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Abstract


Cross-domain knowledge can stimulate radical concept generation (RCG), but there is a lack of guidance to utilize the cross-domain knowledge for RCG. This paper proposes an effective process of RCG in four steps: (1) Identifying radical technology opportunities based on analysis of the dynamic relationship between demand and technical performances; (2) Applying laws and lines of the technological system evolution to determine the search direction of cross-domain knowledge in a qualitative perspective; (3) Taking the minimum complementary distance measure for appropriate cross-domain knowledge in a quantitative perspective; (4) Forming radical concepts using the cross-domain knowledge as inspirations. The method reduces risks and costs caused by uncertainty in RCG and has potential to fertilize research on radical innovation and knowledge-based innovation. A radical concept of gas generator demonstrates the effectiveness of the proposed method.
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1. Introduction


The modern world is facing multiple rapid changes and problems resulting from them. Radical innovation (RI) is an effective way to cope with changes and solve problems with revolutionary technology [1]. Radical innovation provides entirely new function, unprecedented performance benefits, substantial cost reductions, and new marketing opportunities for the development and commercialization of products/services offered [2,3]. For examples, 5G technologies accelerate the transformation and upgrading of traditional manufacturing [4] and health care industries [5]. Artificial intelligence brings new opportunities for autonomous driving and smart medical care [6,7]. Therefore, many firms are willing to engage in radical innovation activities, hoping to establish technological advantages and gain more market share. However, only a small number of innovation projects have truly reached the level of radical innovation, and the majority of innovations are still incremental innovations [8,9].



In new product development, design concepts decide as much as about 80% of the work and cost for the whole development [10]. A successful radical innovation project begins with a reasonable radical concept or idea that provides a unique solution for innovation and has enormous business value. Further research shows that the radicalness of RI usually depends on uniqueness of new technologies which comes from the result of cross-domain knowledge application to solve a difficult problem [11,12,13]. Cross-domain knowledge refers to knowledge that comes from domains other than the domain in which the problem needs to be solved [14,15]. Research in radical innovation management has demonstrated that cross-domain knowledge has an important inspiring effect on the RCG [16,17]. Cheng [18] and Pichlak [19] realize that open innovation, e.g., alliance network and partnerships, enables firms to acquire more cross-domain knowledge from the outside and stimulates the RCG. Further research suggests that the better the absorptive capacity, the more favorable it is for firms to acquire cross-domain knowledge for RCG [20,21,22]. Researchers above mainly focus on how to improve firm’s access to external knowledge to generate radical ideas.



However, the development and application of cross-domain knowledge for RCG is a complex multi-standard decision-making process [23,24]. Not all knowledge from outside can help engineers to generate radical ideas and concepts. How do we accurately search the cross-domain knowledge suitable for the development of radical ideas? How do we develop radical concept based on the cross-domain knowledge? Therefore, approaches to grasp key techniques precisely to search, screen and utilize the cross-domain knowledge for RCG have to be further studied [25]. A systematic process management method of cross-domain knowledge for RCG is still lacking.



The aim of this paper is to establish a process management method of cross-domain knowledge development for RCG. Building on the strategy literature and research of related theories, the predictive function of the law of the technological evolution and the advantage of minimum complement distance measurement are suggested to connect with radical innovations to address the above problem. Radical technology opportunities are identified based on the analysis of the dynamic relationship between customer needs and technical performance. Laws and lines of technological system evolution are used to determine the search direction of cross-domain knowledge in a qualitative perspective and select cross-domain knowledge in the minimum complementary distance in a quantitative perspective. Finally, radical ideas and concepts are established with cross-domain knowledge as inspirations. The precise process reduces uncertainty in cross-domain knowledge search and increases the efficiency and success of RCG.



Remaining parts of the paper are organized as follows. Section 2 introduces related research on RI and main tools used in the research including laws of the technological system evolution and minimum complementary distance. Section 3 proposes a process management method of cross-domain knowledge development to support radical creativity and concept generation including the identification of radical technology opportunities, establishment of cross-domain knowledge search direction, selection of cross-domain knowledge sources, and radical concept generation. In Section 4, the proposed method is demonstrated with a radical concept of the airbag gas generator. Section 5 discusses the conclusion and further work.




2. Related Research


2.1. Definition and Features of Radical Innovations


According to the degree of technological change and impact on the market, innovations are traditionally divided into incremental innovation and radical innovation (RI) [26,27]. Incremental innovation is continuous and small changes on the original technological trajectory (S-curve) [28,29] which is the continuous exploration and improvement of the original technological potential. As shown in Figure 1, incremental innovation occurs from point a to b or from point b to c on the same S-curve. Most companies, especially those large and established ones, prefer to engage in incremental innovation because of its low risk. RI is to replace the old technological trajectory with a new one, which can greatly improve the product performance or significantly reduce the cost of the product [30,31]. RI occurs in the replacement phase of S-curve from point c to d as shown in Figure 1. When the performance of current technology has developed to the limit, engineers or designers need to find a new technology to replace the current one [32,33]. The discontinuity of the S-curve is the most obvious technical manifestation of RI [34].



