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A B S T R A C T   

Long-term public support may encourage the diffusion of emerging technologies by coordinating the generation 
of knowledge and providing patient funding, but unexpected policy changes may hinder private investment and 
even lead to situations of technology lockout. Leveraging archival data; insights from 45 interviews across 
academia, industry, and government; and 75 hours of participant observations, we develop insights about why 
institutional instability in Portugal affected the adoption of Polymer Additive Manufacturing (PAM) and Metal 
Additive Manufacturing (MAM) differently. In both cases, Portugal invested in the technology relatively early. 
While PAM has been widely adopted, including increasingly in high-tech applications, MAM adoption has been 
modest despite MAM’s potential to greatly improve the performance and competitiveness of metal molds. From 
the comparison between PAM and MAM, we generate theory about technological and contextual factors that 
affect ‘technological forgiveness’, defined as the resilience of a new technology’s adoption to institutional 
instability.   

Classification codes 
O250 Industrial Policy 
O310 Innovation and Invention: Processes and Incentives 
O320 Management of Technological Innovation and R&D 
O330 Technological Change: Choices and Consequences; Diffusion 

Processes 
O380 Technological Change: Government Policy 

1. Introduction 

Scholars have identified a host of competing factors that determine 
why diffusion rates vary across technologies (Hall, 2004; Mansfield, 
1961; Marinakis, 2012; Rosenberg, 1972). Firms face high levels of 
market and technological uncertainty when adopting an emerging 
technology (Nelson and Winter, 1982; Tassey, 1997). Diffusion may be 
particularly slow in cases where capital costs are high, technical 
complexity is high and there are few opportunities for experimentation 
(Goldfarb, 2005; Rogers, 2003). An important set of emerging technol-
ogies with high capital costs and high initial uncertainty is process-based 
(in contrast to assembly-based) technologies such as chemicals (Pisano, 

1997), photonics (Fuchs and Kirchain, 2010) and electronic semi-
conductors (Bohn, 1995; Holbrook et al., 2000), pharmaceuticals 
(Pisano, 1991), or additive manufacturing (Baumers et al., 2016; Bonnín 
Roca et al., 2017). 

To counteract firms’ risk-aversion, public support can play an 
important role in supplementing private investment in innovative ac-
tivities, creating organizations and fostering networks for the generation 
of new knowledge, and supplementing private R&D efforts with addi-
tional funding mechanisms (Lerner, 1996; Lynn et al., 1996; Martin and 
Scott, 2000). In addition, government can foster the creation of con-
sortia to develop sectorial roadmaps which decrease risks in disruptive 
technologies by increasing coordination among public and private 
stakeholders (Tierney et al., 2013; Walsh, 2004). However, firms may 
not trust governments if their actions lack public legitimacy, which is 
usually earned through long periods of stable support (Oliver, 1991; 
Zucker et al., 2002). Volatility in funding and continuous policy changes 
may erode trust and hinder private investment (Aldrich and Fiol, 1994; 
Henisz, 2002; Mowery et al., 2010). In that case, emerging technologies 
may become locked out even when they are technically superior to the 
incumbent technology (Arthur, 1989; Cusumano et al., 1992; Schilling, 
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1998). 
In this paper, we aim to better understand the relationship between 

the characteristics of a technology, and how institutional stability affects 
technology diffusion. We define institutional instability as unexpected 
change in policies or organizational structures including, but not limited 
to: changes in borrowing rates and R&D funding pools; changes in na-
tional and supranational policy goals; reorganization, emergence or 
disappearance of national laboratories and regional research and tech-
nology organizations; all of which appear in our case. We study the 
adoption of two emerging technologies – polymer (PAM) and metal 
(MAM) additive manufacturing– between 1990 and 2015 in Portugal, a 
high-income technology follower which experienced additional 
resource constraints as a result of the 2010 financial crisis. The use of 
additive manufacturing technologies has boomed in the last decade 
(Maresch and Gartner, 2020), and is expected to bring large societal 
changes both to high-tech and low-tech industries in the long term 
(Bogers et al., 2016; Jiang et al., 2017). We focus our work on the Por-
tuguese molds industry, a sector in which the country’s industry is 
globally competitive (CEFAMOL, 2017; Santos, 2009). This sector is the 
leading user of PAM and MAM in Portugal. 

We present and compare a pair of longitudinal case studies (Eisen-
hardt, 1989; Yin, 2013) in which we triangulate insights from archival 
data (on Portuguese macroeconomic conditions and research in-
stitutions, and activities in PAM and MAM), together with results from 
45 interviews, and 75 hours of participant observations (Jick, 1979) to 
reconstruct the history of both PAM and MAM technologies in Portugal. 

We find that in both cases, Portugal invested relatively early in the 
technology. Both PAM and MAM suffered from institutional instability 
at the regional, national and European levels. However, while the 
country has been able to develop a robust PAM knowledge base and 
transition to high-end applications, MAM’s adoption remains low and 
the presently comes close to being in a state of technology lockout 
(Arthur, 1989; Schilling, 1998). We analyze how changes in macro-
economic conditions and funding programs may have affected MAM 
more than PAM. From a technical perspective, MAM presents higher 
levels of technological uncertainty than PAM. 

From the comparison between PAM and MAM, we generate theory 
about which technological and contextual factors affect their ‘techno-
logical forgiveness’, defined as the resilience of the adoption process for 
a new technology in the face of institutional instability. We create a 
framework where forgiveness depends on technology-level and 
industry-level risks. Policymakers may use our framework to assess the 
extent of institutional stability necessary for a technology to be suc-
cessfully adopted in a specific industrial context. Countries investing in 
technologies that are less-forgiving in the face of institutional instability 
need to establish long-term policies to secure private investment and the 
development of the national know-how, and explore the possibility of 
applying the same technology in less challenging industrial applications. 

2. Theoretical background: institutional support for technology 
diffusion 

2.1. Factors explaining variance in technology diffusion rates 

The diffusion of a new technology is usually a slow process, given the 
existence of large amounts of technical and market uncertainty (Nelson 
and Winter, 1982; Tassey, 1997). Scholars have identified a host of 
competing factors that may influence the rate of technology diffusion 
(Hall, 2004; Mansfield, 1961; Marinakis, 2012; Rosenberg, 1972). 
Empirical studies suggest that diffusion will be faster in cases with larger 
(Acemoglu and Linn, 2004; Desmet and Parente, 2010) and more diverse 
markets (Gross, 2017), and where the expected profitability (Rogers, 
2003) or number of users is higher (Bresnahan et al., 1996; Griliches, 
1957; Mansfield, 1961). It is also widely accepted that the existing 
institutional framework can exert strong pressures on the diffusion of 
the technology (DiMaggio and Powell, 1983, 1983; Hall, 2004; Nelson, 

1994, 1982; Rogers, 2003; Rosenberg, 1972). Less studied is how the 
diffusion rates of different technologies might be affected differently by 
sudden, unforeseen changes in those institutions. 

Technology diffusion may be particularly challenging in cases where 
technical complexity, and thus technological uncertainty, is high 
(Goldfarb, 2005; Rogers, 2003). Early-stage products whose innovations 
are based on new materials or new chemical processes (in contrast to 
assembly) represent an important class of technologies for which 
diffusion may thus be particularly challenging. For products with ma-
terial and process-based innovations in their early stages, knowledge is 
tacit or otherwise costly to transfer (de Solla Price, 1984; Johnson et al., 
2002; Polanyi, 1958; von Hippel, 1994) and production exhibits 
particularly high uncertainty. Examples of such products include 
chemicals (Pisano, 1997), photonics (Fuchs and Kirchain, 2010) and 
electronic semiconductors (Bohn, 1995; Holbrook et al., 2000), phar-
maceuticals (Pisano, 1991), and additive manufacturing (Bonnín Roca 
et al., 2017). In these products, the level of technological uncertainty 
depends on a number of factors such as the number of variables and the 
interaction among them (Macher, 2006); the number of subcomponents 
(Singh, 1997); need for complementary innovation (e.g. need for new 
testing techniques, procedures or process control mechanisms) (Brown 
and Duguid, 2001; Fleck, 1994; Lécuyer, 2006; Pisano, 1997); and the 
importance of ‘learning by using’ (Mowery and Rosenberg, 1981). 
Higher uncertainty usually translates into a slower maturation process, 
which Bohn (2005) modeled as a transition "from art to science", (Bohn, 
2005). This transition involves a progressive decrease in technological 
uncertainty, which happens mostly during a period where a few in-
dividuals know how to make the technology work but a lack of scientific 
understanding of why it works hinders the codification of their knowl-
edge and the adoption by other players (Bohn, 2005; Bonnín Roca et al., 
2017; de Solla Price, 1984). 

Material and process intensive products often require significant 
capital investment and can involve significant time to reliably achieve a 
desired outcome, if at all. Such a lack of reliability can be a deterrent in 
the diffusion of emerging technologies, as the initial investment might 
be seen as a ‘sunk cost’ (Hall, 2004; O’Brien and Folta, 2009). In addi-
tion, the evolution of the incumbent technology or other competing 
technology options can make the emerging technology less attractive 
(Arthur, 1989; Fuchs and Kirchain, 2010; Rosenberg, 1972), at least in 
the short term (Chari and Hopenhayn, 1991), especially when network 
externalities are important (Fontana, 2008; Katz and Shapiro, 1986; 
Shapiro and Varian, 1999). As a consequence of these risks, firms and 
venture capitalists can be reluctant to invest (Department of Energy, 
1989). This reluctance might be exacerbated in the case of small firms, 
which typically face greater financial constraints (Gallego et al., 2015; 
Kaufmann and Tödtling, 2002; Madrid-Guijarro et al., 2009; Oakey, 
1990), or in industries where risk-aversion is high due to the potential 
for large social losses (Downer, 2017; Slovic, 1987). Some of the 
above-described risks might be ameliorated if firms can experiment with 
the technology and exchange knowledge with other players (Gnyawali 
and Park, 2009; Rogers, 2003), have enough resources to invest in a 
diversified R&D portfolio, (Kirchhoff et al., 2001), or establish corporate 
strategies to balance exploration and exploitation activities (Cegar-
ra-Sánchez et al., 2020). In addition, the emergence of complementary 
technologies such as powerful computer simulation techniques may 
encourage experimentation by lowering the time and capital required to 
perform R&D (Dresselhaus and Thomas, 2001; Thomke et al., 1998; 
Thomke, 1998). A question not answered by existing innovation studies 
is how the diffusion of technologies that exhibit one or more of the 
above-described challenging characteristics might be affected by 
external shocks. 

