The power of cross-boundary knowledge co-creation
1. INTRODUCTION
Interdisciplinary collaboration is widely recognized as crucial in fostering innovation and facilitating knowledge dissemination. Collaborations between organizations or individuals from different fields can lead to the acquisition of diverse knowledge, skills, and perspectives, thereby promoting innovation and knowledge dissemination. As interdisciplinary research can stimulate the generation of new perspectives and ideas, governments worldwide encourage interdisciplinary co-creation. In the era where knowledge is growing exponentially and uncertainty is high, technological evolution relies heavily on cross-boundary endeavor among stakeholders for identifying and leveraging the opportunity of scientific breakthroughs. Economic development has increasingly been driven by the creation and dissemination of scientific knowledge as well as the cross-disciplinary fusion and transformation of the knowledge into industrial applications for generating economic values. By collaborating with peers from different professional disciplinaries, researchers can better capitalize on their specialized knowledge and experiences to create innovative solutions that transcend the boundaries of a single field. Therefore, transnational, interdisciplinary, and cross-institutional research partnerships are integral to interdisciplinary knowledge collaboration.
In this context, scientific researchers and industrial inventors are the knowledge agents whose knowledge-intermediary role is at the heart of knowledge flow and dissemination (Wang et al., 2019). R&D and innovation activities in universities are pivotal for the industrial innovation ecosystem (Bikard and Marx, 2020). Institutional dynamics across academia and industry and across countries have long been found to determine the flow and expansion of knowledge networks, where scientific discoveries are transformed into technological innovations that drive the course of industrial development (Bikard and Marx, 2020; De Fuentes & Dutrenit, 2016). However, little research has adopted a cross-boundary value co-creation perspective to understanding the knowledge-diffusing mechanism through which outputs of scientific research are converted into patents to generate industrial value. More importantly, the existing literature contributes little understanding of science-linked patents (SLP), which bridge knowledge networks between academic output and industrial innovations. 
Establishing a path to better diffuse academic knowledge into industrial and practical applications is arduous and time-consuming since technology transfer and knowledge spillover across the academia-industry boundary is a complex process driven by industrial volatility and many institutional factors (Coccia, 2008). Knowledge diffusion processes are often accomplished by flows of knowledge embodied in technical reports, patents, conference papers, and scientific publications that appear on public platforms. There is a growing scholarly interest in exploring why some technologies developed in one organization emerge to become benchmarks for follow-up engineering endeavors among peer organizations and across national borders (Miao, Salomon, & Song, 2021). The academic value and industrial impact of scientific research are reflected by the frequency with which academic papers are cited in subsequent scientific work. As theories of research are re-examined and replicated by follow-up studies, their paradigmatic influence will shape the course of related scientific research and pragmatic impacts on industry (Kuhn, 1962).
Recent research (Han & Magee, 2018) underscores the importance of the speed at which industrial patents adopt scientific paper's knowledge in augmenting the patent's subsequent industrial impacts. From the view of knowledge spillover, the emergence of SLPs is a sign of scientific knowledge's spill over into industrial applications and become the basis for subsequent R&D attempts and entrepreneurial initiatives (Acs et al., 2009). Moreover, scientific knowledge's ripple effect (i.e. the continuity of an academic work's broader industrial impacts in industrial applications) can also reflect on the science-linked patents being implemented by the following patent applications (Schillebeeckx, Lin, George & Alnuaimi, 2021). The extent to which subsequent patents cite a science-linked patent shows the continuous diffusion of scientific knowledge in the industry.
