
PERSPECTIVES

Nanotechnology between the lab and the shop floor:
what are the effects on labor?

Noela Invernizzi

Received: 26 January 2011 / Accepted: 7 March 2011

� Springer Science+Business Media B.V. 2011

Abstract Nanotechnology’s effects on labor and

employment have received little attention within

research and debates on the social implications of

nanotechnology. This article shows that, in spite of its

incipient development, nanotechnology is unques-

tionably moving toward manufacturing, involving a

still very small but increasing component of the labor

force. Based on secondary data and the literature

review, I compose a picture of the emerging jobs in

nanotechnology and highlight four emerging trends in

nanotechnology workers’ skills requirements. I show

that, in addition to job creation, nanotechnology

diffusion is likely to pose labor market changes that

may be disruptive for some categories of workers.
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Introduction

Over the last 10 years, nanotechnology has been

persistently presented as a disruptive or revolutionary

technology, with capability to deeply transform the

economy and society at large. It has also been

characterized as a general purpose technology, with a

broad potential for application across the most varied

sectors of the economy. In addition, in the context of

the ongoing economic globalization and the spread of

nanotechnology initiatives to more than 60 coun-

tries,1 nanotechnology development has been

regarded as a global endeavor. Such a revolutionary,

general purpose and global-reaching technology

suggests a wide-ranging process of industrial restruc-

turing and, with it, significant changes in labor

demand and global labor distribution. Given the

convergence of sciences on which nanotechnology is

based and the new techniques necessary to produce

materials and devices at the nanoscale, it is also

reasonable to expect significant changes in the labor

force’s skill profile.

Twenty-five years have passed since the time the

first discoveries that paved the way for the development
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of nanotechnology.2 Over the last decade, ever-

increasing budgets were channeled to nanotechnology

R&D worldwide. Companies started manufacturing

and commercializing the first series of products

enabled with nanotechnology. An academic and civil

society discussion on the social and ethical implica-

tions and risks of nanotechnologies accompanied both

the emergence of nanotechnology initiatives and the

proliferation of nanotechnology products. However,

nanotechnology implications for labor have been

barely addressed so far, with the exception of the risks

posed by nanoparticles in the workplace. In spite of the

increasing attention given to nanotechnology educa-

tion, the discussion has been centered on top R&D

personnel, while issues related to the rank and file of

the industrial workforce merited much less attention.3

Attempts to analyze other dimensions of labor in the

context of the emergence of nanotechnology—starting

with the central questions of how the nature of labor

and employment may be affected by these new

technologies—are rare.

This situation contrasts sharply with the vivid

debates on labor transformation, triggered by the

emergence of previous technologies in the past. As

Woirol (1996) notes, the debates can be traced back

to classical economists, who discussed the topic in

the context of the unemployment and abrupt disap-

pearance of some trades during the first industrial

revolution. Smith (1994/1776) and Say (2007/1803)

sustained that technology makes goods cheaper,

generating more demand, and then allowing the

economy to reabsorb any technologically displaced

labor—what was named the compensation theory. On

the other hand, Ricardo (1996/1817) and Marx’s

(1990/1867) views were less optimistic. The former

acknowledged detrimental effects of machinery on the

working class, while the latter viewed progressive

unemployment as a result of the ever-increasing fixed

capital-to-labor ratio that characterizes capital accu-

mulation. Successive technological breakthroughs,

such as the emergence of the science-based industry

in the early-twentieth century, and the post World War

II advances on industrial automation, fed new debates,

often polarized between the views of labor compen-

sation and the idea of structural unemployment—a

term coined in the 1960s. The most recent episode in

this old debate was on the effects of microelectronics

and information technologies. Labor compensation in

the long run and unemployment generated by labor-

saving technologies were again at the center of the

discussion among economists (Freeman 1981; Soete

and Dosi 1983; Freeman and Soete 1994). The high

unemployment figures of the 1980s and the sharp

reduction and even disappearance of the entire cate-

gories of jobs among postal workers, bank tellers,

telephone operators and printers, introduced a more

pessimistic tone (Noble 1995). The debate went on to

the analysis of the significant transformations in the

nature of labor in industries and services, such as more

abstract, collective, and flexible work (Kern and

Schuman 1989; Piore and Sabel 1984). The relocation

of labor along global production chains, made possible

in a scale without precedent by information technol-

ogies, and the parallel increase of high-tech skilled

jobs and precarious and instable jobs put in evidence

the complex nature of technology-driven labor

changes in the so-called network society (STOA

2007; Baldoz et al. 2001; Castells 1996).

Why are labor issues attracting so little attention in

the context of nanotechnology’s early diffusion? One

important factor is that labor itself—as an organized

social group—has been poorly involved in the

discussion on the social implications of nanotechnol-

ogy, while other organized social groups, such as

environmentalists and consumers, and their agendas,

2 In 1981, Binning and Rohrer developed the scanning

tunneling microscope, an instrument that enables one to obtain

images of individual atoms. A more complex version of this

tool was developed 5 years later, the atomic force microscope,

which allows imaging, measuring, and manipulating matter at

the nanoscale. Soon after, in 1986, using this powerful new

tool, researchers at IBM for the first time moved xenon atoms

precisely into a desired position while writing the logo of the

company. Other important discoveries were new molecules

with broad applications in several nanotechnology areas. In

1984, Smalley, Curl, and Kroto, from Rice University,

discovered the fullerenes, a carbon molecule that is neither

graphite nor diamond and can have several shapes, and in 1991

the Japanese physicist Ijima’s research on carbon nanotubes

generated unprecedented interest in this nanostructure. Also in

the mid-eighties, Eric Drexler published his controversial

Engines of Creation, in which he envisioned molecular

machines and a radical view of nanotechnology.
3 Current discussion on the need to perform changes in STEM

education at the K-12 level to include nanotechnology concepts

has a view on the future nanotechnology workforce develop-

ment. To some extent, the same can be said about nanotech-

nology awareness through informal education. However,

education discussion has been more ‘‘science-pushed’’ than

being articulated with research on ongoing changes in the

workplace due to the introduction of nanotechnology.
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have gained much more visibility in the public arena.4

From an academic perspective, the lack of interest in

the issue, confirmed by the scarce literature available,

seems to result from a perception that it is too early to

analyze changes in labor, since nanotechnology is still

in a premature stage of development.

In this article, I claim that, in spite of its incipient

development, nanotechnology is starting to be

adopted in several production processes, at different

levels of the production chain. Consequently, a

presently very small but increasing component of

the labor force is involved with nanotechnology.

Since labor is the most relevant factor for societal

cohesion and wealth distribution, as well as a key

resource for innovation, and knowing from previous

historical experience that technological changes do

have profound impacts on labor, it is not too early but

the right time to start analyzing initial nanotechnol-

ogy-related labor changes.

In the ‘‘Nanotechnology: still in the lab, but

already entering the shop floor’’ section, I present a

set of indicators with the purpose of showing that

nanotechnology is unquestionably moving toward

manufacturing. In the ‘‘Nanotechnology jobs’’ sec-

tion, based on the fragmented data available today, I

compose a picture of the emerging jobs in nanotech-

nology. In the ‘‘Skill profile of the emergent nano-

technology labor force’’ section, relying on existing

research, I highlight four emerging trends in nano-

technology workers’ skills requirements. In the

‘‘Unstable jobs’’ section, I point out some likely job

instabilities and disruptions provoked by the diffusion

of nanotechnology that may affect the labor force.

The article concludes with some remarks.

Nanotechnology: still in the lab, but already

entering the shop floor

Nanotechnology was launched at the beginning of the

twenty-first century as a big technoscientific enter-

prise, nurtured by generous funding. In the US, more

than US$12 billion has been invested since the

beginning of the National Nanotechnology Initiative

(NNI) in 2000 (Lok 2010, p. 18). Global funding for

nanotechnology reached US$18.2 billion in 2008,

almost doubling the US$9.6 billion invested 3 years

before (PCAST 2010, p. 17).5

As in the case of other emerging technologies,

public funding has been decisive for the initial

development of nanotechnology. However, compa-

nies have increased their share of investments, mainly

since 2004, indicating a transition from the publicly

supported research to commercial R&D. Global

corporate funding (including corporate R&D and

venture capital investments) first exceeded govern-

ment funding in 2007, and this trend continued in

2008. The competition for the promised $US2.5

trillion nanotechnology market by 20156 is reflected

in the fierce funding competition among the US, the

EU and Japan, and the addition of China as a new

global player (PCAST 2010, pp. 19, 24).7

4 Some important workers’ organizations that have been

involved in the discussion on risks of nanotechnology include

the European Trade Union Confederation (ETUC); the Inter-

national Union of Food, Agricultural, Hotel, Restaurant,

Catering, Tobacco and Allied Workers’ Association (IUF),

which represents unions from 120 countries; the Australian

Council of Trade Unions (ACTU); The United Steelworkers, in

the US; and the Chemical Workers of São Paulo, Unified

Workers’ Central, Brazil. Other nanotechnology implications

for labor such as employment or training have been much less

or not at all addressed. Only a very recent ETUC resolution

issued on December 1, 2010 manifests concern with changes in

work processes and working conditions that could disrupt the

working environment, require new skills, and create inequal-

ities among the working class (ETUC 2010). Still, a researcher

at the ETUC’s research institute stated that European workers

in general are little aware of the emergence of nanotechnology

and its implications (personal interview with Aida Ponce,

ETUI, January 11, 2010).

5 Market consultant firms present some different data. Accord-

ing to Lux Research (2010) global investment from govern-

ments, corporations, and investors in 2009 was US$17.6

billion. The same report indicates that venture capitalists cut

investments in 2009 by 43% relative to 2008, due to the

economic recession. Cientifica’s (2008) Nanotechnology

Opportunity Report provides a higher figure of US$25 billion

ininvestment, including venture capital.
6 An earlier estimation expected a $US3.1 trillion market for

nanotechnology products by 2015. Such a figure was compa-

rable to the total US manufacturing output in 2007 and to the

current global ICT market (Palmberg et al. 2009, p. 22). More

recently, Lux Research, taking into account the impact of the

economic recession, estimated that the market will top the

$US2.5 trillion mark in 2015 (Holman 2009; Hwang and

Bradley 2010).
7 Although the US is still the country that invests most in

nanotechnology, Asia, as a region, surpassed the US in 2008. In

2008, the US invested US$5.7 billion while Asia (primarily

Japan, China, and South Korea) invested US$6.6 billion,

US$4.7 billion of which was Japanese (PCAST 2010, p. 24).
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As a result of the stimulus provided by public

programs and private investments, nanotechnology

research blossomed, a fact clearly reflected by a sharp

increase of publications in the field (Youtie et al.

2008),8 which are growing at rates superior to all

publications in the US, the EU, and in several

developing countries (Palmberg et al. 2009,

pp. 35–36). Moreover, R&D outcomes are being

patented fast. The number of non-overlapping nano-

technology patent applications increased annually by

34.5% from 2000 to 2008 (Dang et al. 2010, p. 689).

Nanomaterials and nanoelectronics are the most

patented nanoscale innovations, and the top 30 patent

assignees are mostly the multinational corporations

based in the US, Japan and Europe (Palmberg et al.

2009, pp. 55–56, 62).

Although many of the radical innovations prom-

ised by nanotechnology researchers and policy mak-

ers are barely announced in scientific publications or

are still in the making in university and corporate

labs, the first round of nanotechnology innovations—

mostly based on passive nanostructures9—is already

spreading throughout the industry and the market.

The number of companies with activities in nano-

technology is rising, as is the commercialization of

nanotechnology materials, as well as intermediate

and final nanotechnology-enabled products.

Between 1990 and 2008, 17,600 companies from

87 countries10 were involved in nanotechnology

publications and patent applications (Roco et al.

2010b, p. 410). Even though involvement in publi-

cations or patents does not indicate the degree in

which nanotechnology is being explored by these

companies, this figure states that a large group of

firms are either current or potential developers/users

of this technology. Companies involved in nanotech-

nology comprise start-ups as well as many large

corporations, both in high technology and more

traditional industries (Baker and Aston 2005; Hull-

man 2006; Cientifica 2008; Youtie et al. 2009).