2.2. The role of public support in technology diffusion 

Public institutions may serve to accelerate diffusion of an emerging 
technology, for instance through institutions to coordinate the 
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generation and exchange of knowledge (Lynn et al., 1996), and the 
allocation of public funds to support private R&D efforts (Lerner, 1996; 
Martin and Scott, 2000). A diverse pool of actors is involved in tech-
nology diffusion, such as firms, users, universities, non-university 
research organizations, standards committees, venture capitalists, and 
others (Bergek et al., 2008a). Overall, geographical proximity among 
researchers may create opportunities for pooling resources, including 
expensive capital, and creating knowledge spillovers across firms 
(Asheim and Isaksen, 1997; Clark, 1984; Cooke, 2001; Gertler, 1995; 
Munari et al., 2012). However, while geographical concentration might 
increase interactive learning, excessive geographical concentration 
might also lead to situations of technology lock-in (Boschma, 2005). 

The involvement and roles of these actors as well as the most effec-
tive framework to foster technology adoption will vary across different 
nations, industrial landscapes, and cultures (Fagerberg and Godinho, 
2005; Furman and Hayes, 2004; Malerba and Nelson, 2011; Zeitlin and 
Herrigel, 2000). In studying the institutions supporting innovation, 
different scholars have focused on different units of analysis: national 
institutions for creating and supporting innovations (Nelson, 1993), the 
distinctive policy and interfirm linkages associated with a region (Cooke 
et al., 1997; Malerba, 2002), and institutional complementarities that 
occur as regional and national (Helveston et al., 2016) or supranational 
(such as the European Union) (Cooke, 1992; Morgan, 2007) policies 
interact. Given the blurry geographical boundaries of the institutions 
supporting technology diffusion, some scholars have put the technology 
itself at the center of the analysis (Bergek et al., 2008a; Carlsson and 
Stankiewicz, 1991). However, existing work is limited to the evaluation 
of the fitness of a given system for the diffusion of a technology (Asheim 
and Coenen, 2005; Bergek et al., 2008a; Fagerberg and Srholec, 2008; 
Freeman, 2002; Hekkert et al., 2007; Nelson, 1993), and offers little 
insights into how the supporting system may need to differ depending on 
the characteristics of a certain technology. 

Governments have many mechanisms by which to provide firms and 
the research community with additional funding and channels for the 
acquisition of know-how (Breznitz, 2007; Cohen and Noll, 2002). Policy 
can include the creation of infrastructure to generate knowledge, 
developing incentives to guide industry’s efforts, and constructing 
institutional frameworks to shape policy-making and firms’ strategies 
(Armanios et al., 2017; Veloso and Soto, 2001). Such policies may 
reshape technological directions and form new networks of actors to 
foster the creation of markets (Bergek et al., 2008b). For instance, Israel 
grew strong IT and life sciences industries by creating a large venture 
capital pool with advantages for foreign investors, and allowing public 
companies to be dual listed in the Tel Aviv and New York stock ex-
changes (Wonglimpiyarat, 2016). Ireland sought to promote foreign 
direct investment in the manufacturing sector by first issuing long-term 
tax holidays, and later substituting these for low corporate tax rates 
(Buckley and Ruane, 2006). Taiwan sought to transition to high-tech 
industries through the creation of a large state-backed enterprise, 
TSMC, which subsequently became the world leading foundry for 
semiconductors (Amsden and Chu, 2003); and created science parks 
where companies enjoy substantial financial benefits, with the goal of 
attracting foreign entrepreneurs (Yang et al., 2009). Policies might be 
different for each country, but all success cases share the need for flex-
ible institutions to accommodate for rapid technological change (Ams-
den and Chu, 2003; Breznitz, 2007; Lee, 2005). 

Changes in policy, while sometimes needed, may exacerbate uncer-
tainty surrounding the returns to investment in emerging technologies 
(Aldrich and Fiol, 1994), undermining both domestic (Ferraz and Kup-
fer, 1999) and foreign (Bevan et al., 2004) private investment. Firms 
tend to resist change when institutions have a low social legitimacy 
(Oliver, 1991), or are perceived as transient. In the words of North and 
Weingast (1989), government needs to make a ‘credible commitment.’ 
For instance, the successful introduction of locally-manufactured wind 
power in Inner Mongolia enjoyed institutional support for twenty years 
(Leary et al., 2012). In the USA, the Obama administration created a 

National Network for Manufacturing Innovation, to be developed over 
ten years but funded through a one-time infusion, thereby assuring the 
continuity of the project until the new organizations are financially 
self-sustainable (Sargent, 2012). Conversely, long-term developments in 
industries which require a heavy investment in infrastructure such as 
renewable energy (Mowery et al., 2010; Narayanamurti et al., 2011; 
Schuelke-Leech, 2014), or telecommunications technologies (Glimstedt, 
2001; Henisz and Zelner, 2001) have been hampered by risky or un-
predictable institutional environments (Henisz, 2002). Unstable R&D 
funding might be especially harmful in technology fields which depend 
heavily on long-term basic research, such as healthcare or biotechnology 
(Freeman and van Reenen, 2008; Hopkins et al., 2013; Oakey, 1990). 
Sudden institutional instability can be caused by a number of factors, 
including macroeconomic instability which obliges institutions to adapt 
to a new and changing financial landscape (Godinho and Mamede, 
2016; Goldstein and Bergsten, 1998; Mazzucato, 2013; Perez, 2010). 
The rise of domestic tensions in the absence of major external threats 
may blunt government’s interest in promoting innovation (Taylor, 
2016). During periods of crisis, such as the Great Recession, the public 
R&D budget may decrease (Sanz-Menéndez and Cruz-Castro, 2003). 

In technology adoption, “history matters” (Maskell and Malmberg, 
1999), and, especially in the early stage in the introduction of a tech-
nology, even “small events” may decide whether a technology is locked 
in or locked out (Arthur, 1989). Without the proper sponsorship, an 
emerging technology which is technically superior might be locked out 
if standards fail to meet industry’s expectations or the timing of adoption 
is inadequate (too early or too late) (Schilling, 1998). Volatility in R&D 
funding may hinder long-term research (Schuelke-Leech, 2014) and 
especially affect the pipeline of early career researchers (Freeman and 
van Reenen, 2008). The availability of venture capital may also decrease 
(Paik and Woo, 2014), industry exit rates may increase (Anderson and 
Tushman, 2001)and startups may experience higher failure rates during 
periods of recession (Geroski and Gregg, 1997). In some cases, public 
intervention may be needed throughout the maturation process (Cohen 
and Noll, 2002; Lerner, 1996; Martin and Scott, 2000). 

Our paper contributes to the literature by adopting a different 
perspective about the relationship between institutional stability (or the 
lack thereof) and the adoption of an emerging technology. We do not ask 
how institutional changes may affect the introduction of a technology, 
but what characteristics of the technology may make it more resilient to 
changes in the institutional landscape. In addition, studies regarding the 
effect of institutional support in adoption have largely focused on 
infrastructure technologies. Our study purposely focuses on the extreme 
case of the adoption of two technologies both based on process in-
novations, whose extreme nature we believe particularly instructive in 
generating new insights for theory. 

3. Institutional promotion of additive manufacturing 
technologies 

Additive manufacturing (AM), also known as 3D-printing, involves a 
family of diverse manufacturing technologies which allow the user to 
build an object layer-by-layer from a digital design. Some of AM’s ad-
vantages, as compared to traditional manufacturing technologies, 
include the ability to create very complex geometries, reduction of 
material waste, and in some cases, reduction in time-to-market (Harris, 
2011). Some authors have also claimed that these technologies may 
change the optimal supply chain configuration, making localized pro-
duction of some parts more desirable (Gebler et al., 2014; Petrick and 
Simpson, 2013). Overall, AM is portrayed as a disruptive technology 
(Gartner and Fink, 2018; Maresch and Gartner, 2020). 

Early developments in AM took place during the 1960s and 1970s, 
led by the Battelle Memorial Institute in the USA, which used materials 
developed by DuPont, and benefitted from DARPA funding (Wohlers, 
2005). What most consider to be the first prototype AM machine – able 
to cure photopolymers in a similar process to current stereolithography 
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(SLA) equipment – was invented in 1980 in Japan by the researcher 
Hideo Kodama, at the Nagoya Municipal Industrial Research Center 
(Wohlers, 2005). In Europe, French researchers working for the Cilas 
Alcatel Industrial Company filed a patent of an AM machine which used 
a single laser as a heat source (Wohlers, 2005). In 1987 the first SLA 
machine was commercialized by the American company 3D Systems, 
and a number of Japanese and European competitors joined the market 
in the early 1990s (Wohlers and Gornet, 2016). Selective laser sintering 
(SLS) machines were commercialized first by the American company, 
DTM, in 1992 (Wohlers and Gornet, 2016), and in 1994, the German 
company, EOS, presented the first prototype of their Direct Metal Laser 
Sintering (DMLS) machine, commercialized in 1995 (EOS, 2017). 

In its early stages, AM technology was primarily used to more rapidly 
build prototypes and thus accelerate the development of new products 
(Yan and Gu, 1996). As the technology matured, improvements in speed, 
dimensional accuracy and the development of new materials made rapid 
prototyping technologies progressively more suitable for the production 
of final parts (Gibson et al., 2010). Currently, AM is being integrated 
with other pillars of the Fourth Industrial Revolution such as the Internet 
of Things (Tolfree and Walsh, 2018). We distinguish between polymer 
additive manufacturing (PAM) and metal additive manufacturing 
(MAM) because of significant differences in the underlying science, in-
dustrial applications, market stakeholders, and level of maturity of the 
two technologies. 

High-income regions such as United States, China, Singapore and the 
European Union have been devoting hundreds of millions of dollars to 
develop and promote additive manufacturing technologies (Ghobadian 
et al., 2020; Santos et al., 2017). Countries at the technological frontier 
perceive AM technology as providing an opportunity to revitalize their 
national manufacturing industry and decrease their dependency on 
foreign countries for parts. In the current framework program, the Eu-
ropean Union considers AM as a ‘Key Enabling Technology’. In the 
United States, the Obama Administration launched, in 2012, the Na-
tional Additive Manufacturing Innovation Institute, currently known as 
America Makes, to revitalize American manufacturing. In China MAM is 
seen as offering a chance to leapfrog some of their missing capabilities in 
the manufacturing, and simplify logistics (Li, 2018). There is also in-
terest in MAM in developing countries such as South Africa (Alabi et al., 
2019), which has invested highly in MAM since 1994 and plans to in-
crease their investment to promote activities in the biomedical and 
aerospace sectors (Wohlers Associates, 2016). PAM also holds promise 
to potentially revolutionize a variety of fields. For instance, in biotech-
nology PAM could be used to print organic tissues and even entire or-
gans (Abdollahi et al., 2019; Sun et al., 2020). In industries where 
lightweighting provides important financial benefits such as aerospace 
applications, high performance polymers, including high-performance 
composite materials (Qiao et al., 2019), can be used to replace 
metallic structures. PAM can also be used in traditional industries such 
as shoemaking to produced customized, high-performance soles (Shah-
rubudin et al., 2019). 

