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Abstract

:

In the era of Industry 4.0, Quality 4.0 (Q4.0) relates to quality management. To that end, it focuses on digital technologies that integrate social and technical resources and offer the best possible product and service to its customers. Few real-world studies have been done on the social and technical aspects of Q4.0. Thus, the purpose of this study is to investigate empirically the impact of social and technical Q4.0 on I4.0 technologies and circular economy practices (CEP) in small- and medium-sized (SME) manufacturing enterprises. A framework based on the resource-based view (RBV) theory is developed and empirically validated by an online questionnaire of 189 Malaysian SME manufacturing enterprises. In contrast to the other existent QM investigations, which made use of structural equation modelling (SEM), this study performed an analysis in two stages. First, the Q4.0 practices that significantly influence I4.0 technologies and CEP are identified using the SEM approach. Second, the significant predictors obtained from SEM are ranked according to their relative importance using the artificial neural network (ANN) technique. The findings indicate that social and technical Q4.0 practices have improved I4.0 technologies and CEP. The findings also highlight the role performed by technical Q4.0 practices as a mediator between social Q4.0 practices, I4.0 technologies, and CEP. The findings of ANN highlight that the role of social and technical Q4.0 are crucial to the successful deployment of I4.0 technologies and CEP in manufacturing companies. The purpose of the current research is to shed light on the importance of Q4.0 multidimensions, hence contributing to theory application, especially given the scarcity of multidimensional perspectives of Q4.0 literature. In essence, the SEM-ANN methodology adds something new to the bodies of literature on Q4.0, I4.0, and CEP. As an outcome of the research, organisations can develop innovative strategies to adopt Q4.0 by gaining a better understanding of the elements that contribute to effective Q4.0 implementation in the digital transformation era.
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1. Introduction


In the digital realm, Industry 4.0 technologies (IT4.0) are reshaping the traditional business landscape. Furthermore, it pushes organizations to make changes in their operational models to achieve sustainability and strategic growth [1]. To remain competitive in today’s world, advanced technologies require organizations to change constantly to sustain market dominance and competitiveness [2]. Maintaining this is very challenging for all organizations worldwide, especially small and medium enterprises (SMEs). To answer this question, organizations tend to focus on quality management [3].



In the past century, quality management has undergone several changes. In the fourth industrial revolution (I4.0), it is again ready for another round of change. During the second industrial revolution, the concept of quality was linked with inspection and statistical quality control (SQC) [4]. In this era, the primary focus was on production and it ignored the people-related factors. In the third industrial revolution, quality assurance, total quality control (TQC), and total quality management (TQM) gained popularity [2,4]. Again, in this era, production-related factors gained dominance. During various industrial revolutions, different quality-related concepts find a home under the umbrella of quality management. However, TQM has gained popularity and still gains customer satisfaction from its inception. Ali and Johl [5] argued that TQM is not solely focused on the system, it also includes people and social aspects. Therefore, TQM represents a holistic framework that includes all the aspects related to people and systems. Calvo-Mora et al. [6] argued that the successful application of TQM is based upon a balanced combination of social and technical management factors, as both factors are required to achieve organizational objectives. In the prior literature, people-related factors represent social TQM practices, and process and production-related factors represent technical TQM practices [7,8].



The fourth industrial revolution has challenged quality practices to adapt new methodologies that would align with present industrial growth [9,10]. In this context, there exist several models and conceptual frameworks, especially on Quality 4.0, for instance Fonseca et al.’s [11] model of the European Foundation for Quality Management (EFQM 2020), the LNS Research Quality 4.0 framework by Jacob [12], Lim’s [13] framework combining information and operational technology through digital transformation, and Sader et al.’s [14] fourth industrial revolution framework in TQM context. However, the major challenge is how an organization can shift from its present quality strategy to modern quality that is in line with current IR4.0.



Theoretical foundations shed light on several significant pieces of research around Quality 4.0. Maganga et al. [10] performed an empirical study to access the respondents’ perceptions and awareness of quality 4.0 in the Tanzanian manufacturing industries. Escobar et al. [15] performed a case study approach to examine how the quality 4.0 initiative improves conventional quality control methods. Maganga et al. [16] conducted a review study to identify the enablers and readiness factors for quality 4.0. Mtotywa [17] performed a quantitative study to develop a Quality 4.0 maturity index. The exploratory study of Nguyen et al. [18] identifies the key factors of TQM 4.0/Quality 4.0. Prashar [19] performed a review study to identify future research opportunities based on morphological analysis. Finally, the review work of Thekkoote [20] identifies the vital factors of Quality 4.0 implementation. However, much of the research up to now has been reviewed and conceived in nature. Furthermore, there are empirical studies on Quality 4.0 practices, and it is probably unclear how manufacturing firms implement quality 4.0, particularly in emerging economies. Thus, this study aims to bridge this gap by proposing a framework for manufacturing firms and empirically examining it.



RO1: To examine the role of quality 4.0 practices to promote Industry 4.0 technologies.



RO2: To analyze the role of Quality 4.0 practices to promote circular economy practices in manufacturing firms.



RO3: To examine the importance of Quality 4.0 social and technical factors to promote IT4.0 and CEP.



The remaining sections of this article are structured as follows. The following section provided a review of the prior research conducted within the scope of the current investigation, which will then be followed by the formulation of a theoretical framework and hypotheses. The analysis of the data will be presented in the following part, which will then be followed by a discussion of the findings. Finally, the research’s contributions, limitations, and future directions are discussed.




2. Literature Review


2.1. Multidimensional View of Quality 4.0


Wilkinson [21] is recognized as being the first to divide quality practices into social and technical dimensions. Technical quality practices incorporate production techniques including product design, processes, and procedures, whereas social quality practices reflect a social system that includes human resource management and enhancing customer awareness [22,23]. This research utilized this categorization to build the multidimensional perspective of quality 4.0 by drawing from the work of prior research studies [22,24,25,26].



Prior research has tried to distinguish between the social and technical dimensions of quality management. The social quality factors are concerned with behavioral qualities and, more broadly, with human resources, social, and organisational cultures [22,26]. Contrarily, technical quality practices are those related to management that are primarily focused on the production process and techniques [27]. Researchers have broadened the overall perspective on QM key variables over the decades, however, there remains debate among quality researchers [28]. Theoretically, to attain greater performance, quality researchers should adopt both factors [2]. According to Zeng et al. [22], the quality management system in general includes the integration of social and technical resources. On the technical end of the spectrum are design methods such as PM, ADC, and TU, while the social end is represented by TMS, CC, and TL, which focus on human factors. Furthermore, Sony and Naik [29] argued that the combination of social and technical quality factors is crucial for the proper implementation of I4.0.




