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Abstract

:

The aim of this work is to characterize the R&D teams of sustainable companies and analyze how they perform in terms of patent quality. The study is based on 13,355 patents filed by leading companies in the IT hardware industry. Team of inventors are characterized in terms of size, mobility, experience and openness. Sustainability is measured in terms of its environmental dimension. Patent quality is defined using ex ante and post hoc indicators. Innovation and financial performances, together with some contextual features, are also considered. One-way ANOVA is performed using “sustainability” as a discriminating factor to analyze whether significant differences are found between sustainable and not sustainable companies. Correlations between team features and patent quality are calculated. Results show that the R&D teams of sustainable companies feature a higher degree of mobility but less experience than those of non-sustainable firms; moreover, a less receptive attitude toward open innovation is observed. Even if, on average, sustainable companies develop less patents, the quality is higher regarding most attributes: scope, architectural capability, scientific and technological value; moreover, superior financial performances are achieved. The features that have a more significant impact on patent quality are the size of the R&D team and the presence of inventors who have published on Scopus.
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1. Introduction


In recent years, the availability of information and knowledge and the progress achieved in all science fields have allowed the achievement of extraordinary scientific and technological results. The competitiveness and complexity of markets has increased considerably, and companies and scientific communities have become the cornerstone of the development of world economies. Innovation has become the keyword for achieving sustainable success in such a socio-economic context, and companies’ survival has always been linked to the preservation of the “environment”, in a broad sense, in which they operate. Over the last few years, in fact, time horizons for companies have considerably expanded, moving from a short-term logic, focused on maximizing economic results, to a long-term logic, with the aim of creating stable relationships with the external environment that allow the company to survive for a long time.



In this perspective, one of the main drivers of current innovation is sustainability, understood as a dynamic socio-economic-environmental balance that guarantees a perspective of continuity.



The adaptation to regulations on pollution and the reduction of environmental impact, the need to design sustainable services and products and the need to collaborate in order to achieve higher level scientific results represent a difficult challenge but also a great opportunity for sustainable success and survival [1]. Indeed, innovation in environment-friendly, ’green’, technologies is crucial to ensure sustainable growth [2].



The introduction of the Sustainable Development Goals (SDO) Agenda 2030 [3] is inevitably changing companies’ strategies and objectives; however, on closer inspection, the focus on reducing environmental impact has influenced the governance of entire nations, global strategies and scientific research.



As a matter of fact, innovation has to be considered the obligatory step for significant and sustainable competitive advantage and global economic growth of companies: growth and development that must ensure long-term survival. Therefore, innovating not only allows companies to grow and improve but also to survive over time. The company’s ability to successfully innovate in a lasting manner represents a decisive goal, and attention must be placed on the factors determining such success.



The effectiveness of an innovation process that leads to the development of a patent is linked to many strategic, economic and social factors, but the analysis of the features of the team of inventors undoubtedly also constitutes an interesting issue for the literature on the subject (see, e.g., [4,5]).



The aim of this work is therefore to characterize the team of inventors and to identify the distinctive elements responsible for virtuous processes of idea generation that have resulted in patents, with the firm conviction that the patent is the maximum expression of a company’s innovative capacity, and that it can be considered as a tool for sustainable success and business survival. The paper aims at answering the following question: how do sustainable companies achieve better innovation performances through the composition of their R&D teams?



This work analyzes 13,355 patents filed by leading companies in the IT hardware industry and characterizes the teams of inventors in terms of mobility, experience and openness. The companies are classified according to their focus on environmental sustainability issues as of 2005, distinguishing “sustainability pioneers” from the other firms. The features of the two clusters are compared, and the relationships between R&D team characteristics and patent quality are investigated.



In what follows, after a brief review on the main characteristics of the team of inventors influencing innovation quality, methodological issues with regard to data sampling, variable definition and statistical methods are reported. Thereafter, results are presented and discussed. Conclusions close the work.




2. Background and Framework


The measure of the innovative capacity of a company is a topic widely debated in the literature [6,7]; patents are certainly the most common measure of a company’s innovative capacity [8]. Recognizing the value of a patent as a tool of innovation and, therefore, of corporate sustainability, one can wonder which are the features of the inventors producing high-quality innovation. In what follows, scientific contributions regarding (1) which characteristics of inventors affect the innovative capability of R&D teams and (2) which are the most relevant innovation performances are analyzed. Therefore, the theoretical framework relating such issues with the sustainability concept is presented.



2.1. R&D Team Features


The literature is rich in contributions investigating the characteristics of patent inventors who have an impact on innovation performances.



A first stream of studies investigates the experience of team members. The basic idea is that inventors’ background, especially if obtained in institutional contexts such as universities, contributes to the availability of resources and ultimately increases the quality of results that can be achieved. Indeed, the level of education and knowledge of team members, as well as belonging to large companies with larger R&D projects, positively influences the number of patents [5]. Some studies highlight the importance of individuals’ background and history and their impact on innovative and inventive activities [9,10], and the role of key inventors in obtaining valuable results is underlined [11,12,13].



Within the broader area of team experience, particular emphasis is given to scientific experience: Zucker et al. [14] believe that the involvement of academics and researchers from universities can be an opportunity to launch and carry out valid research, from the scientific point of view. The quality of the scientists and their need to achieve high-quality objectives also push them to leave research institutions and universities to migrate to companies.



High-quality innovations are supported by highly relevant scientific knowledge and generate high expected economic value [15]; this implies a positive association between the quality of the knowledge base held by an inventor and the interfirm mobility [16]. In fact, the innovative activities underlying the processes of invention/innovation involve practical activities and learning-by-doing but also scientific knowledge forfeited by subjects who have followed a formalized education process [17]. The presence of subjects with a higher level of knowledge is evaluated in terms of scientific publications that the team members present [14,18].