However, there are also reasons for countries not to invest in additive 
manufacturing technologies, especially in situations of resource scarcity. 
In recent years there has been increased criticism of the mainstream 
view that AM is going to revolutionize global manufacturing. These 
critics argue that AM is overvalued and is only going to change the in-
dustrial landscape dramatically in cases where customization plays an 
important role, or geometrical complexity has an important influence in 
the lightweighting and overall cost-performance of components 
(Baumers and Holweg, 2019; Bonnín Roca et al., 2019). 

4. Methods 

We use a longitudinal comparative two-case study (Eisenhardt, 
1989; Yin, 2013) methodology to analyze the diffusion of PAM and 
MAM in Portugal within the Portuguese molds industry, and the chal-
lenges to each technology’s further adoption at firms. Our analysis spans 

approximately 25 years, from the early adoption of PAM technologies in 
the 1990s up through the end of 2016. We triangulate 44 interviews, 75 
hours of participant observations and archival data (Jick, 1979). 

Our unit of analysis is the technology itself. We start by providing an 
analysis of the sources of market and technological risks which may 
affect firms’ adoption decisions. We examine differences in capital re-
quirements and operating costs between PAM and MAM, and we discuss 
differences in the technical and production environment which may 
affected the perceived profitability of both technologies.1 Given the 
path-dependent nature of technology adoption (Maskell and Malmberg, 
1999; Patel and Pavitt, 1994; Teece and Pisano, 1994), we continue our 
analysis by reconstructing the history of PAM and MAM in Portugal, 
emphasizing the stability, or lack thereof, in the actors and institutions 
that played key roles in supporting the diffusion of the technologies in 
the country. We finish with an analysis of how sudden changes in 
funding policies at the regional, national and supranational levels may 
have affected MAM more than PAM. Based on our findings, we generate 
propositions about why some technologies might be more resilient to 
institutional instability than others. 

4.1. Data sources 

We selected our 45 interviews (see Appendix) to cover a broad range 
of stakeholders including firms in different sectors, technology centers 
and research organizations, to contrast different perspectives about the 
challenges in the adoption of MAM technology. Our first interviewees 
were selected based on the list of attendants to “Portugal3D”, a private 
initiative to bring together all the relevant players with experience in the 
use of additive manufacturing in the country (Portugal3D, 2015, p. 3). 
This first group of interviews and visits to factories helped us better 
understand the types of PAM and MAM applications that are attractive 
to Portuguese industry, and the existing conditions in terms of capital 
and know-how available. 

After a first round of contact, we snowball-sampled (Denzin and 
Lincoln, 2011) our next interviewees, and extended our sample to sec-
tors such as aeronautics or automotive which were not present at the 
Portugal3D event but represent two of the main markets for MAM 
(Wohlers Associates, 2016). This second group of interviews helped 
clarify why many companies might be interested in the technology, but 
have not yet purchased equipment. 

With the objective of analyzing the path-dependency of both PAM 
and MAM, and reconstructing the history of both technologies in 
Portugal, we also sought out people who have been working with both 
technologies in the country for over twenty years. We complemented 
their oral history interviews with publicly available data from Portu-
guese and European funding agencies and other publications from 
research organizations. 

We complement our 45 interviews with archival data (Table 1). We 
divide our archival data sources into different types: macroeconomic 
data; history of Portuguese institutions; history of PAM, MAM and their 
market applications; technical documents about PAM and MAM; and 
history of PAM and MAM in Portugal. 

In addition, we conducted approximately 75 hours of participant 
observations. These included: 23 visits to AM manufacturing and 
research facilities, to observe and understand the conditions and 

1 Our paper focuses on comparing why two emerging technologies (PAM and 
MAM) experiencing the same institutional context (Portugal between 1990 and 
2016) develop differently. While we do not focus on AM globally, as the global 
context will inevitably influence the Portuguese organizations, we include in 
section 3 a history of additive manufacturing globally and, in section 4.1, where 
the Portuguese context fits in. Likewise, certain changes experienced by the 
firms in our paper happen due to the developments outside Portugal. For 
example, the decrease in machine price experienced by the Portuguese firms in 
our paper, takes place at a global scale. 
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restrictions of the Portuguese industry; plus attendance at conferences 
and attendance at fairs and public forums where the applications of 
additive manufacturing technologies were discussed. In addition, we 
attended a day-long workshop organized by the Portuguese Minister of 
Science where high-level public officials and managers of Portuguese 
research institutions discussed the health and needs of the Portuguese 
innovation system. 

4.2. Case selection: Portugal and the Portuguese molds industry 

Portugal is the westernmost country in continental Europe, and has a 
population of approximately 10.5 million people (INE, 2011). From 
1933 until 1974 Portugal was a dictatorship, which isolated the country 
from the European integration process after World War II (Royo and 
Christopher Manuel, 2003) and resulted in a serious lag in education due 
to the opposition by elites to the modernization of the educational sys-
tem (Cunha, 1993). The effects of this structural lag can still be felt. 
According to the European Innovation Scoreboard (European Innova-
tion Scoreboard, 2016), Portugal ranks 24th out of 28 in terms of 
completion of tertiary education in the European Union. This lack of 
individuals with tertiary education likely constrains the human re-
sources available to invent and adopt advanced technologies. 

In 1986, Portugal joined the European Community (Lochery, 2017). 
Between 1986 and 1992, FDI represented an annual contribution of 3% 
of its GDP, directed mostly towards the manufacturing sector 
(Guimarães et al., 2000). In 1999, Portugal joined the Eurozone. In 

association with its entry into the Eurozone and global events such as the 
entry of China into the World Trade Organization (WTO), Portugal’s 
competitiveness as a manufacturing location and as a destination for FDI 
diminished (Mamede et al., 2014). The state’s ability to invest in edu-
cation and R&D was further diminished by the 2009–2010 financial 
crisis, which saw Portugal’s debt soar to 130% of GDP. (World Bank, 
2016). 

Manufacturing value added from medium and high-tech 
manufacturing in Portugal is below the European average (12% in 
Europe vs 5% in Portugal). An industry that has somewhat bucked this 
trend is molds manufacturing industry (here, metal molds for plastic 
parts). This is a highly export-oriented industry: 85% of output is 
exported (CEFAMOL, 2016). Portugal ranked eighth in terms of exports 
of metal molds in 2015, and was the country in the world with the 
highest ‘revealed comparative advantage’ (RCA).2 (Balassa, 1965; 
Laursen, 2015) 

The molds industry has been an early adopter of both PAM and MAM 
in Portugal. While PAM was initially used to build prototypes of molds, 
MAM holds the potential to incorporate complex internal cooling 
channels in molds. Such complex cooling channels could reduce the time 
required to produce each part, increasing the productivity of each mold. 
Nonetheless, producing molds using MAM presents several challenges 
such as higher porosity, less resistence to fatigue, lower corrosion 
resistance, and lower thermal conductivity, among others. Overcoming 
these potential disadvantages to MAM-manufactured mold performance 
require R&D and precise control of the MAM manufacturing process. 

Despite its potential benefits, the level of introduction of MAM 
technology is low across the Portuguese molds sector, and more gener-
ally across the country. In contrast, countries which are direct compet-
itors in the mold-making industry, such as China, United States and 
Germany, are investing hundreds of millions of dollars in the promotion 
of MAM (European Commission, 2014). Given the potential benefits of 
the technology, Portugal may risk losing its competitive advantage in 
mold manufacturing if it does not successfully adopt metal additive 
manufacturing. 

In contrast to MAM, Portugal, and in particular its mold industry, 
successfully adopted PAM. In this paper we ask why Portugal has lagged 
in the adoption of MAM, even though such adoption is important to the 
industry’s continued success. To better understand why the molds in-
dustry adapted and invested in PAM but not (MAM), we investigate in 
parallel differences in the technologies and the institutional environ-
ments that prevailed in Portugal as the technologies matured. 

5. Findings 

5.1. Technical differences between PAM and MAM 

While a variety of factors may affect determine technology diffusion 
(Hall, 2004; Mansfield, 1961; Rosenberg, 1972), technology diffusion 
may be particularly challenging in cases where technical complexity, 
and thus technological uncertainty, is very high (Rogers, 2003; Tor-
natzky and Klein, 1982). We next analyze the most relevant technical 
differences between PAM and MAM, and how, based on those differ-
ences, PAM might experience faster rate of diffusion than MAM. 

PAM and MAM are process-based technologies, this is, technologies 
where a slight change in the manufacturing conditions may lead to a 
large change in the final properties of the manufactured component 
(Linton and Walsh, 2008). Process-based technologies are also often 
characterized by having a large number of sources of uncertainty which 
can slow their maturation rate (Bonnín Roca et al., 2017). We use Bonnin 
Roca et al’s (2017b) framework to analyze the differences in the sources 

Table 1 
Summary of archival data sources used in this paper. Full references can be 
found in the "Referenced data sources" section at the end of the paper.  

Archival data 
category 

Documents References 

Portuguese 
institutional 
landscape 

Macroeconomic Data (European Commission, 2015;  
European Innovation 
Scoreboard, 2016; INE, 2011;  
PORDATA, 2017; World Bank, 
2016) 

Portuguese institutions 
and their history 

(Augusto Mateus & Associados, 
2013; COMPETE, 2014; Contzen 
et al., 2006; Cunha, 1993;  
Diários da República, 2006;  
Godinho and Mamede, 2016;  
Mamede et al., 2014) 

PAM and MAM 
state of the art 

History of additive 
manufacturing and 
market applications 

(3ders.org, 2014; E. Anderson, 
2013; BCC Research, 2016;  
BeeVeryCreative, 2016;  
Campbell et al., 2011; de Jong 
and de Bruijn, 2013; EOS, 2017;  
European Commission, 2014;  
GE, 2016; Guillot, 2017; Kellner, 
2017; Kerns, 2016; Linear AMS, 
2017; Petrick and Simpson, 2013; 
Rayna and Striukova, 2016;  
Saunders, 2017a, 2017b;  
Tepper, 2017; Wohlers 
Associates, 2016; Wohlers, 2005;  
Wohlers and Gornet, 2016) 

Technical documents (Cabrini et al., 2016; Gatto and 
Harris, 2011; Gibson et al., 2010;  
Harris, 2011; Hebert, 2016;  
Murphy and Atala, 2014; Ning 
et al., 2017; Yan and Gu, 1996) 

History of additive 
manufacturing in 
Portugal 

(3ders.org, 2016; AdI, 2003;  
CATIM, 2017; CDRSP, 2014;  
CORDIS, 2013, 2002, 1991;  
Esperto and Osório, 2008; Faria, 
1999; Henriques and Osório, 
2002; Interreg, 2016; IPL and 
SLM, 2012; Lino and Neto, 2000;  
Minho, 2016; Pontes et al., 2005;  
Portugal3D, 2015; RAMATI, 
2007)  

2 The RCA is equal to the share of the country’s exports of a certain product 
divided by the share of world exports of that same product. If RCA is above 1, it 
is said that the country is specialized in that particular product (Laursen, 2015). 
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of technological uncertainty between PAM and MAM across four di-
mensions: complexity of the technology, measured through the number 
of constituents; the need for novel measurement techniques; the test-
ability across intermediate stages of production; and the importance of 
‘learning by using’ (Table 2). 

