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ABSTRACT
The recent introduction of new disruptive technologies aimed at monitoring, controlling, optimizing and automating production systems is shifting the manufacturing landscape towards a fourth industrial revolution. In this new industrial paradigm, manufacturing companies face complex challenges requiring the development of new organizational and technological capabilities. With this context in mind, this chapter is intended to provide a maturity assessment framework to understand the transformation process in manufacturing companies transitioning to Industry 4.0. The proposed framework is applied to 10 in-depth industrial case studies in Canada and Italy, two countries with increasing awareness of the Industry 4.0 revolution. A comparative case analysis revealed four different standards, or archetypes, for Industry 4.0 adoption, which are discussed and analyzed, highlighting a relationship between a company’s manufacturing configuration and its path towards Industry 4.0 adoption.
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INTRODUCTION
The world is undergoing a new technological revolution, brought about by a convergence of disruptive digital technologies such as intelligent machinery and robotics, big data analytics, Cyber Physical Systems (CPS) and the Internet of Things (IoT). The impact and integration of these new technologies on and within production systems is what drives the fourth industrial revolution, also known as Industry 4.0 (I4.0), Smart Manufacturing or the Industrial Internet of Things (IIoT).
Even though Industry 4.0 is still in its infancy, German and US companies are some steps ahead in the adoption of smart manufacturing technologies, mainly because of the presence of national strategic plans for Industry 4.0 introduction. Other countries are becoming more and more aware of the relevance of Industry 4.0, and catch-up initiatives are emerging, which is the case of Italy and Canada. At the end of 2016, the Italian government officially presented its national plan for investments, productivity and innovation, titled “Piano Nazionale Industria 4.0,” which has been in operation since mid-2017. Although a few Canadian provinces, such as Quebec, Ontario and Alberta, have begun to show an interest in Industry 4.0 via grant programs and research studies, the Canadian Government has not yet devised a national plan. Since Italian and Canadian companies are currently stepping up the pace of Industry 4.0 implementation/adoption, albeit not as fast as would be required, a cross-country study on the introduction of smart systems in manufacturing companies is timely.
The need for an instrument to assess the benefits of the adoption process established by companies in their transition to Industry 4.0 emerged during the problem definition. Accordingly, we designed a framework, the Adoption Maturity Model (AMM), composed of a series of indicators on the requirements and concepts for ideal Industry 4.0 adoption to identify the various maturity stages required. 
Prior to the design phase, a comprehensive literature review was performed in order to define the concept of Industry 4.0 and consider its challenges, trends and enablers. The critical comparative analysis of scientific contributions to existing maturity models, determining their strength and weaknesses, helped us build the framework underlying our case studies. This framework served as a basis for developing the interview guide to assess the Adoption Maturity Model applied to 10 industrial organizations, five Italian and five Canadian. 
The 10 case studies focused on the adoption of Industry 4.0 in the manufacturing industry through the lens of the framework designed. Lastly, this research performed a comparative analysis of the different approaches developed by the companies selected in order to provide new insights on the introduction of Industry 4.0.
The goals of this chapter are thus to review the emerging literature about Industry 4.0 in order to build a framework to assess the maturity of manufacturing companies as concerns its adoption, and then to test this framework with real in-depth case studies.
To meet these goals, the remainder of the chapter is organized as follows. The next section reviews the literature on Industry 4.0, its definition and the measurement of the maturity necessary for its adoption. Then, the methodological approach used in the research is presented, followed by the discussion of the framework (AMM) developed from the literature review. Afterwards, brief section addresses how the case studies were built. The results from these case studies are then presented and discussed, followed by the chapter’s conclusions.
LITERATURE REVIEW
The concept of Industry 4.0 was first coined in Germany in 2011 when the government passed the High-Tech Strategy Action Plan for the implementation of the High-Tech Strategy 2020 (MacDougall, 2014). This new concept is internationally, and often indiscriminately, known as Industry 4.0, Industrial Internet of Things (IIoT) (Arnold, Kiel, & Voigt, 2016) and Smart Manufacturing (Kang et al., 2016; Miragliotta et al., 2016a). Miragliotta et al. (2016b) define Smart Manufacturing as:
a vision of the future in which manufacturing companies, thanks to the adoption of digital technologies, will increase their efficiency and competitiveness through the interconnection and the co-operation among their resources (plants, people and information), both internal and distributed along the value network.
According to the Acatech working group (Kagermann, Wahlster, & Helbig, 2013), the creation of global networks encompassing machinery, warehousing systems and production facilities in the shape of Cyber-Physical Systems (CPS) will enable the autonomous exchange of information, and trigger actions and independent control. These improvements involve industrial manufacturing, the engineering supply chain and life-cycle management transforming new facilities in smart factories, pursuing the following three types of integration: 
(1) Horizontal integration through value networks refers to the connection of IT systems used at several different stages of the manufacturing process, either within the organization or throughout its supply chain networks (Zhou, 2015); 
(2) Vertical integration and networked manufacturing systems are IT systems communicating between different hierarchical levels of the company to share information and facilitate decision making company-wide (Leyh, Schäffer, Bley, & Forstenhäusler, 2016); 
(3) End-to-end digital integration of engineering across the entire value chain consists in the integration of all engineering activities, from design and R&D, to the deployment and delivery of final products, from within the company and across the entire value chain (Leyh et al., 2016).
Since the adoption of far-reaching technologies in manufacturing has attracted the interest of academia and industry, most public institutions in developed countries have recognized the relevance of a competitive manufacturing sector in relation to national economic strength (Miragliotta et al., 2016b). Given that Industry 4.0 refers to the growing trend among manufacturing companies to adopt a series of enabling smart manufacturing technologies, there is no unique classification, even though the degree of similarity between categorizations is high. This study took into consideration the technology classification presented in Italy by the “Piano Nazionale Industria 4.0” (National Plan Industry 4.0), which is similar to the categorization used in a Boston Consulting Group report (Michael et al., 2015).
The several challenges posed by Industry 4.0 can be grouped in different areas. In a new configuration linked to Smart Manufacturing, new systems will generate data in various ways (Khan & Turowski, 2016). Especially with respect to production environment, data are collected from different machines, sensors, plants, partners and infrastructure. Such an amount of information requires the development of new algorithms, models, products and visualization techniques to use and to gain benefits from their use (Weyer, Schmitt, Ohmer, & Gorecky, 2015). Moreover, following the concepts of horizontal and vertical integration, companies must exchange data within factories or departments and ensure real-time availability of data for other processes, which also include external partners, in order to keep processes optimized.
Companies are requiring new competencies in terms of training and skills development, and face a shortage of skilled staff to meet this need (Khan & Turowski, 2016). For this reason, essential changes in the way IT experts, unskilled and skilled workers are trained are fundamental. In this direction, some research has been carried out to identify the skills required need to master Industry 4.0 (Dworschak et al., 2013; Hartmann & Bovenschulte, 2013).
Also a top concern, cybersecurity will be the major preoccupation in the future for industries. Smart factories have greater security issues than traditional companies (Wang, Wan, Li, & Zhang, 2016). On the one hand, organizations must protect information about customers, suppliers, business strategies and know-how (industrial secrets), which is generally stored in the public cloud rather than a private data centre, thereby increasing the risk of disclosure in a cyber attack. On the other hand, thanks to the I4.0, machines, organization networks and human resources are increasingly connected to the cloud. In this hyper-connected world, the threat of cyber attacks rises exponentially (Cisco, 2017). 
Hermann et al. (2016) put forward four design principles of Industry 4.0: interconnectivity, information transparency, decision decentralization and technical assistance. The introduction of these principles as new design paradigms is expected to produce a number of changes and benefits within companies that will impact every sphere of their business. Some of the transformations the literature highlights include the autonomous optimization of production, the increase in flexibility (Arnold et al., 2016), the creation of value through new services (Park, 2016), the enhancement of products through the incorporation of digital technologies (Leyh et al., 2016), the transformation of companies’ business models, and increased energy efficiency (Stock & Seliger, 2016).
In these current and future scenarios, maturity and readiness models can help companies rigorously evaluate their own status respecting the implementation of Industry 4.0 (Wendler, 2012), and thus allow them to better position their organization as well as help them find better positions for change. Despite its importance, to the best of our knowledge, no such model has as yet been addressed in the literature. In fact, the models in the literature have different foci: some provide a tool for self-assessment for companies (Geissbauer, Vedso, & Schrauf, 2016b; Lichtblau et al., 2015; Schumacher, Erol, & Sihn, 2016); others identify a general approach to understanding Industry 4.0 (Rockwellautomation, 2014). Those connected to maturity in some way have other goals, such as the technological evaluation of parts of the company (Leyh et al., 2016) or the identification of general maturity stages (Beaudoin et al., 2016; Jodlbauer et al., 2016). Appendix 1 provides a comparison of the several maturity models found in the literature, based on the analysis by De Bruin et al. (2005).
METHODOLOGY
This research project is exploratory, aimed at obtaining a better comprehension of the new concept of Industry 4.0. Considering the novelty of the subject, the study was designed as a cross-sectional research project relying on qualitative methods for data collection. In order to analyze and evaluate the Industry 4.0 adoption process, the study was conducted through the creation of 10 case studies, made up of companies located both in Italy and in Canada, a satisfactory sample size for case study-based research (Eisenhardt, 1989). 
The methodology used in this work is founded on semi-structured interviews conducted in companies involved in the research. Prior to the company interviews, information was gathered and analyzed by desk research, using multiple observations, company websites and archival sources. The research framework was structured to explore manufacturing companies’ adoption of Industry 4.0 using a proper maturity model following a step-by-step process. The following steps were used to achieve the goals set out in the beginning of the chapter.
· STEP 1 – Firstly, a literature review was carried out covering Industry 4.0, enabling technologies and existing maturity models.
· STEP 2 – Next, a maturity model framework for Industry 4.0 adoption was proposed to assess the adoption process. Based on the literature review performed, the model comprises 35 maturity items, divided into 8 maturity indicators. 
· STEP 3 – The interview guide for data collection was then created. To ensure a connection between the guide and the framework, a consistency check was implemented to link questions to maturity items.
· STEP 4 – Next, data were collected using the interview guide: manufacturing managers of 10 companies, 5 Italian and 5 Canadian, were contacted to participate in semi-structured interviews about their experience with Industry 4.0 adoption.
· STEP 5 – With the data from the interviews in hand, the next step was the elaboration of the case studies for each interviewed company to summarize the interview using a uniform structure. The case studies include an introduction of the company, its motivations for adopting Industry 4.0, the implementation process, the major challenges it faced during the implementation process, an explanation of the system in place, and the performances obtained.
· STEP 6 – Through the information gathered from the case studies, and using the reference maturity model developed in step 2, the thresholds for each maturity item were determined to validate the model and evaluate the cases.
· STEP 7 – Next, the adoption maturity indicators for each case study were calculated and represented using appropriate radar charts, which enabled the assessment of the cases.
· STEP 8 – This quantitative assessment also allowed for a cross-case comparative analysis, in which a comparison matrix was developed to confront the different case studies in each implementation step.
· STEP 9 – Finally, through analyzing the comparison matrix along with the individual maturity assessment, archetypes were identified and conclusions on Industry 4.0 adoption were formulated.
Procedure model for developing the framework
