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Abstract

:

In the Industry 4.0 environment, being sustainably competitive is essential in global markets. In an endeavor to optimize the added value in the design process of complex products such as robots, managing the development process of such products is studied. The present study identifies the level of product performance that yields maximum return on product development in Industry 4.0. The study also identifies and reviews the key approaches to understanding and managing the design process of such complex products. It has been found that the hybrid approach is the most efficient approach. The study proposes an approach to effectively manage risk in the product design process that hybridizes attributes of both the lean and agile design paradigms. The proposed approach has been validated using five case studies with 99% level of statistical confidence. The results of this study enable efficient development of complex products such as robotic systems towards realizing sustainable competitiveness.
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1. Introduction


Industry 4.0 is a strategy for being competitive in global markets providing the integration of lean production systems with efficient and dynamic solutions, and enhancing process flows and effectiveness, as well as the efficiency of machinery. In such a competitive environment, the product design process (PDP) is characterized by multiple intertwined factors ranging from product characteristics to organizational capabilities. Thus, in order to compete successfully in global markets, products should be produced on time, within budget, meeting customer requirements, and meeting organizational requirements [1]. The major problem which leads particularly to decrease in sales despite implementation of statistical quality control techniques and quality improvements is failure to satisfy customer requirements [2]. According to recent product design research, late introduction of new products is the single largest contributor to the loss of companies’ potential profit in industrial countries such as the UK [3]. In addition, recent statistics on new products worldwide have shown that for every ten ideas three will be developed, 1.3 will be launched and only one will make any profit [4]. This is backed by two facts regarding the profitability equation, the quotient of the total revenue minus the cost of goods sold: (i) the revenue component of the profitability equation is significantly determined by the market competitiveness condition and supply-demand equilibrium, (ii) the design and manufacturing operations significantly influence and shape the cost component of this equation [5]. Thus, the criticality of the design process should be analyzed in context.



The design process and product life cycle are inter-linked. The product life cycle reflects how a product progresses from introduction, through growth and maturity to decline. Although designers become involved before the introduction stage, the impact of the design process affects the stages of introduction, growth and maturity. Designers become involved again when a product is in decline to decide either to extend its life cycle or to move on to a new product/project. The need for design processes for realizing efficient management of the product lifecycle has been investigated by Panchal et al. [6], who highlighted the importance of leveraging the design process in addressing the product lifecycle considerations. Challenges were identified that are inherent in the design process. Panchal also identified key elements for enabling the integrated design of products and their underlying design processes in a systematic fashion pointing out the importance of modeling the design process. In accord with these studies, Bernard et al. [7], pointed out that the design process is a critical stage in the product lifecycle. Decisions taken in the design process impact 80% of the overall cost and performance of products throughout the entire lifecycle.



Another critical emphasis in the design process is maintainability. For complex products, improper design can result in making operation and maintenance costs as high as the initial costs. Thus, incorporating maintainability planning within the design process is critical for ensuring a successful product. The operational engineering availability and maintainability should therefore be considered not only in the detailed design phase but also well before that, in the preliminary design phase. In fact, designing for reliability is a top-down approach that starts from the level of system design in the design process. Yu et al. [8] proposed a maintainability layout design for complex equipment. They pointed out that with the increase in equipment complexity, the probability of equipment failure is dramatically increased. They indicated that most of the currently existing maintainability designs are qualitative. The authors thus used a quantitative method of maintainability design for guidance. Ding et al. [9] pointed out that maintainability is an important characteristic that is totally enabled by the product design process. They summarized maintainability design criteria and the measurement index used in product maintainability analysis, and proposed a product maintainability design method by integrating the product feature model, maintainability design criteria and measurement index.



A further critical emphasis in the design process is recyclability. Recyclability is another important aspect that significantly affects the management of the development process of complex products sustainably. Product recyclability is too significant to be enforced by law in industry. In fact, the European “Take-Back Law” requires vehicles’ manufacturers and other manufacturers to take back their products which do not comply with recyclability standards. This becomes more significant when the product contains advanced materials, such as thermoset polymeric composite materials, whose recyclability is a challenge. Thus, design for recycling has become a goal of manufacturers in industry [10]. Peters et al. [11] pointed out that most products are not designed with recycling taken into consideration. They proposed a tool to be used in the design process for assessing the design concept at an early stage with respect to recyclability, indicating that the Design for Recyclability method has three main components: a set of design guidelines, a recycling performance evaluation method, and prioritized improvement suggestions. Li et al. [12] indicated the importance of recyclability and proposed the evaluation of product recyclability in the design process using a time-series forecasting methodology. This proposed tool provides designers with decision support for enabling recyclability at an early stage in the product life cycle.



The current challenge in the design process (DP) is thus to improve the value added to customers while shortening the product development time [4]. This is particularly true in light of what Browning et al. [13] reported that determining how and when value is added in the product development process (PDevP) is problematic. Therefore, this research starts by investigating the relationship between return on product development (PD) and product performance (PP) level in the PDevP (Section 5.1). It then investigates risk management (RM) in the PDevP since the returns on PD are influenced by risk (Section 5.2). Next, the paper investigates the key approaches to understanding and to managing the PDevP since the RM plan can help in realizing the sought harmony between design activities and strategies (Section 5.3). Finally, case studies for validation (Section 6) and the statistical analysis of the results of validation then follow (Section 7). The present paper is an exploratory study that involves case studies for investigating these research objectives.




2. Materials and Methods


This research is an exploratory study that involves five case studies for investigating and validating a proposed design approach. To investigate the truth of the objectives of this research mentioned in the previous section, the following hypothesis is statistically tested in the present paper: “When most companies adopt the hybrid lean-agile approach, the aggregate performance of companies becomes closer to best performance”. To examine a limited number of variables, the case study research method involves a longitudinal examination of a case. It provides a systematic way of looking at events, collecting data, and analyzing information. Case studies provide an empirical inquiry that investigates a phenomenon within its real-life context. In the present paper, a statistical analysis follows the case study in order to test a hypothesis and to further provide quantitative evidence on significance. Such a quantitative case-study provides a statistical framework for making inferences.



In the present research paper, the basis of the case study-based analysis is deductive research and it includes the following steps: (1) determining the research question, (2) selecting the cases and determining the techniques of data gathering and analysis, (3) collecting data, (4) evaluating and analyzing the data, (5) reporting the result of the analysis. Figure 1 provides a block diagram for describing this research approach.