In terms of complexity of the technology, measured through the 
number of constituents, both PAM and MAM are subject to variability in 
the composition and morphology of the material input, the configura-
tion used in the machines, and the type of post-processing applied. 
However, melting metal requires operating with much higher temper-
atures than melting polymers. This creates two additional technical 
problems: the difference in temperature between the molten and 
unmolten material is higher, increasing the chances of obtaining unde-
sired microstructures (Frazier, 2014); and metals require specific at-
mospheric control to avoid contamination and corrosion at high 
temperatures (Hebert, 2016). 

The second and third dimensions are related to testing, and the need 
for testing depends on the type of component being made. In applica-
tions where structural integrity is important, both PAM and MAM need 
the development of better measurement techniques (Gatto and Harris, 
2011; Mani et al., 2015). In the case of MAM, mold inserts need to 
withstand cyclical loads, and quality control is critical. Early applica-
tions of PAM in the field of rapid prototyping did not have to withstand 
such mechanical loads. 

Finally, learning by using plays a more important role in metals than 
in polymers. Metals face problems such as fatigue and corrosion, which 
only appear after a component has gone through a large number of cy-
cles. MAM materials are particularly sensitive to this issues due to 
components’ porosity (Cabrini et al., 2016; Frazier, 2014). Both fatigue 
and corrosion are critical problems to avoid in the molds industry, given 
that the process of injection molding implies working with highly cor-
rosive polymer at high temperature, for hundreds of thousands or even 
millions of cycles. A technical manager explained: “The powder I found 
was nothing close to the inox steel we want, like AISI 304 L, 306 L, 2083 or 
2085. There are two main issues with current materials: lower resistance to 
corrosion, which is very important because some of the polymers they inject 
are very corrosive; and much lower hardness” (Interview 1). PAM materials 
do not experiment these issues and therefore there is less room for un-
certainty regarding the final performance of the product: “Polymeric AM 
is much easier to work with, cheaper, faster, and has more detail. It is a 
perfect solution for all the prototyping we have to do” (Interview 1). 

In addition to the intrinsic technical differences between PAM and 
MAM, PAM has also benefitted from broader dispersion of knowledge 
related to at least lower-end applications of the technology. Nowadays 
there is abundant PAM training material online from the maker com-
munity, which serves as a good starting point (Interviews 3,11,24,25). In 
addition, training is available by PAM equipment and software suppliers 
(Interview 3,10). In the case of MAM, the lack of widely available, 
reliable training is problematic as firms “only buy a technology if the 
equipment supplier can also come to the center and train the employees. 
Universities don’t supply the skills required to work with these technologies.” 
(Interview 3). Thus, from the point of view of the number of potential 
applications (Gross, 2017), PAM should experience higher diffusion 

rates than MAM. 
Furthermore, there are important differences in the incumbent 

technologies between PAM and MAM. PAM replaced costly, slower and 
unreliable handcrafted prototyping techniques. However, MAM 
replaced faster and more reliable machining technologies. Hence, the 
perceived benefits of the technology relative to its incumbent might be 
higher for MAM than for PAM. 

In summary, MAM today is a less mature technology than PAM (e.g. 
per the art to science definitions in Bohn, 2005). Even at the techno-
logical frontier, engineers are not yet able to define in equations the 
relationship between process inputs and technological outputs. This 
greater uncertainty in MAM may have two implications. First, firms 
willing to work with MAM need to spend a larger amount of resources in 
R&D and training, which Portuguese SMEs may not have. Second, we 
would expect this increased uncertainty to increase the risk aversion of 
firms towards MAM more than towards PAM, and that the learning 
period for an industry to make effective use of MAM might be longer. 
This risk aversion is also affected by the relative advantages of the 
technologies with respect to their incumbents. 

5.2. Institutional support for the diffusion of PAM and MAM in Portugal 

5.2.1. Actors, networks and timeline 
Existing institutions may affect technology diffusion by helping 

modify actors’ behavior (DiMaggio and Powell, 1983, 1983; Hall, 2004; 
Nelson, 1982; Rogers, 2003; Rosenberg, 1972). Government may also 
play a role in creating organizations and networks to coordinate efforts 
in creating new knowledge (Lynn et al., 1996), which might be different 
across regions and industrial sectors (Cooke et al., 1997; Malerba, 2002). 
At the same time, institutional complementarities (Helveston et al., 
2016) can lead to intended or unintended interactions between these 
regional policies and policies by supranational entities such as the Eu-
ropean Union (Cooke, 1992; Morgan, 2007). We examine the histories of 
PAM and MAM in Portugal with the objective of identifying the main 
actors in charge of diffusing both technologies, and how their actions 
might have been influenced by a changing institutional landscape. 

5.2.1.1. Polymer AM. The history of PAM in Portugal began in 1990, 
only 3 years after the commercialization of the first stereolithography 
(SLA) machines (Wohlers, 2005), when researchers from the Instituto 
Superior Técnico (IST) in Lisbon joined the INSTANTCAM project, a 
European consortium led by Danish researchers and funded under the 
EU’s second Framework Program (CORDIS, 1991). INSTANTCAM 
studied the processes of stereolithography, solid ground curing, selective 
laser sintering (SLS, commercialized in 1992) and laminated object 
manufacturing (LOM), using a variety of polymers (Dolenc, 1994). 

In 1992 Portugal acquired their first SLA machine, which was set up 
at ITEC, a research institute in Lisbon (Lino and Neto, 2000). Work 
continued between 1994 and 1998 under the project PROTOTYPING, 
funded by NATO’s "Science for Stability" program. The project’s aim was 
introducing PAM in the manufacturing chain of the foundry industry 
(Faria, 1999). PROTOTYPING was led again by IST in Lisbon, but 
included two firms and a training center from the North of the country 
(Faria, 1999). 

In 1997, the National Network of Rapid Prototyping (Rede Nacional 
de Prototipagem Rápida, or RNPR, was created using EU funds (Henri-
ques and Osório, 2002). The RNPR was the cornerstone of the intro-
duction of polymer AM technologies in Portugal, given that it was a 
horizontal project encompassing companies in design, molds and 
foundry processes; four different research institutions; and the tech-
nology center for the molds industry (CENTIMFE) (Henriques and 
Osório, 2002). The project, which lasted until 2000, and brought 
together players from all across the country, not just from Lisbon but 
also from the cities of Porto, Braga, Évora and Leiria; and bridging the 
gap with industry. New equipment was bought to complement the 

Table 2 
From a technical perspective, MAM is subject to a larger uncertainty than PAM.  

Sources of uncertainty PAM MAM 

Number of constituents Lower Higher, due to 
additional process 
control 

New measurement techniques 
required 

Yes, but not necessary 
for prototypes 

Yes 

Testability during 
intermediate phases of 
production 

Not yet, but not 
critical for prototypes 

Not yet 

Learning by using Lower Higher  
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existing SLA equipment in Lisbon: LOM at a research center in Porto, and 
SLS at CENTIMFE, in Leiria (Henriques and Osório, 2002). The resulting 
access to equipment with a broad range of capabilities allowed re-
searchers to analyze the tradeoffs and possibilities across different ma-
terial and equipment systems. During this period, Portugal joined 
RAPTIA, a European project constituted by 26 organizations for the 
promotion of rapid prototyping in both polymers and metals (CORDIS, 
2002). By the end of the year 2000, nine polymer machines had been 
installed in the country, including five in the private sector (Lino and 
Neto, 2000). 

In 1999, ITEC went bankrupt but a subgroup inside the research 
organization created a spin-off called Agiltec (Interview 7), which 
became a technology transfer center for efficient production technolo-
gies. The SLA machine was transferred to Agiltec, whose employees kept 
working inside RNPR and other projects related to PAM and MAM (In-
terviews 7,8). In 2005, Agiltec had to close as well due to financial 
difficulties (Interview 7). 

After the end of the RNPR project, the development of PAM was led 
by CENTIMFE, which has since then participated in 12 different projects 
related to PAM, 6 of them at the European level (CENTIMFE, 2016). 
Between 2002 and 2005, the project Rapid Tooling (Fabrico Rápido de 
Ferramentas, or FRF) continued the work started during RNPR (AdI, 
2003). In parallel, two other projects called Protomolde (1999–2001) and 
Hibridmolde (2002–2005), led by the molds company Moliporex and 
with the support of CENTIMFE, the University of Minho and the Poly-
technic of Leiria (IPL), explored further applications of PAM in the molds 
sector (Pontes et al., 2005). 

In 2007, a new boost was given to PAM through the creation of the 
center for Rapid and Sustainable Product Development (CDRSP) at IPL.3 

CDRSP was located in Leiria due to its closeness to the mold making 
companies, which were the main users of PAM technology in the country 
(Interviews 7,9). Since the creation of CDRSP, PAM research in the 
country has shifted towards higher-end and more technically chal-
lenging applications, especially in the development of biocompatible 
polymers and tissue engineering (CDRSP, 2014). Most of these projects 
are in collaboration with the University of Coimbra and with the leading 
molds companies. 

As of September 2016, there were at least a hundred industry-graded 
PAM machines in the country (Interview 10). In addition, every tech-
nical university has PAM equipment (usually desktop machines), which 
students can use to become familiar with the technology (Interviews 
9,10,11,12,13). In 2011, Portugal’s first manufacturer of desktop 3D 
printers, BeeVeryCreative, was founded at the University of Aveiro. 
BeeVeryCreative participates in research projects with local companies 
and the university to develop new materials for their printers (Interview 
14). 

The development of PAM in Portugal suffered some major setbacks 
such as the 1999 closure of ITEC, which first brought SLA technology to 
the country, the closure of Agiltec, and the end of nationwide research 
consortiums. Nevertheless, the country was able to transition from less 
sophisticated applications in the area of prototyping in the foundry and 
molds industries, to becoming a reference center in the area of bio-
polymers and achieving high visibility in PAM at universities and other 
higher education institutions (Fig. 1). Private actors took leadership in 
the adoption of PAM in traditional sectors. As we will see below, the 
same levels of adoption have not occurred for MAM. 

5.2.1.2. Metal AM. The first contact of Portuguese researchers with 
MAM was during the PROTOTYPING project funded by NATO in 1994. 
As part of the project, one (out of 38) prototypes made for the foundry 
industry was made using a Direct Metal Laser Sintering (DMLS) machine 
– a machine only first commercialized in 1995 – in France (Faria, 1999). 

In a final report industry suggests it was satisfied with the results from 
the PAM prototypes, however, for the MAM prototype, accuracy was 
“not [good] enough for sand casting” (Faria, 1999). 

Despite this initial challenge, Portugal bought a DMLS machine 
within the context of the National Network of Rapid Prototyping (RNPR) 
to explore not only polymer technologies but also metals for rapid 
tooling applications. The metal machine was installed in Lisbon at 
INETI, the National Laboratory for Engineering, Technology and Inno-
vation (Interviews 7,8). 