The societal benefits of scientific discoveries can only be realized through the effective transfer and transformation of knowledge into industrial applications, but the existing literature does not analyze the rationale for the diffusion speed and subsequent impacts of scientific knowledge between academia and industry. The process of transforming scientific knowledge into industrial innovation is a multifaceted endeavor that transcends boundaries and involves various knowledge agents such as individuals, firms, and universities, each equipped with unique knowledge endowments (Carton & Ungureanu, 2018). The academia-industry knowledge diffusion process is not merely about the transfer of static knowledge but involves the dynamic mobilization of contextualized insights of applying the knowledge to solve practical problems (Acs et al., 2009; Carton & Ungureanu, 2018). Knowledge evolution is a value co-creating activities where boundary-spanning knowledge agents collaborate to forge and leverage the creative connections across institutional, knowledge, and geographical domains (Bikard and Marx, 2020). Nevertheless, little research has been done to investigate the cross-boundary knowledge co-creation between the academia and industrial sectors (Hautala and Jauhiainen, 2014). The theoretical gap remains unsolved due to the absence of an overarching theory that identifies the determinants of knowledge transfer across the academia-industry boundaries and institutional systems. This study is built based on two critical outcomes of scientific knowledge transfer: (1) knowledge diffusion speed (i.e. scientific publications' first citation by the science-linked patents, which indicates the efficiency of knowledge diffusion across the academia-industry boundary); and (2) the technology ripple effect (i.e. an SLP's forward citations that reflects the continuity of university scientific knowledge's broader impact on technological innovations.
The transfer of knowledge from academia to industry involves the process of transforming intellectual scientific outputs (as generated out of epistemic purposes) into practical industrial applications (for realizing utilitarian values), which requires the transformation of scientific knowledge into practical applications. As the third mission of the university, scientific communities' social engagement through practice-driven innovation and knowledge transfer is inherently driven by knowledge agents’ cross-boundary endeavors (Compagnucci & Spigarelli, 2020; Corsi et al., 2022; Sengupta & Ray, 2017). Drawing upon the view of cross-boundary knowledge recombination (Gruber et al., 2013), we identify five cross-boundary endeavors that are the key to scientific knowledge's industrial impact, including industrial co-creation, cross-broader co-creation, cross-disciplinary co-creation, cross-broader knowledge connection and cross-ownership interconnection.
First, industrial co-creation indicates that a scientific paper is coauthored by researchers from both academic institutes (e.g. universities) and industrial entities (e.g. firms), signifying a result of knowledge agents’ collaborative efforts across the academia-industry boundary. A scientific discovery with industrial co-creation implies more normative compatibilities and professional congruence for industry-based research and development, which can lead to more efficient and effective translation of research findings into practical applications in the marketplace (De Fuentes & Dutrenit, 2016). Second, cross-broader knowledge co-creation indicates that a scientific paper is co-authored by researchers from multiple countries. Cross-broader knowledge co-creation benefits academic knowledge diffusion to industry by fostering a global perspective and integrating knowledge agents’ diverse cultural and intellectual resources, leading to more innovative and universally applicable solutions (DiMaggio & Powell, 1983; Garcia-Aracil & De Lucio, 2008). 
Third, cross-disciplinary co-creation refers to the interdisciplinary scientific collaboration between researchers of multiple scientific domains. The intricacy of sharing and comprehending knowledge is heightened by cross-disciplinary co-creation, necessitating knowledge agents to acquire and modify their cognitive and collaborative approach to accommodate diverse knowledge domains and cultural backgrounds for contextualizing the knowledge’s utility to exert practical and industrial values. Interdisciplinary scientific collaboration is widely recognized as a crucial approach for addressing the increasingly complex global challenges. The successful resolution of such issues often necessitates the collective efforts of knowledge agents from diverse fields, who can work together to identify and implement effective solutions. Interdisciplinary scientific inquiry has the potential to facilitate the creation of novel knowledge endowments, which in turn can advance the frontier of state-of-the-art knowledge (Carton & Ungureanu, 2018; Gruber et al., 2013). In the industrial sectors, collaborative efforts across different knowledge domains have been shown to foster innovation and strategic differentiation, enhance the uniqueness of products and services, and pave the way for novel business models and market prospects (Fleming et al., 2007).
Fourth, cross-border knowledge connection indicates that a patented technology is developed based on the scientific discovery from another country. From the view of cross-boundary knowledge recombination, the academia-industry knowledge diffusion leads to market value creation since it enables the integration of diverse knowledge endowments from different geographical and cultural contexts. The cross-border knowledge connection, which is embedded in a scientific paper’s forward citation to a patent, allows knowledge and technology to flow freely between different countries and organizations, thereby breaking traditional innovation boundaries and enhancing the global impact of scientific research.