As to the first step in the present paper, the research question is set based on a literature review. This question is related to the hybrid approach that hybridizes attributes of both the lean and agile design paradigms. This question is indicated in the hypothesis formulated in this section and in “Section 7”. A research gap has been identified for investigating whether companies that adopt the hybrid approach in the DP become more successful than those companies that do not. In the second step, five companies are studied regarding the approaches adopted in managing the DP. These five companies are a representative sample of key manufacturing sectors in industry, since statistically the minimum representative sample size is 5 [14]. Data were collected through questionnaires and open interviews using a semi-structured script, with R&D managers and employees from each of these companies. The participants were selected to represent the stakeholders and those who influence the observed events. As to the third step, the data are collected from empirical case studies conducted on industrial companies and reported in the literature [15,16]. Two key referenced papers on case studies that suit the specific focus of the present paper, that are related to each other, that are highly cited and that are authored by leading research authorities, are adopted and utilized in the present paper:



(I) On the total quality management (TQM) practices in R&D-based companies [15]. This study validated the questionnaire on TQM practices in a sample of R&D-based companies;



(II) On the remaining practices in R&D-based companies [16]. This study focused on all practices in a smaller sample of R&D-based companies and adopted the validated questionnaire on TQM practices in the sample of R&D-based companies used by [15].



These two key referenced papers addressed all relevant practices in R&D-based companies. The focus of the statistical validation of the present study is to utilize the results of these two referenced, related and highly cited papers in order to test the hypothesis of the present paper. It is scientifically acceptable to take data from literature on the companies that suit the scope of the present study, i.e., companies that invest in R&D and that produce tangible products in key manufacturing sectors in industry. Therefore, not all of the 11 firms presented in the referenced case study [16] are eligible to be included in the present paper.



In the fourth step, the collected data are analyzed statistically. There were 632 R&D units to which the questionnaire was sent via postal mail. There were 112 received questionnaires that were identified as valid, which constitute the backbone of the sample in the statistical analysis for validation [15]. This indicates about a 20% response rate which is reasonable. The respective number of validly answered questionnaires received from this sample of R&D units in industry is given in Table 1. The industrial sectors adopted in the present paper as key sectors in industry are also the focus of the two referenced papers [15,16].



It is noteworthy that an example of such complex products is robots, as implied in Table 1 in the Mechanical industry in the Machinery industrial sector. The present paper is not intended to be a proof of the generalization of the results, but rather is exploratory research that provides evidence towards establishing a framework for inference. It is noteworthy that randomization in this regard is a randomized controlled sampling method, i.e. simple random sampling. This randomization gives items of particular characteristics the same probability of selection over all trials. Thus, this is in accord with the definition of the technical term “randomization”, which is “making no difference in selection from a group of things”. This applies to the research data gathered and presented in the key referenced paper [16] in the sense that the authors made no difference in selection among the companies that met the basic criterion of being “R&D-based companies”. The authors of this key referenced paper indicated this random selection by stating that these companies operate in different key manufacturing sectors in industry [16]. When the authors of the key referenced paper [16] mentioned that the goal of their paper was not generalization statistically is true in the sense that their data and results do not cover all companies in all industrial sectors. In addition, adopting the criterion that the companies from which the selection is made must be “R&D-based companies” makes the study more focused. This does not contradict randomization, i.e. making no difference in selection, which has been implemented onto the companies that met the basic criterion of being “R&D-based companies”. For instance, there was no difference in selection based on religion or color. The research aim of “not a generalization” mentioned in the key referenced paper [16] makes the present research paper complementary by integratively adding a further value to the gathered research data and case studies. The statistical analysis made in the present paper based on the data gathered by Bigliardi & Galati makes the present paper a continuation of their highly cited research work, filling a research gap.




3. Dissemination and Novelty


The present paper focuses on the development of complex new products, such as robots, and investigates how their performance can be related to risks in Industry 4.0. The novelty and disseminated contribution of this paper to the advancement of knowledge in this research field are reflected in the following points:




	(i)

	
Identifying the level of performance of complex products that yields maximum return on PD in Industry 4.0;




	(ii)

	
Proposing an approach to effectively manage risk in the complex PDevP that hybridizes attributes of both the lean and agile design paradigms in Industry 4.0;




	(iii)

	
Identifying the key approaches to understanding and to managing the complex PDevP in Industry 4.0;




	(iv)

	
Proposing the most efficient approach to managing the complex PDevP in Industry 4.0.










4. Sustainability and Product Development Process: A Brief Review


Managing the development process of complex products sustainably is significantly important, not only from the engineering, quality, manufacture, and operational perspectives but also from the economical, managerial, and environmental perspectives. The sustainability of the design process of complex products is the development process that is supported at every stage in the value chain of the product.



Improved sustainability is expected to be realized in this regard in terms of longer service life with maintainability and serviceability, less power consumption, an environmentally friendly product with small emissions footprint, maintainability and recyclability. Improved sustainability would, in an environmentally friendly manner, strengthen competitiveness and growth of the organization that adopts and implements this framework. Sustainability has two aspects to be addressed in the product development process: in the supply chain and in the demand chain.



In the supply chain, Al-Zabidi et al. [17] proposed an approach to assess sustainable agility in a manufacturing organization. They highlighted the relationships between sustainable supply-chain capabilities, enablers, and attributes. They reported that in order to maintain sustainability in the supply chain, priority should be given to: (1) enhancing maintainability and serviceability for enabling flexibility and low cost, (2) development and integration of the core competencies for dealing with cross-functional and cross-enterprise issues in the supply chain. They reported that the design and fabrication process is one of the key factors that shape the decision making criteria for maintaining a sustainable supply chain. Emovon et al. backed this conclusion [18]. Al-Zabidi et al. [17] pointed out that digitalization in product design is one of the sustainable attributes that enable the realization of a sustainable supply chain. Al-Zabidi et al. [17] also pointed out that quality design is a key attribute that is implemented in the design process in order to enable a sustainable supply chain. Several studies have seconded this conclusion [19,20,21].



In the supply chain, the relationship between the environmental footprint and the United Nations’ Sustainable Development Goals has been investigated by Vanham, et al. [22]. They identified a family of environmental footprints that can be used for the assessment of environmental sustainability. They suggested a methodology for assessing how the family of environmental footprints can comply with the United Nations’ Sustainable Development Goals. They also proposed a quantification of the environmental pressures along the supply chain and to relate these to the water–energy–food ecosystem.



