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Abstract This paper is concerned with how government research funding and collabo-
ration between researchers affect academic technological production in the context of
nanotechnology in Canada and in the United States. We use the co-invention and co-
authorship networks of scientists to build indicators of collaborative behaviour and
investigate whether the nature of the network plays a role in the academic technological
productivity and quality. Results suggest that technological output has the potential to offer
governments useful guidance concerning the effectiveness of academic grants and col-
laboration in the United States and in Canada. This paper provides evidence that the
position of researchers in both co-invention and co-publication networks does influence
technological productivity and quality.
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1 Introduction

The rapid increase in academic patenting raises issues regarding the development of new
technologies. Universities, as an important source of knowledge, traditionally contribute to
solving research problems and publications, but in recent decades, universities have been
involved in patenting and supporting industrial innovation (Lawson 2013). Recent
development in relationship between university and industry, especially the growth of
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university patenting has attracted considerable attention over past decades. In 1980, the
passage of the Bayh—Dole Act in the United States (US) removed patenting restrictions for
universities and provided greater flexibility for university licensing agreements, and con-
sequently, the number of academic patents has dramatically increased (Siegel et al. 2003).
Bayh-Dole Act resulted in establishing technology transfer offices in universities to
identify the potential commercial interest in exploiting and licensing the results of uni-
versity research. In addition to being a trigger to re-evaluate the role of universities in
society towards a multi-faceted and powerful knowledge transfer organization (Grimaldi
et al. 2011).

Nanotechnology has been widely considered as one of the leading drivers of future
economic development and has been of particular interest for national governments over
recent years. Most countries have greatly strengthened their nanotechnology R&D pro-
grams and have given nanotechnology research a higher priority in their strategic economic
planning (Dang et al. 2010; Pandza and Holt 2007; Shea 2005). Academic research has a
strong role to play in the early stages of research program particularly in emerging
knowledge-based technologies (Aghion et al. 2008), i.e. when the technology is not yet
mature or market-ready.

Because of the large amount of investment in nanotechnology, the question of whether
this substantial investment in nanotechnology research enhances technological innovations
emanating from universities or only generates scientific output gains is a key issue here.
Understanding the impact of funding is critical as it is not trivial that such government
expenditure is effective. An efficient allocation of public funding requires identifying the
impact of receiving government grant on the subsequent research output. We need more
evidence to find out whether such researchers are likely to be more productive. This paper
aims to find to what extent government research funding influences academic patenting in
the field of nanotechnology in Canada and the US.

Paull et al. (2003) indicated that government investment plays an important role in the
development of emerging technologies that are risky and need long-term research. For
instance, the US has created the first major investment trend through the funding of the
National Nanotechnology Initiative (NNI) to benefit from this new technology. Initiatives
such as the NNI have created a new wave of government-funded research and have
provided a proper base for nanotechnology development. The cumulative investment in
NNI amounted to almost $21 billion over the period 2001-2015 (NNI 2014). Roco (2005)
declared that accordingly many countries have followed suit and substantially increased
investment in nanotechnology in recent years.

Canada has similarly launched various government-funded programs to support nan-
otechnology development: examples of federal research funding are provided via organi-
zations such as the Canada Foundation for Innovation (CFI) and the National Research
Council (NRC). In addition to the classic grant awarding organisations such as the Natural
Sciences and Engineering Research Council (NSERC) and the Canadian Institutes of
Health Research (CIHR), the National Institute for Nanotechnology (NINT), established in
2001, operates as a partnership between the NRC and University of Alberta and was jointly
founded by the Government of Canada, the Government of Alberta and the University of
Alberta. The considerable Canadian federal investments, and the lesser provincial and
private sector investments earmarked for nanotechnology helped to spur R&D, attract
leading researchers and facilitate the work of local communities of nano researchers in
Canada (Hu et al. 2011; Steele 2008).

These nano researchers generally work in well-connected collaborative teams. In the
last decades, there is more focus on formation of research collaboration and scientific
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networks. Academic researchers tend to participate in teams when they receive federal
funding and their research would be benefited from new collaborations and may increase
the likelihood of good quality and quantity of their research output. Hence, in order to
advance knowledge in economics of science, technology and innovation, we need to
examine academic research collaborations linking scientists to one another in a scientific
environment. This paper explores the impact of a researcher’s position in networks on
technological activities and investigates whether the nature of the network plays a role in
the academic technological productivity and quality. Much attention has been paid to
university patenting in recent years and its interaction with university—industry collabo-
rations is of great interest (Geuna and Nesta 2006; Lissoni 2009; Murray 2004). Our paper
focuses on this collaborative behaviour of researchers and compares its effect with that of
funding on technological output. While this study concentrates on an important field as the
technologically advanced world has been considered it to be the future (Besley et al. 2008;
EI Naschie 2006), it provides direct insight into the scientific and innovative relationships
between scientists at the same time, something that has not been considered in previous
studies.

A complementary line of study examines this relationship in the US and Canada. The
US, being one of Canada’s major collaborative partners, there is a high occurrence of co-
invention patents between the two countries. A study of 12 foreign patenting countries in
the USPTO by Marinova and McAleer (2003) shows that the US ranked first and Canada
ranked fifth in terms of the number of nanotechnology patents between 1975 and 2000.
Given the breadth of potential applications and significant belief in the potential of nan-
otechnology to transform economy and society, Canada has followed the US and estab-
lished nanotechnology initiatives to take advantage of innovation evolution in
nanotechnology. Wong et al. (2007) ranked Canada in the 6th position amongst the top 10
inventor countries for nanotechnology patents between 1976 and 2004. In addition, they
also found that Canada had the largest improvement in average citations received per
patent between 2000 and 2004. In assessing nanotechnology patents, Chen and Roco
(2009) demonstrated that Canada continued to rank in the top 10 nanotechnology assignee
countries in 2005-2006.

