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Abstract

:

This paper proposes a maturity model (MM) to become a smart organization considering Lean as a key enabler to drive I4.0 adoption. A systematic literature review on I4.0 and Lean concepts plus I4.0 adoption models was conducted through the PRISMA method based on articles from Scopus and Web of Science databases, and records from official websites (e.g., consulting firms) published between 2011 and 2022. Identifying the Lean and I4.0 relationship and comparing the models’ relevant characteristics allowed the development of the MM proposal. Although previous research refers to Lean and I4.0 collaboration, the opportunity to design a reference model for adopting both approaches was identified since their interaction enhances value creation. The comprehensive model supports structuring the types of Lean principles/methods/tools and I4.0 technologies and their action to link them and define which of them need to be implemented according to the maturity level chronologically. Additionally, the proposed MM provides an adoption roadmap that starts eliminating non-added activities in the initial stages for process improvement to integrate I4.0 enabling technologies later. The model makes it possible for practitioners to generate implementation and development processes oriented toward I4.0 adoption based on maturity levels in which Lean has the starting point at the first ones. Hence, it defines the enabling technologies to be incorporated and linked throughout the value chain, enhancing a Lean culture. This model will help organizations to become “smart” by allowing them to transition toward the best technology investment and continuously add value to their processes, people, and products. Moreover, the results will motivate researchers to study further the application of models for I4.0 adoption in which Lean is integrated to fill the gap with the I4.0 embrace caused by quickly changing industrial environments and the uncertainty and unknowledge of guidelines associated with incorporating new technologies.
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1. Introduction


Global competitiveness and quickly changing environments in modern life are influencing manufacturing systems since awareness, flexibility, and cost-effective solutions are needed [1]. Industry 4.0 (I4.0) is a new area of interest to address these issues. It is a transformation initiative that seeks to integrate advanced technologies and production systems to improve organizations’ operations [2] and modify their value chains into agile and intelligent interconnected scenarios [3]. This initiative incorporates enabling technologies to share data, support human activities, improve processes, and achieve higher competitiveness [4]. However, adopting I4.0 intelligent ecosystems is challenging for organizations due to the lack of models to incorporate advanced technologies and support digital interconnectivity between “Smart” processes, people, and products, which are considered the “Smart” components and defined in the present work as the “Smart” Ps. Moreover, organizations feel unguided and uncertain, as they lack clarity on this initiative’s benefits [5] and a digital strategy to adopt it [6]. Therefore, when embracing I4.0, enterprises cope with making high investments, training people, and changing their culture [7].



Moreover, it is complex for enterprises to integrate their value chains and reconfigure their existing processes to be compatible with the I4.0 initiative [8]. Thus, actions result in a waste of resources (i.e., human capital, time, investments) and failure in adopting I4.0. In addition, workers cope in collaborating with “smart” devices and performing digital tasks in socio-technical systems [9].



To face these challenges, various methods, frameworks, and models have been developed to guide enterprises in this transformation journey. Nevertheless, the I4.0 initiative is still in its initial stage of evolution [10]. Given organizations’ diversity and readiness for I4.0 adoption, there is space for new models, methods, and tools to help them overcome their difficulties in embracing this initiative [11]. Due to the value chain complexity, the use of a well-known and accepted approach to eliminate non-value-added activities, such as Lean, could be a launching path to incorporate technology, human–machine interactions, and the generation of business intelligence, all of them being key elements of “Smart” processes. In addition, when Lean becomes a culture, organizations improve their value chains and benefit not only their processes but also their workforce’s talents and customers’ satisfaction. Such is the case in different sectors, including the automotive field [12], food and beverages [13], and healthcare [14].



Furthermore, both Lean and I4.0 seek to improve productivity and efficiency, ensuring higher quality in processes and products and focusing on the human factor [15]. Moreover, both are sustainable approaches that are important for organizations to ensure their operations since Lean can incorporate Industry 4.0 to benefit them [16]. Rossini et al. [17] acknowledged that Lean drives I4.0 implementation at the strategic level, while I4.0 enhances Lean practices at the operative one. Similarly, Tortorella and Fettermann [18] stated that Lean practices and I4.0 technologies are favorably related such that their collaboration allows for accomplishing more significant levels of competitiveness. Regarding this, Sony [19] developed the first general integration model of Lean and I4.0, in which horizontal, vertical, and end-to-end engineering were considered. However, Pereira and Sachidananda [20] identified the lack of a comprehensive framework that links Lean and I4.0 and acknowledged how these two approaches combined can add value to organizations. This has also been indicated by Alsadi et al. [21], who observed that Lean and I4.0 integration has been a research area of great interest that needs additional investigation and particularly indicated the need for a framework that conceptually integrates Lean and I4.0 to help organizations to transition toward this journey. Likewise, Bittencourt, Alves, and Leão [22] depicted that future research should study the implications of Lean and I4.0 collaboration and develop a framework that strengthens their support while integrating people and technology into it. Similarly, Komkowski et al. [23] acknowledged the still existing gap of operational frameworks that integrate Lean and I4.0. Therefore, a new model is needed for I4.0 adoption that fulfills the areas of opportunity identified in the literature in which Lean and I4.0 are synergically linked.



Thus, the objective of this research is to create a new model that balances the adoption of I4.0 enabling technologies and a platform for process improvements such as Lean. The comprehensive model establishes Lean in the initial stages to integrate I4.0 enabling technologies later, supporting organizations to become “smart”, and additionally, to detail a strategic roadmap to help enterprises with a focused advancement pathway. Consequently, the model and roadmap could be an initial point to encourage value creation in organizations toward socio-technical systems and digitization.



Hence, this work addresses the following research questions (RQs):




	
How to become a smart organization while coping with digital challenges?



	
Which characteristics must be included in an MM oriented to provide a transformation roadmap toward becoming a smart organization based on a Lean and I4.0 synergy?








The remaining sections of the paper are organized as follows. In Section 2, the related literature review is reported. Section 3 describes the methodology implemented to develop the MM based on a systematic literature review (SLR). The results obtained are presented in Section 4, identifying I4.0 and Lean synergy and comparing existing models for I4.0 adoption. Later, Section 5 explains the proposed model and the roadmap developed. Finally, in Section 6, conclusions, limitations, and future directions are presented.




2. Literature Review


This section presents literature about the I4.0 and Lean concepts relationship to identify their benefits to support an enterprise during the transformation journey to become a “smart” organization. The former makes it possible to provide new enabling technologies in “smart” ecosystems to support organizations in improving their competitiveness. The latter allows organizations to identify activities that generate waste so that projects are deployed to improve efficiency and effectiveness by removing waste. In this regard, Section 2.1 details the relevance of I4.0 for organizations as a digital innovation strategy, while Section 2.2 focuses on presenting Lean as a tool that supports organizations in improving their processes by eliminating non-value-added activities.



