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Introduction:  
The emergence of a stream of new products that exploit the novel physical, chemical and 

biological properties of materials at the nano-scale has raised concerns about their 

appropriate regulation. This is due in part to uncertainties about the environmental impact 

of materials with novel properties, and about the ability of traditional regulatory 

frameworks to cope with materials whose environmental and human safety properties 

have the potential to change radically in response to only minor physical changes to the 

material itself. But it is also because regulatory institutions have committed themselves to 

promoting the responsible development of the nanotechnology sector, for example by 

encouraging environmentally beneficial products and applications.
1
 Yet it is far from 

clear how such official commitments might be realised. Mere rhetoric about ‘responsible 

development’ is unlikely, by itself, to suffice. There is a need to understand the wider 

governance of nanotechnology; how it might be conceptualised, studied, and, in practice, 

steered so as to purposefully influence the direction of innovation. 

 

In this paper we report a pilot study, undertaken by the authors for the UK Royal 

Commission on Environmental Pollution,
2
 into how public policy might purposefully 

influence nanomaterials innovation, such that nanomaterials and nanomaterial 

applications that are environmentally beneficial or benign are encouraged, while those 

that are environmental detrimental are discouraged. In doing so, we draw on evolutionary 

and systemic perspectives on innovation,
3
 and explore how these can inform debates 

about the regulation and broader governance of nanomaterials.  

 

Current regulatory initiatives in the nanomaterials field area are largely confined to 

debate about what form ‘back-end’ regulation should take - since existing statutes tend 

not to cover nanomaterials effectively – whilst governance has tended to focus only on 

‘up-stream’ technology promotion; namely science funding and facilitating linkages 

between academic researchers and supplier firms.  

 

We argue that there is scope for current regulatory and governance efforts to be 

substantially broadened in order to promote technologies and technological trajectories 

that are environmentally advantageous. We make a distinction between the ‘first order’ 

regulation of the health and environmental impacts of nanomaterials and their 

applications, and ‘second order’ governance strategies for nanomaterial innovation 

processes. These innovation processes include the broader technological systems that 

nanomaterials contribute towards, as well as specific innovations in nanomaterials and 

their applications. 

 



In particular, we argue that the ‘shape’ of the nanomaterials innovation system suggests 

that there has been a relative neglect of the ‘downstream’ side of the innovation system.  

Thus, a series of interventions might usefully be targeted at this end, with measures such 

as the facilitation of supplier/user firm interactions, technology procurement, and 

alignment of nanomaterials innovation policies with broader sustainability pressures 

facing more diverse technological sectors and society. The remainder of this paper is 

structured as follows. We briefly discuss the theoretical ‘system of innovation’ approach 

to technology analysis before presenting our conception of the ‘nanomaterial systems of 

innovation’ in the UK.  We then use this analysis to make our argument for increasing the 

scope of governance in this rapidly growing and emerging area of science and innovation. 

These are presented in terms of first and second order governance strategies for 

nanomaterials and their applications.  

 

Innovation Systems Approaches 

Various ‘systems of innovation’ approaches have been developed over the last two 

decades, all of which recognise that patterns of innovation are influenced by activity 

beyond the boundaries of individual firms. These approaches highlight the role of public 

and private institutional actors, such as governments, universities, customers and 

suppliers, and explore how their relationships, configurations and interactions influence 

broad patterns of technological change.  Systems of innovation approaches to policy 

making attempt to understand the interactions between the economic, social, political, 

and organisational ‘rules of the game’ that influence these patterns of innovation, and use 

them to inform effective policy making.   

 

Systems of innovation frameworks typically involve an evolutionary understanding of 

innovation.
4
 Essentially, this emphasises how technological developments interact with 

wider social forces and structures (including public policies) to become channeled in 

highly path-dependent ways. Problem solving within firms, material investments, 

infrastructures, institutional commitments, routines, and habits develop around one 

particular technology such that developmental trajectories tend to occur in ways that are 

often difficult to shift after they have become established. There are no single, 

predetermined, or optimal pathways for technological development. Rather, innovation 

can take many different directions. 