Using patent data from the United States Patent and Trademark Office (USPTO) and
other funding databases, this paper makes three useful contributions to prior studies. First,
we focus on nanotechnology patents resulting from academic research and investigate
whether government funding and collaborations increase the number of patents and
enhance university patent quality. Second by focusing on two scientific and innovative
networks between academic researchers, we examine the crucial role of these networks in
driving technological progress. Third, we supplement our analyses with a comparison
between the US and Canada to try to understand the affection of collaboration and funding
in academic research. The remainder of the paper is organized as follows: the next section
briefly describes the existing literature. We then introduce the data, variables and
methodology employed in Sect. 3, and Sect. 4 presents the results. Finally, we conclude
with a concise discussion in Sect. 5.
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2 Conceptual framework

Academic research is regarded as a key source of new knowledge that contributes to
technological change. Since the field of nanotechnology is science-based in nature, uni-
versities appear to have an enhanced role to play in terms of innovations and economic
development (Etzkowitz et al. 2000). Not so long ago, it was not traditionally a prime
concern for universities to bring academic research results to the industry, but it is now
increasingly necessary for universities to become significantly involved in economic
development, patenting and licensing activities (Van Looy et al. 2004; Perkmann and
Walsh 2009; Muscio et al. 2013). Narin et al. (1997) highlighted that rapidly growing
linkages exist between scientific publications and patents. Crespi et al. (2011) further
showed that academic patenting even could complement publishing. Their findings indeed
found an inverted U-shaped relationship between patenting output and publishing, sug-
gesting a positive correlation up to a certain level of patenting. According to Meyer et al.
(2010), nanotechnology is perceived to be a highly promising technology.

Wong et al. (2007) found that universities play an increasing role in nanotechnology
patenting in Canada and the US. In this regard, governments aggressively support aca-
demic research to accelerate its progress via grants to cover the rather high research costs
and infrastructure expenses associated with this new technology.

Given the influence of this emerging technology on future scientific and economic
development, it is vital to identify the pivotal role of government funding aimed at
stimulating nanotechnology. Because of the growth of funding trends in nanotechnology
(Bhattacharya 2007; Crawley 2007; Davies 2007; Hullmann 2006; Roco 2005, 2011,
Sargent 2008; Seear et al. 2009), it is not surprising that funders, i.e. mainly governments,
seek to determine whether such funding increases the return to academic research output.
According to Arora et al. (1998), moreover public grants affect both current and future
researcher output. A strong correlation between research funding and technological per-
formance has been identified by other scholars, indicating that this R&D funding can lead
to the growth of technological production (see Chen et al. 2013; Coupé 2001; Foltz et al.
2000; Geffen and Judd 2004; Huang et al. 2005; Payne and Siow 2003; Piekkola 2007). For
instance, the findings of Payne and Siow (2003) show that on average an increase of
$1 million in government research funding results in 0.2 more patents in universities.
Furthermore, the statistical analysis of Huang et al. (2005) regarding US nanotechnology
demonstrated that the number of citations that each National Science Foundation (NSF)-
funded inventor received for patents was 5 times greater than that of other inventors.

In the US, there was an increase in public funding and university patenting in the 1980s
due to the Bayh-Dole legislation, which gives intellectual property rights to academic
patents derived from publicly funded universities (Argyres and Liebeskind 1998; Mowery
and Sampat 2005; Siegel et al. 2003; Zucker and Darby 2005). According to their study of
university patenting between 1965 and 1992, Henderson et al. (1998) showed that this act
increased the number of patents while the number of inventors remained relatively con-
stant. Mowery et al. (2001) further raised the point that the Bayh—-Dole Act was one of the
main factors that increased university patenting. In 1999, the Expert Panel on the Com-
mercialization of University Research of the Canadian Prime Minister also suggested that
universities should keep ownership of the patents that resulted from publicly funded
research (Mowery and Sampat 2005). Grimaldi et al. (2011) reviewed the impact of Bayh—
Dole Act and concluded that the ensuring increased research commercialization following
its introduction has not decreased the amount of basic research performed in universities.
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Thursby and Thursby (2011a, b) examined the research and invention disclosure of uni-
versities and their findings did not show any negative effect of this legislation on uni-
versities’ traditional role in basic research compared to more commercial potential. Quite
the contrary, the importance of universities in creating and exploiting knowledge in the
aftermath of Bayh—Dole has increased. In addition, university research commercialization
stimulated start-up activities, economic efficiency and encouraged entrepreneurship.
Aldridge and Audretsch (2011) found that researcher entrepreneurship was prevalent in the
Bayh-Dole era.

Academic technological productivity resulting from this increased investment can be
assessed by two attributes: quantity and quality. Similarly to a number of science-based
domains such as biotechnology or chemistry, nanotechnology heavily relies on patenting to
protect intellectual property. A patent is an accessible technology document and patent
data are presumed to be indicative of the value of innovations (Ernst 1998). Despite
various indicators used to measure the variation of patent quality such as patent renewal
data (Deng 2007; Griliches 1990; Harhoff et al. 1999; Hall et al. 2000; Maurseth 2005;
Pakes and Schankerman 1984; Pakes 1986; Serrano 2010; Svensson 2011), or family size
(Harhoff et al. 1999; Lanjouw and Schankerman 1999; Maurseth 2005; Martinez 2010),
citations are more appropriately related to the importance and presence of a patent in other
research, indicating the valuable technological content of that patent. While the first
indicator is correlated with the value of innovation at the organizational rather than
individual level, the second considers the number of countries in which a patent application
is submitted.

Higher quality patents are more likely to contain technological advances that can create
subsequent innovations (see Breschi and Lissoni 2004; Chen and Roco 2009; Daim et al.
2006; Griliches 1990; Hall et al. 2002; Huang et al. 2003; Huang et al. 2004; Li et al.
2007a, b; Wallin 2005). A number of indicators such as patent renewal, triadic patents,
citations, etc. have been used in the literature (Maurseth 2005; Lanjouw and Schankerman
1999; Pakes and Schankerman 1984). According to Meyer et al. (2010), patent citation
analysis is a prominent approach to track the strengths of links between science and
technology. The citation of patents also indicates the importance of an innovation and can
be a signal regarding to potential innovativeness. The signal is more important as the patent
is cited more (Mazzucato and Tancioni 2013). Forward citations are the most common
indicator used to measure patent “quality” by many scholars (Baron and Delcamp 2010;
Breschi and Lissoni 2004; Harhoff et al. 1999; Hall et al. 2000; Lanjouw and Schankerman
1999; Maurseth 2005; Serrano 2010; Weingart 2005).

An alternative to citations as a proxy for patent “quality” is the number of claims.
Claims describe the essential novel features of the invention and circumscribe the property
rights conferred by a patent. Referring to prior studies, high quality patents contain a large
number of claims and can be considered valuable since they indicate the breadth and scope
of protection (Baron and Delcamp 2010; Lanjouw and Schankerman 2004; Tong and
Frame 1994; Trappey et al. 2012). These measures are appropriate quality proxies given
that they are highly correlated with valuable innovations (Trajtenberg 1990; Hall et al.
2000; Harhoff et al. 1999).

