convention on Biological Diversity (CBD) used
the fifth reason, protection of the ecosystem, to introduce the first regulations
involving traditional knowledge. The CBD, coupled with organizing efforts
by various indigenous groups and their advocates (such as the Declaration of
Belem and the Indigenous Peoples Earth Charter), eventually led to an inves-
tigation by the World Intellectual Property Organization (WIPO), which
broadened the rationale beyond the fifth to include Nos. 1 to 3. The WIPO
established the Intergovernmental Committee on Intellectual Property and
Genetic Resources, Traditional Knowledge, and Folklore. This committee
is primarily focused on “negative protection,” that is, a view of traditional
knowledge as “prior art.” For example, Subsection 102(f) of the U.S. Patent
Act (35 U.S.C) specifies that a patent will not be awarded when the applicant
was not the original inventor. Thus any traditional knowledge—whether
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published or unpublished, whether in the United States or abroad, and which
proves that the applicant is not the inventor—could be a basis for rejecting
the application. A second form of “positive protection” concerns protective
legal rights over traditional knowledge as part of cultural self-determination.
In U.S. law, for example, many Native American tribes have retained their
sovereign rights (albeit only in the wake of genocidal policy and extensive
legal battles) and have maintained that their knowledge systems fall under
these sovereign rights as much as land claims do (Brown 2003).

These strategies have had some success in defeating patent misappropria-
tion (sometimes referred to as “biopiracy”). For example, in 1986 American
scientist Loren Miller obtained a U.S. patent on a strain of the ayahuasca
vine, which had been used by traditional healers in the Amazon for many
generations. In 1999, Antonio Jacanamijoy, leader of a council representing
more than 400 indigenous tribes in South America, achieved a rejection of
Miller’s ayahuasca patent by the U.S. Patent Office. Similarly, a U.S. patent
for the use of turmeric in wound healing was awarded to the University
of Mississippi Medical Center in 1995, despite its much publicized use as a
traditional medicine in India. A complaint was filed by India’s Council of
Scientific and Industrial Research, and the U.S. patent office revoked the
University of Mississippi’s patent in 1997. In 1995 the U.S. Department of
Agriculture and a pharmaceutical research firm were awarded a patent on
an antifungal agent from the neem tree, which was used in traditional med-
icine in India. Following widespread public outcry, legal action was pur-
sued by the Indian government, and the patent was eventually overturned
in 2005.

Could the traditional knowledge involving material nanoproperties—
wootz steel, Maya blue, obsidian blades—play a similar role in protecting
the intellectual property (IP) rights of indigenous groups? At least two barri-
ers are at play in these cases that were not prominent for the biopiracy cases.
First, recall that the origins of IP protection of traditional knowledge in the
United Nations CBD were purely based on ecological impact; it was only
later that other factors were added. Since these “indigenous nanotechnology”
cases are more focused on material properties than ecological properties,
they may not fit the CBD protections and hence the subsequent protections
built on that foundation. Second, these nanoproperty cases are often more
difficult to connect to current populations, at least in cases in which they are
no longer in use. However, neither of these barriers is absolute. First, as nan-
otechnology becomes increasingly blurred with biotechnology, examples
such as the Bayaka use of fungi will increasingly link biopiracy with what
could perhaps be termed “nanopiracy.” Second, cases such as Maya blue are
attractive precisely because they may provide environmentally preferable
alternatives. Finally, as we have seen above, the popular descriptions of these
nanoscience aspects of traditional knowledge often misleadingly present a
portrait of knowledge frozen in an ancient or even prehistoric past, when in
fact many of these technologies have been in dynamic play at least until the
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nineteenth century (if not beyond) and thus are more connected to current
populations than it might appear at first glance.

However, it may be that traditional knowledge in the nanosciences will
have an impact not as “positive protection” in terms of the sovereign rights
of cultural self-determination but rather as “negative protection,” consti-
tuting “prior art” that prevents patents from issuing at all. In such cases,
the motivation might be more aligned with No. 4, traditional knowledge
as public domain knowledge. The reasons for this are well explicated by
the ETC Group’s 2005 report, Nanotech’s “Second Nature” Patents: Implications
for the Global South. They note, for example, that U.S. patent 5,897945 on
nanoscale metal oxide nanorods covers not just one metal oxide but also
oxides selected from any of thirty-three chemical elements (such as nano-
rods comprised of titanium, nickel, copper, zinc, or cadmium). This is nearly
one third of all chemical elements in the Periodic Table in a single patent
claim. Furthermore, many of these nanotechnology patents are assigned
to all of the major patent classes, including electricity, human necessities,
chemistry/metallurgy, performing operations and transportation, mechan-
ical engineering (lighting, heating, weapons, blasting), physics, fixed con-
struction, and textiles and paper. Despite the legal restrictions preventing
patents on “natural phenomena,” the breadth of nanotechnology patents at
this (literally) elemental level, as well as the breadth of their application,
suggests that many fundamental aspects of nature itself could become
privatized as intellectual property.