Considering that Lean and I4.0 initiatives have been individually positioned, the literature was reviewed to identify common elements and validate how their collaboration synergically supports and improves each of them. Following this, a third line of study is depicted in Section 2.3, which integrates both approaches by explaining the relevance of the Lean and I4.0 relationship since Lean is a key enabler in driving I4.0 adoption, and I4.0 enhances the development of Lean practices, particularly given that both approaches’ collaboration was verified in previous studies.



2.1. I4.0: A Digital Initiative for Competitiveness Enhancement


I4.0 is an initiative proposed by Germany in 2011 as a digital innovation strategy to support its companies in achieving higher competitiveness [24]. It seeks to create “smart” factories where physical and virtual worlds are connected, sharing information across multiple systems and bringing transparency across value chains [25]. Its enabling technologies drive radical changes that allow higher productivity and efficiency in their processes. Based on their implementation, the benefits of embracing I4.0 have been distinguished in the literature, including production and cost efficiencies, traceability, flexibility, productivity, reduced wastage, and better quality [5].



This initiative proposes a digital interconnection ecosystem between processes, people, and products, capturing and analyzing information in real-time to make timely decisions and solve problems [26]. Here, different enabling technologies are incorporated, such as the Internet of Things (IoT), cyber-physical systems (CPS), and Big Data, among others [27]. These advanced technologies allow organizations to improve their production schemes from managerial and operational perspectives.



Although I4.0 represents an opportunity for digital interconnection for processes’ improvement, technological, organizational, and environmental barriers that hinder its adoption are identified by Senna et al. [28]. For instance, there are high levels of uncertainty and high investment costs associated with this initiative’s adoption, for which not only the need for a qualified workforce with digital technical skills is identified but also the need for attending to cybersecurity risks and securing privacy when using I4.0 enabling technologies. Therefore, the need for a digital strategy for I4.0 adoption is recognized.




2.2. Lean: A Key Enabler to Become a “Smart” Organization


Regarding the development of a “smart” organization, the organization requires relevant decision-making that will involve people, technology, and processes. In this involvement, Lean can contribute in terms of making processes more efficient, developing people, and facilitating technology adoption. Following the pathway of transforming organizations, Lean’s scope encompasses human development management and waste elimination. Its practices improve processes, create value, and support organizations, enabling them to succeed throughout the I4.0 adoption journey [17]. Additionally, Lean benefits organizations since it allows them to obtain relevant information from their value chains to make decisions, upgrade processes, and obtain economic savings [29].



For this to be possible, Lean establishes five principles that encourage pursuing a constant cross-functional effort as described below based on [30]:




	
Identify value: Value is created by the producer but defined by the customer based on how a product or service meets the customer’s needs.



	
Map value stream: Value stream mapping involves identifying the actions required to deliver a product or service through problem-solving, information management, and physical transformation tasks, detecting activities that do not create value (i.e., uselessness and wastefulness).



	
Create flow: Make value flow by ensuring a smooth process from when an order is placed to when it is delivered to the customer.



	
Establish pull: After improving the flow, let the customer pull the product as needed rather than relying on the organization to push it.



	
Seek perfection: Processes must be constantly analyzed, looking for improvements to eliminate waste and increase value.








Moreover, some of the Lean principles/methods/tools, such as Just-In-Time (JIT) and value stream mapping (VSM), among others [31], allow organizations to identify opportunities, establish a perfect value stream, handle and control production to raise efficiency, and strengthen workers’ active development [32]. Accordingly, enterprises can direct their efforts toward a work culture management focused on continuously creating value.



The implementation of Lean in organizations has significantly benefited various sectors including the automotive field [12], food and beverages [13], and healthcare [14]. Particularly when Lean is integrated with new technologies, it has been identified in the literature as enhancing organizations’ performance [33]. It has been distinguished in the healthcare context, where Lean applications have had positive effects on healthcare services when supported by digital technologies, including simulation and automation [34]. Furthermore, in the manufacturing sector, Lean implementation integrated with technologies such as CPS has represented a cost–benefit approach that improves system flexibility, seeking higher efficiency and effectiveness [35]. In this regard, organizations have benefited from applying Lean supported by enabling technologies in continuously changing industrial environments.



It is worth noting that one of the most valuable contributions of Lean is that its philosophy supports positioning human resources as the most important element in all of the organization’s activities [36]. This is similar to I4.0, which has been recognized for locating humans at the center of the enterprise’s value chain [37]. However, one of the challenges to become a “smart” organization relies on the adoption of new technologies. This challenges employees in their work activities since new skills and competencies are needed in people. Hence, Lean is important in this initiative adoption because it seeks to improve individuals’ activities to benefit them and the enterprises’ processes. Nonetheless, integrating a Lean culture is not a trivial journey; organizations need top-down support from leaders to motivate others and align the adoption initiative with the companies’ strategy.




2.3. Synergy between Lean and I4.0


Considering Lean and I4.0, previous studies have indicated that both approaches can generate a very relevant synergy to add value to organizations’ processes and improve their competitiveness. Ejsmont et al. [38] referred to “Lean Industry 4.0” as a concept to increase a company’s operational excellence level, for which higher research is needed to propose new frameworks that interpret Lean and I4.0 synergism. In this regard, some authors agree that Lean principles support I4.0 adoption [22,39]. Nevertheless, other researchers consider that the I4.0 implementation supports Lean and improves its effectiveness [15,40]. But most importantly, some authors validate Lean and I4.0 collaboration in which one approach is a key enabler of the other and vice versa, meaning they can co-exist favorably to improve organizations’ competitiveness [18,41,42].



Based on the above, Lean and I4.0 can synergically collaborate, supporting and improving each other to support organizations on their transformation journey. Thus, Lean will strengthen I4.0 by helping improve ecosystems in which I4.0 intervenes, and I4.0 will enhance Lean practices aimed at improving organizations’ performance. For this to be possible, it is important to not only link these two approaches, but also encourage the participation of people who play a central role in them. Mainly, managers must identify workers that are enthusiastic and committed to facing new changes and participating in improvement programs, and allocate job tasks based on employees’ skills and competencies [43]. In this regard, a learning-to-learn capability centered on Lean serves as a construct to enable technology adoption, particularly for leaders who need to be learning facilitators in organizations [44], such that workers’ active participation in an encouraging learning environment will contribute to adopting I4.0 since it requires continuous improvement as a part of inevitable digital interconnectivity.



In this section, statements from the literature were pointed out: (i) that methods for adopting Lean are more widely accepted and proven than those for I4.0, (ii) the relevance of Lean and I4.0 working collaboratively to create a synergy, and (iii) some key elements and challenges to adopting I4.0.





3. Methodology


The present work proposes an MM developed through a literature review and analyzed in terms of Lean and I4.0 collaboration and “Smart” components, and through a comparison with existing models for I4.0 adoption. This research methodology was developed based on Wagire et al. [11]. Research on both approaches was needed to provide trends and answer the RQs. This section presents the methodology followed in carrying out an SLR in two parts (A and B).