One of the questions that driven this research is how academic inventors are affected by
government funding and whether dedicated nanotechnology public R&D funding increases
the technological production and quality of universities. This assessment is essential for
decision-making and R&D planning. However, prior studies that examined the impact of
government grants in universities, most commonly focused on scientific output of aca-
demic researchers rather than on their technological output. A few studies (see Huang et al.
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2005, 2006) specifically consider nanotechnology funding in such an emerging technology
field, however, there is a great need to understand how technology development has
evolved and been influenced by government funding over this short period of time. We
propose Hypothesis 1 to shed light on this issue:

Hypothesis 1 Academic inventors funded by the government contribute to (a) more
nanotechnology patents and (b) higher quality patents than other academic inventors who
are less funded by government.

In addition to research funding, numerous studies have investigated factors other than
funding that have impacted academic innovation activities. Previous studies (Azoulay et al.
2009; Breschi et al. 2008; Crespi et al. 2008; Thursby and Thursby 2007; Van Looy et al.
2006) have further focused on the link between publications and patents and highlighted a
correlation between university patenting and publishing activities. Other scholars have
examined social networks and indicated that social relationships do matter for techno-
logical innovations, presuming that when researchers work together at least once, they will
be able to exchange further information later (Balconi et al. 2004; Breschi and Lissoni
2004; Murray 2002; Newman 2000, 2001; Wasserman and Faust 1994).

In addition to funding, scientists cannot perform the work alone in the realm of
increasingly complex technologies. Collaborating with other scientists has become the
norm and contributes to improved productivity. Ma and Lee (2008), and Ruegg (2007)
further studied technological collaborations and highlighted the role of these collaborative
relationships on technological development. Their framework presumes that when
inventors apply for a patent together, they will keep in touch afterwards for a period of time
to exchange and share knowledge. In this regard, patents can be exploited to map the social
relationships between researchers and to measure to what extent collaborative behaviour
exists within research communities.

In recent years, these collaborations have attracted much theoretical attention regarding
their influence on research productivity given the critical importance of research teams
(Cagliano et al. 2000; Frenken et al. 2005; Teichert and Ernst 1999). The structure of
networks formed by socially connected researchers influences the extent of knowledge
diffusion and consequently the technological performance of inventors within these net-
works. Patenting activity is generally considered an appropriate proxy to measure tech-
nological performance and has been widely used in research studies to examine the impact
of collaborative networks, built from co-publication and co-invention data, on research
productivity, innovations and knowledge flows (Powell et al. 1999; Ahuja 2000; Breschi
and Lissoni 2004, 2009; Lecocq and Van Looy 2009).

Co-invention networks are generally more fragmented than co-publication networks,
mainly because there are a smaller number of co-inventors on a patent than there are co-
authors on a paper, but academic inventors occupy more prominent and connected posi-
tions than non-academic inventors in these technological networks (Balconi et al. 2004;
Breschi and Catalini 2008; Murray 2002). Similarly, Breschi and Catalini (2010) compared
the patterns of connectivity in co-authorship and co-invention analysis and indicated that
single inventor patents are more common than single author publications in scientific
output. Furthermore, Breschi and Lissoni (2009) found that connected patents in co-in-
ventor networks are of higher quality than non-connected patents measured by the number
of citations they receive.

In this regard, we put forward two propositions on network behaviour from academic
inventors in co-invention and co-publication networks to address the influence of social
networks on the technological output.
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Hypothesis 2 The technological performance of academic inventors who hold a more
influential network position in co-invention networks is (a) higher and (b) yields better
quality patents.

Hypothesis 3 The technological performance of academic inventors who hold a more
influential network position in co-publication networks is (a) higher and (b) yields better
quality patents.

3 Data and methodology
3.1 Data

Our empirical context is associated to the innovative output of academic researchers in
nanotechnology. To construct the necessary panel dataset, we drew on various funding,
patents and publication databases in Canada and the US. We created two databases of
Canadian and American patents in the field of nanotechnology extracted from the United
States Patent and Trademark Office (USPTO), using the affiliations of authors to distin-
guish Canadian-based and US-based inventors.' For the American-based inventors we used
the Nanobank and StartechZD databanks (which both contain subsets of the USPTO). The
justification for using the USPTO instead of the Canadian Intellectual Property Office
(CIPO) is that the latter does not systematically contain inventor’s addresses, which
complicates the disambiguation process. Beaudry and Schiffauerova (2011) suggested that
Canadian nanotechnology inventors file their patent applications in the US as well as, or in
lieu of, in Canada. Similarly, a country patent analysis by Li et al. (2007b) demonstrated
that the number of Canadian patents in the USPTO is much higher than in the European
Patent Office (EPO).

To identify nanotechnology-related patents, we performed a lexical extraction on
patents which contain nanotechnology related keywords. We used a set of keywords
suggested by Porter et al. (2008), Schmoch et al. (2003), Zitt and Bassecoulard (2006),
Mogoutov and Kahane (2007) and Zucker et al. (2011). These studies used distinct key-
words in their definition of nanotechnology but as there is no agreement on a unified lexical
query delineating core nanotechnology keywords, we utilized the keywords which were
used in more than one study and considered common keywords of the all keywords used by
these different studies. We used this set of common keywords and consulted with nan-
otechnology experts to validate this choice. This process was very useful and led us to
remove some redundant keywords and keywords that would lead to false positive results.
Finally we used these keywords in the USPTO database and then extracted only the patents
for which at least one inventor had an address in Canada or the US. Using a similar
keyword query, we then added nanotechnology-related scientific publications from Else-
vier’s Scopus.

For the purpose of our analysis, we extracted data between the years 1985-2005. The
reason that 2005 is chosen as the end year for the sample is that we aimed to have enough
citation years after the end date for the sample (2005) because we examined three periods
for citations, 3, 5 and 7 years after grant year for patents. It is not uncommon to find
patents that have taken 5 years to be granted and then to count 5 years of citations delays
us to 2015. For the analysis that follows the start year of the panel, we chose 1996 for two

! Patents with both Canadian and US inventors were counted in both sets.
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reasons: first, prior to that date, too few nanotechnology papers and patents are found,
second, the Scopus database changed to include many more journals with publication year
after 1995.