The development of a maturity model for the evaluation of the introduction process of Industry 4.0 in manufacturing companies was based on Becker’s step-by-step approach for the development of maturity models (Becker et al., 2009). This framework methodology has a strong theoretical foundation in the rigorous method set out in the design science approach of Hevner et al. (2004). Moreover, with a view to strengthening this development methodology, the main phases of generic maturity model development proposed by De Bruin et al. (2005) were assessed. A specific feature of this development is the inclusion in its final step of the goal of continuously tracking the model’s evolution and development to ensure its relevance and level of generalizability over time.
In accordance with the previously mentioned development procedure, the Adoption Maturity Model (AMM) was designed in several steps:
· Problem definition/scope: The AMM aims at providing the maturity level of the process put in place by manufacturing companies when introducing Industry 4.0 in their organizations. This model has been designed to evaluate the maturity level of companies that have already, or partially, moved towards I4.0. The development of the model is intended for researchers, who could use it to evaluate and identify trends and insights respecting the introduction of the fourth industrial revolution, and for practitioners from inside or outside the organizations. The model is also useful for managers and executives to assess the implementation process with a view to identifying the areas that have not already been addressed by the change or those that require more effort to achieve a better maturity level. Furthermore, external entities, such as consultants and I4.0 solution providers, would employ the AMM to communicate the need for and scale of intervention to their clients, using an impartial and reliable maturity framework. 
· Comparison of existing maturity models: Seven maturity models addressing Industry 4.0 were identified during the literature review. The comparison process then performed highlighted the lack of a model that could express the maturity level of the entire Industry 4.0 adoption process put in place by the organization. 
· Determination of development strategy/design: The comparison of existing maturity models and the literature review suggest a design strategy that combines some parts and features of the existing models, with the addition of new indicators and stages that are missing in the evaluation of the adoption process. At this stage, the principal features of the new framework were decided upon to facilitate its development in the further steps (De Bruin et al., 2005). Since the expected benefits stemming from the use of the model can be linked to both internal and external figures, such as executives and consultants, the method of application relies on the use of a semi-structured interview. Accordingly, the model can be adopted as a self-assessment tool or by third-party entities. The respondents must be part of management because, in order to identify the maturity evaluation of the process put in place for the transition to Industry 4.0, the interviewer must interact with someone in a managerial role who has been involved in the change process or who is aware of the impact of the process at all layers of the company. In addition, it was decided how maturity stages can be reported to the audience (the company involved in the evaluation). Each maturity indicator and item has five maturity stages, from zero to four, where zero represents a poor maturity evaluation and four stands for full accomplishment. Five stages were chosen, without considering the non-existent stage because, as previously mentioned, the model is applied to companies that have already taken some initiatives in introducing I4.0.
· Iterative maturity model development/populate: The design process of the model has undergone different iterations. Based on the literature review of existing maturity models, enablers, challenges and trends, a first version of the model was drafted, including maturity indicators and items. Starting from the first architecture, the model was shown to an extended research team involving experts in the fields of IoT, project management and innovation management. A brainstorming session was held to foster the generation of new items and indicators for the maturity framework. After this stage, the literature review was extended to include the research papers suggested by the research team. The information gathered from the brainstorming and the publications enabled the creation of the final structure of the Adoption Maturity Model.
· Concept of transfer and evaluation – Implementation of transfer media/test: The AMM was tested using several interviews, creating the related case studies. Before the data was collected, the interview guide was developed and the companies selected, in accordance with the process of building theories from case studies research.
· Evaluation/deploy: The case studies were used to evaluate the adoption maturity levels of 10 manufacturing companies that brought Industry 4.0 into their processes. This stage was used to verify the extent of the model’s generalizability to provide acceptance and improve its standardization.
THE ADOPTION MATURITY MODEL
The iterative development of the maturity model led to the identification of 35 “maturity items,” which form the basic “building blocks” to evaluate the maturity of the Industry 4.0 adoption process. These items are grouped into eight maturity indicators, which are, in turn, organized along three axes as follows: strategy, maturity and performance. 
Strategy Axis
It is imperative for companies to establish a clear and precise strategic roadmap for the introduction of Industry 4.0 (Erol, Schumacher, & Sihn, 2016). The three indicators belonging to the Strategy Axis (business strategy, technology strategy, and networking and integration) assess the maturity and awareness shown by the company management while formulating strategic implementation plans, deploying proper decision-making processes to achieve the planned objectives, and identifying intervention areas in the change process. 
· Business Strategy Indicator: This indicator is used to assess the alignment between the company’s business strategy and its implementation of Industry 4.0. To face this new technological shift, a company must develop its own vision and strategies to prepare appropriate roadmaps for Industry 4.0 implementation (Erol et al., 2016). To make this transition, the company needs to plan for adequate investments in resources dedicated to the transition to I4.0 (Erol et al., 2016; Geissbauer et al., 2016). Moreover, the tailored strategy for smart manufacturing should consider the possibility of improving existing products and services (Zhou, 2015), or the development of new business opportunities arising from the growing pervasiveness of digital technologies (Kagermann et al., 2013; Rennung, Luminosu, & Draghici, 2016).
· Technology Strategy Indicator: The purpose of this indicator is to assess the decision-making model designed by the company during the selection of infrastructure, standards and technologies related to I4.0. Indeed, the implementation of I4.0 in the organization through integration with existing technologies may lead the company to choose certain types of platforms and standards. These choices are particularly critical during the initial phases of the implementation process due to the multitude of available turnkey solutions and standards (Miragliotta, Macchi, & Terzi, 2016). The choice of the wrong standard or platform could affect the further internal development of the system, resulting in poor performance, the potential limitation of integration possibilities and the consequent loss of enthusiasm and commitment of employees and management. Thus, the need to consider the choices made. Moreover, there is also the growing threat of cyber risk in today’s hyper-connected world (Cisco, 2017), a major issue in the development of solutions in Industry 4.0. Since IoT implies physical objects like smart machines connected to cloud platforms and other infrastructures, they are becoming potential targets for malicious attacks that can sabotage industrial facilities and/or steal precious information (Sniderman, Mahto, & Cotteleer, 2016). Although it is not possible to guarantee 100% data security, companies must adopt effective practices to manage cyber risk (Helu, Morris, Jung, Lyons, & Leong, 2015).
· Networking and Integration Indicator: This indicator assesses the scope of the introduction of I4.0 in an organization. Considering the literature review, the establishment of a fully integrated I4.0 system is the result of the following three different levels of integration (Kagermann et al., 2013): (1) Horizontal integration through value networks; (2) Vertical integration and networked manufacturing systems; and (3) End-to-end digital integration of engineering across the entire value chain. This indicator aims at assessing the maturity level in terms of these three integration dimensions.
Maturity Axis
Since Industry 4.0 encompasses the introduction of new platforms, infrastructure, technologies and competencies in the organization, this axis helps evaluate the degree of maturity regarding both the extent of smart technologies implemented and the capability of exploiting them to improve performances, through three indicators: (1) Infrastructure for I4.0; (2) Analytical Skills; and (3) Absorptive Capacity
· Infrastructure for I4.0 Indicator. This indicator aims to assess the enabling infrastructure available to the company, given the requirements of Industry 4.0. To assess the maturity of the company embracing I4.0, the model provides an evaluation of the smart technologies adopted, the ICT (Information and Communication Technology) systems that enable their integration, and the cyber security system that the company installed or developed to ensure a high level of safety in data management and integrity (Cisco, 2017; Kobara, 2016).
· Analytical Skills Indicator: New infrastructure and smart technologies are useless unless the company is able to use them effectively. From this perspective, existent maturity reference models are unanimous in identifying Data Analytics as one of the most important skills for this purpose, even though it is not normally part of the set of basic skills of manufacturing companies (Wang et al., 2016). Several items are used to measure this indicator. Firstly, companies must be aware of the importance of analyzing massive data coming from the new systems. Secondly, the infrastructure should be mature enough to allow an automatic and digital collection of information (Zhou, 2015). Furthermore, the ability to analyze big data (Herterich, Uebernickel, & Brenner, 2015; Lee, Kao, & Yang, 2014), and the establishment of a self-assessment system for the purpose of continuous improvement (Bagheri, Yang, Kao, & Lee, 2015; Weinberger, Bilgeri, & Fleisch, 2016) are two other maturity items that define the indicator.
· Absorptive Capacity Indicator: This indicator reflects the company’s ability to recognize and assimilate new information, practices and processes related to a specific topic (Cohen et al., 1990), in this case Industry 4.0. The new manufacturing paradigm will lead to significant changes in the way people work, creating new jobs and skills profiles and making others obsolete (Lorenz, Rüßmann, Strack, Lueth, & Bolle, 2015). For these reasons, and considering the rising average age of the workforce (Khan & Turowski, 2016), companies need to develop a profound awareness of the skills required for Industry 4.0 in order to re-train their employees to fill the knowledge and skills gaps arising from the introduction of new far-reaching technologies and work practices (Dworschak et al., 2013; Dworschak & Zaiser, 2014), and, if necessary, to acquire new external specialized skills (Lorenz et al., 2015). The model therefore verifies whether a company has implemented training systems aligned with the new Industry 4.0 requirements and whether a knowledge management system linked to the smart manufacturing system is in place (El Said, 2015; Roblek, Meško, & Krapež, 2016).
Performance Axis
A model evaluating the maturity of the adoption of new technologies, competencies and processes should include in the overall assessment the performance and impacts deriving from their introduction. This axis thus examines the benefits of Industry 4.0 implementation by means of two indicators. 
· Benefits of Industry 4.0 Adoption: This indicator aims to assess the impact of the introduction of Industry 4.0 on the company’s overall results, including external impacts on the business. The expected benefits that could derive from the transition to I4.0 were broken down into: 
· Economic benefits: such as an increase in revenues due to the development of new business opportunities (Arnold et al., 2016; Geissbauer et al., 2016a) and increased competitiveness thanks to the reduction in cost (Lee et al., 2014);
· Social benefits: impact on the quality of labour, employee empowerment, among other social benefits for the company and society (Stock & Seliger, 2016);
· Environmental benefits: such as lower emissions, energy consumption, waste and other residues, among other possible benefits (Stock & Seliger, 2016).
· Impact on efficiency: The second performance indicator embraces several conventional parameters for measuring business efficiency, which is expected to be impacted by the introduction of smart manufacturing technologies. The study of the expected impacts on performance was carried out in the literature review leading to the identification of 12 selected Key Performance Indicators (KPIs): (1) Employee efficiency; (2) Number of breakdowns; (3) Order fulfillment rate; (4) Average machine downtime; (5) Cost reduction; (6) Lower decision-making time; (7) Lead time reduction; (8) Impact on inventory requirements; (9) Energy consumption reduction; (10) Time-to-market reduction; (11) Defect rate reduction; and (12) Forecast accuracy.
Figure 1 summarizes the three axes, the eight indicators and their respective items.
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Figure 1. I4.0 maturity assessment framework
CASE STUDIES
Ten manufacturing companies were selected for the interviews, five in Italy and five in Canada. The selection process for Italian companies was carried out with the collaboration of ANIMA (Federation of Italian Associations of Mechanical Industry), which facilitated the participation of associated companies in the research. Canadian companies were selected thanks the support of ISED (Innovation, Science and Economic Development Canada), the Canadian ministry for economic development. Selected companies were asked to agree to a personal interview between a researcher and the company’s manufacturing manager.
Table 1. Summary of case studies
	Case
	Country
	Revenues
	Employees
	Business sector