2.2. Quality 4.0


Based on Crosby’s definition, “Quality is meeting the requirements and expectations in services or products that were committed to” [30]. According to CQI [31], quality is the persistent goal of achieving excellence, ensuring that everything an organization does is not only suitable for its intended purpose but also continues to improve. The application of digital technologies has initiated a new era of quality, which is known as Quality 4.0 [15]. According to Maganga et al. [10] Quality, 4.0 is a part of I4.0 that strives to enhance quality through efficient technologies and advanced analytics. According to Zonnenshain et al. [32], Quality 4.0 combines cutting-edge technologies with traditional quality management practices to achieve unprecedented levels of efficiency, effectiveness, and creativity in business operations. Chiarini and Kumar [9] revealed that the Quality 4.0 concept aligns quality management practices and procedures with the growing I4.0 capabilities. Different researchers explain Quality 4.0 from a different perspective. However, Quality 4.0 is not all about technologies, it arises from the integration of people, processes, and technology [1,9,33]. Furthermore, Murugesan [34] argued that Quality 4.0 does not replace the existing quality practices. It is mostly centered around identifying gaps among these existing practices and digitally transforming them. Additionally, Murugesan [34], from LNS research, affirmed that Quality 4.0 is a continuous process that requires significant commitments from all stakeholders, requires a considerable period, and financial assets.




2.3. Quality 4.0 Practices


In recent years, there has been an increasing amount of literature on Quality 4.0 practices. In previous studies, different factors are related to Quality 4.0 practices. For instance, Ali and Johl [5,23] considered the critical success factors for Quality 4.0 are top management, customer-centeredness, training and learning, process management, and quality information and analysis. Likewise, Mtotywa [17] argued that top management support, Quality 4.0 vision and strategy, customer-centeredness, and Quality 4.0 training and learning are essential factors for Quality 4.0. Thekoote [20] stated that Quality 4.0 consists of leadership, training, and organizational culture. Dias et al. [8] argued that Quality 4.0 consist of leadership, employee skills, and cybernetics. Sony et al. [29] affirmed that Quality 4.0 consists of big data, leadership, training, organization culture, and top management support. The empirical research of Kaswan et al. (2021) argued that management-related issues must be addressed before implementing sustainable practices. In the same vein, Kaswan et al. (2022) argued that productivity-related indicators are more important in sustainable performance in the manufacturing industry (Rathi et al., 2022). On the other hand, Nguyen et al. [18] argued that Quality 4.0/TQM 4.0 consist of social and technical factors. The social factors consist of top management, quality culture, and employee skills, whereas technical factors consist of automatic data collection, smart quality control and assurance, and smart products. Likewise, Ali and Johl [1,2] argued that Quality 4.0 is divided into social (soft), and technical (hard) practices. The social factors consist of top management commitment, customer focus, and employee training and learning. The technical factors consist of the quality of big data and analysis, process management, product design, and continuous improvement. Based on past studies, Quality 4.0 practices are divided into social and technical factors. Table 1 shows the Quality 4.0 social and technical factors.




2.4. Quality Management, Industry 4.0, and Circular Economy


I4.0 is encouraged in the current global economy by both social and technical factors. Literature from the past stated that to support an organization implement I4.0, a holistic and integrated approach that includes both social and technical factors is required [3,5,27]. Quality management, as stated by Manz and Stewart [44], combines social and technical processes to ensure the sustainability of a business and its employees. In quality management literature, social factors are practices that involve people, and technical factors are practices that involve processes and technology [2,18]. In addition, researchers stated that QM in I4.0 might be viewed as combining social and technical variables [35,39]. Past research has demonstrated that quality practices aligning with I4.0, which enables firms to improve their efficiency, performance, and business strategies [35,37,39]. According to current research, social and technical quality practices are crucial for SMEs to apply I4.0 practices [4,7,8,33].



Industry 4.0 can solve complex business, social, and environmental problems [45]. Recently, the scholarly world showed great interest in understanding the role of I4.0 to achieve circular economy practices. The qualitative work of Bag et al. [46] proposed that I4.0 and CE have a positive relationship. The review study of Sahu et al. [47] argued that I4.0 technologies help to promote circular economy integration that ultimately helps to achieve firm performance. Likewise, Kumar et al. [48] affirmed that I4.0 technologies help to overcome adoption barriers that ultimately help to achieve CE practices. The empirical study of Khan et al. [49] affirmed that I4.0 technology has a positive association with CE practices to achieve firm performance. Finally, Cezarino et al. [50] argued that I4.0 technologies use resources more effectively and efficiently, consequently, energy consumption will be minimized. Moreover, digitalization creates opportunities for sustainable manufacturing in the firm’s value chain. Although the prior literature highlights the possible relationship between quality management, I4.0, and circular economy practices, there is still a paucity of empirical studies. Rathi et al. (2022) argued that SMEs are still struggling to implement CE in I4.0. They further argued that there is no roadmap. Thus, this study will address this knowledge gap.





3. Theoretical Framework and Hypothesis Development


3.1. Resource-Based View (RBV) Theory


According to Wernerfelt [51], organizational resources combined uniquely can provide a sustainable competitive advantage. The theory of RBV postulates that an organization’s resources (tangible and intangible) are retained for a long period of time and distributed differently between companies in the industry [52]. The resources that are important, rare, unique, and non-substitutable provide a long-term advantage for the firms in the industry [53]. The RBV literature suggests that organisational capabilities are higher-order constructs that depend on resource bundling [54]. Grant [55] argues further that capabilities are created when resources are integrated and utilized together. Researchers in the Industry 4.0 domain have argued that adopting I4.0 technologies is a capability that explains how businesses may take advantage of technological advancements to boost their own efficiency and effectiveness [56,57].