Nanowerk’s Nanotechnology Company Directory

(Nanowerk 2010a) reports 2,146 companies from 48

countries involved in nanotechnology research, man-

ufacturing, or applications. Half of these companies

are in the US, 670 in Europe, 230 in Asia and 210 in

other regions of the world. Helmut Kaiser Consul-

tancy (2007) accounted 1600 companies around the

world.

Nevertheless, as noted by Palmberg et al. (2009),

the actual number of companies may be much greater

than the ones suggested by international inventories.

Inventories by country report considerably larger

pools of firms. For instance, Small Times reported

1455 nanotechnology companies only in the US at the

beginning of 2005 (cited by Palmberg et al. 2009).

Germany had about 750 companies developing or

marketing nanotechnological products or services in

2009 (BMBF 2009, p. 3). The Italian Trade Com-

mission in Shangai (ITC 2009, p. 10) estimated that

China had 700–900 companies active in nanotech-

nology in 2003. Israel claims to have 80 large and

small companies in the nanotech sector (Halevi

2010). A study carried out by The New Energy and

Industrial Technology Development Organization in

Japan reported 586 companies in nanotechnology by

2005 (Nanotechnology Research Institute 2005). The

2nd Italian Nanotechnology Census identified 86

companies active in nanotechnology in Italy (ICE

2009). The number of companies with activities in

nanotechnology is also increasing in developing

countries. Brazil has 150 companies developing or

using nanotechnology, including both start-ups and

already established companies (Baibich 2010; Inver-

nizzi 2009). There are 47 nanotechnology start-ups in

Iran, plus some established companies adding nano-

technology to their activities (Sarkar 2010).

Some countries carried out surveys on nanotech-

nology activities. While not representative of the

global activities, these surveys provide interesting

8 In 2008, for the first time, the US lost its lead in nano-related

publications, ranking second after the EU-27 region; by 2009,

the EU was still leading, but China (including Taiwan) was the

second, and the US was the third (PCAST 2010, p. 20).
9 According to Davies (2008), at the moment, passive

nanostructures— in which the nanomaterial or structure does

not change its form or function—are predominant. These

nanostructures are added to the already existing products and

materials to enhance them, configuring incremental innova-

tions. Active nanomaterials, which are able to change their

form or function, will bring about major breakthroughs in the

future. Roco (2010, p. xxxvii) considers that active nanostruc-

tures started being incorporated into products in 2005, and that

these will undergo further development in the coming years.

According to Subramanian et al. (2010), bibliometric analyses

from 1995 to 2008 show that there is a sharp rise in active

nanostructures publications from 2006 onward, suggesting a

transition to this more complex phase of nanotechnology

development.
10 The authors note that 93.8% of these companies were

located in 20 leading countries (Roco et al. 2010b, p. 410).
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primary data on companies’ characteristics, research

and commercialization, synthesized in Table 1. With

the exception of Japan, small and medium size firms

are the most represented. While a group of companies

is already actively commercializing products, most of

them expect to increase their commercialization in

2–3 years time. A varied range of sectors are

involved, but nanomaterials, nanobiotechnology and

nanoelectronics are the most represented. In spite of

the abundance of small companies—according to Lux

Research (2006), they comprised about 80% of the

companies with nanotechnology R&D plans in

2004—it is worth noticing that large companies

concentrating on the largest shares of R&D, already

monopolize patents in nanotechnology, and oligopo-

lize several nanomaterials’ production (Palmberg

et al. 2009; Cientifica 2008).11

Accordingly, with the escalating number of com-

panies worldwide, and their intensification of com-

mercialization, the global nanotechnology market is

increasing. The market of final products containing

nanotechnology was US$224 billion in 2009, almost

eight times the value achieved in 2005 (US$30

billion). The nanotechnology intermediates market

was about US$29 billion in 2009 (PCAST 2010, p. 19).

The US, Europe, and Asia have the bulk share of the

nanotechnology market, with 36, 31, and 27% respec-

tively. The rest of the world is responsible for only 6%

of nanotechnology products sales (Roco et al. 2010b,

p. 438). Although these figures are low when com-

pared with the most optimistic market projections, it is

a clear, increasing trend worth noting. Direct infor-

mation coming from the companies consulted in the

previously mentioned surveys, which expect more

involvement in commercialization in the coming

years, indicates the likely sustainability of this trend.

However, as in the rest of the economy, the economic

recession that initiated in 2008 may have an adverse

effect. According to Hwang and Bradley (2010). the

economic slowdown had a decelerating effect on

nanotechnology, disturbing the whole value chain,

from nanomaterials to final goods, although to varying

degrees according to industry.

Among the commercialized products in 2009, the

largest share (55%) was from the materials and

manufacturing industry sector, including products

such as automobiles, industrial equipment, and

building and construction materials. These products

made use of nanotechnology-based components such

as coatings, composites, and electronic components.

The electronics and information technology sector

accounted for 32% of the market, including items

such as mobile devices with displays, and antimicro-

bial coatings enhanced with nanotechnology. Some

12% of nanotechnology-based products were in the

healthcare and life sciences sector, primarily from

nano-enabled drug delivery systems. Finally, one

percent of nanotechnology-based products came from

the energy and environmental sector, including items

such as nano-enabled filtration membranes or batter-

ies (PCAST 2010, p. 19).

Some efforts have been made to track the number

of nanotechnology enabled products available for

commercialization. Although this is a useful indicator

of the degree of advancement of the incorporation of

nanotechnology into the manufacturing processes, it

is the one very hard to obtain. Available inventories

are not exhaustive and follow different criteria and

purposes, but their common trait is that they all show

a clear trend toward a rapid increase of nanotechnol-

ogy-enabled products. The Woodrow Wilson Center

Project on Emerging Nanotechnology (PEN) reported

1317 consumer products from 29 countries in 2010,

compared to 54 products in 2005 when the inventory

started. More than a half of them are health and

fitness products, including cosmetics, clothing, per-

sonal care, sporting goods, sunscreens, and filtration

devices. Following in frequency are home and

garden, food and beverage, and automotive products

(PEN, 2010). Helmut Kaiser Consultancy estimated

that there were 2500 nanotechnology-based products

and applications on the market worldwide, a sharp

increase from the 300 identified in 2001. Currently,

the US leads the nanomarket, followed by China,

Japan, and Germany, but the report estimates that

within 5–10 years China will be in the first position

(Helmut Kaiser Consultancy 2010). The European

Consumer Voice in Standardisation (ANEC) and the

European Consumers’ Organisation (BEUC) have

produced The 2010 Nano Inventory, showing that the

number of products containing nanomaterials has

tripled, increasing from 151 to 475 products from

2009 to 2010 (Euroactiv 2010). The German

Professional Association of Construction Industry

11 The list of the top 30 patents assignees are long-established

multinational enterprises based in the US, Japan, and Europe

(Palmberg et al. 2009, p. 62).
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(BGBAU 2010) has recently issued a non-exhaustive

list of 63 construction and cleaning products using

nanoparticles.

According to Michael Holman from Lux Research

(interviewed by Katz 2010), so far, the most nano-

related developments have resulted in incremental

improvements to products rather than the creation of

revolutionary advances.12 Roco et al. (2010a, p. xiii)

agree with this perspective, stating that most nano-

technology products are based on relatively simple

nanostructures. However, they emphasize that other

products are sophisticated tools used for meeting the

needs not addressed by current technologies (e.g.,

point-of-care molecular diagnostic tools, imaging

agents, and even life-saving therapeutics). Moreover,

there has been extensive penetration of nanotechnol-

ogy into several critical industries: catalysis by

nanostructured materials impacts 30–40% of the US

oil and chemical industries; semiconductors with

features under 100 nm constitute over 30% of that

market worldwide and 60% of the US market; and

molecular medicine is a growing field (Roco et al.

2010a, p. xviii).

The production of key nanomaterials is another

important indicator of the dynamism of nanotechnol-

ogy incorporation into manufacturing. Let us consider,

for instance, carbon nanotubes, a key nanomaterial

with applications in varied areas such as electronics,

plastics, textiles, biomedicine, ceramics, and energy

storage devices. A few years ago, carbon nanotubes

were very difficult to produce and were traded in very

low quantities. By 2004, there were 54 producers of

nanotubes and nanofibers globally who, achieving

massive improvements in capacity, produced 65 tons

per year of these materials (Cientifica 2005). By 2007,

research by the World Technology Evaluation Centre

(WTEC 2007) reported a global capacity for the

production of multi-walled carbon nanotubes of about

300 tons per year, and about 7 tons per year for the

most complex single-walled carbon nanotubes. Fola-

dori (2010)13 identified 96 companies worldwide

producing carbon nanotubes and fullerenes up to

August 2010. Available data for only 13 of these

companies of different productive capacities indicate a

combined production of 2050 tons per year. In fact,

nowadays, one state-of-the-art plant alone can produce

as much as combined global production in 2007.14

The rapid increase in the number of companies and

their production capacity shows, on the one hand, a

dynamic market for these key nanomaterials, and

therefore a growing incorporation of them into several

intermediate and final products. On the other hand, as

noted by Rejeski (2010, p. 38), the rapid increase in

production capacity by companies is a signal that

industry is gaining precision control over nanoscale

processes. This, in turn, has effects on prices,

decreasing the cost of nanomaterials, a condition for

further diffusion. Just a few years ago, nanotubes were

sold for over US$ 1,000 per gram. Although there is

more demand than there is product available, increased

productivity has dropped prices, and today single-

walled nanotubes are available between 95 and 200

dollars per gram, and multi-walled nanotubes’ price

ranges from US$ 5–15 per gram, depending on their

purity (Cheaptubes 2010). Other important nanoma-

terials are probably following the same trends as

carbon nanotubes. Nanowerk’s nanomaterial database

reports 2624 different nanoparticles in use today,

produced by 161 suppliers (Nanowerk 2010b).

The current value of nanotechnology market is far

from the optimistic projection of US$ 2.5 trillion for

2015. Part of this can be attributed to the effects of

the economic recession. Other obstacles, more intrin-

sically related to the nanotechnology development

trajectory, have been pointed out as barriers for a

more rapid commercialization. Among them are the

high cost of several nanomaterials, process scalability

12 After the initial excitement and very optimistic predictions

about nanotechnology development, a more cautious approach

is visible in policy and academic circles. A good example of it

is the report on the evaluation of the European Framework 6 on

Nanotechnologies and Nanosciences, Knowledge-based Mul-

tifunctional Materials and New Production Processes and

Devices, the title of which, ‘‘Strategic Impact, not Revolution,’’

clearly indicates that current European R&D is at an initial

phase (Oxford Research and Austrian Institute for SME

Research 2010, p. 168).

13 Personal communication. Unpublished database.
14 Bayer Material Science has recently opened a large carbon

nanotube pilot facility in Leverkusen, Germany, boasting an

annual capacity of 200 tons. The previous plant, started in

2007, had a capacity of 60 tons per year. Nanocyl installed a

new reactor with a capacity of 400 tons per year of carbon

nanotubes in Sambreville, Belgium, which will start operations

this year. Another company, CNano, headquartered in Cali-

fornia but with manufacturing in China, bought online a 500

ton per year facility for carbon nanotube production. (Nanotech

Wire 2009; PlasticsToday 2010).
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and quality control difficulties, scarcity of venture

capital, fears of a public backlash, and regulatory

uncertainty (ETC Group 2010, p. 8; Palmberg et al.

2009; Rejeski and Lekas 2008; McNeil et al. 2007,

p. 10).

In spite of these obstacles, and the effects of the

economic crisis, the aforementioned indicators reveal

that nanotechnology is not only the science in the lab

but has unquestionably started its diffusion into the

industrial processes, along all the bonds of the

production chains. Moreover, in the areas of materials

and electronics—two sectors that are able to have

broad repercussion in other sectors across industry—

its presence is already important. Albeit nanotech-

nology is in an early stage of development, but as it

enters companies’ R&D facilities, production pro-

cesses. and marketing strategies, it is starting to affect

workers worldwide. How large is the nanotechnology

labor market? What levels of the labor force are

involved with nanotechnology? Are new skills nec-

essary? Are some jobs at risk? I turn now to discuss

these issues in the following sections.