RI is characterized by divergence and nonlinearity, showing a leap-type and discontinuous development [35]. The radical performance of RI means that a new product or technology is significantly different from the current product or technology in one of the following aspects: (a) the new product offers an entirely new set of performance features, (b) five-times or greater improvement in known performance features, (c) a significant (30% or great) reduction in cost [36,37]. These performances provide operational opportunities to implement RI.



Features of RI related to the technological trajectory and radical performance are the new technical principles inspired by cross-domain knowledge. However, how to accurately and effectively find cross-domain knowledge suitable for the development of radical idea is still a problem. The technological trajectory discontinuity of RI makes it difficult for engineers to predict the next-generation technology and obtain cross-domain knowledge for RCG. And RI has high requirements on firms’ knowledge reserves [38], strategic positioning [39], absorptive capacity [21,22] and other aspects. It is difficult for firms to find appropriate cross-domain knowledge to form radical concepts and ideas with low cost and risk, especially small and medium-sized ones [40]. Therefore, it is essential to have an operable process for RCG to improve the success rate of RIs.




2.2. Technological Forecasting in TRIZ


One of the most striking features of RI is the transformation of the technology trajectory [41]. When the technical performance reaches its limit or is difficult to improve due to other factors, engineers need to find new technologies to replace the current one, but it is usually difficult to identify the next-generation technology to overcome the performance limits. As a knowledge-based systematic method, TRIZ (Theory of innovation problem solving) defines nine laws of technological system evolution: (a) law of increasing degree of ideality, (b) law of non-uniform evolution of sub-systems, (c) law of transition to a higher-lever system, (d) law of increasing flexibility of system, (e) law of transition from macro-to micro-level, (f) law of shortening of energy flow path, (g) law of harmonization, (h) law of completeness, (i) law of increasing controllability [42,43].



Each law shows a general direction for products or next-generation technologies. The predicting power of each law is greatly enhanced by several associated lines that specify successive stages of evolution along a certain direction [44]. Based on laws and lines of the evolution, engineers can actively identify strategic directions of the technology evolution with analysis of the past and current system evolution. Much research has been conducted on utilizing laws and lines of the evolution as stimuli for next-generation technology. Zhang et al. [45] applied the laws into the conceptual design of new stereo garage. Ping et al. [46] proposed a comprehensive process for product RI based on the analysis of product technology system and law of technology evolution. Cascini et al. [47] proposed an approach for technological forecasting of satisfying the need of manufacturing industries to support decision-making processes in planning corporate strategies for R&D.



Laws of the technological evolution provide an effective way to predict future technologies. However, they can only make analysis in a qualitative perspective, without providing an appropriate choice in a quantitative perspective. Given high risk of RI from the technology uncertainty, it is difficult to use laws of the evolution to search for appropriate cross-domain knowledge for RCG. An innovative development process with the quantitative analysis is required to identify appropriate cross-domain knowledge accurately.




2.3. Technological Distance Measure


The radical performance of RI is usually the result of introduction of other domain knowledge or technology to solve difficult problems; however, it does not mean that cross-domain knowledge must come from far away [48,49]. Because even though the learning and recombination of external knowledge will bring engineers and designers more creative inspiration and opportunities, firms may not have the necessary absorptive capacity for learning and mastering to take place [50]. The relationship between technological distance and innovative performance is an inverted U-shaped [51,52] and has been corroborated by many empirical studies [48,53]. Intuitively, if the technological distance between two firms is too close together, the high similar knowledge bases will not lead to the generation of novelty value. On the contrary, if the technological distance is too far away from each other, it is difficult for firms to absorb and utilize the cross-domain knowledge to achieve radical ideals [54,55]. Therefore, a moderate level of technological distance is desirable for firms to use cross-domain knowledge for RCG effectively.



The measure of technological distance was pioneered by Jaffe to describe the effect of knowledge spillover [56,57]. The Euclidean Distance and Cosine Angle are two common measures along with the introduction of patent vector [56,58], and both take all the patent classes into the calculation according to their own calculation rules [49]. However, Bar and Leiponen [59] argued that collaboration, technology transfer, knowledge spillover, or R&D competition between a target firm with some empty patent classes and other firms should depend on patent classes in which the target firm has some patent holdings, rather than the other firm allocation of patents in classes that are empty for the target firm. This is particularly important because small innovative firms are often concentrated in a few classes and not likely to have very broad patent layout, whereas technology giants may own dozens of patent classes. Obviously, technological distance is an objective existence and should not be affected by the size of the firm. In order to eliminate the influence of this asymmetry in technological distance measure, Bar and Leiponen [59] developed a new measure, named minimum complement distance, as an alternative measure of technological distance. When using this method, the share of invention overlap will be subtracted from the whole universe of firm’s inventions. The remaining part has a share of non-overlapping inventions, which are interpreted as the technological distance. In the research of innovation collaborations, Stein et al. [49] showed that the use of the minimum complement distance seems to be reasonable due to the intuitive property of the independence of irrelated patent classes in cross-industry collaboration settings.