The ETC Group concludes by noting that “patent claims on nano-scale
formulations of traditional herbal plants are providing insidious pathways
to monopolize traditional resources and knowledge” and recommends that
protection take place by adding a nanotechnology component to the UN’s
CBD. However, keeping in mind that the CBD was for the purpose of envi-
ronmental sustainability, such a strategy may only support those cases of
indigenous nanoscience that fit under the biopiracy rubric. A broader com-
mitment to the protection of indigenous knowledge of nanoproperties,
including those of purely inorganic origin (such as wootz) or organic—inor-
ganic hybrids (such as Maya blue) would provide better protection.

3.8 Conclusion

Traditional knowledge of nanoproperties, just like traditional knowledge
of medicine, includes unique innovations that have already contributed to
contemporary science and technology. But popular representations tend to
portray them as curious artifacts frozen in an ancient past and only relevant
as proof that science can reveal what the ancients failed to understand. The
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actual histories and contexts of this new class of traditional knowledge show
a much more dynamic, vibrant set of practices that have, in some cases, pro-
vided important dialogues with the development of Western science and in
other cases have applications that may lie in the future. Making these indig-
enous innovations available in a just and responsible manner—either as a
component of culturally responsive education or as protection against mis-
appropriated intellectual property rights—hinges on properly understand-
ing and representing their epistemological status.
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Endnotes

1. As Harding (2006) notes, we cannot afford a “tolerant pluralism” that leaves
us without a critical apparatus for either scientific or social issues, nor can we
simply fall back on a universalism that makes Western science the monolithic
repository of rationality and truth.

2. Although space does not permit a full discussion here, it is worth noting that
wootz has not only empowered Western science but also Western pseudosci-
ence in the form of rhondite steel. Despite its entry in Wikipedia and various
media reports about patent claims and commercial applications, this author’s
investigation suggests that rhondite steel does not exist. Just as Bloor points out
that we need to avoid the asymmetry that occurs if we only investigate failed
science, we also need to avoid the reverse asymmetry of only investigating con-
nections to successful science when discussion traditional knowledge.
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4.1 Introduction

The capacity to manipulate matter at the atomic level is expected to usher in
an era of unprecedented technological innovation that will provide answers
to the current global crises in food, fuel, finance, Fahrenheit, and flu.
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Visions of the new economic opportunities arising from the nanoscale
level have inspired state technology-resource mobilization not seen since the
Cold War space race (Wilsdon and Keeley 2007; Lok 2010; Organisation for
Economic Cooperation and Development [OECD] 2010a). A decade into the
nano race, however, the technology remains largely a research and develop-
ment (R&D) enterprise living on promises, and the products that have made
it to market thus far—among them, stain-resistant trousers, antibacterial
door handles, and miniaturized components for electronics—are modest in
light of the great transformations that had been predicted.

In this chapter, we survey the emerging geopolitical landscape of nano-
technology and how the technologies and their ownership, control, and gov-
ernance are evolving. Features of the “nanotechnology revolution” include
its global scope (with many Global South governments shadowing the enthu-
siasm of Global North governments) and the central role of governments in
financing and facilitating the commercialization of nanoproducts and sys-
tems. Analysis underpinning state investment in nanotechnologies has been
simplistic, apparently aimed to provide justification for ongoing use of the
public purse to support national nanoaspirations. Preoccupation with the
technologies as engines of economic growth also appears to be leading to
nanotechnology favoritism, obscuring the potential for other, potentially
less risky, and more environmentally sustainable systems and approaches to
achieve equal or greater gains.

Like no other, the twentieth century, in which many of our current crises
originated or accelerated, has taught the lesson that it is easier to unleash
a technology than to control its path. Nanotechnology’s first decade as a
state technology program (2000-2009) was one of global turmoil, marked
by the increased probability of dangerous climate change arising from
industrial activity, unprecedented levels of poverty and hunger, biodiver-
sity loss that proceeded unchecked, and a global economic crisis. Whether
the stellar achievements predicted for nanotechnologies and the move to a
nanoeconomy will usher in the changes needed to restore a world of vastly
compromised ecological health—in which more than half the human pop-
ulation and a great proportion of nonhuman species have been forced to
make do on the margins—depends on governance. We discuss the course of
the responsible governance culture that many governments have adopted.
Although early statements contain commendably inclusive commitments,
thus far, governments have been responsive to narrow research and com-
mercial interests, rendering the wider community passive recipients of
technological developments with far-reaching consequences. Meanwhile,
regulatory discounts, a preference for voluntary approaches, and the drive to
commercialize nanotechnologies well before their potential for harm can be
identified, assessed, or tracked place them within the fold of earlier, poorly
governed technology introductions, where risks were unanticipated, down-
played, or ignored by operators and governments, generating enduring lega-
cies of harm.
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Although the nanotechnology race is, at present, accompanied by a bureau-
cratic race to the bottom, there is plenty of room at the top. It is still possible
for governments to act to bring about the enlightened, participatory innova-
tion cultures many have notionally committed to, and to place new technolo-
gies in the service of the wider communities—human and nonhuman.