On the one hand, Part A searches for publications related to I4.0 and Lean to identify their synergism, particularly the relationship among Lean principles/methods/tools and I4.0 enabling technologies, as well as acknowledging the digital interconnection between the “Smart” components. On the other hand, Part B identifies the existing models for I4.0 adoption to characterize their relevant elements, detect Lean integration in them, and distinguish opportunity areas.



The method selected was the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA). To choose the publications that contribute to the research, this widely accepted method establishes four stages: (1) identification, (2) screening, (3) eligibility, and (4) included [45]. The PRISMA method is well-known for its structure for identifying all of the available information in the literature for a specific topic, taking into consideration inclusion and exclusion criteria to come up with the key records for the research conducted [46]. Previous works have investigated Lean and I4.0 through SLRs following this method, such as Bittencourt et al. [22] and Salvadorinho and Teixeira [47]. Moreover, other authors have used the same methodology to identify and develop maturity models, for instance, Jayanetti et al. [48]. Figure 1 illustrates the PRISMA flow diagram implemented in this paper.



Scopus and Web of Science were the scientific databases used to perform the SLR since they are considered leaders in covering and reporting high-quality journals [49]. Additionally, in Part B, Google Scholar was implemented as a search engine to identify publications not listed in those databases. The research was conducted in December 2022, searching related terms in titles, abstracts, and/or keywords. In addition, the time horizon was selected considering that I4.0 was initially presented as a digital innovation initiative in 2011 by the German government [24]. Hence, the review was limited to publications written in English from 2011 to 2022 and published in journals.



On the one hand, when performing the search in Part A, the publications chosen included key concepts, theoretical findings, and the connection and association between Lean and I4.0, as well as theories on Lean benefits and contributions to drive and strengthen I4.0, and vice versa. Consequently, the following Boolean search string was used [(“Industry 4.0” OR “Fourth Industrial Revolution”) AND (“Lean”) AND (“synerg*” OR “collaborat*” OR “relation*” OR “link*” OR “integrat*”)].



In the first stage of Part A, 747 publications were identified. A total of 163 records were discarded because they were duplicated in the entire set of papers, resulting in 584 articles remaining. In the second stage, these were screened and assessed based on the exclusion criteria (reasons a, b, and c). The screening process resulted in 405 records being excluded. Then, in the third stage, an in-depth screening of the 179 full-text eligible articles was performed, excluding 151 publications with no significant focus on the relationship between Lean principles/methods/tools and I4.0 enabling technologies (reason d of the exclusion criteria), leaving 28 records remaining. Additionally, 88 documents were identified from the eligible publications’ references, from which 23 records were excluded for not meeting reason e, leaving 65 papers. Consequently, a total of 93 papers were outstanding publications included for the content analysis on Lean and I4.0 synergy.



On the other hand, for Part B, we intended to search for the relevant documents presenting models for I4.0 adoption. After reviewing the different terms found in previous research, the most used in the literature were the following categories: maturity, readiness, assessment, diagnostic, and capability models. Based on the research type of this manuscript, these models’ categories were selected to conduct the literature review of Part B. Their definitions were considered as follows:




	
Maturity model (MM): It measures an organization’s maturity based on a conceptualization of maturity levels and a target state to detect the need for change [50].



	
Readiness model (RM): It captures the initial point for a company to start its development process [51].



	
Assessment model (AM): It evaluates the implementation level around defined dimensions [52].



	
Diagnostic model (DM): It recognizes the principal elements of an enterprise and their relationship, aiming to realize an organization’s constant change [53].



	
Capability model (CM): It focuses on the organization’s abilities and capacities to accomplish a specific objective [54].








Considering these definitions, the following Boolean search string was used [(“Industry 4.0” OR “Fourth Industrial Revolution”) AND (“maturity model” OR “readiness model” OR “assessment model” OR “diagnostic model” OR “capability model”)].



In the first stage of Part B, 600 publications were recognized. In all, 91 documents were removed since they were duplicated in the entire set of works, leaving 509 papers. In the second stage, the records were screened and assessed based on the exclusion criteria (reasons a, b, and f). A total of 385 documents were excluded, resulting in 124 full-text eligible publications. They were analyzed, and 82 were excluded considering reason g of the exclusion criteria, leaving 42 records. It is worth noting that at this point the search in databases identified articles that performed a literature review of existing models for I4.0 adoption rather than proposing a new one. Thus, new documents that depicted models for I4.0 were selected from the eligible publications’ references and from other research sources (e.g., consulting firms’ reports, governmental publications, research academies’ records). Therefore, 119 records were identified for searching studies via other methods. Later, 59 publications were disregarded in the screening process according to reason h defined in Figure 1. Of the remaining 60 full-text documents eligible, four were excluded considering reason g, leaving 56 records. From both searches, the articles excluded for not meeting the criteria established were publications that commonly dealt with performing an SLR of the models for I4.0 adoption and quoting existing ones. Finally, in the fourth stage, considering both search processes, 98 records were relevant for the review for I4.0 models. From them, only a set of 15 publications were key to characterizing existing models and detailing all of their relevant characteristics, and consequently, contributing to the development of the “Maturity Model to Become a Smart Organization based on Lean and Industry 4.0 Synergy”. The procedure followed through the SLR allowed validating the Lean and I4.0 synergy, as well as identifying the main elements that constitute a model.




4. Results


This section first presents Lean and I4.0 collaboration findings (Section 4.1). Then, it provides a comparative analysis of the existing models for I4.0 adoption that were suitable for this study to distinguish the models’ characterization and current areas of opportunity in them (Section 4.2).



4.1. Analysis of I4.0 and Lean Relationship


In the literature reviewed, different approaches related to Lean and I4.0 collaboration were identified. In light of this, a total of 93 documents with a significant focus on the relationship between Lean principles/methods/tools and I4.0 enabling technologies were considered for content analysis. Nine indicated that Lean drives I4.0, 49 stated that I4.0 enhances Lean, and 35 mentioned that both can synergically collaborate. A set of 20 publications was selected, from which three documents depicted that Lean drives I4.0 [22,44,55], six records indicated that I4.0 enhances Lean [15,31,40,56,57,58], and 11 of them mentioned Lean and I4.0 collaboration [17,18,19,20,41,59,60,61,62,63,64]. This means that more than 50% of the selected publications recognized these approaches’ synergy.



Analyzing these documents, it was significant to recognize that I4.0 incorporates enabling technologies into organizations to generate timely information, support human activities, and achieve higher competitiveness. However, its adoption remains challenging for organizations since socio-technical “smart” systems are required to create digital interconnections between processes, people, and products [65]. Hence, organizations need to determine new processes to eliminate non-value-added activities and improve their practices. In this regard, Lean provides well-established and easily adopted methods to improve socio-technical systems.