Soon after, in the period 1999–2003, INETI joined RAPTIA. In 2003, 
INETI supplied their DMLS machine for the Rapid Tooling (FRF) project, 
a follow-up of RNPR. Although the technology was still rudimentary 
(“we had to spend more time polishing the pieces – which at that time 
we did manually – than building them”), experts considered the results 
satisfactory (Interview 8), which suggested the possibility of cost 
competitiveness of MAM against traditional manufacturing processes in 
the molds sector (Esperto and Osório, 2008). Between 2004 and 2007, 
INESC INOV, a research institute in Lisbon, led a European project to 
study MAM titanium implants (RAMATI, 2007). 

Institutional set-backs started in 2005. First, Agiltec, the technology 
transfer office whose staff had also been working with the machine at 
INETI and had studied the properties of the parts manufactured by 
DMLS, was closed due to ongoing problems securing funding. Then 
INETI closed operations in 2006, following the recommendations of an 
international working group created to assess the state of the Portuguese 
system of national laboratories (Contzen et al., 2006; Diários da 
República, 2006). Thus, within months of each other, the two leading 
research institutions in MAM, both located in Lisbon, had been shut 
down. With that move, the creation of new MAM-related know-how at 
research institutions ceased in the country. Meanwhile, a Portuguese 
machine manufacturing company4 played a secondary role in the Eu-
ropean project IMPALA, a project for developing MAM applications for 
high-tech industries such as aeronautics or biomedical (CORDIS, 2013). 

In December of 2012, a DMLS machine was bought at a research 
institution in Portugal (IPL and SLM, 2012). This DMLS machine was 
purchased by the center for Rapid and Sustainable Product Development 
(CDRSP), located within the Marinha Grande molds cluster. The pur-
chase ended a six-year gap in MAM research at Portuguese research 
institutions (Fig. 2). By this stage, companies in the mold cluster of 
Marinha Grande had started acquiring their own MAM equipment and 
experimenting (with mixed results), but without relevant institutional 
support (Interviews 5,15,16). 

Until November 2016, the machine at CDRSP was the only 

Fig. 1. Despite some setbacks in institutional support, PAM evolved from low- 
tech applications such as prototypes, to high-tech applications such as biotech. 

3 As a polytechnic, IPL offers a more professionally-oriented education than 
universities, and cannot offer PhD diplomas. 

4 One executive of one of this companies had worked at Agiltec (2002-2003) 
and done research for FRF. 
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operational MAM machine at a Portuguese research institution. Unfor-
tunately, two years after its acquisition, and shortly after the warranty of 
the MAM machine expired, one of the lasers broke down. This break-
down translated into an additional four-month downtime (Participant 
Observation, May 5, 2016). Today, the machine is used to supply parts to 
other universities, which are conducting projects related to MAM, pri-
marily in new material characterization (Interviews 9,11,17). The 
CDRSP has also received some criticism for not fully utilizing their 
machine (Interviews 15,16). 

In recent years, there has been a new wave of interest towards MAM 
technology, but, in the case of MAM, the institutional instability caused 
by the 2009–2010 financial crisis may be creating extra roadblocks for 
researchers. In 2014, the Portuguese Science Foundation approved the 
creation of the Additive Manufacturing Initiative (PAMI), a research 
partnership between CDRSP, CENTIMFE and the University of Coimbra. 
This partnership has the potential to lead to additional use of the existing 
DMLS machine. However, PAMI’s activities have to-date not started due 
to delay in the arrival of funding (Interview 18). 

Corporate interest may also hold the potential to pave the way for 
MAM in Portugal, as happened in countries at the technological frontier. 
For instance, the German automaker Audi reported increases in per-
formance (cycle time) of 20% in their molds with MAM components, and 
has recently partnered with the equipment manufacturer EOS to 
“transform the tool manufacturing industry” (Saunders, 2017a). In the 
USA, the mold-maker Linear AMS owns 17 MAM machines and has 
started to produce components for other industries such as biomedical 
and aeronautics (Linear AMS, 2017). In November 2016, a German 
manufacturing company, Bosch, opened a new research center in 
Portugal in collaboration with University of Minho. This center is 
focused on the development of advanced manufacturing techniques 
(including both PAM and MAM) for automotive applications (Minho, 
2016). In June 2016, Addispace, a collaborative project between 
Portugal, Spain and France, was approved to evaluate the introduction 
of MAM in the aerospace sector (Interreg, 2016). 

As of March 2017, we are aware of at least seven MAM machines in 
Portugal: two in molds companies, three in engineering companies born 
in the proximity of the molds cluster, and two in research centers. These 
numbers contrast with the overall pace of sales of MAM equipment 
worldwide, which presented an average growth rate of 30% between 
2000 and 2015 (Wohlers Associates, 2016). Interestingly, none of the 
seven MAM machines in Portugal is owned by CENTIMFE, the tech-
nology center in charge of developing and disseminating new know-how 
in the molds industry, which was crucial in the implementation of PAM 
in the late 1990s and early 2000s (“In the 90 s there was a high 
expectation in the mold industry to manufacture critical parts with AM, 
but technology is not there yet”, Interview 30). Outside the molds 
cluster, there is a growing interest in MAM in the Northern region of 
Porto, where the technology center for the metalworking industry 
(CATIM) has started a pilot educational project for 11 of their members 

(CATIM, 2017) and a manufacturer of industrial equipment has devel-
oped a prototype of a MAM machine for the construction of large metal 
parts (3ders.org, 2016). 

Most of the large molds firms in Portugal that produce MAM com-
ponents outsource their production to local or foreign MAM shops (In-
terviews 1, 3, 4, 16). Due to the undersupply of skilled labor to work 
with MAM, the few local companies which have acquired MAM equip-
ment are working very secretly so as not to reveal their internal know- 
how, acquired through months of experimentation and exchanges 
with other MAM research centers around the globe (Interviews 5,15). 
This contrasts with the situation in other countries such as the U.S, 
Germany or the UK, where knowledge is at least to some extent being 
disseminated through public-private partnerships such as America 
Makes (The White House, 2012), and higher education institutions are 
already offering MAM-specific curricula (Guillot, 2017; Saunders, 
2017b). 

5.2.2. Sudden changes in R&D funding 
A key factor in the diffusion of a technology is its perceived profit-

ability (Hall, 2004; Rogers, 2003; Rosenberg, 1972) which is lower as 
the cost of acquiring equipment increases. For capital-intensive tech-
nologies, public support may help lower firms’ risk aversion by 
providing R&D funds to acquire new equipment (Lerner, 1996; Martin 
and Scott, 2000). Here we analyze the changing initial investment to 
work with the two technologies, and whether there have been changes 
in the ease with which firms’ could access capital. Our results show that, 
for a number of reasons, there have been changes in the availability of 
funding from regional, national, and European sources over the last two 
decades. These changes appear to have affected MAM more than PAM, 
due to the differences in the acquisition and subsequent marginal pro-
duction cost of PAM and MAM equipment. 

Currently, a MAM machine costs between half and one million euros 
(Laureijs et al., 2017), similar to the price of a high-end PAM machine. 
However, there is a much wider range of PAM machines available with 
an equivalently wide range of prices. Since 2009, low-end PAM ma-
chines can be acquired for less than $1000 (Wohlers and Gornet, 2016). 
Today, these low-end machines can be acquired at Amazon.com for a 
couple of hundred dollars. There is also a difference in price of materials 
between MAM and PAM: One kilogram of steel powder for MAM may 
cost between one and two hundred euros, and titanium for MAM costs 
six or seven hundred euros per kilogram. On the contrary, a kilogram of 
polymers such as ABS or PLA for a desktop 3D printer costs only around 
10 euros per kilogram (BeeVeryCreative, 2016). That said, high-quality 
resins and polymer powders cost several hundred euros per kilogram, 
similar to metals (Interviews 6,10). 

The ability of Portuguese firms to make multi-million Euro in-
vestments is severely limited by their size. In 2012, there were about 450 
companies in the Portuguese molds industry, half of which have 10 or 
fewer employees (Quadros de Pessoal). Only larger corporate groups 
may feel they have the scale to pool resources to invest in immature 
technologies, but they, too, can be limited in their ability to do so when 
their profit margins are low and volatile: “The mold sector is strong but 
they don’t win much, they don’t have much time to stop doing what they are 
and observe the market. And those who know about the technology, don’t 
want to say it out loud because it is their advantage” (Interview 2). 

This already limited ability worsened with the 2009–2010 financial 
crisis, during which Portugal experienced a dramatic increase in interest 
rates (Fig. 3). At this point in history, there were already low-end PAM 
printers in the market, three orders of magnitude cheaper than MAM 
printers.5 Hence companies did not necessarily have to borrow large 

Fig. 2. MAM research suffered from discontinuities at an early stage 
of maturation. 

5 Although high-end PAM machines have a similar price to MAM machines, 
our conversations suggest that, in the case of the molds industry, most appli-
cations do not need neither the quality nor the speed offered by such high-end 
equipment. (Interviews 10, 30) 

J. Bonnín Roca et al.                                                                                                                                                                                                                           



Technological Forecasting & Social Change 166 (2021) 120599

9

amounts of capital to become acquainted with PAM (although the cost of 
high-end machines is still similar for PAM and MAM). 

The Portuguese molds sector has been able to recover from the crisis. 
However, our evidence suggests that while companies are generating 
profits again, they are focusing their innovative efforts in less risky, 
incremental improvements of their production process rather than 
working with immature technologies like MAM. As one engineer ex-
plains, “if you have to run the machine 20 times before you get the part right, 
the boss is not going to be happy” (Interview 5). 

Proposition 1: Technology adoption may be more resilient to institutional 
instability in technologies that require lower capital investments. 

Previous studies about the relevance of institutional stability in in-
dustries with high investment costs such as energy (Bergek et al., 2008b; 
Mowery et al., 2010) and semiconductors (Amsden and Chu, 2003; Lee, 
2005) show that long-term institutional support is critical when capital 
requirements are high. Our findings are therefore in line with previous 
studies, but in the case of PAM and MAM the capital required is signif-
icantly lower than for cases like wind energy or semiconductors. Hence 
our case may help expand and generalize previous findings to lower 
capital investments than previously thought. 

5.2.2.3. Instability in Portuguese R&D funding. To counteract limitations 
in their borrowing ability, firms may apply to traditional R&D funds 
managed either by the Portuguese government or by the European 
Commission. However, those channels suffered instability during the 
same period interest rates spiked. 

As in most European states (Makkonen, 2013), R&D expenditures in 
Portugal fell during the crisis, from 1.58% of the GDP in 2009 to 1.28% 
in 2015 (World Bank, 2016). Due to the adverse macroeconomic con-
ditions, there were not calls for new R&D projects in industry in either 
2013 or 2014 (COMPETE, 2016). Portuguese Science Foundation (FCT) 
also suffered important delays in their payments, which affected a 
number of projects related to the introduction of PAM and MAM, 
including the Portuguese Additive Manufacturing Initiative (Interviews 
18,23). A firm’s manager complained to us: “the problem of Portuguese 
companies is that they don’t want to spend their own money, they rely too 
heavily of public funds. Now Portugal 2020 is delayed after the government 
change, and industry projects are stopped as well” (Interview 10). 