	C1
	IT
	>1000 M€
	>10K
	Engine manufacturer

	C2
	IT
	>1000 M€
	>10K
	Ship manufacturer

	C3
	IT
	50 M€
	170
	Industrial machinery manufacturer

	C4
	IT
	300 M€
	500
	Forklift truck manufacturer

	C5
	IT
	200 M€
	600
	Heating system manufacturer

	C6
	CAN
	52 MCAD
	150
	High precision machinery

	C7
	CAN
	7 MCAD
	65
	High precision machinery

	C8
	CAN
	10-25 MCAD
	100
	High precision machinery

	C9
	CAN
	5-10 MCAD
	60
	Material sorting and transformation

	C10
	CAN
	>100 MCAD
	1K
	Heating system manufacturer


With the goal of creating case studies on Industry 4.0 adoption, the process for selecting companies focused on identifying manufacturing companies that had already applied (at least to a certain extent) Industry 4.0 in their organizations.
To understand the relationship between their perceptions about Industry 4.0 and their effective adoption, the selected companies were first asked if they considered themselves an Industry 4.0 company or if they were applying such concepts. To participate in this study, the company was asked to identify a manager who was seriously involved in the decision-making process on the introduction of the new smart systems, so that s/he could provide a cogent view of the motivations, steps required, technologies adopted, impacts, etc. Interviews, of a maximum duration of 90 minutes, were conducted either in person or via video conference (Skype), depending on the company’s location, and were recorded for more accurate transcripts.
The entire process followed an interview protocol (as per the interview guide in Appendix 2), supporting the interviewers during the collection of data needed for the maturity indicators evaluations. At the end of each interview, the respondent was asked to fill in a performance table, which gave the researcher access to quantitative information on the impacts of Industry 4.0 on performance indicators.
To enable comparison among different case studies, they were structured in a standardized fashion, as presented in Table 2.
Table 2. Case Studies Structure
	Section
	Topics covered

	Introduction
	· Brief company description.
· Introduction on I4.0 experience.

	Motivations and Industry 4.0 Strategy
	· Motivations for implementing an I4.0 system.
· Strategy developed for I4.0 implementation.

	Implementation process
	· Steps required during the adoption of the new system

	Challenges and Obstacles
	· Cybersecurity
· Employee training
· Technological challenges 
· Resistance to change

	Industry 4.0 system in place
	· Structure of the system implemented with focus on technologies implemented and integration level.

	Performance and Impact

	· Benefits and efficiency impact due to I4.0.
· Impact on company’s operations and processes.