Patents were employed to build collaborative co-invention networks and articles were
used to construct the co-publication networks in 3-, 5- and 7-year intervals starting in 1985.
These time intervals are an important consideration in our analysis since we assume that
researchers keep in touch to share and exchange their knowledge over time.

Our source of data for funding in both countries is federal funding. Data on federal
grants for the US was collected from the Nanobank and StartechZD databases. The gov-
ernment grant data for Canadian researchers was retrieved from two of the three federal
agencies: the National Sciences and Engineering Research Council of Canada (NSERC)
and the Canadian Institutes of Health Research (CIHR).> The data was then precisely and
manually cleaned and databases were merged to finally end up with a target panel data for
the examination. The data from the Nanobank and the StartechZD databanks were already
cleaned. In Canada, the merge between grants, patents and publication databases was
performed manually to avoid cases of homonymy and of synonymy. We are confident’ to
have minimised ambiguities by proceeding this way for Canada.

3.2 Dependent variables

To establish the base model, we take into account the number and two proxies for the
quality of patents and the complex relationship between funding and collaborative deter-
minants. The first dependent variable, the number of patents (NP;), accounts for the
production of technology. Two other variables, the number of citations (NCi;) and the
number of claims (NCl;,),* are proxies for patent quality in the base model (in Eq. 6).

Similarly to the networks, three different time frames were considered in order to count
the number of citations: 3-, 5- and 7-year. In the final model, we used the 5-year window
for which we found more consistently significant results rather compared to the two other
periods.

For each academic inventor the dependent variables are the following:

n j+5

NCiyy = > nCityig (1)
p=1 J

2 These two federal agencies invested considerable amounts of funding on nanotechnology and nanome-
dicine in Canada and they were initiatives in launching research programs in this field. NSERC’s funding
allocation supports the participation of academic researchers in nanotechnology.

* We did a considerable amount of work to clean the data as much as possible to correctly identify inventors
and their names. For example to overcome the disambiguation of addresses of individuals, their affiliations
were checked manually to clearly identify the inventors from universities, we checked for misspelling of
names and eliminated dual entries and identified the researchers with similar names but different affiliations
and addresses through time. We assigned unique IDs for individuals to use them as reference point which
gave us an excellent base for the merging of different databases. The funding data was provided by the
government and had been cleaned and verified. The fact that Scopus links authors with their affiliations was
a great help to match with patenting databases and to disambiguate the data.

4 Because of the gap between patent filing years and patent issue years, we track the impact of funding on
the patents based on their filing date for the number of patents and the number of claims, but for citation, the
issue year of the patent is considered.
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n
NClyy =~ nClaimy (2)

p=1

where nCit,;; and nClaim,,, are respectively the number of forward citations up to j years
after the granting year and the number of claims of patent p for inventor i that was filed in
year .

3.3 Independent variables

The average yearly amount of government funding received by an academic-inventor
i over the past three years (F) enables us to test our first hypothesis. For the collaboration
variables, we make use of the tools developed for social network analysis, i.e. betweenness
centrality and the clustering coefficient. Betweenness centrality (BC) measures the
importance of intermediary researchers in the network. It is calculated by the number of
shortest connecting path (geodesic distance’) between two nodes. In our networks the
nodes represent individual scientists or inventors. Betweenness centrality was first sug-
gested by Freeman (1977) as an indicator of the level of control of a specific researcher on
communication and knowledge sharing within an interrelated community. According to
some scholars (see Balconi et al. 2004; Salmenkaita 2004; Izquierdo and Hanneman 2006),
betweenness centrality in co-invention networks is positively correlated with the produc-
tivity of scientists. If a researcher with a high level of betweenness centrality leaves the
network, the network may break into smaller subnetworks. For a researcher £, this indicator
is calculated by (Leydesdorff 2007):

pow) = S, vz 3)
i v

where g;; indicates the number of geodesic paths between i and j and g;;(k) is defined as the
number of these paths that include researcher k. From this equation, we derive two vari-
ables: PBC measures betweenness centrality in the co-invention network (the prefix
P stands for patents) and ABC measures betweenness centrality in the co-publication
network (the prefix A hence stands for articles).

The clustering coefficient (CC) is defined as the likelihood that two researchers are
related when they both have a mutual relationship with a third researcher in the network.
This measure represents the tendency of researchers to cluster. Networks with a high
clustering coefficient enhance the innovative output and performance of individuals.
Clustering offers connectivity between researchers and increases the speed with which, and
the probability that, partners access knowledge (Schilling and Phelps 2007). The clustering
coefficient is calculated by Eq. 4:

2FE;

CC =t (4)

where k; is the number of neighbours of i and E; denotes the number of direct links that
connects the k; nearest neighbours of researcher i (Watts and Strogatz 1998). For this
equation, we also derive two variables: PCC measures the clustering coefficient in the co-

> The geodesic distance is the shortest distance between two nodes indicated the number of relationships in
the shortest path connecting one researcher to another.
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invention network (the prefix P stands for patents) and ACC measures the clustering
coefficient in the co-publication network (the prefix A stands for articles).

We employ software package Pajek to calculate these network determinants for our two
co-publication and co-invention networks. The two network characteristics of the co-
invention network (PBC and PCC) and of the co-publication network (ABC and ACC) are
used to evaluate hypothesis 2 and hypothesis 3.

3.4 Model

An important consideration in this study is the potential influence of the time delay
between our explanatory variables and research output. The patenting of innovations or the
publication of results is more likely to occur at the end of a funding period or within a few
years of setting up a scientific or technological network. Given this time delay, we assume
a l-year lag6 for funding and a 2-year’ lag for the network determinants before publication/
application of research output. Our model can therefore be expressed as:

NP;,
N In(Fyi—1), NPPy—1,PBBj;—»
cwcin) 0 =1 (Pcci,_z,ABCi,_z,Accn_z,Dt ©)
it

where D, represent time dummy variables.