A second set of contributions focuses on the mobility of team members: Trajtenberg [4] confirms the positive impact of R&D employees’ mobility on innovative output and invention value; Hoisl [19] shows how a relationship exists between the inventor’s mobility and his/her productivity: “movers” are in fact more productive. The general idea is that greater knowledge favors the process of knowledge transfer and, therefore, the possibility of reaching a higher level of knowledge. Lewis et al. [20] argue that large corporations characterized by freedom of movement attract talented individuals, triggering a virtuous circle. Fallick et al. [21] believe that mobility represents the possibility of reallocating resources characterized by high levels of innovation. Yet, the result is controversial: as a matter of fact, Klepper [22] verifies that the most productive inventors are less inclined to travel and change employers.



A third stream of studies concentrates on the presence of external sources of knowledge deriving from opening the development process to third parties. Indeed, a growing number of contributions is examining the topic of knowledge sources and the mechanisms necessary to find such knowledge [23,24,25]. The creation of formal or informal networks, collaborations, affiliations and exchanges between companies and institutions goes in this sense; this is particularly true and simpler in cases of geographical proximity [26].



The patent is usually the result of a team’s work and never that of an individual; “open science” reveals an increasing importance of finding knowledge from external organizations, in a general sense, and in particular from universities [27,28].



The main argument is that the cultural background and the availability of resources differ substantially between the heterogeneous contexts of organizations and institutions, involving ways of learning, operating and generating fundamentally different knowledge [29,30].



Rosenkopf and Almeida [31] confirm that knowledge flows between the companies involved in the process lead to a higher overall technological level, reducing distances. However, the potential linked to the transfer of knowledge, and therefore to the effectiveness of the collaboration, is linked to the type of knowledge and to how it is embedded in the team and in the organizational structure [16]. In fact, the value of a researcher’s expertise can depend on his/her interaction with colleagues within the team and be the source of the knowledge generation process.



Related to the presence of external sources, a specific research area concerns team diversity, which is analyzed in literature with contradictive results. If creating teams with diverse talents is definitely an effective human resources strategy [32,33], the use of diverse teams could bring suboptimal performances: positive organizational synergies between diverse expertise and experiences can be counterbalanced by significant difficulties in terms of coordination, tension, and intra/intergroup conflict [34]. Considering such conflicting issues, it is not surprising that some authors found no consistent effects of team diversity on organizational performance [35].



A further issue is team maturity: Katzenbach and Smith [36] introduced a team performance curve that shows how team performance varies with maturity, from medium at the starting phase (working group) to low in an intermediate phase, in which old ties and relationships are broken and new ones are established (pseudo-team), to increasing levels (potential, real and high performing team) when maturity is high. Also, Elrod and Tipped [37] confirmed the general form of Katzenbach and Smith’s team performance curve with some empirical measurements and pointed out that the ultimate performance level of high performing teams is higher than the one attained during the initial step of implementing teams.



Finally, another element that can affect patent productivity and quality is the average age of team members. Actually, the age of the inventor is surely related to his/her experience and mobility: the higher these two features, the older the inventor. Consistently with such an assumption, it is generally believed that the average age of quality inventors is relatively high [38].




2.2. Innovation Performances


The issue of how to measure innovation performances is widely investigated in literature, and many different indicators are proposed. The main distinction can be made between patent indicators and non-patent indicators. Such a dichotomy reflects the complex nature of innovation, which is obviously related to technological issues, but not only to them.



The recourse to patent indicators is justified by the fact that patent documents are a valuable source for the analysis of innovation: indeed, they are publicly available, allow access to a wide range of objective and standardized information, are continuously updated [39], cover decades of innovation activities [6] and are widely acknowledged by scientific literature [40,41,42,43]. Therefore, patent indicators are able to provide objective measures for the output of innovation activities, covering many different aspects of technological information [44].



Among patent indicators, a distinction can be made between ex ante and post hoc measures. The former can be determined at the application date and contain information on the potential value of the patented technology: the number of claims, determining the boundaries of the exclusive right and defining the scope of the patent [44]; the absence of citations to previous patents, determining the originality of the technology [45]; the presence of citations to non-patent literature (NPL) and research papers, defining the scientific content of the patent [46]; and the novelty of the combination of technological areas [47] included in the patent, denoting the capability of creating new architectures [48,49]. The latter can be defined only some years after publication, determining the actual impact of the patent in terms of technological acknowledgment, registered by the number of citations received from other patents [50,51,52], and of market success, defined by the number of patents generated by the applicant after the focal patent and recalling it as a priority [44,53]. Moreover, post hoc indicators also ascertain the fact that, after the application, the patent was actually granted by the receiving patent office and not lapsed by the assignee, i.e., renewal fees were paid to maintain the exclusive right [44,54].



Within non-patent indicators, a variegated set of indicators are used to measure the resources and the inputs employed in the innovation process, the performances of the process itself and the outputs and benefits deriving from it, in terms of both monetary and non-monetary results. The Boston Consulting Group [55] defined funds invested in innovation projects, revenues from new products, projected vs. actual performances, average development time per project, number of projects that meet planned targets, percentage of new ideas funded, number of projects killed at each milestone, and the cannibalization of existing product sales by new offerings as the most important metrics used by companies; however, they also included customer satisfaction, number of new offerings, consumer adoption rate, cost savings, innovation return on investments, gross margin and time to market as indicators that orient executives’ behavior towards innovation projects. The same study reports an input-process-output perspective, where number of new ideas, business unit investments by type of innovation, R&D as a percentage of sales, and full-time technical staff are used to assess the inputs of innovation. Furthermore, idea to decision time, decision to launch time, projects by type and launch date, and the sum of projected net present value provide metrics for the process, while patents granted, launches by business segment, percentage of sales and profit from new products, and innovation return on investments define the outputs of innovation.