In the demand chain, Zimon et al. [23] identified the drivers of sustainable supply chain management that comply with the sustainable development goals. They reported that there are three drivers of sustainable supply chain management implementation: (1) internal drivers within the company including management commitment, organizational involvement, supportive culture, productivity improvement, and waste elimination; (2) demand chain drivers related to customers such as reverse logistics, business social compliance, environmental regulation compliance, customer and supplier involvement; (3) demand chain drivers related to third parties such as regulatory requirements, institutional pressures, international environmental regulations and green warehouses requirements, industrial competition, corporate reputation, and social responsibility. Rosati et al. [24] identified the institutional factors that lead to complying with the United Nations’ Sustainable Development Goals. They reported that the organizations complying with these goals are more likely to have their value chain located in countries with higher levels of climate change vulnerability, national corporate social responsibility, and spending on tertiary education. Fonseca et al. [25] defined the Circular Economy (CE) as an economic system that aims to conciliate economic and environmental performance, by adopting an innovative approach to address the relationship between business and the environment. They investigated a CE model that has been advocated and supported in Europe, proving that this economic system leads to profitability and value creation throughout the value chain. They pointed out that successful implementation of CE activities faces the challenge of the need for both strongly supportive supply chain agents and demand chain customers. In the interest of adding to the advancement of knowledge in this field, the results of the present research on the key approaches, risks and product performance in managing the sustainably of the development process for complex products are presented in the following section.




5. Results


5.1. Product Performance Level and Return on Product Development


Product-oriented research and process-oriented research are the two major streams of research in product design management. Both of these two streams attempt to maximize benefits and to minimize risks to the PD organizations. These two streams aim to minimize variations in performance caused by variations in uncontrollable noise parameters or by variations in the design parameters [26]. In product-oriented design research, the emphasis is placed on the PP technical attributes, such as reliability. The product-oriented design research aims at improving the quality of products by means of statistical engineering through minimizing loss in quality as suggested by Taguchi and Clausing [27,28]. In process-oriented design research, the emphasis is placed on the performance of the DP itself, such as lead time and development cost.



Striking a balance between the conflicting design requirements in the PDP would increase the return on PD. This is particularly true in light of the fact that for a markedly significant percentage of products, focusing on PP improvement would lead to diminishing the return on PD beyond a certain level of improvement of PP, as indicated in Figure 2. Such a certain level of PP is the customers’ acceptable level of quality, i.e., the inflection point A on Figure 2. At this point, all customer needs are fulfilled and beyond which the return on improving PP will diminish. Figure 3 shows that point A is the optimum point to be targeted by designers for minimizing the loss of diminishing return on PP improvement.



If the PP has been improved further than point A on Figure 2, by including common desires among customers, the improvement in PP should not exceed point B, which is the level of PP that yields maximum return on PD. At point B, the slope of the tangent to the curve starts to become zero and no further return on PD can be thus attained by further improving the PP [29]. This proposed relation between PP and return on PD indicated in Figure 2, is similar to the well-established innovation life cycle S-curve [30]; yet the proposed relation addresses a different perspective. This similarity therefore provides further support that backs the proposed relation. Point A in Figure 2 is the optimum point to be targeted by designers for minimizing the loss of diminishing return on PP improvement as shown in Figure 3.



The returns on PD indicated at points A and B in Figure 2 are influenced by risk. Thus, RM in the PDevP is further investigated in the succeeding section.




5.2. Proposed Approach to Managing Risk in the Product Development Process


Efficient management of the PDevP entails not only maximizing value to stakeholders but also minimizing risk in this process. Thus, in addition to the preceding section which aims at maximizing value to stakeholders, this research proposes an approach to managing risk in the PDevP. The present study hybridizes both the lean and agile design paradigms, benefiting from the attributes of both in order to manage risk in the PDevP.



Managing risk in the DP concerns design managers and designers. Baxter [4] argued that risks will always remain but with good management they can be minimized; most importantly, the costs of failure can be significantly reduced by identifying unsuccessful products before too much money is committed to them. Baxter found that the cornerstone of successful innovation is the management of risk through the following two steps: (1) minimizing the risk of a new product failing by ensuring that it satisfies customers, satisfies its functional requirement, has reliable quality, and is cost-effective; (2) minimizing the wastage of resources on failure by killing-off products as soon as they do not meet the objective. Paying attention to technological uncertainty slashes the risk of failure to realize the operational outcome that follows from organizational process factors. Likewise, paying attention to market and environmental uncertainty slashes the risk of failure to realize market success due to the operational outcome [31].



Globalization and increasing competition in businesses result in a turbulent environment where customers expect quicker product delivery at cheaper prices with better perceived quality [32]. Booz et al. [33] empirically found that 46% of resources allocated to New Product Development (NPD) are spent on canceled products or products that are inefficient in adequately yielding financial return. In an endeavor to overcome product failures, the RM should be considered as a central element of the NPD process to reduce risk and thereby to increase the likelihood of success of NPD projects [34,35]. However, according to a cross organizational case study conducted by Raz et al. [36], only few NPD projects use any kind of RM practices. In addition, RM practices in NPD projects have been investigated intensively; the key characteristics of RM processes are not clearly understood among practitioners and researchers [37,38].



Risk can be differentiated from uncertainty in NPD by considering risk as: “effect of uncertainty on an objective”. Following from this definition, risk can be classified as either subjective or objective depending on whether that uncertainty is subjective or objective in nature and on whether its effect is subjective or objective [39,40]. The types of risk in NPD are technological risks, marketing risks, and organizational risks [40]. Each of these types of risk can be subjective or objective and influence the typical targets of PD. These typical targets are high perceived quality of product, low development cost, short development time, and low product cost. Each of these typical targets generates risks in varying degrees throughout the phases of the NPD process [39]. The key activities in the process of managing such risks are identification, analysis, assessment, and treatment of risk [40]. The NPD RM process thus usually starts with defining possible sources of uncertainty and defining objectives. These objectives often focus on project-level metrics such as schedule, product-related metrics such as time-to-market, or corporate-level metrics such as market share. A PD value stream map is usually used to visualize the NPD process in order to spot possible uncertain events. Cause-and-effect scenarios are then built based on the identified uncertain events. These cause-and-effect scenarios are then mapped against objectives in order to assess their impact, constructing a probability-based risk criticality rating. Projects are then ranked according to their exposure to uncertainty and to the ratio of expected risk over the return balance of the project. Risk treatment then follows which includes reduction of uncertainties using quality management, design automation, and early supplier integration [40]. The interplay between the RM process activities and the NPD process activities varies throughout the phases of the NPD process. The two key challenges of RM in NPD projects are to find the optimum balance between: (i) the cost of carrying risks versus the cost of mitigating risks, (ii) the risk that is taken versus the expected return on investment from the NPD project. Despite the significant influence of suppliers on NPD, supplier-related risks in NPD projects are not well addressed in the literature [40].



The present research therefore proposes a three-phase RM action plan to minimize risk in the PDevP. The first phase of this plan should precede the development process. In this phase, SWOT (i.e., Strengths, Weaknesses, Opportunities, Threats) analysis for the product design company is conducted; optimization then follows between the cost of carrying risks versus the cost of mitigating risks as well as between the risk taken and the return on investment, and strategic partnership with key technology providers is established, which reflects the organizational aspect of RM. The second phase of this plan should be conducted during the DP. In this phase, the design managers should ensure that the product satisfies the customer, satisfies its functional requirement, has reliable quality, and is cost-effective, which collectively reflect the technological aspect of RM. The attained level of PP must not surpass point B on Figure 2. The third and last phase of this plan should succeed the end of the PDevP. In the third phase, Failure Modes and Effects Analysis (FMEA) is conducted and ultimately products which do not meet the set target are killed off promptly whenever this appears. This phase of the plan reflects the marketing aspect of the RM. This RM action plan can help in realizing the sought harmony between the design activities and strategies. Having seen this, let us now take a closer look at the key approaches to understanding and to managing the PDevP.




