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Abstract 

Under the concept of "Industry 4.0", production processes will be pushed to be increasingly interconnected, 
information based on a real time basis and, necessarily, much more efficient. In this context, capacity optimization 
goes beyond the traditional aim of capacity maximization, contributing also for organization’s profitability and value. 
Indeed, lean management and continuous improvement approaches suggest capacity optimization instead of 
maximization. The study of capacity optimization and costing models is an important research topic that deserves 
contributions from both the practical and theoretical perspectives. This paper presents and discusses a mathematical 
model for capacity management based on different costing models (ABC and TDABC). A generic model has been 
developed and it was used to analyze idle capacity and to design strategies towards the maximization of organization’s 
value. The trade-off capacity maximization vs operational efficiency is highlighted and it is shown that capacity 
optimization might hide operational inefficiency.  
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the Manufacturing Engineering Society International Conference 
2017. 
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1. Introduction 

The cost of idle capacity is a fundamental information for companies and their management of extreme importance 
in modern production systems. In general, it is defined as unused capacity or production potential and can be measured 
in several ways: tons of production, available hours of manufacturing, etc. The management of the idle capacity 
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2.2. Survey structure and data analysis 

Having reduced the anchoring problem in the first phase, a survey questionnaire is developed for the second 
technical factor refinement. A questionnaire test is carried out to ensure the data collection is applicable in a real- 
world scenario. The test is conducted according three key groups: (i) users from industry that use various DM tools; 

(ii) consultants who assist on DM implementation processes, and (iii) researches exploring DM use. The survey 
is then applied to professionals working with digital manufacturing. The survey is more comprehensive than the test, 
since it incorporates a greater variety of respondents, such as users, managers, implementers and researchers on 
digital manufacturing and Industry 4.0 from several countries, enterprises, and research institutes. This has the 
benefit of supporting the capture of the broader organizational changes related to technological change. 

The questionnaire contained 31 questions and is divided into five blocks: (1) sample characterization; (2) 
questions related to technical aspects; (3) questions related to organizational aspects; (4) question related to project 
management; (5) questions related to external aspects. Likert scales are to measure opinions, perceptions, and 
behaviors. Only questionnaires that contained answers to all questions are considered for analysis. 

The collected data is initially tested for index stability using Cronbach Alpha. This coefficient does not simply 
measure test homogeneity, as could be used to test reliability. A longer test increases its reliability regardless of 
whether the test is homogenous or not. It is recommended to have an alpha score between 0.70 and 0.90 [11–13]. 

The reliability test for the data collected resulted in a Cronbach's alpha of 0.850. The same test is applied to the 
four constructs: technical, organizational, project management and extern. The alpha values for the constructs are 
0.862, 0.785, 0.692 and 0.750, respectively. These results show that the data as adequate to assess the DM 
implementation factors. A total of 113 complete questionnaires are received. Table 1 presents the sample 
composition of respondents based on their main professional activities. 
 

Table 1 - Main professional activity of respondents 
 

Professional Activities Frequency Percent 
Industry 23 20,3% 
Consulting 11 9,8% 
University or R&D centre 78 69,0% 
Other 1 0,9% 
Total 113 100% 

 

The cut-off points are based on the global average of concordance. Factors that present average above the 
superior cut-off point or below the inferior cut-off point are analyzed. Factors within the cut-off points limits are 
kept as critical factors. 

3. Results and analysis 

The results cover multiple refinements of a list of factors, and have they starting point at the literature review. 

3.1. Literature review 

In a previous study, Shinohara et al. [14] conducted a SLR based on papers and technical reports to identify 
factors that are critical to DM application. The review is also concerned to connect the factors to Industry 4.0, since 
projects in this new paradigm are not only related to technical issues, but also require organizational changes. It is 
presented a list of factors based on the ‘Risk Breakdown Structure’ proposed by PMI, as shown in Table 2. 