	Maturity Indicators
	· Table provides a summary of the key characteristics of the case study according to the eight maturity indicators.


After preparing the transcripts of all interviews, every single sentence or paragraph was analyzed and colour-coded, to be able to refer each piece of information to the relevant section. Thanks to this coding, all the information was sorted into six sections. Finally, the key information was synthesized in a synoptic table at the end of each case study, divided into eight maturity indicators belonging to the Adoption Maturity Model.
A quantitative assessment of the maturity of Industry 4.0 adoption for the 10 case studies was required to relate collected information to possible “maturity stages” for each indicator and item. A maturity stage is a description of a maturity state, that is, it expresses the maturity level reached by the company in respect of a certain indicator or item (Kohlegger, Maier, & Thalmann, 2009). Since the model was developed as a framework for qualitative data analysis, the various stages provide a series of thresholds describing “what” a company should have done, “how” it should have done it or “to what extent” to obtain a certain evaluation. Maturity stages were identified using extant maturity models and the results from the literature review, and were validated through the data collected during the analysis of the 10 case studies. Each indicator has five maturity stages, ranging from zero to four, where zero represents a poor maturity evaluation and four, a full accomplishment. Each item belonging to the axes Maturity and Strategy were assessed using the dedicated table of maturity stages, and the maturity evaluations of the indicators were calculated through the average value of the indicator’s items. Table 3 provides an example for the item “Industry 4.0 and Roadmaps.”
Table 3. Example of maturity stages for the item “Industry 4.0 and Roadmaps”
	Industry 4.0 Roadmaps

	0
	Industry 4.0 is not part of the business strategy/strategic process. No roadmaps developed.

	1
	Industry 4.0 (focused on technology development) is part of the general strategy of the company.
No roadmaps developed.

	2
	Industry 4.0 is part of the business strategy of the company. Roadmaps may be developed but the action plan is not well defined. 

	3
	Industry 4.0 is part of the business strategy of the company. Roadmaps developed. Long-term action plans are still not clear.

	4
	Industry 4.0 is part of the business strategy of the company. Roadmap developed with short-, medium- and long-term plans regarding the introduction of technologies and infrastructure, employee training and external/internal integration.


As concerns the performance axis, maturity stages were identified by looking at the number of KPIs impacted for the indicator “Impact on Efficiency,” while for “Benefits of the I4.0 Adoption,” a Benefit Score was calculated for each case study. This score was obtained by adding points in the case of positive benefits (+2 for economic benefits and +1 for environmental and social benefits) or subtracting points in the case of negative impacts (-2 for economic benefits and -1 for environmental and social benefits), as shown in Table 4.
Table 4. Composing economic, efficiency and social benefits for scoring the impact of Industry 4.0
	Stage
	Impact on efficiency
	Benefits of I4.0 Adop.

	0
	Negative impacts due to the system integration are more numerous than positive impacts.
	Benefits Score <=0

	1
	Positive impacts are present in few indicators (<=30%). Most KPIs have remained unchanged. Possible presence of negative impact.
	2<= Benefits Score >0

	2
	The number of positive impacts (around 50%) is similar to stable indicators. The probability of negative impacts is low.
	4<= Benefits Score >2

	3
	Positive Impacts are more numerous (>50%) than stable indicators. No negative impacts.
	6<= Benefits Score >4

	4
	Most of KPIs have improved thanks to the introduction of the new system (>80%).
	Benefits Score > 6


Once all maturity stages were defined, the maturity levels of the eight indicators were assessed based on the information contained in the tables “maturity indicators” at the end of each case study. A synthesis of the eight maturity levels was in turn included in the overall evaluation of Industry 4.0 adoption.
DISCUSSION AND RESULTS
The elaboration of the case studies, followed by their integration in maturity charts, allowed the researcher to gather a rich set of information to assess Industry 4.0 readiness and maturity in the sample of companies under study (Tsang, 2014). From the comparative analysis of the case studies (Eisenhardt, 1989), through the lens of the framework developed, it was possible to identify some trends in terms of Industry 4.0 adoption in relation to the companies’ size, motivations and other descriptive characteristics. 
Maturity
Given the average maturity level of the sample selected, the maturity axis can be considered to be the most developed axis within the AMM. Even though I4.0 adoption processes are not yet fully completed, all interviewed companies upgraded their facilities with new infrastructure and technologies to enable Industry 4.0. The analysis of case studies showed that organizations that implemented I4.0 adopted such systems in varying degrees, as noted in the literature review (Bangemann et al., 2016).
The level of adoption was affected by the capacity to consider big data and analytics as a competitive asset (analytic skills), that is, to recognize the importance of the actual IT infrastructure (I4.0 infrastructure), as well as the internal capacity to absorb and implement the knowledge and skills that come with I4.0 (absorptive capacity).
Analytics Skills 
Awareness of (and reasons for) the necessity to be able to make use of big data is the starting point for building an effective I4.0 system within an organization (Khan & Turowski, 2016; Koch & Kuge, 2014; Wang et al., 2016). Therefore, it is not surprising that the companies presenting a high motivation and awareness of the importance of data analytics (C1, C3, C7, C8) were found to be the most mature with regard to their ability to analyze it. Although these enterprises practice real-time decision making based on big data, they do not consider their decision-making process to be autonomous. While the real-time data that is collected and analyzed by the information system serves as a helpful support, the final decision relies on people.
In the remaining companies, management and operators could also rely on real-time information gathered from their data collection systems, but had a low capacity to analyze massive data. 
It can be seen that the digital collection of data is performed with varying degrees of maturity in all companies, thanks to the introduction of new machinery ensuring the collection of this type of information. Lastly, it was noted that the maturity of the self-evaluation systems in place is strictly related to the three other items of the axis.  
In analyzing these cases through the lens of the capacity level framework developed by CEFRIO (Beaudoin et al., 2016), it was observed that the companies analyzed in this report fall under the first three levels of the model  ̶  “monitoring,” “control” and “optimization.” In addition, most cases came under the first two levels. Even though the high-performance machinery of C7 could carry out some optimization autonomously, no companies’ systems have yet reached full “optimization” or come even close to the “autonomy” levels as defined by the CEFRIO.
Infrastructure for Industry 4.0
Two different trends in the establishment of the Industry 4.0 infrastructure could be distinguished in the case studies.
· Adoption of turnkey solutions: In these cases, a solution provider was in charge of the installation of IT infrastructure and hardware devices within the company. The provider then supports the customer in all the processes and in future development stages.
· Internal development of the I4.0 solution: The company builds the competencies internally to manage and structure its own system. A further difference between firms that adopted this configuration was found. In some cases enterprises decided to develop their Industry 4.0 systems with the help of external experts on both infrastructure and technologies. The companies maintained the supervision of the adoption process, deciding which technologies and standards they wanted to have in their plant based on a benchmark analysis, while most of the design and installation process were performed by external entities. However, some companies preferred to develop and design their systems internally and to perform the physical integration of new technologies.
While each option has its advantages and disadvantages, the choice must be aligned with the strategic goals of Industry 4.0 implementation. Table 5 presents a comparison of these options. Generally speaking, the turnkey solution is faster and simpler, but allows less room for flexibility and future modifications. It may be a better choice for the companies that see I4.0 adoption as a one-time decision rather than an ongoing process. The internal development of I4.0 changes relies intensely on knowledge acquisition and absorption, which might be useful for “personalizing” these technologies to fit the company’s specific future needs.
Table 5. Internal development vs. turnkey solutions
	Factor
	Turnkey solution
	Internal development

	
	
	Process supervision
	Internal design

	System Scaleability
	To be assessed from case to case
	High

	Required competencies
	Provided by solution provider
	To be developed inside the organization

	Hiring employees
	Usually not necessary, or necessary only during the implementation and transition phases
	The company must identify its needs for specialized profiles to supervise the process and provide training to acquire these competencies – hiring might be necessary
	The company must identify its needs for specialized profiles to supervise the process and provide training to acquire these competencies – hiring new specialized skills is highly recommended

	Training required
	Mainly focused on operations
	Need to develop digital competencies, as well as for operations

	Installation process
	Provided by solution provider
	Provided by external/internal actors but always supervised internally
	Provided internally

	Installation duration
	Usually some weeks (often shorter than internal development)
	Uncertain due to competency development and pilot launch (often longer than turnkey solutions)

	External actors involved
	Solution provider
	External consultants and technology providers
	External consultants might be approached