Cross-domain knowledge for RCG comes from firms of different sizes firms, either a small enterprise or a technology giant. Technological distance measure can quantitatively identify cross-industry partners and contribute to valuable partnering decisions. Considering that effective quantitative methods are necessary to identify cross-domain knowledge for RCG, we try to integrate the minimum complement distance into the process of the selection systematically to improve the effectiveness of RCG. Simultaneously, we also hope the potential of the measure is fully explored.




2.4. Summary of Review


From the review works above, scholars and engineers have realized the important role of cross-domain knowledge for RCG, but how to accurately and effectively find cross-domain knowledge suitable for the development of radical idea is still a problem. By collecting the feedback from industrial experts, details of the problem are described as follows. (1) The technological trajectory discontinuity of RI makes it difficult for engineers to determine the next-generation technology and obtain cross-domain knowledge. (2) Considering the inverted u-shaped relationship between technological distance and innovation performance, the selection of cross-domain knowledge for RCG is not quantitatively analyzed. According to the review and analysis above, the predictive function of the law of the technological evolution and the advantage of minimum complement distance measurement are suggested to connect with radical innovations to address the above problem. Therefore, this research proposes the integration of laws of the technological evolution and minimum complement distance for effective using of cross-domain knowledge as inspirations to support RCG.





3. Proposed Method


Based on features of the radical innovation and process of radical product development, we propose a process management method of cross-domain knowledge development to support RCG. The overall flow of the approach includes the following four steps as shown in Figure 2.




	
Identification of radical technology opportunities. The technical performance development of system is out of sync with the growth of user demand. This inconsistency provides radical technology opportunities.



	
Determination of direction of cross-domain knowledge. The past state and current state of the technical system (subsystem) are analyzed, and then the future technological state can be determined with advantage of the laws and lines of technological evolution, thereby determining the search direction of knowledge.



	
Search and evaluation of cross-domain knowledge. The measure of minimum complementary distance is introduced to evaluate appropriate firms and cross-domain knowledge.



	
Knowledge transfer and radical concept generation. These principles or structures included in cross-domain knowledge are used to generate radical ideas and concepts.








3.1. Identification of Radical Technology Opportunities


Many companies advocate RI, but they are not clear about the formation process of radical technology opportunities. Many innovative ideas are proposed without considering features of the radical innovation and the process of radical product development. Because of the lack of sufficient pre-condition constraints and clear goal guidance, most of the innovative ideas do not conform to firms’ radical strategic goals and laws of the technology development.



A complete technical system includes four subsystems: control subsystem (CS), driving subsystem (DS), transmission subsystem (TS) and execution subsystem (ES) [60]. In the development of technical systems, the speed of technical performance improvement and the growth of user requirements are not always synchronized; the technical performance development of some subsystems evolves ahead of the development of user requirements, while some are just the opposite. The unbalanced development of subsystems provides opportunities for RI. According to Ehrnberg’s analysis of the discontinuity of the technological trajectory, the formation of radical technology opportunities can be divided into two situations: performance limit situation and performance lagging situation, as shown in Figure 3 [33]. In order to facilitate the analysis of these two situations, taking ES as an example, four key stages are defined. These items are shown in Table 1. Details are as follows.



Performance limit situation: In the initial state S of the technical system, the performance of all subsystems meets customer needs. Driven by market pull and technology push, technical system goes from state S to state Sn through incremental development. In the state Sn, ES has developed to the performance limit, but CS-DS-TS have not reached the performance limit. The technical performance of all the subsystems in the state Sn is still able to meet the customer needs, or even in a state of performance ahead of the demands. However, in order to meet the rapid growth of user needs, establish technical advantages, create exciting needs of users, and form technical barriers to other firms and other factors, it is necessary for firms to carry out a new technology to replace the old one in ES. In other words, it is an opportunity for firms to develop radical technology. Through the application of new technologies, ES moves from state Sn to a new state Sn+1, the technical performance of ES will be greatly improved, as shown in Figure 3a.



Performance lagging situation: In the technical system from state S to state St, the improvement of technical performance of CS-DS-TS is always faster than the growth of customer needs. In the state St, the technical performance of CS-DS-TS is still able to meet the customer needs, or even in a state of performance ahead of the demands. However, in the state St, the technical performance of ES has seriously lagged behind the customer needs because it is difficult to improve the performance of ES from state S to state St due to other additional conditions such as environmental protection and patent rights for a long time. If companies continue to improve the performance of ES, they need to spend huge investment and time. At this time, a new technology should be applied to ES to eliminate the current restrictions, and ES can go from St to a new state Sn+1 without considering these constraints. As shown in Figure 3b, the technical performance of ES can be rapidly improved in the later stage.




3.2. Determination of Directions of Cross-Domain Knowledge


Through the analysis of radical technology opportunities above, we can identify the target subsystem that needs radical technology to improve the performance. In order to accurately find cross-domain knowledge for RCG, we need to determine the search direction of cross-domain knowledge first. In this part, a comprehensive process to identify the search direction of cross-domain knowledge under the guidance of laws and lines of evolution is produced. In the process, the technological trajectory and radical performance of RI are considered. The overall flow of the approach includes the following four steps as shown in Figure 4.