Nanotechnology jobs

Soon after the NNI was launched in the US, it was

estimated that that about 2 million nanotechnology

jobs worldwide would be created by 2015, of which

800,000 will be in the US, 500,000 in Japan, 300,000

in Europe, about 200,000 in the Asia Pacific region

(excepting Japan), and 200,000 in other regions of the

world.15 In addition, five million new jobs in related

areas were expected (Roco 2003a).16 A rather

convergent projection for the US was made by the

US Department of Labor (USDL 2006), which

estimated that 671,000 nanotechnology jobs would

be available from 2006 to 2016 in the US alone. The

business consultancy firm, Lux Research, forecasted

a larger nanotechnology labor market, with 10

million manufacturing jobs in nanotechnology by

2014, or 11% of jobs in manufacturing worldwide

(Lux Research 2004).17 A recently updated projection

estimates that nanotechnology will require about six

million direct jobs worldwide by 2020 (Roco 2010).

There are few labor market figures besides these

estimations. Up to now, there is no statistical data

regarding the actual number of workers involved in

nanotechnology, not even job titles or job classifica-

tions that allow the identification of such workers.

The very nature of nanotechnology, which is not a

new industry, but a general purpose technology to be

used in several industries, makes it difficult to define

and identify nanotechnology workers. Attempts to

assess the current number of nanotechnology jobs are

scarce, and mostly restricted to companies exclu-

sively dedicated to nanotechnology. It is much more

complicated to assess which jobs can be considered

under nanotechnology jobs category in companies

that are becoming users of nanotechnology in tradi-

tional industries, or in companies that do not identify

their activities as nanotechnology. Some efforts to

measure nanotechnology jobs have been made in the

US and Germany. In the US, Small Times estimated

that 24,388 people were employed in nanotechnology

companies in 2004 (NIOSH 2010). Lux Research

(2007) reported 5,300 nanotechnology R&D employ-

ees by the end of 2006, and expected an increase up

to 30,000 by 2008. More vaguely, the consulting firm

estimated the existence of tens of thousands of blue

collar jobs in manufacturing involving nanotechnol-

ogy. According to Roco (2010) employment in

nanotechnology has increased 25% per year between

2000 and 2008 and the current number of jobs in the

US, including researchers and workers, is around

160,000.18 In Germany, Luther and Malanowski

(2004, cited in Schuman 2009)19 estimated that

companies in nanotechnology provided some 50,000

direct and 114,000 indirect jobs. A study based on a

data stock of 860 German nanotechnology companies

registered 63,000 direct jobs in 2008 and projected

15 For comparison, two million is the number of workers in the

IT sector across Europe (STOA 2007, p. 9).
16 This estimate was based on the analysis of the existing

nanotechnology R&D activities in industry in the US, Japan,

and the Western Europe. The indirect jobs estimate was

extrapolated from previous experience in the information

technology sector (Roco 2003a, b, p. 182).

17 This number of jobs was correlated to an estimation of a

$US3 billion market by 2014 for nanotechnology products.

This figure, however, was later reduced to US$2.4 billion by

Lux Research (Holman 2009; Hwang and Bradley 2010).
18 Personal interview, December 1, 2010.
19 Original in German: Luther, W.; Malanowski, N. (2004):

Nanotechnologie als wirtschaftlicher Wachstumsmarkt. Inno-

vations- und Technikanalyse. VDI Technologiezentrum,

Düsseldor.
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that small and medium enterprises (SMEs) would

need 43,200 new employees by 2013 (BMBF 2009).

These data, enriched by some detailed research on

nanotechnology job postings (Stephan et al. 2007;

Freeman and Shukla 2008),20 show that nanotech-

nology labor market is still small, but already exists.

In spite of the presumably small size of the current

nanotechnology market, some studies reveal that

companies are concerned with the possibility of a

shortage of skilled nanotechnology personnel. In a

survey involving 26 US companies, Lux Research

(2007) reported that 60% of them consider that they

will face a shortage of ‘‘nanotech talent.’’21 The report

Barriers to Nanotechnology Commercialization pre-

pared for the Department of Commerce (McNeil et al.

2007, p. 31) indicates that the US relies on foreign

skilled workers for this field and that there can be a

shortage given the increased rate of return by foreign

students to their home countries. The report is,

however, more concerned with labor shortages at the

technical skill level of recent graduates.

In the European Union, the fears of labor force

scarcity seem to be more intense. In 2004, 44% of

733 respondents to the Open Consultation on the

European Strategy for Nanotechnology expected a

shortage of trained staff in nanotechnology within

5 years, and another 24% in five to 10 years. The

respondents claimed the lack of highly skilled staff to

be the main difficulty for SMEs and start-ups in

nanotechnology (Malsh 2008, p. 3). The nanotech-

nology skills and training survey conducted in the UK

(Sing 2007, p. 22) showed that half of the research

institutions, companies and training institutions

reported problems regarding the availability of

human resources, which were more severe in the

case of technicians. The Spinverse (2006) survey in

Finland found that 44% of the surveyed 93 companies

pointed out that the recruiting of skilled people had

been ‘‘difficult’’ or ‘‘very difficult.’’ About one-third

of the 107 companies surveyed by VDI Technology

Centre in Germany in 2003 pointed out the lack of

skilled personnel as one possible barrier for the

development of nanotechnology (Palmberg et al.

2009, pp. 86, 92; Luther 2007, p. 30).

A few available studies, carried out in Germany,

the US and England provide information on person-

nel allocation among different nanotechnology activ-

ities within companies. These studies converge in

pointing out a moment of transition in which

nanotechnology labor demands not only come from

the R&D labs but are encompassing a broader

spectrum of nanotechnology activities along the

production process and related activities. These

findings are therefore coherent with the figure

portrayed in the first section regarding the increasing

use of nanotechnology in production.

Some pioneer research has been done in Germany

to analyze the activities and skills involved in

nanotechnology jobs. Henn (2004, cited by STOA

2007)22 surveyed 42 nanotechnology companies and

found that, irrespective of their size, they projected an

equally strong demand for natural scientists, engi-

neers and intermediate qualified workers for 2007.

On the other hand, semi-skilled and unskilled work-

ers were little needed. Based on secondary sources

and previous research involving 151 employees from

132 establishments, Abicht et al. (2006, p. 38)

showed that new demands in nanotechnology are

beginning to emerge, involving, in addition to R&D,

manufacturing, quality assurance, documentation,

20 In the absence of more aggregate data, some researchers

have analyzed nanotechnology job offerings to provide some

data on the demand for a nanotechnology labor force. Stephan

et al. (2007) analyzed job postings on nine websites over 20

months in 2005–2006 (125 positions), and announcements in

Science during 2005 (171 positions). They concluded that

while announcements for the academy in Science grew

significantly in 2005 compared with a previous study made

in 2002, the number of positions placed by firms in specialized

websites remained stable over the analyzed period. Industry

demands involved firms of different sizes and came mostly

from non-nanotech dedicated firms. Another study conducted

by Freeman and Shukla (2008) analyzed 5,370 job postings

from SimplyHired.com over 12 months from March 2007 to

March 2008. In addition, they contacted 80 companies offering

jobs. The authors concluded that job growth in nanotechnology

was modest and that companies are not having problems filling

positions.
21 In the US, concerns about a possible scarcity of skilled

workforce are also present in nanotechnology documents, and

have to be contextualized in a broader and older discussion on

the decline of the immigrant qualified workforce the US has

relied on. The Report to the President and Congress on the

Third Assessment of the NNI recommends some strong

measures to retain scientific and engineering foreign talents

trained in the US (PCAST 2010, p. 30).

22 Original in German. Henn, S. Gründungen in der Nano-

technologie. Clusterentwicklung und Förderung. ISW work-

shop ‘‘Nanobiotechnologie Entwicklungstendenzen und

Qualifikationsanforderungen,’ Berlin, April 15, 2004.
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marketing and distribution. Another German study

found that half of the labor force in 178 nanotech-

nology companies had university degrees, signaling

the R&D intensive character of nanotechnology.

About 10% were master craftsmen and technicians,

and other 20% skilled workers. The later categories

were expected to rise, according to the companies’

projections (Aibithch 2009, p. 72).

In the UK, The Sector Skills Council for Science,

Engineering and Manufacturing Technologies made

an assessment of the skills required for advanced

manufacturing (SEMPTA 2009, p. 56). The findings

indicate that nanotechnology’s industrial potential is

still to fully emerge and that current skills require-

ments are focused on R&D, together with an under-

standing of intellectual property and new product

development. Yet, as the manufacture of nanomateri-

als is increasing, highly skilled technicians and

operators, capable of running complex equipment,

are also in demand. Similarly, in the UK, a survey

conducted by Sing (2007, p. 22) reported that nano-

technology hiring is dominant—both in industry and

research institutions—in graduates and post-graduates

for science research and product development, but

demand is increasing for trained technicians.

In the US, the Department of Labor (2006)

described employment opportunities in nanotechnol-

ogy embedded within several occupations. Some of

the most demanded positions require longer university

training, such as positions for industrial engineers,

chemists and sales engineers. Other in-demand occu-

pations were projected for 2-year-university-trained

personnel such as sales representatives, manufactur-

ing, and technicians with different specialties. A more

recent assessment by the USDL Occupational Infor-

mation Network (ONET 2010) suggests the emer-

gence of new nanotechnology occupations unique to

nanotechnology such as Nanotechnology Engineering

Technicians and Technologists and Nanosystems

Engineers, as well as a continued demand for nano-

technology skills within the context of other

occupations.

Additional information comes from research at the

company level. A 2005 study based on interviews with

240 nanotechnology and microtechnology companies

in the Bay Area Region showed that, in addition to

needs for scientists and engineers, the companies’

needs for technicians and manufacturing workers were

increasing. The companies’ hiring plans for the next

12 months included an increase of 32% for techni-

cians, 22% for scientists and engineers, and 7% for

manufacturing workers (Godbe Research 2006).

A Lux Research (2007) survey of 27 companies

indicated that companies will reduce the proportion of

scientists in their labor force, and increase the share of

engineers, sales, and marketing personnel in future

hires, accompanying the development of nanotech-

nology manufacturing. Van Horn and Fichtner (2008,

p. 12) conducted a survey that interviewed more than

50 individuals working for companies and research

facilities in nanotechnology in Phoenix and Tucson,

Arizona. Most companies stated that they will increase

their use of the nanotechnology workforce in the

future, although they did not make precise anticipa-

tions. Half of the respondents affirmed that the use of

nanotechnology will change the skills of workers to a

moderate or great extent in the next 3 years. In another

study, Van Horn et al. (2009) examined two large

pharmaceutical companies. Although the number of

jobs affected by nanotechnology in these firms was

small, the introduction of nanotechnology demanded

changes in the skills of several positions, including

R&D, manufacturing workers, corporate executives,

marketing personnel and legal staff.

Taken together, these studies suggest that most of

the labor force currently employed in nanotechnology

is composed of highly educated scientists and engi-

neers for R&D activities, which is consistent with the

early development of this technology. However, there

is also evidence that, along with the increasing

manufacturing and commercialization of nanotech-

nology-enabled products, a demand for intermedi-

ately skilled positions is emerging, particularly for

technicians and other categories of skilled workers.

Skill profile of the emergent nanotechnology

labor force

What knowledge is necessary to work in nanotech-

nology and how is the labor force trained? In spite of

the frequent mention of the need for a qualified

nanotechnology workforce in early nanotechnology

policy documents,23 there is little field research so far

23 The US National Nanotechnology Initiative states: ‘‘Work-

force Education and Training efforts will promote a new

generation of skilled workers with the multidisciplinary
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about the emerging skills that are necessary to work

in nanotechnology at different positions within com-

panies, and along the production chains. Based on the

existing literature, four trends were identified:

(a) nanotechnology skills are based on an interdisci-

plinary science base; (b) nano-specific transversal

skills are emerging; (c) the so-called soft skills are

valuable; and (d) adaptive training prevails.