 

The systems of innovation literature emphasises the major role that governments play in 

facilitating and influencing innovation. This is by means of a variety of policy 

instruments, including research funding, training, regulatory regimes, tax incentives, 

procurement, and intellectual property regimes.
5
 In emerging innovation systems such as 

nanomaterials, where risks are high, regulatory issues are prominent, and basic research 

is key, public policies are crucial to sustaining the overall rate and nature of innovation.  

 

Importantly, as we point out below, the systems of innovation literature also stresses the 

interactive nature of innovation. It argues that innovation occurs in heterogeneous 

networks that include a variety of socio-economic actors, including public organisations. 

One implication of this argument is that innovation can involve multi-directional, as 

opposed to linear flows of knowledge within and between firms and the science base.
6
  



 

 

Nanomaterials Innovation Systems  

 

Figure 1 is a simplified representation of a nanomaterials innovation system. It illustrates 

generic types of actor and their main linkages.7  

 
Figure 1. Schematic representation of the generic actors and main linkages in nanomaterials 

innovation systems. 
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Academic research, including toxicology and testing, is represented on the left hand side 

of Figure 1, which is supported by specialised infrastructure and is mainly publicly 

funded. We can see that academic research interacts with small suppliers and large 

manufacturer firms which provide nanomaterials for the user firms in a variety of sectors. 

More traditional and less technology intensive nanomaterials may be provided by firms 

specialised in manufacturing. User firms incorporate nanomaterials into their products for 

consumers, as is seen on the right hand side. The supporting systems of governance are 

shown in the bottom of the figure.  National governments and the EU promote research 

via funding bodies and regulate nanomaterials via national and supranational regulatory 

agencies. These agencies are coordinated with international regulatory initiatives and 

advisory groups or fora. 

 

Figure 2 is a similar representation, but is specific to UK nanomaterials innovation 

system and the main actors involved. 

 

 



Figure 2. Schematic representation of the UK nanomaterials innovation map 
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On the basis of these two figures we want to emphasise two points arising from our 

understanding of the UK nanomaterials innovation system:
8
  

 

• First, innovation within the nanomaterials value chain is highly distributed. 
Universities are heavily involved in the study of properties of the novel materials, 

while both large incumbent corporations (e.g. Bayer Materials science) and small start 

up firms (e.g. Nanoco) act as suppliers of nanomaterials which are then used in very 

diverse sectors.  For example, the same carbon nanotubes may be used in packaging, 

batteries, fuel cells, sports materials, ceramics or RFID tags. Thus, we can be 

reasonably confident that innovation does not just take place at the supplier stage 

where new nanomaterials are created.  It is also taking place at the manufacturing 

stage, where innovations in process technologies can help to develop large volumes of 

nanomaterials cheaply and cleanly, and at the user-firm stage, where nanomaterials are 

incorporated into end-user products.   

 

• Second, the UK nanomaterials innovation system has a distinct ‘hour-glass shape’ 
(as in figure 2). There are a variety of scientific disciplines supporting the 

development of a relatively small number of technologies for fabrication of 

nanomaterials which serve many different economic sectors. Not only do 

nanomaterials have many applications, but in many cases the same nanomaterial has 

properties that make it suitable for many different applications. For example, the 

optical and electron transport properties of quantum dots produced by Nanoco 

Technologies make them suitable for applications in solar cells, in light-emitting diode 

(LED) displays, and in biomarkers.  



 

This pattern of convergence and divergence in the nanomaterials innovation system - 

exemplified by the ‘hour glass shape’ – as well as the distributed nature of innovation - 

suggests that nano-materials and the technology they are used in can be understood as 

being produced within a series of parallel innovation processes that draw on different 

bodies of science. These, in turn, feed into distinct technologies that have a broad range 

of sectoral markets. Importantly, there are points at which those parallel innovation 

processes interact with one another and share common elements, be they instrumentation, 

scientific knowledge, technologies, products and markets.  