	System ownership
	Solution provider
	Company

	Absorptive capacity
	Limited due to the system ownership
	Strategic functions, if well managed
	Strategic functions


Looking at the characteristics of each case study and their infrastructure choices, it seems that larger companies tend to adopt internal development rather than rely on turnkey solutions. The fully integrated solutions provided by external suppliers are often not compatible with the dimensions of these organizations’ structures. Moreover, bigger companies tend to have more heterogeneous skills within their organizations than do small firms, enabling the development of in-house solutions. Our results do not clearly show what led to the decision to fully design an I4.0 system internally or to supervise its conception with the help of an external provider. This decision could be related to the availability of specialized skill or, as some interviewees claimed, it could be because they wanted to maintain total control and understanding over their I4.0 system so that they could remain independent of specific providers. More data is needed to understand this issue.  
Counter to this finding, C7, despite being the smallest company in the sample, decided to design its own systems internally, with very good results compared to the other organizations. In fact, it has one of the most mature adoption profiles. C10 instead, having a significant organizational structure, preferred to rely on a solution provider, which in the end did not provide the expected benefits due to the introduction of a partial system.
Companies must carefully evaluate the scaleability of the solution offered by the provider. On the one hand, if the system developed by the supplier responds to the company’s needs, upgrading the manufacturing facilities to a smart system can be done relatively quickly, mainly through learning by doing by the solution provider. In C8 for instance, the system had been previously tested in other companies prior to its implementation. On the other hand, if the company is not able to properly evaluate the scaleability of the system for its manufacturing processes, the risk of low system exploitation could lead to a failure of the implementation, or an impact below expectations (C10). 
If the market is not able to satisfy the organization’s needs, that is, no available system can respond to its requirements, internal development, followed by a continuous improvement approach, is the only possible way to implement a suitable Industry 4.0 solution. The decision-making process is more time and resource consuming than the turnkey solution, but if it is well developed the resulting system will meet the company’s real needs. Moreover, internal development also guarantees the continuing improvement of competencies, the advancement of knowledge that can be used for further refinement of the system, and independence from any specific solution provider for upgrades and modifications.
For example, C7 felt that it was better to rely on experts to develop good personalized software, but did not want to be dependent on them, because it would have been expensive in the long term. For this reason, the company employed IT specialists to maintain the level of control and knowledge internally. In the end, their I4.0 solution is run by their employees. Considering the technologies and infrastructure selected during the implementation process, even in this case it is possible to make a distinction between the choice of relying on a turnkey solution or internal development.
Starting from the introduction of technologies provided by specialized suppliers, three enterprises (C8, C9 and C10) have adopted similar technologies even though the providers were different. The installation process involved specialized software to manage the self-assessment system and the data collection and analysis. It was located on a cloud platform in C9 and internally hosted on dedicated servers in C8 and C10 to manage the self-assessment system and the data collection and analysis. Moreover, the supplier provided the connection for the production department and the software thanks to the use of proper devices to allow communication between the machinery and the software. A series of human-machine interfaces, such as screens and tablets for entering production data and monitoring, were provided. This configuration is similar is to that proposed by Bagheri et al. (2015), a 5-level architecture of CPS. At the moment, the last layers (cognition and configuration) cannot be performed, although the providers are aiming in this direction.
Furthermore, the cybersecurity standards and procedures were entirely entrusted to the providers of the smart systems. In terms of the companies that chose to develop their I4.0 systems internally, different technologies were selected according to their needs. C1 and C2 decided to establish a strong I4.0 foundation, developing a data warehouse and restructuring the databases already present in their organization. In general, the technologies adopted by the companies were new machinery enabling IoT (C1, C2, C6, C7) devices to connect to old machines (C6, C7), visual boards to enable system self-assessments (C1, C2, C4, C6, C7), wearable solutions (C1, C2) and simulation systems (C2). Cybersecurity systems and policies were developed internally (C1, C2, C3) by companies that were seriously concerned about this issue, while the remaining organizations did not design or consider them, since the integration of their I4.0 configuration remains focused on internal operations only.
Absorptive Capacity 
Where internal development was favoured, the awareness of skills required for I4.0 was, on average, well identified. C5 is an exception to this trend. In fact, the company showed a strong lack of awareness about the concept of Industry 4.0. If the paradigm shift is not properly identified and analyzed, strategic and operational plans cannot match the I4.0 requirements, preventing the company from fully understanding the skills profiles required for the fourth industrial revolution. Therefore, beyond the infrastructure choice, a correlation between the “business strategy” and the “absorptive capacity” indicators was found. By the way of example, it was noted that the companies that obtained a lower evaluation in the strategic indicator, have lower I4.0 awareness (C2, C5, C9, C10) than the others.
Furthermore, in the case of a turnkey solution, the provider transfers only part of its own knowledge to the customer, involves the firm’s employees during the implementation and start-up and assists in the operation phases. Even though this training enables companies to use the system according to their original requirements, some companies (C8, C9, C10) realized that they were not using the I4.0 system to its full potential, and, even more, that they lacked the capacity to manipulate the system (Dworschak & Zaiser, 2014). 
More globally, two training approach trends were recognized in relation to the infrastructure choices presented in the previous indicator. Internal development of the Industry 4.0 system enabled the design of specific training programs to create and foster new digital and decision-making competencies, with the exception of C5, which created only internal training on the job to facilitate the use of the new automated systems installed. In addition, especially in the cases of internal design, the companies recognized the need to bring specific new knowledge to the organization through the acquisition of new IT talent and/or specialists. Some enterprises felt that in some ways they were no longer simply manufacturing companies, but had also become more and more IT oriented with a fully operating IT team. Many of their most recent hires were IT specialists rather than operators and machinists, which was something quite new for these companies.
When a turnkey solution was selected, the training sessions were structured with a view to “compliance.” Since the specific knowledge of the system’s development and installation is provided by solution providers, the needs of the companies’ operators are more focused on the proper use of new systems and technologies than on developing digital competences that could enable them to modify the I4.0 system. To further expand the system, the company will have to decide whether to acquire the competencies lacking through hiring or employee training, or to involve the system supplier in the process.
Finally, the lowest indicator of the axis is whether the Knowledge Management System in place is suitable for an Industry 4.0 system. This result seems strictly connected to the maturity item “Ability to analyze massive data.” In fact, the limited capability of big data analysis can affect the company’s ability to create new knowledge from its processes. In the sample analyzed, the generation of insights derived from using the new smart systems is still strictly tied to real-time data analysis and results-sharing through direct training. In a mature I4.0 scenario, it would also be expected that this data be used for enhancing the company’s knowledge to create new products, services and processes benefiting from integrated IT sharing organization-wide (Deloitte, 2015; El Said, 2015). 
Strategy Axis
It is essential that the implementation of an I4.0 solution be aligned with the firm’s strategy and that top management believe in its benefits. While this observation may seem obvious, our cases showed that it is not always true. 
Business Strategy
Awareness of the potential of I4.0 and the establishment of an ad hoc strategy to adopt its enabling technologies is the first step in structuring a solid shift towards a new manufacturing configuration. In accordance with Erol et al. (2016), the case study investigation showed that strategic plans and roadmaps facilitate and clarify the change process. C1, C3, C7 and C8 are the enterprises that developed appropriate strategic plans, resulting in the case studies that attained the higher maturity evaluations in the sample. Once again, the partial failure of the smart system in C10 is a good example of what could happen if the plan is not clearly defined and supported by top management – and understood by all employees. 
In addition to the development of a strategic plan for the introduction of Industry 4.0, the companies must develop their own understanding of Industry 4.0, which should then be transformed into an Industry 4.0 strategic vision. The lack of awareness of this paradigm can lead to contradictory choices respecting the implementation process. Of the case studies analyzed, C5 is a clear example of a lack of awareness of Industry 4.0. The new manufacturing paradigm has not been appropriately approached to identify the main features, opportunities and steps that could have been implemented.
In terms of investments, it was observed that the companies mainly used investments to finance the acquisition of technologies, development of infrastructure, training of employees and installation of facilities. Italian enterprises relied on internal funding since the national funding plan for Industry 4.0, “Industria 4.0,” was not available at the time of the interviews. The Canadian companies received financial support from provincial and federal governments, which was used for the integration of I4.0 systems with machinery, infrastructure and training. But even with this assistance, companies complained about the availability of financial resources. Grant initiatives were mainly focused on the initial introductory phases of new systems, technologies and upfront training rather than on the maintenance and upgrades phases. C10 exemplifies the problems that can arise if a company chooses to only partially implement an I4.0 system, a decision reached because of a lack of the necessary financial resources. 
In the opinion of the management of the Canadian companies visited, which was also expressed in discussions with other experts, the government should help more and provide support beyond the introductory phases of these technological advancements, that is, for their later exploitation in order to use the full capabilities of I4.0 technologies and thus achieve increased competitiveness over time. This assistance should include not only actual tax incentives, but also investments – for example, real money. 