4.2 State-Sponsored Technology Revolution
and Corporate Hitchhikers

In what is now logged as a seminal moment in nanotechnology’s short history,
former U.S. president Bill Clinton’s millennial speech conjuring new capabili-
ties at the nanoscale sketched out a blueprint—the National Nanotechnology
Initiative (NNI)—for reshaping the world “atom by atom” (U.S. National
Science and Technology Council 1999). The launch of the NNI in 2000
unleashed U.S. federal funding of $12 billion and prompted other countries
to similarly commit to underwriting the development of nanotechnologies.

The vision of an economy (re)built upon nanotech’s cross-sectoral plat-
form has overwhelmed state conceptions of the future; technologically
speaking, there is no competing vision. For Berlin, Moscow, Kuala Lumpur,
Washington, D.C., and Johannesburg, future economic competitiveness and
industrial growth are believed to depend upon dominance in nanotechnolo-
gies.! While Global North countries are focused on shoring up their position
or gaining new advantage—including military superiority—countries of the
Global South must become nano capable, they are told, in order to make the
transformation into modern, industrialized economies. Reflecting the pivotal
position nanotechnologies have acquired, they have been dubbed a “bearer
of the future” in Brazil’s state planning (see Guillermo and Invernizzi 2008),
embody Malaysia’s aspirations “to build a high-income economy dependent
on high-value sectors of growth” (Government of Malaysia 2010), and are
considered sufficiently vital to Mexico’s future that a National Emergency
Program was deemed necessary by parliamentarians (Foladori 2006).

According to a survey by Maclurcan (2005), by 2005 the number of coun-
tries engaging with nanotechnology R&D on a national level had grown to
sixty-three. A further thirteen expressed “country-level interest,” and six-
teen countries reported dedicated research activities (in the absence of a
national-level program).

By the end of 2009, state investment in nanotech R&D around the world
had reached over $50 billion (Cientifica 2009). That year, the European Union
(EU) led global state investment, accounting for over a quarter of public
funds (European Commission 2009¢; Hellsten 2008). Driving EU activity
at the member-state level is Germany, one of the world’s largest chemical
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GAME-CHANGING INVESTMENTS:
MILITARY NANO R&D INVESTMENT

Projected military applications of nanotechnologies range from
lighter, more efficient military battle suits, ubiquitous surveillance,
more lethal weapons, and enhanced super “war fighters” engineered
through the convergence of digital, bio-, nano-, and computing sci-
ences, with the potential “to radically change the balance of power”
(Ibrtigger 2005, 6).

Military aspirations have commanded a considerable share of govern-
ment funding, particularly in the United States, which is understood to
be making the largest investment in military nano R&D, by one estimate
accounting for 90 percent of global investment by states (Altmann 2009).
Concern about the extent to which military interests are driving the nano-
tech research agenda have been raised by the United Nations Educational,
Scientific and Cultural Organization (UNESCO) (Khan 2011).

The U.S. Department of Defense (DOD) has invested in “submicron
technologies” since the 1980s, and, until 2010, has commanded $3.4
billion—around 30 percent of the total NNI funds—to develop mili-
tary applications (U.S. Department of Defense 2007; U.S. Government
2010). This compares with just over a quarter to the National Science
Foundation, 18 percent to the Department of Energy, and around 15
percent to the Department of Health and Human Services/National
Institutes of Health (U.S. Government 2010). Over the past two years,
reprioritization of the NNI budget has seen the military’s share of the
federal budget for nano R&D reduced in favor of other sectors (such as
energy, health, and nanomanufacturing) (Service 2010; U.S. Nanoscale

economies, which leads on a number of measures, including funding (€441.2
million from all public sources in 2009), intellectual property (IP) activ-
ity, publications, and general technology capability (Federal Ministry of
Education and Research 2009; President’s Council of Advisors on Science
and Technology [PCAST] 2010). That same year, Russia’s investment (23 per-
cent of global state funding) trumped that of the United States (19 percent).
Asian countries make up the remainder of governments investing more than
1 percent of the global total (Japan 12 percent; China 10 percent; Korea 4 per-
cent, and Taiwan 1 percent) (Cientifica 2009).