Therefore, due to Lean’s scope, focusing on value creation aligns with I4.0′s objectives, and both collaborate within a fruitful synergy. Aiming to start embracing I4.0, it is important for an organization to assess its readiness from a Lean culture perspective, being committed to active and continuous learning. It requires implementing sustainable practices and projects in search of continuous improvement to create value by involving and motivating all workers [66]. In summary, I4.0 emphasizes implementing advanced technologies throughout the organizations’ value chains, seeking to upgrade processes and improve performance. I4.0 enabling technologies can strengthen Lean principles’ efficiency [67]. However, since a technological solution does not guarantee an improvement, Lean process mapping must be performed to recognize wastes before their adoption [22]. Accordingly, Table 1 summarizes several relationships between Lean principles/methods/tools and I4.0 enabling technologies that were found in the literature. As a result, this relationship can be used as a basis for the model proposal.



The table validates the relationship between Lean principles/methods/tools and I4.0 enabling technologies in such a way that it helps in constructing the approaches’ collaboration across the model proposal. As examples of the interactions between Lean and I4.0, it was identified that when a CPS is incorporated with JIT practices, automatic control of products is handled throughout the value chain from order to delivery. Therefore, maintaining a digital interconnection makes tracking information visible to all workers involved in the process [40]. In addition, Kanban practices can be applied to visualize the workflow better, measure the lead time, and limit the work in progress, resulting in the prioritization of tasks [68]. Products identified as “smart” can comprise information from the Kanban approach since they have sensors that capture data and analyze the information obtained to support their manufacturing processes. From this, it is possible to map the value stream identify wastes, assign strategic activities, handle and control production processes, and ensure continuous improvement [60]. Additionally, from the suppliers’ perspective, implementing wireless item tagging of goods can benefit JIT delivery, eliminating unexpected delays or incomplete shipping [56]. Further, by adopting “smart” devices, such as sensors, information can be captured in a cloud manufacturing platform for intelligent assessment, data analysis, and optimization to avoid error, strengthening the Poka-Yoke method [60].



From a digital migration point of view, organizations need to develop digital competence in “Smart” people to advance through the I4.0 initiative. Data analytics and real-time decision-making are significant since I4.0 enabling technologies support employees in their work activities. Moreover, “smart” feedback devices are required to monitor and evaluate the workforce’s tasks, such that their involvement in pursuing the I4.0 initiative is achieved while Lean culture is sustained [56]. Also, the Lean method Jidoka must be implemented, focusing on Andon, because it allows organizations to reduce the time between failure occurrences and notifications. To enrich this, workers can use “smart” devices (e.g., tablets, smartwatches) to receive real-time warnings regarding the occurring errors, collected in a database for further analysis to act and achieve continuous improvement [60]. Therefore, by considering “smart” devices’ contributions, organizations need to pay special attention to establishing policies and governance oriented toward an ethical approach that secures human–machine interaction and ensures proper data management systems.



The literature shows just a few previous works regarding the incorporation of Lean on I4.0 adoption models. Leyh et al. [57] found that although there are several frameworks for I4.0 adoption, only three records from the 31 the authors reviewed in their study completely addressed Lean principles. The first study was developed by Villalba-Diez et al. [69]. They proposed “The Hoshin Kanri Tree” as a novel Lean shopfloor management model to standardize communication patterns across a value network by the Deming cycle, Plan-Do-Check-Act (PDCA), to face I4.0 challenges. This model’s limitation stems from the difficulty of consolidating leaders’ strategic management with the model’s application. The second study, implemented by Kolberg and Zühlke [59], identified parallelism between I4.0 and Lean and defined combinations to develop a comprehensive framework. The authors acknowledged the absence of a framework; thus, they provided recommendations for it rather than creating a new proposal. Lastly, the third study was performed by Brettel et al. [70]. They analyzed manufacturing advancements in I4.0 to add the production flexibility approach in a framework previously proposed by Schuh et al. [71]. The limitation centers on researching frameworks related to production flexibility and selecting one model instead of proposing a new one.



The information analyzed about the relationship between Lean principles/methods/tools and I4.0 enabling technologies allowed depicting how both approaches can collaborate to help organizations become smart and face digital challenges. These include enterprises being able to face uncertainty in adopting new technologies, processes being optimized, digitized, and improved toward value creation, workforces developing new digital tasks and collaborating with I4.0 enabling technologies, among others.




4.2. Comparative Analysis of Existing Models for I4.0 Adoption


In the review of literature on models for I4.0 adoption, a total of 35 documents were studied. After a deep analysis, 15 documents were considered key to analytically compare and identify their relevant characteristics (as shown in Table 2). The characterization of these models positively contributed to developing the new model proposal.



Several models for I4.0 adoption were reviewed and analyzed based on their definitions and relevant characteristics of objective, levels, levels descriptors, and dimensions. The selected models were developed by researchers, consulting firms, governments, research academies, and industrial associations, and were intended to provide guidelines to support organizations in addressing the challenges of I4.0 adoption. The current models mainly focus on I4.0 enabling technologies, followed by process digitization. Six of them pay attention to the organizational approach to human factor development, detailing relevant insights about people’s integration, participation, and collaboration with other humans and technologies in I4.0 scenarios.



The models reviewed propose four to six levels that establish an advancement path from understanding to achieving an expert role in digital interconnectivity. They represent the evolutionary steps an organization must pass through as it masters its capabilities. On the other hand, the models’ dimensions varied between three and sixteen, which provided the models’ scope.



The previous models for I4.0 adoption have determined levels and dimensions to guide organizations toward this digital journey. It was identified in the reviewed models that while the most common dimensions included in them are technology, processes, organization, and strategy, none incorporates Lean as a strategy to drive I4.0. Hence, an opportunity to incorporate this well-known method to pursue value creation and improve socio-technical systems supporting I4.0 adoption was identified.



Based on the comparative analysis of existing I4.0 models, their foundation and relevant concepts for their structure were considered to characterize the new model proposal and build on current knowledge for I4.0 adoption incrementally. The design of a new MM was depicted since its objective, according to Santos and Martinho [73], is to measure the maturity level of adoption based on quantifying performed activities related to the domain. The levels and dimensions defined in the proposed model were selected from the revision of Lean and I4.0 synergy and existing models. In Section 5, we describe the new model, which seeks to promote a balance between implementing a process improvement methodology and using enabling technologies for value creation in which Lean is primarily included, as it works as an accelerator in the early stages of I4.0 adoption.





5. The Proposed Maturity Model


This section presents the MM proposal (Section 5.1) and strategic roadmap (Section 5.2) to help enterprises become “smart” by adopting I4.0 throughout the defined steps in which Lean drives I4.0 while I4.0 enhances Lean. Additionally, managerial implications are included to depict the results and actions for practitioners based on the model proposal (Section 5.3).