3.2. Relationship between Quality 4.0, IT4.0, and CEP


In the prior literature, social factors are important for achieving circular economy practices. Kamasak [58] argues that social factors offer economic benefits to an organization that cannot be easily replicated and acquired and should have a higher impact on firm competitive advantages. In this digital age, cyber-physical systems programming and maintenance are some of the skills that are becoming more important. Furthermore, more focus should be given to creativity and critical thinking skills [59]. Therefore, the organization needs to focus on learning and knowledge sharing [60]. Staff must be trained on safety issues because automatic machines/robots operating on the shop floor are relatively new and can cause accidents [46].



H1: 

There is a positive relationship that exists between Quality 4.0 social factors and circular economy practices.





From a theoretical standpoint, the interaction between social and technical Quality 4.0 practices is articulated by the synchronized alignment of social and technical components. Although technical elements are vital, focusing solely on them may not result in a sustainable competitive advantage because competitors can quickly imitate and adopt it. Social Q4.0 practices, on the other hand, are difficult to imitate because they rely on intangible human factors. Therefore, in order to acquire long-term competitive advantages, it is necessary to engage in both social and technical Q4.0 activities.



According to the available research, a competitive business can recognize the significance of social factors in advancing technical quality practices. For example, Calvo-Mora et al. [6] discovered that leadership and people management are required for technical quality 4.0 methods to attain improved performance. Sciarelli et al. [26] research confirmed the positive relationship between social quality management techniques and technical practices. According to Khan and Naeem [61], social quality factors have a positive effect on technical attributes. Social practices support technical practices in manufacturing organizations, as indicated by Tar et al. [6]. Nasaj and Al Marri [62] concluded that social factors largely predict technical factors. Therefore, the following hypothesis has been proposed.



H2: 

There is a positive relationship existing between Quality 4.0 social and technical factors.





In the current business world, quality management facilitates I4.0 business excellence. From a theoretical standpoint, Sony and Naik [29] asserted that social (TMS, education, and training) and technical (automated data management and process management) factors are the most important for I4.0 implementation. According to Thekkoote [20], a strong commitment from top management helps with resource distribution and encourages workers to adopt quality practices in I4.0. Babatunde’s [27] exploratory research matched I4.0’s ramifications and competencies to social and technical practices. The results demonstrated the significance of social and technical QM practices for I4.0. Sureshchandar [36] also emphasized the importance of top-level management and leadership in a successful I4.0 implementation. Antony, McDermott, and Sony [35] stated that for organizations to be ready for I4.0, their workers need to learn new skills and recieve new training. According to Dubey and Gunasekaran [63], investing in training helps firms gain a competitive advantage. A rising corpus of research acknowledges the importance of training and education in obtaining I4.0 implementations [64]. According to Khin and Hung Kee [4], the alignment of HRM with I4.0 is anticipated to facilitate teamwork and learning. According to Stentoft et al. [57], I4.0 is driven by factors including business strategy, consumer demand, data availability, and cutting-edge technologies. Sony and Naik [29] review article states that TMS, employee adaptability, strategy, IT products and services, and the degree of digitization are essential components of I4.0. In addition, they suggested that these variables are connected. Consequently, an organization deploying I4.0 should consider these elements in their totality. Strategy, leadership, operations, and technology are crucial components for I4.0 preparedness in manufacturing SMEs [65]. Based on the literature and theoretical arguments mentioned above, the following hypotheses have been proposed.



H3: 

There is a positive relationship existing between Quality 4.0 technical factors and Industry 4.0 technologies (IT4.0).





H4: 

There is a positive relationship existing between Quality 4.0 social factors and IT4.0.





Prior literature indicates that the relationship between I4.0 technologies and CE can be valuable for an organization [46]. The relationship between these two concepts has been explained in detail by Massaro et al. [66]. For instance, the adoption of I4.0 technologies is closely connected to the production system with a reduction in the inputs exploited with a consequent improvement in the quality of life and efficiency in the use of resources. However, the uses of I4.0 technologies not only reduce resources but also the capabilities to manage information through new technologies.



H5: 

There is a positive relationship existing between IT4.0 and circular economy practices.





H6: 

There is a positive relationship existing between Quality 4.0 technical factors and circular economy practices.






3.3. Mediating Role of Quality 4.0 Technical Factors


The theoretical stance underscores the interdependence of social and technical quality management practices. Prior research has shown that social quality practices impact organisational performance through technical quality practices [33]. Technical QM was investigated by Calvo-Mora et al. [6] as a potential mediator between social QM and outcome determinants. In the same way, Zeng, Zhang, Matsui, and Zhao [22] analyzed how technical quality practices act as a mediator between social quality practices and innovation performance in manufacturing firms. The mediation influence of QM technical aspects between social QM practices and performance results were examined by Calvo-Mora et al. [6]. The outcomes of the structural model validated the mediating role of technical QM practices in Spanish manufacturing firms. Khan and Naeem [61] asserted that technical quality practices mediate the relationship between social quality practices and outcome variables in the emerging economy. The role of technical QM as a mediator between social quality dimensions and outcome variables was also investigated by Gambi et al. [67]. Nasaj and Al Marri [62] investigated the significance of technical quality dimensions as a mediator between social quality factors and business results. Following the preceding discussion, the following hypotheses have been put forward.



H7a: 

Quality 4.0 technical factors have a mediating role between social factors and CEP.





H7b: 

Quality 4.0 technical factors have a mediating role between social factors and IT4.0.






3.4. Mediating Role of Industry 4.0 Technologies


Over the past few decades, industry 4.0 technologies transform the firm social and technical landscape. IT4.0 pushes organizations to rethink their operations and make changes accordingly. Prior literature highlights the mediating role of industry 4.0 technologies to achieve sustainable performance [60,68,69]. Torrent-Sellens et al. [60] performed a panel data analysis to affirm the mediating role of IT4.0 between environmental assets and sustainability performance (economic and social) in Spanish manufacturing firms. The empirical results highlight that I4.0 technologies played a partial mediation role among study variables. Likewise, Jayashree et al. [70] concluded that I4.0 technologies have a mediating role between organizational social and technical resources and sustainability in Malaysian manufacturing SMEs. Another study by Jayashree et al. [68] affirmed the mediating role of I4.0 implementation between firm social and technical resources and TBL of sustainability in Malaysian manufacturing SMEs. Finally, the empirical study of Gadekar et al. [69] affirmed the mediation role of I4.0 adoption between I4.0 drivers and sustainable performance in Indian manufacturing firms. Based on the above literature support, the following hypothesis has been developed.