However, the rise of aspiring technology powers in the investment league
table—reflecting a more general eastward shift in the gravitational center of
innovation (Wilsdon and Keeley 2007; Adams and Pendlebury 2010)—has
significantly quickened the pace of the nanotechnology race. Russia’s late but
massive 2007 investment (estimated to be around US$10-11 billion) has put
the country second only to the EU block (Elder 2007; Vahtra 2010). Meanwhile,
nanotechnology commanded a greater portion of the R&D budget in China
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Science, Engineering, and Technology Subcommittee, National Science
and Technology Council [NSET] 2010, 2011). At the time of writing, the
White House has proposed that military nano R&D receive 17 per-
cent of NNI funds in the 2012 fiscal year—a significant cut, but one
that would still leave the military establishment some $368 million to
spend (NSET 2011).

Between January 2000 and December 2009, U.S. military institutions
(the Army Research Office, the Office of Naval Research, the Defense
Advanced Research Projects Agency [DARPA], the U.S. Navy, and the
Air Force Office of Scientific Research) have funded and secured a share
in the rights to 195 nanotechnology inventions at the U.S. Patent and
Trademark Office (USPTO), with a further 151 applications pending.
(Data is from a review of patents awarded and applications filed at the
USPTO over the period January 1, 2000, to December 31, 2009. The data-
base search was conducted in February 2010 and may not represent the
full number of applications, in particular, due to the lag between filing
and online publishing by the patent office.)

The United Kingdom, Netherlands, Sweden, France, Israel, India,
China, and Iran are also said to be investing public funds in military
research, but few are believed to be spending more than $10 million
a year (Altmann 2009). Russia has also declared military applications
to be a priority of its nanotech R&D agenda (RIA Novosti 2007), an
interest it punctuated with the 2007 televised detonation of what the
Kremlin declared to be the world’s first “nanobomb”—a fuel-air explo-
sive with reportedly nano features—dubbed “the Father of All Bombs”
(Elder 2007; BBC 2007; RIA Novosti 2007).

than in the United States in 2009, and the country’s investment in nanotech-
nology R&D (reports range from $180 million to $510 million in 2008) places
it third after the EU and Russia, when adjusted for purchasing power par-
ity (PCAST 2010). By at least one account, public funding is yet to peak as
more states enter the arena (Spinverse 2010). Nevertheless, the rate of invest-
ment that marked the first half of the nanotech decade has dropped sharply
(Cientifica 2009).

The entrance of Russia, China, and other “emerging economies” (such as
India and Brazil) to the nanotechnology race has seen the share of global
spending by Japan, the EU, and the United States drop from 85 percent
in 2004 to just 58 percent in 2009 (Cientifica 2009). However, some relief is
offered OECD countries in accounts of national investment that include both
private and public sources (PCAST 2010; see below). Nevertheless, Brussels,
Tokyo, and Washington are reportedly nervous. The United States” assumed
dominance across the board of technology-capture metrics (including sci-
entific publications, IP, investment, education, technology markets, and
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commercialization) is considered tenuous (Sargent 2011), prompting frequent
calls for the release of further funds to help shore up its technology rank-
ings (Nordan 2008; Hobson 2009; PCAST 2010; Tour 2011). Similar concerns
have been expressed in the European Union (European Commission 2009¢;
Council of the European Union 2007).

While investment by the private sector is often less transparent and there-
fore more difficult to calculate, market analysts agree that corporate invest-
ment in nanotech R&D now outstrips government spending (Lux Research
2008a; Cientifica 2008).

By 2010, U.S. corporations had invested around $2.75 billion into R&D
(under a quarter of the total public investment), with around 50 percent of this
in electronics and information technology (IT), 37 percent in materials and
manufacturing, 8 percent in health care and life sciences, and 4 percent in the
energy and environment sector (Lux Research figures cited in PCAST 2010).

According to industry consultancy Cientifica, the global semiconduc-
tor industry has seen the largest share of corporate R&D investment in
nanotechnologies, with a total of $55 billion during the 2005-2010 period.
Pharmaceutical and health care is the fastest growing sector of corporate
R&D investment, while the food sector’s investment is the lowest by a con-
siderable margin, with just $22 million in 2010 (Cientifica 2008).