2.3. Theoretical Framework


All the elements emerging from the literature review as key features in determining the quality of innovation can be related to sustainability, if this is defined as the ability of efficiently manage scarce resources to achieve positive results. Indeed, the development of a new technology is an extremely complex and time-consuming process, where the knowledge resource is critical. A peculiarity of knowledge is that, even if it is a scarce resource, it is not extinguished by use, but rather strengthened. Indeed, technological learning is past-dependent: through past-dependent learning, a firm can produce new knowledge at a lower cost [56], i.e., in a more sustainable way.



Involving highly educated inventors can reduce development time and ensure high-quality results. Many previous working experiences of inventors translate into a wide set of technical and technological skills that can be effectively employed in current R&D efforts. The same goes when such skills come from diverse and variegated talents. The recourse to inventors with an academic background allows easy access to relevant scientific knowledge. Relying on knowledge networks and other inter-firm collaboration forms optimizes the use of internal and external knowledge resources, reducing times if compared to the exclusively internal development. Resorting to teams of inventors who have already worked together allows companies to skip the running-in phase and to make the most of already developed synergies.



In synthesis, from a sustainability perspective, team experience, mobility, openness, diversity and maturity are all related to the efficient use and re-use of knowledge sources to achieve high-quality results with less effort and in less time and, at the same time, to further developing and strengthening the same sources for future use. For this reason, we believe that companies with higher sustainable propensity might achieve better innovation performances from the composition of their R&D teams (Figure 1).





3. Materials and Methods


3.1. Data and Sample


The research is performed on patents filed by R&D-intense IT hardware companies from 2000 to 2005 and thereafter granted. This industry was selected since intellectual property plays a central role in this sector: patents are a means of appropriation of innovation [57] and can be employed to study innovation practices [58]. The choice of the years of analysis depends on the need for evaluating post hoc patent quality indicators, with 2005 being the latest period for which information is available in PATSTAT 2013 version: indeed, data from 2006 to 2013 were used to define the quality of the patents applied. The firms were selected from The EU Industrial R&D Investment Scoreboard, which annually reports the ranking of the worldwide top R&D spending companies. In particular, only those repeatedly included in the scoreboards from 2005 to 2013 were considered in order to include the firms showing a continuous commitment to innovation. As a whole, 99 companies meet the requirements.



Once companies were identified, all their patents were extracted from PATSTAT together with the list of inventors. Indeed, with the R&D team being a focal point of the research, particular attention was dedicated to the analysis of the curriculum vitae of each inventor. Searching on social networks such as LinkedIn, Xing, ZoomInfo, ResearchGate, and Academia, not only for the current affiliation, but also for each previous working experience of the inventor, was registered. If the inventor had any Scopus publication, it was registered. Data collection was performed for more than 24 man-months, performing searches of the names of inventors and matching data such as the inventor’s address from PATSTAT. The authors preferred to rely on hand-made data collection performed using skilled resources, rather than using automatic tools, in order to reduce issues related to name disambiguation and loss of linkage due to typing errors within PATSTAT. By means of the web search, false positives were detected and eliminated. Moreover, double counting issues were avoided by relying on the standard names of inventors available on PATSTAT.



Complete and unequivocal data were found for the inventors of 13,355 patents applied for by 55 companies, which represented the final sample for the study. The complete list of companies is reported in Appendix A.




3.2. Variable Definition and Measurement


3.2.1. Sustainability


The literature studying environmental innovation has mainly focused on price- and regulation-induced innovation [2]. For the purpose of this study, voluntary measures are introduced. This is due to fact that, as stated before, the period of analysis spans from 2000 to 2005, and during these years the topic of sustainability was not as hot as it is today. For this reason, by the use of voluntary measures, the authors aim to define “sustainability pioneers”. Indeed, in order to identify the companies with a greater focus on environmental sustainability issues, three indicators were considered: the sustainability report, the compliance to ISO 14001, and the registration in the Global Reporting Initiative (GRI) database.



Sustainability report: born to respond to the need for transparency regarding corporate sustainability strategies, it represents the document with which a company reports on its sustainability initiatives and performances, from the point of view of its impact in social, environmental and economic terms. Through this document, the company can communicate its policies and strategies to stakeholders, in relation to the environment, employees and community, as well as information regarding its corporate social responsibility. Even if today drafting a sustainability report is mandatory, it was not in 2005; therefore, companies that prepared it in 2005 can be defined as pioneering.



ISO 14001: voluntary adherence to certification relating to the environmental management system does not indicate any particular environmental performance, but certainly demonstrates the company’s commitment to controlling the environmental impacts of its activities by implementing and continuously updating an adequate management system, especially with reference to the year of analysis.



GRI: a non-profit organization created to provide support for reporting on the sustainable performances of organizations of any size, belonging to any sector and country in the world. It is relevant as it establishes the indexes that are used by companies for drafting their sustainability reports.



Starting from these three indicators, a synthetic indicator is proposed: sustainability is a dummy variable, defined at the firm level, assuming a value of 1 if the company was compliant to all three indicators in 2005, and 0 otherwise. This is a strict definition of sustainability, which allows us to distinguish “sustainability pioneers” from other companies.




3.2.2. R&D Team Features


Most of the characteristics that emerged from the literature review are considered in the study:




	
team mobility, calculated as the average number of different working experiences of the members of the team before the current one, i.e., the number of working turnovers;



	
team openness, calculated as the percentage of team members who are not employees of the company;



	
team working experience, defined as the average number of years of working experience of team members;



	
team scientific experience, i.e., the average percentage of working experiences of team members in scientific entities, research centers and academia out of the total working experiences;



	
team Scopus experience, calculated as the percentage of team members who have scientific publications on Scopus;



	
team patenting experience, defined as the average number of patents developed by the team members before the year of analysis.