To analyze the data, we estimate Poisson and Negative Binomial regression models,
which are both appropriate for count measures (numbers of patents and claims). The
former provides a means to deal with skewness and the latter allows us to account for
significant over-dispersion. In the presence of over-dispersion which was observed in our
data, the negative binomial model is more appropriate. Because nanotechnology-related
patents received fewer citations and are not in sufficient numbers to be examined as a count
variable, we hence created an ordered categorical variable for the number of forward
citations. We define a categorical variable (C(NCi;)) based on the number of citations
received over 5 years. This variable takes the value O if NCi;; is 0, the value 1 if NCi is
between 1 and 5, and the value 2 if the number of citations over 5 years is more than 5
(Eq. 6). Ordered probit regressions are appropriate for modeling with such a categorical
dependent variable. This model distinguishes unequal differences between ordinal cate-
gories of dependent variable (Greene 2003).

0 if NCiy=0
C(NCiy)=q 1 if 1<NCiz<5 (6)
2 if NCiy>5

The inclusion of funding and research output in this equation raises concerns regarding
potential endogeneity. The decision to assign grants to scientists and their prior and sub-
sequent research output are intrinsically linked, in addition to which we may have some
omitted variables that affect the opportunity to receive grants. Researchers with a higher
performance receive more funding from governments, and the amount of future grants
raised may be related to previous productivity of researchers.

© This study has considered various time lags, 1-, 2- and 3-year lag, for funding and 1-year lag was found to
be more appropriate yielding the most consistently significant results which was similar to the time lag that
Beaudry and Allaoui (2012) used in their study of the impact of funding on publications.

7 Different time lags were tested and we found 2-year lag produced the most consistent results.
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To specifically address this concern and control for potential endogeneity, we employ
the Two-Stage-Residual-Inclusion used by Bir6 (2009). We therefore estimate a variant of
the model using a set of instruments for the estimation of our funding variable (Eq. 7), the
endogenous variable. We include the career age of a scientist since the first publication or
the first grant or the first patent in the field of nanotechnology, Age, as a proxy for real age.
The quadratic form of this variable (Agez) helps account for potential non-linearity. The
number of past articles of researchers over 3 years (NA) is included to explain the fact that
funding is generally given to academic researchers with a high publication rate (Van Raan
2004).

Agei—1,NA;y >
In(Fj;_1) = g| NPP;y_1,PBCy_»,PCCy_» (7)
ABCi,_z,ACC,',_z, Dt

Endogeneity tests using the Durbin—Wu—Hausman test showed that our funding regressor
is in fact endogenous. We then performed tests for overidentifying restrictions® where the
null hypothesis is that the instruments are valid instruments. This tests that the instruments
are not correlated with the error term and the excluded instruments are correctly excluded
from the model. The results showed that our instruments are valid instruments.

The residuals of this first-stage equation are then added to the regressors of the second
stage equation given by Eq. (5) prior to its estimation. Because of a small number of years
of observations per academic-inventor, our estimations provide clustered robust standard
errors rather than what would be obtained from panel regressions.

Moreover, the network positions occupied by individuals may be a result of high quality
publication and inventive activity, which once again raises the issue of possible endo-
geneity problem related to these variables as well. Prior studies show that knowledge
diffusion is more efficient in clustered networks since collaboration among such network
facilitates the sharing of new knowledge (Cowan and Jonard 2004; Cowan 2005). Well-
connected scientists because of their higher involvement with other researchers in these
higher clustered networks are presumed to possess a greater ability to produce output. This
also becomes more important when members have high knowledge levels in a clustered
group and are known as the source of knowledge and innovation in that cliquish group
(Cowan and Jonard 2004). A researcher with a more cliquish position is more likely to
attract other researchers to his/her “clique” as additional co-inventors by virtue of his/her
reputation among other researchers. These concepts are closely intertwined and can be a
cause of potential endogeneity due to a simultaneity problem. We therefore suspect that
our network variables are likely to be endogenous.

To address this endogeneity concern regarding our second and third hypotheses, we
estimated instrumental variables regressions and Durbin—Wu-Hausman tests to determine
whether endogenous regressors in the model are in fact exogenous variables. Tests
regarding potential endogeneity of the network variables all failed to reject endogeneity in
our study. Similar results were obtained for the co-publication and co-invention networks.

8 This includes Sargan statistic, Basmann test and Sargan and Basmann pseudo-F test.
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4 Empirical Results

The estimation results for models mentioned in the previous section are shown in Tables 1,
2 and 3 and include the results of Ordered probit regressions (Table 2), Negative Binomial
regressions (Table 1, 3) of Eq. 6 (second stage) and OLS regression of Eq. 6 (no endo-
geneity) using the clustering method appropriate to repeated observations for the same
individual over a number of years. In each table, we consider 6 models estimated both with
and without controlling for potential endogeneity (2SRI and No end.). The results of first
stage regressions (Eq. 7) are presented in “Appendix 2”. Our analyses have considered
various sets of variables in a hierarchical progression including non-linear effects.

When we consider the number of generated patents, the results in Table 1 show no
impact of funding (F) on technological productivity in Canada: even when we re-estimated
the results to correct for potential endogeneity, we cannot capture the endogeneity. In the
US, in contrast, there is a positive impact of lagged federal funding (1-year lag) on the
number of patents when we account for endogeneity. The results are robust to the intro-
duction of a quadratic effect of network measures (Models 3 and 6). In terms of instrument
variables, they are all strongly significant and appropriate for the US, and in Canada only
the number of articles over the past 3 years (NA;,) does not seem to be a consistently good
instrument, but the age variable (Age) which we used as a proxy for career age of
researchers is significant. These significant results show that these variables affect the
amount of funding received by researchers and can be appropriate instruments to correct
the potential endogeneity. While, we successfully account for endogeneity in the US, the
results cannot capture the endogeneity in Canada. In terms of capturing the endogeneity,
we also need our instrumental variables to be validated and verified by examining their
correlation with other exogenous variables, with dependent variables and with our
endogenous variable. This condition was also respected in models that we captured
endogeneity problem and we found these instrumental variables significant in the first stage
of 2SRI models, which suggests that these are appropriate instruments to correct the
potential endogeneity in our models.

Our findings in the US are generally in line with that of other scholars (Chen et al. 2013;
Huang et al. 2005; Payne and Siow 2003) who found a correlation between funding and
technological productivity. In addition, past experience in patenting activity (NPP;,) is
associated with new patents in both Canada and the US. Examining the quadratic effect of
a researcher’s industrial interests in the past 3 years shows that this positive impact has a
limit: the maximum threshold of the resulting inverted-U relationship corresponds to
roughly 20 patents for Canada and 18 patents for the US. Contributing to more patents
beyond these points is associated with a decreasing trend (Fig. 1).

