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Introduction

Within the advanced materials sector, radical, generic technologies are being developed and commercialized. Radical technologies are those that have "the potential for delivering dramatically better product performance or lower production costs, or both" (Utterback 1996). Generic technologies are those that may "yield benefits for a wide range of sectors of the economy and/or society" (Keenan 2003). The potential represented by advanced materials is attracting government interest and has led to the increased entry of new, small firms. However, the upstream position in the value chain accessible to most entrants, and the costs, time, and uncertainty associated with commercializing radical advanced materials technology, lead to high barriers to commercialization that have not been widely recognized.
An innovation creates value for consumers when the products it enables outperform existing substitutes, match substitute performance at lower cost, or meet consumer needs for which there is no existing substitute. Value capture measures the extent to which the originators of an innovation are able to appropriate this newly created value. The table summarizes the influence of the radical and generic nature of a new technology, an upstream value chain position, and the presence of market incumbents on a new entrant's ability to create and capture value. These influences are categorized as technology, market, or technology and market matching factors. We next develop a model that depicts the influence of these factors on the likelihood of value creation by ventures commercializing a specific set of generic, radical technologies—that of advanced materials.
<INSERT TABLE >

Technological and Market Challenges of Innovation in Advanced Materials
Radical advanced materials technologies are product and process improvements that significantly enhance the cost-performance frontier of functional materials. This type of technology has the potential to lead to radical innovations downstream in several industry value chains. Examples of radical advanced materials innovations include the use of nanomaterials to alter the mechanical, electrical, and/or thermal properties of components of products in a broad range of industries; organic light-emitting polymers used to create diodes for flat panel displays and other consumer electronic applications; and Kevlar fiber used as a lightweight reinforcement in aerospace, sports equipment, automotive, military, and marine applications.

In the case of advanced materials ventures, the factors identified in the table are revealed to influence one another, and, ultimately, value creation, in a complex, nonlinear fashion. The figure identifies key variables and their influence on the propensity of advanced materials ventures to create value. Technological uncertainty and market uncertainty are critical intervening variables that affect value creation, mediated by the capacity of the venture to demonstrate the value of its innovation in a specific application, by the availability of finance, and by access to complementary assets.
<INSERT FIGURE>

Technological Uncertainty

Significant technological challenges, extending over long periods of time, often lead to sustained high levels of technological uncertainty during the attempted commercialization of radical advanced materials technology. This technological uncertainty is directly affected by the radical nature of the technology under consideration, the need for process innovations, and the multiple markets to which the technology may be applied.
Radical advanced materials innovation involves commercializing new knowledge generated by basic and applied research, generally taking place in universities, government laboratories, and the research and development (R&D) laboratories of large firms. The novelty of the technology leads to a high level of technological uncertainty regarding the possibility of replicating laboratory attributes in product prototypes and in viable production processes. Thus, in addition to basic research and invention, commercialization of a radical materials innovation requires expensive process innovation, prototype development, and pilot plant development, which greatly exceed the mandate and budgets of research universities and laboratories. Additionally, the radical nature of the technology may initially require a "technology push" commercialization strategy, as undertaken with Kevlar fiber, metal matrix composites, and carbon-reinforced polymers, because many consumers in their vast potential markets do not perceive utility ex ante.

The need for process innovation results from two factors. The first is the upstream position of advanced materials in the value chains of each of the industries in which it is commercialized. This upstream position means that the creation of a prototype product, for any industry, requires more than just the venture's intermediate product. It will depend on downstream design and process innovations, and may depend on complementary innovations. The second factor is the presence of incumbents with established products. When there are established substitute products, the valuation of attributes is generally linked to that of the incumbent product, which may be produced in large volumes. To displace the substitute product, process innovations are required to make a new material viable by producing in larger volumes and for lower cost.
As radical advanced materials technology has broad potential applications across multiple markets, R&D is needed for each targeted market application, and process innovations in each of these markets are necessary for economies of scale, generally before a return on investment is achieved. The need for market-specific R&D results from the differing values placed on application attributes in different markets and from diverse regulatory requirements in different sectors. In emerging markets, advanced materials innovators are faced with investing in the most expensive stage of R&D before gaining feedback from the consumer.
Market Uncertainty