 

The discussion up to this point has highlighted the important role of government in 

facilitating innovation, the multidirectional nature of knowledge flows, the highly 

distributed nature of innovation within the nanomaterials value chain, and our depiction 

of the ‘hour-glass’ shape to the UK nanomaterials innovation system.  These all have 

implications for thinking about the governance of innovation, both in terms of specific 

temporal and organisational points of intervention, and the types of interventions that 

might be used.  These are addressed in the next two sections on governance strategies. 

 

First order regulation 

What we have called ‘first order’ regulation comprises one of the two parts of the 

existing governance structure for technologies such as nanomaterials; namely ‘back-end’ 

regulation. This occurs, if at all, late in the development cycle, at the point at which firms 

are attempting to, or have already commercialised innovations. Regulation is principally 

concerned with discouraging uses of nanomaterials and/or their applications that have 

adverse health and environmental impacts rather than with encouraging particular kinds 

of innovation, for example environmentally beneficial innovation.  

 

Extending regulation along the value chain 

Our depiction of the UK nanomaterials innovation system emphasised the fact that 

innovation within the nanomaterials value chain is highly distributed. This implies that it 

will be important to ensure that first order regulation extends all the way along the 

nanomaterials value chain. In some cases the value chain stretches from nanomaterials 

suppliers (e.g., rare earth nanomaterials or TiO2 nanoparticles) to component suppliers 

(catalytic converter or tiles supplier), to the final consumer product (car or building). At 

each stage in the value chain, artefacts comprising or containing nanomaterials may 

present occupational, environmental, or consumer hazards that require regulatory 

appraisal and management. In addition, these value chains appear to be highly subject to 

international influences. Nanomaterials produced in one country may be used to make a 

component (e.g. paints) in another country, which will be incorporated into a consumer 

product (e.g cars) in a third country, which will be sold in a fourth one. Thus, the 

distributed nature of the value chains, both in sectoral terms and geographical terms may 

hinder the flow of knowledge on the performance and/or risk of nanomaterials.  This 

presents challenges for effective first order regulation. It also implies that any successful 

regulation will need to be international in scope.
9
 

 

Precautionary regulatory appraisal 



Current regulatory debates have focused on questions about the extent to which existing 

knowledge and existing occupational, consumer, and environmental regulatory controls 

can, in fact, anticipate and control the potential risks posed by some nanomaterials. Given 

that there are very high levels of uncertainty about the evolving forms and potential 

impacts of nanomaterials technologies, these debates and concerns are not insignificant. 

We have argued elsewhere that this suggests a need for far broader, precautionary forms 

of regulatory appraisal.
 10

 Policy makers often interpret a precautionary approach to refer 

to decision rules, for example about when to prohibit or permit the commercialisation of 

particular kinds of applications. Yet it is clear that the precautionary principle, as 

expressed in the 1992 Rio Declaration, refers to the reasons for action (lack of scientific 

certainty and a potential for irreversible harm), not to the substance of the possible 

actions themselves. Understood in this way, precaution requires explicit attention to the 

process by which risks are assessed so that the issues of scientific uncertainty are more 

thoroughly addressed than under conventional appraisal processes.
11

  

 

There are a variety of approaches to appraisal that essentially help address scientific 

uncertainty, in its various forms, by expending more effort in social learning, and 

exploring a wider range of relevant knowledge, as detailed for example by the European 

Environment Agency. 12  The justification for employing what are broader (and more 

onerous and resource intensive) approaches to appraisal arises from high levels of 

incomplete knowledge about the hazards of, and potential exposure, to nanomaterials, 

and as a consequence, the inapplicability of probabilistic risk assessment methods.
13

 

Precautionary approaches to appraisal do not and cannot proscribe a particular regulatory 

outcome. That decision remains, as always, a political one, subject to well-established 

procedures of democratic decision-making. The key distinction, when compared to 

conventional probabilistic risk appraisal, is that such decisions might be better informed.   

