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Abstract The paper examines the progress made in

nanotechnology development since 2000, achieve-

ments at ten years, and opportunities in research,

education, innovation and societal outcomes by 2020

worldwide.
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Nanotechnology is the control and restructuring of

matter at the nanoscale, at the atomic and molecular

levels in the size range of about 1–100 nm, in order to

create materials, devices, and systems with funda-

mentally new properties and functions because of

their small structure. The 1999 ‘‘Nano1’’ report

Nanotechnology Research Directions: Vision for

Nanotechnology in the Next Decade described nano-

technology as a broad-based, multidisciplinary field

projected to reach mass use by 2020 and offering a

new approach to education, innovation, learning, and

governance—a field expected to revolutionize many

aspects of human life.1 Nanotechnology can pro-

foundly affect the ways the authors live, how healthy

the authors are, what the authors produce, how the

authors interact and communicate with others, how

the authors produce and utilize new forms of energy,

and how the authors maintain the environment.
Ten years have passed since that first ‘‘Nano1’’

U.S. National Science and Technology Council report

on the prospects for nanotechnology. During this past

decade, research and development in nanotechnology

has made astonishing progress and has now provided

a clearer indication of its potential. This new report

(‘‘Nano2’’) examines the last decade’s progress in the

field and uncovers the opportunities for nanotechnol-

ogy development in the United States and around the

world in the next decade. It summarizes what has

been achieved with the investments made since 2000,
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but more importantly, it describes the expected

targets for nanotechnology R&D in the next decade

and beyond and how to achieve them in the context of

societal needs and other emerging technologies.

The Nano2 report incorporates views of leading

experts from academia, industry, and government

shared among U.S. representatives and those from

over 35 other economies in four forums held between

March and July 2010. These began with a brain-

storming meeting in Chicago (United States) and

included U.S.-multinational workshops in Hamburg,

Germany (involving European Union and U.S. rep-

resentatives); Tokyo, Japan (involving Japan, South

Korea, Taiwan, and U.S. representatives); and Sin-

gapore (involving Singapore, Australia, China, India,

Saudi Arabia, and U.S. representatives). Participants

came from a wide range of disciplines, including the

physical and biological sciences, engineering, med-

icine, social sciences, economics, and philosophy.

Outline of the study

The international study documents the progress made

in nanotechnology from 2000 to 2010 and lays out a

vision for progress in nanotechnology from 2010 to

2020, in four broad categories of interest:

1. Methods and tools of nanotechnology for inves-

tigation, synthesis, and manufacturing

2. Safe and sustainable development of nanotech-

nology for responsible and effective management

of its potential; this includes environmental,

health, and safety (EHS) aspects and support

for a sustainable environment in terms of energy,

water, food, raw materials, and climate

3. Nanotechnology applications for advances in

biosystems and medicine; information technol-

ogy; photonics and plasmonics; catalysis; and

high-performance materials, devices, and

systems

4. Societal dimensions, including education, invest-

ing in physical infrastructure, and governance of

nanotechnology for societal benefit

This study is addressed to the academic commu-

nity, private sector, government agencies, and gener-

ally to nanotechnology stakeholders. It aims

specifically to provide input for planning of nano-

technology R&D programs to those producing, using,

and governing this emerging field. Significant exam-

ples of nanotechnology discoveries and achievements

since 2000 and the goals to 2020 are listed in

Appendix 1, arranged according to the aforemen-

tioned four categories. Five figures illustrate several

high-impact applications of nanotechnology (in

nanosystems, electronics, biomedicine, catalysts and

aeronautics) and U.S. infrastructure investments to

support progress in nanotechnology as of 2010.

Progress since 2000

The broad consensus of forum participants is of

strong progress since 2000 in the following areas.

Overall

• The viability and societal importance of nano-

scale science, engineering, and technology appli-

cations have been confirmed, while extreme

predictions, both pro and con, have receded.

Advancements in scientific foundation and phys-

ical infrastructure were inspired by the 1999

unifying definition and vision of ‘‘Nano1.’’