4.3 Il1-Conceived Revolution
4.3.1 Intoxicating Nanotechnologies: The Need for Sober Thinking

A decade into the nanotechnology race, considerable hype surrounds the
technologies” media accounts, market forecasts, consultancy reports, and
corporate and research institution press releases. The hype is not exclu-
sively the purview of industry or research institution public relations
(PR) departments. Governments are also generating breathless headlines:
Nanotechnologies are “crucial” for European citizens’ quality of life, says
the Council of the European Union (Council of the European Union 2007, 1);
“humankind’s great hope,” according to a South African government min-
ister (Government of South Africa 2009); and, as a Korean minister put it, a
“jumbo-size hope for mankind” (Government of Korea 2006).

In the nanotechnology lexicon, “ubiquitous” is, itself, ubiquitous, and
repeated to assert the prediction that there is no area of the economy or social
activity that nanotechnologies will not reach or transform for the better. Yet,
as of this writing, the technologies exist largely in the future/conditional
tense, with applications more likely to be theoretical and serve as fund-rais-
ing slogans than actual artifacts (Davies, Macnaghten, and Kearnes 2009).
Despite this, nanotechnologies are still heralded as a boon for economic
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growth (PCAST 2010), a key to combating climate change (Cientifica 2007;
Saxl 2009), the basis of a new “green revolution” in agriculture (Sastry et al.
2007), and a means for economies to climb out of recession (Ray 2009; Rickett
2009).

Enthusiasts are to be expected. Yet the hyperbole that crowds public and
political forums makes for an ill-considered technology drive. As discussed
in the remainder of Section 4.3, a less-than-rigorous economic analysis
underpins the case for a nanoeconomy and vastly reduces the likelihood
that it could bring about the sea changes required to bring industrialized
economies to live within their ecological means.

4.3.2 Pots of Gold: Bloated Market Projections

Forecasts of the commercial returns nanotechnologies will generate have
played their part in opening state coffers. The first of these was the now land-
mark projection made by the U.S. National Science Foundation in 2001 that
the world market for nanoproducts would reach $1 trillion by 2015 (Roco and
Bainbridge 2001). That figure has since been raised to $1.5 trillion (Cientifica
2008), and thoroughly outbid by visions of $3.1 trillion (Lux Research 2008a),
since pared down to $2.5 trillion due to the recession (Lux Research 2009b).

Predicting market value of nanotechnologies is a creative exercise, not least
because formal definitions on what constitutes nano are diverse and con-
tested, and because the level of market activity is not fully known (Palmberg,
Dernis, and Miguet 2009). Accordingly, accounts of the technologies’ market
share vary wildly even in hindsight; in 2009, the market value generated by
nanotechnologies was either $11.7 billion (McWilliams 2010) or $254 billion
(Lux Research, as cited in Roco et al. 2010), or somewhere in between.

Among the most widely cited forecasts are those that employ a value-chain
approach in which the total market value for nanotechnologies is arrived at
by adding the value of “raw” nanomaterials, the “nano-intermediates” these
are incorporated into, and the final, “nano-enabled” product. The potential
for bloated figures is considerable because, although the nanocomponent in
either intermediate or end products classed as nano-enabled may indeed be
tiny, the value of the end product is counted as nanotechnology’s market
value (Berger 2007). Just 0.2 percent ($1.8 billion) of the total market value
for nanotechnologies in 2012, generated by consultant Lux Research’s value-
chain modeling, comes from raw nanomaterials, while end products account
for 86 percent of the total. Looking forward to 2015, the value of raw nanoma-
terials drops to 0.1 percent of the total value chain (see Table 4.1).

The sums for raw nanomaterials would tend to support Lux’s assess-
ment that big money is not to be made manufacturing nanoparticles but
in “nano-intermediate” products (Lux Research 2009a). The data also
confirms the OECD’s caution that the value-chain approach is likely to
generate “significant overstatements” (Palmberg, Dernis, and Miguet
2009, 22), “rather inflated” forecasts (OECD 2010a, 29), or as one industry
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TABLE 4.1
Lux Research’s Nano Value-Chain Predictions 2012-2015
2012 2013 2014 2015

Value Value chain Value Value chain Value Value chain Value Value chain
Value-Chain Stage ($ million) share (%) ($ million) share (%) ($ million) share (%) ($ million) share (%)
Nanomaterials 1,798 0.20 2,098 0.16 2,462 0.14 2,916 0.11
Nano-Intermediates 120,206 13.6 206,823 16.0 322,691 17.9 498,023 20.2
Nano-Enabled Products 762,204 86.2 1,081,025 83.8 1,480,928 81.9 1,962,950 79.7
Total 884,208 100 1,289,947 100 1,806,081 100 2,463,890 100

Source: Adapted from Lux Research, The Recession’s Impact on Nanotechnology, 2009. With permission.
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commentator puts it plainly, “terribly deceiving numbers” (Shalleck 2010).
Nevertheless, the value-chain predictions have received considerable
uncritical airtime and are regularly cited by governments and industry,
typically without the more sobering breakdown of the value chain. Such
wholesale repetition may arise, in part, because the analytical detail is
found inside the covers of consultancy reports that are so expensive that,
anecdotally, even governments are known to rely on the free summaries
(for example, Lux Research has made the 2009-2015 nano value chain
widely available but did not release accompanying analysis that shows
how much of the value of the final products is due to nanocomponents).
However, not all states can cry poor, and usual practice has been to cite
the most compelling figures, in part to justify high levels of government
investment in the technology.