H8: 

IT4.0 has a mediating role between Q4.0 social factors and CEP.







4. Material and Methods


Research methodology explains how samples were selected and information was gathered. In addition, the constructs and statistical tests that were utilized to determine how Quality 4.0 influenced IT4.0 and circular economy practices (CEP) are discussed.



4.1. Sampling and Data Collection


The study population was sampled through an online survey. According to Wright [71], conducting surveys online enables researchers to access niche communities while also saving money and time. Tanner [72] emphasizes the major contribution of digital technology to survey methods to reach respondents with limited time and resources. The study population consists of small, medium, and large manufacturing firms in Malaysia. The criteria for the selection of manufacturing firms are based on full-time employees. Based on Malaysian SME Corporation [73], a firm having 5–74 employees is regarded as small, 75 ≤ 200 employees as medium, and above 200 is regarded as a large firm. The sample frame was based on the Federation of Malaysian Manufacturers (FMM) list 2019. The sampled data was collected through simple random sampling. Before performing the actual survey, the pretesting and pilot testing steps were performed. In pretesting, face and content-related validities are essential, and can only be determined by academic and industry experts. Before actual data collection, six experts (academic and industry) were invited to validate the items of each variable. A pilot study was undertaken on a small sample size (N = 38) and analyzed through SPSS. The results indicate that all the constructs achieve the minimum reliability and validity threshold. Moreover, ethical considerations were considered throughout the data collection. More than 670 emails were sent, and 189 final questionnaires were received for further analysis with a response rate of 28.20%. The data was analyzed using the partial least square structural equation modeling method (PLS-SEM) technique. This technique is useful to analyze multiple relationships and is less stringent on normality assumptions (Hair et al., 2019). The respondent demographic statistics are shown in Table 2.




4.2. Measures


In this research, the questionnaire was adapted from past studies. The social Q4.0 practices are divided into top management support (TMS), customer-centric (CC), and team learning (TL). The technical Q4.0 practices are divided into automatic data collection (ADC), process management (PM), and technology utilization (TU). The items related to Q4.0 practices are adapted from Ali and Johl [1,2], Sila [74], and Rahman and Bullock [25]. Six items of Industry 4.0 technologies have been adapted from Stentoft et al. [57] and Ali and Johl [1]. The four items of CEP are adapted from Beg et al. [46]. All items are measured on a seven-item Likert scale.





5. Data Analysis


5.1. Descriptive Statistics and Common Method Bias


This section highlights the descriptive statistics of the study. It consists of mean, standard deviation (SD), skewness, and kurtosis. As recommended by George and Mallery [75], the threshold limit of skewness and kurtosis was ±2. Table 3 shows the descriptive analysis. From Table 3, all the study constructs have mean values above 4.0, except Tl (3.904) and ADC (3.634). Based on Table 3, the social factors such as TMS have mean value 4.0 with SD 1.917, CC has mean value 4.579 with SD 1.768, and TL has mean value 3.904 with SD 1.893. On the other hand, the descriptive statistics of technical factors are presented in Table 3: ADC (3.634, 1.909), PM (4.023, 2.010), and TU (4.100, 1.860). Finally, the IT4.0 has mean value 4.010 with SD 1.98, and CEP has mean value 4.00 with SD 1.789. Furthermore, the common method bias (CMB) was performed to examine the bias in the dataset. To resolve the CMB issue, both procedural and statistical remedies were adopted [76]. Harman’s single-factor test was conducted from a statistical perspective. The analysis indicated that the variance of a single factor was less than 50%. It indicates that CMB is not an issue. According to Kock [77] and Kock and Lynn [78], the CMB cannot be a problem in PLS-SEM, if the variance inflation factor (VIF) value obtained through the full collinearity test is less than 3.3. The full collinearity analysis indicates that the VIF value of all study variables is less than 3.3. Hence, CMB is not an issue.




5.2. Assessment of Measurement Model


5.2.1. Reliability and Convergent Validity


Following the recommendation by Hair et al. [79], the assessment of the measurement model consists of reliability and validity (convergent and discriminant). In terms of reliability, composite reliability (CR) was used to measure the data reliability.



As Hair et al. [79] suggest, CR values less than 0.70 are considered to be good. Concerning convergent validity, item loading and average variance extracted (AVE) are very important [80]. Hair et al. [81] assert that an item with a loading of 0.708 is good. However, if the loading is between 0.4 and 0.7 and the AVE is less than 0.5, the constructs can be retained. In addition, AVE’s threshold value is greater and equal to 0.5.



Table 4 shows the reliability and convergent validity. Moreover, Table 4 shows the item’s loading. In terms of loading, all the items achieve the threshold values. Table 4 also highlights the reliability values of TMS (0.928), CC (0.900), TL (0.913), PM (0.931), ADC (0.912), TU (0.911), IT (0.946), and CEP (0.864). Moreover, Table 4 shows the convergent validity (AVE)




5.2.2. Discriminant Validity


Fornell–Larker, cross-loading, and heterotrait–monotrait (HTMT) are the three methods for assessing discriminant validity described in the PLS-SEM literature. Forell–Larker and cross-loading methods have been recently questioned by Henseler et al. [82] for their inability to identify discriminant validity in PLS-SEM. Therefore, the HTMT technique was followed to measure discriminant validity. Acceptable HTMT values are less than 0.90 for related variables and less than 0.85 for distinct variables [81]. All of the latent variables’ discriminant validity (HTMT) are shown in Table 5, and all constructs satisfy the threshold limit (0.85) [83].





5.3. Assessment of Structural Model


The association between exogenous and endogenous variables was evaluated in the structural model assessment, as recommended by Hair et al. [81]. In this research, Quality 4.0 readiness constructs are divided into social (TMS, CC, and TL) and technical (PM, ADC, and TU) factors. As recommended by Hair et al. [79], a two-stage approach was adopted to measure the higher-order analysis. Sarstedt et al. [84] stated that more than eighty percent of studies adopted a two-stage approach for higher-order analysis.