The first category refers to ‘Technical Factors’, that is closely related to infrastructure, such as software, 
hardware, and system configurations, but is poor for Industry 4.0. However, the literature on Industry 4.0 point out 
new features for improved use of D, such as traceability, cybersecurity, connectivity and the ability to obtain and 
treat big data. The second category refers to ‘Organizational Factors’ that cover the economic viability, development 
of capabilities, and characteristics of organizational culture, such as an innovation-driven environment, rapid 
responses to new developments, and top management support and commitment for long-term returns. 
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2.2. Survey structure and data analysis 

Having reduced the anchoring problem in the first phase, a survey questionnaire is developed for the second 
technical factor refinement. A questionnaire test is carried out to ensure the data collection is applicable in a real- 
world scenario. The test is conducted according three key groups: (i) users from industry that use various DM tools; 

(ii) consultants who assist on DM implementation processes, and (iii) researches exploring DM use. The survey 
is then applied to professionals working with digital manufacturing. The survey is more comprehensive than the test, 
since it incorporates a greater variety of respondents, such as users, managers, implementers and researchers on 
digital manufacturing and Industry 4.0 from several countries, enterprises, and research institutes. This has the 
benefit of supporting the capture of the broader organizational changes related to technological change. 

The questionnaire contained 31 questions and is divided into five blocks: (1) sample characterization; (2) 
questions related to technical aspects; (3) questions related to organizational aspects; (4) question related to project 
management; (5) questions related to external aspects. Likert scales are to measure opinions, perceptions, and 
behaviors. Only questionnaires that contained answers to all questions are considered for analysis. 

The collected data is initially tested for index stability using Cronbach Alpha. This coefficient does not simply 
measure test homogeneity, as could be used to test reliability. A longer test increases its reliability regardless of 
whether the test is homogenous or not. It is recommended to have an alpha score between 0.70 and 0.90 [11–13]. 

The reliability test for the data collected resulted in a Cronbach's alpha of 0.850. The same test is applied to the 
four constructs: technical, organizational, project management and extern. The alpha values for the constructs are 
0.862, 0.785, 0.692 and 0.750, respectively. These results show that the data as adequate to assess the DM 
implementation factors. A total of 113 complete questionnaires are received. Table 1 presents the sample 
composition of respondents based on their main professional activities. 
 

Table 1 - Main professional activity of respondents 
 

Professional Activities Frequency Percent 
Industry 23 20,3% 
Consulting 11 9,8% 
University or R&D centre 78 69,0% 
Other 1 0,9% 
Total 113 100% 

 

The cut-off points are based on the global average of concordance. Factors that present average above the 
superior cut-off point or below the inferior cut-off point are analyzed. Factors within the cut-off points limits are 
kept as critical factors. 

3. Results and analysis 

The results cover multiple refinements of a list of factors, and have they starting point at the literature review. 

3.1. Literature review 

In a previous study, Shinohara et al. [14] conducted a SLR based on papers and technical reports to identify 
factors that are critical to DM application. The review is also concerned to connect the factors to Industry 4.0, since 
projects in this new paradigm are not only related to technical issues, but also require organizational changes. It is 
presented a list of factors based on the ‘Risk Breakdown Structure’ proposed by PMI, as shown in Table 2. 

The first category refers to ‘Technical Factors’, that is closely related to infrastructure, such as software, 
hardware, and system configurations, but is poor for Industry 4.0. However, the literature on Industry 4.0 point out 
new features for improved use of D, such as traceability, cybersecurity, connectivity and the ability to obtain and 
treat big data. The second category refers to ‘Organizational Factors’ that cover the economic viability, development 
of capabilities, and characteristics of organizational culture, such as an innovation-driven environment, rapid 
responses to new developments, and top management support and commitment for long-term returns. 
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Table 2 Critical Success Factors for Digital Manufacturing in Industry 4. 