5.3. Key Approaches to Understanding and to Managing the Complex Products Development Process


By reviewing the literature on the PDevP, it has been found that there are primarily six approaches that are used in understanding and managing the PDevP. These approaches are: (1) strategic, resource-based and sustainability-oriented approach; (2) financial and cost-oriented approach; (3) PD time duration-oriented approach; (4) technical and problem solving approach; (5) social sciences and knowledge-based approach; (6) hybrid approach. These approaches will be investigated in this section.



5.3.1. Strategic, Resource-Based and Sustainability-Oriented Approach


Improvement in product attributes is primarily a comparative advantage for any PD organization. In strategic management, the strategic marketing decision is to determine: (i) timing of introducing the product, (ii) whether the new product is a new version of an existing product, a sequence of products with overlapping lifecycles or a new product generation, (iii) target performance level [41]. Meanwhile, the strategic development decision is to allocate time and resources across the product design phases [42]. Hence, the relationship among the PDevP, return on PD, and strategic business goals of the PD organization is significant. Several studies explored the aspects of the strategic, resource-based and sustainability-oriented perspective of product design and development.



The strategic perspective of the design of products has received research and industrial interests. Clark and Fujimoto [43] investigated the design of products and identified three elements of competitiveness and concluded that what distinguish Japanese firms are: (i) capability in manufacturing, (ii) rapid development, (iii) efficient development.



The role of resources in NPD is not widely emphasized. The Stage-Gate model developed by Cooper described a recipe for developing new products more successfully [44] that can help in identifying which of several independent factors are correlated with the success of the NPD project. In the Stage-Gate model, resources are considered as given and predictability is utilized to reduce the NPD failure rate, and thereby to improve NPD performance [44]. Several practices have been associated with effective portfolio management including: (1) maximizing the value of the portfolio, (2) prioritizing certain projects, (3) seeking balance in the portfolio in terms of a number of parameters, e.g., long-term projects versus short-term projects, (4) strategically aligning the portfolio with the overall organizational strategy, (5) having a formal systematic management system in place to select the correct projects and allocate necessary resources [45]. Contrary to Cooper’s approach, the resource-based view of the firm places considerable emphasis on resources. Given the fact that resources are heterogeneously distributed across firms, firms with valuable, inimitable and non-substitutable resources can thus achieve sustainable competitive advantages [46]. Paladino [47] further explored the effect of both market orientation and resource-based strategies on the success of design firms. This study concluded that PD managers should address customers’ values within the limits of the provision of resources.



More often than not, innovations legitimacy is sought in contexts where the logic of business prosperity does not resonate with environmental sustainability. In facing the challenges of reducing environmental impacts, design teams are attending more to the environmental, social and economic implications of their design activities and products. The bottom line of design sustainability is moving quickly towards generating solutions and innovations that are based on effective utilization of resources, such as energy consumption, and are intended to co-create positive impacts for society and the environment [48]. This is particularly true in the environment of Industry 4.0 which has a significant impact on the innovation of machinery and the production of the finished products [48]. The strengths and weaknesses of this approach are listed in Table 2.



As can be gathered from Table 2, this approach is unique in focusing on reducing the environmental risk. The relative ease of the implementation of this approach is because it does not significantly take into account the knowledge-based aspect of the NPD. Having explored the strategic, resource-based and sustainability-oriented approach, let us now explore the second approach to understanding and to managing the PDevP.




5.3.2. Cost-Oriented Approach


Cost-effective design is another approach in managing the DP. Cost-oriented PD places emphasis not only on the design of components but also on the life cycle cost. This life cycle cost includes the cost of ownership encompassing design, production, operation, maintenance, reconfiguration, and recycling. In this approach, standard components and advanced technologies can help in reducing the cost. Thus, the emphasis in this approach that is adopted by numerous studies is not placed on cheap components but rather on the cost-effectiveness of the life-cycle. The cost-effectiveness of products is highly important to the extent that technically promising products can be slashed because of lack of cost-effectiveness [49]. Backing this approach, Provatidis and Venetsanos [50] reached the conclusion that structural cost minimization is as important as layout optimization. Highlighting a rational stream of financial performance in NPD, Myers and Marquis [51] investigated the determinants of financial performance of the product. They addressed the organizational aspect of RM elaborating on how different players, processes, and structures affect the financial performance of the product [52].



Cost-oriented PD acts as a catalyst for cost reduction in manufacturing processes and for establishing intelligent maintenance systems [53]. In support of this approach, Hundal [54] found that estimating costs and systematic design are critically important in the DP. The findings of Cooper and Slagmulder [55] supported this argument and recommended starting cost management effectively at the development stage since almost 90% of the costs of a product are determined in the development process. They found that cost management during the DP is based on target costing and value engineering. Further, Dvořáková et al. [56] proposed the optimization corporate cash flow through cash flow planning and forecasting. They found that this results in improved sustainability of business performance in industrial companies. The strengths and weaknesses of this approach are listed in Table 3.



As can be gathered from Table 3, this approach is unique in setting the focus on reducing business risk with respect to financial aspects and cash flow. The relative easiness of the implementation of this approach is because it does not significantly take into account the other aspects of the NPD. Those other aspects include resource-based & sustainability-related aspect, development time duration, technicality & problem solving, and social science & knowledge-based aspects. This paves the way to investigate the next approach to understanding and managing the PDevP.




5.3.3. Time Duration-Oriented Approach


The PD time duration is one of the most critical concerns to design managers. Among the studies that explore the time duration-oriented perspective of the PDevP is that made by Baughey [57] on exploring the potential of 3D modeling in Product Lifecycle Management. Advanced design software can generate photo-realistic images that facilitate the conceptual design phase in the PDevP, such as 3D Product Lifecycle Management [57]. A physical 3-dimensional prototype of a component can help in functionality testing and assembly trials, speeding up the design approval process.



In an endeavor to explore how time can be compressed in the PDevP, Beesley [58] found that time compression is a key source of competitive advantage that is underutilized in large firms. Thus, time compression with respect to the supply chain principles and “design for logistics” was explored. The study introduced a proposed method of using time-based process mapping. Backing this, Cohen et al. [59] proposed a model of DP that captures the tradeoff between new product design cycle time compression and improvements in PP. They determined the minimal speed of product improvement required for yielding profits.