Portuguese R&D funding is channeled through two different 
agencies: the Portuguese Science Foundation (FCT), under the Ministry 
of Science, Technology and Higher Education, and COMPETE, under the 
Ministry of Economy. R&D funds from COMPETE come exclusively from 
the European Union (EU) through three different programs: the Euro-
pean Regional Development Fund (ERDF), the European Social Fund 

(ESF) and the Cohesion Fund (CF) (COMPETE, 2014). Hence, COMPETE 
funds are subject to the conditions imposed by the European Union. EU 
Regions are classified into three groups: “more developed” regions (GDP 
per capita over 90% of the EU average); “transition” regions (GDP per 
capita between 75% and 90% of the EU average); and “less developed” 
regions (GDP per capita lower than 75% of the EU average) (“EUR-Lex - 
32013R1303,” 2013). The amount of capital available, co-financing 
rates and the investment priorities differ depending on the nature of 
the region. For instance, about 50% of the funds are allocated for less 
developed regions and only 15% go to the most developed regions 
(“EUR-Lex - 32013R1303,” 2013). Regulations establish a co-financing 
rate of 85% for less developed regions, 60% for transition regions, and 
50% for the more developed regions (“EUR-Lex - 32013R1303,” 2013). 

When Portugal entered the European Union, all its regions fell within 
the less-developed category. However, as the Lisbon region reached the 
status of transition and later of more developed, investment started to 
phase out in the 2000–2006 program (Augusto Mateus & Associados, 
2013). While the region of Lisbon received about 30% of the structural 
funds in the 1994–1999 period, that percentage fell to only about 5% in 
the 2007–2013 program (Fig. 4). 

The reduction of funding to the region of Lisbon might have affected 
MAM more than PAM. In 2006, MAM research was concentrated in 
Lisbon, while PAM research was much more mature and distributed 
across the country (CENTIMFE and CDRSP are located in the Centro 
region). Interestingly, this geographic concentration in Lisbon may have 
been associated with the immaturity of MAM in as much as engineers 
were required to work directly with the technology, and the concen-
tration of such engineers and other expertise in the Lisbon region. 

Proposition 2: Technology adoption may be more resilient to institutional 
instability in cases where the technology’s activities are (geographically and/ 
or institutionally) disperse. 

Previous studies suggest that in technologies with high levels of tacit 
knowledge like MAM, learning may only be able to happen at the 
location where the technology is used (Tyre and von Hippel, 1997). In 
addition, for these types of technologies, geographical proximity to ex-
perts can be crucial (Andersson and Ejermo, 2005; Mansfield and Lee, 
1996; Maskell and Malmberg, 1999), including needing inventors, 
bench-level expertise, or design experts on the manufacturing line 
(Zucker and Darby, Pisano, Fuchs and Kirchain 2010). While subna-
tional actors, including industrial clusters, may organize to protect their 
interests and shape the institutions that govern them (Hooghe, 1995; 
MacLeod Gordon, 2002)6 existing theory on the benefits of geographic 
concentration misses the tension between the need for proximity to 
accelerate the development of the technology, and an increased 
vulnerability that comes through such geographic concentration to 
changes in local institutions. 

5.2.2.4. Instability in funding from the European Commission. Given the 
reduced availability of Portuguese R&D funds, some Portuguese 
research organizations have tried to reduce their dependency on Por-
tuguese R&D funds and started to apply exclusively to EU (i.e. Horizon 
2020) funds (Interviews 18,23). 

However, several factors have also affected the availability of EU 
funds for Portuguese research institutions. First, the expansion of the 
European Union from 15 countries in 1995 to 28 countries in 2013 
increased competition. Second, the conditions attached to these funds 
have changed. Under the ‘Research for SME’ program (2007–2013), 
projects required the participation of at least three different SMEs, from 
three different countries, and at least two different “Research and 
Technology Development” performers such as research centers or 
technology centers (European Commission, 2007). In the new 

Fig. 3. The spike in interest rates might have affected PAM less than MAM. By 
the time interest rates rose, low-cost equipment was available for PAM but not 
for MAM. It is likely that firms that wanted to enter PAM could do so with low- 
cost machines, whereas firms that wanted to enter MAM were prevented from 
financing their purchases of the still-expensive MAM machines. 

6 A recent concrete example of such advocacy is Silicon Valley’s lobbying to 
shape U.S. immigration policy to ensure that the pipeline of global talent on 
which it relies is not constricted (NPR, 2008; Younglai and Bohan, 2013). 
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framework program (2014–2020), the "SME instrument" program is 
targeted towards “SMEs showing a strong ambition to develop, grow and 
internationalize”, and any single European company can apply (Euro-
pean Commission, 2016). Thus, European funding for SMEs has shifted 
its focus away from encouraging research collaborations towards 
entrepreneurship and rapid growth companies seeking to internation-
alize. This shift decreases funding available for the Portuguese molds 
industry, which is characterized by small family businesses feeding a 
local industry. Research organizations struggle to adapt to these 
changes, in combination with other political factors: “The people at the 
organization changed every time there was a change in the government, the 
minister or the Secretary of State. In addition, funding schemes changed every 
time the EU Framework Programme changed” (Interview 23). Success rates 
for Portuguese projects fell from about 18% in 2007–13 to about 13% in 
2014 (European Commission, 2015).7 

At the same time, with the shift of European funding programs to-
wards entrepreneurship, PAM might have been slightly favored as it is 
increasingly used by the maker and startup communities to accelerate 
their product development (de Jong and de Bruijn, 2013; Rayna and 
Striukova, 2016). In contrast, MAM is predominantly used in compo-
nents for traditional industries such as aeronautics, automotive or heavy 
machinery, which are not the focus of the ‘Research for SME’ program. 

PAM not only appears to have received more funds than MAM, but it 
also has a larger initial market. Different consultant groups estimate that 
the present market for polymers is about five times larger than the 
market for metals (BCC Research, 2016; Wohlers Associates, 2016). 

Proposition 3: Technology adoption may be more resilient to institutional 
instability in technologies with larger or more diverse markets. 

Past studies show that firms are more likely to innovate when market 
sizes are larger (e.g. Acemoglu and Linn, 2004; Desmet and Parente, 
2010) and that diffusion is faster when the range of applications increase 
(Gross, 2017). If markets are large or diverse enough, firms may pursue 
risky development programs even within an instable institutional 
framework. 

5.3. Interactions between technology maturity and institutional instability 

While both PAM and MAM technologies experienced Portugal’s pe-
riods of institutional and financial instability, including instability in 
many of the same institutions, the institutional instability occurred at 

different points of each technology’s maturation: PAM enjoyed a more 
stable institutional environment during the technology’s early, imma-
ture stage, than MAM (Fig. 5). This stability during the technology’s own 
instability may have helped set the foundations of a nationwide PAM 
research infrastructure which brought PAM applications to a higher 
level. That Portugal’s institutional instabilities occurred during MAM’s 
immature phase, in contrast, may have helped contribute to the episodic 
creation and decay of MAM know-how and likely increased the chal-
lenges in the financing of new projects in the area. CENTIMFE, the 
technology center in charge of technology diffusion across the molds 
industry, played an important role in the implementation of PAM, but a 
much more modest role in MAM research, perhaps because MAM was 
introduced at an earlier maturation stage. Although institutional 
changes and lack of capital availability have grown worse after the 
recent financial crisis, they originated well before. 

In addition, and linked to MAM’s ongoing technology immaturity, 
there is a substantial difference between PAM and MAM in how know- 
how has spread across the country. PAM know-how has expanded 
geographically from its origins in Lisbon to the rest of the country. In 
contrast, for MAM research activities moved geographically from Lis-
bon, the capital city and main source of engineers, to Leiria, closer to the 
lead users of the technology in the country but with a much less 
developed research infrastructure, before MAM technology had become 
more mature. This move may have helped the process of technology 
diffusion, but probably also hindered the development of national ca-
pabilities due to a much lower exposure to graduate students, re-
searchers and companies outside the molds sector. Furthermore, 
because most researchers who worked with MAM in the early 2000s 
have stayed in the Lisbon region (Interviews 7, 8),8 preexisting know- 
how has likely largely not supported subsequent adoption. 

Proposition 4: Technology adoption may be more resilient to institutional 
instability as technological uncertainty decreases. 

Corollary to Proposition 4: Technology adoption may become more 
resilient to institutional instability as the technology matures. 

Previous theory have suggested that increased technical complexity 
can slow down technological diffusion (Rogers, 2003; Tornatzky and 
Klein, 1982). Here we focus instead on technological uncertainty. While 
complexity can contribute to the overall technological uncertainty, 
technological uncertainty depends on additional factors, and even in 
complex technologies tends to decrease as the technology matures (Bohn, 

Fig. 4. Funding from the structural funds has reduced substantially, especially in the Lisbon region. QREN data available only until the end of 2011, although the 
framework program ended in 2013. Source: (Augusto Mateus & Associados, 2013). 

7 The same report shows a decrease of success rates for all member states. 
Part of this decrease can be explained by a decrease in the total amount of 
funding available, and by a sudden increase of newcomers, which had a success 
rate of 38% (European Commission, 2015) 

8 This claim is supported by the low mobility of Portuguese entrepreneurs 
and their lack of willingness to move away from their home region (Figueiredo 
et al., 2002) 

J. Bonnín Roca et al.                                                                                                                                                                                                                           



Technological Forecasting & Social Change 166 (2021) 120599

11

2005; Bonnín Roca et al., 2017). Studies have also argued for the 
importance of institutional support and public funding in some cases 
throughout a technology’s maturation stages (Cohen and Noll, 2002; 
Lerner, 1996; Martin and Scott, 2000), with emphasis on the gap between 
early experimentation and commercialization (Butler, 2008; NRC, 2004; 
Rogers, 2003; Weyant, 2011). With Proposition 4, we bring together 
existing theory on technology uncertainty (and very technology-specific 
characteristics creating that uncertainty) and resilience to institutional 
instability. Thus, our contribution lies at the intersection of studies on the 
need for stability in public support with theories on the maturation of a 
technology. Our findings go beyond existing theory by clarifying in what 
technology and industrial contexts support may be particularly important 
and how the importance of the stability of that support may change at 
different stages of the technology’s maturation. 

6. Discussion and policy implications 

Both PAM and MAM in Portugal suffered from severe institutional 
instability, in the form of the destruction of key research institutions and 
a sudden decrease of private and public capital availability for R&D 
activities. Under this instability, we find PAM to have achieved greater 
adoption across Portugal than MAM. Building on these findings, we 
generate theory about what makes technologies more ‘forgiving’, this is, 
more resilient to institutional instability. We develop a generalizable 
framework to help policymakers understand how much institutional 
stability a certain technology may need to be successfully adopted in a 
specific industry. 