Categories CSF for DM implementation in the context of Industry 4.0

Technical 

TF1 Data management interoperability related to tools and systems integration 
TF2 Infrastructure, operating system speed and ease software configuration (computers, networks) 
TF3 Real-time data 
TF4 Connectivity 
TF5 Ability to transform Big Data into knowledge and decision-making 
TF6 System architecture that support data from IoT 
TF7 Advanced robotics 
TF8 Cybersecurity 
TF9 Traceability 
TF10 Logistic automation 
TF11 Technical support for DM tools  
TF12 Availability of collaborative tools 

Organizational 

OF1 User knowledge 
OF2 Training programs (project team, support team, decision-makers and users) 
OF3 Collaborative organizations with self-training teams 
OF4 Centralized management of products, processes and resources 
OF5 Dynamic design of business processes and engineering 
OF6 Innovation-driven culture 
OF7 Employee adherence, commitment and participation 

Project Management 

PMF1 Implementation strategy (communication, planning, scope, objectives, roles, responsibilities, 
change management and support) 

PMF2 Economic Viability 
PMF3 Financial Resources 
PMF4 Composition of the project team 
PMF5 Internal and external communication 
PMF6 Research and development model change 
PMF7 Support and continuous commitment of top management 

Extern EF1 Partners with knowledge and experience 
EF2 Greater customer focus 

 
The third category refers to ‘Project Management Factors’ (PMF). This category could be considered an 

extension of the previous category, since they are organizational factors directly related to the implementation 
management. It includes factors related to the development of communication skills, enabling a collaborative 
environment and dissemination of the implementation strategy, which is closely related to change management. 

The fourth and last category refers to ‘External Factors’ (EF) that cover the integration with external suppliers, 
partnerships with companies to exchange knowledge, greater focus on customer needs, and a government 
macroeconomic analysis to understand the feasibility of project implementation. 

3.2. Exploratory case 

Twelve interviews are carried out with employees from different departments that encompass: product and 
process engineering, layout development, equipment development and IT. The departments are consulted for 
capturing a complete and systemic view of the company situation in relation to DM. Open questions are used, 
allowing each interviewee to present their vision and experience on the difficulties found in DM implementation. Of 
the 31 factors identified in the literature review, 13 are also cited as critical during the exploratory case. Most of 
these are related to the organizational dimension. In addition, three new factors are added, as shown in Table 3. 

Table 3 – Added factors after pilot test 
 

Categories CSF for DM implementation in the context of Industry 4.0
Organizational OF8 Rapid responses to market technological developments 

OF9 Workload management to enable innovation activities
Extern EF3 Integration with external suppliers 

 
Two of the added factors are organizational and the other a external one. Content analysis shows that the root 

cause of many problems during DM implementation are due to a lack of appropriate environment, as well as a very 
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Table 2 Critical Success Factors for Digital Manufacturing in Industry 4. 

Categories CSF for DM implementation in the context of Industry 4.0

Technical 

TF1 Data management interoperability related to tools and systems integration 
TF2 Infrastructure, operating system speed and ease software configuration (computers, networks) 
TF3 Real-time data 
TF4 Connectivity 
TF5 Ability to transform Big Data into knowledge and decision-making 
TF6 System architecture that support data from IoT 
TF7 Advanced robotics 
TF8 Cybersecurity 
TF9 Traceability 
TF10 Logistic automation 
TF11 Technical support for DM tools  
TF12 Availability of collaborative tools 

Organizational 

OF1 User knowledge 
OF2 Training programs (project team, support team, decision-makers and users) 
OF3 Collaborative organizations with self-training teams 
OF4 Centralized management of products, processes and resources 
OF5 Dynamic design of business processes and engineering 
OF6 Innovation-driven culture 
OF7 Employee adherence, commitment and participation 

Project Management 

PMF1 Implementation strategy (communication, planning, scope, objectives, roles, responsibilities, 
change management and support) 

PMF2 Economic Viability 
PMF3 Financial Resources 
PMF4 Composition of the project team 
PMF5 Internal and external communication 
PMF6 Research and development model change 
PMF7 Support and continuous commitment of top management 

Extern EF1 Partners with knowledge and experience 
EF2 Greater customer focus 

 
The third category refers to ‘Project Management Factors’ (PMF). This category could be considered an 

extension of the previous category, since they are organizational factors directly related to the implementation 
management. It includes factors related to the development of communication skills, enabling a collaborative 
environment and dissemination of the implementation strategy, which is closely related to change management. 