  

Second order governance of nanomaterials innovation 

What we are calling ‘second order’ governance includes traditional technology promotion 

activities, but goes beyond current policy initiatives to focus on the innovation system as 

a whole. In doing so, the focus of attention broadens to include not only nanomaterials 

and the products that incorporate them, but also the technological practices that the 

nanomaterials contribute to. The policy ambition is to influence the trajectory of 

innovations based on the artefacts that incorporate nanomaterials, such that innovation 

produces not only environmentally beneficial or benign products but also an overall 

beneficial, or at least benign, environmental impact.  

  

In the UK, current promotional activities for nanomaterials are concerned with (i) 

supporting basic research on a response mode via Research Councils; (ii) providing 

fabrication, metrology and other nanotechnology-related facilities; and (iii) fostering 

interaction between academic researchers and supplier/manufacturer firms. They focus 

very much on the left hand, ‘upstream’ side of the nanomaterials innovation system 

depicted in figure 2.  

 

UK policies have focused largely on facilitating and raising the overall rate of 

nanomaterial innovation, rather than on trying to encourage patterns of nanomaterial 



innovation in particular directions. Yet, even if existing policy were to focus more 

specifically on encouraging particular kinds of innovations, our ‘hour-glass’ 

characterisation of the UK nanomaterials innovation system suggests that upstream 

governance, will be necessary, but probably not sufficient, for directing innovation 

towards agreed social ends. This is because in this case innovation is a not a simple 

process that can be pointed in a particular direction. There are multiple points in the 

innovation process where expectations and uncertainty influence the direction of 

innovations. Thus, at the upstream stages in the innovation cycle, it is still an open 

question as to which will be the early user industries further downstream. 

 

This type of thinking implies that by broadening out existing forms of ‘promotional’ 

policy intervention to the relatively neglected ‘downstream’ parts of the nanomaterial 

innovation system (the right hand side of figure 2) might be very fruitful.
14

 It is worth 

stressing that when thinking about policy interventions directed at the ‘downstream’ parts 

of the nanomaterial innovation system, the focus is on both those firms 

supplying/manufacturing nanomaterials, and creating specific applications, and the 

technological sectors where nano-enabled products might also be developed and/or 

picked up by user industries. Thus, policy needs to attend to both the ‘adaptive capacity’ 

of firms producing nanomaterials and developing nanomaterials-based applications, as 

well as the ‘selection environment’ that affects whether and how nanomaterial-based 

products get picked up by firms within particular technological and economic sectors.15 

Intervention might therefore focus on facilitating supplier-firm user interactions, 

introducing measures that support niches for particular nanomaterial applications, 

investing in procurement, underwriting the risks, creating favourable regulatory 

environments, developing fiscal policies, and promoting ‘softer’ measures that contribute 

to a climate of opinion within the relevant industrial sectors and the broader public 

debate. 

 

An illustrative example: photovoltaic technologies 

To take an example, it might be worthwhile to support the development of nano-

structured photovoltaic technologies because they have the potential to increase the 

efficiency of photovoltaic technologies by allowing light to be collected from a broader 

range of wavelengths than is the case for conventional cells. 16 Possible policy measures 

to support the development of nano-structured photovoltaics, and their incorporation into 

particular technological sectors (the energy or housing sectors for example) could span 

both sides of the nanomaterials innovation system depicted in figure 2. They include:  

• targeted research support for universities to stimulate fundamental understanding 

underlying nano-structured photovoltaic technologies;  

• the conduct of extended foresight exercises on the topic of renewable energy 

provision/photovoltaics to influence the direction of search processes among potential 

users and suppliers of nano-structured photovoltaic technologies;  

• grants to the photovoltaic industry to invest in the production capacity required to 

produce nanomaterial photovoltaics;  

• public procurement of nanomaterial based photovoltaic systems (e.g. street lighting or 

in government buildings) to encourage the formation of markets; and  



• targeted regulations, such as a requirement for the incorporation of nano-enabled 

photovoltaics into certain kinds of future housing stock. 