Nanotechnology skills are developed

on an interdisciplinary science base

Nanotechnology is a galvanizing area that brings

together several sciences and technologies. Interdisci-

plinarity is thus a key requirement in the field, regardless

of the specific area of nanotechnology application.

Fonash, who started one of the first workforce training

programs in the US,24 considers interdisciplinarity a

condition of all nanotechnology workforce develop-

ment, not restricted to R&D activities:

The implication of the ever-widening impact of

nanotechnology is that the workforce must have

a broad background encompassing an under-

standing of the principles of biology, physics,

and chemistry as well as encompassing the

engineering principles of design, process con-

trol, and yield. The sciences provide the basic

concepts behind nanofabrication and they dic-

tate the rules of the nanoscale world. Biology,

for example, is needed for two reasons: man-

ufacturing will increasingly mimic biological

systems assembly (‘‘bottom-up’’ nanofabrica-

tion) and manufacturing will increasingly be

fabricating systems for biomedical applications.

Physics is needed because the nanoscale is the

world of probability wave functions, quantum

mechanical tunneling, and atomic force probes.

Chemistry is critical because it provides the

tools for tailoring molecules, functionalizing

surfaces and ‘‘hooking’’ everything together. Of

course, engineering principles are needed to

ensure manufacturability and economic viabil-

ity (Fonash 2001, p. 80).

In the same vein, the German skills research study

concludes that nanotechnology requires general inter-

disciplinary cross-sectoral knowledge in natural sci-

ences and in engineering, while specific skills require

knowledge of different technical branches and natural

scientific fields such as physics and chemistry, and

their special branches, e.g., photonics, precision

optics, laser technology or electroplating (Abicht

et al. 2006, p. 38). Companies, research institutions

and other stakeholders consulted in Europe and US

surveys agree with the key importance attributed to

interdisciplinarity (Malsh and Oud 2004; Godbe

Research 2006; Sing 2007; Van Horn and Fitchner

2008; SEMPTA 2009).

However, there is no consensus at this point about

the need for dedicated nanotechnology training as the

preferred way to arrange such an interdisciplinary

knowledge base. Findings of the Nanotechnology

Skills and Training Survey in the UK (Sing 2007,

p. 23) show that employers do not have a clear

preference between a labor force trained as general-

ists in nanotechnology or as specialists in a particular

scientific area. While 57% of employers indicated

that both skills sets were valued, 24% said generalists

were valued more than specialists. The 26 companies

surveyed by Lux Research (2007) were evenly split

as to whether nanotechnology degree programs are an

advantage or detraction. McNeil et al. (2007,

pp. 30–31), based on roundtables, focus group

discussions, and interviews with the US businessmen,

researchers, and public officials, concluded that there

is not much need for a workforce trained specifically

for nanotechnology in the near future, according to

the present experience of large companies.

Interdisciplinarity has long-term implications for

labor force training. There is an increasing agreement

Footnote 23 continued

perspectives necessary for rapid progress in nanotechnology’’

(NSTC 2000, p. 15). The European Commission Strategy for

Nanotechnology maintains that ‘‘To realise the potential of

nanotechnology, the EU needs a population of interdisciplinary

researchers and engineers who can generate knowledge and

ensure that this is, in turn, transferred to industry.’’ And later on

‘‘Nanotechnology is a dynamic field that requires continuous

training to follow the latest developments. As nanotechnology

moves closer to the market, the need for training to assist in

startup/spin-off creation, the management of IPR portfolios,

safety and working conditions (including health and safety at

work) and other complementary skills are important to ensure

that innovators are better placed to secure funding and take

forward their initiatives.’’ (European Commission 2004,

pp. 13–15).
24 See Center for Nanotechnology Education and Utilization.

Pennsylvania State University http://www.cneu.psu.edu/default.

htm.
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on the need to construct interdisciplinarity along the

education system, from K-12, to have a well-qualified

labor force in the future (Fonash 2001; Roco 2003b;

Feather and Cockerill 2005; Healy 2009). As stated

by Foley and Hersam (2006, p. 481): ‘‘a new

educational paradigm should be implemented in

which curricula are interdisciplinary from the begin-

ning, thus introducing students to the connections

between disciplines at the most fundamental levels

and their relevance to the latest technological devel-

opments. An emphasis should also be placed on

nurturing students’ ability for lifelong independent

learning.’’

Nano-specific transversal skills are emerging

Available research takes note of activities that

demand nanotechnology-specific knowledge and

skills, and therefore require dedicated training. These

skills are of particular importance since they are

transversal to all the fields of nanotechnology appli-

cation. They are focused on three areas: character-

ization and analysis tools, fabrication processes and

synthesis methods, and techniques regarding working

conditions.

Nanotechnology R&D, manufacturing, and quality

control require mastering some characterization and

analysis tools, which are decisive to determine the

atomic structure of materials. These new instruments

are increasingly complex and automated. Companies

surveyed underscored tools such as scanning electron

microscopes, atomic force microscopes, scanning

tunneling microscopes, transmission electron micro-

scopes, and x-rays (Sing 2007, pp. 28–29; Abicht

et al. 2006, p. 18; Van Horn et al. 2009, p. 58;

SEMPTA 2009).

Another set of skills is related to fabrication

processes and synthesis methods required by both

R&D and manufacturing. Knowledge on the fabrica-

tion of nanostructures, nanoscale, and near-nanoscale

devices, and synthesis of nano-scaled materials is

required, including both top-down fabrication and

bottom-up synthesis techniques. According to Sing0s
survey, companies and research institutions consid-

ered most valuable knowledge of sol–gel technique,

followed by lithography techniques, knowledge of

self-assembly, and layer-by-layer techniques.

Finally, nanotechnology R&D and production

sometimes require special working conditions such

as clean rooms, and, in general, involve new mate-

rials and substances that require Environment,

Health, and Safety (EHS) knowledge and practices,

such as special protective clothing, material handling

methods, product cycle, environmental care, etc.

(Abicht et al. 2006, pp. 18, 58; Van Horn et al.

2009; SEMPTA 2009, p. 56; Trybula et al. 2009,

p. 4).

At this moment, it is unclear if these new skills

will be transformed into new, well-defined nanotech-

nology specific occupations, or if they will be

necessary, in diverse levels of depth, for the entire

core nanotechnology workforce.

‘‘Soft skills’’ are valuable

When consulted on the desirable profile of a nano-

technology workforce, companies highlighted the

importance of communicative/interpersonal skills,

team working, creativity, ability to analyze, prob-

lem-solving capacity, leadership, and capability to

learn (Malsh and Oud 2004, p. 60; Abicht et al. 2006,

p. 39; Lux Research 2007; McNeil et al. 2007, p. 31).

These skills are a mixture of competencies of

personality and accumulated personal and collective

labor experience. They are often referred to as soft

skills.

Nanotechnology seems to reinforce the trend that

accompanied the development of flexible production

systems. In a context of tough global competition,

accelerated innovation and increased and more com-

plex automation, personality competencies, and the

ability to transform knowledge into concrete actions

in a collective work environment proved to be

instrumental in coping with production challenges.

The current context, in which companies are intro-

ducing a new technology, increasing the recurrence

of production events (Zarifian 1995),25 reinforces the

value of such competencies. Moreover, team work

and communication are abilities very strongly related

to the interdisciplinary nature of nanotechnology.

25 According to Zarifian (1995), flexible production environ-

ments pose challenges to workers labor situations characterized

by events, some of them unexpected, and others provoked by

accelerated process and product innovations. Work in such

context means mobilizing knowledge and problem-solving

competencies to address events.
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Adaptive training prevails

At the current stage of nanotechnology development,

the majority of jobs come from nanotechnology’s

penetration into classical industries to upgrade prod-

ucts and processes, while more significant innova-

tions are gaining terrain in some sectors. New skills

requirements are becoming evident, but are still not

fixed, and incremental approaches to training are the

most commonly used.

Sing’s findings from the UK Skills Survey suggest

that the training environment is still highly unstruc-

tured. Fifty-three percent of respondents indicated

they do not have a training program for graduates and

post-graduates joining their organization. Among the

32% of the respondents that did have a training

program, a mix of methods was in use. The majority

indicated on the job-training, followed by continual

professional development programs and one week

short courses (Sing 2007, p. 24). Similarly, in

German companies, the required knowledge and skill

components were mainly offered in the form of

additional qualifications, building on the basis of

existing qualifications in the fields of physics, chem-

istry, or biology (Abicht et al. 2006, p. 48). Another

study (2009) confirms that most of the 178 German

companies with activities in nanotechnology sur-

veyed were doing in-house training (89%) and

qualification on the job (88%). In the US, Lux

Research (2007) interestingly notes that companies

need both people with previous experience that can

be trained in nanotechnology internally, and fresh

labor force trained in the latest advances at the

universities. Companies and researchers surveyed by

Van Horn and Fichtner (2008, pp. 12–13) in Arizona

claimed that advanced degrees in traditional disci-

plines provided much of the general knowledge and

many of the skills necessary to learn the basics of

nanotechnology research on the job.

Evidence shows that current nanotechnology skills

are being constructed mostly on the job and updated

by short courses. However, previous solid scientific

training and job experience seem to be a crucial base

requirement for such training. This applies for the

R&D personnel as well as for the technicians and

other skilled workers. In this process, companies are

constructing valuable tacit nanotechnology knowl-

edge. Considering the strategic value of tacit knowl-

edge in technologically complex processes and in

immature fields of production, and taking into

account nanotechnology’s broad areas of applica-

tions, it is very plausible that even when more

formalized training systems emerge, on the job

training will continue to be essential to nanotechnol-

ogy skills development.

Unstable jobs

Nanotechnology development and its progressive

adoption by companies not only create new occupa-

tions but also demand new skills. As part of the same

process, adverse effects on some current occupations

and skills are very likely to emerge, generating

instability and changes in the labor market. These

changes may be socially disruptive.

As nanotechnology provides companies with a

new source for innovation, its adoption will create a

new competitive environment. Companies’ previous

technological expertise and competitive advantages

will be eroded. As Soete and Dosi (1983, p. 17)

remarked in their analysis of emerging microelec-

tronics, ‘‘the switch from an old technological

paradigm to a new one [opens] dramatic new

possibilities of change in the international structure

of supply, the relative position between countries

and the pattern of international competitiveness.’’

Similarly, Lux Research’s 2004 Nanotech Report

warned that ‘‘nanotech is poised to ripple through

the economics and value chain of multiple indus-

tries, with every new corporate opportunity also

representing a potential threat… Just as the British

industrial revolution knocked hand spinners and

hand weavers out of business, nanotechnology will

disrupt a slew of multi billion dollar companies and

industries’’ (cited by Miller 2008, p. 216). Innova-

tive companies, the front runners in the development

and adoption of nanotechnology, will gain market

advantages at the national and global levels, while

less innovative companies may fail, generating

changes in the industrial structure that will directly

affect the labor market. Although this process of

companies’ rearrangement in a new competitive

scenario is still in a very early stage, some of its

features and emerging implications for labor can be

anticipated.
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New products and product substitution

New products resulting from technological change

generally create new jobs, by stimulating a new

demand. This is a usual ‘‘compensation theory’’

argument, and an empirically observable fact in many

new products that appeared throughout the last

century such as cars, vaccines, computers and cell

phones, generating a previously non-existent demand.

However, the same is not necessary valid for product

substitution, that is, when an already existent product

is substituted by a new, more efficient version of it, as

a result of the application of a new technology. In this

case, the likely outcome, depending on relative

prices, is a partial or total shift in demand toward

the updated product. For instance, demand can

change from current pants to nanotechnology-

enhanced anti-wrinkle, stain-resistant pants, or from

current paints to nanotech scratch resistant paints.

The great majority of the currently commercialized

nanotechnology products fit better into this latter

movement: they are not completely new products, but

products that exhibit improved properties and func-

tions when compared with traditional ones (Inver-

nizzi 2009; Invernizzi and Foladori 2010). In the

short term, considering the still incremental nature of

nanotechnology innovation, job instabilities resulting

from the decreasing competitiveness of firms that fail

to adopt nanotechnology seem much more likely than

job creation by the advent of completely new

products.