Moreover, from the boundary-spanning view, cross-ownership interconnection (i.e. joint patent ownership among patentees from multiple organizations) can be conceptualized as a crucial bridging mechanism that enables stakeholders from diverse institutional contexts to collaboratively craft patented technologies. Despite the various benefits of co-patent ownership (e.g. rich perspectives, varied expertise, institutional bridging for leveraging resources, etc.) from the cross-institutional cohort of patentees, a patent's cross-ownership interconnection may inherently involve coordination challenges, divergent interests, and increased transaction costs (Gambardella, Giuri, & Luzzi, 2007; Lv, Zeng, & Lan, 2018). Thus, a scientific output's knowledge flow speed and knowledge network expansion can be hampered due to coordination dilemmas among institutional stakeholders (Arora, Fosfuri, & Gambardella, 2004; Lv et al., 2018).
In conclusion, this study contributes to the existing body of knowledge transfer literature by adopting a cross-boundary knowledge recombination perspective (Gruber et al., 2013) and knowledge spillover theory (Acs et al., 2009). We underscore the pivotal role of Science-Linked Patents (SLPs) as a bridge between academic output and industrial innovations. We propose that the emergence and impact of SLPs are driven by five facets of cross-boundary endeavors: industrial co-creation, cross-border co-creation, cross-disciplinary co-creation, cross-border knowledge connection, and cross-ownership interconnection. By examining the cross-boundary dynamics among the knowledge agents, we aim to shed light on the speed of knowledge diffusion from academia to industry and the subsequent ripple effect of this knowledge in the technological innovation landscape. This study, therefore, provides a comprehensive understanding of the mechanisms underlying knowledge transfer between academia and industry, offering valuable insights for researchers, practitioners, and policymakers in the field of knowledge management and innovation.
2. THEORETICAL BACKGROUND
2.1 Knowledge Diffusion Speed
The ever-shortening technological life cycle in industry highlights the necessity of organizational flexibility and continuous technological evolution. Understanding the dynamics of a science-linked patent is an effective approach to exploring the knowledge transfer from scientific territory to the industrial landscape. SLPs are a unique and important subset of patents that serve to connect scientific research with practical industrial applications through building the invention inspired by the latest scientific research. The emergence of SLP signifies the industrial attention of scientific knowledge and the preliminary practical impact of academic work. Patent citation analysis is an effective approach to revealing the linkage between scientific publications and practical applications. By tracking bibliographic citation networks between scientific papers and patents may help clarify the factors that determine the speed of cross-institutional knowledge spillover from academia to industry. Based on this logic, we follow prior research and define knowledge diffusion speed as the difference in time between the publication of a scientific paper connected to a university and the earliest patent citations it receives (Hall, Jaffe, & Trajtenberg, 2005).
2.2 Ripple Effect in Industrial Impact
Citations of a patented technology indicate its potential industrial value and its credibility in knowledge diffusion within industrial sectors. Forward citations are citations to a patent made by following patents and have been interpreted as a measure of knowledge diffusing outward from the initial patented technology as well as a major determinant of a patent's economic and industrial value (Sapsalis & de la Potteriea, 2007). Knowledge diffusion between academia and industry is not only related to patents citing scientific papers, but also to how an SLP that inherits knowledge from academic work exerts further industrial impact by being forward-cited in subsequent patents. We, therefore, define the technology ripple effects as the number of forward citations that a science-linked patent receives within five years. The five-year period is chosen because there is an average 3-year delay of patent grant after the initial application (Gans, Hsu, & Stern, 2008).
2.3 Industrial co-creation
The symbiotic relationship between universities and industries has the potential to disrupt traditional boundaries of innovation, thereby facilitating an unimpeded flow of knowledge and skills across a diverse array of organizations and domains. This collaboration, a fusion of disparate perspectives, methodologies, and experiences from both academia and industry, can significantly enrich the content of research and its potential for innovation. The transition from academic research to industrial collaboration serves as a bridge, filling the existing gap between academia and industry, and endowing scientific research with practical applicability.