5.1. Development of Maturity Model


The model proposed for this study has been developed using available theory on Lean and I4.0 and comparing existing models for I4.0 adoption. The design of an MM was selected since it allows measuring an organization’s current maturity level to recognize the need for change toward integrating best practices for digitization, innovation, and value creation, thus achieving the desired adoption target for I4.0 [50].



The resulting “Maturity Model to Become a Smart Organization based on Lean and Industry 4.0 Synergy” is presented in Figure 2, which is constituted of four key elements: strategic pillars (5.1.1), perspectives (5.1.2), dimensions (5.1.3), and maturity levels (5.1.4). The strategic pillars are the main constructs of the model, being Lean and I4.0. Moreover, the perspectives are the three “Smart” components of processes, people, and products, while the dimensions allow comprehending the Lean principles/methods/tools and I4.0 enabling technologies, the relationships of which was previously validated in Table 1. Additionally, the maturity levels are defined for the strategic pillars as the strategic maturity levels, and for perspectives as the “smart” maturity levels. Lastly, it is worth indicating that a specific scope is depicted for each perspective in each maturity level in order to complete it, advance throughout the model, and achieve the desired adoption target.



5.1.1. Strategic Pillars


The model presents two strategic pillars that depict the two main concepts of this study: Lean and I4.0. They can collaborate synergically to enhance I4.0 adoption by facilitating comprehension of their main aspects and considering the processes, people, and products in a “Smart” ecosystem.




5.1.2. Perspectives


In addition to the strategic pillars, the model comprises three perspectives related to the main “Smart” components of I4.0: processes, people, and products (“Smart” Ps). These perspectives relate to the pillars due to the digital interconnectivity needed in “smart” scenarios. For each perspective, a definition that justifies its function is established as follows, based on the comparison of model dimensions analyzed in Table 2:




	
“Smart” processes comprise implementing I4.0 enabling technologies that can capture, store, and analyze data to make decisions in real-time, besides improving productivity, efficiency, and effectiveness.



	
“Smart” people refer to “workers 4.0” who have the skills desired in I4.0 and can perform digital tasks while interacting with other people and machines to be supported and improve their tasks.



	
“Smart” products can capture and store data and digitally interact with other “smart” devices to share real-time information related to their properties, usage, and how customers use them for further decision-making.








These perspectives are the areas of interest to be improved by organizations through the I4.0 adoption strategy. Each perspective identifies relevant aspects to be evaluated to receive a maturity level. Considering them together depicts the overall maturity level for I4.0 adoption.




5.1.3. Dimensions


The perspectives presented are divided into two dimensions (previously described in Section 4): Lean principles/methods/tools and I4.0 enabling technologies. They were decided based on the literature review about Lean and I4.0 synergy and can be perceived as relevant elements to be implemented in organizations since Lean and I4.0 can collaborate across the entire visualization of the model to enhance I4.0 adoption.




5.1.4. Maturity Levels


Based on the SLR and the comparative analysis of the existing models for I4.0 adoption, four to six levels were identified in the reference models studied. These levels depict an advancement approach manageable for organizations. Hence, strategic maturity levels and “smart” maturity levels detailing a development process were established in the MM proposal. On the one hand, the strategic maturity levels correspond to the Lean Pillar (based on Lean principles previously described in Section 2) and the I4.0 Pillar (further explained in Table 3). On the other hand, the “smart” maturity levels are depicted for each perspective (as presented in Table 4). Both cases are evaluated based on five maturity levels (from level 1 to 5) that are individually outlined considering specific level descriptors. The maturity levels are indicated sequentially from an initial point of awareness (level 1) to an advanced stage of leadership (level 5). It is important to mention that for each perspective presented in the model, a specific scope is specified as a statement to be achieved to complete the maturity level and continue to the next one and so on across the “Maturity Model to Become a Smart Organization based on Lean and Industry 4.0 Synergy”.



The “Maturity Model to Become a Smart Organization based on Lean and Industry 4.0 Synergy” incorporates the “Smart” processes, people, and products into a synergic collaboration between Lean and I4.0. The model depicts a framework for academicians and practitioners to facilitate the adoption path toward I4.0 from a value creation perspective. It enhances them for continuing the digital journey by benefiting them from aligning Lean principles/methods/tools and I4.0 enabling technologies across their organization.



This section depicts the proposed MM, emphasizing its strategic pillars, perspectives, dimensions, maturity levels, and descriptors. This model provides a systematic pathway for enterprises to strategically navigate their transformation toward “smart” organizations by effectively integrating Lean and I4.0 principles and practices, mainly because the strategic perspectives synergistically collaborate to facilitate I4.0 adoption by holistically considering various aspects related to processes, people, and products within a “smart” ecosystem.



Based on the model proposal, it should be highlighted that Lean needs to be applied prior to incorporating enabling technologies. Thus, I4.0 is implemented until the third maturity level. The balance between both approaches allows supporting organizations in developing “smart” organizations.





5.2. Strategic Roadmap for I4.0 Successful Adoption Linking Lean


Based on the “Smart” ecosystem previously presented in the MM, Figure 3 presents a strategic roadmap for embracing I4.0 linking Lean (abbreviated “AIPIRS”). It is designed to facilitate organizations’ transition toward I4.0 adoption.



The proposed roadmap is divided into six sequential steps intended to apply to all organizations regardless of their sector or size. The strategic roadmap is a guideline with recommendations to facilitate the planning, implementing, and sustaining process for embracing I4.0. It helps managers and leaders orient their teams toward a successful I4.0 adoption by considering a synergism with Lean. Moreover, it allows organizations to visualize and understand their status to make decisions and advance on the route for a “Smart” ecosystem. The roadmap is a basis for starting an I4.0 adoption, for which the MM must be used simultaneously.



The roadmap structure considers in step 1 that the organization needs to consolidate its Lean culture status and define what the meaning of adopting I4.0 for the organization is. Recognition of its current VSM and workers’ participation in a socio-technical system is important. Once Lean practices are being explored in the organization, step 2 requires that the organization explore the benefits and implications of I4.0 and where the organization wants to pilot the digital processes based on its current maturity level for I4.0 adoption. Thus, the proposed “Maturity Model to Become a Smart Organization based on Lean and Industry 4.0 Synergy” is applied in this stage. After having the results and reflecting on them, in step 3 the organization discovers an impulse to introduce I4.0; thus, it plans a strategy based on Lean and I4.0 synergism to create value. Afterward, step 4 encourages the organization to implement the strategic plan and motivate its workforce to participate. Once it is carrying out the plan, it will be worthwhile for the organization to document strengths and areas of opportunity identified from that process. Later, in step 5, the organization needs to reinforce its strategy by integrating I4.0 enabling technologies across its value chain to strengthen the “Smart” ecosystem it has developed. Lastly, step 6 suggests the organization’s workforce will be capable of participating actively while making decisions and using their talent to propose new improvement projects that help increase the organization’s productivity, efficiency, and effectiveness. For this purpose, it will be relevant for the organization to capitalize on best practices and keep adjusting its strategic plan to add value in its ecosystem as digital trends evolve.