There are further implications for employment

related to this demand shift. First, since innovative

companies are usually more productive than less

innovative firms, sectoral rearrangements would

likely result in a reduction in the overall sectoral

employment, in conditions of equal total demand of

products. Second, for countries with weak nanotech-

nology capabilities, there is a high risk of having

imported nanotechnology-enhanced goods substitut-

ing local production and jobs. Third, as noted in a

previous work (Invernizzi and Foladori 2010), nano-

technology-enhanced products often last longer (e.g.,

tires with increased resistance to abrasion), or require

less applications (e.g., more efficient paints), or can

be used more times (e.g., recyclable nanoclay filters

for industrial effluents), or help other products or

machines to last longer (e.g., anticorrosive coatings).

These product’s characteristics—as contradictory as

they sound for marketing purposes—may have as a

result a decrease in their own demand, therefore

negatively affecting jobs.

Labor-saving processes and products

Process innovations have usually the most negative

effects on employment since new technologies are

applied to increase production efficiency and auto-

mation, requiring less labor force at a given level of

production. At the moment, nanotechnology produc-

tion techniques are struggling with scaling-up diffi-

culties. However, it is possible to expect that two

areas in which nanotechnology innovation is strong—

computers and sensors— will contribute to the

advancement of existing levels of automation in

many industries (Pinto 2010; Brugger 2009).26

Much more visible at this moment are labor-saving

product innovations, that is, products that incorporate

some functions previously performed by workers.

One example of this is the lab-on-a-chip, a diagnosis

kit that will soon be available not only in hospitals

but also on drugstores’ shelves. Labs-on-a chip

provide more rapid and secure results than conven-

tional laboratory test, requiring much less qualified

personnel, or even unskilled personnel (Smarter

Technology 2009).27 Food and beverages packages

enhanced with nanotechnology have sensors that

26 Recently, some Duke University engineers have adapted a

decade-old computer-aided design and manufacturing process

to reproduce nanosize structures with features on the order of

single molecules. They used the traditional computing lan-

guage of macroscale milling machines to guide an atomic force

microscope. The system reliably produced 3D, nanometer-

scale silicon-oxide nanostructures through a process called

anodization nanolithography (Morgan 2007). This suggests

that, at least in the short run and in some production

techniques, nanotechnology process innovation may upgrade

the existing automation infrastructure rather than contribute a

radically new process.
27 Based on its expertise in silicon chip fabrication, surface

chemistry, and nanotechnology, IBM Research has developed a

lab-on-a-chip technology that can perform instant point-of-care

tests for avian flu, swine flu, breast cancer, prostate cancer,

bacterial infections, poison, and toxins. Within 2 years from

now, IBM claims its lab-on-a-chip technology could become as

commonplace as off-the-shelf pregnancy tests, allowing any-

one to perform instant, inexpensive tests for medical conditions

that today take skilled personnel hours to perform. The IBM

lab-on-a-chip test returns ‘‘yes’’ or ‘‘no’’ results from a pin

prick of blood in just a few minutes (Johnson 2009).
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indicate conservation conditions by visible signs like

changing colors. They can also generate automatic

delivery of food preservatives, increasing the shelf

life of products, and reducing waste (Garber 2006;

Lyons 2006). Because these products can remain

longer in storage and on supermarket shelves, activ-

ities involving the transport of goods, taking stock,

checking on the state of products, maintaining the

products, and running sales will likely be reduced.

Other nanotechnology innovations such as self-

cleaning glass, anti-wrinkle and anti-odor clothes,

anti-bacterial hospital materials, anti-scratch and self-

repairing paintings, protective coatings for industrial

machines, etc., tend to reduce the need for mainte-

nance and repair jobs (Invernizzi and Foladori 2010).

Substitution of natural raw materials with new

nanotechnology-based materials

As nanotechnology innovations are strongly focused

on materials, the substitution of natural raw materials

with new nanotechnology-based materials constitutes

a central issue in the analysis of nanotechnology

implications for labor. The ETC Group has called

attention to this matter and the risks of significant

labor displacements since the beginning of the last

decade (ETC Group 2003). Later on, in a report for

the South Centre (2005) and another for the UN Non-

Governmental Liaison Service (ETC Group 2008),

ETC alerted that a significant number of occupations

could be at risk in a great number of developing

countries that are heavily dependent upon commod-

ities. Based on case studies on rubber, textiles,

platinum, and copper, the reports provide examples

of how economies and workers in the global South

could be affected by nanotechnology development.

Yet, it was noted that, at least for some countries,

there is also an opportunity to add value to current

commodities with nanotechnology. A study by the

Meridian Institute (2007) reinforced the potentially

far reaching socio-economic impact of commodities

substitution in developing countries, as well as the

opportunity opened by nanotechnology enhancement

of certain materials. Sarma and Chaudhury (2009)

analyzed the possible impacts of a nanotechnology

induced shift in copper trade of two copper-depen-

dent countries, Chile and Zambia. Considering cur-

rent R&D that can cause substitution of this raw

material, the authors conclude that those countries

will likely experience negative consequences, such as

loss of employment.

Off shoring

The most industrialized have the stronger capabilities

in nanotechnology, and it is highly likely that they

retain the most skilled nanotechnology jobs, but they

may not keep all the jobs. Companies have been

exploring the advantages of off shoring, such as

cheap labor, lower taxes, new markets, and proximity

to raw materials sources, for a long time. The

emergence of nanotechnology may reinforce this

process and add some new features. A survey

conducted by NCMS 2010, p. 18) in the US indicates

that 30% of the 270 respondents of nanotechnology

companies are already involved to varying degrees in

off shoring. Several nanotechnology consumer prod-

ucts in the PEN (2010) inventory are manufactured in

other countries than the company’s headquarters.

According to Roco (2010), off shoring is restricted to

less complex nanotechnology production.28 Others,

however, suggest that R&D, or at least development

activities, can be outsourced or relocated to take

advantage of the existing well trained scientific

personnel in several developing countries (Foley

and Hersam 2006). For instance, China, with its

rising performance in nanotechnology research and

commercialization, combined with its cheap labor

and increasing opening to foreign capital, can become

a significant player in nanotechnology production,

and in the global nanotechnology labor market

(Appelbaum et al. 2008). Another factor at play

regarding companies’ relocation of production is

regulation. As countries enforce nanotechnology

regulation in the near future, some nanotechnology

production could be directed to countries with less

rigorous requirements. Although it is too early to

assess these movements, it is highly possible that

these complex and often contradictory trends change

the global division of labor.

New technologies are introduced to advance

competitiveness and elevate profits. This can be

achieved though more efficient production technolo-

gies, making available better and cheaper materials,

and reducing the labor force costs. As the previous

28 Personal Interview, Dec. 1, 2010.
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examples have shown, these processes generally

occur at the same time, and they have effects such

as reducing jobs and changing the geographical

distribution of employment. Counter-movements

can come as a result of an expansion of the consumer

capacity for more and newer products by the world

population.

Conclusions

Nanotechnology is moving toward manufacturing.

Maybe not at the fast rates expected at the beginning

of the last decade, but advances are tangible. The

number of companies developing and commercializ-

ing nanotechnology-enabled products is rising. Nano-

technology market has shown a sustained increase

over time. As surveys carried out in several countries

show, this process is only starting, and most compa-

nies will be commercializing more products in the

coming years and introducing more complex inno-

vations. Accompanying this process, nanotechnol-

ogy-related jobs are not restricted to the R&D labs

anymore, but encompassing a broader set of activities

in manufacturing and marketing.

The speed in which this incipient nanotechnology

labor market will increase depends on a series of

factors, besides the recovery from the current

economic recession. Of particular importance are

the ability of firms in overcoming some technical

barriers in nanomanufacturing, the reduction of costs

of nanotechnology instruments and materials, and the

capacity of nanotechnology products to substitute

other products, which will depend on consumer’s

perception of nanotechnology risks and advantages,

and their relative costs.

As with any other new technology, nanotechnol-

ogy will bring about substantial changes in the nature

of labor, the skills required, the demand for labor

force, and the allocation of workers in a reconfigured

industrial structure. Although very scarce, some

available studies show that nanotechnology develop-

ment has already started to affect labor. Given the

potential for change entrenched in current nanotech-

nology R&D, its effects on labor may be far reaching

in the near future. As the long theoretical debate on

technology and employment has shown, this rela-

tionship is not straightforward, but permeated by

several factors. On the other hand, as history of

technological change has shown, technology-driven

effects on labor are far reaching and troublesome.

The early assessment of nanotechnology implica-

tions for labor is crucial both for training an

appropriate labor force, and to work out policies to

deal with the disruptive social consequences that may

arise. Far from being a factor for dismissal of the

subject, the prevailing small size of the nanotechnol-

ogy labor force should be taken as a rich laboratory to

study and anticipate such issues.

References

Abicht L, Freikamp H, Schumann U (2006) Identification of

skill needs in nanotechnology. European Centre for the

Development of Vocational Training. http://www2.training

village.gr/etv/publication/download/panorama/5170_en.pdf.

Accessed 9 Sept 2010

Aibithch L (2009) Qualification structure and demand for further

education of German nanotechnology companies. In:

BMBF (pub) Federal Ministry of Education and Research

nano.de-report 2009: status quo of nanotechnology in

Germany. http://www.bmbf.de/pub/nanode_report_2009_

en.pdf. Accessed 4 Nov 2010

Appelbaum RP, Parker R, Cao C, Gereffi G (2008) China’s (not

so hidden) developmental state: becoming a leading

nanotechnology innovator in the 21st century. In: Atlanta

conference on science and innovation policy 2009,

Atlanta, GA. http://www.cggc.duke.edu/pdfs/Nanotech_

Presentations/China_not-so-hidden_developmental_state.

pdf. Accessed 12 Sept 2010

Baibich M (2010) Nanotecnologia no Brasil. In: SAE Brasil

conference, São Paulo. http://www.automotivebusiness.com.

br/M%C3%A1rio%20Baibich%20-%20MCT.pdf. Accessed

9 Jan 2011

Baker S, Aston A (2005) The business of nanotech. Bus Week

64–71

Baldoz R, Koeber C, Kraft P (2001) Making sense of work in

the twenty-first century. In: Baldoz R, Koeber C, Kraft P

(eds) The critical study of work: labor, technology and

global production. Temple University Press, Philadelphia

BGBAU (2010) Product list of nano-containing construction and

cleaning products. http://osha.europa.eu/en/news/DE-nano

particles-construction-cleaning. Accessed 28 Oct 2010

BMBF (2009) nano.de-report 2009: status quo of nanotechnol-

ogy in Germany. German Federal Ministry of Education

and Research. http://www.bmbf.de/pub/nanode_report_

2009_en.pdf. Accessed 4 Nov 2010

Brugger J (2009) Nanotechnology impact on sensors. Nano-

technology 20(43). doi:10.1088/0957-4484/20/43/430206

Castells M (1996) The rise of the network society. Blackwell,

Oxford

Cheaptubes (2010) Cheaptubes.com: the source for low carbon

nanotubes prices. http://www.cheaptubes.com/carbon-nano

tubes-prices.htm#ixzz16Vmatpn9. Accessed 27 Nov 2010

J Nanopart Res

123

http://www2.trainingvillage.gr/etv/publication/download/panorama/5170_en.pdf
http://www2.trainingvillage.gr/etv/publication/download/panorama/5170_en.pdf
http://www.bmbf.de/pub/nanode_report_2009_en.pdf
http://www.bmbf.de/pub/nanode_report_2009_en.pdf
http://www.cggc.duke.edu/pdfs/Nanotech_Presentations/China_not-so-hidden_developmental_state.pdf
http://www.cggc.duke.edu/pdfs/Nanotech_Presentations/China_not-so-hidden_developmental_state.pdf
http://www.cggc.duke.edu/pdfs/Nanotech_Presentations/China_not-so-hidden_developmental_state.pdf
http://www.automotivebusiness.com.br/M%C3%A1rio%20Baibich%20-%20MCT.pdf
http://www.automotivebusiness.com.br/M%C3%A1rio%20Baibich%20-%20MCT.pdf
http://osha.europa.eu/en/news/DE-nanoparticles-construction-cleaning
http://osha.europa.eu/en/news/DE-nanoparticles-construction-cleaning
http://www.bmbf.de/pub/nanode_report_2009_en.pdf
http://www.bmbf.de/pub/nanode_report_2009_en.pdf
http://dx.doi.org/10.1088/0957-4484/20/43/430206
http://www.cheaptubes.com/carbon-nanotubes-prices.htm#ixzz16Vmatpn9
http://www.cheaptubes.com/carbon-nanotubes-prices.htm#ixzz16Vmatpn9


Cientifica (2005) Market research report: carbon nanotubes

global production. http://www.mindbranch.com/listing/product/

R386-42.html. Accessed 5 Dec 2010

Cientifica (2008) Nanotechnology opportunity report. http://

cientifica.eu/blog/research/nor. Accessed 13 Sept 2010

Dang Y, Zhang Y, Fan L, Chen H, Roco M (2010) Trends in

worldwide nanotechnology patent applications: 1991–2008.