	
Identifying the main function of the target subsystem. According to the importance of functions to customers, functions can be divided into two categories: main functions and additional functions [61]. RI requires changing the way the main functions of the target subsystem implemented. The determination of the main function of the target subsystem should be considered from three aspects: (1) The main function expresses the necessary and basic needs of customers. (2) The main function corresponds to a primary product purpose. (3) The product properties will change overall after the main function is changed. Under the guidance of this description, the products of the target firm or external firms of the same type are collected to analyze the structure, components and parts of the target subsystem, and abstract the main function, principle or technical characteristics of the target subsystem [62].



	
Analysis of the past and current technology state. As the name suggests, this step is essentially about analysis of the technology evolution of the target subsystem. The development of any technical system usually follows an S-shaped curve, reflecting the dynamics of the system benefit-to-cost ratio [63]. By searching for relevant patents, literature and market research, relevant technologies for the realization of the main function of the target subsystem. Arrange these techniques in evolutionary order to determine the past and current technical status of the main function of the target subsystem. The key step allows for positioning the technology or product on its S-curve, thereby helping to define radical technology strategies [64].



	
Matching the right laws and lines. Based on the analysis of the past and current technology state, possible laws and lines that conform to the trend of evolution are selected for likely directions of the future state. According to the different focus on the target subsystem, engineers are allowed to choose different laws and lines to develop different strategies to achieve radical technology. Under the guidance of the laws and lines, engineers can discover future state including next-generation technologies of the target subsystem. The search direction of cross-domain knowledge can be clarified by analyzing the next-generation technology. Radical ideas and concept proposed based on the next-generation technology will be consistent with the evolution of technology to reduce the uncertainty of technology development of RI.









3.3. Search and Evaluation of the Cross-Domain Knowledge


The patent database contains more than 90% of the world technical information, providing a wealth of resource for the acquisition of cross-domain knowledge [65,66]. At the same time, the number of patents distributed in different patent classes reflects the technological focus and advantages of firms [67]. More importantly, the patent activity can characterize the knowledge base in most industries that actively pursue R&D and engage in cross-industry research to explore new technologies [68,69]. Therefore, we use a patent database as a knowledge storage pool to capture cross-domain knowledge for RCG. The details are as follows:




	
Identifying related patents and firms. In order to accurately search for cross-domain knowledge, it is necessary to establish and combine keywords or technical language to describe the main function of the target subsystem based on the next-generation technology. With the description and constraints of the keywords and technical language, firms with patents related to the next-generation technology are captured in the patent database. We define them as related patents and related firms. It is important to note that these related firms should belong to different industries from the target firm in the retrieval process. For example, if a traditional car firm (target firm) wants to develop an electric vehicle, it had better look for firms related to battery technology development rather than automobile firms.



	
Technological position description. Representation of technological status of a firm is based on the technological space described by patents and International Patent Classification (IPC) codes [70]. According to the IPC codes, patents are divided into eight categories (A, B, C, D, E, F, G, H) in 120 subcategories [71]. Each firm occupies its unique position based on its technological knowledge characterized by its patent classification and patent portfolio. The technological position of a firm can be represented by a vector P as follows:


  P =  (   P 1  ,  P 2  , …  P k  , … ,  P n   )  ,  P k  ≥ 0 ,  ∑  k = 1  n   P k  = 1  



(1)




where P is the technical position of the firm, k is the classification number of the patent, Pk is the ratio of the number of patents under classification k to the total patents of the firm, n is the total number of patent classifications of the firm.



	
Measuring technological distance. According to the minimal complementary distance measure [59], the technological distance between firm I and firm J can be decided as follows.


  M  (   P I  ,  P J   )  = 1 −  ∑  k = 1  n  m i n  {   P  I k   ,  P  J k    }   



(2)




where M is the technological distance between firms I and firm J, PI is the technical position of the firm I, PJ is the technical position of the firm J. M∈ [0,1], and when M = 0 the technological distance between the two firms is the closest.



	
Appropriate cross-domain knowledge. Technological distance affects both knowledge acquisition and innovation performance, but there are two opposing mechanisms at work, as described in the first paragraph of 2.3 [72]. That is why the relationship between technological distance and innovation performance is an inverted U-shaped curve, as illustrated in Figure 5.








Obviously, ideal firms that provide appropriate cross-domain knowledge should be those close to the optimal technological distance 0.5 under ideal conditions. In fact the optimal distance is not unique and constant, because the desire for innovation (Novelty Value) and employee learning ability (Absorptive Capacity) of the firms is not absolutely reciprocal. Wuyts et al. [53] tested the relation between cognitive distance and innovation performance of firms engaged in technology-based alliances and pointed out that the optimal cognitive distance at the mean value of technological capital is 38.4 on a scale between zero and hundred. Gao [73] suggested that the technological distance between target firm and its partners should be around 0.4, which is conducive to the flow of knowledge between firms and the emergence of radical technologies.