In terms of the role that collaboration in co-invention research networks plays in
patenting activity, our results find a positive impact of betweenness centrality (PBC) on the
number of patents. The results are consistently significant in Canada. In the US we are only
able to find this positive impact in Model 5 when we include the interactive variable.
Turning to the betweenness centrality of co-authorship networks, we cannot find any
impact on the technological productivity of researchers. These results confirm that in terms
of technological productivity, a more central position in a co-invention network is more
important than in a co-authorship network.

When we account for the nonlinear form of the clustering coefficient measure of these
two networks (PCC, ACC) variables in the model, we observe a positive linear impact and
a negative quadratic impact in both of these networks in Canada, indicating an inverted-U
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Fig. 1 Non-linear impact of the number of patents in past 3 years (VPP) on the number of patents in
a Canada and b in the United States
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Fig. 2 Non-linear impact of the clustering coefficient in a the co-invention network (PCC) and b the co-
publication network (ACC), on the number of patents in Canada (Model 3-1)

shape relationship. This implies that when researchers tend to cluster, they are more likely
to produce more patents, but a higher clustering coefficient value exhibits decreasing
returns (see Fig. 2). Those networks that become too closely clustered may start suffering
from Not-Invented-Here effects. In contrast, we cannot observe a significant influence of
innovative collaborations for the US. Hence, our results for Canada are generally in line
with previous studies (Balconi et al. 2004; Breschi and Catalini 2008; Murray 2002;
Schilling and Phelps 2007), highlighting the importance of research collaboration.

The results as presented in Table 2 show a positive impact of the number of patenting
activities in the past 3 years (NPP) on categorical variable of citations (C(NCij;)). The
results show a positive linear impact of clustering (PCC) on patent citations in the first
model only for Canada (Model 1-1). However, patenting activity is positively associated
with patent citation and the results are strongly significant for both Canada and the US. We
also observe a negative nonlinear impact implying that there is a limit for this positive
effect and once we reach that limit, the probability of receiving more citations starts to
decrease.

The other patent quality determinant considered is the number of claims (NCL;)
declared in patent documents. Table 3 displays the results of the Negative Binomial model
with clustered robust standard errors. As expected, the results are positive and highly
significant in the US: accessing greater amounts of government funding is associated with
a higher number of claims. In the US the results indicate that beyond a specific amount of
funding, patent quality diminishes (Fig. 3a). Surprisingly, when we conducted this analysis
for Canada, we found a negative impact of funding on the number of claims in our studied
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Fig. 3 Non-linear impact of a funding (F), b the number of patents in past 3 years (NPP) and ¢ the
clustering coefficient in co-publication networks (ACC) on the number of claims in the United States (Model
6-2)

5.0 - 2.4 25 1
NPP; 207 2.0
. 00 . . . , . 161 -
= 10 20 0 40 5 ;] o 151
“ 501 “ 0s] “ 10|
%47 In(103 PCE,) 05
-10.0 0.0 T T T 1n(103>< AC “)
04§ N \ 00 ; . i\
-15.0 -0.8 - 05 4
(a) (b) (©

Fig. 4 Non-linear impact of a the number of patents in past 3 years (NPP), b the clustering coefficient in
co-invention networks (PCC), and c the clustering coefficient in co-publication networks (ACC) on the
number of claims in Canada (Model 3-2)

period. Past experience measured by the number of patents in the past 3 years in both
Canada and the US positively influences the number of claims but only up to a point.
Beyond this threshold (13 patents in Canada and 29 patents in the US), one more patent
reduces the number of claims (Figs. 3b, 4a).

With respect to the influence of betweenness centrality in innovative and scientific
networks, we only observed a positive impact in Canada, but once we add the interactive
effect of betweenness with the number of previous patents, we observed the positive
impact in the US as well. In the US, our results illustrate that only the co-publication
networks enhance patent quality (see Fig. 3c), while in Canada, both co-invention and co-
publication networks boost patent quality (see Figs. 4b, c).

As observed above, that a higher clustering coefficient eventually yields fewer patents,
after an increase in the relationship, further along the inverted U-shaped curve we notice
that more integrated clusters also lead to lower number of claims. These findings tend to
suggest that although collaboration in integrated groups tends to result in higher quality
patents, slightly more integrated networks eventually decrease the patent quality.

In particular, comparing the effects of funding and network measures in Canada and the
US provides further evidence that having previously patented has a stronger positive effect
on increasing the number of patents in Canada compared to the US® (Fig. 5a). The

® For the purpose of comparing the effects of funding and network measures in Canada and the US, we
defined a dummy variable for Canada (dCA) and estimated a model where dCA interacts with other
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Fig. 5 Comparison of the impact of a the number of patents in past 3 years (NPP), b betweenness centrality
in the co-invention network (PBC), ¢ the clustering coefficient in co-invention networks (PCC), and d the
clustering coefficient in co-publication networks (ACC) on the number of nanotechnology patents in Canada
and in the United States

intermediary position of researchers in co-invention networks seems to have more influ-
ence in Canada than in the US (Fig. 5b). Although both Canada and the US have a positive
slope, one unit increase in betweenness centrality will have a stronger impact on the
number of patents in Canada. In regards to assessing the impact of the clustering coeffi-
cient in co-invention networks, Fig. Sc shows that the number of patents is associated with
a slight increase in the US while we have a negative slope in Canada, i.e. increasing the co-
invention clustering coefficient will decrease the number of patents in Canada. The results
are the opposite for the co-invention clustering coefficient: a positive slope for Canada and
a negative slope for the US (Fig. 5d).1°

Turning now to the patent citation, we find once more that past patenting experience has
a positive impact on patent citations in Canada, i.e. the probability of higher quality patents
increases in accordance with the number of patents generated in previous years (Fig. 6a).

Footnote 9 continued

variables. Due to the difference in the number of observations between Canada and the US, we created 5
random samples without replacement from the US data that have approximately the same number of
observations as the Canadian sample. Table C-3 in Appendix C compares the Canadian and US samples for
all the variables of interest. We ran ¢ test to investigate whether there is a statistically significant difference
in the means of variables in our two datasets ([Canada vs US-s1], [Canada vs US-s2], ..., [Canada vs US-
s5]).