In an endeavor to explore the relationship between product success and speed-to-market, Chen et al. [60] investigated whether being fast under uncertainty is better. They highlighted that market uncertainty, rather than technological uncertainty, is the key parameter in the speed–success relationship during low market uncertainty. Backing this rapid design perspective, Liou et al. [61] emphasized the importance of simulation and modelling and prototyping to time compression, and suggested direct laser deposition to this end. Further, Eppinger [62] found that minimizing design iterations is highly important in equilibrating the maximization of complex product functionality with the minimization of waste. He suggested the Design Structure Matrix (DSM) for representing design complexity in terms of design iterations needed in order to reach the design solution whilst conforming to design constraints. The strengths and weaknesses of this approach are listed in Table 4.



As can be gathered from Table 4, this approach is unique in reducing marketing risk, such as being late for the introduction of the product to targeted market and demand. The relative easiness of implementation of this approach is because it does not significantly take into account the other aspects of the NPD. These other aspects include resource-based & sustainability-related aspects, development cost, technicality & problem solving, and social science & knowledge-based aspects. Having explored this approach, let us now investigate how the technical perspective can help in better managing the PDevP.




5.3.4. Technical and Problem Solving Approach


The technical-oriented perspective indicates a specific engineering solution to a specific technical engineering problem. Thus, the aim of this approach is to find such a technical solution. The research studies in this area address all types of technical problems. Highlighting the problem solving stream in the DP, Imai et al. [63] studied successful Japanese products in the 1980s [51].



In order to efficiently develop design concepts, Terninko et al. [64] developed an approach focusing on structured creativity for problem solving. Eris [65] proposed a model of design thinking that transforms design requirements into concepts and those design concepts in turn into design specifications using a question-based approach. In a similar line of reasoning, axiomatic design was developed for identifying the most suitable parameters in the DP for functional requirements [66,67]. However, the approach of axiomatic design assumes the equal importance of all design activities and assumes as well the correlation between all design activities and product success.



Since the 1990s robotics-related technical oriented issues have been among the most dominant technical oriented issues in the design literature. Hardt et al. [68] proposed design optimization of a walking robot and adopted nonlinear optimization for a multi-legged robot. Castillo et al. [69] investigated Genetic Algorithm (GA) for the offline point-to-point path planning in a mobile robot. In that study, this design approach was based on generating “valid” paths for a robot to move from a starting point to a destination navigating through obstacles. The strengths and weaknesses of this approach are listed in Table 5.



As can be gathered from Table 5, this approach is unique in setting the focus on reducing technical risk, such as the difficulty of upgrading. The relative easiness of the implementation of this approach is because it does not significantly take into account the other aspects of the NPD. These other aspects include resource-based & sustainability-related aspect, development costs, development time duration, and social science & knowledge-based aspects. Going beyond this technical perspective, the social science and knowledge-based perspective is the next approach to be explored for better management of the DP.




5.3.5. Social Science and Knowledge-Based Approach


This approach explores the DP from a social science perspective and has been developed since the 1990s when Bloch [70] found that the physical form of products is a determinant of their success in the marketplace. This study presented how the design of products is related to customers’ psychological and behavioral responses, and what their strategic implications are. Backing this, Nishiguchi [71] developed social bases for efficient DP, showing how to manage the DP within the design organization, and how to coordinate this process with suppliers. Pioneering a communication and team development-based stream in NPD, Allen [72] emphasized the role of communication and team development in the DP [51].



Among the key areas in this approach are information hiding and communication. Yassine et al. [73] explored these areas and found that hiding leads to recurrence of problems in the PDevP and termed this the “churn effect”. They presented a model of dynamic work transformation to characterize the conditions of churn. Hence, this dynamic model enables design managers to investigate the effects of managerial actions for continuous improvement. From a social science standpoint, in order to eliminate such information hiding in the DP, Maier et al. [74] statistically correlated the factors influencing communication in the design of a complex product. They managed to specify the core factors amongst these.



Knowledge management (KM) emerged as a promising research direction in this approach. The categories in knowledge assets in the NPD process as intangible assets include human capital, such as cognitive abilities, structural abilities, such as testing and codifying solutions, and relational capital, such as evaluating solutions by company stakeholders [75]. Nonaka and Takeuchi [76] associated the success of Japanese companies with their ability to organizationally create new knowledge, to convert tacit knowledge created through metaphor and analogy into explicit knowledge contained in manuals, and to use this knowledge to produce successful products and technologies. Addressing the organizational aspect of RM, they additionally found that the best management style to create knowledge organizationally is neither top-down nor bottom-up, but rather “middle-up-down,” in which the middle managers form a bridge between the top management and the realities at the frontline. There is also a group of studies, such as [77], which designs software architecture framework developments for KM systems, categorizing NPD knowledge items and linking knowledge items and their repositories systematically. Although these frameworks state clear relationships between knowledge items and NPD phases, they generally focus on explicit knowledge items such as CAD components. The strengths and weaknesses of this approach are listed in Table 6.



As can be gathered from Table 6, this approach is unique in facilitating the market success of the firm based on customer focus. The relative easiness of the implementation of this approach is because it does not significantly take into account the other aspects of the NPD. These other aspects include resource-based & sustainability-related aspects, development cost, development time duration, and technicality & problem solving aspects. Having covered this, a question might now be asked: “Is there an approach to managing the PDevP that takes the five perspectives discussed so far into consideration?” The next subsection will answer this question.




5.3.6. Hybrid Approach


The hybrid approach is the most comprehensive perspective in manipulating the various aspects of the DP. It hybridizes the other perspectives in order to integratively manage the DP. Among the studies that adopt this hybrid perspective is that made by Huang [78] that highlighted the integrative trade-off between design techniques, such as design for manufacture and design for assembly. Hybridizing some of the five previously mentioned product design approaches, Cross [79] developed a design method that takes into account constraints including time, budget, and material properties and addresses problem solving and optimization. Following those findings, Elmoselhy [80,81] conducted an empirical study to investigate the relation between PDevP and performance. The internal parameters of the DP proved to significantly influence the PP measures.



Integrating information, automation, and value chain from product design to the manufacturing floor should be the route to design and manufacturing flexibility. Minimizing operational cost and risk, computer-aided manufacturing (CAM) in industry 4.0 offers a meritorious advantage in each of the four key areas of manufacturing: information flow, process coordination, efficient utilization of resources, and flexibility [82]. This merit leads to a shorter product development cycle and thus higher profitability. It has been found that a hybrid lean-agile design approach strikes a balance between the five pillars of the integrated DP which are attributes, development time, development cost, customer value, and the enterprise’s business goals for the product. Manufacturing flexibility is recommended to be achieved by adopting level-2 automation by having the cycling sub-process automated, providing scalability of its machines, convertibility of its machines, and the ability of diagnosing its machines. A manufacturing system should be designed to flow and its recommended level of automation strikes a balance between the five parameters of automation: productive efficiency, uptime, changeover time, flexibility, and cost. The strengths and weaknesses of this approach are listed in Table 7.