5.3. Managerial Implications


From the managerial perspective, this study provides significant managerial implications on the role of Lean and I4.0 linkage in improving organizations’ competitiveness. For instance, the proposed model serves as a reference to determine under what conditions I4.0 is being implemented in the organization. Hence, the model makes it possible for practitioners to identify areas for improvement according to the maturity status of the enterprise and generate implementation and development processes oriented toward adopting I4.0, considering Lean as a key enabler to become a “smart” organization, likewise identifying where and when to define and implement the I4.0 enabling technologies to be incorporated and linked throughout the value chain, thus maintaining a Lean culture for continuous improvement.





6. Conclusions


Preliminary analyses on challenges, principles, methods, tools, technologies, and applications for Lean and I4.0 have been addressed in this work from a synergic perspective. Since Lean is a continuous improvement philosophy with established methods, it was analyzed and identified as an alignment with the I4.0 initiative. Thus, the Lean and I4.0 relationship was presented as a key enabler for I4.0 adoption from a value creation point of view.



The presented “Maturity Model to Become a Smart Organization based on Lean and Industry 4.0 Synergy” enhances the collaboration between Lean and I4.0 in a “Smart” ecosystem. It offers organizations an orientation on adopting I4.0 with its main “Smart” components by incorporating a Lean culture that creates value, recognizes talent, and guarantees continuous improvement. Regarding the representation previously described for Lean and I4.0 synergy, and the “Smart” ecosystem integration, explanations on how to advance based on the “Smart” components are presented. The MM provides the literature with knowledge of the relevance of the synergy explained and the integration of “Smart” components to a new model for I4.0 adoption. The Lean and I4.0 synergy is consistent with the publications that stated a positive collaboration between them. Similarly, it is supported by considering the three “Smart” Ps, where Lean principles/methods/tools and I4.0 enabling technologies are simultaneously implemented.



The proposed MM provides answers to RQ1 and RQ2. The former acknowledges the synergism between Lean and I4.0 to collaborate and strengthen the I4.0 adoption. The latter defines the different characteristics of an MM to strategically guide organizations toward this initiative adoption, considering Lean as a key enabler to drive I4.0, while I4.0 enhances Lean. Hence, the relationship between Lean principles/methods/tools and I4.0 enabling technologies was identified.



Additionally, the proposed model focuses on Lean and I4.0 synergy from three common “Smart” components: processes, people, and products, where Lean drives and strengthens I4.0, and I4.0 enhances and supports Lean, seeking to help organizations in becoming “smart". The need for a Lean linkage with the I4.0 initiative was justified since Lean allows developing human talent and eliminating waste during processes. The proposed synergism enhances embracing I4.0 based on a sustainability conceptualization of an organization’s efforts to advance, succeed, and become digitally interconnected while creating value and coping with global competitiveness. After depicting the relationship between Lean principles/methods/tools and I4.0 enabling technologies and developing a comparative analysis of existing models for I4.0 adoption, a “Maturity Model to Become a Smart Organization based on Lean and Industry 4.0 Synergy” was provided. Its maturity levels are individually specified for Lean, I4.0, and the “Smart” components. They must be followed sequentially to ensure that organizations can systematically recognize their current maturity on I4.0 adoption, mainly to allow them to follow a process where different criteria are considered, reach the desired requirements for each level, and become “smart” organizations that seek a leadership role and serve as a benchmark for similar enterprises.



Based on the research, analysis, and contributions developed, the main findings of this work highlight that incorporating I4.0 enabling technologies when the processes have deficiencies would cause greater problems because not only would there be problems in the processes, but also in technological adoption, since efforts would be required to incorporate these technologies and develop training programs in this regard. Something similar would happen if there are lean processes, but technological changes are left aside; this could delay organizations in achieving competitiveness in the market. Therefore, the model seeks to provide a balance between the two approaches, in such a way that organizations can be supported to create value while facing digital challenges.



Following this, Lean and I4.0 can generate a synergy if Lean is used before starting the I4.0 journey, which is what the model shows since there is no I4.0 implementation until the third maturity level. This answers the questions that Buer et al. [15] raised: “Should Industry 4.0 and lean manufacturing be implemented concurrently or sequentially? If they should be implemented sequentially, which one should be implemented first?”. Moreover, the model clearly provides a vision of processes, people, and products. It benefits organizations to consider an entire “Smart” ecosystem when embracing I4.0 with Lean’s collaboration as a key enabler.



In addition, considering the proposed model’s characteristics and value proposition, it differs from the reviewed models since it provides a guideline for I4.0 adoption based on a strategic synergy between Lean and I4.0. The “AIRPIRS” roadmap was proposed as a suitable tool to improve the I4.0 adoption strategy, considering Lean as a key enabler to drive this initiative. Its six steps depict the relevant criteria organizations need to undertake to transition toward I4.0. Following this, the research answered the two main questions established in this work about (1) how to become a smart organization while coping with digital challenges and (2) the development of a MM where Lean drives I4.0, and I4.0 enhances Lean, collaborating simultaneously to face digital challenges. Accordingly, researchers and practitioners can benefit from the model and roadmap to help enterprises understand, assess, and implement I4.0 principles and technologies based on incorporating Lean culture in their organizations. Thus, practitioners can use the MM and roadmap to identify their organization’s maturity level and determine the further steps to advance toward the desired I4.0 maturity level considering Lean as a key enabler. This is because synergism identifies the importance of sustaining continuous improvement and creating value from the digital interconnection between the “Smart” components. Additionally, researchers mainly benefit from the MM and roadmap developed since studying the adoption and implementation of the MM in diverse industries generates new insights into the challenges, best practices, and success factors for integration of I4.0 enabling technologies with Lean principles, methods, and tools. Hence, while practitioners have a structured path toward digital and technological advancement, researchers are empowered to contribute to the field’s Lean and I4.0 evolving approaches through knowledge generation.