The marketing challenges faced by advanced materials ventures are also formidable, leading to sustained market uncertainty and difficulty in demonstrating value in a specific application. The high level of market uncertainty inherent in the commercialization of advanced materials technology is directly affected by the upstream position of advanced materials ventures in the value chains of the industries they target; the need for complementary innovations; the lack of continuity, observability, and trialability of the technology; and the multiple markets to which they may be applied.
Most firms that commercialize advanced materials technology produce an intermediate good. Thus, they do not deal directly with consumers in the broad applications to which their innovation may be applied. This makes it difficult for them to assess consumer needs and to manage market experimentation and feedback. Their customers are component suppliers and original equipment manufacturers (OEMs) of assembled goods that must be convinced to design products incorporating the innovation. The designers in these manufacturing firms may not be familiar with a new material class and its design possibilities. Even if they are aware of the material, they may resist the introduction of a new material because it requires extra learning and effort on their part. When potential customers do agree to adopt the technology, the new material will not be introduced into the current product and so waits on the product cycle.
Moreover, advanced materials innovations are not autonomous: they rely on related complementary innovations in order to be brought to market as a product. There are numerous historical examples of the need for complementary innovations in advanced materials, such as the commercialization of Kevlar and carbon fiber. Today, proton exchange membrane (PEM) fuel cells, targeted at replacing the internal combustion engine in automobiles, are waiting on process innovations to reduce the cost of (or need for) polymer membranes, catalysts, and fuel cell stacks, and on infrastructure standards to be established. The need for these complementary innovations increase market uncertainty for the advanced materials technology and delay a firm's ability to demonstrate the value of an advanced materials technology in specific applications.
Lack of continuity also leads to greater market uncertainty and delays in adoption of an innovation. A new material may bring completely new functionality: in such cases, OEM customers face the overturning of both production/technology competencies and market linkages. Achieving the potential of the new material may also require changes that undermine the dominant product design.
Thus, radical innovation such as that enabled by advanced materials technology makes significant demands on customers and sometimes consumers. Adoption of radical innovations requires recognition of the relative advantage they offer; however, because they are discontinuous with existing offerings, the change in outlook required for recognition is notoriously difficult to elicit. Research on adopter resistance has shown that innovations that are compatible with existing practices and offer benefits that can be understood, observed, and tried out without incurring switching costs are more likely to diffuse rapidly. Conversely, innovations that lack these attributes face adoption delays. Observing or trying out an advanced materials technology generally requires a full working prototype of the downstream product; even then consumers may have difficulty observing the advanced materials technology itself. Thus, market uncertainty is also increased by the absence of continuity, observability, and trialability represented by most advanced materials technologies.
Finally, since advanced materials ventures may target several industries, they must gather information on customer utility for performance attributes for applications in several industries. Targeting multiple markets also exposes a firm to industry-specific changes in regulations, consumer attitudes, designer familiarity, and infrastructure. These factors increase overall market uncertainty and may combine to delay the significant adoption of advanced materials for 15–40 years. These long timeframes negatively influence investors and the willingness of potential alliance partners to invest time and money in prototype development for their industry.

Matching Process

It is a dilemma of commercializing advanced materials technology that there is massive potential for value creation in many applications, but this very multiplicity of possibilities creates targeting and market experimentation problems. For each target market, R&D specific to various industry applications must be performed, diverse regulatory hurdles must be surmounted, prototypes must be developed, customer reluctance to change specifications for an established product must be overcome, process innovation must occur, and complementary innovations may be required. External financing and access to complementary assets through alliances significantly increase the likelihood of value creation, conditional on value being demonstrated in a specific application. Recognition and prioritization of such potential applications is a key managerial capability for firms commercializing radical advanced materials technology.
Firms can recognize opportunities for a new market application for an existing advanced materials technology (through substitution) when the management team has varied industry experience or by modeling the viability and attractiveness of each application for substitution applications. However, when advanced materials inventions overturn current technological knowledge and also enable entirely new markets, both modeling and less formal recognition capabilities are often unreliable. For co-evolving technologies and markets, a strategy of market experimentation has been recommended by industry experts rather than an early exclusive focus on any one particular market or product design. This strategy is expensive within any single industry, and more so for advanced materials firms, as emerging applications for advanced materials technology extend over several unrelated industries, each one of which requires costly and uncertain efforts at finding and developing a successful initial market application. The cost, uncertainty, and timeframe involved in the commercialization of a new advanced material often leads to severe investment constraints despite its potential for value creation, undermining the benefits credited to generic technology by Shane (2004). To successfully match a new ventures technology with a market application, and thus to demonstrate value in specific applications, an advanced materials venture needs both financing and access to complementary assets.
Conclusions and Recommendations

Our model demonstrates the influence of the radical, generic, and upstream nature of advanced materials innovation on the ability of a venture to create value. We explain the causes and influences of technological and market uncertainty in the commercialization of advanced materials technology and recommend that advanced materials ventures manage these uncertainties through balancing resource allocation between the pursuit of large opportunities and the pursuit of near-term revenue generation. We believe that advanced materials ventures are most likely to achieve success if they develop a claim on a long-term, emerging market application with major potential while focusing most of their time and resources on substitution applications. Prioritizing market applications in this way could be guided by viability analysis and by assessing the complementary assets of interested potential alliance partners.
National science policy and granting programs influence the ability of advanced materials ventures to create and capture value. Specifically, the technology-market matching process of an advanced materials venture and their subsequent market experimentation are greatly assisted by early-stage financing from government grants. Market-oriented government grant programs are particularly important to advanced materials ventures, given the scarcity of venture capital funds available to firms commercializing advanced materials. Such national policy solutions can create the most value by supporting the exploratory processes of advanced materials ventures, for instance, by subsidizing marketing information for the entire sector, providing product regulatory testing at government laboratories, and providing incentives for partnerships between large and small companies developing product prototypes for specific market applications.
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	Technology and Market Factors Impacting Value Creation and Capture in the Commercialization of Radical, Generic Technology

	
	Radical, Generic
Technology
	Upstream Input 
into Value Chain
	Presence of Market Incumbents

	Technology
	Value created by new cost/functional frontier (+++)
	Complementary innovations and downstream process innovations required (-)
	Process developments required for production economies of scale (-)

	Technology and Market Matching
	Iterative market prioritization and subsequent refinement of attributes for specific applications through customized R&D (-)
	Uncertainty about consumer utility for attributes and achievable production economics requires pilot plant investment and development before market viability is confirmed (--)
	Potential for alliances with vertically integrated firms and/or OEMs with complementary assets (+)

	Market
	Broad potential market applications(++)

Widely varying attribute utility between these markets (--)
	Upstream input into value chain requires either vertical integration in each market or alliance creation in each market to mobilize complementary assets (-)

Downstream barriers to adoption (product, organizational, designer, regulatory) (--)
	Incumbents unwilling to cannibalize existing products (-)

Price competition (-)

	+ = Positive impact on value creation and/or capture

- = Negative impact on value creation and/or capture


Influence Model of Value Creation by Advanced Materials Ventures Commercializing Radical Generic Technology
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