Not all companies have taken advantage of the opportunity to develop or enhance new products and services through the utilization of I4.0.
Analysis of the case studies offers two possible explanations. The first relates to manufacturing configuration. Companies that produce products for final customers (C1, C2, C3, C4, C5, C10) seem to be facilitated in the design of additional features and services linked to I4.0. Others, such as manufacturers of high precision machining, do not have the possibility of applying changes or services to the production outcome since they do not own the items produced (they are often outsourcing suppliers). The second possible explanation could be the lack of integration of the systems in place with the external value networks.
The opportunity to exploit new business opportunities through I4.0 can be analyzed by examining the motivations expressed by the companies’ managers during the interviews. Those firms specialized in high precision machining and C9 were focused on efficiency and process improvement rather than on the search for new business opportunities. In contrast, C1, C2, C3 and C4 were influenced not only by internal motivations, for example, increased efficiency and quality, but also by external factors like client requests. This topic will be further analyzed in the following subsection, which presents the companies’ archetypes on Industry 4.0 adoption.
Networking and Integration  
Of all the indicators, “Networking and Integration” was the most critical in the strategic axis. In all the companies interviewed, I4.0 was not thoroughly implemented within the organization. 
It was found that emphasis was given to internal vertical operation, which seems to be the initial motivation for I4.0 implementation. However, in almost half the cases (C4, C5, C9, C10), evaluation of the vertical integration remains low. These companies adopted new technologies and infrastructure only in a limited area of the organization, that is, the production department. Instead of introducing the new smart system in multiple layers throughout the organization, they preferred to implement it only in the department that ensured a rapid gain in efficiency compared to the other areas. 
Although horizontal integration was also noted in some cases, it was often limited, with few or no iterations with partners outside the company. Moreover, little evidence of engineering end-to-end integration was observed, with the exception of C1, C3 and C4. Collaboration among value networks is essential for a company wishing to boost the performance of its supply chain and, accordingly, to offer value-added products and services to its customers (Herterich et al., 2015; Lee et al., 2014; Rennung et al., 2016). 
This lack of integration may be justified by the I4.0 maturity level of the value networks. In fact, some companies were planning to share information with their clients or customers, but were not yet ready (C1, C7) or the infrastructure in place allowed only static communication via email (C8, C9). This lack of integration may also be explained by the type of activities of some of the companies under study, which may be, by their nature, reactive to such integration rather than to their orchestrators. 
Technology Strategy 
Two contradictory trends were observed respecting the companies’ concern about cybersecurity and the introduction of I4.0.
A number of companies (C1, C2, C3 and C4) were seriously concerned about cyber issues. These enterprises had identified potential issues during the introduction of smart technologies, through the formulation of the roadmap for I4.0 or a proper risk management process. Since they belong to large corporations (C1, C2, C4) and are used to collaborating with large customers (C3) requiring a set of security standards, the companies are more sensitive to cybersecurity.
In the second group, cybersecurity tied to the introduction of I4.0 was not considered a major concern, even though some enterprises were aware of the potential threats. For example, cybersecurity concerns prompted firm C7 to locate its servers inside a locked room in its plant. The fact that cybersecurity did not seem to be viewed as a major threat clearly contrasts with the best practices identified in the literature review (Cisco, 2017; Kobara, 2016). The lack of external horizontal integration throughout the value network may explain this lack of concern about security since there is no direct sharing of information outside the boundaries of the companies. However, external cyber attacks can happen despite the absence of outbound information flows. Research by the SANS institute (Shackleford, 2015) found that up to 80% of data breaches originated in the supply chain. 
To prevent such attacks, organizations should develop cybersecurity systems embedded in their I4.0 configuration. Cybersecurity should therefore be considered at the first stage of I4.0 conception. Even though a company may not at present see the need for cyber protection, it is much easier and cheaper to include security features during the system’s conception than at later stages. 
As concerns the maturity item “Decision-making process with respect to the choice of platforms and standards,” a good average evaluation was noted in almost all the companies, with the exception of C9 and C10, which chose to engage a turnkey solution provider.
As already observed in the previous section on “infrastructure for I4.0”, companies must carefully evaluate the scaleability of the solution that third parties provide. The selection process was properly carried out in C8, resulting in a satisfactory I4.0 transition. In contrast, the other two companies (C9 and C10) were unable to describe the decision-making process that led them to select one provider over another.
Performance 
This last theme examined the benefits resulting from the implementation of I4.0 solutions inside, and in some ways, outside the enterprise using two indicators: “benefits of I4.0 adoption” and “impact on efficiency.” The data were difficult to collect for many reasons, mainly because implementation of I4.0 was relatively new (C3, C9), in progress (C1, C2), partial (C5, C10), or in continuous improvement (C8). Even though it was not possible to obtain the exact details requested, one conclusion emerges: all companies saw an improvement in their production and processes. 
Benefits of I4.0 Adoption 
Although the adoption of I4.0 among the companies interviewed was incomplete in most of the cases, many benefits from these systems were observed. From an economic point of view, an increase in company competitiveness, due to cost reduction for instance, is common to all the cases studied. Moreover, in fewer cases, companies benefited from an increase in revenues for the following reasons: (1) the introduction of new services linked to Industry 4.0 introduction (C1, C4, expected for C3); (2) the development of new enhanced products that include smart technologies (expected for C3, C4); and (3) the acquisition of a new market share due to increased efficiency and the subsequent cost reduction (higher competitiveness, lower price, higher sales volumes).
It seems that companies that provide the market with final products for which they own their design and production processes have more opportunities to develop new services and products by integrating I4.0 in their plant (See section “Companies’ Archetypes”).
From an environmental perspective, the benefits of I4.0 implementation were the saving of energy and the reduction of waste, even if most of the companies considered the environmental impact on their systems negligible (7 out of 10). Although this impact was poorly assessed in the companies selected, two approaches to this theme are worthy of note. C1 has integrated the roadmap for I4.0 implementation with a series of actions aimed at reducing the environmental impact during the last stages of the introduction process, relying on the installation of new smart-heating systems and renewing the company’s lighting. Firm C6 has already implemented a smart heating system; connected thermometers indicate when the plant requires or does not require heating. It turned out that the heat did not need to be turned on for the greater part of the winter, although it had always been turned on in previous years. This led to better energy efficiency and savings for the company; in other words, a win on both the economic and the environmental front.
These two examples show that companies should re-evaluate the potential environmental benefits of introducing IoT, since the reduction of resources and emissions leads to an increase in company competitiveness (cost reduction) and visibility (Ford, 2016; Stock & Seliger, 2016).
Finally, from a social perspective, the companies experienced positive social impacts from establishing Industry 4.0. In some cases (C1, C4, C7, C8), management observed a natural empowerment of the operators owing to the greater accountability involved in using the new systems. In the new configurations, the operators are responsible for making decisions that had been centralized before the transition to I4.0. This reflects the information in the literature (Kagermann et al., 2013) and is opposed to theories positing that the fourth industrial revolution will bring contradictory effects in the work environment (Hirsch-Kreinsen, 2016). Another social benefit was the improvement of communications between management and operators in C9, which enabled the sharing of strategic and operational plans with the workforce and thus increasing their commitment and efficiency.
Impact on Efficiency 
In terms of efficiency gains, the systems in place impacted different strategic KPIs and no common development path in the companies’ performances could be identified. Some companies had problems conveying the real impacts of the I4.0 system according to the KPIs used in the maturity model adopted for this study (C6, C7, C10), which suggests that these firms are not measuring KPIs. For an effective rating of I4.0 implementation, companies should develop, in addition to their implementation roadmaps, appropriate scorecards to evaluate their progress, identifying specific targets to drive performance improvement (Farooq & Hussain, 2011; Jung, Morris, Lyons, Leong, & Cho, 2015).
DISCUSSION: THE ARCHETYPES OF I4.0 ADOPTION
From the analysis of the case studies, similar objectives and trends on the Industry 4.0 adoption process were observed as regards the manufacturing classification of each company. The enterprises were grouped according to the definitions of discrete (De Oliveira Gomes & Trabasso, 2016) and process manufacturing (Qian, Zhong, & Du, 2017). The discrete group was further broken down into two different clusters, depending on the nature of the discrete product, differentiating between companies that own the final product and those providing manufacturing services. The three classifications were combined with the results gained from the case studies to obtain a set of archetypes respecting the 10 companies interviewed during this project.
· X – Product Based Manufacturing Companies (C2, C5, C10): This group includes enterprises belonging to the discrete manufacturing configuration that own the product design. In this classification, the companies have not exploited the opportunities of introducing additional services thanks to the adoption of Industry 4.0. The enterprises that are part of this cluster are focused on the optimization of their processes and efficiency gains. For the eventual enrichment of the company’s offer, exploiting I4.0 will lead to a transition towards the archetype Product & Service Based Companies.
· Y – Service Based Manufacturing Companies (C6, C7, C8): This cluster belongs to the discrete manufacturing configuration, even though it differs from the previous one. These enterprises offer their customers a series of manufacturing services such as machining operations and product/component design. Their manufacturing configuration leads to a continuous improvement of both internal efficiency and supply chain performance. I4.0 is considered an opportunity to increase company competitiveness through enhancing productivity and decreasing cost structure. 