The limitations of this study include the exclusion criteria used in the SLR, where timeframe, language, and source type may have eliminated relevant records from the analysis, as well as documents with other keywords different from those stated in the search protocol. Hence, these considerations could be an initial point for further studies by incorporating documents in more languages than English and available in other sources. Additionally, since Lean and I4.0 will continue to be developed such that new tools will need to be generated, it will be necessary to consider the latest trends related to both approaches while updating and enriching the proposed MM to pursue a strategic synergy to support organizations in becoming “smart". Lastly, the model could be strengthened when reviewing and incorporating particular lines of industry to adapt it to different realities and apply it to various sectors of organizations to ensure its reliability regardless of their context.
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Figure 1. PRISMA flow diagram followed for the SLR. 
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Figure 2. Maturity Model to Become a Smart Organization based on Lean and Industry 4.0 Synergy. 
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Figure 3. Strategic roadmap for successful I4.0 adoption linking Lean. 
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Table 1. The relationship between Lean principles/methods/tools and I4.0 enabling technologies, based on [31,40,41].
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Lean Principles/Methods/Tools

	
I4.0 Enabling Technologies




	
Additive Manufacturing (i.e., 3D Printing)

	
Augmented (AR)/Virtual (VR) Realities

	
Autonomous/Collaborative Robots

	
Big Data and Analytics (i.e., Artificial Intelligence, Machine Learning)

	
Cloud Computing

	
Internet of Things (IoT) (i.e., RFID, Sensors, Tags)

	
Simulation (i.e., Digital Twin)

	
Vertical/Horizontal System Integration






	
Customization/Customer Involvement

	
✓

	

	

	

	

	

	
✓

	




	
Heijunka

	

	
✓

	

	
✓

	
✓

	

	
✓

	
✓




	
Jidoka

	

	
✓

	

	
✓

	
✓

	

	

	
✓




	
Just-In-Time (JIT)/Just-In-Sequence (JIS)

	
✓

	
✓

	
✓

	
✓

	
✓

	

	
✓

	
✓




	
Kaizen

	

	
✓

	

	
✓

	
✓

	

	
✓

	
✓




	
Kanban

	

	

	
✓

	
✓

	

	
✓

	
✓

	
✓




	
Lean Layout

	

	
✓

	
✓

	

	

	
✓

	
✓

	




	
Long-term Supplier/Supplier Involvement

	

	

	

	

	

	

	

	
✓




	
Man-machine Separation

	

	
✓

	

	
✓

	
✓

	

	

	
✓




	
Multifunctional Team

	

	

	

	

	

	

	
✓

	




	
One-Piece-Flow

	

	

	
✓

	

	

	

	
✓

	
✓




	
People and Teamwork

	

	
✓

	

	
✓

	
✓

	

	

	
✓




	
Poka-Yoke

	
✓

	
✓

	
✓

	
✓

	
✓

	
✓

	

	




	
Process Mapping

	

	

	

	

	

	

	

	
✓




	
Pull Flow System

	

	
✓

	

	
✓

	
✓

	

	

	
✓




	
Single Minute Exchange of Die (SMED)

	
✓

	
✓

	
✓

	
✓

	

	
✓

	
✓

	




	
Standardization/Standardized Work

	

	
✓

	
✓

	
✓

	
✓

	

	

	
✓




	
Statistical Process Control (SPC)

	

	

	

	
✓

	

	
✓

	

	
✓




	
Takt Time

	

	
✓

	

	
✓

	
✓

	

	

	
✓




	
Total Productivity Management (TPM)

	
✓

	
✓

	

	
✓

	
✓

	

	
✓

	




	
Visual Management:

	

	

	

	

	

	

	

	




	
 5S

	

	
✓

	
✓

	
✓

	
✓

	

	
✓

	
✓




	
 Ando

	

	

	
✓

	

	

	

	

	
✓




	
 Zoning

	

	
✓

	

	

	

	

	

	




	
Value Stream Mapping (VSM)

	

	

	

	
✓

	
✓

	

	
✓

	
✓




	
Waste Reduction/Elimination

	

	
✓

	
✓

	
✓

	
✓

	

	

	
✓




	
Workforce Commitment

	

	

	
✓

	
✓

	

	

	

	











 





Table 2. Comparative Analysis of Existing Models for I4.0 Adoption.
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	Model
	Reference
	Model Type 1
	Objective
	Levels
	Dimensions





	A Preliminary Maturity Model for Leveraging Digitalization in Manufacturing
	[72]
	MM
	To assess smart factory implementation to offer practical guidance.
	(4) Connected technologies, structured data gathering and sharing, real-time process analytics and optimization, and smart, predictable manufacturing.
	(3) People, processes, and technology.



	An Industry 4.0 Maturity Model Proposal
	[73]
	MM
	To assess the maturity level in implementing I4.0 concepts and technologies in manufacturing companies.
	(6) Low or no degree of implementation, pilot actions being planned, implementation of actions initiated, partial implementation of actions, advanced implementation of actions, and reference in applying I4.0.
	(5) Organizational strategy, structure, and culture, workforce, smart factories, smart processes, and smart products and services.



	Digital Readiness Assessment Maturity Model (DREAMY)
	[74]
	MM
	To assess the digital transformation process in manufacturing industries.
	(5) Initial, managed, defined, integrated and interoperable, and digital-oriented.
	(4) Processes, monitoring and control, technology, and organization.



	Industrie 4.0 Readiness–IMPULS
	[75]
	RM
	To evaluate the enterprises’ current state of readiness based on their willingness and abilities to apply I4.0 from technical, organizational, and social approaches.
	(6) Outsider, beginner, intermediate, experienced, expert, and top performer.
	(6) Strategy and organization, smart factory, smart operations, smart products, data-driven services, and employees.



	Industry 4.0/Digital Operations Self-Assessment–PwC
	[76]
	AM
	To provide an online self-assessment tool to companies to evaluate their current state and identify actions needed toward a successful I4.0 adoption while comparing with other enterprises.
	(4) Digital novice, vertical integrator, horizontal collaborator, and digital champion.
	(7) Digital business models and customer access, digitization of product and service offerings, digitization and integration of vertical and horizontal value chains, data and analytics as core capability, agile IT architecture, compliance, security, legal and tax, and organization, employees and digital culture.



	Industry 4.0 Maturity Index–Acatech
	[77]
	MM
	To evaluate the manufacturing enterprises’ current state and identify the gaps between the as-is and to-be status. A roadmap is provided with recommended steps to help them develop their strategy for I4.0.
	(6) Computerization, connectivity, visibility, transparency, predictive capacity, and adaptability.
	(4) Resources, information systems, organizational structure, and culture.



	Industry 4.0 Maturity Model
	[51]
	MM
	To assess the I4.0 readiness of manufacturing and multinational enterprises.
	(5) From lack of attributes supporting the concepts of Industry 4.0 to the state-of-the-art of required attributes.
	(9) Strategy, leadership, customers, products, operations, culture, people, governance, and technology.



	Industry 4.0 Maturity Model–Software Process Improvement and Capability dEtermination (SPICE)
	[78]
	MM
	To determine software process improvement and capability determination for multinational enterprises.
	(6) Incomplete, Performed, Managed, Established, Predictable, and Optimizing.
	(5) Asset Management, Data Governance, Application Management, Process Transformation, and Organizational Alignment.



	Industry 4.0 Readiness Assessment Tool (WMG Model)
	[79]
	RM
	To assess the I4.0 maturity of organizations.
	(4) Beginner, Intermediate, Experienced, and Expert.
	(6) Products and services, Manufacturing and operations, Strategy and organization, Supply chain, Business model, and Legal considerations.