• Nanotechnology has been recognized as a revolu-

tionary field of science and technology, comparable

to the introduction of electricity, biotechnology, and

digital information revolutions. Between 2001

and 2008, the numbers of discoveries, inventions,

nanotechnology workers, R&D funding pro-

grams, and markets all increased by an average

annual rate of 25 percent. The worldwide market

for products incorporating nanotechnology

reached about $254 billion in 2009 (Fig. 1, also

see Chapter 13 of the study).

Methods and tools

• New instrumentation has allowed femtosecond

measurements with atomic precision in domains

of engineering relevance. Single-phonon spec-

troscopy and sub-nanometer measurements of

molecular electron densities have been per-

formed. Single-atom and single-molecule charac-

terization methods have emerged that allow

researchers to probe the complex and dynamic
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nature of nanostructures in previously impossible

ways (Chapter 2). A tool-kit has been established.

• Simulation from basic principles has expanded to

assemblies of atoms 100 times larger than in

2000, and ‘‘materials by design’’ can now be done

for a few polymeric and other nanostructures

(Chapter 1).

• Fundamental structure–function studies for

nanomaterials have led to the discovery and

development of important new phenomena such

as plasmonics, negative index of refraction in IR/

visible wavelength radiation, Casimir forces,

nanofluidics, nanopatterning, teleportation of

information between atoms, and biointeractions

at the nanoscale. Other nanoscale phenomena are

better understood and quantified, such as quantum

confinement, polyvalency, and shape anisotropy.

Each has become the foundation for new domains

in science and engineering.

• An illustration is the discovery of spin torque

transfer (the ability to switch the magnetization of

nanomagnet using a spin polarized current), which

has significant implications for memory, logic,

sensors, and nano-oscillators. A new class of devices

has been enabled, as exemplified by the worldwide

competition to develop spin torque transfer random

access memory (STT-RAM), which will be fully

commercialized in the next decade.

• Scanning probe tools for printing one molecule or

nanostructure high on surfaces over large areas

with sub-50 nm resolution have become reality in

research and commercial settings. This has set the

stage for developing true ‘‘desktop fab’’ capabil-

ities that allow researchers and companies to

rapidly prototype and evaluate nanostructured

materials or devices at point of use.

Safe and sustainable development

• There is greater recognition of the importance of

nanotechnology-related environmental, health,

and safety (EHS) issues for the first generation

of nanotechnology products, and of ethical, legal,

and social implications (ELSI) issues. Consider-

able attention is now being paid to building

physico-chemical-biological understanding, regu-

latory challenges for specific nanomaterials, gov-

ernance methods under conditions of uncertainty

and knowledge gaps, risk assessment frameworks,

and life cycle analysis based on expert judgment,

use of voluntary codes, and incorporation of

safety considerations into the design and produc-

tion stages of new nano-enabled products.

Increased attention includes modes of public

participation in decision making and overall

anticipatory governance with respect to

nanotechnology.

• Nanotechnology has provided solutions for about

half of the new projects on energy conversion,

Fig. 1 Market of final

products incorporating

nanotechnology: the long-

term vision for 2000-2020

(solid line) and outcomes in

2009 (survey by Lux

Research, see Chapter 13 of

the study). The R&D focus

evolves from fundamental

discoveries in 2000-2010

(Nano1 in the figure) to

applications-driven

fundamental and

nanosystem research in

2010-2020 (Nano2)
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energy storage, and carbon encapsulation in the

last decade.

• Entirely new families have been discovered of

nanostructured and porous materials with very

high surface areas, including metal organic

frameworks, covalent organic frameworks, and

zeolite imidazolate frameworks, for improved

hydrogen storage and CO2 separations.

• A broad range of polymeric and inorganic nanof-

ibers and their composites for environmental

separations (membrane for water and air filtra-

tion) and catalytic treatment have been synthe-

sized. Nanocomposite membranes, nanosorbents,

and redox-active nanoparticles have been devel-

oped for water purification, oil spill cleanup, and

environmental remediation.