9 We investigated whether the co-invention and co-publication clustering coefficients could have a
moderating effect on one another by interacting the two variables, but this added interaction term was never
significant.
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Fig. 6 Comparison of the impact of a the number of patents in past 3 years (NPP), b the clustering
coefficient in co-invention networks (PCC) on the number of citations in Canada and in the United States

Additionally, the clustering coefficient in co-publication networks has a higher impact in
Canada compared to the US, where the relationship is relatively flat (Fig. 6b).

According to the comparison analysis of our second indicator of patent quality (the
number of claims), a better intermediary position in an innovative network has more
impact in Canada than in the US and increasing the betweenness centrality will result in
higher quality patents (see Fig. 7). Neither the Negative Binomial nor the Ordered Probit
regressions could provide significant results to compare the importance of dynamic effects
of funding in the US and Canada.

5 Conclusions and implications

This paper presents an empirical analysis of the impact of public funding and of collab-
oration between academic researchers on university technological outputs in the emerging
science and technology domain, nanotechnology, on a sample of Canadian and American
academic patents. A limited number of studies have explored in details the influence of
funding and collaboration together on academic innovative activity. More importantly, the
large body of literature generally focuses on the influence of funding on scientific pro-
ductivity. This paper expands the focus of research on patenting by examining whether
funding and collaboration in both the scientific and the technological networks is an issue
when scientists address industrial interests. To our knowledge this is the first study where
technological performance is examined to provide insight on the impact of funding and
compare between the networks of science and of technology in the field of nanotechnology
in Canada and in the US. Three hypotheses were proposed at the start of the paper, which
we discuss in the following paragraphs.

We focus here on two relatively similar, yet very distinct countries and the results are a
rather different. We find empirical evidence that government funding enhances techno-
logical productivity in the US, but we are unable to find such a relationship in Canada. We
hence accept Hypothesis la for the US, but reject this hypothesis for Canada. For the
second part of the first hypothesis on quality, we confirm the impact of public funding on
patent quality but only in the US, and thus accept Hypothesis 1b for the US. In this regard,
the number of claims yields significant results while the number of citations, regardless of
the form of the indicator, does not, even when we include 7-year forward citations fol-
lowing the patent grant year. While more government funds in the US undoubtedly lead to
more academic patents that are associated with higher quality patents, we find there is a
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limit to the increase in patent quality. This suggests that beyond a specific amount of
funding (nearly 42,000 $), patent quality begins to decrease. The policy implication of
these results could be that governments allocate various smaller grants to researchers in
order to enhance the research output.

In parallel, the amount of public funds at the disposal of researchers in Canada does not
yield a positive impact on patent quality; hence we reject Hypothesis 1b for Canada.
Although, government plays a central role as a source of research financing in universities,
across the different domains of scientific research close to commercial applications,
Canadian nanotechnology-related patents appear to be independent from research financ-
ing. Nanotechnology is however in its infancy and technology development is slightly
slower in Canada than in the US. With respect to the fact that the patents considered in this
paper are the technological output of academic researchers, because scientists aim first and
foremost to publish rather than patent, it is possible that more collaboration and funding
from industry are necessary to incite patenting activities in Canada.

This analysis further sheds light on our understanding of the influence that collabora-
tion, within the network of science and of technology, has on enhancing commercial
interests of academic researchers. We characterised two technological and scientific net-
works based on co-invention and co-publication links between individual researchers. In
Canada we find that collaborations in both networks have a significant influence on
patenting productivity and quality, but in the US, collaborations are more effective in terms
of patent quality and we are not able to capture a consistently significant impact on the
number of patents. These findings suggest that the position of a researcher and the structure
of collaborative teams do matter and are effective in enabling academic researchers to
enhance their technological output. Therefore following previous studies (Agrawal et al.
2006; Baba et al. 2009; Balconi et al. 2004; Breschi and Catalini 2008; Breschi and Lissoni
2009; Murray 2002; Schilling and Phelps 2007; Teichert and Ernst 1999) that generally
studied the relationship between collaboration and research productivity, we contribute to
the literature in terms of a detailed analysis of the effect of collaborations on technological
productivity. We accept Hypothesis 3a and Hypothesis 3b only for Canada and Hypothesis
2a and Hypothesis 2b for both Canada and partly for the US as we have seen only
betweenness centrality in co-invention network has a positive influence on patent quality in
the US. It is worth noting that although our findings confirm that the structure of clusters in
networks of researchers can be beneficial, the collaboration of various disciplines is
required and the maximum clustering coefficient cannot yield fruitful results. As we see in
this study, if researchers do not attempt to establish relationships beyond their circles and
maintain some level of fragmentation, maximum clustering leads to a reduction in research
productivity and quality.
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Moreover, we extended our models to further our understanding of the role that
patenting experience plays on future patents. Our results, which are consistently significant
in both Canada and the US, display a reinforcing direct impact on the technological
productivity and quality of academic inventors. There is however a limit as we observe a
threshold: no positive influence is observed beyond a specific number of patents (in terms
of the number of patents, our threshold are 21 patents for Canada and 18 patents for the US,
and in terms of the patent quality, the thresholds are 13 patents in Canada and 29 patents in
the US).

We can also formulate some concluding remarks to contribute to the comparison of the
US and Canada. Moreover, in Canada, if an academic inventor already holds a better
intermediary position than other researchers and has a well-integrated clique around him/
herself (with some level of fragmentation), he/she contributes to more and higher quality
technological output. These findings suggest that collaborations in Canada are effective in
enhancing academic technological output.

From this analysis, we realize that both funding and collaborations contribute to enhancing
patenting activities in the academic world. The findings highlight the importance and
potential of both types of network connections. The study of co-authorship collaborations
shows that the establishment of even these relationships becomes effective in the future
academic patenting. Nevertheless, it is also necessary to consider that although our analysis
tracks different performance in terms of funding and collaboration in nanotechnology area in
these two countries, attempting to follow nanotechnology development requires the invest-
ment of governments not only in the young field of nanotechnology, but also in the forming
the relationships between nanotechnology researchers. Thus, increasing attention to both
research financing and knowledge exchange and collaboration could have the effect of raising
the commercial applications in academic area. As Foray (2009) stressed in smart speciali-
sation strategies, there is a role for government policies to supply incentives for researchers
who are involved in the discovery of the right specialisations and support the investments
which are complementary to these specialisations; for example investing in the co-invention
of applications and connecting researchers with the centers that invent and produce in right
specialisations. Since the growth of nanotechnology relates to technologies from various
fields, it is of great importance for governments to encourage scientists to work in teams.
Researchers need to widen their connections within these domains in order to stimulate
growth in this emerging high technology.