As can be gathered from Table 7, although this approach strikes an optimum balance among all the aspects of NPD, the management of its implementation needs multi-talented and knowledgeable people. In order to validate the proposed approach of hybrid lean-agile design, case studies have been conducted.






6. Case Studies for Validation


In this case study, five companies have been analyzed regarding each of the above-mentioned approaches. These five companies have been considered since they met the basic criterion which is to be a “R&D-based company” in the key manufacturing sectors in industry. There was no difference in selection, for instance based on religion or color. The description of these companies is presented in Table 8 [16].



For each of these companies, the events that were observed on the strategic, resource-based and sustainability-oriented approach include: Setting and Implementing R & D Strategy, Conforming to quality specifications, and Entering new markets. The events that were observed on the cost-oriented approach include: Employees flexibility, and Adhering to financial standards. The events that were observed on the time duration-oriented approach include: Speed of PD, and Number of new products. The events that were observed on the technical and problem solving approach include: Partnering with suppliers to identify needs and requirements, Involving customers in PDevPs, and Performance of products. The events that were observed on the social science and knowledge-based approach include: Availability of up-to-date data and information, Implementing effective reporting practices, “Fool-proof” process design, Maintaining a close relationship with customers, Involving employees in R&D decision making, and Use of latest technologies.



Data were collected through questionnaires and open interviews using a semi-structured script, with R&D management from each of the five companies. In the first part of the interviews with the management of the R & D units in this sample of companies, respondents were asked to answer verbal questions on the aspects mentioned in Table 9, Table 10, Table 11, Table 12 and Table 13. In the second part, respondents were asked to answer a series of questions dealing with the TQM factors and practices [15,16]. “Success” herein means the market success of the firm and that is based on product quality and customer focus. The level of adoption that each of these companies has reached regarding each of the above-mentioned approaches is presented in Table 9, Table 10, Table 11, Table 12 and Table 13. The scale of evaluation of adoption of each practice within each of the above-mentioned approaches is a 5-point scale, i.e., level 5 is the highest level that can be ultimately reached. Table 9, Table 10, Table 11, Table 12 and Table 13 present these levels of adoption. Table 9 presents the level of adoption of the strategic, resource-based and sustainability-oriented approach in these five companies. The level of adoption of the cost-oriented approach in these five companies is shown in Table 10. The level of adoption of the time duration-oriented approach is presented in Table 11. The level of adoption of the technical and problem solving approach is shown in Table 12. The level of adoption of the social science and knowledge-based approach is presented in Table 13.



The key referenced papers in these highly cited case studies used the arithmetical mean and the statistically significant test [15,16]. It is noteworthy that the arithmetical mean is a statistical method in this regard for measuring the central tendency of the level of meeting the ultimate targeted performance by these companies. The arithmetical mean is a suitable statistical method in this regard, for several reasons: (i) it is insensitive to the order of companies in the dataset, (ii) it is the most efficient method of averaging for representing the central tendency in the present dataset in comparison with the median, mid-range and mode. The present paper is focused on tangible complex products that are processed in R&D-based companies in key manufacturing sectors. It is thus reasonable to compute the mean in this regard. It is also reasonable to use the statistical significance test in this regard.



Based on the Mean value of adopting Practices, Table 9, Table 10, Table 11, Table 12 and Table 13 imply that companies I, II, and III are much more successful than companies IV and V. Table 9, Table 10, Table 11, Table 12 and Table 13 show that only the companies that have adopted the hybrid approach have been successful in all of the five aspects. The next section presents the statistical analysis of the results of this validation.




7. Statistical Analysis of the Results of Validation


The case studies have been conducted in order to test the hypothesis that: “When most of the companies adopt the hybrid lean-agile approach, the aggregate performance of companies becomes closer to the best performance”. In order to test the significance of the results of the case studies, an inferential statistics-based analysis is conducted in this section. It is assumed that the interval variable is a random variable that is normally distributed (xi) and represents the average of the adoption of the approaches presented in Table 9, Table 10, Table 11, Table 12 and Table 13 as shown in Table 14.



The hypothesis is now formulated mathematically comparing the mean of the dataset (   x −   ) with the ultimate corresponding value of performance (μo), which is the ultimate value of performance corresponding to the ultimate adoption of the approaches presented in Table 9, Table 10, Table 11, Table 12 and Table 13. This hypothesis is mathematically formulated as follows:


   H 0  :    x −  −  μ o  = 0    



(1)






   H 1  :    x −  −  μ o    ≠   0    



(2)







Moderate departure from normality should not significantly affect the results. The test statistic, tx, is hence evaluated as follows:


   t x      =        x −      −      μ o     s x      /      Λ     



(3)




where:



   s x    is the standard deviation of the dataset of the interval variable xi,



ᴧ is the number of records in the sample.



The standard deviation of the dataset of the interval variable xi,    s x   , is formulated as [83]:


   S x    =         ∑  i   =   1  z      (   x i    −    x −   )   2      Λ   −   1      



(4)







Thus, using Table 14 and for ᴧ equals 5, the standard deviation, sx, is equal to “0.917” following from Equation (4). Hence, following from Equation (3), tx is equal to “−2.78”. At the most conservative level of significance, αo, is equal to “0.01”, since this is a two-sided test, and both the mean and variance are estimated, from the t-distribution we find that    t   α 0  / 2 ,     Λ − 1     equals “4.6” for ᴧ equals 5. Therefore,    t   α 0  / 2 ,     Λ − 1     is greater than tx. Therefore, we cannot reject the null hypothesis. Thus, the null hypothesis, Equation (1), is significant at the level of confidence of 99%. The result of statistically testing this hypothesis therefore proves that when companies adopt the hybrid lean-agile approach, the aggregate performance of the companies becomes closer to best performance.




8. Discussion


While other studies in the NDP literature, such as [84], investigated the characteristics of innovative firms, such as their size and financial resources, the present research has identified the level of PP that yields maximum return on PD in such a competitive environment as Industry 4.0. The study has also identified the six key approaches to understanding and to managing the PDevP. These key approaches are (1) strategic, resource-based and sustainability-oriented perspective; (2) cost accounting and financial perspective; (3) PD time duration-oriented perspective; (4) social sciences and knowledge-based perspective; (5) technical and problem solving perspective; (6) hybrid approach of the aforementioned five approaches.