J Nanopart Res 12:687–706

Davies CJ (2008) Nanotechnology oversight: an agenda for the

new administration. Woodrow Wilson International Cen-

ter for Scholars, Project on Emerging Nanotechnologies.

http://www.nanotechproject.org/process/assets/files/6709/

pen13.pdf. Accessed 3 Oct 2010

ETC Group (2003) The big down: atomtech: technologies

converging at the nano-scale. http://www.etcgroup.org/up

load/publication/171/01/thebigdown.pdf. Accessed 20 Nov

2010

ETC Group (2005) The potential impacts of nano-scale tech-

nologies on commodity markets: the implications for

commodity dependent developing countries. A report pre-

pared for the South Centre. http://www.etcgroup.org/en/

node/45. Accessed 29 Sept 2010

ETC Group (2008) Downsizing development: an introduction

to nanoscale development and implications for the global

south. UN Non-Governmental Liaison Service Develop-

ment Dossiers. http://www.un-ngls.org/IMG/pdf/08501

77_UNCTAD_NGLS_FINAL3.pdf. Accessed 29 Sept 2010

ETC Group (2010) The big downturn? Nanogeopolitics. http://

www.etcgroup.org/upload/publication/pdf_file/nano_big4

web.pdf. Accessed 12 Dec 2010

Euroactiv (2010) Nanotech presence in consumer goods

growing. Euroactiv Network. http://www.euractiv.com/en/food/

nanotech-presence-consumer-goods-growing-news-499152

27/10/2010. Accessed 26 Oct 2010

European Commission (2004) Towards a European strategy

for nanotechnology. Luxembourg. http://ec.europa.eu/

nanotechnology/pdf/nano_com_en_new.pdf. Accessed 10

Dec 2010

European Trade Union Confederation (ETUC) (2010) ETUC

2nd resolution on nanotechnologies and nanomaterials. http://

hesa.etui-rehs.org/uk/newsevents/files/nanotechnologies_and_

nanomaterial_EN.pdf. Accessed 1 Dec 2010

Feather JL, Cockerill A (2005) Education solutions to prepare

students and expand the knowledge base in developing

countries for nanotechnology opportunities. In: North south

dialogue on nanotechnology: challenges and opportunities,

white paper working group 2. Trieste, Italy. http://www.

tntg.org/documents/White%20Paper%20for%20Trieste.

pdf. Accessed 29 Sept 2010

Foley E, Hersam MC (2006) Assessing the need for nano-

technology education reform in the United States. Nano-

technol Law Bus 3:467–484

Fonash SJ (2001) Education and training of the nanotechnol-

ogy workforce. J Nanopart Res 3:79–82

Freeman C (1981) Some economic implications of micro-

electronics. In: Beng-Ake L, Christensen PR (eds) Tech-

nology and employment: the impacts of microelectronics.

Aalborg University Press, Aalborg, UK

Freeman R, Shukla K (2008) Science and engineering work-

force project digest: jobs in nanotech—creating a measure

of job growth. National Bureau of Economic Research.

http://www.nber.org/*sewp/SEWPDigestJun2008.pdf. Accessed

13 Nov 2009

Freeman C, Soete L (1994) Work for all or mass unemploy-

ment? Computerised technical change into the twenty-first

century. Pinter, London

Garber C (2006) Nanotechnology food coming to a fridge near

you. Nanowerk. http://www.nanowerk.com/spotlight/spot

id=1360.php. Accessed 3 May 2010

Godbe Research (2006) Nanotechnology industry labor market

study. In: A presentation at the nanotechnology forum: a

call for action for the California community colleges.

http://www.ccsf.edu/Services/CTE/ove/pdfs/Godbe-%20Nano

technology%20Presentation.pdf. Accessed 23 Oct 2010

Halevi D (2010) Israel doing big things with nano-materials.

Israeli Ministry of Foreign Affairs. http://www.mfa.gov.

il/MFA/InnovativeIsrael/Israel_doing_big_things_nano-

materials_26-Oct-2010.htm. Accessed 6 Nov 2010

Healy N (2009) Why nano education? J Nano Educ 1:6–7. http://

www.ingentaconnect.com/content/asp/jne/2009/00000001/

00000001/art00002. Accessed 23 Oct 2010

Helmut Kaiser Consultancy (2007) Silent growth of nano-

technology application in every industry worldwide. http://

www.prlog.org/10016950-silent-growth-of-nanotechnology-

application-in-every-industry-worldwide.html. Accessed 3 Nov

2010

Helmut Kaiser Consultancy (2010) Study: nanobased products

inventory 2009 and commercialization. http://www.hkc22.

com/nanobasedproducts.html. Accessed 13 Oct 2010

Holman M (2009) Nanotechnology: state of the markets in 2009.

Euro NanoForum Plenary Session: nanotechnology for

sustainable economy. http://www.czech-in.org/enf2009/

ppt/Plenary_1_Holman_Y.pdf. Accessed 22 Oct 2010

Hullman A (2006) The economic development of nanotechnol-

ogy- an indicators based analysis. European Commission

DG Research. ftp://ftp.cordis.europa.eu/pub/nanotechnology/

docs/nanoarticle_hullmann_nov2006.pdf. Accessed 9 Sept

2009

Hwang D, Bradley J (2010) The recession’s ripple effect on

nanotech. http://www.electroiq.com/index/display/nanotech-

article-display/5049629279/articles/small-times/nanotechmems/

materials/general/2010/april/the-recession_s_ripple.html.

Accessed 11 Nov 2010

Invernizzi N (2009) Nanotechnology in Brazilian firms: assess-

ing potential implications for labor. In: A presentation at the

workshop on emerging technologies/emerging economies:

(nano)technologies for equitable development, CNS-UCSB/

WWICS, Washington DC. http://nanoequity2009.cns.ucsb.

edu/images/stories/presentations. Accessed 10 Dec 2010

Invernizzi N, Foladori G (2010) Nanotechnology implications

for labor. Nanotechnol Law Bus 7:68–78

Istituto Nazionale per il Commercio Estero (ICE) (2009)

Nanotechnology in Italy. http://files.messe.de/cmsdb/D/001/

22769.pdf. Accessed 1 Dec 2010

Italian Trade Commission (ITC) (2009) Market report on

China biotechnology and nanotechnology industries,

Shanghai. http://www.ice.it/paesi/asia/cina/upload/174/Market

%20Report%20on%20China%20Biotechnology%20and%20

Nanotechnology%20Industries.pdf. Accessed 28 Oct 2010

Johnson C (2009) IBM lab-on-a-chip performs instant tests

for flu, cancer, poison, toxins. Smarter Technology. http://

www.smartertechnology.com/c/a/Technology-For-Change/

J Nanopart Res

123

http://www.mindbranch.com/listing/product/R386-42.html
http://www.mindbranch.com/listing/product/R386-42.html
http://cientifica.eu/blog/research/nor
http://cientifica.eu/blog/research/nor
http://www.nanotechproject.org/process/assets/files/6709/pen13.pdf
http://www.nanotechproject.org/process/assets/files/6709/pen13.pdf
http://www.etcgroup.org/upload/publication/171/01/thebigdown.pdf
http://www.etcgroup.org/upload/publication/171/01/thebigdown.pdf
http://www.etcgroup.org/en/node/45
http://www.etcgroup.org/en/node/45
http://www.un-ngls.org/IMG/pdf/0850177_UNCTAD_NGLS_FINAL3.pdf
http://www.un-ngls.org/IMG/pdf/0850177_UNCTAD_NGLS_FINAL3.pdf
http://www.etcgroup.org/upload/publication/pdf_file/nano_big4web.pdf
http://www.etcgroup.org/upload/publication/pdf_file/nano_big4web.pdf
http://www.etcgroup.org/upload/publication/pdf_file/nano_big4web.pdf
http://www.euractiv.com/en/food/nanotech-presence-consumer-goods-growing-news-499152
http://www.euractiv.com/en/food/nanotech-presence-consumer-goods-growing-news-499152
http://ec.europa.eu/nanotechnology/pdf/nano_com_en_new.pdf
http://ec.europa.eu/nanotechnology/pdf/nano_com_en_new.pdf
http://hesa.etui-rehs.org/uk/newsevents/files/nanotechnologies_and_nanomaterial_EN.pdf
http://hesa.etui-rehs.org/uk/newsevents/files/nanotechnologies_and_nanomaterial_EN.pdf
http://hesa.etui-rehs.org/uk/newsevents/files/nanotechnologies_and_nanomaterial_EN.pdf
http://www.tntg.org/documents/White%20Paper%20for%20Trieste.pdf
http://www.tntg.org/documents/White%20Paper%20for%20Trieste.pdf
http://www.tntg.org/documents/White%20Paper%20for%20Trieste.pdf
http://www.nber.org/~sewp/SEWPDigestJun2008.pdf
http://www.nanowerk.com/spotlight/spotid=1360.php
http://www.nanowerk.com/spotlight/spotid=1360.php
http://www.ccsf.edu/Services/CTE/ove/pdfs/Godbe-%20Nanotechnology%20Presentation.pdf
http://www.ccsf.edu/Services/CTE/ove/pdfs/Godbe-%20Nanotechnology%20Presentation.pdf
http://www.mfa.gov.il/MFA/InnovativeIsrael/Israel_doing_big_things_nano-materials_26-Oct-2010.htm
http://www.mfa.gov.il/MFA/InnovativeIsrael/Israel_doing_big_things_nano-materials_26-Oct-2010.htm
http://www.mfa.gov.il/MFA/InnovativeIsrael/Israel_doing_big_things_nano-materials_26-Oct-2010.htm
http://www.ingentaconnect.com/content/asp/jne/2009/00000001/00000001/art00002
http://www.ingentaconnect.com/content/asp/jne/2009/00000001/00000001/art00002
http://www.ingentaconnect.com/content/asp/jne/2009/00000001/00000001/art00002
http://www.prlog.org/10016950-silent-growth-of-nanotechnology-application-in-every-industry-worldwide.html
http://www.prlog.org/10016950-silent-growth-of-nanotechnology-application-in-every-industry-worldwide.html
http://www.prlog.org/10016950-silent-growth-of-nanotechnology-application-in-every-industry-worldwide.html
http://www.hkc22.com/nanobasedproducts.html
http://www.hkc22.com/nanobasedproducts.html
http://www.czech-in.org/enf2009/ppt/Plenary_1_Holman_Y.pdf
http://www.czech-in.org/enf2009/ppt/Plenary_1_Holman_Y.pdf
ftp://ftp.cordis.europa.eu/pub/nanotechnology/docs/nanoarticle_hullmann_nov2006.pdf
ftp://ftp.cordis.europa.eu/pub/nanotechnology/docs/nanoarticle_hullmann_nov2006.pdf
http://www.electroiq.com/index/display/nanotech-article-display/5049629279/articles/small-times/nanotechmems/materials/general/2010/april/the-recession_s_ripple.html
http://www.electroiq.com/index/display/nanotech-article-display/5049629279/articles/small-times/nanotechmems/materials/general/2010/april/the-recession_s_ripple.html
http://www.electroiq.com/index/display/nanotech-article-display/5049629279/articles/small-times/nanotechmems/materials/general/2010/april/the-recession_s_ripple.html
http://nanoequity2009.cns.ucsb.edu/images/stories/presentations
http://nanoequity2009.cns.ucsb.edu/images/stories/presentations
http://files.messe.de/cmsdb/D/001/22769.pdf
http://files.messe.de/cmsdb/D/001/22769.pdf
http://www.ice.it/paesi/asia/cina/upload/174/Market%20Report%20on%20China%20Biotechnology%20and%20Nanotechnology%20Industries.pdf
http://www.ice.it/paesi/asia/cina/upload/174/Market%20Report%20on%20China%20Biotechnology%20and%20Nanotechnology%20Industries.pdf
http://www.ice.it/paesi/asia/cina/upload/174/Market%20Report%20on%20China%20Biotechnology%20and%20Nanotechnology%20Industries.pdf
http://www.smartertechnology.com/c/a/Technology-For-Change/IBM-LabonaChip-Performs-Instant-Tests-for-Flu-Cancer-Poison-Toxins
http://www.smartertechnology.com/c/a/Technology-For-Change/IBM-LabonaChip-Performs-Instant-Tests-for-Flu-Cancer-Poison-Toxins