The related firms are ranked according to the results of the technical distance, and those whose distance are close to the optimal technological distance are called ideal firms. The related patents of these ideal firms provide the appropriate cross-domain knowledge to support the development of future state of the target subsystem. Therefore, radical concept and ideas can be generated by utilizing the technology in these ideal firms to realize the main functions of the target subsystem. Next, we will describe and illustrate RCG based on the cross-domain knowledge from the related patents.




3.4. Knowledge Transfer and Radical Concept Generation


The technical system design is to provide specific functions [74]. Similar functions can be achieved with different structures and principles. The analogy process is the transfer of structures or principles with similar functions from one system to another new system to achieve the desired function of the new system [75]. Guided by analogy, we can build radical concepts of the target subsystem with cross-domain knowledge gained from the above process. The process is shown in Figure 6, and details are as follows:




	
Analysis and acquisition of technical principles. To take advantage of this cross-domain knowledge for RCG, the text and pictures of related patents in ideal firms are analyzed first. By analyzing the technical information contained in these patents, engineers can obtain the technical principle and structure from the related patents first [76]. These principles may be some chemical effects or a complex mechanical structure. The functions achieved by these principles or structures are the same or similar to those of the target subsystem.



	
Technical principle mapping. According to the results of the function-oriented search above, these technical principles obtained can realize the function of the target subsystem. Inspired by these principles and structures, engineers can find a new principle to realize target subsystem function. For example, the technical principles and structure (component A, B, C) in the related patents can be transferred to generate a new structure (component a, b, c) of the target subsystem through the mapping process. The implementation of an analogy mechanism is introduced as shown in Figure 6.



	
Radical concept generation. Finally, inspired by new principle solution, engineers can develop radical concepts of the target subsystem combined with personal design experience.










4. Cases Study


EAST JOY LONG (ESL) is an industrial partner of our research center in the ‘Innovative Method Promotion and Application’ research project. This firm is the only domestic one who masters the core technology of airbag systems and provides products and services to many companies, such as SAIC MOTOR and IKCO. This section discusses the radical concept design of a new airbag gas generation device to verify the proposed approach.



4.1. Problem Statement and Opportunity Identification


Airbag systems provide a passive protection for drivers and passengers. When the car collides, the sensor senses the intensity of the collision and transmits the signal to the controller. The controller receives the signal from the sensor and judges the severity of the impact. If the airbag needs to be opened, the controller immediately sends an ignition signal to the gas generator so that the gas generator can inflate the airbag in a very short time. The composition of the airbag system and the operation process between the subsystems are shown in Figure 7.



The power (DS) supply provides the driving force for the airbag system, the sensor (TS) is responsible for compiling and transmitting signal, the safety controller and airbag controller (CS) recognize the signal from the sensor and determine whether to activate the air bag, the gas generator and air bag (ES) form a protection system.



ESL’s investigation and analysis of many traffic accidents show that drivers can be re-injury because of the airbag system in some accidents. When collisions are enough, the gas generator relies on the chemical reaction of gunpowder to produce gas, accompanied by high temperature (Peak value of about 2000 °C) and high pressure (Close to 400 Kpa). The result is that the air pocket pops up at a speed of more than 200 km per hour to protect passengers. However, the speed is so fast that when the driver or passenger is very close to the airbag, it will cause re-injury to them—especially for drivers with short legs, because drivers with short legs need to operate brakes and other equipment closely. At the same time, a large amount of hot gas produced by the chemical reaction is discharged from the airbag vent hole, which may cause skin burns. Therefore, ESL hopes to develop a new gas generator (execution subsystem, ES) to eliminate the above problems.




4.2. Analysis and Selection of Problem Solving Direction


The main function of the generator is to quickly generate gas and fill the air pocket. The first-generation gas generator (past state) realizes airbag inflation by releasing compressed gas stored, with less gas production and slow inflation speed. The second-generation (current state) uses the high temperature and high pressure after gunpowder combustion to inflate the air bag, but the hot flame can burn the airbag, and the combustion products can have toxic side effects on the human body.



Based on the analysis in Section 4.1, engineers believe that the release of airbags should become more controllable, with as few harmful effects as possible, and the energy transmission should be more efficient. The current and past energy transmission paths of the gas generator subsystem are shown in Figure 8.



The past energy transmission path of gas generator is as follows: the compressed gas is stored in a container by external mechanical energy. When a collision occurs, the compressed gas (Pressure energy) is released to inflate the airbag (Mechanical energy). The current energy transmission path of ESL products is as follows: the chemical reaction (Chemical energy) produces gas and heat (Thermal energy), gas expansion produces pressure (Pressure energy), and pressure is converted into mechanical energy. In order to reduce harmful effects and shorten the path of energy transfer, engineers choose f (law of shortening of energy flow path) as a guide for generating ideas. Inspired by reducing the number of stages of energy transfer and improving energy controllability, a next-generation technology is determined from pressure energy to mechanical energy in order to avoid uncontrollable chemical energy and thermal energy, as shown in Figure 8.