Following the social science and knowledge-based approach, many organizations have implemented enterprise-wide knowledge management initiatives with the aim of transforming organizational knowledge assets into core competencies in order to gain competitive advantage [85,86]. Therefore, business-critical tacit knowledge has become more visible, more appropriately distributed, and adequately codified [87]. The adopted approach in this study enables business-critical tacit knowledge to be shared efficiently.



Following the strategic, resource-based and sustainability-oriented approach, organizations are increasingly recognizing that intangible assets are the key strategic resources and that tangible assets have frequently become transient commodities. Organizations thus need to efficiently manage their intellectual resources in order to gain and sustain a competitive advantage [86]. Since it is critical for organizations to recognize whether they are using their intangible resources efficiently for value creation, an increasing number of researchers have been addressing the assessment of intellectual capital [88,89,90,91,92,93,94]. This assessment should be followed by the determination of which KM activities are required to obtain the desired intellectual capital results [88]. Among the key means for firms to acquire knowledge-assets is via intra-organizational processes [92]. This is particularly true in light of the fact that researchers analyzed the NPD by moving from the traditional approach of considering the NPD as a planning process of strategic and organizational aspects to a cognitive approach which handles NPD as a process and relies on learning and strategic knowledge management [95,96,97]. In addition, numerous studies have investigated the role of specific knowledge assets in the NPD process, such as the relationships a company has [98]. The adopted approach in this study enables intra-organizational processes based on learning. In addition, it enables efficient utilization of the available resources, such as energy consumption.



The present study has identified the PP level in the PDevP that yields maximum return on PD as indicated in Figure 2. The study has indicated that point A in Figure 2 is the optimum point to be targeted by designers for minimizing the loss of diminishing return on PP improvement as depicted in Figure 3. The idealized model presented in Figure 2 and Figure 3 and supported by evidence from the literature paves the way for further investigation in future research papers. In the five case studies presented herein: (i) performance has been measured in terms of “Performance of Products” in Table 12, (ii) returns have been measured in terms of “Financial Performance” in Table 10. It is scientifically acceptable to use data from a published case study available in the literature to validate the results of another research work, such as the highly cited research published in top scientific research journals [99]. Extracting the dataset from a highly cited paper to validate the research results of another research work is even more reliable than creating our own dataset from our own experiments, because no bias in this regard exists since the authors are not the source of the dataset. This research methodology is particularly useful in NPD research.



The task of NPD becomes increasingly complex as it has to satisfy and integrate the preferences of stakeholders to formulate an optimal set of specifications in a competitive arena and a turbulent environment [100]. Thus, it requires not only knowledge from various disciplines such as marketing and manufacturing [101] but also an integration of various functions such as R&D and planning [32]. The task becomes more challenging as companies are increasingly placing an emphasis on their core competencies and outsourcing non-core competencies to third parties [102]. On the one hand, where these partners along the supply chain bring improvements and further business opportunities in the NPD process, they present additional complexities and risks on the other [102]. Although NPD is considered a source of competitive advantage [35], these complexities and risks render it a risky endeavor [103,104]. The adopted approach in this study tackles these complexities and mitigates these risks [105,106,107].



The first phase of the RM proposed action plan takes place before the beginning of the PDP in which SWOT analysis is conducted. The second phase of this plan is during the PDevP in which the design managers should ensure that the product satisfies the customer, satisfies its functional requirement, has reliable quality, and is cost-effective, which reflects the technological aspect of RM. The third and last phase of this plan is after the end of the PDP in which FMEA is conducted and ultimately products which do not meet the objective are killed off as soon as possible, which reflects the marketing aspect of RM. The RM plan proposed in the present paper is an extension of the RM plan proposed by Baxter [4].



It is noteworthy that randomized controlled sampling was applicable to the research data gathered and presented in the paper [16] in the sense that the authors made no difference in selection among the companies that met the basic criterion of their research, which is to be “R&D-based companies”. Adopting the criterion that the companies from which the selection is made must be “R&D-based companies”, is scientifically acceptable in the sense that it makes the study more focused. The claim of the research approach of “not a generalization” mentioned in [16] makes the present research paper a complementary piece of research that integratively adds further value to the research data gathered by Bigliardi & Galati and the case study. The statistical analysis made in the present paper based on the data gathered by Bigliardi & Galati makes the present research paper a continuation of their research work filling a research gap. The results of the present study would expectedly help in enabling the paradigm shift from Industry 4.0 to Industry 5.0, which is driven by being environmentally friendly, to realize the United Nations’ Sustainable Development Goals.




9. Conclusions


The present paper has presented a way of managing the development process of complex products sustainably in such a competitive environment as that of Industry 4.0. The study has presented the relationship between PP level and return on PD in a way that is similar to the well-established innovation life cycle S-curve. The paper has shown that the point of minimum loss of diminishing return (Point A in Figure 2) should be targeted by designers for optimizing the return on PP improvement. The paper has identified the level of performance of complex products such as robots that yields maximum return on PD. Since the returns on PD are influenced by risk, a RM action plan has been presented in order to minimize risk in the DP. By reviewing the literature on the PDevP, this study has pointed out that there are six key approaches to understanding and to managing the DP. It has been found that the hybrid approach is the most efficient approach to managing and to efficiently determining how and when value is added in a complex product’s development process. The hybrid approach is the best approach to minimize the overall risk and thus to streamline the implementation of the proposed action plan. The case studies that have been conducted have shown with 99% level of confidence that the companies that adopt the hybrid approach become much more successful than those companies that do not adopt the hybrid approach. The present research paper opens a research avenue for further investigating the PP levels that yield maximum and minimum return on PD in such a competitive environment as Industry 4.0. In addition, the paper opens up a research direction for the empirical industrial implementation of the proposed RM approach in the DP of complex products in the manufacturing sector. The results of this research are limited to: (i) the product development process, (ii) complex products, (iii) the manufacturing sector. Future research in this regard includes further validation of the inference of the statistical results for R&D-based companies in the key manufacturing sectors in industry.
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Figure 1. Block diagram describing the research approach. 
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Figure 2. Product performance versus product design companies’ profitability. 
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Figure 3. Loss of diminishing return on product performance improvement. 
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Table 1. The number of validly answered questionnaires received from key manufacturing sectors in industry [15].
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	Industrial Sector
	Key Manufacturing Industry within the Sector
	Number of Validly Answered Questionnaires Received





	Food
	Food machinery
	8



	Machinery
	Mechanical
	34



	Energy
	Automotive
	26



	Electrical/Electronics
	Telecommunications
	29



	Pharmaceutical/Bio-materials
	Pharmaceutical/Bio-materials
	15



	
	Total
	112
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Table 2. Strengths and weaknesses of the strategic, resource-based and sustainability-oriented approach.
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	Strengths
	Weaknesses





	1. It addresses the strategic, resource-based, and sustainability aspects of New Product Development (NPD).
	1. It does not take into account the knowledge-based aspect of NPD.