 

It might also be important to consider how specific policies to support nano-enabled 

photovoltaics could be aligned with the broader sustainability policies and pressures 

within the technological ‘user’ sectors (depicted on the far right hand side of figure 2), 

such as the energy or housing sectors. For example, general sustainability policy is being 

directed at the creation of favourable regulatory environments to encourage 

investors/large firms to move into the niche activity of photovoltaic technology. Fiscal 

policies might be designed to provide the same incentives to individual households 

wishing to invest in a photovoltaic system (namely the ability to reclaim tax on the 

purchase price). 

 

Spillovers from downstream governance 

Our ‘hour-glass’ characterisation of the UK nanomaterials innovation system suggests 

that well designed forms of governance ‘downstream’ in the innovation system (such as 

procurement, regulations and standards) might not only influence the direction of 

innovation but also build capabilities further upstream in supplier firms and the science 

base that have broader spill-over applications. Indeed, given the bi-directional flows of 

knowledge between components of the nanomaterials innovation systems, governance 

measures aimed at influencing downstream applications are likely to influence upstream 

activities in supplier firms. This in turn, may influence the science base by providing 

problems for scientists to solve. Since the networks of innovation processes in 

nanomaterials criss-cross with one another, this has the potential to lead to upstream 

capability building which can enhance a range of downstream applications beyond the 

initial focus of policy.  

 

For example, a niche management scheme that provided a clearer market for 

photovoltaics in 2020, might lead supplier firms to develop capabilities in producing 

nanomaterials with particular optical properties. This in turn may generate novel 

problems for scientists to solve. The capabilities these problem solving tasks might 

generate then have the potential to be applied in nanomaterials that exploit novel optical 

properties in other sectoral markets such as cosmetics or electronic products. Rather than 

‘picking winners’ the aim of policy would be to build capabilities and increase 

information flows along value chains to help direct a broad cross-section of innovation 

processes in particular directions. 

 

Finally, it is interesting to note that current public engagement exercises in 

nanotechnology are primarily targeted at the upstream aspects of the innovation system 

(e.g. at research funding priorities); they assume an implicit linear model of innovation. 

One implication of the discussion here is that the setting for useful public engagement 

might not, or might not only, be directed at ‘upstream’ questions about what kinds of 

research to fund in the nanomaterials area. Rather, ‘downstream’ questions might focus 

on which kinds of specific technology applications to encourage and which to discourage. 

This might go someway to addressing Doubleday’s argument that the choice of 

‘nanotechnology’ as the focus for public engagement exercises is at once too broad and 



too narrow.
17

 Too narrow because the findings from public engagement exercises suggest 

that public is concerned with broader structural issues about the governance of science 

and technology in general, and too broad because the topic of nanotechnology leaves 

little scope to engage with the merits of specific technological applications.  

 

Conclusion 
We have argued here that evolutionary and systemic perspectives on innovation are 

particularly helpful in illuminating ways in which to think about directing nanomaterial 

innovation processes, such that environmentally beneficial applications are encouraged 

and those that are environmentally detrimental are discouraged. In particular, by making 

a distinction between the ‘first order’ regulation of the health and environmental impacts 

of nanomaterials and their applications, and ‘second order’ governance strategies for 

nanomaterial innovation processes, we wish to encourage a broader, more holistic 

perspective on encouraging environmentally beneficial nanomaterials, and nanomaterials 

applications, that focuses  on the broader technological systems and practices that 

nanomaterials contribute towards.   

 

‘First order’ regulation is still important, however, and we argued that it needs to take 

account of the highly distributed nature of innovation by operating throughout the entire 

value chain. We also suggested that chronic levels of incomplete knowledge about the 

possible forms and effects of the technology require precautionary forms of appraisal. We 

then argued that ‘second order’ governance strategies for nanomaterial innovation should 

include attention to the relatively neglected ‘downstream’ parts of the UK nanomaterials 

innovation system. The latter includes interventions such as the facilitation of 

supplier/user firm interactions, technology procurement, the creation of favourable 

regulatory environments, and other measures that support niches for particular 

nanomaterial applications. A key objective here is to create the potentiality of particular, 

socially or environmentally desirable, trajectories that might otherwise either never be 

explored, or that would over time be closed off as part of routine processes of 

technological entrenchment. Such measures would have potentially significant impacts 

on the building of capabilities further upstream in supplier firms and the science base.  