Within team experience, the literature review also reports the level of education of team members. Given that this study relies on data collected from the curricula vitae of inventors and not on macroeconomic statistics, this information was not easy to standardize and therefore was not included. The same goes for team maturity and diversity, which typically require a qualitative approach in order to be analyzed. On the other hand, a further feature, which does not appear in the literature, is introduced: team size, defined as the number of members in the team. Indeed, a larger team can more easily reach a critical mass in terms of knowledge and skills that can be profitably used in the innovation process.




3.2.3. Innovation Performances


From the literature review, a wide variety of innovation performance indicators emerge, each capturing only a specific aspect of the very complex theme of innovation. Therefore, in order to have a comprehensive view of the phenomenon, more indicators should be used. In particular, both patent and non-patent indicators should be used to capture both technological and non-technological issues. Indeed, three sets of indicators are included in the study for defining the innovation process performance, the patent quality and the overall financial performance of the company.



Indicators of innovation process performance take into account the costs sustained and the benefits achieved. Among all the indicators suggested in the literature, data available from PATSTAT and The EU Industrial R&D Investment Scoreboard allowed us to measure:




	
R&D intensity, defined as the ratio between R&D investment and net sales, and denoting the effort put into the innovation process compared to the total business of the company;



	
R&D per patent, defined as R&D investment in the year of analysis divided by the number of patents developed in the same year, and representing the average cost of a patent;



	
patent portfolio, calculated as the number of patents developed by the company in the 20 years preceding the year of analysis that are still active in that year, representing the overall innovation capability of the company;



	
patents per employee, calculated as the number of patents developed in the year of analysis divided by the number of employees in the same year.








Consistently with the literature, the following patent quality indicators are defined:




	
originality, a dummy variable assuming a value of 1 if no patent backward citations are reported in the application, 0 otherwise;



	
architectural capability, a dummy variable assuming a value of 1 if the combination of cooperative patent classification (CPC) codes reported in the application is new-to-the-world, 0 otherwise;



	
scope, defined as the number of claims reported in the application;



	
scientific value, calculated as the number of NPL backward citations reported in the application;



	
technological value, defined as the number of external forward citations received 5 years after publication;



	
market value, defined as the number of family patents, i.e., the number of patents applied within 5 years from application defining the focal patent as a priority;



	
internal value, a dummy variable assuming a value of 1 if renewal fees are paid 8 years after publications, 0 otherwise.








Notably, only granted patents were included in the sample and therefore this feature was not discriminated.



Finally, three financial performance indicators are considered—sales per employee, profit on sales and market capitalization—taken from The EU Industrial R&D Investment Scoreboard. From a sustainability perspective, sales per employee represents how well the resources are employed to produce results, whereas market capitalization provides a measure of sustainable competitive advantage in the future. Even if these indicators are very general and do not depend exclusively on the innovative capacity of a company, they are included in the study to evaluate whether implemented innovations are actually able of producing economic results.




3.2.4. Context Features


A number of features are included to contextualize the results. Three variables are defined at the firm level:




	
segment, defined according to the industry classification benchmark (ICB) reported in The EU Industrial R&D Investment Scoreboard: three dummies are defined for companies belonging to computer hardware and electronic office equipment (ICB 9572 and 9574), semiconductors (ICB 9576) and telecommunication equipment (ICB 9578);



	
age, calculated as the number of years from the establishment of the company to the year of analysis;



	
size, defined as the number of employees, according to The EU Industrial R&D Investment Scoreboard.










3.3. Statistical Methods


All the analyses are performed at the patent-level, i.e., 13,355 units of analysis are considered. After describing the sample, two different analyses are performed. First, in order to evaluate the differences between sustainable and not sustainable companies in terms of R&D team features, innovation performances and context features, one-way ANOVA is performed using sustainability as the discriminating factor. Second, relationships between R&D team features and patent quality for sustainable companies are evaluated through correlation, limiting the analysis to the 1,743 patents applied by sustainable pioneers.





4. Results


In Table 1, the sample description is provided in terms of the number of companies and patents for each industry segment: a prevalence of semiconductor companies and patents is observed, but the most productive segment in terms of average number of patents per company is computer hardware and electronic office equipment.



In Table 2, the distribution of companies and patents according to the sustainability indicators is provided. Among the three environmental sustainability indicators considered, the most widespread is the compliance to ISO 14000, characterizing more than 70% of the sample. Even if only a very limited number of companies had all three indicators in 2005, the percentage of patents developed by such companies, i.e., the patents that can be defined as “sustainable”, are more than 10% of the total sample, providing statistical significance to further analyses. The four companies meeting all three requirements in 2005 are Cisco Systems, Dell, Nokia and Xerox.



4.1. Sustainability and R&D Team Features


In Table 3 and Table 4, one-way ANOVA results are shown with regard to R&D team features, using sustainability as a discriminating factor: all the results are significant at least at the 0.05 level, meaning that significant differences are found between the R&D teams of sustainability pioneers and those of other companies.



On average, the teams of inventors developing patents for sustainability pioneers are larger (1.68 vs. 1.45 members in the team) and less open (12% vs. 43% of the members are not employees of the focal company). Furthermore, they have less years of working experience (12 vs. 16 years) but a higher number of different working experiences before the current one (1.36 vs. 0.81). A lower number of inventors’ working experiences is related to scientific entities (4% vs. 14%), less members in the team have published in Scopus journals (26% vs. 52%) and a lower number of patents was developed by team members in previous years (9.75 vs. 16.91).




4.2. Sustainability and Innovation Performances


Table 5 shows the results of ANOVA regarding innovation process performances: all analyses are significant at the 0.001 level. Sustainability pioneers have smaller portfolios (about 2100 vs. 5400 patents), higher values of R&D investment per patent (25.47 vs. 10.90 k€), less patents per employee (0.005 vs. 0.019) and lower R&D intensity (11% vs. 13%) when compared to not sustainable companies.