	Maturity and Readiness Model for Industry 4.0 Strategy
	[80]
	MM
	To determine the maturity level of an organization to help it understand its current state regarding I4.0.
	(4) Absence, existence, survival, and maturity.
	(3) Smart products and services, smart business processes, and strategy and organization.



	Maturity Model for Assessing the Implementation of Industry 4.0
	[11]
	MM
	To assess the maturity level of manufacturing organizations.
	(4) Outsider, digital novice, experienced, and expert.
	(7) People and culture, Industry 4.0 awareness, organizational strategy, value chain and processes, smart manufacturing technology, product and services oriented technology, and Industry 4.0 base technology.



	Maturity Model for Data Driven Manufacturing (M2DDM)
	[81]
	MM
	To analyze manufacturing companies’ IT architecture.
	(6) Nonexistent IT integration, data and system integration, integration of cross-life-cycle data, service-orientation, digital twin, and self-optimizing factory.
	(6) Data storage and computing, service-oriented architecture, information integration, digital twin, advanced analytics, and real-time capabilities.



	Smart Industry Readiness Index (SIRI)
	[82]
	RM
	To assess organizations’ current state in I4.0 adoption.
	(6) Levels vary for each dimension.
	(16) Process: vertical integration (operations), horizontal integration (supply chain), and integrated product lifecycle (product lifecycle).

Technology: shopfloor, enterprise, and facility (for automation, connectivity, and intelligence)

Organization: workforce learning and development and leadership competency (for talent readiness), and inter- and intra-company collaboration and strategy and governance (for structure and management).



	System Integration Maturity Model for Industry 4.0 (SIMMI 4.0)
	[83]
	MM
	To allow enterprises to assess their IT capability regarding I4.0 and indicate suggestions to advance in the following levels and reach the highest one.
	(5) Basic digitization level, cross-departmental digitization, horizontal and vertical digitization, full digitization, and optimized full digitization.
	(4) Vertical integration, horizontal integration, digital product development, and cross-sectional technology criteria.



	The Connected Enterprise Maturity Model
	[84]
	MM
	To assess IT capability in large companies.
	(5) Assessment, secure and upgraded network and controls, defined and organized working data capital, analytics, and collaboration.
	(4) Information infrastructure, controls and devices, networks, and security policies.







1 Maturity Model, RM: Readiness Model, AM: Assessment Model.













 





Table 3. Descriptors of Strategic Maturity Levels for I4.0 Strategic Pillar.
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	Strategic Maturity Level
	Descriptor





	SML1. Diagnostic/Awareness
	The organization does not meet the basic I4.0 requirements. It is starting to identify its current adoption status, recognizing the existing gaps between the “as-is” and “to-be” scenarios it desires to accomplish. Moreover, it acknowledges the need for developing new skills in workers. Products are manufactured, meeting the customers’ expectations and requirements.



	SML2. Strategy/Learning
	The organization integrates processes and information. It determines an adoption strategy based on a learning scheme and defines training programs for workers’ development to meet the new skills requirements of I4.0. The products delivered to customers are still not “smart” but traceable for collecting indirect information.



	SML3. Adoption/Pilotage
	The organization implements pilot programs oriented toward I4.0 adoption. It is at a low digital interconnectivity level since I4.0 enabling technologies are incorporated into its main departments for automated decision-making processes. Workers are attending the development training programs while being supported by I4.0 enabling technologies in performing their first digital tasks. Products provide direct information regarding their properties, usage, and how customers use them.



	SML4. Scalability/Domain
	The organization is digitally interconnected across its value chain. Processes, people, and products are connected and communicate in real-time, providing data for analysis and decision-making of some departments. More advanced technologies are implemented in various departments to support operations and workers in their tasks. Leaders pursue workforce participation in I4.0 adoption while recognizing high-performance and committed employees. The products connect with an external device when it creates the linkage to share data. Policies and governance are established to regulate and ensure ethical practices and data security since “smart” devices collaborate to share available information in real-time.



	SML5. Leadership/Ecosystem
	The organization has fully integrated its “Smart” ecosystem, which provides real-time data for analysis and decision-making across the value chain. Advanced technologies are implemented cross-departmentally throughout the organization to support operations and workers in their tasks. Up-to-date training programs are continuously implemented to develop employees’ skills based on the latest digital trends and enhance their autonomous decision-making and proposals for new projects implementation. Products automatically connect with other “smart” devices to share data. Also, new development of products is highly encouraged to use data analytics to provide high-quality customized products to customers.










 





Table 4. Descriptors of Maturity Levels for “Smart” P Perspectives.
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“Smart” Processes

	
“Smart” People

	
“Smart” Products




	
Maturity Level

	
Descriptor

	
Maturity Level

	
Descriptor

	
Maturity Level

	
Descriptor






	
ML1.

Value

	
The organization has a clear vision of the value stream, identifies activities, recognizes and analyzes their value, and standardizes processes.

	
ML1.

Sensitization

	
The organization is aware of and sensitive to I4.0 challenges from a human perspective. Hence, it encourages systems engineering and identifies the existing gaps it has related to the skills and competencies desired in workers.

	
ML1.

Usable

	
The organization manufactures usable products, producing exactly what the customer wants and expects.




	
ML2.

Integration

	
The organization achieves integration while connecting processes and standardizing cross-departmental information.

	
ML2.

Adequacy

	
The organization defines and conducts training programs oriented toward the skills and competencies development process of workers, where advanced technologies will support employees in learning, excelling, and improving their tasks.

	
ML2.

Traceable

	
The organization has traceable products since they have sensors that capture data from several life cycle actions, comprise information, and analyze it to support value chains’ processes.




	
ML3.

Intelligence

	
The organization seeks intelligence for automated decision-making processes and business intelligence implementation.

	
ML3.

Adoption

	
The organization implements I4.0 practices using advanced technologies to support employees in their daily activities.

	
ML3.

Analyzable

	
The organization produces products that generate direct information required to analyze their usability.




	
ML4.

Collaboration

	
The organization encourages collaboration between digitally interconnected processes and departments, reducing waste and generating added value.

	
ML4.

Promotion

	
The organization promotes an I4.0 adoption culture with Lean practices, in which workers are integrated into high-performance teams committed to the I4.0 initiative.

	
ML4.

Connected

	
The organization has products that can interconnect with an external “smart” device if available to share information.




	
ML5.

Autonomy

	
The organization accomplishes autonomy through flexible, adaptable, and innovative processes to meet customers’ needs.

	
ML5.

Culture

	
The organization has a well-established I4.0 culture, sharing best practices with similar enterprises.

	
ML5.

Interactive

	
The organization manufactures interactive products capable of automatically identifying a “smart” device’s interconnection to connect, share data, and make autonomous decisions.
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