Toward nanotechnology applications

• Many current applications are based upon rela-

tively simple ‘‘passive’’ (steady function) nano-

structures used as components to enable or

improve products (e.g., nanoparticle-reinforced

polymers). However, since 2005, more sophisti-

cated products with ‘‘active’’ nanostructures and

devices have been introduced to meet needs not

addressed by current technologies (e.g., point-of-

care molecular diagnostic tools and life-saving

targeted drug therapeutics).

• Entirely new classes of materials have been

discovered and developed, both scientifically

and technologically. These include one-dimen-

sional nanowires and quantum dots of various

compositions, polyvalent noble metal nanostruc-

tures, graphene, metamaterials, nanowire super-

lattices, and a wide variety of other particle

compositions. A periodic table of nanostructures is

emerging, with entries defined by particle com-

position, size, shape, and surface functionality.

• Entirely new concepts have been proved: first

quantum device was built and tested in 2010, first

artificial cell with synthetic genome was com-

pleted, and first hierarchical structures by design

have been calculated.

• A versatile library has been invented of new

nanostructures and surface patterning methods

that are fueling the development of the field.

These include commercialized systems such as a

large variety of nanoparticles, nanolayers, nano-

structured polymers, metals, ceramics, and com-

posites, optical and ‘‘dip-pen’’ nanolithography,

nanoimprint lithography, and roll-to-roll pro-

cesses for manufacturing graphene and other

nanosheets. This said, nanotechnology is still in

a formative phase from the standpoints of char-

acterization methods, the level of empiricism in

synthesis and manufacturing, and the develop-

ment of complex nanosystems. More fundamental

R&D is needed to address these limitations.

• New processes and nanostructures have been

formulated using basic principles from quantum

and surface sciences to molecular bottom-up

assembly, and have been combined with semi-

empirical, top-down miniaturization methods for

integration into products. Nanotechnology has

enabled or facilitated novel research in areas such

as quantum computing, computing and commu-

nication devices (see Fig. 2), nanomedicine,

energy conversion and storage, water purification,

agriculture and food systems, aspects of synthetic

biology, aerospace, geoengineering, and neuro-

morphic engineering.

• Nanoscale medicine has made significant break-

throughs in the laboratory, advanced rapidly in

clinical trials, and made inroads in applications of

biocompatible materials, diagnostics, and treat-

ments (see Fig. 3). Advanced therapeutics such as

Abraxane are now commercialized and making a

significant impact in treating different forms of

cancer. The first point-of-care nano-enabled med-

ical diagnostic tools such as the Verigene System

are now being used around the world to rapidly

diagnose disease. In addition, over 50 cancer-

targeting drugs based on nanotechnology are in

clinical trial in the United States alone. Nano-

technology solutions are enabling companies such

as Pacific Biosciences and Illumina to offer

products that are on track to meet the $1000

genome challenge.

• There has been extensive penetration of nanotech-

nology into several critical industries. Catalysis by

engineered nanostructured materials impacts

30–40% of the U.S. oil and chemical industries

(see Fig. 4) (Chapter 10 in the study); semicon-

ductors with features under 100 nm constitute over

30% of that market worldwide and 60% of the U.S.

market (Chapter on Long View); molecular
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Fig. 2 Illustrations of current nanotechnology applications in cellular phones, computers and medical instrumentation
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Fig. 3 Illustrations of current nanotechnology applications in nanoscale medicine
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Fig. 4 Illustrations of current nanotechnology applications in catalysts
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medicine is a growing field. The state of the art in

nanoelectronics has progressed rapidly from

microscale devices to the realm of 30 nm and is

continuing this trajectory to even smaller feature

sizes. These and many other examples show

nanotechnology is well on its way to reaching the

goal set in 2000 for it to become a ‘‘general-purpose

technology’’ with considerable economic impact.

• In the United States, the financial investment in

nanotechnology R&D has been considerable over

the last 10 years. The cumulative U.S. Govern-

ment funding of nanotechnology now exceeds

US$12 billion, placing it among the largest U.S.

civilian technology investments since the Apollo

Moon-landing program (Nature, Sept. 2010,

p. 18). Industry has recognized the importance

of nanotechnology and the central role of gov-

ernment in the NNI R&D. The estimated market

for products incorporating nanotechnology is

about $91 billion in 2009 in the United States

(Chapter 13). Finally, approximately 60 countries

have adopted nanotechnology research programs,

making nanotechnology one of the largest and

most competitive research fields globally.