The fourth and last category refers to ‘External Factors’ (EF) that cover the integration with external suppliers, 
partnerships with companies to exchange knowledge, greater focus on customer needs, and a government 
macroeconomic analysis to understand the feasibility of project implementation. 

3.2. Exploratory case 

Twelve interviews are carried out with employees from different departments that encompass: product and 
process engineering, layout development, equipment development and IT. The departments are consulted for 
capturing a complete and systemic view of the company situation in relation to DM. Open questions are used, 
allowing each interviewee to present their vision and experience on the difficulties found in DM implementation. Of 
the 31 factors identified in the literature review, 13 are also cited as critical during the exploratory case. Most of 
these are related to the organizational dimension. In addition, three new factors are added, as shown in Table 3. 

Table 3 – Added factors after pilot test 
 

Categories CSF for DM implementation in the context of Industry 4.0
Organizational OF8 Rapid responses to market technological developments 

OF9 Workload management to enable innovation activities
Extern EF3 Integration with external suppliers 

 
Two of the added factors are organizational and the other a external one. Content analysis shows that the root 

cause of many problems during DM implementation are due to a lack of appropriate environment, as well as a very 
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Finally, regarding external factors, only one out of three factors had concordance above the cut-off point. Results 
show that the only external factor that is critical is the integration with external suppliers (EF3). EF1 which refers to 
a requirement of partners with knowledge and experience in DM, had 30% of neutral responses. This rate is even 
higher among the group of consultants, which over 50% respondents providing a neutral response. These numbers 
are worth mentioning because there they show that rather than a disagreement, there is an apparent neutrality. This 
let infer that such partnerships are not essential for the success of the implementation and use of DM, despite in 
some cases create value added. The factor EF2 shows similar results, referring to the need for greater customer 
focus, which presented 36% neutral answers. This factor also had low rates of discordance. 

In summary, of the 31 factors initially identified, 24 of them are considered by survey respondents as critical to 
the success of the implementation and use of DM in Industry 4.0. 

4. Discussion 

Having explored critical factors for DM implementation and use in the analysis, a holistic view of the results is 
presented below. Several aggregated conclusions are drawn: 

a. Several technologies provide competitive advantages but are not critical for a successful 
implementation and use of Digital Manufacturing: Technologies associated to Industry 4.0 do have the 
potential to substantially change the manufacturing processes. They could increase the value added of 
projects when used in conjunction with digital manufacturing. However, some of them are not intrinsically 
critical for an implementation nor for its later use. They also need a specific context for their value to be 
captured. But, note, the fact that certain technologies are not essential for DM implementation does not 
invalidate the argument that they could bring competitive advantages. In addition, their adoption has allowed 
some factors not to be more critical, such as the centralization of product, process and resource information, 
where decentralization of this management along the supply chain is already a positive factor. 

b. The more substantial the knowledge of DM, the greater the value obtained by the joint use with 
Industry 4.0 technologies: The results indicate that the higher the users knowledge, the greater the 
concordance that such technologies improve the results obtained from the joint use with DM. This 
relationship is not surprising but corroborates the alignment perspective among the new characteristics of 
digital manufacturing and Industry 4.0. Although DM has existed for more than 30 years, its current 
characteristics are recent and closely related to the pillars of Industry 4.0: connectivity, integration, 
decentralization and virtualization. 

c. Trade-offs are found among the factors: even among factors validated as critical for the 
implementation and use. Since the integration with external suppliers (EF4) depends on the systems 
interoperability (TF1), if the systems are the same, the exchange of information and the use of collaborative 
tools (TF12) is allowed otherwise there could be limitations. In practice, DM systems that meet the demand 
of required features by large enterprises and enable internal integration, in terms of cost (OF4) are 
prohibitive for SMEs. This shows a trade-off related to internal and external integration, based on the 
economic perspective of the supply chain. Another example is related to rapid responses to market 
technological developments (OF8) and cybersecurity (TF8), since the guarantee of cybersecurity for new 
technologies implementation is not something rapid or easy to reach mainly in complex environments. 