Table 6 shows the hypothesized relationship and effect size between study variables. Based on the analysis, the association between social factors and CEP (β = 0.334, f2 = 0.059, p < 0.05) is positive and significant. Hence, H1 has been accepted. Likewise, the statistical analysis highlight that the relationship between social factors and technical factors (β = 0.744, f2 = 1.241, p < 0.05) is significant and positive. Thus, H2 has been accepted. Furthermore, the empirical results indicated that technical factors have a positive and significant relationship with IT4.0 (β = 0.203, f2 = 0.027, p < 0.05). Hence, H3 has been accepted. Moreover, the results highlight that social factors and IT4.0 (β = 0.7396, f2 = 0.103, p < 0.05) have a positive and significant association. Therefore, H4 was supported and accepted. The analysis also indicated that the association between IT4.0 and CEP (β = 0.126, f2 = 0.014, p < 0.05) has been positive and significant. Thus, H5 has been accepted. Finally, the relationship between technical factors and CEP (β = 0.246, f2 = 0.034, p < 0.05) has been positive and significant. Hence, H6 has been accepted.




5.4. Mediation Analysis


The previous literature divided mediation analysis into implicit and explicit approaches [85]. Traditional analyses, such as the Baron and Kenny technique and the test of joint significance, are commonly used to depict implicit procedures. However, no inferential test for the indirect effect was carried out by implicit analysis procedures. Conversely, explicit mediation techniques, such as the Sobel test, distribution of product method, bootstrapping method, and Monte Carlo simulation method, largely concentrate on the indirect effect [85].



A two-step process was used in accordance with Cepeda Carrión et al. [86] and Nitzl et al.’s [87] recommendations. In the first step, the researcher used 5000 resamples to assess the importance of indirect effects. To determine the significance between constructs, p-values were applied. The second step identified the nature of the effect and/or its mediation. The variance accounted for (VAF) ratio was utilized to compute the full and partial mediation. The general guideline is that there is no mediation if the VAF is less than 20%, partial mediation if the VAF is between 20% and 80%, and full mediation if the VAF is larger than 80%. Both steps were shown in Table 7.



In the first step, the indirect relationships among study variables have been examined. The results indicate that SF→TF→CEP (β = 0.183, p = 0.023), SF→TF→IT4.0 (β = 0.151, p = 0.034), and SF→IT4.0→CEP (β = 0.500, p = 0.055) have positive and significant relationships. The second step indicates that TF partially mediates the association between SF and CEP having a VAF value of 35%. Similarly, TF partially mediates the relationship between SF and IT4.0 having a VAF value of 28%. Surprisingly, IT4.0 has not performed a mediating role between SF and CEP because the VAF value is less than 20%. Finally, Figure 1 shows the PLS diagram of the hypothesized model.




5.5. Predictive Relevance and R2


Table 8 shows the coefficient of determination (R2) and predictive relevance (Q2). As recommended by Cohen [88], the value of R2 is categorized into three; 0.02 is considered small, 0.13 is considered medium/moderate, and 0.26 is considered large. The results of Table 8 indicate that TF (0.554) and IT 4.0 (0.318) have a large effect. On the other hand, a Q2 value greater than zero (Q2 < 0) indicates good predictive relevance [81,83]. Table 8 indicates that the Q2 value for all endogenous variables is greater than zero.




5.6. Artificial Neural Network (ANN) Analysis


This section outlines the rationale for using artificial neural networks (ANN) and illustrates the outcomes. The linear relationship between exogenous and endogenous variables is explained by structural equation modeling (SEM) and multiple regression analysis (MRA). However, both techniques are deemed insufficient for explaining the complicated nature of the decision-making process [89]. In addition, the compensating assumption underlies both SEM and MRA, which implies that if one or more exogenous components in the framework are reduced, this can be offset by an increase in another [90]. However, in this study, the Q4.0 practices are non-compensable and critical for IT4.0 and CEP. For instance, a decrease in TMS cannot be compensated with an increase in CC and TL as the exogenous constructs are distinctive in conceptualization and definitions. To overcome this issue and capture the linear and non-linear correlations within a non-compensatory framework, ANN is used in tandem with PLS-SEM [2]. Furthermore, the use of two-stage SEM-ANN represents a novel methodological improvement. Given the benefits and acceptability of the ANN approach, this study employs it to evaluate the relationship between each predictor and dependent variables.



The input, hidden, and output layers make up the architecture of the ANN technique. Based on the existing literature, a feed-forward-back-propagation algorithm with a multi-layer perceptron was applied [2,90]. In the same way as Ali and Johl [2], 90% of the samples were used for training and 10% for testing. Ali and Johl [2] stated that a ten-fold cross-validation method was used to reduce the chance of over-fitting and determined the root mean square of errors (RMSE). Sensitivity analysis is seen to be pivotal in the ANN approach. It helps to analyze the predictive power of each input neuron.



Table 9 shows the RMSE values when IT4.0 and CEP are dependent variables. Table 10 illustrates the sensitivity analysis when IT4.0 is the dependent variable. The results indicate that quality 4.0 readiness factors are important to promote IT4.0. The most prominent factors are TL (100%), CC (96%), ADC (81%), TU (42%), TMS (41%), and PM (34%). Table 11 shows the sensitivity analysis when CEP is a dependent variable. The ANN outcome indicated that Q4.0 readiness and IT 4.0 and important factors to achieve CEP. The most prominent factor is TL (100%), followed by TU (87%), TMS (87%), PM (80%), CC (71%), ADC (70%), and IT4.0 (51%).





6. Discussion of Findings


The purpose of this research is to investigate the role of Quality 4.0 social and technical factors to promote Industry 4.0 technologies and circular economy practices. Furthermore, this study also examines the mediating role of Quality 4.0 technical factors and Industry 4.0 technologies between quality social and circular economy practices. To achieve the study objectives, eight research hypotheses have been developed and empirically analyzed through the PLS-SEM technique. After that, the artificial neural network (ANN) technique was applied to identify the important Quality 4.0 factors for IT4.0 and CEP.



The findings of the first hypothesis affirmed that the social factors of Quality 4.0 have a positive relationship with circular economy practices (H1). This study’s finding is consistent with past literature. Sawe et al. [91] argued that people-driven factors (top management and training) are considered the most important factors for circular economy practices in SMEs. Due to current developments in technology, there has been increasing growth in resources overutilization. Sawe et al. [91] argued that manufacturing organization need to be able to adopt CEP, enabling it to reduce resource overuse, and minimize waste, while promoting reuse, remanufacturing, and reduce strategies [60]. In other words, organization social factors (top management and employees) should be able to stimulate environmentally friendly and efficient products [59,60]. Similarly, Jabbour et al. [92] concluded that both human and organizational factors are important to implement circular economy practices in emerging economies. Finally, Chowdhury et al. [93] argued that organizational factors (leadership) are essential to promote circular economy practices in SME manufacturing. Therefore, H1 has been accepted.