Societal dimensions

• Various activities have led to establishment of an

international community of nanotechnology pro-

fessionals, a sophisticated R&D infrastructure,

multidisciplinary formal and informal education

programs, and diverse manufacturing capabilities

spanning the chemical, electronics, advanced

materials, and pharmaceutical industries.

• The vision of international collaboration and

competition set forth a decade ago, including in

multinational organizations, has been realized and

has intensified since the first International Dia-

logue on Responsible Development of Nanotech-

nology, held in the United States in 2004.

• Nanotechnology has become a model for, and an

intellectual focus in, addressing societal implica-

tions (ELSI) and governance issues of other

emerging new technologies.

• Nanotechnology has catalyzed overall efforts in

and attracted talent to science and engineering in

the last decade worldwide. Key education

networks and research user facilities in the United

States in 2010 are illustrated in Fig. 5.

• Nanotechnology has become a model for informal

science education of the public on topics of

emerging technologies and for building strategic

educational partnerships between researcher insti-

tutions and public education institutions that

benefit the educational goals of both.

Vision for 2020

Nanotechnology R&D is expected to accelerate the

succession of science and innovation breakthroughs

toward nanosystems by design, and to lead to many

additional and qualitatively new applications by

2020, guided by societal needs. Nanotechnology will

be translated from the research labs to consumer use,

motivated by responsiveness to societal challenges

such as sustainability; energy generation, conserva-

tion, storage, and conversion; and improved health-

care that is lower-cost and more accessible. During

the first decade, the main driver was scientific

discovery accruing from curiosity-driven research.

During the next decade, application-driven research

will produce new scientific discoveries and economic

optimization leading to new technologies and indus-

tries. Such translation will benefit society but will

require new approaches in accountable, anticipatory,

and participatory governance, and real-time technol-

ogy assessment. Key points of the consensus vision

for nanotechnology R&D over the next decade are

noted below.

Investment policy and expected outcomes

• Major continued investment in basic research in

nanotechnology is needed, but additional empha-

sis in going forward should also be placed on

innovation and commercialization, on job crea-

tion, and on societal ‘‘returns on investment,’’

with measures to insure safety and public partic-

ipation. With each new generation of nanotech-

nology products, there is improved focus on

economic and societal outcomes.

• The frontiers of nanotechnology research will be

transformed in areas such as:
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Fig. 5 Illustrations of U.S. nanotechnology infrastructure developed since 2000
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- understanding nanoscale phenomena and pro-

cesses using direct measurements and simu-

lations

– the classical/quantum physics transition in

nanostructures and devices

– multiscale self-assembly of materials from the

molecular or nanostructure level upwards

– interaction of nanostructures with external

fields

– complex behavior of large nanosystems

– efficient energy harvesting, conversion, and

storage with low-cost, benign materials

– understanding of biological processes and of

bio-physicochemical interactions at the nano-

bio interface with abiotic materials

– creation of molecules, materials, and complex

systems by design from the nanoscale

– biologically inspired intelligent physical sys-

tems for computing

– artificial organs, including the use of fluid

networks and nanoscale architectures for tis-

sue regeneration

– personalized instruction for K–12 students on

nanotechnology in the form of affordable

electronic books that incorporate 3D visual

imagery/audio/tactile modes of communica-

tion to permit self-paced individualized

learning

– direct control and feedback of prosthetics by

external sensing of brain activity and/or by

direct coupling into the peripheral nervous

system associated with the artificial limb

• An innovation ecosystem will be further devel-

oped for applications of nanotechnology, includ-

ing support for multidisciplinary participation,

multiple sectors of application, entrepreneurial

training, multi-stakeholder-focused research,

regional hubs, private-public partnerships, gap

funding, and legal and tax incentives.