Projections of nanotechnology’s contribution as a job creator have simi-
larly been aspirational and vary widely. Forecasts include the National
Science Foundation’s estimate of up to 7 million workers by 2015 (Roco 2003)
and what the OECD labels “even more optimistic forecasts” of 10 million
manufacturing jobs related to nanotechnology emerging by 2014 (Palmberg,
Dernis, and Miguet 2009, 26).2

Attempts to put numbers to the current nanotechnology workforce are rare
and, like market predictions, complicated by lack of government oversight of
nanotechnology R&D and commercial activity, and a lack of consensus defi-
nition for nano. Rarer still are assessments of the jobs that nanotechnologies
may take away or replace (such that net job creation is not known). In any
case, an OECD review suggests there is “a large discrepancy” between the
projections and the state of the workforce (Palmberg, Dernis, and Miguet
2009, 27).

4.3.3 The Partial Economics of Nanotechnologies

Also noticeably absent is analysis by governments to determine how much
investment will be required before the technologies can begin to deliver on
promises. Naturally, widely varying time frames across different areas of
experimentation and application are likely. Furthermore, the scientific break-
throughs required to access the so-called revolutionary applications will, by
their very nature, defy precise time frames, and research to achieve these is
often being pursued in more than one country. Nevertheless, the apparent
lack of attempts to characterize the investment required is another manifesta-
tion of the poor economic analysis and the opaqueness of government policy.

What does seem clear is that considerably more state funding will be
required to make nanotechnologies roadworthy and able to occupy the
industrial pole position forecast for them (Dosch and Van de Voorde
2009). Substantial technological and industrial hurdles remain. The nano-
manufacturing industry, according to an OECD assessment, “is still in
its infancy” and characterized by “lack of infrastructure equipment for
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THE SLUGGISH COMMERCIAL DAWN

Commercialization of nanotechnologies has not occurred to the extent
expected (Shalleck 2009). That said, the full extent of the progress
of nanotechnologies to market is unclear due to the lack of labeling
requirements, premarket assessments, market monitoring by govern-
ments, and industry avoidance of voluntary reporting schemes. Most
governments currently rely upon charity—a freely available online
inventory of consumer products developed by the nongovernmental,
U.S.-based Project on Emerging Nanotechnologies (PEN)—to provide
examples of products that indicate progress in commercialization. (The
consumer product inventory can be viewed at http://www.nanotech-
project.org/inventories/.) According to that catalogue, there were over
1,300 products on the market as of March 2011. That is likely to be well
below the number of commercialized products, as the inventory lists
only those products claimed by the manufacturer to incorporate nano-
technologies and does not cover intermediate products. (Note: Variable
survey results reflect the lack of clarity around nanocommercializa-
tion. A survey conducted by Health Canada and Environment Canada
in 2009 identified around 1,600 nanoproducts on the Canadian market
alone [OECD 2010b]. Conversely a Dutch government study also based
on manufacturer claims found 858 nanoproducts on the European
market in 2010 [Wijnhoven et al. 2011], while a survey by European
consumer organizations BEUC and ANEC found 475 products on the
European market [ANEC/BEUC 2010a, 2010b]. Of note, three of the sur-
veys were based on product claims by manufacturers. Wijnhoven et al.
attribute the range of results to different approaches to data collection
[the method used to identify products on the Canadian market was not
described in the OECD report].)

nanomanufacturing, and few efficient manufacturing methods especially
in bottom-up approaches to nanoscale engineering” (Palmberg, Dernis, and
Miguet 2009, 79; U.S. Department of Defense 2009). Mass production, scaling
up, and quality control—fundamental for the cost-effective nanomaterials
that the wider manufacturing industry will use—still present considerable
challenges for most nanomaterials (OECD 2010a; Kelly 2011). Today, pro-
duction is typically a low-volume affair, generating considerable waste and
by-products, making some nanomaterials, at least, prohibitively expensive
(Kiparissides 2009; Shalleck 2010).