In Table 6 and Table 7, quality indicators are discriminated on the basis of sustainability: all results are significant at least at the 0.05 level.



While the originality of patents filed by sustainability pioneers is lower (11% vs. 12%), the other three ex ante indicators show higher values: a higher percentage of patents contain a new-to-the-world combination of CPC codes (47% vs. 43%); further, more claims (24.14 vs. 19.73) and more NPL citations (4.79 vs. 2.95) are reported in the application. As to post hoc indicators, higher technical and internal value but lower market value are uncovered for patents applied by sustainability pioneers: on one hand, a higher number of forward citations is received (11.42 vs. 10.56) and all the patents are renewed at the eighth year; on the other hand, a lower number of family patents is generated (1.34 vs. 2.79).



In Table 8, results of ANOVA are shown with regard to financial performances: all results are significant at the 0.001 level. Higher performances are obtained for sustainability pioneers in all three indicators: 587 vs. 401 k€ of sales per employee, 25% vs. 16% profit on sales and almost 80,000 vs. 46,500 M€ of market capitalization.




4.3. Sustainability and Context Features


In Table 9 and Table 10, the context features are discriminated on the basis of sustainability: all analyses are significant at least at the 0.005 level. About half of the patents in the total sample are developed by semiconductor companies, but none of them is accounted within the sustainable cluster. On the contrary, while only one quarter of the total sample is constituted by patents developed by telecommunication equipment companies, three quarters of them are developed by sustainability pioneers. The computer hardware and electronic office equipment segment has an intermediate behavior, with a slightly higher percentage of patents developed by sustainability pioneers vs. other firms (23% vs. 19%). Moreover, sustainability pioneers are younger (19.74 vs. 42.93 years in 2005) and smaller (about 44,500 vs. 64,500 employees).




4.4. R&D Team Features and Innovation Performances for Sustainability Pioneers


In Table 11, results are provided regarding correlations between team features and patent quality indicators, limiting the analysis to only the 1743 patents developed by sustainability pioneers. Given that renewal fees were paid for all such patents at the eighth year from application, the internal value is identically equal to 1 and therefore correlations cannot be calculated.



Within sustainability pioneers, the size of the R&D team positively affects all the indicators except for originality: larger teams cite more prior art which turns into lower originality, but the critical mass reached by more inventors allows the development of more product architectures, the production of wider intellectual property protection, the exploitation of more relevant scientific knowledge and the achievement of higher technological and market value. The sustainable approach is clear: by recalling already patented technologies, new, high-quality technologies are developed.



When in the development team, some inventors are not employees of the applicant company but come from different organizations; thus, a broader scope is obtained for the patent: more claims are declared, granting wider protection. This is probably due to the broader points of view of inventors who overcome the boundaries of the firm. Sustainable companies seem to effectively employ external knowledge sources to strengthen the exclusivity of their competitive advantage.



While the number of different working experiences of inventors has no influence on the quality of the patented technology, the total years of experience, no matter in how many different organizations, positively affects both technological and market value: experienced inventors are capable of developing technologies that are acknowledged as more relevant and that are able to produce more subsequent releases of products. For sustainable companies, the accumulation of knowledge deriving from previous experience turns into high-quality results.



While the formalized experience of inventors in academia and other research institutes has no effect on patent quality, inventors publishing in Scopus journals produce higher quality patents in terms of almost all the indicators. Even if such inventors have never worked in academic entities, they probably collaborate with researchers and are able to effectively transform their scientific knowledge into high-value technical applications.



Lastly, when inventors in the R&D teams of sustainable companies have already patented in the past, they are capable of producing technologies with new architectures, broader scope and higher scientific value. Here again, the sustainable proclivity is featured in terms of using and re-using the previous knowledge in new, original ways.





5. Discussion


In Table 12, a synthesis of the ANOVA results is provided: for each variable, a plus means that the average value of the specific feature is greater for sustainability pioneers than for the other companies, whereas a minus means that the average value of the variable for sustainability pioneers is smaller when compared to not sustainable companies.



The R&D teams of sustainability pioneers are larger and feature higher mobility, whereas experience and openness are lower. Less years of working experience also denotes younger inventors. Consistently with the literature, high mobility ensures heterogeneity of knowledge, even if experience is low [19,20]. This means that sustainable companies prefer to resort to teams of young and dynamic inventors who make up for their lack of meaningful experience with their ability to adapt to different working contexts. A separate discussion should be made concerning openness: introducing inventors from outside the company in the R&D team can be considered an easy way of quickly incorporating external knowledge. Yet, in the long term, such a strategy could result in a loss of competencies that might threaten corporate survival. Therefore, sustainable firms adopt a more closed model, preferring to keep most of the knowledge within the company.



Regarding patent quality indicators, lower originality and higher scientific value of patents developed by sustainability pioneers suggest that their R&D teams are more inclined to draw on prior art when developing new technologies: they cite both more patents (lower originality) and more NPL (higher scientific value). Indeed, starting from prior art is a low resource consumption way to achieve faster results thanks to technological learning [56]. Furthermore, broader scope and original architectures are obtained, resulting in an overall higher technological value. This result is consistent with the literature [4,19] signaling the positive impact of inventors’ mobility on the quality of innovation output. The heterogeneity of competencies accumulated by inventors in their previous working experiences leads to better performances. Higher levels of internal value reflect the attitude of sustainable firms of exploiting all their results following a “zero-waste” logic.