	2. It is relatively easy to implement.
	2. It increases marketing risk, such as being late for the introduction of the product to targeted market and demand.



	3. It reduces the environmental risk.
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Table 3. Strengths and weaknesses of the cost-oriented approach.
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	Strengths
	Weaknesses





	1. It addresses the cost-related aspect of NPD.
	1. It does not take into account the other aspects of NPD.



	2. It is relatively easy to implement.
	2. It increases marketing risk, such as being late for the introduction of the product to targeted market and demand,



	3. It reduces business risk with respect to financial aspects and cash flow.
	3. It increases technical risk, such as obsolescence of technology and difficulty of upgrading.
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Table 4. Strengths and weaknesses of the time duration-oriented approach.
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	Strengths
	Weaknesses





	1. It addresses the time duration aspect.
	1. It does not take into account the other aspects of NPD.



	2. It is relatively easy to implement.
	2. It increases business risk with respect to financial aspects and cash flow.



	3. It reduces marketing risk, such as being late for the introduction of the product to targeted market and demand.
	










[image: Table] 





Table 5. Strengths and weaknesses of the technical and problem solving approach.
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	Strengths
	Weaknesses





	1. It addresses the technical & problem solving aspect of NPD.
	1. It does not take into account the other aspects of NPD.



	2. It is relatively easy to implement.
	2. It increases business risk with respect to financial aspects and cash flow.



	3. It reduces technical risk, such as the difficulty of upgrading.
	3. It increases marketing risk, such as being late for the introduction of the product to targeted market and demand.



	4. It facilitates the market success of the firm due to product quality.
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Table 6. Strengths and weaknesses of the social science & knowledge-based approach.
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	Strengths
	Weaknesses





	1. It addresses the social science & knowledge-based aspect of NPD.
	1. It does not take into account the other aspects of NPD.



	2. It is relatively easy to implement.
	2. It increases business risk with respect to financial aspects and cash flow.



	3. It facilitates the market success of the firm based on customer focus.
	3. It increases marketing risk, such as being late for the introduction of the product to targeted market and demand.
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Table 7. Strengths and weaknesses of the hybrid approach.
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	Strengths
	Weaknesses





	1. It addresses all the aspects of NPD.
	1. It needs multi-talented and knowledgeable people for the management of its implementation.



	2. It strikes an optimum balance among all the aspects of NPD.
	



	3. The hybrid approach is the best approach to minimize the overall risk and thus to streamline the implementation of the proposed action plan.
	



	4. It facilitates the market success of the firm based on both product quality and customer focus.
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Table 8. Descriptive characteristics of the five companies [16].
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	Company
	Year of Establishment
	Industry
	Number of Employees
	Turnover per Year





	Company I
	1994
	Food machinery
	40
	<2 million Euro



	Company II
	1976
	Mechanical
	143
	10–25 million Euro



	Company III
	2007
	Automotive
	142
	10–25 million Euro



	Company IV
	2000
	Telecommunications
	7
	<2 million Euro



	Company V
	1997
	Pharmaceutical
	146
	<2 million Euro
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Table 9. The level of adoption of the strategic, resource-based and sustainability-oriented approach.
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Aspect

	
Practice

	
Company I

	
Company II

	
Company III

	
Company IV

	
Company V






	
Strategic, Resource-based and Sustainability-oriented Aspect

	
Setting and Implementing R & D Strategy

	
3.8

	
3.3

	
3.2

	
2.5

	
3




	
Conformance to specifications

	
5

	
5

	
5

	
4

	
3




	
Novelty

	
4

	
5

	
4

	
2

	
2




	
Early market entrants

	
4

	
5

	
3

	
2

	
3




	
Mean

	
4.2

	
4.6

	
3.8

	
2.6

	
2.75
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Table 10. The level of adoption of the cost-oriented approach.
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Aspect

	
Practice

	
Company I

	
Company II

	
Company III

	
Company IV

	
Company V






	
Cost-oriented Aspect

	
Employees flexibility and multi-skilling

	
5

	
5

	
5

	
3

	
4




	
Financial performance

	
4.2

	
4

	
3.7

	
2.3

	
2




	
Mean

	
4.6

	
4.5

	
4.4

	
2.7

	
3
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Table 11. The level of adoption of the time duration-oriented approach.
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Aspect

	
Practice

	
Company I

	
Company II

	
Company III

	
Company IV

	
Company V






	

	
Speed of PD

	
4

	
4

	
4

	
3

	
2




	
Number of new products

	
5

	
5

	
4

	
2

	
2




	
Mean

	
4.5

	
4.5

	
4

	
2.5

	
2
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Table 12. The level of adoption of the technical and problem solving approach.
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Aspect

	
Practice

	
Company I

	
Company II

	
Company III

	
Company IV

	
Company V






	
Technical and Problem Solving Aspect

	
Partnering with suppliers to identify needs and requirements

	
5

	
5

	
5

	
4

	
3




	
Involve customers in PDevPs

	
4

	
5

	
5

	
2

	
3




	
Performance of products

	
5

	
5

	
4

	
3

	
3




	
Mean

	
4.7

	
5

	
4.7

	
3

	
3
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Table 13. The level of adoption of the social science and knowledge-based approach.






Table 13. The level of adoption of the social science and knowledge-based approach.





	
Aspect

	
Practice

	
Company I

	
Company II

	
Company III

	
Company IV

	
Company V






	
Social Science and Knowledge-based Aspect

	
Up-to-date data and information are readily available

	
4

	
4

	
3

	
4

	
3




	
Implementing effective reporting practices

	
4

	
4

	
4

	
3

	
2




	
“Fool-proof” process design

	
5

	
5

	
4

	
3

	
3




	
Quality work environment

	
4

	
4

	
4

	
3

	
2




	
Maintain a close relationship with customers

	
5

	
4

	
4

	
3

	
2




	
Involving employees in R&D decision making

	
3

	
4

	
4

	
4

	
5




	
Use of latest technologies

	
4

	
5

	
4

	
2

	
3




	
Mean

	
4.1

	
4.3

	
3.9

	
3.1

	
2.8
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Table 14. The interval variable representing the average of the adoption of the approaches presented in Table 8, Table 9, Table 10, Table 11 and Table 12.
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	xi





	Company I
	(4.2 + 4.6 + 4.5 + 4.7 + 4.1)/5 = 4.42



	Company II
	(4.6 + 4.5 + 4.5 + 5 + 4.3)/5 = 4.58



	Company III
	(3.8 + 4.4 + 4 + 4.7 + 3.9)/5 = 4.16



	Company IV
	(2.6 + 2.7 + 2.5 + 3 + 3.1)/5 = 2.76



	Company V
	(2.75 + 3 + 2 + 3 + 2.8)/5 = 2.71



	
	    x −    = 3.726
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