 

To conclude, a fascinating feature of both scholarly and policy debate on the governance 

of nanotechnology is the increasing attention to the role of human agency in the 

unfolding directions of technological futures. Evolutionary and systemic perspectives on 

innovation provide a potentially very useful basis from which to contribute to our 

understanding of how technological trajectories in fields such as nanomaterials are 

currently governed and how they might be purposefully shaped. 

 

                                                 
1
 Thus the UK’s Department of Environment, Food and Rural Affairs (DEFRA) states that its remit in 

respect of nanotechnologies is to “[work] to promote the responsible development, use and fate of nano-

scale materials. Our primary roles in this respect are to manage any potential risks to the environment and 

to maximise the environmental benefits of nanotechnologies”. See also EC, 2008 
2
 See Nightingale et al, 2008. We stress that the views expressed in the current paper are those of the 

authors and not necessarily the body that commissioned the work. 
3
 Freeman, 1987; Lundvall, 1992; Nelson, 1993. 

4
 Dosi, 1982; Dosi, et al, 1988 



                                                                                                                                                 
5
 Lundvall, 1992 

6
 This is neatly illustrated by the particular case of collaboration in the early 2000s between Oxonica, a 

nanomaterials supplier, and Boots, a large product developer, to produce a sunscreen product using TiO2 

nanoparticles. In speaking with representatives from both firms, it is clear that they both firms worked 

closely together to develop the material and the suncare product, thereby demonstrating how the unique 

knowledge bases of each company were required to develop and market a successful consumer product.  
7
 The particular focus of this paper is on technological systems of innovation in nanomaterials, which cover 

a variety of different technologies. 
8
 Our understanding of the UK nanomaterial innovation system was produced first and foremost on the 

basis of secondary data, triangulated with a small amount of primary data from patent and scientific 

publications as well as qualitative information gained from interviews with selected UK experts in 

nanomaterials 
9
 One additional complication is that for any one type of nanomaterial there are likely to be different 

toxicological properties depending on the particular form of the material: its size, shape, charge, coatings, 

and surface characteristics. These may be critical in determining toxicity, but we do not yet know which 

ones are and how.  If there are many hundreds of different types of application, the problem is not just that 

in some products nanoparticles may present more of an exposure risk than in others, but also that in each 

application the same nanomaterial will be slightly different and possess distinct toxicological properties 
10

 Nightingale et al, 2008 
11

 van Zwanenberg and Stirling, 2004 
12

 Gee et al, 2001 
13

 This is a problem that is widely recognised by regulators and scientific bodies in the nanomaterials field. 

See, for example: HSE, 2006, p. 2; Royal Society/Royal Academy of Engineering, 2004, p. 50.  
14

 Broadening the inputs to, and interests involved as compared to traditional technology promotion will be 

critical too. Doing so would provide more room to identify and negotiate what might constitute 

environmentally beneficial nanomaterial applications and environmentally beneficial trajectories of 

innovation. Partly because of the information and analytical requirements to appraise the environmental 

impact of possible applications, this is not necessarily a straightforward task. But there are also competing 

understandings and perspectives on what counts as a sustainable solution to a problem or even over what 

constitutes a lack of sustainability. 
15

 Smith et al, 2005 
16

 Thus far, however, the fundamental science of nanotechnology-enabled photovoltaics remains unproven; 

research into commercial photovoltaic technology has not been undertaken to any great extent by the 

photovoltaics industry, and the capital investment required in nanomaterials development by the 

photovoltaics industry is prohibitively high given the commercial uncertainties involved. Nanotechnology-

enabled photovoltaics are instead being developed by specialist nanotechnology firms and universities. See 

Oakdene Hollins, 2000 
17

 Doubleday, 2007 
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