Sustainability pioneers seem to be performing less with regard to the innovation process: indeed, they develop less patents (both as a whole and per employee) and have a higher average cost per patent. Yet, a lower R&D intensity ratio denotes a lower effort in the R&D process, which could affect such a result. Moreover, higher values of financial indicators are obtained for sustainability pioneers: higher profitability, higher productivity and more sustainable competitive advantage characterize these firms. This denotes the ability of these firms to achieve global corporate results, even when single processes are not optimized: it is the overall management of the company, rather than those of specific areas, that can produce sustainable advantage.



The industries in which sustainability pioneers operate are those directly related to final customers, whereas firms in the semiconductor segment operate mainly in business to business (B2B). This result can be explained by the reputation and image that can derive from sustainable policies in the eyes of the general public. Finally, lower firm age and size denotes the higher propensity of younger and smaller companies to adapt to a phenomenon that in 2005 was still emerging.



Regarding the correlation analysis, the two features that have a significant impact on almost all patent quality indicators are team size and the presence of inventors who have published on Scopus. The first result has no feedback in the literature, since, to our knowledge, the size of the team is not investigated. Studies exist on the size of the whole company, arguing that big companies have more resources to invest in R&D, have more structured and numerous teams and therefore are catalysts for innovation [59]. We can assume that the presence of more members in a team certainly brings more diverse and variegated knowledge and can therefore produce better results. As for the publications on Scopus, this is consistent with literature findings that identify star scientists as engines for innovation [18].



Other features of the R&D team are able to influence only specific quality indicators: the presence of external inventors broadens the scope of the patent, longer working experience of inventors affects technological and market value, whereas inventors who have already patented in the past develop new product architectures, with broader scope and higher scientific value. The findings are consistent with literature contributions suggesting that openness [31] and experience [5] positively affect the innovative capabilities of teams.



5.1. Implications


The paper has both theoretical and practical implications.



From a theoretical point of view, our study is set between sustainability and innovation management literature. Starting from the assumption that the heart of a firm’s innovation is the R&D department, and that all companies have to focus on sustainability, we decided to explore the intersection between the two areas, although the literature in this sense is not extensive. Our contribution to the literature, therefore, is to shed light on the linkages among the composition of R&D teams and their outputs, in terms of patent quality, from a sustainability perspective.



The findings prove that there is a linkage between sensitivity to sustainability issues and innovation performances, i.e., sustainability is actually related to achieved outputs: for companies, being sustainable is not only a conscious choice, but also an effective one which provides better innovative results and, ultimately, provides competitive advantage in the long term.



Moreover, the paper contributes to the analysis of human resource management for the R&D department from a sustainable perspective: a linkage between sustainable consciousness and the choice of specific R&D team characteristics exists. Indeed, the literature on the theme is not very extensive, and we have found some relevant elements to contribute to it, also calling for further analysis in the area of sustainable management of human resources. Currently, sustainability issues are mainly considered within manufacturing processes, but we suggest enlarging them also to knowledge management, deepening the theme of how knowledge produced in the past can be used and re-used to obtain valuable results.



Finally, unlike the other contributions found in the literature, this work suggests the use of non-mandatory measures for sustainability, which helps in understanding the phenomenon from the point of view of the companies that have voluntarily and independently chosen this path.



From a managerial perspective, the paper contributes to the definition of the optimal inventor profile capable of producing high-quality patents; therefore, significant practical implications result for recruitment teams. Choosing one personal profile instead of another could be a significant and performing choice. The level of education, the background and the experience are parameters to be taken into consideration if one wishes to pursue higher innovative performances.



The study suggests, one one hand, what are the levers of human resource management within the R&D department that sustainable businesses adopt (large teams and inventors who have published on Scopus) and, on the other hand, what are the benefits that can be achieved by adopting sustainability within its own innovation strategy (architectural capacity, broad patent protection, scientific and technological value of new technologies, but also productivity, profitability and shareholder value).



In general, the work shows how important it is to take into account the characteristics of the R&D team in order to obtain certain results in terms of innovation and therefore suggests the appropriate choices of inventors’ profiles within the team in order to give companies greater assurance of the results deriving from the R&D effort.




5.2. Limitations and Future Research


Some limitations can be identified for the study, which will direct future research.



First, the work does not analyze features such as team diversity and team maturity, which are suggested in the literature as affecting the innovative capability of teams. Ways of operationalizing these measures through the use of extensive patent data are under study: the diversity might be analyzed through content analysis of the working experiences and background of inventors, whereas in order to define maturity, the composition of inventors’ teams for the patents applied before the years of analysis should be investigated.



Second, the sample obtained is only partially representing innovative companies in the IT hardware industry, since complete and exhaustive data were only found for 55 firms out of 99 (56%). Indeed, the major problems were related to the data collecting process for the curricula vitae of the inventors, which was time consuming and not always easy. Most problems incurred for Asian inventors, where many cases of homonymy were detected. For this reason, Asian companies are under-represented in the sample. The development of an artificial intelligence tool for limiting the problems deriving from homonymy is under study.



The third limitation of the research is the constraint of the year of analysis to 2005, due to the need for evaluating post hoc patent quality indicators. A new version of PATSTAT is now being acquired and therefore, in the future, a widening of the analysis could be possible. Yet, such a limitation allowed us to analyze the behaviors of companies that can be defined as pioneering as to their sustainability attitude. Nowadays, the need to undertake sustainable development paths seems obvious and mandatory. At the time of the data employed in the work, these choices were at the forefront, which induced us to focus on companies that have voluntarily chosen green paths in the search of new technological opportunities [2]. Therefore, the current analysis can provide useful insights as to what happened when sustainability was an emerging trend. If the same definition of “sustainability” were used today, a far larger percentage of sustainable firms in the same sample would be expected. A longitudinal analysis from 2005 to more recent years could determine the evolution of behaviors of sustainability pioneers versus other companies.