The findings of the second hypothesis affirmed that the Quality 4.0 social factors have a significant and positive relationship with technical factors (H2). The study findings are in line with past literature. Ali and Johl [2,33] concluded that social QM factors significantly affect technical QM practices. Similarly, Zeng et al. [22] affirmed that social QM practices have a positive and significant relationship with technical QM practices. Thus, H2 has been accepted. The prior literature argued that the key to quality performance in digital era is not solely lies on technical factors like process management, and data and analysis, but in social or intangible factors [3,33]. Moreover, Nguyen et al. [18] argued that both social and technical Q4.0 are important to achieve organizational flexibility, adaptability, and sustainability. They further argued that both quality factors must be jointly optimized in the digital era [29].



The findings of the third and fourth research hypotheses stated that Quality 4.0 practices have a positive relationship with Industry 4.0 technologies (H3 & H4). The findings are in line with previous research studies. Ali and Johl [1] affirmed that both social and technical factors have a positive and significant relationship with I4.0 technologies. Furthermore, Cresnar et al. [56] and Sony et al. [37] argued that Quality 4.0 helps to promote I4.0 technologies in manufacturing firms. Therefore, H3 and H4 have been accepted. In the digital era, technology transformed the traditional quality practices into Q4.0 [33] which includes people (social) and process and technology (technical). Most quality researchers agree that Q4.0 is closely aligned with I4.0, which will help organizations to achieve higher performance, efficiency, and improved business model [3,29,33,37].



The findings of the fifth and sixth hypotheses affirmed that IT4.0 and quality 4.0 technical factors have a positive relationship with CEP (H5 and H6). The findings are consistent with past literature. Khan et al. [49] concluded that IT4.0 has a positive relationship with CEP in Ecuadorian manufacturing firms. The results are also supported by several past studies [92]. Thus, H5 and H6 have been accepted. Previous literature argued that I4.0 technology play a vital role in upgrading the sustainability domain, which benefits organizations through greater information sharing and visibility [49]. The real-time sharing of data with greater accuracy is a revolutionary contribution of I4.0 technology, which significantly reduce the carbon footprints on their operations [45,47].



The outcomes of the seventh research hypothesis stated the mediating role of Q4.0 technical factors between social factors and IT4.0 and CEP. The results of both hypotheses are supported by past studies. Ali and Johl [2] concluded the technical Q4.0 factors have a mediating role between social and industry 4.0. Likewise, Ali and Johl [33] affirmed the mediating role of technical QM factors between social and sustainable performance in Malaysian manufacturing SMEs. Therefore, H7 was accepted.



The findings of the eighth research hypothesis indicated that IT4.0 has no mediation role between Q4.0 social factors and CEP. The study findings are consistent with the past literature. Kumar and Bhatia [94] argued that IT4.0 has no mediating role between human factors and performance in Indian manufacturing firms. Jayashree et al. [70] concluded that I4.0 technologies have no mediating role between stakeholders and sustainability. Therefore, H8 has been rejected.



Finally, the ANN analysis indicated that social factors (TL and CC) are important predictors of Industry 4.0 practices in manufacturing firms. Moreover, the ANN results highlight that both social and technical factors are essential for circular economy practices [95]. The ANN study of Kashif et al. [2] affirmed that both social and technical factors are essential to promote Industry 4.0 readiness in SME manufacturing. Moreover, Lim et al. [13] argued that social factors are important to achieve sustainable performance.




7. Conclusions


7.1. Theoretical Contributions


Theoretically, this study contributes to the growing body of literature on the interplay between Q4.0, I4.0, and the circular economy, by highlighting the diverse impacts of social and technical Q4.0 practices on IT4.0 and CEP in the SME sector. This increases the generalizability of conclusions that have already been validated in larger companies. Second, Quality 4.0’s multidimensional approach has proven to be important and useful because it allows for different paths through social and technical practices that affect IT4.0 and CEP. These results also demonstrate the mediating role that technical Quality 4.0 plays between social factors and IT4.0 and CEP. In other words, when good leaders are in place and human resources are managed efficiently, an organization’s performance improves significantly. Third, this research gives us a reliable model based on practical research that proves the theoretical connections between Quality 4.0 practices, IT4.0, and CEP [96]. As the survey concludes, a lack of consensus exists over which technologies are necessary for different types of firms, making it difficult for small- and medium-sized enterprises to advance to the next level.




7.2. Practical Implications


Overall, this research helps us learn more about how social and technical Quality 4.0 practices influence IT4.0 and CEP in small- and medium-sized manufacturing enterprises (SMEs). Therefore, it could be used as a guide for SMEs. Based on what this research found, there are certain aspects that SME owners and managers might also consider. First, evidence from this empirical study showed that social Quality 4.0 practices have a big effect on technical quality 4.0 practices. This means that owners and managers should put management and employee-related social practices at the top of their list of priorities when putting I4.0 technologies into place. Second, the fact that social Q4.0 is so important to technical Q4.0 shows how much Q4.0 practices depend on each other and how important it is to use the RBV approach to manage them. Managers therefore must first lay the groundwork for quality by focusing on social practices before starting any project to improve quality [97,98]. Last, academics are also influenced by the practical implications. In terms of I4.0, past studies have shown how important digital education is. Academics should use these results to update their teaching and curriculum methods and put more focus on digital resources.




7.3. Limitations and Future Research Directions


It can be beneficial to discuss the findings, the limitations, and the possible future initiatives. First, the analysis shows that there is still a gap between what SMEs know about I4.0 and what they do. This gap is partly caused by reactive investments in technology. In the future, studies could look at how the success of SMEs is linked to both reactive and proactive ways of adapting to I4.0 technology. Second, this research focused on manufacturing SMEs. It is not possible to generalize these findings to other service sectors. In the future, it will be possible to generalize the findings more precisely by conducting comparative research [99]. Third, the data originates from a single person’s responses to a survey form. The use of a single perspective in a study could be seen as constrained. Therefore, in order to get more accurate results, future studies will look into this phenomenon by surveying multiple people within each company. Future studies could also look at how internal factors (organisational culture, learning, and strategic convergence) and external factors (regulatory conditions, technology turbulence, and the level of competition) might affect the proposed framework [100]. These things can be looked at as moderators, which could lead to more interesting results. Finally, the current study was performed in small and medium industries. The prior literature argued that the implementation of I4.0 technologies is based on contextual factors like firm size (small and medium). In future studies, the role of firm size (small and medium) may be taken as a moderator to get more exciting results.
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Figure 1. PLS Diagram of the hypothesized model. 