6.1. A framework of technology forgiveness 

Firms willing to adopt an emerging technology need to overcome 
substantial technical and market uncertainty (Nelson and Winter, 1982; 
Tassey, 1997). Existing literature on technology diffusion shows how 
diffusion rates depend largely on the perceived costs and benefits of 
working with the technology, the opportunities for experimentation and 
the ability to communicate research results to external actors (Hall, 2004; 
Rogers, 2003; Rosenberg, 1972). Long-term support might be needed to 
counteract firms’ risk aversion and accelerate diffusion, but fluctuations 
in funding and policy goals may undermine the credibility of such public 
efforts (Aldrich and Fiol, 1994; Mowery et al., 2010). Less work looks at 
how institutional instability interacts with technological uncertainty to 
affect the technology diffusion process. 

The commercialization of an emerging technology is subject to a 
combination of technology-push and market-pull forces (Linton and 
Walsh, 2003). Drawing from the literature and from our findings, we 
propose a framework that explains why some technologies are more 
‘forgiving’ than others, specifically, why some technologies are more 
resilient to unexpected institutional changes. Our discussion builds most 

directly upon Bohn’s (2005) concept of the transition ‘from art to science’ 
and Bonnin Roca et al’s (2017b) analysis of how technical and contextual 
factors affect the uncertainty surrounding a particular technology and its 
maturation rate. Based on the four propositions presented in Section 5, we 
produce a two-dimensional framework where the forgiveness of a tech-
nology depends on both its technology-level, and industry-level, risks 
(Fig. 6). 

Technology-level risks are those intrinsic to a technology, indepen-
dently of in which industry is adopted. Some technologies might be more 
capital intensive than others (Preposition 1), and thus less forgiving. For 
instance, investing in nuclear energy inevitably requires more capital than 
investing in AM, due to the size and complexity of the equipment 
required. In our case, MAM is technically more complex than PAM, and 
requires larger capital investments. In addition, some technologies might 
enjoy potential markets which are by nature larger or more diverse than 
others (Proposition 3). Larger market sizes may incentivize firms to in-
crease both product (Acemoglu and Linn, 2004) and process (Desmet and 
Parente, 2010) innovation, and technologies with a wider range of ap-
plications tend to have faster diffusion rates (Gross, 2017). For example, 
LED lighting has many more potential applications than drugs which 
target a rare disease. PAM in Portugal is used in more sectors than MAM. 
Technologies with multiple applications are more forgiving, because if 
they fail to conquer one of the markets, they might still strive in another 
market. Finally, technologies with higher sources of technological un-
certainty (Proposition 4) are less forgiving. In Section 5.3, we unpack why 
technological uncertainty in MAM is larger than in PAM. Per past work by 
Bohn (2005) and Bonnin Roca et al (2017b) these technologies are also 
often less mature. As technology evolves, the required capital investment 
and potential market applications also change (Perez and Soete, 1988; 
Taylor and Taylor, 2012). Hence, the technology-level dimension of 
forgiveness is dynamic. 

Industry-level risks involve several factors related to the context in 
which the technology is being introduced, independently of the technol-
ogy. In our case of Portugal, we focus on risks from three different 
components. 

The first component is the predominant risk culture in the industry. As 
described in Section 4.1, the Portuguese molds industry is mostly 
composed of micro- and small-sized enterprises, often family firms. Small 
family firms tend to be more risk averse and more sensitive to uncertainty 
(Bianco et al., 2013; González et al., 2013) than non-family firms. The 
higher the risk-aversion, the less forgiving the sector is, as capital in-
vestments are perceived as higher (Proposition 1). Other characteristics 
which may affect risk-taking attitudes and investment decisions are firm 
age (Anderson and Eshima, 2013), cultural background (Li et al., 2013), 
and managerial structure (Hoskisson et al., 2017). Furthermore, com-
panies might be more risk-averse in those areas where a failure in their 
products may cause a large social and reputational loss, like in aviation or 
pharmaceuticals. 

The second component is the existence of sectorial barriers to entry, 
which increase risks. These barriers might be the existence of stringent 
regulation and certification procedures which may make the adoption of 
an emerging technology a slow, costly process (Bonnín Roca et al., 2017; 
Stewart, 1981); the presence of an incumbent technology which is 
cost-competitive in the present (Fuchs and Kirchain, 2010; Henderson, 
1995; Rosenberg, 1972), or the need for a large capital investment 
(Proposition 1), especially in infrastructure industries such as energy or 
telecommunications (Henisz and Zelner, 2001; Narayanamurti et al., 
2011). The lower the barriers to entry, the more opportunities for 
experimentation which help gather knowledge and dissipate uncertainty 
about the technology. In the case of Portugal, MAM is replacing reliable 
machining technologies, while PAM replaced expensive handcrafted 
prototyping technologies. In addition, since the early 2010s there is 
low-cost desktop PAM equipment and more opportunities for training. 

Fig. 5. Both PAM and MAM encountered institutional instability. However, 
MAM was less mature than PAM when that instability occurred. 
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The third component is the regional concentration9 of actors devoted 
to the development of the technology (Proposition 2). As actors become 
distributed across regions, they become less susceptible to “common- 
mode failure:” the causes a sudden weakness or failure in one of those 
actors, or the institutional structure which supports them, is less likely to 
also affect the others. In the case of Portugal, MAM research in the early 
stages was concentrated in Lisbon, which is also the region which suf-
fered the highest drop in funding, and which saw the closure of ITEC, 
Agiltec and INETI. Our findings are consistent with Isaksen’s (Isaksen, 
2018) study of a once-blooming boat-building cluster in Norway, which 
disappeared due to the lack of support from its regional innovation 
system. These localized ‘institutional disasters’ can be metaphorically 
compared to natural disasters, such as the 2011 Tohoku earthquake, 
which disrupted the world’s supply chain of automotive semiconductors 
(Matsuo, 2015; Sawik, 2019). The same way that geographical disper-
sion helps decrease the risks of supply chain disruption associated with 
natural disasters, it also helps reduce the negative consequences of a 
potential overreliance on common sources of institutional support for 
R&D. 

We situate a technology and its industrial context in a two- 
dimensional plane based on its technology-level and industry-level 
risks (Fig. 7). On the horizontal axis is the degree of technology-level 
risks: this stems from factors such as whether the technology requires 
new testing methods or the relevance of learning-by-using (see Table 2). 
On the vertical axis is the degree of industry-level risks that the tech-
nology faces, but which are not inherent to the technology: these include 
risks associated with change in policy, and market conditions. We 
contend that, as the degree of contextual or inherent uncertainty asso-
ciated with the technology falls, it becomes more forgiving of instability 
in the institutions that seek to foster its growth. We also suggest that, 
technologies for which both inherent and contextual uncertainties are 
great are less forgiving than those for which only one of those sources of 
uncertainty is large. An example of such cases would be MAM in aviation 
— where the technology is inherently uncertain, and is also subject to 
contextual uncertainty (e.g., onerous regulatory requirements, possi-
bility of large human losses). Such technologies are the least forgiving to 
fluctuations in institutional support. 

In the case of PAM in the molds industry, both technology-level and 
industry-level risks are low, and thus forgiveness is high. The case of 
MAM in the molds industry has a similar technology uncertainty as 

MAM in aviation (although in the case of aviation it is slightly higher 
because applications are more demanding), but industry-level risks are 
much lower given a less stringent regulatory framework, a lower capital 
intensity and shorter development times. At the same time, and despite 
being in the same industry, industry-level risks of MAM are higher than 
PAM in the molds industry, given that applications have completely 
different barriers to entry, market size and national capabilities. In 
particular, risk aversion for PAM applications is low, given that the 
prototypes made with PAM can break without large negative conse-
quences. However, risk aversion for MAM is high, as it is used to make 
components for the final molds delivered to the customer, which need to 
be guaranteed to work for several years. Overall, that makes MAM in the 
molds industry is more forgiving than MAM in aviation, but less 
forgiving than PAM in the molds industry. 

Two cases may have similar levels of forgiveness, but due to different 
underlying reasons. For instance, the science and engineering behind 
manufacturing oil tankers is well understood, and therefore technolog-
ical uncertainty is low. However, the future market for oil tankers is 
deeply uncertain and manufacturing oil tankers requires important in-
vestments in infrastructure, and the preexistence of a strong steelmaking 
industry and a global demand for oil. In addition, a failure during service 
may cause extensive environmental losses. Conversely, if 3D displays for 
smartphones could be developed, they would see a strong market given 
that the smartphone market is mature and the consequences of a single 

Fig. 6. Based on our propositions and existing literature, we propose a model where forgiveness depends on both technology-level and industry-level factors. The 
sign indicates whether we expect a proportional (+), or inversely proportional (-), relationship between the variables. 

Fig. 7. In our model, forgiveness depends on technology-level and industry- 
level risks. In the case of the Portuguese molds industry, MAM would be less 
forgiving than PAM. 

9 Here, we are using the term concentration in the Marshallian sense of 
knowledge and pecuniary externalities, and not of geographic concentration 
influenced by minimum efficient plant size (which is a technology-influenced 
variable) as discussed by Krugman and Chandler. 
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failure in a device are low. However, the technical challenges presented 
by developing such a display are formidable. 

The position of a certain technology-context in Fig. 7 is not fixed, but 
moves according to the maturation stage and maturation rate of the 
technology, and other events such as the development of standards or 
new regulation. In particular, we expect the forgiveness of a technology 
to increase with time along the horizontal axis. Some industry-level risks 
such as the consequences of part failure, or the need for large investment 
in infrastructure, affect forgiveness independently of the maturation 
state. Therefore, along the vertical axis, forgiveness could remain stag-
nant or, in some cases, even increase (e.g. new legislation more stringent 
than current). 

Our study presents two major limitations which require further 
research to be addressed. First, due to the qualitative nature of our 
study, we are inherently unable to estimate the mathematical relation-
ships between each of the sources of risk, as stated in our propositions, 
and their effect on the amount of forgiveness. Thus, we cannot evaluate 
the nature of the compounding effect (e.g. additive, multiplicative) 
resulting from the interaction of several sources of risk. This limitation 
can only be overcome through large-scale empirical theory-testing. 
Second, our study focuses on two extreme cases, PAM and MAM, 
where PAM presents both lower technology-level and lower industry- 
level risks than MAM. To properly study the potential substitution ef-
fects between technology-level and industry-level risks on the total 
amount of forgiveness, future work needs to analyze a situation where 
one technology has higher risks than the other in one dimension, but 
lower in the other dimension. 