Interdisciplinary knowledge co-creation, a product of this collaboration, not only fosters the generation of novel innovative concepts but also accelerates their transformation into tangible products and services (West & Bogers, 2014). More specifically, industrial collaboration expedites the dissemination of knowledge and catalyzes the translation of research outcomes into practical applications, thereby driving economic growth and societal advancement. Thus, we propose the following hypothesis:
H1：Industrial co-creation is positively related to the speed at which the scientific knowledge has industrial impact by being cited by science-linked patents.
Collaboration between academia and industry is often regarded as the key to bridging the gap between the scientific and practical domains (Chang, Shih, & Lin, 2023). While theoretical research in academia can push the boundaries of knowledge and satisfy human curiosity towards the unknown, scientific investigations may sometimes deviate from the current unsolved problems in industry. Therefore, collaborative scientific endeavors by academic researchers and industry professionals have gradually become a common phenomenon within the innovation ecosystem, as scientific R&D outcomes of collaboration between academia and industry possess three primary benefits, including knowledge practicality (Atta-Owusu, Fitjar, & Rodríguez-Pose, 2021), knowledge compatibility (Manotungvorapun & Gerdsri, 2019), and knowledge creators’ complementarity (O’Dwyer, Filieri, & O’Malley, 2023).  
Specifically, collaboration between academia and industry can lead to the development of more practical and applicable solutions to real-world problems (Atta-Owusu, Fitjar, & Rodríguez-Pose, 2021). Collaborative R&D processes can bridge the epistemic divide between scientific and practical practices by leveraging the academic foundation for research and incorporating practical insights and resources from industry, resulting in more effective application of scientific knowledge. Moreover, when researchers from academia and industry work together, they bring different perspectives and expertise to forge the research outcomes, making the new knowledge more applicable to both scientific progress and industrial innovation (Manotungvorapun & Gerdsri, 2019). More essentailly, collaboration between academia and industry can also enhance the professional development of researchers and industry professionals. Through collaboration, researchers can learn from each other's experiences and expertise, gain new skills, and expand their professional networks, leading to the opportunities for the long-term success of cross-boundary collaboration (O’Dwyer, Filieri, & O’Malley, 2023). 
In the realm of industrial innovation, co-creation between industry and academia has been recognized as a means of expediting the transfer of knowledge and bridging the science-industry gap. However, the collaborative research efforts may not necessarily yield scientific knowledge that has a lasting impact on industry. Specifically, the infusion of industry resources and knowledge may result in a cognitive frame that is tailored to the industrial collaborators’ innovative trajectories and technological scopes. Consequently, when the knowledge generated is highly specific to a particular industrial collaborator, the follow-up researchers may deem it irrelevant to their own technology development pursuits. Thus, we propose the following hypothesis:
H2：Industrial co-creation is negatively related to the scientific knowledge's technology ripple effects.
2.4 Cross-broader co-creation
The collaboration between academic researchers across national borders serves as a catalyst for the exchange and dissemination of knowledge, propelling research findings onto the global stage and amplifying their impact across diverse countries and regions. Moreover, transnational collaboration offers access to a broader spectrum of resources and specialized knowledge, thereby expanding both the scope and depth of research. Consequently, such collaborations can accelerate the diffusion of knowledge and foster the generation of innovative ideas to address gaps in problem-solving. We thus propose the following hypothesis:
H3：Cross-broader co-creation is positively related to the speed at which the scientific knowledge has industrial impact by being cited by science-linked patents.
[bookmark: _Hlk140846100]Although international knowledge collaboration may significantly increase coordination and transaction costs due to cultural and linguistic differences, it offers a unique advantage. The thought patterns nurtured under diverse institutional cultures can help transcend geographical and cultural barriers, fostering the generation of more innovative ideas and practical applications. This diversity of thought can lead to the creation of novel solutions that might not have been conceived within a single cultural or institutional context.