d. Practitioners have more clearer opinions than researchers regarding the adoption of digital 
manufacturing. The results suggest that there is a considerable difference between the answers of researchers 
(universities and research centers) to those from practitioners (industrial environment and consulting). In 76% 
of the cases, the practitioners have lower rates of 'neither' answers when compared to the researchers. This 
difference is even greater when considering technical and project management factors, reaching 89%. In 
relation to PM factors, it is noticeable that the practitioners present a greater rate of concordance about the 
criticality of the implementation team composition and on knowledge management. Regarding technical 
aspects that involve knowledge about the day-to-day of the application, such as infrastructure, connectivity and 
technical support, significant differences are also perceived. However, for the organizational and external 
factors those differences are within the limit of statistical tolerance to not be considered significant. 
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5. Conclusions 

In this paper, critical factors for DM implementation process are discussed. The results presented here could 
assist managers to more carefully and accurately design DM implementation projects. The exploratory case 
conducted in an automotive multinational company and the survey conducted with 113 professionals allow to 
compile a list of 24 factors that are considered critical and should be carefully analyzed before DM adoption. 

Having summarized the findings in the discussion above, three main conclusions can be drawn from the results: 
a) since organizational culture has great influence in the implementation of this type of projects, detailed 

implementation recipes tend not to work. This study explored factors that should be extensively discussed among 
stakeholders involved in the implementation process of digital manufacturing. However, the way each factor should 
be treated must be contingent to its operations environment; b) what perhaps makes this type of project different 
from other implementation projects is the culture change that needs to occurs behind it. It is not just about 
technology change, but also about radical changes throughout the product life cycle, directly interfering with how 
and when each activity could and should be done; c) change does not occur periodically, it could be continuous or 
event driven. Organizational capabilities need to be managed, as the employees’ capabilities. 

The paper, while contributing to a better understanding of DM in this new industrial revolution, has a number of 
limitations. The first is that the number of respondents per professional activity are not equal, presenting a higher 
number of researchers than manager and implementation consultants. The second limitation concerns the lack of 
weights for criteria. This is done intentionally to better illustrate relevant factors, since explicitly weights could lead 
to a discard of lower scored factors and depending on the company specific situation the weightings may vary. The 
third limitation is that what stage of the implementation process each factor should be considered is not presented. 

In this sense, next efforts will focus on the development of an implementation framework. The goal is to develop 
a process to assist managers to an effective DM adoption focusing to develop a theoretical model to better 
understand what the critical factors are in each phase, and to conduct case studies to refine the implementation 
framework. 
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Finally, regarding external factors, only one out of three factors had concordance above the cut-off point. Results 
show that the only external factor that is critical is the integration with external suppliers (EF3). EF1 which refers to 
a requirement of partners with knowledge and experience in DM, had 30% of neutral responses. This rate is even 
higher among the group of consultants, which over 50% respondents providing a neutral response. These numbers 
are worth mentioning because there they show that rather than a disagreement, there is an apparent neutrality. This 
let infer that such partnerships are not essential for the success of the implementation and use of DM, despite in 
some cases create value added. The factor EF2 shows similar results, referring to the need for greater customer 
focus, which presented 36% neutral answers. This factor also had low rates of discordance. 

In summary, of the 31 factors initially identified, 24 of them are considered by survey respondents as critical to 
the success of the implementation and use of DM in Industry 4.0. 