Figure 1. PLS Diagram of the hypothesized model.



[image: Sustainability 14 15495 g001]







[image: Table] 





Table 1. List of Quality 4.0 practices.






Table 1. List of Quality 4.0 practices.





	
Quality 4.0

	
References






	
Social factors




	
Top management support (TMC)

	
[5,9,10,18,29,35,36,37,38,39]




	
Customer centeredness (CC)

	
[2,5,16,35,36,38]




	
Training and learning (TL)

	
[1,2,20,29,37,39]




	
Technical factors




	
Automatic data collection (ADC)

	
[9,14,18,40,41]




	
Process management (PM)

	
[19,38,42,43]




	
Technology utilization (TU)

	
[9,14,37,40,41]
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Table 2. Demographic statistics.






Table 2. Demographic statistics.





	
Constructs

	
Item

	
Frequency

	
Percentage (%)






	
Gender

	
Male

	
102

	
53.97




	
Female

	
87

	
46.03




	
Firm age

	
Less than 5-years

	
53

	
28.04




	
5–10 years

	
77

	
40.74




	
More than 10 years

	
59

	
31.22




	
Industry type

	
Electrical and Electronics

	
65

	
34.4




	
Machinery and Hardware

	
41

	
21.69




	
Food

	
29

	
15.34




	
Rubber and Plastic

	
33

	
17.46




	
Other

	
21

	
11.11
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Table 3. Descriptive Statistics.






Table 3. Descriptive Statistics.





	Constructs
	Mean
	SD
	Skewness
	Kurtosis





	TMS
	4.0000
	1.91786
	0.027
	−1.308



	CC
	4.5794
	1.76823
	−0.310
	−1.012



	TL
	3.9048
	1.89314
	0.097
	−1.271



	ADC
	3.6349
	1.90926
	0.269
	−1.214



	PM
	4.0238
	2.01014
	−0.059
	−1.373



	TU
	4.1005
	1.86098
	−0.001
	−1.218



	IT4.0
	4.0106
	1.98730
	−0.009
	−1.342



	CEP
	4.0026
	1.78982
	−0.037
	−1.070
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Table 4. Reliability and Convergent Validity.






Table 4. Reliability and Convergent Validity.





	
Constructs

	
Items

	
Loadings

	
VIF

	
CR

	
AVE






	
Top management support (TMS)

	
TMS1

	
0.876

	
2.452

	
0.928

	
0.764




	
TMS2

	
0.867

	
2.433




	
TMS3

	
0.875

	
2.561




	
TMS4

	
0.878

	
2.624




	
Customer-centeredness (CC)

	
CC1

	
0.746

	
1.691

	
0.900

	
0.601




	
CC2

	
0.779

	
1.879




	
CC3

	
0.776

	
1.911




	
CC4

	
0.816

	
2.064




	
CC5

	
0.777

	
1.874




	
CC6

	
0.756

	
1.772




	
Training and learning (TL)

	
TL1

	
0.896

	
2.012

	
0.913

	
0.778




	
TL2

	
0.881

	
2.341




	
TL3

	
0.869

	
2.219




	
Process management (PM)

	
PM1

	
0.841

	
2.313

	
0.931

	
0.730




	
PM2

	
0.846

	
2.384




	
PM3

	
0.839

	
2.345




	
PM4

	
0.878

	
2.881




	
PM5

	
0.867

	
2.574




	
Automatic data collection (ADC)

	
ADC1

	
0.708

	
1.669

	
0.912

	
0.566




	
ADC2

	
0.711

	
1.625




	
ADC3

	
0.757

	
1.900




	
ADC4

	
0.724

	
1.694




	
ADC5

	
0.715

	
1.725




	
ADC6

	
0.755

	
1.837




	
ADC7

	
0.786

	
2.011




	
ADC8

	
0.854

	
2.655




	
Technology utilization (TU)

	
TU1

	
0.794

	
2.024

	
0.911

	
0.672




	
TU2

	
0.804

	
2.002




	
TU3

	
0.833

	
2.172




	
TU4

	
0.850

	
2.185




	
TU5

	
0.816

	
2.237




	
I4.0 Technologies

	
IT1

	
0.849

	
2.654

	
0.946

	
0.745




	
IT2

	
0.868

	
2.910




	
IT3

	
0.858

	
2.844




	
IT4

	
0.879

	
2.964




	
IT5

	
0.862

	
2.863




	
IT6

	
0.863

	
2.722




	
Circular economy practices

	
CEP1

	
0.809

	
1.671

	
0.864

	
0.616




	
CEP2

	
0.847

	
1.854




	
CEP3

	
0.796

	
1.680




	
CEP4

	
0.677

	
1.312
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Table 5. Discriminant validity (HTMT).
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	Constructs
	TMS (1)
	CC (2)
	TL (3)
	PM (4)
	ADC (5)
	TU (6)
	IT (7)
	CEP (8)





	TMS (1)
	
	
	
	
	
	
	
	



	CC (2)
	0.354
	
	
	
	
	
	
	



	TL (3)
	0.339
	0.360
	
	
	
	
	
	



	PM (4)
	0.539
	0.727
	0.325
	
	
	
	
	



	ADC (5)
	0.728
	0.373
	0.400
	0.471
	
	
	
	



	TU (6)
	0.511
	0.232
	0.098
	0.238
	0.541
	
	
	



	IT (7)
	0.308
	0.551
	0.486
	0.414
	0.482
	0.320
	
	



	CEP (8)
	0.468
	0.339
	0.351
	0.458
	0.336
	0.364
	0.208
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Table 6. Structural model and effect size.






Table 6. Structural model and effect size.