Furthermore, transnational collaboration promotes the innovation of technology and knowledge in both academia and industry. Integrating diverse perspectives and expertise, it can lead to the development of groundbreaking technologies and theories that have the potential to revolutionize fields of study and industry sectors. This global exchange of ideas and knowledge enriches academic research and contributes to the worldwide economy by driving technological advancement and innovation.
In conclusion, transnational co-creation in academia is a powerful mechanism for fostering global knowledge exchange, promoting innovation, and driving progress in  Thus, we propose the following hypothesis:
H4：Cross-broader co-creation is positively related to the scientific knowledge's technology ripple effects.
2.5 Cross-disciplinary co-creation
Interdisciplinary collaboration that integrates scientific expertise from diverse knowledge domains signifies an innovative approach to knowledge creation beyond the existing paradigm. Cross-disciplinary co-creation refers to the integration of knowledge from multiple fields in academic research, dismantling the barriers between academic disciplines through interdisciplinary knowledge exchange. Integrating knowledge and methodologies from different fields can lead to more comprehensive research outcomes that offer innovative solutions to complex problems (Rafols et al., 2012).
However, the speed of knowledge diffusion can be influenced by the extent of interdisciplinary collaboration. While such collaboration promotes the diffusion and sharing of knowledge, it can also escalate coordination and communication costs among partners due to the need for diverse knowledge integration as well as lower the chance to receive external funding (Bromham, Dinnage, & Hua, 2016). The epistemic complexity embedded in the cross-disciplinary knowledge co-creation accentuates the differences in professional language, methodology, and thought processes across disciplines and potentially slows the diffusion of knowledge. Specifically, the level of diversity involved in interdisciplinary co-creation can influence the comprehensibility and industrial applicability of research outcomes. Therefore, excessive interdisciplinary collaboration may inadvertently slow the industrial diffusion of the scientific knowledge. Therefore, while interdisciplinary co-creation holds immense potential for innovation and problem-solving, it is crucial to strike a balance to ensure that the benefits outweigh the challenges. The importance of interdisciplinary knowledge co-creation is undeniable, as collaborative research spanning multiple professional fields can be the key to breakthrough discoveries (Bromham et al., 2016). Furthermore, based on the learning curve view for the academia-industry knowledge diffusion, the negative effects of knowledge diffusion brought about by field diversity will decrease as the level of interdisciplinary collaboration increases (De Wit-de Vries et al., 2019).
Accordingly, we propose:
H5：Cross-disciplinary co-creation is negatively related to the speed at which the scientific knowledge impacts industry by being cited in science-linked patents.
H6：Cross-disciplinary co-creation has a non-linear effect on the speed at which scientific knowledge impacts industry by being cited in science-linked patents in a nonlinear manner, such that the negative effect is more prominent when cross-disciplinary co-creation is at low levels than when it is at high levels.
Interdisciplinary collaboration also bears a direct relevance to practical problems and applications, thereby facilitating the translation of research outcomes into practical applications and solutions. By providing comprehensive and multi-faceted perspectives, interdisciplinary collaboration enhances the applicability and practicality of research outcomes. Its impact can transcend the confines of a single discipline, thereby positively influencing multiple fields and industries.
However, the outcomes of interdisciplinary collaboration may not be readily applicable by enterprises, particularly when the collaboration spans a multitude of academic fields. This could potentially limit the technology ripple effects, which refer to the broader impact of a technology beyond its immediate application. While interdisciplinary collaboration can lead to the development of groundbreaking technologies, the complexity and novelty of these technologies may pose challenges for their adoption and application in industry. Therefore, while interdisciplinary co-creation can lead to significant technological advancements, it is important to consider the potential barriers to their diffusion and adoption to maximize their ripple effects.
H7：Cross-disciplinary co-creation is positively related to the scientific knowledge's technology ripple effects.
H8：Cross-disciplinary co-creation has a non-linear effect on the technology ripple effects of scientific knowledge in a nonlinear manner, such that the positive effect is more prominent when cross-disciplinary co-creation is at low levels than when it is at high levels.