• Nanotechnology will continue its widespread

penetration into the economy as a general-

purpose technology, which—as with prior tech-

nologies such as electricity or computing—is

likely to have widespread and far-reaching appli-

cations across many sectors. For example, nano-

electronics including nanomagnetics has a

pathway to devices (including logic transistors

and memory devices) with feature sizes below

10 nm and is opening doors to a whole host of

innovations, including replacing electron charge

as the sole information carrier. Many other vital

industries will experience evolutionary, incre-

mental nanotechnology-based improvements in

combination with revolutionary, breakthrough

solutions that drive new product innovations.

• Nanotechnology is expected to be in widespread use

by 2020. There is potential to incorporate nanotech-

nology-enabled products and services into almost all

industrial sectors and medical fields. Resulting

benefits will include increased productivity, more

sustainable development, and new jobs.

• Nanotechnology governance in research, educa-

tion, manufacturing, and medicine programs will

be institutionalized for optimum societal benefits.

Research methods and tools

• New theories on nanoscale complexity, tools for

direct measurements, simulations from basic

principles, and system integration at the nanoscale

will accelerate discovery.

• Tools for simulation of and physical intervention

in cellular processes at the molecular scale will

establish scientific bases for health/medical inter-

ventions, largely completing the conversion of

biology into a quantitative ‘‘physico-chemical

science’’ rather than an empirical science.

• In situ characterization tools for operating nanode-

vices will accelerate innovation in electronics and

energy sectors, while in situ probes in realistic

environments will enable environmental monitor-

ing, food safety, and civil defense.

• In-depth understanding of principles and methods

of nanotechnology will be a condition of compet-

itiveness in sectors such as advanced materials,

information technology devices, catalysts, and

pharmaceuticals. Development of precompetitive

nanoscale science and engineering platforms will

provide the foundation for innovation in diverse

industry sectors.

Education and physical infrastructure

• Multidisciplinary, horizontal, research-to-applica-

tion-continuum, and system-application education
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and training will be integrated by the unifying

scientific and engineering goals and through new

education and training organizations.

• A network of regional hub sites—‘‘Nanotechnol-

ogy Education Hub Network’’—should be estab-

lished as a sustainable national infrastructure for

accelerating nanotechnology education and to

implement horizontal, vertical, and integration

in educational systems.

• Nanotechnology will enable portable devices that

will allow individualized learning anywhere

and anytime, as well other modalities of learn-

ing using techniques such as brain–machine

interaction.

• It will be important to continue to create and

maintain centers and hubs as research and user

facilities, as well as test beds for development and

maturation of innovative nano-enabled device and

system concepts. Remote access capabilities will

be significantly expanded.

Safe and sustainable development

• A focus on nanotechnology EHS hazards and

ELSI concerns must be routinely integrated into

mainstream nanotechnology research and produc-

tion activities to support safer and more equitable

progress of existing and future nanotechnology

generations.

• Simulations of nanoparticle exposure, bio-distri-

bution, and interaction with biological systems

will be integrated in risk assessment frameworks,

together with life cycle analysis, use of control

standards nanomaterials and expert judgments.

• Application of nanotechnology will significantly

lower costs and make economic solar energy

conversion costs by about 2015 in the United

States, and water desalinization by 2020–2025,

depending on the region. Nanotechnology will

continue to provide breakthrough solutions for

over 50% of new projects on energy conversion,

energy storage, and carbon encapsulation.

• By 2020 nanotechnology will have extended the

limit of sustainability in water resources by

10 years. The nanostructured membranes and

materials with large surface areas discovered in

the last decade will be optimized and scaled-up

for a variety of applications, including water

filtration and desalination, hydrogen storage, and

carbon capture.

Nanotechnology applications

• A library of nanostructures (particles, wire, tubes,

sheets, modular assemblies) of various composi-

tions will be developed in industrial-scale

quantities.

• New applications expected to emerge in the next

decade range from very low-cost, long-life, and

high-efficiency photovoltaic devices, to afford-

able high-performance batteries enabling electric

cars, to novel computing systems, cognitive

technologies, and radical new approaches to

diagnosis and treatment of diseases like cancer.

• As nanotechnology grows in a broader context, it

will enable creation or advancements in new areas

of research such as synthetic biology, cost-effec-

tive carbon capture, quantum information sys-

tems, neuromorphic engineering, geoengineering

using nanoparticles, and other emerging and

converging technologies.