Indeed, when framing the work, different hypotheses were made as to the definition of sustainability: the one provided is the strictest, defining as sustainable only companies meeting all three requirements, but considering the firms meeting at least one or at least two of the indicators was also considered. However, this choice would have led to a number of “sustainable patents” equal to 12,953 (97% of total patents) and 8117 (61%), respectively: such percentages were considered too high for the period of analysis. As a future development, by extending the years of analysis and therefore widening the sample of sustainable companies, it will also be possible to define a “fuzzier” variable, which can assume values between 0 and 1 depending on the number of requirements met.



A final consideration must be made as to the four companies that were defined as “sustainability pioneers”: Dell, Nokia, Cisco Systems and Xerox. These companies are among the world leaders as of 2005, ranked in the top ten in the industry for total sales. Some of the findings of the study might be affected by such a condition, even if the other six leaders (Hewlett-Packard, Intel, Motorola, Ericsson, Apple and Texas Instrument) were included in the sample as not sustainable. A future development could be the comparative analysis of these top ten players.





6. Conclusions


The paper characterizes the R&D teams of sustainable companies and analyzes their performances in terms of patent quality. The study is based on 13,355 patents filed by leading companies in the IT hardware industry. Sustainability is measured in terms of its environmental dimension, through the use of three indicators: the drawing up of a sustainability report, the compliance to ISO 14001, and the registration in the GRI database. Indeed, such elements are evaluated in 2005, when sustainability was still an emerging phenomenon. Therefore, the companies meeting all three requirements can be considered as pioneering.



The size, mobility, experience and openness of R&D teams are analyzed. Patent quality is defined using ex ante and post hoc indicators. Results show that the R&D teams of sustainability pioneers feature a higher degree of mobility but less experience than those of other companies; moreover, a less receptive attitude toward open innovation is observed. Even if, on average, sustainability pioneers develop less patents, the quality is higher with regard to most attributes: scope, architectural capability, scientific and technological value; moreover, superior financial performances are achieved. Among sustainability pioneers, the features that have a more significant impact on patent quality are the size of the R&D team and the presence of inventors who have published on Scopus.



The conceptualization of the linkage between sustainability and R&D team features contributes to literature in innovation management, defining a new perspective for the management of knowledge resources in the innovation process. From a managerial perspective, the work provides insights as to how to compose an R&D team in order to obtain high value patents.
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Appendix A. List of Companies








	Adtran
	Harmonic



	Advanced Micro Devices
	Harris



	Altera
	Hewlett-Packard



	Analog Devices
	Infineon Technologies



	Apple
	Integrated Device Technology



	Applied Materials
	Intel



	ARM
	International Rectifier



	Arris
	Intersil



	ASM International
	Inventec



	ASML Holding
	Juniper Networks



	Atmel
	Lam Research



	Avaya
	LSI Corp



	Broadcom
	Macronix International



	Brocade Communications Systems
	Marvell Technology



	Ciena
	Motorola



	Cisco Systems
	Nokia



	Corning
	NVIDIA



	Cree
	OmniVision Technologies



	Cypress Semiconductor
	ON Semiconductor



	Dell
	Pitney Bowes



	Dialog Semiconductor
	Qualcomm



	Electronics for imaging
	Research in motion



	ELMOS Semiconductor
	SanDisk



	Emulex
	Soitec



	Ericsson
	Texas Instruments



	Fairchild Semiconductor
	Western Digital



	FEI
	Xerox



	Finisar
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Figure 1. Theoretical framework. 






Figure 1. Theoretical framework.
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Table 1. Sample description.






Table 1. Sample description.





	Segment
	No. of Companies
	No. of Patents
	Avg. No. of Patents Per Company





	Computer hardware and electronic office equipment
	9
	2650
	294



	Semiconductors
	30
	7217
	241



	Telecommunication equipment
	16
	3488
	218



	Total sample
	55
	13,355
	243
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Table 2. Sustainability indicators.






Table 2. Sustainability indicators.





	Indicator
	No. of Companies
	% of Companies out of 55
	No. of Patents
	% of Patents out of 13,355





	Sustainability report
	13
	23%
	5124
	38%



	ISO 14000
	40
	71%
	10,040
	75%



	Global Reporting Initiative (GRI)
	11
	20%
	7649
	57%



	Sustainability pioneers
	4
	7%
	1743
	13%
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Table 3. One-way ANOVA: team size, openness and mobility.






Table 3. One-way ANOVA: team size, openness and mobility.





	
One-Way ANOVA

	
Team Size

	
Team Openness

	
Team Mobility






	
Other companies (N = 11,612)

	
mean

	
1.45

	
43%

	
0.81




	
std. dev.

	
0.75

	
47%

	
1.02




	
Sustainability pioneers (N = 1743)

	
mean

	
1.68

	
12%

	
1.36




	
std. dev.

	
0.94

	
29%

	
1.07




	
Var. within/between

	
0.008

	
0.001

	
0.002




	
F

	
127

	
686

	
435




	
Significance

	
0.000

	
0.000

	
0.000
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Table 4. One-way ANOVA: team experience.
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One-Way ANOVA

	
Team Working Experience

	
Team Scientific Experience

	
Team Scopus Experience

	
Team Patenting Experience






	
Other companies (N = 11,612)

	
mean

	
16.44

	
14%

	
52%

	
16.91




	
std. dev.

	
76.04

	
31%

	
47%

	
32.65




	
Sustainability pioneers (N = 1743)

	
mean

	
12.17

	
4%

	
26%

	
9.75




	
std. dev.

	
11.53

	
16%

	
39%

	
21.78




	
Var. within/between

	
0.183

	
0.008

	
0.002

	
0.013




	
F

	
5

	
128

	
475

	
79




	
Significance

	
0.019

	
0.000

	
0.000

	
0.000
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Table 5. One-way ANOVA: innovation process performances.






Table 5. One-way ANOVA: innovation process performances.