· XY – Product & Service Manufacturing Companies (C1, C3, C4): These companies belong to the discrete manufacturing classification that offers the market both products and related services. New services are developed thanks to the introduction of Industry 4.0. In addition to the increased efficiency and effectiveness of their processes, these companies aim at offering new solutions to the market through new features and services, enabled by the integration and use of smart technologies in their final products. In this cluster, the creation of new business models is crucial in order to align the new value proposition with the appropriate revenues streams (Weinberger et al., 2016).
· Z – Process Manufacturing Companies (C9): The firm in this archetype relies almost entirely on I4.0 for the achievement of internal efficiency and process optimization, given the fact that the nature of the products does not allow for the enhancement of production via smart technologies (Qian et al., 2017). 
In the light of these considerations, the archetypes’ trends can be summarized as follows: A transition towards archetype XY (Product & Service Based Companies) is expected for X (Product Based Manufacturing Companies). The ownership of product design and production processes can facilitate the introduction of additional embedded features and services in the product offered to the market. C1, C3 and C4, which are currently classed in archetype XY, have directly tackled the Industry 4.0 paradigm, exploiting these opportunities. 
In the cluster Product & Service Based Companies unusual behaviour was noted for C3 and C4. In fact, the two companies preferred to focus Industry 4.0 mainly on final products/installations rather than on internally achieving efficiency gains and creating comprehensive I4.0 solutions that can be integrated in their customers’ plants. C3 seems to be shifting from being a purely manufacturing company to becoming an Industry 4.0 provider. In contrast, the other two archetypes are expected to remain in their clusters to pursue the aforementioned objectives. 
CONCLUSIONS
The present research contributes to the literature on the relevance gap of existing maturity models on Industry 4.0. A new framework is proposed for evaluating the maturity of the adoption process established by manufacturing companies towards the fourth industrial revolution. This Adoption Maturity Model (AMM) fills the gaps highlighted during the comparison of the existing frameworks (Beaudoin et al., 2016; Jodlbauer et al., 2016; Leyh et al., 2016; Schumacher et al., 2016), since it incorporates elements describing the evaluation of the maturity of Industry 4.0 configuration (e.g. Infrastructure for I4.0) and the elements representing the maturity of the process deployed (Technology Strategy and Performances).
Also, through case studies, the research provides in-depth insights on the motivation, challenges and outcomes faced by manufacturing companies that have implemented Industry 4.0 technologies in their plants. The comparative analysis provides several contributions towards identifying similar steps related to the development of Smart Manufacturing, enriching the current scientific literature. One key aspect is the importance of the formulation of a strategic vision supported by proper action plans (Erol et al., 2016), which was highlighted by the strong influence that the “Business Strategy” indicator had on the majority of other AMM sections. The lack of support from senior management leads to incomplete and unsatisfactory 4.0 implementation, either because it is not well adapted to the enterprise’s own processes or because a partial implementation does not allow for the full use of the potential and promises inherent in I4.0. This means that the development of a sound understanding of Industry 4.0 is the foundation on which to base further technological and organizational choices, from defining training sessions, to the skills to be developed and the infrastructure to be implemented. The descriptive analysis of the data reveals a relationship between company size and the decision-making process for the definition of the systems architectures: in fact, in our sample, the use of turnkey solutions in smaller companies seems to be preferred due to the lack of resources and internal competences.
Moreover, further analysis of the companies’ traits led us to identify four company archetypes, highlighting the existence of relationships between the enterprises’ manufacturing configurations and relative Industry 4.0 adoptions and trends. It was noted that discrete and process manufacturing companies applied a different approach to the deployment phase towards the fourth industrial revolution. In addition, the discrete cluster has been further broken down based on the nature of the product offered. The characteristics of their value propositions seem to influence the motivations and objectives of switching to an Industry 4.0 configuration. Unlike companies offering only manufacturing services, those that own the design and/or the production processes, express different needs from the development of their smart manufacturing configurations, since they see the opportunity to improve internal efficiency and external competitiveness through new business models (considering both the offer of enhanced products and the development of additional services due to I4.0), while the former perceive potential business opportunities mainly in greater competitiveness due to operational excellence.
The contribution of the present study has relevant implications in both scientific and managerial areas. In terms of its scientific advancements, the development of a conceptual model of maturity for the implementation of Industry 4.0 enables the collection of data on the state of progress of manufacturing companies across different industries, as well as the identification of success factors, new insights and best practices for the effective implementation of Industry 4.0. Researchers could also use the model to refine research on the companies’ archetypes that were noted during the comparative analysis of case studies.
Some implications of the Maturity Framework developed can be considered relevant even for business practitioners, either internal or external to the organization, involved in the transition to Industry 4.0. The “Scope and Problem Definition” phase performed during the development of the framework considered the target audience for which this model was designed (Becker et al., 2009; Wendler, 2012). Specifically, management and executives can use the framework presented to effectively manage the company’s transition process towards the fourth industrial revolution. Through the use of the maturity stage items identified during the AMM design process, the model offers a reference framework to plan the implementation of smart manufacturing in companies’ processes. Moreover, the model can be used as a self-assessment tool, with a view to assessing the current implementation maturity level, identifying the areas that have not yet been addressed by the change, or those that require more effort to attain a higher stage of maturity. Considered from an external perspective, practitioners like consultants and I4.0 solution providers can employ the Adoption Maturity Model to provide customers with specific implementation roadmaps by relying on an impartial and reliable framework.
During the current research, some limitations were noted. The first is tied to the size of the sample of companies selected. In fact, even though 10 case studies are considered a sufficient number to perform case study research (Eisenhardt, 1989), a cross-industry study should consider a higher number of respondents, aiming at strengthening the framework validation and gaining greater insight from the different adoption processes implemented. There is also the issue of the generalizability of the archetypes found, due to the small sample (Tsang, 2014). Only one enterprise fits into the category “Process Manufacturing Companies,” and the other clusters include too few enterprises, thus making it difficult to conduct a comprehensive study of their characteristics.
In terms of the methodology used to design the Adoption Maturity Model (De Bruin et al., 2005), and because Industry 4.0 was quite new for the enterprises visited, it was not possible to address the last development phase, “Maintain.” The continuing relevance of the framework will be guaranteed only by maintaining the model over time and ensuring its suitability in relation to any possible alteration that could affect Industry 4.0.
Lastly, the methodology followed to establish the maturity stages of the Performance Axis also has some limitations. Based on the literature review, a number of benefits (economic, environmental and social) and KPIs that could be affected by the introduction of Industry 4.0 were identified. Since the research addressed a cross-industry study, the selection of these parameters, particularly those tied to efficiency performances, were grouped together without considering the company configuration under assessment. Moreover, for the purpose of calculating the performance indicators, the numerical impact of the various items was not considered. Only the qualitative effects (negative, positive or constant impact) were taken into consideration.
In light of the limitations and the results of this study, the data used in the present study open avenues for further research. First, more case studies should be conducted to collect more data that could confirm not only the various archetypes, but also the relevance of the AMM. It would be interesting to see whether there is any variation among countries and manufacturing sectors. More valuable instruments should be offered to managers and practitioners who are in charge of implementing innovative and high-performing systems within the industrial economic context. Adding cases would also help identify the best practices and best policies to help manufacturing enterprises transit to the fourth industrial revolution. In addition, it would be interesting to revisit the enterprises studied to conduct a maturity assessment review in order to study the evolution of their awareness of Industry 4.0. This would provide an opportunity to test the Adoption Maturity Model over time and thus increase its relevance.
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KEY TERMS AND DEFINITIONS
Big data: extremely large sets of non-structured data that have the potential, through the employment of advanced computational analytical methods, to reveal patterns, trends, and associations, especially relating to human behaviour and interactions.
Cyber Physical Systems (CPS): systems that typically comprise mechanical, electrical and software elements that are controlled by computer-based algorithms integrated with the Internet (or a local network), thus allowing virtual operation and monitoring by users.
Cybersecurity: a term to designate the collection of principles, policies, tools, devices, concepts, guidelines, risk management methods, actions, training, best practices and technologies that can be used to protect the cyber environment and organization and users’ assets from cyber attacks, so to assure the availability, integrity and confidentiality of data and systems.
Data analytics: the process of examining data sets, using formal procedures, methods and tools, in order to draw conclusions about the information they contain.
Industrial Internet of Things (IIoT): the use of Internet of Things (IoT) technologies within manufacturing applications.
Industry 4.0 (I4.0): a term introduced by the German Government in 2011 to designate the fourth industrial revolution: a new era of industrial manufacturing systems consisting of connected automated systems that allow interoperability, information transparency, technical assistance and decentralized decisions.
Internet of Things (IoT): a global dynamic information network comprised of objects connected to the Internet, by the incorporation of radio-frequency identification devices, sensors and actuators, as well as other intelligent instruments and devices that allow any physical object to become an integral part of the Internet.
Maturity model: every tool or framework that allows the measurement of an organization’s capacity for continuous improvement in a particular discipline on a number of areas and axes.
· APPENDIX 1 – EXISTING MATURITY MODELS
	Model Name / source
	What is it used for?
	How is the model designed?
	Where do assessment data come from?
	Method of goal benchmarking
	Number of stages
	Existing stage
	Tool supported