IBM-LabonaChip-Performs-Instant-Tests-for-Flu-Cancer-

Poison-Toxins. Accessed 21 Dec 2010

Katz J (2010) Nanotechnology: beyond the hype. Industry

Week. http://www.industryweek.com/articles/nanotechnology_

beyond_the_hype_23017.aspx. Accessed 21 Oct 2010

Kern H, Schuman M (1989) La fin de la division du travail? La

rationalisation dans la production industrielle. Maison de

les Sciences de l’Homme, Paris

Lok C (2010) Nanotechnology: small wonders. Nature 467:

18–21. http://www.nature.com/news/2010/100901/pdf/4670

18a.pdf. Accessed 2 Nov 2010

Luther W (2007) Nanotechnology training needs from the

German perspective. In: Zukersteinova A (ed) Skill needs

in emerging technologies: nanotechnologies. Working

paper, CEDEFOP. http://www.cedefop.europa.eu/etv/Upload/

Projects_Networks/Skillsnet/Publications/2007-09-

14_final_version.pdf. Accessed 3 Dec 2010

Lux Research (2004) Revenue from nanotechnology-enabled

products to equal IT and telecom by 2014, exceed biotech

by 10 times. http://www.luxresearchinc.com/press/RELEASE_

SizingReport.pdf. Accessed 3 Nov 2010

Lux Research (2006) The nanotech report 2004 key findings.

http://www.nanoxchange.com/NewsFinancial.asp?ID=264.

Accessed 14 Dec 2010

Lux Research (2007) Nanotech hiring continues to climb:

university and corporate education needed for white-coat

and blue-collar workers. http://www.luxresearchinc.com/

press/RELEASE_HiringNanotechTalent.pdf. Accessed 6

Feb 2009

Lux Research (2010) Ranking the nations on nanotech: hidden

havens and false threats. https://portal.luxresearchinc.com/

research/document_excerpt/6806. Accessed 29 Oct 2010

Lyons K (2006) Nanotech food futures? Chain React (97):38.

http://www.foeeurope.org/publications/2006/Size_matters_

foe_australia.pdf. Accessed 5 March 2010

Malsch I, Oud M (2004) Outcome of the open consultation on

the European strategy for nanotechnology. European

Nanotechnology Gateway. http://www.nanoforum.org/date

ien/temp/nanosurvey6.pdf. Accessed 1 Oct 2010

Malsh I (2008) Nano-education from a European perspective.

J Phys Conf Ser 100(3). http://iopscience.iop.org/1742-

6596/100/3/032001/pdf/1742-6596_100_3_032001.pdf.

Accessed 15 Oct 2010

Marx K (1990/1867) Capital: a critique of political economy.

Penguin Books, London

McNeil RD, Lowe J, Mastroianni T, Cronin J, Ferk D (2007)

Barriers to nanotechnology commercialization. A final

report prepared for US Department of Commerce. The

University of Illinois at Springfield. http://www.ntis.gov/

pdf/Report-BarriersNanotechnologyCommercialization.pdf.

Accessed 23 Sept 2010

Meridian Institute (2007). Nanotechnology, commodities and

development. In: A background paper for the international

workshop on nanotechnology, commodities and develop-

ment, Rio de Janeiro. http://www.merid.org/nano/com

moditiesworkshop/files/Comm_Dev_and_Nano_FINAL.pdf.

Accessed 28 Sept 2010

Miller G (2008) Contemplating the implications of a nanotech-

nology ‘‘revolution’’. In: Fisher E, Selin C, Wetmore J (eds)

The yearbook of nanotechnology in society presenting

futures. Springer, New York

Morgan K (2007) Automation of nanotech manufacturing may

be ahead. Office of News and Communications, Duke

University. http://www.dukenews.duke.edu/2007/08/3dnano.

html. Accessed 5 Oct 2010

Murayama H (2006) Japan industry perspective on nanotechnology

voluntary program. In: A presentation at the European work-

shop on international collaboration on nanotechnology envi-

ronmental health and Safety, Leixlip, Ireland http://

cohesion.rice.edu/CentersAndInst/ICON/emplibrary/FCC_

Murayama_ICON_Ireland.pdf. Accessed 3 Dec 2010

Nanotech Wire (2009) Nanocyl to expand global production

capacity of carbon nanotubes. http://www.nanotechwire.

com/news.asp?nid=9089. Accessed 6 Dec 2010

Nanotechnology Research Institute (2005) Japan nanotech

business trends—part four. Asia Pac Nanotech Wkly 3(37).

http://www.nanoworld.jp/apnw/articles/library3/pdf/3-37.pdf.

Accessed 3 Dec 2010

Nanowerk (2010a) Companies and labs directory. http://www.

nanowerk.com/nanotechnology/research/nanotechnology_

links.php. Accessed 29 Oct 2010

Nanowerk (2010b) Nanomaterial database. http://www.nano

werk.com/phpscripts/n_dbsearch.php. Accessed 29 Nov 2010

National Center for Manufacturing Sciences (NCMS) (2010)

2009 NCMS study of nanotechnology in the U.S. manu-

facturing industry: final report. http://www.ncms.org/blog/

file.axd?file=2010%2F9%2F2009_NCMS_Nano_Survey.

pdf. Accessed 17 Dec 2010

National Institute for Occupational Safety and Health (NIOSH)

(2010) Nanotechnology. http://www.cdc.gov/niosh/topics/

nanotech/faq.html. Accessed 8 Oct 2010

National Science and Technology Council (NSTC) (2000)

National nanotechnology initiative: the initiative and its

implementation plan. http://www.nano.gov/html/res/nni2

.pdf. Accessed 10 Dec 2010

Noble D (1995) Progress without people; new technology,

unemployment, and the message of resistance. Between

the Lines Press, Toronto

Occupational Information Network (ONET) (2010) Occupa-

tions matching ‘‘nanotechnology’’. US Department of

Labor/Employment and Training Administration (US-

DOL/ETA). http://online.onetcenter.org/find/quick?s=nano-

technology. Accessed 23 Sept 2010

Oxford Research and Austrian Institute for SME Research

(2010) Strategic impact, no revolution: ex-post evaluation

of NMP (FP6), final report. http://ec.europa.eu/research/

industrial_technologies/pdf/nmp-fp6-ex-post-evaluation_

en.pdf. Accessed 10 Jan 2010

Palmberg C, Dernis H, Miguet C (2009) Nanotechnology: an

overview based on indicators and statistics. STI working

paper 2009/7. OECD Directorate for Science, Technology

and Industry. http://www.oecd.org/dataoecd/59/9/43179651.

pdf. Accessed 14 Oct 2010

Pinto J (2010) The future of industrial automation. Automa-

tion.com. http://www.automation.com/resources-tools/articles-

white-papers/articles-by-jim-pinto/the-future-of-industrial-

automation. Accessed 22 Dec 2010

Piore M, Sabel C (1984) The second industrial divide: possi-

bilities for prosperity. Basic Books, New York

PlasticsToday (2010) Bayer bets big on nanotube production.

http://www.plasticstoday.com/articles/carbon-nanotubes-

bayer-worlds-largest-producer-now. Accessed 6 Dec 2010

J Nanopart Res

123

http://www.smartertechnology.com/c/a/Technology-For-Change/IBM-LabonaChip-Performs-Instant-Tests-for-Flu-Cancer-Poison-Toxins
http://www.smartertechnology.com/c/a/Technology-For-Change/IBM-LabonaChip-Performs-Instant-Tests-for-Flu-Cancer-Poison-Toxins
http://www.industryweek.com/articles/nanotechnology_beyond_the_hype_23017.aspx
http://www.industryweek.com/articles/nanotechnology_beyond_the_hype_23017.aspx
http://www.nature.com/news/2010/100901/pdf/467018a.pdf
http://www.nature.com/news/2010/100901/pdf/467018a.pdf
http://www.cedefop.europa.eu/etv/Upload/Projects_Networks/Skillsnet/Publications/2007-09-14_final_version.pdf
http://www.cedefop.europa.eu/etv/Upload/Projects_Networks/Skillsnet/Publications/2007-09-14_final_version.pdf
http://www.cedefop.europa.eu/etv/Upload/Projects_Networks/Skillsnet/Publications/2007-09-14_final_version.pdf
http://www.luxresearchinc.com/press/RELEASE_SizingReport.pdf
http://www.luxresearchinc.com/press/RELEASE_SizingReport.pdf
http://www.nanoxchange.com/NewsFinancial.asp?ID=264
http://www.luxresearchinc.com/press/RELEASE_HiringNanotechTalent.pdf
http://www.luxresearchinc.com/press/RELEASE_HiringNanotechTalent.pdf
https://portal.luxresearchinc.com/research/document_excerpt/6806
https://portal.luxresearchinc.com/research/document_excerpt/6806
http://www.foeeurope.org/publications/2006/Size_matters_foe_australia.pdf
http://www.foeeurope.org/publications/2006/Size_matters_foe_australia.pdf
http://www.nanoforum.org/dateien/temp/nanosurvey6.pdf
http://www.nanoforum.org/dateien/temp/nanosurvey6.pdf
http://iopscience.iop.org/1742-6596/100/3/032001/pdf/1742-6596_100_3_032001.pdf
http://iopscience.iop.org/1742-6596/100/3/032001/pdf/1742-6596_100_3_032001.pdf
http://www.ntis.gov/pdf/Report-BarriersNanotechnologyCommercialization.pdf
http://www.ntis.gov/pdf/Report-BarriersNanotechnologyCommercialization.pdf
http://www.merid.org/nano/commoditiesworkshop/files/Comm_Dev_and_Nano_FINAL.pdf
http://www.merid.org/nano/commoditiesworkshop/files/Comm_Dev_and_Nano_FINAL.pdf
http://www.dukenews.duke.edu/2007/08/3dnano.html
http://www.dukenews.duke.edu/2007/08/3dnano.html
http://cohesion.rice.edu/CentersAndInst/ICON/emplibrary/FCC_Murayama_ICON_Ireland.pdf
http://cohesion.rice.edu/CentersAndInst/ICON/emplibrary/FCC_Murayama_ICON_Ireland.pdf
http://cohesion.rice.edu/CentersAndInst/ICON/emplibrary/FCC_Murayama_ICON_Ireland.pdf
http://www.nanotechwire.com/news.asp?nid=9089
http://www.nanotechwire.com/news.asp?nid=9089
http://www.nanoworld.jp/apnw/articles/library3/pdf/3-37.pdf
http://www.nanowerk.com/nanotechnology/research/nanotechnology_links.php
http://www.nanowerk.com/nanotechnology/research/nanotechnology_links.php
http://www.nanowerk.com/nanotechnology/research/nanotechnology_links.php
http://www.nanowerk.com/phpscripts/n_dbsearch.php
http://www.nanowerk.com/phpscripts/n_dbsearch.php
http://www.ncms.org/blog/file.axd?file=2010%2F9%2F2009_NCMS_Nano_Survey.pdf
http://www.ncms.org/blog/file.axd?file=2010%2F9%2F2009_NCMS_Nano_Survey.pdf
http://www.ncms.org/blog/file.axd?file=2010%2F9%2F2009_NCMS_Nano_Survey.pdf
http://www.cdc.gov/niosh/topics/nanotech/faq.html
http://www.cdc.gov/niosh/topics/nanotech/faq.html
http://www.nano.gov/html/res/nni2.pdf
http://www.nano.gov/html/res/nni2.pdf
http://online.onetcenter.org/find/quick?s=nanotechnology
http://online.onetcenter.org/find/quick?s=nanotechnology
http://ec.europa.eu/research/industrial_technologies/pdf/nmp-fp6-ex-post-evaluation_en.pdf
http://ec.europa.eu/research/industrial_technologies/pdf/nmp-fp6-ex-post-evaluation_en.pdf
http://ec.europa.eu/research/industrial_technologies/pdf/nmp-fp6-ex-post-evaluation_en.pdf
http://www.oecd.org/dataoecd/59/9/43179651.pdf
http://www.oecd.org/dataoecd/59/9/43179651.pdf
http://www.automation.com/resources-tools/articles-white-papers/articles-by-jim-pinto/the-future-of-industrial-automation
http://www.automation.com/resources-tools/articles-white-papers/articles-by-jim-pinto/the-future-of-industrial-automation
http://www.automation.com/resources-tools/articles-white-papers/articles-by-jim-pinto/the-future-of-industrial-automation
http://www.plasticstoday.com/articles/carbon-nanotubes-bayer-worlds-largest-producer-now
http://www.plasticstoday.com/articles/carbon-nanotubes-bayer-worlds-largest-producer-now