4.3. Acquisition of Cross-Domain Knowledge


This part describes the search and evaluation of the cross-domain knowledge to support the development of radical concept of gas generator. We use Patsnap [77], a patent database including 140 million+ patents, as a knowledge storage pool to capture cross-domain knowledge with the minimum complement distance measure to filter and evaluate appropriate cross-domain knowledge.




	
Related patents and firms. The function related to the target problem is “increase the gas to create enough pressure”. We further standardize it into “increase gas pressure” based on sets of terminologies stored in PatSnap. In the process of generating gas through gunpowder or similar chemical reactions, high temperatures are almost inevitable. Therefore, the new gas generator concept should not continue to use chemical reactions. The patent activity characterizes the technological focus and R&D capabilities of most industries that are actively engaged in R&D and cross-industry research to explore new technologies. Therefore, we choose firms with a large number of related patents in the last ten years (from 2011 to 2020). These related firms belong to firms outside the airbag industry. In the end, a total of twelve related firms are selected as listed in Table 2, denoted as No.1–No.12.








The 12 related firms belong to different fields from ESL and have a large number of patents related to the generation of gas pressure. The cross-domain knowledge contained in these related patents will support the generation of radical concept of gas generator.




	2.

	
Data collection and technology space description. A total sample of 234,512 patents assigned to eight patent classifications (A/B/C/D/E/F/G/H) derived from 12 related firms forms the basis of the following analyses. The detailed description is given in Table 3.









The firm with the largest number of patents is No.2 (88,841), and the least is No.7 (37). No.2 is a super-large state-owned firm, while No.7 is a biotechnology firm established in 2016. No.2, No.3 and No.6 have patents distributed in all eight patent classifications, while No.1, No.7 and No.9 only in few patent classifications. The number of patents under different IPC categories reflects the technological focus and technological position of different firm. The patent distribution in each classification of all related firms is shown in Table 4.




	3.

	
Technological distance measurement. According to the minimum complementary distance measure, the distance between ESL and 12 firms is shown in Figure 9.









Among them, the distance between No.12 and ESL (M = 0.149) is the closest. No.12 is a firm that studies the rocket launch technology and has applied for many patents related to the combustion and expansion of liquefied gases (i.e., 2H2 + O2 = H2O). The combustion of liquefied gas is still a chemical reaction, and the working principle of the ‘rocket’ is similar to the current gas generator, which cannot help to generate radical innovative solutions. However, there is a large technological gap between No.9 and ESL (M = 0.949), which shows that it is difficult to develop technology suitable for gas generators relying on related technology in textile machinery. The distance of No.1 (M = 0.504) and No.10 (M = 0.419) is close to the optimal technological distance. To obtain appropriate cross-domain knowledge, we further analyze related patents in No.1 and No.10.




	4.

	
Analysis of related patents. Analyze the main technology and principles used in related patents of the firms No.1 and No.10. No.1 is an internal combustion engine manufacturing firm that uses the “Conda Effect” to improve the design of the combustion chamber to increase the intake efficiency of the internal combustion engine. The red arrow shows a small amount of compressed air, and the blue arrows are the ambient air that is being sucked, as shown in Figure 10. No.10 also utilizes the “Conda Effect” to develop air-multiplier product such as bladeless fan, as shown in Figure 11. The high-speed airflow flows in from the base of the bladeless fan, and then it flows out from the narrow gap reserved by the top ring structure. The low pressure created by the high-speed airflow will drive a large amount of surrounding air through the ring, making people feel cooler.









The “Conda Effect” means that when the ejected fluid in the pipe moves rapidly, the pressure between the fluid and the surface of the pipe decreases rapidly. At this time, the static fluid around the inlet of the pipe will also quickly enter the pipe, thereby increasing the flow of fluid through the pipe. Therefore, a higher pressure can be obtained at the outlet of the pipe. Therefore, the principle and structure of the “Conda Effect” can be used to develop a new structure that generates high pressure gas.




4.4. Radical Concept Generation Based on Conda Effect


Based on the principle and structure of the “Conda Effect”, we propose a radical concept of a new gas generator. The structure is shown in Figure 12.



When the car is hit, the sensor of the airbag sends out a signal to the gas tank that stores the compressed gas. The compressed air stored is quickly released. The gas passes through the reserved narrow compressed air inlet, forming a high-speed airflow and flowing along the pipe wall. The red lines with arrows in the Figure 12 represent the direction of the high-speed airflow. The high-speed airflow forms a low-pressure area quickly, which further drives a large amount of external gas into the pipeline through the air inlet. The blue lines with arrows represent the direction of the external gas. Finally, a large amount of gas is ejected from the air outlet into the airbag, causing the airbag to expand rapidly. The amount of compressed gas in the air storage tank is determined through simulation experiments so that the gas that finally enters the airbag can generate enough pressure to protect the safety of the driver and passenger.




4.5. Evaluation of the Radical Concept


The radical concept has following advantages over the currently design of ESL:




	
A physical prototype is formed instead of the chemical reaction to generate enough pressure to inflate the airbag. The production of a large amount of gas is only the physical movement, and it does not produce high temperatures such as chemical reactions. Therefore, it will not have a burning effect on the airbag and driver, and there will be no toxic side effects to the human body due to combustion products.