• Nanotechnology developments in the next decade

will allow systematic design and manufacturing

of nanotechnology products from basic principles,

through a move toward simulation-based design

strategies that use an increasing amount of

fundamental science in applications-driven

R&D, as defined in the Pasteur quadrant (Stokes

1997, Pasteur’s Quadrant: Basic Science and

Technological Innovation, Brookings Institution

Press).

• Nanotechnology developments will allow increas-

ing the power of computers by about 100,000

times since 2010 and building billion sensor

networks by 2020.

• Nanomedicine will revolutionize the way the

authors diagnose and treat people, and in most

cases, substantially lower the cost of health care.

Personalized and point-of-use diagnostic systems

will be used extensively to quickly determine the

health of a patient and his or her ability to be

treated with specific therapeutics. On the thera-

peutic side, nanomaterials will be the key to

enabling gene therapies for widespread use and an

effective means of dealing with antibiotic resis-

tance and the so-called ‘‘superbugs.’’
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An illustration of nanotechnology application to

aeronautics in the future is shown in Fig. 6. This

picture suggests the integration of various nanotech-

nology-based solutions in the design of a blended

hybrid-wing-body concept for future subsonic com-

mercial aircraft. It represents a radical departure from

conventional subsonic aircraft design. Mechanical

and thermal insulation properties of the nanocom-

posite will allow for ‘‘morphing’’ airframe and

propulsion structures that can change their shape or

properties on demand to improve aerodynamic effi-

ciency and respond to damage. Composite materials

derived from low density, high strength carbon

nanotube-based fibers and durable nanoporous

matrixes will enable the production of ultra-light-

weight multifunctional airframes and with embedded

lightning strike protection. Nanotexturing will create

surfaces that are naturally resistant to ice accretion

thereby eliminating the need for runway deicing and

in-flight ice mitigation. Replacement of heavy copper

wiring cables with carbon nanotube wires will enable

significant reductions in aircraft weight. Distributed

autonomous networks of nanotechnology based state

sensors powered by high efficiency energy harvesting

(thermoelectric, piezoelectric, or photovoltaics) will

enable real-time monitoring of the overall health and

performance of the aircraft leading to reduced

emissions and noise and improved safety. The design,

developed by NASA and Massachusetts Institute for

Technology, is for a 354 passenger commercial

aircraft that would be available for commercial use

in 2030–2035 and would enable a reduction in

aircraft fuel consumption by 54% over a Boeing

777 baseline aircraft. (Courtesy of NASA and MIT)

(see Fig. 6).

Strategic priorities

• Continue support for fundamental research, edu-

cation, and physical infrastructure to change the

nanoscale science and engineering frontiers using

individual, group, center, and network approaches,

with particular focus on direct investigative meth-

ods, complex behavior at the nanoscale and how

nanoscale behavior controls the microscale/mac-

roscale performance of materials and devices.

• Promote focused R&D programs, such as ‘‘sig-

nature initiatives,’’ ‘‘grand challenges,’’ and other

kinds of dedicated funding programs, to support

the development of priority tools, manufacturing

capabilities in critical R&D areas, and a

Fig. 6 Design of commercial aircraft integrating several nanotechnology-based solutions (Courtesy of NASA and MIT)
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nanotechnology-adapted innovation ecosystem.

Owing to its pervasiveness, nanotechnology will

progressively be integrated with the developments

in other emerging and converging technologies.

• Advance partnerships between industry, acade-

mia, NGOs, multiple agencies, and international

organizations. Give priority to creation of addi-

tional regional ‘‘nano-hubs’’ for R&D, system-

oriented academic centers, earlier nanotechnology

education, nanomanufacturing, and nanotechnol-

ogy EHS.

• Support precompetitive R&D platforms, system

application platforms, private–public consortia,

and networks in areas such as health, energy,

manufacturing, commercialization, sustainability,

and nanotechnology EHS and ELSI. The plat-

forms will ensure a ‘‘continuing’’ link between

nanoscale fundamental research and applications,

across disciplines and sectors.