2.6 Cross-broader knowledge connection
Scientific research and patent acquisition belong to two different systems, their norms, institutions, language logic are not similar, which increases the efficiency of knowledge flow and the cost of knowledge dissemination. The institutional similarity between universities where scientific discoveries originate and industrial inventors would facilitate technology and knowledge transfer. Mansfield and Lee (1996) found that firms prefer to work with local universities and researchers due to the institutional compatibility, which streamlines knowledge transformation and diffusion without hindrance resulting from the difference in the regulatory and normative system. Similarly, universities are more inclined to license technology to firms located in the same regulatory regime because the transfer of university technology often requires institutional processes for transforming the tacit knowledge into practical implementation (Mansfield, 1998). 
Knowledge flow is undermined by the divergences in the institutional environment across political systems among the parties involved in the knowledge exchange. Barriers to knowledge diffusion can arise from a range of institutional factors, including regulative differentials, norms, political considerations, and tacit knowledge connotation (Tijssen & van Wijk, 1999). Indeed, knowledge flow will be more efficient and of greater scientific value when the transaction cost of coordinating cross-border knowledge transfer can be systematically reduced (Singh, 2008). Therefore, the science-linked patents are more likely to emerge at the earlier stages of the innovation process when the inventors are from the same country as the research institution producing the scientific papers. Thus, we propose the following hypothesis:
H9：Cross-broader knowledge connection between universities and patentees is negatively related to the speed at which the scientific knowledge impacts industry by being cited in science-linked patents.
Technological knowledge is costly to develop and obtain, especially in knowledge-intensive industries with volatile market dynamics. Inventors, therefore, are more inclined to learn from nearby research institutes because the Cross-broader knowledge connection enables them better able to use the R&D outcomes produced in university laboratories by facilitating mutual understanding as well as decreasing ambiguity and uncertainty in the collaboration (Miller, Perlman, & Brehm, 2007). More fundamentally, knowledge transfer from a university within the same country allows the inventors to better absorb the implicit knowledge and technical know-how that are difficult to diffuse across different institutional systems (Braunerhjelm, Ding, & Thulin, 2018). Science-linked patents act to bridge between academia and industry, and thus can help combine the two heterogeneous knowledge streams. Cross-broader knowledge connection is conducive to intensive collaboration between scientists and inventors, thereby endowing patents with increased innovativeness and industrial value (Guan & Zhao, 2013). Thus, science-linked patents may receive more forward citations when there exists cross-broader knowledge connection between the inventors and universities. Hence, we propose the following hypothesis:
H10：Cross-broader knowledge connection between universities and patentees is negatively related to the scientific knowledge's technology ripple effect, such that the science-linked patent will receive more forward-citations by the following patents. 
2.7 Cross-ownership interconnection
The diversity of ownership structures may slow down the speed of knowledge diffusion. Due to its complexity, it brings coordination costs and dispute resolution costs among stakeholders, reducing the speed of knowledge transformation. Cross-ownership interconnection, an organization's seeking external expertise and professional information from disparate fields and collaborators from different companies, has been extensively implemented by firms to facilitate inter-organizational knowledge/resources sharing, to enhance efficiency in the R&D process, to mitigate risk involved in the innovation activities, and to strengthen technological competitive advantages (Rosenkopf & Nerkar, 2001; Whalen, 2018). Driven by the goals of enhancing originality and patentability of technologies, cross-ownership interconnection is embodied in searching for external knowledge and collaborating with individuals with different organizations (Monteiro & Birkinshaw, 2017). 