	Relation
	β-Value
	t-Value
	f2
	p-Value
	Decision





	H1: Social factors → CEP
	0.334
	3.230
	0.059
	0.001
	Accepted



	H2: Social factors → Technical Factors
	0.744
	23.173
	1.241
	0.000
	Accepted



	H3: Technical factors → IT4.0
	0.203
	1.954
	0.027
	0.028
	Accepted



	H4: Social factors → IT4.0
	0.396
	4.354
	0.103
	0.000
	Accepted



	H5: IT 4.0 → CEP
	0.126
	1.696
	0.014
	0.048
	Accepted



	H6: Technical factors →CEP
	0.246
	2.085
	0.034
	0.021
	Accepted
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Table 7. Mediation analysis.






Table 7. Mediation analysis.





	
Relationship

	
β

	
p-Value

	
axb

	
VAF

	
Decision






	
Step-1

	
SF→TF→CEP

	
0.183

	
0.023

	




	
SF→TF→IT4.0

	
0.151

	
0.034




	
SF→IT4.0→CEP

	
0.500

	
0.055




	
Step-2

	
H7a

	
Path a: SF→TF

	
0.744

	
0.000

	
0.183

	
35%

	
Partial Mediation




	
Path b: TF → CEP

	
0.246

	
0.017




	
Path C: SF→ CEP

	
0.334

	
0.003




	
H7b

	
Path a: SF→TF

	
0.744

	
0.000

	
0.151

	
28%

	
Partial Mediation




	
Path b: TF → IT4.0

	
0.203

	
0.030




	
Path C: SF→ IT4.0

	
0.396

	
0.000




	
H8

	
Path a: SF→IT4.0

	
0.396

	
0.000

	
0.050

	
13%

	
No Mediation




	
Path b: IT4.0 → CEP

	
0.126

	
0.069




	
Path C: SF→ CEP

	
0.334

	
0.003
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Table 8. Predictive relevance (Q2) and coefficient of determination (R2).
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	Constructs
	R2
	Q2





	Technical Factors
	0.554
	0.304



	IT 4.0
	0.318
	0.231



	CEP
	0.234
	0.136
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Table 9. RMSE values.






Table 9. RMSE values.





	
RMSE Values (IT as Dependent Variable)

	
RMSE Values (CEP as Dependent Variable)




	
Training

	
Testing

	
Total Samples

	
Training

	
Testing

	
Total Samples




	
N

	
RMSE

	
N

	
RMSE

	
N

	
RMSE

	
N

	
RMSE






	
168

	
0.620

	
21

	
0.438

	
189

	
169

	
0.644

	
20

	
0.642

	
189




	
173

	
0.645

	
16

	
0.527

	
189

	
170

	
0.645

	
19

	
0.642

	
189




	
168

	
0.579

	
21

	
0.585

	
189

	
171

	
0.685

	
18

	
0.753

	
189




	
167

	
0.601

	
22

	
0.378

	
189

	
161

	
0.619

	
28

	
0.564

	
189




	
171

	
0.558

	
18

	
0.510

	
189

	
169

	
0.622

	
20

	
0.684

	
189




	
172

	
0.654

	
17

	
0.584

	
189

	
165

	
0.665

	
24

	
0.531

	
189




	
169

	
0.569

	
20

	
0.584

	
189

	
165

	
0.629

	
24

	
0.657

	
189




	
171

	
0.518

	
18

	
0.421

	
189

	
176

	
0.678

	
13

	
0.752

	
189




	
166

	
0.597

	
23

	
0.696

	
189

	
166

	
0.640

	
23

	
0.642

	
189




	
171

	
0.577

	
18

	
0.521

	
189

	
170

	
0.631

	
19

	
0.678

	
189




	
Mean

	
0.592

	
0.524

	
Mean

	
0.646

	
0.654




	
S.D

	
0.041

	
0.094

	
S.D

	
0.023

	
0.070
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Table 10. Sensitivity analysis (IT as dependent variable).






Table 10. Sensitivity analysis (IT as dependent variable).





	Neural Network (NN)
	TMS
	CC
	TL
	ADC
	PM
	TU





	1st
	0.359
	1.000
	0.806
	0.648
	0.340
	0.137



	2nd
	0.811
	1.000
	0.962
	0.350
	0.517
	0.501



	3rd
	0.069
	0.799
	1.000
	0.872
	0.063
	0.047



	4th
	0.121
	1.000
	0.873
	0.632
	0.183
	0.118



	5th
	0.272
	1.000
	0.967
	0.677
	0.130
	0.344



	6th
	0.850
	0.692
	1.000
	0.393
	0.311
	0.390



	7th
	0.342
	0.661
	0.749
	1.000
	0.141
	0.345



	8th
	0.518
	1.000
	0.858
	0.799
	0.652
	0.667



	9th
	0.124
	0.302
	1.000
	0.746
	0.566
	0.803



	10th
	0.162
	1.000
	0.561
	0.991
	0.067
	0.367



	Mean importance
	0.363
	0.845
	0.878
	0.711
	0.297
	0.372



	Normalized importance
	41%
	96%
	100%
	81%
	34%
	42%
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Table 11. Sensitivity analysis (CEP as dependent variable).






Table 11. Sensitivity analysis (CEP as dependent variable).





	Neural Network (NN)
	TMS
	CC
	TL
	ADC
	PM
	TU
	IT





	1st
	0.477
	0.683
	0.487
	0.934
	1.000
	0.837
	0.046



	2nd
	1.000
	0.122
	0.697
	0.725
	0.257
	0.660
	0.594



	3rd
	0.561
	1.000
	0.959
	0.667
	0.127
	0.421
	0.557



	4th
	0.671
	0.347
	1.000
	0.197
	0.862
	0.978
	0.642



	5th
	1.000
	0.406
	0.926
	0.367
	0.694
	0.964
	0.401



	6th
	1.000
	0.263
	0.978
	0.458
	0.457
	0.364
	0.350



	7th
	0.842
	1.000
	0.849
	0.778
	0.966
	0.898
	0.715



	8th
	1.000
	0.637
	0.714
	0.467
	0.867
	0.448
	0.535



	9th
	0.799
	0.634
	1.000
	0.419
	0.769
	0.914
	0.321



	10th
	0.127
	0.979
	0.966
	0.961
	0.871
	1.000
	0.247



	Mean importance
	0.748
	0.607
	0.858
	0.597
	0.687
	0.748
	0.441



	Normalized importance
	87%
	71%
	100%
	70%
	80%
	87%
	51%
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