As in all research, there are limitations associated with this study. We focused specifically
on the field of nanotechnology (a multidisciplinary field), and different keywords were used
to determine whether a patent is related to nanotechnology. Fields evolve and we may miss
some of the patents that use emerging keywords to describe the technology. Furthermore, we
may have used keywords that may be too general and have cast too wide a net. In addition,
nanotechnology is an emerging field: not only has the number of patents and publications
been rapidly growing, but funding has also been increasing to develop this new technology.
Hence the collaborative structures of scientists have been rapidly changing over time. Our
database does not cover extensively the multidisciplinarity of research and technological
collaborations, which should bias the results towards more monodisciplinary teams (their
position in the network would appear stronger than multidisiciplinary teams). Furthermore, in
order to measure the applied knowledge in terms of innovations, we suggest that the inter-
vention of industrial funding and industry collaboration be considered in future research.

Acknowledgements Funding was provided by Social Science and Humanities Research Council of Canada
(Grant Nos. 430-2012-0849 and 435-2013-1220).
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Appendix 1: Variable description
See Table 4.

Table 4 Variable description

Variable Description

Dependent variables

NP;, Number of patents of an academic inventor i in a given year ¢
NCi;, Number of citations received by the patent(s) of an academic-inventor i over the following
5 years

C(NCi;;)  An ordered categorical variable for the number of citations that takes the value 0 if NCi, is 0, the
value 1 if NCi;, is between 1 and 5, and takes the value 2 if the number of citations over 5 years
is more than 5

NCI;; Number of claims contained in the patent(s) of an academic-inventor i applied for in year ¢
Independent variables

Fi; Average yearly amount of government funding received by an academic-inventor i over the past
3years (t —3tot — 1)
NPP;;_; Number of applied patents of an academic-inventor i over past 3 years (t — 3 tot — 1)

PBC;,_, Betweenness centrality of an academic-inventor i in the 3-year co-invention subnetwork lagged
2 years

PCC;,_, Clustering coefficient of an academic-inventor i in the 3-year co-invention subnetwork lagged
2 years

ABC;,_, Betweenness centrality of an academic-inventor 7 in the 3-year co-publication subnetwork
lagged 2 years

ACC;,_, Clustering coefficient of an academic-inventor i in the 3-year co-publication subnetwork lagged
2 years

D, Dummy variables for different years (r = 1985, ..., 2005)
Instrumental variables

Age, Career age of a scientist since the first publication or the first grant or the first patent in the field
of nanotechnology

NA;, Number of past articles published by academic inventor i over 3 years

Appendix 2

See Tables 5, 6 and 7.
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Table 5 First-stage regression results—number of patents—Canada and the United States

NP,
Us US Us
“ (5) (6)
NPP;_, —0.0090 —0.0118 0.0073
(0.0243) (0.0254) (0.0353)
[NPP;,_;)? —0.0012
(0.0009)
In(10* x PBC;,_5) —0.0562 —0.2338 —0.3689
(0.2250) (0.3500) (0.2327)
In(10* x ABC;,_5) 0.1183 0.1119 0.1799
(0.5653) (0.5656) (0.5636)
In(10° x PCC;,_5) 0.0023 0.0033 0.6898*
(0.0205) (0.0206) (0.3131)
[In(10° x PCC;_»))? —0.1022%*
(0.0462)
In(10° x ACCy;_5) 0.078 1% 0.0778%*% —0.7427
(0.0281) (0.0281) (0.4646)
[In(10° x ACC;,_5))? 0.1209%
(0.0684)
In(10* x PBC;,_5) x NPP;_,; 0.0261
(0.0370)
Age;; 0.38473:%* 0.3849%:%* 0.3805%**
(0.0389) (0.0389) (0.0391)
[Age; ) —0.0119%* —0.0119%%* —0.0118%*
(0.0021) (0.0021) (0.0021)
NA;, 0.2650%%* 0.264 175 0.2627%%%
(0.0329) (0.0330) (0.0330)
Constant 2.0645% 2.0652%% 2.0798*5%
(0.2445) (0.2445) (0.2453)
Years Yes Yes Yes
Nb observations 9157 9157 9157
Nb groups 5381 5381 5381
F 27.66%%% 26.38 %% 24 27w
R’ 0.0432 0.0432 0.0443

*xx k% * Significance at the 1, 5 and 10% levels. Standard errors are presented at parentheses
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Table 7 First-stage regression results—number of citations—Canada and the United States

C(NCiy) Canada United States
1 2 3 4
NPP;,_,; —0.4716 —0.4766 0.0447 0.0335
(0.3053) (0.3076) (0.0458) (0.0458)
[NPP;,_ ;) 0.0148 0.0149 —0.0011 —0.0011
(0.0195) (0.0196) (0.0014) (0.0014)
In(10* x PBC;,_>) —0.6760 —0.7409 0.2715 —0.1477
(0.4815) (0.6679) (0.3729) (0.4124)
In(10° x PCCy_,) 0.2132%* 0.3668 —0.0107 0.9696%
(0.1132) (1.1178) (0.0386) (0.4922)
[in(10° x PCC;i )V —0.0230 —0.1463%*
(0.1667) (0.0732)
In(10° x ACCy,_5) 0.0361 0.0351 —0.0202 —0.0230
(0.1124) (0.1123) (0.0548) (0.0547)
Age;; 0.48887%* 0.4910%* 0.29827%:#:* 0.301
(0.2327) (0.2341) (0.0911) (0.0909)
[Age; —0.0190 —0.0192 —0.0031 —0.0033
(0.0130) (0.0131) (0.0052) (0.0052)
NA;, —0.0346 —0.0336 0.1274% 0.12827%:
(0.0878) (0.0880) (0.0535) (0.0527)
Constant —2.4917%* —2.5083%* 2.3235%%% 2.3367#**
(0.9860) (1.0067) (0.4848) (0.4854)
Nb observations 201 201 201 201
Nb groups 155 155 155 155
F 21.88%#* 20.74%%% 9.52%%#% 9.13%##*
R? 0.2948 0.2948 0.0522 0.0539

wHk wx % Significance at the 1, 5 and 10% levels. Standard errors are presented at parentheses

Appendix 3: Descriptive statistics

See Tables 8, 9 and 10.
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