Despite the various benefit of cross-ownership interconnection to firms' innovative activities, including access to external knowledge, broadening technological scope, reducing the cost of engineering endeavor (Banal-Estanol et al., 2015; Bayona Sáez et al., 2002), the cross-organizational cohort of R&D collaborators may slow down the knowledge transfer speed of SLPs. Specifically, the joint R&D effort in transferring scientific knowledge into industrial applications involves a wide range of coordinative challenges and risks among stakeholders, such as leakage of internal knowledge, free-riding behaviors, conflict of interest, and partners' exploitation (Bernal, P., Carree, & Lokshin, 2022). SLPs entails the exploratory efforts in identifying the scientific knowledge's utility and compatibilities in the industrial applications, inevitably resulting in high level of technical ambiguity. The social dynamics of inter-firm collaboration in exploiting scientific discoveries' industrial values may defer the emergence of SLPs since stakeholders of the joint R&D efforts need to work through the extra coordinative cost that occurs when pioneering into an unexplored technological domain (Petruzzelli, Rotolo, & Albino, 2015). We thus propose the following hypothesis:
H11：Cross-ownership interconnection slows down the generation of science-linked patents, such that SLPs tend to have less patentees from multiple organizations.
Adopting knowledge from different organizations may provide an inventor with a broader knowledge base to generate ideas for subsequent inventions (Fleming & Sorenson, 2004; Gittelman, 2007; Petruzzelli et al., 2015). However, the potential effect of inventors' cross-ownership interconnection on the a science-linked patent's industrial impacts remains unclear (Sapsalis & de la Potteriea, 2007). The high level of heterogeneity and complexity in knowledge resulting from the Cross-ownership interconnection collaboration may perplex the implementation process (Petruzzelli et al., 2015). Specifically, due to the power imbalance between the stakeholders, multiple patentees may reserve their resources in developing the inventions and thus reduce the patents' innovativeness and completeness. 
From the institutional perspective, the isomorphism pressure drives firms to adopt similar strategy/technology/benchmarking practice to respond to external contingencies, which substantially deviates from the implicit purpose of obtaining a SLP, namely seeking the differentiated strategic positioning by transferring scientific outputs at the earlier stages. Indeed, professional cooperation inevitably involves difficulties in coordinating the diversified knowledge, which may hinder the process through which academic knowledge diffuses to industry and has wider practical impacts (Castañer & Oliveira, 2020). The increasing number of patentees from multiple organizations not only intensifies Cross-ownership interconnection cooperation, but also increases the complexity, volatility, and stagnation of knowledge diffusion. With more patent assignees, an SLP's Cross-ownership interconnection may involve more complicated technological knowledge and competitive dynamics among industrial stakeholders, thereby bringing difficulties to the expansion of SLPs' knowledge networks. Therefore, too many owners may reduce the speed of knowledge diffusion and the usability by the industry. We thus propose the following hypothesis: 
H12：Cross-ownership interconnection of a science-linked patent is negatively related to the scientific knowledge's technology ripple effect, such that the more patentees from multiple organizations, the fewer forward citations will be made to the SLP. 
By focusing on science-linked patents as the pivot for knowledge transfer from a university’s scholarly research to industrial implementation, this study examines the conceptual framework shown in Figure 1.






	Figure 1. Conceptual Framework
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3. METHODS
3.1 Sample and Data Collection
Bibliometric analysis of patents and scientific literature can reveal the diffusion of knowledge across the boundary between academia and industry, providing insight into a strategy that allocates scientific resources to guide academic research that may affect industry. We conducted a large-scale and longitudinal data collection using the "Web of Science Core Collection" (WOS) and the patent document database "Derwent Innovation" (DI). First, we focused on the 201 best universities around the globe based on the QS World University Rankings (editions from 2012-2019). We then retrieved scientific articles from sampled universities published between 1998 and 2013 from WOS. We then retrieved all patent documents granted in the United States by the United States Patent and Trademark Office (USPTO) from 1998 to 2018 through the platform of DI. 
The time intervals for scientific papers and patents (fifteen years and twenty-one years, respectively) were chosen because several structural barriers defer knowledge transfer between academia and industry, such as practitioners' restricted access to scientific papers, the learning curve for absorbing scientific discoveries, and the prolonged patent application process (Liu et al., 2022; Zahringer, Kolympiris, & Kalaitzandonakes, 2018). On average, according to USPTO (2023), the pendency of each patent application requires two to three years to reach final disposition (e.g., issued as a patent or abandoned). Due to the industrial novelty of pioneering scientific discoveries, the pendency between the application filing and disposition may involve more back-and-forth correspondence among USPTO, applicants, attorneys, and examiners, making it longer for the first SLP to emerge. 