	
Comparing with existing solutions, the inflating process of airbag can be adjusted to make the inflating process relatively gentle under the premise of meeting the demand. We can simulate and continuously optimize the shape of the nozzle, air velocity and cross-sectional shape of the channel using the Computer Aided Engineering method based on the conceptual model to obtain the ideal structure.



	
Comparing with the hybrid type, the conceptual scheme has a simpler structure, easier technology implementation, and lower production cost. A prototype shows that the concept scheme is feasible. The adoption of new principles greatly improves the performance with a great technical development potential.










5. Discussions and Conclusions


This paper mainly contributes a process management method of the cross-domain knowledge development for RCG. Although previous research has demonstrated that cross-domain knowledge has an important inspiring effect on the RCG, these studies are limited to how to improve firm’s access to external knowledge; managers and engineers do not know how to accurately search, screen and utilize the cross-domain knowledge for the generation of radical concept. The method presented in this paper is among the first to describe how to leverage cross-domain knowledge to generate radical concepts, to the best of our knowledge. The proposed method helps firms to effectively use cross-domain knowledge to generate radical concept, reduce uncertainty and risk in the process of RCG, and improve success of the RI finally.



The main implications from the theoretical research and empirical findings of this paper are discussed from both theoretical and managerial aspects.



5.1. Theoretical Implications


The development and application of cross-domain knowledge for RCG is a complex multi-standard decision-making process. Identification of radical innovation opportunities is a prerequisite for related innovative design activities. Previous studies did not have a clear understanding of the formation process for RI opportunities, believing that the RI generation is an accidental event. Technology push and demand pull are the main drivers of innovation opportunities, but the speed of technical performance improvement and the growth of user requirements are not always synchronized. Based on the analysis of the dynamic relationship between customer needs and technical performances in different subsystems, this paper reveals the formation mechanism of radical opportunities. Case studies of airbags show that the analysis is effective in identifying opportunities for RI. Engineers can use this approach to quickly and accurately identify radical innovation opportunities.



Research in radical innovation management has demonstrated that cross-domain knowledge has an important inspiring effect on the RCG. However, previous studies were limited to how to improve firm’s access to cross-domain knowledge; managers and engineers do not know how to accurately search, screen and utilize the cross-domain knowledge for the generation of radical concept. Based on the predictive function of the law of the technological evolution and the advantage of minimum complement distance measurement, this paper establishes an effective method for obtaining cross-domain knowledge to support RCG. The successful radical concept of gas generators in the case responds to the effectiveness of the method. The method allows managers and engineers to select and utilize cross-domain knowledge for RCG.



It is commonly used in previous studies to obtain radical ideas by establishing evaluation criteria for radical ideas through case summary and screening radical ideas from a large number of ideas with this criterion. The “screening method” is a kind of post-analysis, which has a limited guidance for improving effectiveness of the radical concept development and cause a lot of cost during the idea generation stage. The method proposed in this paper considers constraints at an early stage before the ideas are established and helps firms to effectively use cross-domain knowledge to generate radical concept, reduce uncertainty and risk in the process of RCG, and improve success of the RI finally. As shown in the case of airbags, this study does respond to the existing problem about how to development and application of cross-domain knowledge for RCG.




5.2. Managerial Implication


Identifying RI through the evaluation of many innovative ideas belongs to the post-analysis. The construction and verification of many innovative ideas involve the development of product prototypes, which requires not only the high cost but also a long cycle. Considering the important role of cross-domain knowledge for radical ideas, this paper establishes a management method of the cross-domain knowledge development process to reduce uncertainty and high investment in the development of radical ideas through a series of operations. By establishing constraint conditions, this method advances the evaluation operation after the creation of previous ideas to the construction stage of radical ideas, and carries out precise knowledge management, which is helpful for innovation managers to improve the resource utilization and process management of radical concept ideas development. At the same time, this method has a strong operability for industrial firms to implement the development of breakthrough technology, and it is also instructive to other types of innovation.



Radical innovation is usually considered as the preserve of large firms, because the development of radical technology requires knowledge accumulation and a lot of investment. At the same time, the uncertainty of radical technology development leads to high risk and a series of problems such as the ambiguity of early market and the complexity of management. The method proposed in this paper can effectively utilize the rich cross-domain knowledge and technology in the patent database to improve the development of concept design in RI, reduce the difficulty and risk of technology development, and encourage small and medium-sized firms for RI. This will attract more firms to participate in RI activities, emerge more radical technologies, reshape the existing market environment, and even accelerate the development of the entire industry.