Sustained, heavy investment will be required to advance basic science
through to new industrial infrastructure, manufacturing techniques, and
processing technologies (Australian Academy of Technological Sciences and
Engineering 2008; Kiparissides 2009; Sargent 2011). As such, the technologies
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Whatever the actual number of products, it is generally agreed that
nanotechnology commercialization is at an early stage, and the products
currently available reflect immature technological and manufacturing
capabilities in the field. The sluggish pace of commercialization has made
many governments anxious, and a common lament is the lack of com-
mercial products to show for the considerable investment (see, for exam-
ple, European Commission 2009b; Padma 2008; PCAST 2010). Certainly,
many of the nano-enabled consumer products lay claim to somewhat
trivial gains when set against the revolutionary achievements predicted.
In 2008, at least, stain-resistant trousers had been for one industry consul-
tant the best the technology had to offer in terms of “real-life” products
for half a decade (Cientifica 2008), although other commentaries point to
commercial success stories including semiconductor applications, lith-
ium-ion batteries incorporating multiwalled carbon nanotubes (Eklund
et al. 2007), and nanoscale lithium phosphate cathodes (PCAST 2010).

Technological hurdles are not the only cause of the slow progress to
market. Wider business interest in nanotechnologies is reportedly low.
According to Lux Research, nanotechnology is broadly seen as “a technol-
ogy without a product” (Lux Research 2008b, 2). The lack of headlining
market success and the prediction of marginal profitability for nanoprod-
ucts is not helping to generate interest (Holman 2007; Lux Research 2008b).
Without governments, investors, and the like lining up to purchase early
stage products, one industry analyst warns, “disruptive nanotechnolo-
gies will primarily remain as science projects and underfunded start-
ups” (Gordon 2010). More difficult to overcome than disinterest, perhaps,
is wariness. Wider manufacturing industry concerns about nanosafety,
regulatory uncertainty, and public perceptions are impeding technology
uptake (Liroff 2009; Lux Research 2008b; PCAST 2010).

are likely to remain heavily dependent on state subsidies for some time;
the long haul, “high-risk, high-reward” nature of much of the R&D agenda
sits well beyond the horizons of much of the private sector (Harper 2009;
Kiparissides 2009). Meanwhile, nanotechnologies’ entrance to the market-
place has proved slower than predicted.

4.3.4 Python Economics: Always Look on the Bright Side of Life

The considerable interest that governments have shown in the disruptive
technological potential of nanotechnology is not matched by an interest in
the distributive effects of a nanoeconomy and, in particular, negative eco-
nomic impacts that could occur domestically or in countries not engaging
with nanoinnovation.
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The OECD, despite having economic development as its focus, has made
little contribution to addressing the deficit in critical, economic analysis.
The scope of socioeconomic impacts set out in its first statistical analysis
framework proposes to document only the positive side of the ledger with
respect to market forecasts in industrialized nations, job creation, and end
products (Palmberg, Dernis, and Miguet 2009). Left outside its analysis is
consideration of what nanotechnology products and production systems
may leave in their wake by way of obsolete industries, job losses, and envi-
ronmental degradation; which communities, populations, and countries
might be most affected by these; and how such costs might weigh on the
public purse.?

Eschewing critical evaluation on how the future nanoeconomy will affect
vulnerable communities, nano nations instead tend to focus political debate
on benefits that individual applications or areas of application (such as water
purification) may offer. It is not only northern, industrialized countries that
sidestep examination of the broader, distributive effects of the technolo-
gies; countries of the Global South that have committed to nanotechnologies
apparently assume that the technologies will benefit marginalized commu-
nities by a combination of targeted individual applications and the projected
contribution that the technologies will make to economic well-being through
increased economic competitiveness.

This is of concern, not because there should be no enquiry into how
specific products—properly evaluated and compared against competing
systems, technologies, and approaches could benefit marginalized commu-
nities—but rather because assessing the merits of individual applications is
not a substitute for a broader evaluation of the total, potential benevolence
of a nanoeconomy. It is possible, in other words, that individual applica-
tions could prove to be technically viable, safe, superior, and accessible for
the communities that typically exist outside the mainstream economy even
while the broader workings of the nanoeconomy undermine livelihoods or
introduce new forms of contaminants that disturb the resources upon which
those same communities depend.

4.3.5 Technological Favoritism

Commitment to nanotechnologies to realize economic growth and competi-
tiveness aspirations further skews public policy because, in order to justify
the scale of investment, the technologies will need to be “the answer” some-
what irrespective of “the question.”