	“A maturity model …. maturity of manufacturing enterprises”
(Schumacher et al., 2016)
	Self - assessment company’s Industry 4.0
	62 maturity items divided into 9 company dimensions
	Measurement of maturity items through questionnaire
	Each maturity item is ranked from 1 to 5, then each maturity dimension is obtained using a proper formula
	5 levels
for each item 
from 1 to 5
	No
	Calculation of maturity level SW supported

	IMPULS – Industrie 4.0 Readiness
(Lichtblau et al., 2015)
	Online self-check tool for Industry 4.0 readiness
	18 maturity items divided into 6 indicators
	Questionnaire
	Each dimension is ranked from 1 to 5 for each indicator, then the final value is obtained multiplying each indicator for a coefficient
	6 stages
from 0 to 5
	Yes
	Online tool

	SIMMI 4.0
(Leyh et al., 2016)
	classification of company’s IT system landscape in the context of the Industry 4.0 requirements
	4 Maturity dimensions
	Interview/self-assessment
	Qualitative evaluation
	5
	No
	No

	Industry 4.0 / Digital Operations Self-Assessment
(Geissbauer et al., 2016b)
	Industry 4.0 self-assessment
	6 maturity dimensions
	Questionnaire
	No details
	4
	No
	Online tool

	Four levels of I4.0 capability
(Beaudoin et al., 2016)
	Identification of four consecutive implementation stages for Industry 4.0
	4 levels of Industry 4.0 capability
	Self-assessment
	N/A
	4
	No
	No

	The Connected Enterprise Maturity Model
(Rockwell automation, 2014)
	Five-stage approach to achieve Industry 4.0
	five-stage implementation process
	N/A
	N/A
	5
	No
	No

	I4.0 Reifegradmodell
(Jodlbauer et al., 2016)
	Model to help company applying Industry 4.0
	13 maturity items divided into 3 dimensions
	Interview/self-assessment
	Qualitative evaluation
	10
	Yes
	No


· APPENDIX 2 – INTERVIEW GUIDE
	Introduction

	1
	Can you describe your business briefly? (History, products, size, customers, suppliers)?

	2
	Do you know what big data is?

	2a
	Did it affect your decision to implement an I4.0 system? How? 

	2b
	Do you consider the use of massive data is important for your business? Why?

	Industry 4.0 in the business

	3
	What were the reasons that led to the implementation of an I4.0 system within your company?

	3a
	Is it part of the business strategy adopted by your company?

	3ai
	If yes, could you describe it?

	3aii
	If yes, do you have a roadmap for the I4.0? Could you briefly describe it to me?

	3b
	What was the decision-making process with respect to the implementation of the I4.0 like? Who was involved?

	4
	Can you briefly describe your I4.0 system?

	4a
	How integrated is it in your business? (Only in the workplace, in all departments, some departments, etc.)

	4ai
	If integrated in at least two departments: How are communication and decision making structured among these departments?

	4b
	Does your system communicate with partners located outside the company? 

	4bi
	What other companies are connected? What type of information is exchanged?

	4bii
	(If connected to a business partner), does it influence decision making? How?

	5
	How do you handle cybersecurity issues related to I4.0?

	5a
	Can you briefly describe your cybersecurity system? Why did you choose it?

	6
	How does I4.0 fit into your current business strategy?

	7
	What was the level of investment required to implement the I4.0 system?

	7a
	What was the investment used for? Infrastructure? Hiring Employees? Licences? Training? Others?

	7b
	Was it difficult to obtain the financing? Why?

	7c
	What were the sources of funding?

	Before I4.0 Adoption

	8
	Which technologies have you chosen to implement I4.0?

	8a
	Could you describe the decision-making process that led to the selection of these technologies?

	8b
	Why these technologies over others?

	8bi
	Was this related to the infrastructure that you had installed?

	8bii
	Has your Information Technology System influenced the choices of I4.0 technologies? If yes, how? Otherwise, why not?

	9
	How did you prepare the implementation of I4.0 within your company?

	9a
	What is your standard employee training procedure like? 

	9b
	How do you make sure that the company retains the knowledge that is absorbed by its employees? 

	9c
	Were there particular issues that have slowed or required additional effort prior to the implementation? (Ex. Technology in place, employee competence, ability to use the data, cyber-security)

	9d
	How did you prepare your employees during the transition to the I4.0 configuration?

	10
	Did you have external support for the implementation of the I4.0?

	10a
	If yes, what precisely?

	10b
	Did your provincial government support you in your efforts? How?

	10c
	Did the federal government support you in your efforts? How?

	During Adoption

	11
	Could you describe the I40 implantation?

	11a
	What were the main challenges?

	11ai
	How did you solve these problems?

	11b
	On the other hand, what was easy during the implementation?

	12
	Did the implementation of I4.0 require a modification of your infrastructure? Equipment? Computer systems? Others?

	12a
	What were the changes?

	After I4.0 Adoption

	13
	How do you use all data that are now available through the I4.0 system?

	13a
	How does it affect your decision making in everyday life?

	13b
	What uses do you make of the data that are now available?

	13c
	Are you satisfied with your use of the available data? Why?

	14
	In your opinion, what are the benefits due to the implementation of the I4.0 system for your company?

	14a
	What are the economic benefits? 

	14b
	What are the environmental benefits? 

	14c
	What are the social benefits?

	15
	How did I4.0 affect your efficiency in production? (Using “Performance table”)

	16
	On the other hand, have you identified limitations or disadvantages from the implementation of the I4.0 system? (E.g. compared with employees, customers, headquarters, IT security issues, etc.)

	Looking back on experience

	17
	Overall, are you satisfied with the I4.0 implementation within your company? Why?

	17a
	What can you do now that you were not able to do before, thanks to I4.0?

	17b
	Are you satisfied with the technological choices? Why?

	18
	Has I4.0 implementation created new business opportunities for your company? (Improved product, new markets and products, etc.)

	18a
	If yes, could you describe them?

	19
	Looking back, do you think that your company was ready to implement an I4.0 system when you did so? Why?

	19a
	What would you have done differently?

	20
	Would you recommend other companies implement an I4.0 system? Why?

	20a
	(If yes) What would be your advice to them to succeed in the implementation in their manufacturing?

	21
	Do you have any suggestions to the government to be able to help companies like yours during the implementation of an I4.0 system?

	22
	Do you have anything to add, a question or a comment that you believe to be important that has not been addressed in the interview?