5.3. Suggestions for Further Research


As in other studies, this research also has limitations. RI activities are a dynamic and complex process. The method established in this article for RCG is based on a limited number of literature and actual research. Some of the key steps in the process, such as the selection of the evolution direction of subsystems, calculation and comparison of technological distance, depend on the quantity and quality of collected samples. In the future, the number of samples and quality of the samples will be improved, and more analysis will be conducted. Future research also includes the software development to assist industrial implementation of the proposed method.
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Figure 1. Parallel and serial technological competition preceding RI. 
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Figure 2. Steps of the proposed approach. 
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Figure 3. Analysis of radical technology opportunities. 
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Figure 4. Determination of directions of cross-domain knowledge. 
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Figure 5. Inverted U-shaped and the optimal technological distance. 
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Figure 6. Knowledge transfer and concept generation. 
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Figure 7. The airbag system. 
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Figure 8. Analysis of the evolutionary direction of engine subsystem. 
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Figure 9. Technological distance between ESL and 12 related firms. 
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Figure 10. A structure that delivers air to reaction chamber. 
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Figure 11. A bladeless fan. 
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Figure 12. Radical concept design of an aspirated gas generator. 
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Table 1. List of Items for Technological Attributes.
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	No.
	Item
	Meaning





	1
	S
	Technical performance meets the customer needs



	2
	Sn
	Technology reaches performance limit



	3
	St
	Technical performance is restricted by other factors



	4
	Sn+1
	A new state with a radical technology










 





Table 2. List of related firms.






Table 2. List of related firms.











	Firm
	Main Product/Technology
	Related Patents
	Total Patents





	ESL
	Airbag
	
	61



	No.1
	Diesel engines
	40
	3132



	No.2
	Power supply
	39
	88,841



	No.3
	Air conditioner, refrigerator
	29
	36,034



	No.4
	Semiconductor display
	15
	30,170



	No.5
	Smart wearable device
	14
	4023



	No.6
	Air conditioner, refrigerator, microwave oven
	12
	18,917



	No.7
	Sensor and controller chip
	11
	37



	No.8
	Communication terminal
	10
	29,610



	No.9
	Textile machinery
	10
	205



	No.10
	Energy, transportation, information management
	10
	3661



	No.11
	Communication terminal, medical equipment
	10
	15,624



	No.12
	Rocket-related technology
	10
	4258










 





Table 3. Patents of ESL and 12 related firms under the 1st-level classification.
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	Firm
	A
	B
	C
	D
	E
	F
	G
	H
	Total





	ESL
	0
	35
	1
	0
	10
	0
	6
	9
	61



	No.1
	0
	512
	17
	0
	38
	1862
	526
	177
	3132



	No.2
	1668
	6245
	1574
	53
	2801
	2537
	38,730
	35,233
	88,841



	No.3
	2277
	3899
	499
	837
	151
	16,755
	6073
	5543
	36,034



	No.4
	547
	1207
	1102
	11
	26
	383
	17,940
	8954
	30,170



	No.5
	182
	30
	5
	0
	1
	17
	2539
	1249
	4023



	No.6
	2993
	574
	530
	204
	154
	10,788
	1680
	1994
	18,917



	No.7
	0
	0
	1
	0
	0
	0
	36
	0
	37



	No.8
	158
	406
	184
	0
	1
	62
	11,986
	16,813
	29,610



	No.9
	2
	6
	184
	11
	0
	1
	1
	0
	205



	No.10
	548
	1161
	134
	2
	6
	82
	948
	780
	3661



	No.11
	85
	105
	75
	1
	1
	43
	6023
	9291
	15,624



	No.12
	8
	1013
	320
	8
	47
	647
	1796
	419
	4258










 





Table 4. Patents distribution of ESL and 12 related firms under the 1st-level classification.
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	Firm
	A
	B
	C
	D
	E
	F
	G
	H
	Total





	ESL
	0.000
	0.574
	0.016
	0.000
	0.164
	0.000
	0.098
	0.148
	1.000



	No.1
	0.000
	0.163
	0.005
	0.000
	0.012
	0.595
	0.168
	0.057
	1.000



	No.2
	0.019
	0.070
	0.018
	0.001
	0.032
	0.029
	0.436
	0.397
	1.000



	No.3
	0.063
	0.108
	0.014
	0.023
	0.004
	0.465
	0.169
	0.154
	1.000



	No.4
	0.018
	0.040
	0.037
	0.000
	0.001
	0.013
	0.595
	0.297
	1.000



	No.5
	0.045
	0.007
	0.001
	0.000
	0.000
	0.004
	0.631
	0.310
	1.000



	No.6
	0.158
	0.030
	0.028
	0.011
	0.008
	0.570
	0.089
	0.105
	1.000



	No.7
	0.000
	0.000
	0.027
	0.000
	0.000
	0.000
	0.973
	0.000
	1.000



	No.8
	0.005
	0.014
	0.006
	0.000
	0.000
	0.002
	0.405
	0.568
	1.000



	No.9
	0.010
	0.029
	0.898
	0.054
	0.000
	0.005
	0.005
	0.000
	1.000



	No.10
	0.150
	0.317
	0.037
	0.001
	0.002
	0.022
	0.259
	0.213
	1.000



	No.11
	0.005
	0.007
	0.005
	0.000
	0.000
	0.003
	0.385
	0.595
	1.000



	No.12
	0.002
	0.238
	0.075
	0.002
	0.011
	0.152
	0.422
	0.098
	1.000
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