6.2. Policy implications 

The case of Portugal provides important insights for the successful 
adoption of other technologies in other countries. Technology followers 
often lack the same levels of capital and human resources that tech-
nology leaders enjoy (Krugman, 1979; Perez and Soete, 1988). The 
analysis of a technology using our framework may help policymakers 
situate the level and duration of support that a technology may need, 
and prevent waste of scarce public resources. As shown in Fig. 7, some 
technologies might be more challenging from a technical perspective. In 
these cases, industrial policies might focus on the need for capital 
availability and the development of indigenous know-how. Examples of 
such policies include the creation of dedicated venture capital pools 
(Breznitz, 2007); dedicated science parks (Armanios et al., 2017); R&D 
subsidies for high-risk technologies (Feldman and Kelley, 2006); 
offshore R&D outposts (Lee, 2005); or the creation of 
technology-focused intermediaries (Howells, 2006). 

Conversely, other technologies may be less challenging from a 
technical perspective, but are developed in punishing industrial con-
texts. In this case, policies might target the creation of an early, stable 
market. For instance, governments may want to create public-private 
partnerships with specific companies to ensure a minimum demand 
for their products, as happened for instance with SpaceX (C. Anderson, 
2013). The promotion of FDI may help create and further develop a 
network of suppliers (Reis et al., 2016). Public subsidies, like in the case 
of solar photovoltaic, may help reduce the difference in cost between the 
incumbent and the emerging technologies (Morton, 2006). Cases which 
are both technologically and contextually challenging such as MAM in 
aeronautics are especially risky, and countries may want to explore the 
possibility of promoting those technologies in less challenging industrial 
contexts associated with a national mission or need. 

In the last decades, there has been a surge in the interest among 
policymakers in the creation of technology clusters to develop compet-
itive regional industries, stimulated through specific funding mecha-
nisms (Porter, 1996; Vanhove, 2018). These policies are motivated by 
extensive empirical evidence that suggests that geographical proximity 
and cluster effects might help achieve economies of scale, create op-
portunities for collaboration and the pooling of resources, and facilitate 

knowledge spillovers (Asheim and Coenen, 2005; Clark, 1984; Cooke, 
2001; Gertler, 1995; Munari et al., 2012, 2012). Supporting policies 
need to accompany technology development during their expected 
time-to-market, which in some cases may be decades (Bonnin Roca and 
O’Sullivan, 2020; Said et al., 2012). Our findings suggest, however, that 
these same cluster forces might also be the source of potential technol-
ogy lock-out, as the key actors in the innovation system (e.g. technology 
centers) in charge of facilitating technology diffusion might become a 
self-reinforcing mechanism to prevent innovation. Investment decisions 
at these organizations are driven by the interests of both the organiza-
tion itself, which needs to be financially sustainable, and its industry 
members, who may focus on short-term incremental projects rather than 
on long-term strategic goals. In our case of the Portuguese molds in-
dustry, these attitudes appear to be further encouraged by institutional 
instability. 

Policies to foster the adoption of less forgiving technologies need the 
establishment of a long-term public “credible commitment” (North and 
Weingast, 1989) to attract private investment, in the form of specific 
regulation, tax policies, or a new long-term direction of the science and 
technology policy (Bergek et al., 2008b). To ensure the continuity of 
these policies, it is likely that governments would require multi-partisan 
support (Branscomb, 1997). An option to estimate the amount of sup-
port needed in the long-term is the creation of strategic industry road-
maps highlighting the interdependencies between technological 
development and public policy, in the short-, mid-, and long-terms (Ho 
and O’Sullivan, 2017; Walsh, 2004). Otherwise, changes in the political 
environment may introduce additional instability, such as the intro-
duction of retroactive measures in existing installations in the Spanish 
energy market, may lead to a market bust (del Río and Mir-Artigues, 
2012). After support for a certain technology has been disrupted, it may 
be very difficult to recover. Our findings suggest that the later acquisi-
tion of a MAM machine by CDRSP had little impact on MAM’s research 
or industry’s perspective on the potential of the technology. Thus, 
instability may help create a negative feedback loop, as shown in Fig. 8. 
Without institutional support, the leading Portuguese SMEs started 
experimenting with MAM on their own. Because MAM entailed a large 
technological uncertainty, and MAM products have stringent specifica-
tions, most of these early experiments in the private sector were disap-
pointing, causing firms to lose interest in MAM. 

The institutional stability we propose should not be confused with 
institutional rigidity. In fact, existing literature shows that institutions in 
charge of technology upgrading need to be flexible to adapt to rapid 
technological changes (Amsden & Chu, 2003; Breznitz, 2007). Indeed, 
regulators may need to periodically revise their policies in order to avoid 
situations of ‘regulatory lock-in’, where regulation written while the 

Fig. 8. The Portuguese industry may have entered a negative feedback loop in 
the introduction of MAM. 
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technology is immature may constrain the long-term potential of a 
technology (Bonnín Roca et al., 2016; Keith et al., 2010). 

7. Conclusion 

Our work presents a comparative case study of the diffusion of two 
emerging process-based technologies, polymer and metallic additive 
manufacturing (PAM and MAM), in Portugal, a resource-constrained 
technology follower, given institutional instability. Although MAM 
may be instrumental to long-term global competitiveness for the Por-
tuguese molds industry, MAM’s adoption has been much lower than 
PAM’s. We develop new theory for how the different technological 
characteristics and industrial contexts of PAM and MAM interact with 
institutional instability during early technology adoption such that one 
technology (PAM) achieves widespread adoption, while the other 
(MAM), does not. Specifically, we generate theory about how 
technology-level and industry-level risks, determined by the maturation 
state and maturation rate of a technology, influence the ‘forgiveness’ of 
that technology, defined as the susceptibility of the adoption of a certain 
technology to institutional instability. Based on the lessons from our 
cases, we propose a new framework on how to think about generalizing 
our findings to other technologies and industrial contexts. For successful 
adoption, countries willing to invest in less-forgiving technologies may 

need to simultaneously invest in long-term policies related to funds and 
the development of necessary national know-how. 
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Appendix: Interviews conducted 

Table 3 Interviews Conducted   

Sector/Organization Position Date Cited As 

Firms 
Aeronautics-1 R&D Manager 4-Feb-16 26 
Aeronautics-1 Metallic Producs 4-Feb-16  
Aeronautics-2 Maintenance 18-Mar-16  
Aeronautics-3 Process Engineer 7-Apr-16 27 
Automotive-1 Process Engineer 7-Apr-16 28 
Biomedical-1 CEO 17-Feb-16 24 
3D-Printing Education CEO 17-Feb-16  
Engineering and Design-1 General Manager 5-May-16 15 
Engineering and Design-2 General Manager 3-Mar-16 16 
Engineering and Design-3 General Manager 3-Mar-16 10 
Engineering and Design-4 CEO 22-Feb-16  
Engineering and Design-5 Manager 9-Sep-16 30 
Machinery-1 CTO 12-Jul-16  
Machinery-1 CEO 12-Jul-16  
Machinery-2 Co-Owner 19-Apr-16  
Machinery-3 Managing Director 11-Mar-16 22 
Molds and Tooling -1 Technical Manager 10-Mar-16 1 
Molds and Tooling -1 CFO 23-Feb-16 2 
Molds and Tooling -2 Director, Prototyping 3-Mar-16 3 
Molds and Tooling -3 Technical Manager 3/18/2016 and 4/6/2016 4 
Molds and Tooling -4 MAM Expert 25-Jul-16 5 
Molds and Tooling -5 R&D Engineer 21-Apr-16 14 
Industry Organizations 
Industry Association - 1 Technical Director 28-Sep-16  
Industry Association - 2 R&D Head 19-Apr-16  
Industry Association - 3 R&D Coordinator 2-Mar-16 30 
Technology Center -1 President December, 2015  
Technology Center -1 R&D Head Several 20 
Technology Center -1 Prototyping 30-Jan-17 6 
Technology Center -2 R&D Head 1-Mar-16 21 
Technology Center -2 Financial Director 1-Mar-16  
Research institutions 
Research institution-1 R&D Coordinator 1-Mar-16 19 
Research institution-1 Head of Prototyping 19-Jul-16  
Research institution-2 Member of Board 28-Sep-16 23 
Research institution-3 Adjunct Director 30-Jun-16 18 
Research institution-4 PAM Research 4-Mar-16 12 
Research institution-5 Member of Board 3/10/2016 and 5/5/2016 9 
Research institution-6 Advanced Manufacturing 28-Sep-16 17 

(continued on next page) 
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(continued ) 

Sector/Organization Position Date Cited As 

Research institution-6 Product Development 2-Mar-16 13 
Research institution-7 PAM Research 23-Feb-16 11 
Research institution-7 MAM Pioneer 31-Mar-16 7 
Research institution-7 MAM Pioneer 1-Apr-16 8 
Other 
Training Center-1 Head of Training 6-Apr-16  
Training Center-2 General Manager 28-Sep-16  
Makerspace-1 Director 19-May-16 25 
Government-1 Innovation Policy 19-Jul-16 29  
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Esperto, L., Osório, A., 2008. Rapid tooling Sinterização Directa por Laser de. Metais. 

Rev. Assoc. Port. Análise Exp. Tensões ISSN 1646, 7078. 
EUR-Lex - 32013R1303 [WWW Document], 2013. URL http://eur-lex.europa.eu/legal- 

content/EN/TXT/?uri=celex%3A32013R1303 (accessed 1.25.17). 
European Commission, 2007. Research for SMEs and Research for SME Associations at a 

Glance: the FP7 funding model. Office for Official Publications of the European 
Communities, Luxembourg.  

European Commission, 2014. Additive Manufacturing in FP7 and Horizon 2020. Report 
from the EC Workshop on Additive Manufacturing held on 18 June 2014. 

European Commission, 2015. Horizon 2020: first results. Publications Office, 
Luxembourg.  

European Commission, 2016. Work Programme 2016-17. General Annexes. D. Types of 
action: specific provisions and funding rates. 

European Innovation Scoreboard, 2016. European innovation scoreboard - Crecimiento - 
European Commission [WWW Document]. Crecimiento. URL http://ec.europa.eu/ 
growth/industry/innovation/facts-figures/scoreboards_es (accessed 9.15.16).  

Fagerberg, J., Godinho, M.M., 2005. Innovation and catching-up. Oxf. Handb. Innov. 
Oxf. Univ, Press N. Y, pp. 514–543. 

Fagerberg, J., Srholec, M., 2008. National innovation systems, capabilities and economic 
development. Res. Policy 37, 1417–1435, 10.1016/j.respol.2008.06.003.  

Faria, L., 1999. Integration of rapid proto typing techniques in the manufacturing chain 
process of the foundry industry - Final Report (No. NATO-Sf’S-PO-PROTOTYPING). 

Feldman, M.P., Kelley, M.R., 2006. The ex ante assessment of knowledge spillovers: 
Government R&D policy, economic incentives and private firm behavior. Res. Policy 
35, 1509–1521, 10.1016/j.respol.2006.09.019.  

Ferraz, J.C., Kupfer, D., 1999. Macro/Micro Interactions: Economics and Institutional 
Uncertainties and Structural Change in.. Oxf. Dev. Stud. 27, 279. 
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