	
One-Way ANOVA

	
R&D Intensity

	
R&D Per Patent (k€)

	
Patent Portfolio

	
Patents Per Employee






	
Other companies (N = 11,612)

	
mean

	
13%

	
10.90

	
5412

	
0.019




	
std. dev.

	
6%

	
39.00

	
4404

	
0.049




	
Sustainability pioneers (N = 1743)

	
mean

	
11%

	
25.47

	
2144

	
0.005




	
std. dev.

	
5%

	
196.08

	
1053

	
0.003




	
Var. within/between

	
0.004

	
0.020

	
0.001

	
0.007




	
F

	
241

	
51

	
951

	
135




	
Significance

	
0.000

	
0.000

	
0.000

	
0.000
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Table 6. One-way ANOVA: patent quality (ex ante indicators).
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One-Way ANOVA

	
Originality

	
Architectural Capability

	
Scope

	
Scientific Value






	
Other companies (N = 11,612)

	
mean

	
12%

	
43%

	
19.73

	
2.95




	
std. dev.

	
33%

	
50%

	
13.85

	
8.25




	
Sustainability pioneers (N = 1743)

	
mean

	
11%

	
47%

	
24.14

	
4.79




	
std. dev.

	
31%

	
50%

	
15.93

	
9.67




	
Var. within/between

	
0.212

	
0.089

	
0.007

	
0.014




	
F

	
5

	
11

	
148

	
71




	
Significance

	
0.027

	
0.001

	
0.000

	
0.000
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Table 7. One-way ANOVA: patent quality (post hoc indicators).
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One-Way ANOVA

	
Technological Value

	
Market Value

	
Internal Value






	
Other companies (N = 11,612)

	
mean

	
10.56

	
2.79

	
99%




	
std. dev.

	
16.38

	
8.88

	
10%




	
Sustainability pioneers (N = 1743)

	
mean

	
11.42

	
1.34

	
100%




	
std. dev.

	
13.23

	
3.14

	
0%




	
Var. within/between

	
0.224

	
0.022

	
0.067




	
F

	
4

	
46

	
17




	
Significance

	
0.035

	
0.000

	
0.000
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Table 8. One-way ANOVA: financial performances.
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One-Way ANOVA

	
Sales Per Employee (k€)

	
Profit on Sales

	
Market Capitalization (M€)






	
Other companies (N = 11,612)

	
mean

	
401

	
16%

	
46,547




	
std. dev.

	
160

	
15%

	
35,829




	
Sustainability pioneers (N = 1743)

	
mean

	
587

	
25%

	
79,823




	
std. dev.

	
76

	
9%

	
20,366




	
Var. within/between

	
0.000

	
0.002

	
0.001




	
F

	
2277

	
589

	
1434




	
Significance

	
0.000

	
0.000

	
0.000











[image: Table]





Table 9. One-way ANOVA: segment.
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One-Way ANOVA

	
Computer Hardware and Office Equipment

	
Semiconductors

	
Telecommunication Equipment






	
Other companies (N = 11,612)

	
mean

	
19%

	
62%

	
18%




	
std. dev.

	
40%

	
49%

	
39%




	
Sustainability pioneers (N = 1743)

	
mean

	
23%

	
0%

	
78%




	
std. dev.

	
42%

	
0%

	
42%




	
Var. within/between

	
0.114

	
0.000

	
0.000




	
F

	
9

	
2862

	
3453




	
Significance

	
0.003

	
0.000

	
0.000
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Table 10. One-way ANOVA: age and size.
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One-Way ANOVA

	
Age

	
Size






	
Other companies (N = 11,612)

	
mean

	
42.93

	
64,561




	
std. dev.

	
33.04

	
55,147




	
Sustainability pioneers (N = 1743)

	
mean

	
19.74

	
44,537




	
std. dev.

	
10.10

	
11,196




	
Var. within/between

	
0.001

	
0.004




	
F

	
847

	
228




	
Significance

	
0.000

	
0.000
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Table 11. Correlation (N = 1743; * sig. 0.05; ** sig. 0.01).






Table 11. Correlation (N = 1743; * sig. 0.05; ** sig. 0.01).















	
	Team Size
	Team Openness
	Team Mobility
	Team Working Experience
	Team Scientific Experience
	Team Scopus Experience
	Team Pateting Experience





	Originality
	−0.086 **
	−0.007
	−0.007
	0.017
	−0.002
	−0.038
	0.017



	Architectural capability
	0.059 *
	−0.032
	0.008
	0.030
	0.005
	0.060 *
	0.073 **



	Scope
	0.096 **
	0.067 **
	0.029
	−0.024
	−0.018
	0.069 **
	0.068 **



	Scientific value
	0.136 **
	−0.016
	0.004
	0.014
	−0.013
	0.073 **
	0.054 *



	Technological value
	0.048 *
	0.006
	0.032
	0.079 **
	0.02
	0.066 **
	0.011



	Market value
	0.146 **
	−0.012
	0.007
	0.069 **
	0.012
	0.070 **
	0.042



	Internal value
	-
	-
	-
	-
	-
	-
	-
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Table 12. Characterization of R&D teams, innovation performances and context features of sustainability pioneers compared to the other companies.
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	R&D Team Features
	Innovation Performances





	Team size +
	R&D intensity −



	Team openness −
	R&D per patent +



	Team mobility +
	Patent portfolio −



	Team working experience −
	Patents per employee −



	Team scientific experience −
	Originality −



	Team Scopus experience −
	New architectures +



	Team patenting experience −
	Scope +



	
	Scientific value +



	Context features
	Technological value +



	Computer hardware and electronic office equip. +
	Market value −



	Semiconductors −
	Internal value +



	Telecommunication equipment +
	Sales on employee +



	Age −
	Profit on sales +



	Size −
	Market capitalization +
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