President’s Council of Advisors on Science and Technology

(PCAST) (2010) Report to the president and congress on

the third assessment of the national nanotechnology ini-

tiative. http://www.whitehouse.gov/sites/default/files/micro

sites/ostp/pcast-nano-report.pdf. Accessed 12 Oct 2010

Project on Emerging Nanotechnologies (PEN) (2010) Analysis.

http://www.nanotechproject.org/inventories/consumer/

analysis_draft. Accessed 12 March 2011

Rejeski D (2010) Managing the molecular economy. Environ

Forum 27(1):36–41

Rejeski D, Lekas D (2008) Nanotechnology field observations:

scouting the new industrial west. J Clean Prod 16(8–9):

1014–1017

Ricardo D (1996/1817) Principles of political economy and

taxation. Prometheus Books, Amherst, NY

Roco M (2003a) Broader societal issues of nanotechnology.

J Nanopart Res 5:181–189

Roco M (2003b) Converging science and technology at the

nanoscale: opportunities for education and training. Nat

Biotechnol 21(10):1247–1249

Roco M (2010) The long view of nanotechnology develop-

ment: the national nanotechnology initiative at ten years.

In: Roco M, Mirkin CA, Hersam MC (eds) Nanotecnol-

ogy research directions for societal needs in 2020: retro-

spective and outlook. Springer, New York. http://www.

wtec.org/nano2/Nanotechnology_Research_Directions_to_

2020. Accessed 18 Dec 2010

Roco M, Mirkin CA, Hersam MC (2010a) Executive

summary. In: Roco M, Mirkin CA, Hersam MC (eds)

Nanotecnology research directions for societal needs in

2020: retrospective and outlook. Springer, New York.

http://www.wtec.org/nano2/Nanotechnology_Research_

Directions_to_2020. Accessed 18 Dec 2010

Roco M, Harthorn B, Guston D, Shapira P (2010b) Innovative

and responible governance of nanotechnology for

societal development. In: Roco M, Mirkin CA, Hersam MC

(eds) Nanotecnology research directions for societal

needs in 2020: retrospective and outlook. Springer, New

York. http://www.wtec.org/nano2/Nanotechnology_Research_

Directions_to_2020. Accessed 18 Dec 2010

Sargent JF (2008) Nanotechnology and U.S. competitiveness:

issues and options. Congressional Research Service. http://

www.fas.org/sgp/crs/misc/RL34493.pdf. Accessed 5 Dec

2010

Sarkar S (2010) Iran nanotechnology initiative: programs,

activities and achievements. In: A presentation at the sec-

ond annual ICPC nanonet workshop, Beijing. http://www.

icpc-nanonet.org/images/stories/Presentations_Wshop2/Day

2/5%20Sarkar.pdf. Accessed 22 Nov 2010

Sarma SD, Chaudhury S (2009) Socioeconomic implications of

nanotechnology applications. Nanotechnol Law Bus 6(2):

278–310

Say J (2007/1803) A treatise on political economy. Cosimo

Classics, New York

Schumann U (2009) Skill needs in an innovative sector: nano-

technology. In: CEDEFOP (pub.) Skills for Europe’s

future: anticipating occupational skill needs. CEDEFOP

European Centre for the Development of Vocational

Training, Luxemburg. http://www.cedefop.europa.eu/EN/

Files/5194_en.pdf. Accessed 18 Oct 2010

Science and Tecnology Options Assessment-European Parlia-

ment (STOA-EP) (2007) Interactions between new tech-

nologies and the job market, flexecurity and training/

vocational training. European Parliament, Brussels. http://

www.europarl.europa.eu/stoa/publications/studies/stoa23_

en.pdf. Accessed 20 Oct 2010

Sector Skills Council for Science, Engineering and Manufac-

turing Technologies (SEMPTA) (2009) Skills and the

future of advanced manufacturing: a summary skills

assessment for the SSC advanced manufacturing cluster.

The Sector Skills Council for Science, Engineering and

Manufacturing Technologies, UK. http://www.semta.org.

uk/pdf/ADVMFG%20Report%20Mar10.pdf. Accessed 18

Oct 2010

Sing KA (2007) Nanotechnology skills and training survey:

summary of outcomes. Institute of Nanotechnology, UK.

http://www.nanoforum.org/dateien/temp/Nanotechnology

%20Skills%20and%20Training%20Survey%20Results.

pdf?15102010220616. Accessed 15 Oct 2010

Smith A (1994/1776) An inquiry into the nature and causes of

the wealth of nations. Modern Library, New York

Soete L, Dosi G (1983) Technology and employment in the

electronics industry. Pinter, London

Stephan P, Black GC, Chang T (2007) The small size of the

small scale market: the early-stage labor market for highly

skilled nanotechnology workers. Res Policy 36:887–892

Subramanian V, Porter AL, Youtie J, Shapira P (2010) Is there a

shift to ‘active nanostructures’? J Nanopart Res 12(1):1–10

Trybula W, Fazarro D, Kornegay A (2009) The emergence of

nanotechnology: establishing the new 21st century work-

force. Online J Workforce Educ Dev 3(4). http://open

siuc.lib.siu.edu/cgi/viewcontent.cgi?article=1063&context=

ojwed. Accessed 21 Dec 2010

US Department of Labor (2006) Career voyages: nanotech-

nology. http://www.careervoyages.gov/nanotechnology-

main.cfm. Accessed 11 Aug 2009

Van Horn C, Fichtner A (2008) The workforce needs of com-

panies engaged in nanotechnology research in Arizona.

John J. Heldrich Center for Workforce Development, Rut-

gers University, New Brunswick, NJ. http://www.cspo.

org/library/reports/?action=getfile&file=189&section=lib.

Accessed 13 Oct 2010

Van Horn C, Cleary J, Fichtner A (2009) The workforce needs

of pharmaceutical companies in New Jersey that use

nanotechnology: preliminary findings. John J. Heldrich

Center for Workforce Development, Rutgers University,

New Brunswick, NJ. http://www.cspo.org/library/type/

?action=getfile&file=109&section=lib. Accessed 13 Oct 2010

Woirol GR (1996) The technological unemployment and structural

unemployment debates. Greenwood Press, Westport, CN

World Technology Evaluation Center (WTEC) (2007) WTEC

panel report on international assessment of research and

development of carbon nanotube manufacturing and

applications. http://www.wtec.org/cnm/CNM_final_report.

pdf. Accessed 5 Dec 2010

Youtie J, Shapira P, Porter AL (2008) Nanotechnology publi-

cations and citations by leading countries and blocs.

J Nanopart Res 10:981–986

Youtie J, Shapira P, Kay L (2009) Global developments in

nanotechnology commercialization. In: A presentation at

J Nanopart Res

123

http://www.whitehouse.gov/sites/default/files/microsites/ostp/pcast-nano-report.pdf
http://www.whitehouse.gov/sites/default/files/microsites/ostp/pcast-nano-report.pdf
http://www.nanotechproject.org/inventories/consumer/analysis_draft
http://www.nanotechproject.org/inventories/consumer/analysis_draft
http://www.wtec.org/nano2/Nanotechnology_Research_Directions_to_2020
http://www.wtec.org/nano2/Nanotechnology_Research_Directions_to_2020
http://www.wtec.org/nano2/Nanotechnology_Research_Directions_to_2020
http://www.wtec.org/nano2/Nanotechnology_Research_Directions_to_2020
http://www.wtec.org/nano2/Nanotechnology_Research_Directions_to_2020
http://www.wtec.org/nano2/Nanotechnology_Research_Directions_to_2020
http://www.wtec.org/nano2/Nanotechnology_Research_Directions_to_2020
http://www.fas.org/sgp/crs/misc/RL34493.pdf
http://www.fas.org/sgp/crs/misc/RL34493.pdf
http://www.icpc-nanonet.org/images/stories/Presentations_Wshop2/Day2/5%20Sarkar.pdf
http://www.icpc-nanonet.org/images/stories/Presentations_Wshop2/Day2/5%20Sarkar.pdf
http://www.icpc-nanonet.org/images/stories/Presentations_Wshop2/Day2/5%20Sarkar.pdf
http://www.cedefop.europa.eu/EN/Files/5194_en.pdf
http://www.cedefop.europa.eu/EN/Files/5194_en.pdf
http://www.europarl.europa.eu/stoa/publications/studies/stoa23_en.pdf
http://www.europarl.europa.eu/stoa/publications/studies/stoa23_en.pdf
http://www.europarl.europa.eu/stoa/publications/studies/stoa23_en.pdf
http://www.semta.org.uk/pdf/ADVMFG%20Report%20Mar10.pdf
http://www.semta.org.uk/pdf/ADVMFG%20Report%20Mar10.pdf
http://www.nanoforum.org/dateien/temp/Nanotechnology%20Skills%20and%20Training%20Survey%20Results.pdf?15102010220616
http://www.nanoforum.org/dateien/temp/Nanotechnology%20Skills%20and%20Training%20Survey%20Results.pdf?15102010220616
http://www.nanoforum.org/dateien/temp/Nanotechnology%20Skills%20and%20Training%20Survey%20Results.pdf?15102010220616
http://opensiuc.lib.siu.edu/cgi/viewcontent.cgi?article=1063&context=ojwed
http://opensiuc.lib.siu.edu/cgi/viewcontent.cgi?article=1063&context=ojwed
http://opensiuc.lib.siu.edu/cgi/viewcontent.cgi?article=1063&context=ojwed
http://www.careervoyages.gov/nanotechnology-main.cfm
http://www.careervoyages.gov/nanotechnology-main.cfm
http://www.cspo.org/library/reports/?action=getfile&file=189&section=lib
http://www.cspo.org/library/reports/?action=getfile&file=189&section=lib
http://www.cspo.org/library/type/?action=getfile&file=109&section=lib
http://www.cspo.org/library/type/?action=getfile&file=109&section=lib
http://www.wtec.org/cnm/CNM_final_report.pdf
http://www.wtec.org/cnm/CNM_final_report.pdf


the Manchester international workshop on nanotechnology,

society and policy, Manchester, UK. http://research.mbs.

ac.uk/innovation/Newsandevents/Eventsarchive/Nanoplat

Workshop2009.aspx. Accessed 13 Dec 2010

Zarifian P (1995) Le travail et l’événement: essai sociologique
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