We developed the associational database and used the Digital Object Identifier (DOI) to establish citation connections between scientific research articles and patent documents. This study focuses on the industrial impact of scientific papers in the 20 years after their publication, as well as the subsequent industrial impacts made by the science-linked patents. Hence, the sample contains academic articles published between 1998 and 2013, and the patents granted between 1998 and 2018. 
3.2 Variable Measures
Our model includes two dependent variables (knowledge diffusion speed, and technology ripple effect), five independent variables (industrial co-creation, cross-broader co-creation, cross-disciplinary co-creation, cross-broader knowledge connection and cross-ownership interconnection), and a control variable (papers' year of publication). 
Knowledge diffusion speed. To gauge the speed at which scientific research disseminates its impact across disciplinary boundaries into the industrial sector, this study calculates the temporal difference between the publication of academic articles and the initial citation of patents. A lower value of knowledge diffusion speed indicates a more rapid occurrence of initial patent citation for an academic paper.
Technology ripple effect. Sapsalis and de la Potteriea (2007) found that citing scientific papers is conducive to the value of patents. Forward citations that a patent receives have long been used as an indicator of its value. We calculated the number of forward citations that each SLP in our sample received and determined how its impacts on industrial technology development expand. Specifically, t denotes the year of patent publication. Considering the average timeframe for patent application (viz. 2 to 3 years; USPTO, 2023), we measured the technology ripple effect by calculating the number of forward citations that a science-linked patent receives between year t and year t+4. The design of the timeframe allows us to capture the industrial impacts of the first SLP five years after the issuing date. A higher value for technology ripple effect indicates stronger and more proliferated impact of an SLP. 
Industrial co-creation. The bridging of the gap between academic research and industry through cross-boundary collaboration can enable scientific endeavors to have practical applications. In this study, we operationalized the presence of industry-academia collaboration as a binary variable. Here, the value "1" indicates that the university engaged in the scientific paper has a collaborative relationship with the industry, while "0" denotes that the scientific research did not collaborate with the industry. 
Cross-broader co-creation. International collaboration can stimulate innovative arguments, but cultural and language differences may increase the inconvenience of scientific research discussions. In this study, we operationalized the presence of international collaboration as a binary variable. Here, the value "1" indicates that the authors of the scientific paper have a collaborative relationship with institutions from different countries, while "0" denotes that they are from the same country.
Cross-disciplinary co-creation. Interdisciplinary co-creation is perceived as the collaboration among professionals from more than one academic discipline, addressing a common issue. This process extends, integrates, and broadens specialized theories and concepts specific to certain fields (Stokols, Hall, Taylor, & Moser, 2008). In this study, the diversity of academic knowledge is quantified by calculating the number of fields represented in each academic article.
Cross-broader knowledge connection. The homogeneity of institutional systems involves common languages, culture, professional norms, and regulative environment, which all benefit the efficiency of knowledge exchange and lower the transaction cost of knowledge diffusion (Singh, 2008). In this study, cross-broader knowledge connection is operationalized as a dichotomous variable where "1" denotes that the university that generates the scientific paper and the SLPs' patentees are from the same country, and "0" indicates that they are from different countries. 
Cross-ownership interconnection. Inter-organizational collaboration is the driving force behind knowledge transfer across organizational boundaries (Tijssen & van Wijk, 1999). A patent with patentees from multiple organizations implies that it may absorb divergent resources and knowledge to form a unique set of technological values (Sapsalis & de la Potteriea, 2007). We measured a patent's ownership diversity by calculating the number of patentees for each science-linked patent. 
Control Variables. For statistical analysis and interpretation, this study considers the year of publication of the articles as an interval variable. Specifically, the value range from 1 to 16 represents the publication year of the articles from 1998 to 2013.
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