• Promote global coordination to develop and

maintain viable international standards, nomen-

clatures, databases, and patents and other intel-

lectual property protections. Explore international

co-funding mechanisms for these activities. Seek

international coordination for nanotechnology

EHS activities (such as safety testing and risk

assessment and mitigation) and nanotechnology

ELSI activities (such as broadening public par-

ticipation and addressing the gaps between devel-

oping and developed countries). An international

co-funding mechanism is envisioned for main-

taining databases, nomenclature, standards, and

patents.

• Develop experimental and predictive methods for

exposure and toxicity to multiple nanostructured

compounds.

• Support horizontal, vertical, and system integra-

tion in nanotechnology education, to create or

expand regional centers for learning and research,

and to institutionalize nanoscience and nanoengi-

neering educational concepts for K-16 students.

Use incentives and competitive methods to harness

the energy generated by the students and professors

themselves to discover nanotechnology.

• Use nanoinformatics and computational science

prediction tools to develop a cross-disciplinary,

cross-sector information system for nanotechnol-

ogy materials, devices, tools, and processes.

• Explore new strategies for mass dissemination,

public awareness, and participation related to

nanotechnology R&D, breaking through gender,

income, and ethnicity barriers. This is a great

challenge in the next 10 years.

• Institutionalize—create standing organizations

and programs to fund and guide nanotechnology

activities—in R&D, education, manufacturing,

medicine, EHS, ELSI, and international pro-

grams. Important components are the incentive-

based, bottom-up programs for research, educa-

tion, and public participation.

Conclusions

Several strategic lessons have been learned in the last

10 years:

• There is a need for continued, focused investment

in theory, investigation methods, and innovation at

the nanoscale to realize nanomaterials and nano-

systems by design for revolutionary new products,

because nanotechnology is still in a formative

phase. Modeling and simulation methods are

essential for nanoscale design and manufacturing

processes.

• The potential of nanotechnology to support sus-

tainable development in water, energy, minerals,

and other resources is higher than realized in the

last 10 years; increased R&D focus is needed.

• Nanotechnology EHS needs to be addressed on an

accelerated path as an integral part of the general

physico-chemical-biological research program

and as a condition of application of the new

technology. Knowledge is needed not only for the

first generation, but also for the new generation of

active nanostructures and nanosystems.

• Besides new emerging areas, more traditional

industries may provide opportunities for large-

scale application of nanotechnology in areas such

as mineral processing, plastics, wood and paper,

textiles, agriculture, and food systems.

• Multi-stakeholder and public participation in

nanotechnology development is essential in order

to better address societal dimensions; efforts in

this area need to increase.
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• Public–private partnerships need to be extended

in research and education.

Nanotechnology is still in an early phase of

development, and fundamental understanding and

tools are still in the pipeline of new ideas and

innovations. Key research themes have been driven

by open discovery in the last decade. In the next

decade, nanotechnology R&D is likely to shift its

focus to socioeconomic needs–driven governance,

with significant consequences for science, invest-

ment, and regulatory policies. Likewise, R&D invest-

ment will increasingly focus on science and

engineering systems—some with complex and large

architectures—that have societal relevance.

It will be vital over the next decade to focus on

four distinct aspects of progress in nanotechnology:

(1) how nanoscale science and engineering can

improve understanding of nature, protect life,

generate breakthrough discoveries and innovation,

predict matter behavior, and build materials and

systems by nanoscale design—knowledge progress;

(2) how nanotechnology can generate medical and

economic value—material progress; (3) how nano-

technology can promote safety in society, sustainable

development, and international collaboration—global

progress; (4) how responsible governance of nano-

technology can enhance quality of life and social

equity—moral progress.
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Appendix 1: Key nanotechnology achievements since 2000 and goals to 2020

The story of the past decade of nanotechnology R&D can be

described by the developments in fundamental knowledge (e.g.,

plasmonics), evolutionary or integrative approaches (e.g.,

integration of nanoelectronics and optoelectronics), and revo-

lutionary approaches (e.g., nano-enabled drug delivery using

Abraxane) and how these impact each other. Appendix 1 helps

to illustrate ways that future achievements can build on past

ones
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