Indicating that the cart has been hitched ahead of the horse, the Russian gov-
ernment’s primary vehicle for nanotech development has mooted a pilot proj-
ect “to stimulate market demand” for a selection of nanoproducts (Rusnano
2009), and an advisory group reviewing the EU’s considerable R&D funding
has emphasized the “need for clear market drivers, for example, industrial
problems that can be solved by the application of nanotechnologies” in order
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to remove barriers to commercialization (Kiparissides 2009, xi). Across the
Atlantic, an assessment by the U.S. Congress’s World Technology Evaluation
Center cites the “development of applications to create uses and demand” as
the single greatest challenge for carbon nanotubes (CNT) commercialization
(Eklund et al. 2007, 15).

Privileging nanotechnologies could cast a long shadow over a range of
competing strategies and approaches that have the potential to deliver less
risky alternatives and, indeed, bring about the necessary civilizational shifts
so that humans can live sustainably on a planet with finite resources.

Nowhere is the political desire to buoy nanotechnologies more evident
than in the ballooning area of “clean tech.” While there may be differences
of opinion within the industry about which technologies belong under the
clean-tech banner, there does appear to be agreement that clean tech is, by
definition, novel and high tech (for example, not bicycles) (Stack et al. 2007).
Others say it presents “the largest economic opportunity of the 21st cen-
tury” (Wesoff 2009) and offers a “natural fit” between economic growth and
projected environmental gains (Rutt and Wu 2009). Governments, too, have
preordained that the technology will be a primary vehicle of sustainability
(Government of Korea 2010; Government of Malaysia 2010).

Nanotechnologies’ recent inclusion, at least by some, in the clean-tech
repertoire has provided a boost for an industry struggling with the reces-
sion and scant market success (Rutt and Wu 2009; Shalleck 2009). The clean-
tech rhetoric is seductive. As Davies, Macnaghten, and Kearnes note, “who
wouldn’t want a technology that is ‘safe by design,” that can deliver clean
water to billions, or enable consumption without negative effects on our-
selves or our environment?” (2009, 40). By 2008, nanotechnology applications
in the energy and environment sectors reportedly accounted for 29 percent
of U.S. federal nanotech spending, 13 percent of corporate spending, and 41
percent of venture capital (Lux Research 2009a).

Yet there is little to support the assertion that nanotechnologies are, by
definition, clean. While certain applications such as supercapacitors could
be beneficial (Friends of the Earth 2010), the fog around nanosafety and
the absence of life-cycle analyses make the claims to ecological sensitivity
and sustainability premature, at the very least. Certainly, the historically
frequent inclusion under the clean-tech banner of nuclear power genera-
tion—the technology that was to provide electricity “too cheap to meter” but
whose safety and waste-stream problems, decades on, remain too difficult to
adequately address—should be sufficient to encourage critical evaluation of
the nano clean-tech brand.

Furthermore, the environmental gains predicted from the use of nano-
technologies are speculative and contingent on overcoming a number of
technological hurdles that, if they are overcome at all, may take years or
decades. Within such time frames, a range of other technologies, systems,
and approaches, given adequate funding and political consideration, could
make equal or greater contributions to sustainability.*
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4.4 Surface Chemistry
4.4.1 Global Spread and Share of Nanotechnologies

The promise that the nanotechnology revolution will include, not exclude,
those who have been on the “wrong” side of the earlier technology divides
has become a regular feature of nanotechnology’s narrative and accompa-
nies promises of a host of nanoproducts aimed at alleviating poverty.

The nanotechnology programs embarked upon by “emerging economies”
such as China, Brazil, India, Russia, and South Africa would seem to have
extended the technology race beyond the OECD and have led nanotech-
nologies to be labeled a “more international scientific project” (UNESCO
2006, 13). Yet, with few exceptions, countries of the Global South have made
late and modestly funded bids to develop capacity in the technologies. For
example, Thailand is reportedly investing US$9 million per annum, while
Indonesia dedicated US$29 million in 2010 (You 2010). In 2007, the Indian gov-
ernment pledged $50 million per annum over five years (India PRWire 2007)
and South Africa’s per annum investment was reportedly between US$21
and $60 million over the 2006-2009 period (Government Communication
and Information System 2010), with additional funding packages of US$74
million in laboratory equipment and university curricula (Claassens 2008;
Tobin 2009).

Indicating the limited spread of nanotechnology enterprise internation-
ally, a recent review by ICPC-Nanonet (an EU-funded, joint program with
China, India, and Russia that aims “to provide wider access to published
nanoscience research, and opportunities for collaboration between scien-
tists” [Tobin 2010, 242]) reported that of nanotechnology activity in 140 non-
OECD countries, no nanotechnology R&D activity was evident in more than
half of these; in at least 20 other countries, isolated R&D was occurring at
tertiary research institutions; around 20 countries make explicit reference to
nanotechnologies in national science policies; fewer have dedicated national
nanotechnology strategies coupled with dedicated government funding pro-
grams; and research facilities and equipment, human resources, and related
infrastructure are 