4. Discussion 

Having explored critical factors for DM implementation and use in the analysis, a holistic view of the results is 
presented below. Several aggregated conclusions are drawn: 

a. Several technologies provide competitive advantages but are not critical for a successful 
implementation and use of Digital Manufacturing: Technologies associated to Industry 4.0 do have the 
potential to substantially change the manufacturing processes. They could increase the value added of 
projects when used in conjunction with digital manufacturing. However, some of them are not intrinsically 
critical for an implementation nor for its later use. They also need a specific context for their value to be 
captured. But, note, the fact that certain technologies are not essential for DM implementation does not 
invalidate the argument that they could bring competitive advantages. In addition, their adoption has allowed 
some factors not to be more critical, such as the centralization of product, process and resource information, 
where decentralization of this management along the supply chain is already a positive factor. 

b. The more substantial the knowledge of DM, the greater the value obtained by the joint use with 
Industry 4.0 technologies: The results indicate that the higher the users knowledge, the greater the 
concordance that such technologies improve the results obtained from the joint use with DM. This 
relationship is not surprising but corroborates the alignment perspective among the new characteristics of 
digital manufacturing and Industry 4.0. Although DM has existed for more than 30 years, its current 
characteristics are recent and closely related to the pillars of Industry 4.0: connectivity, integration, 
decentralization and virtualization. 

c. Trade-offs are found among the factors: even among factors validated as critical for the 
implementation and use. Since the integration with external suppliers (EF4) depends on the systems 
interoperability (TF1), if the systems are the same, the exchange of information and the use of collaborative 
tools (TF12) is allowed otherwise there could be limitations. In practice, DM systems that meet the demand 
of required features by large enterprises and enable internal integration, in terms of cost (OF4) are 
prohibitive for SMEs. This shows a trade-off related to internal and external integration, based on the 
economic perspective of the supply chain. Another example is related to rapid responses to market 
technological developments (OF8) and cybersecurity (TF8), since the guarantee of cybersecurity for new 
technologies implementation is not something rapid or easy to reach mainly in complex environments. 

d. Practitioners have more clearer opinions than researchers regarding the adoption of digital 
manufacturing. The results suggest that there is a considerable difference between the answers of researchers 
(universities and research centers) to those from practitioners (industrial environment and consulting). In 76% 
of the cases, the practitioners have lower rates of 'neither' answers when compared to the researchers. This 
difference is even greater when considering technical and project management factors, reaching 89%. In 
relation to PM factors, it is noticeable that the practitioners present a greater rate of concordance about the 
criticality of the implementation team composition and on knowledge management. Regarding technical 
aspects that involve knowledge about the day-to-day of the application, such as infrastructure, connectivity and 
technical support, significant differences are also perceived. However, for the organizational and external 
factors those differences are within the limit of statistical tolerance to not be considered significant. 
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5. Conclusions 

In this paper, critical factors for DM implementation process are discussed. The results presented here could 
assist managers to more carefully and accurately design DM implementation projects. The exploratory case 
conducted in an automotive multinational company and the survey conducted with 113 professionals allow to 
compile a list of 24 factors that are considered critical and should be carefully analyzed before DM adoption. 

Having summarized the findings in the discussion above, three main conclusions can be drawn from the results: 
a) since organizational culture has great influence in the implementation of this type of projects, detailed 

implementation recipes tend not to work. This study explored factors that should be extensively discussed among 
stakeholders involved in the implementation process of digital manufacturing. However, the way each factor should 
be treated must be contingent to its operations environment; b) what perhaps makes this type of project different 
from other implementation projects is the culture change that needs to occurs behind it. It is not just about 
technology change, but also about radical changes throughout the product life cycle, directly interfering with how 
and when each activity could and should be done; c) change does not occur periodically, it could be continuous or 
event driven. Organizational capabilities need to be managed, as the employees’ capabilities. 

The paper, while contributing to a better understanding of DM in this new industrial revolution, has a number of 
limitations. The first is that the number of respondents per professional activity are not equal, presenting a higher 
number of researchers than manager and implementation consultants. The second limitation concerns the lack of 
weights for criteria. This is done intentionally to better illustrate relevant factors, since explicitly weights could lead 
to a discard of lower scored factors and depending on the company specific situation the weightings may vary. The 
third limitation is that what stage of the implementation process each factor should be considered is not presented. 

In this sense, next efforts will focus on the development of an implementation framework. The goal is to develop 
a process to assist managers to an effective DM adoption focusing to develop a theoretical model to better 
understand what the critical factors are in each phase, and to conduct case studies to refine the implementation 
framework. 
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