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1  INTRODUCTION  

1.1 Background 

In the current internationalization and globalization of business, the market 

demands are volatile due to unpredictable customers’ demands, diversified 

product range, shorter lead times and shorter lifecycles of products and services 

(Francisco, Azevedo & Almeida 2012). To accommodate this dynamic business 

environment and faced with considerable challenges in these turbulent economic 

times, organizations need to make continuous changes in all aspects.  

Additionally, information and communication technology (ICT) is playing an 

increasing role in improving efficiency, effectiveness, and productivity in 

manufacturing industry. New business demands are forcing the development of 

dedicated ICT solutions. By reviewing the evolution of manufacturing industry, 

changes can be observed from traditional manufacturing, such as the assembly 

line (the 1900s), Toyota production systems (the 1960s) and flexible 

manufacturing (the 1980s), to intelligent manufacturing, such as reconfigurable 

manufacturing (the 1990s), web-based and agent-based manufacturing (the 

2000s), to today’s smart manufacturing (the 2010s) (Wu et al. 2014). Business 

models have changed through all the epochs of manufacturing according to the 

ICT evolution. ICT offers new possibilities in the reconstruction of traditional 

industrial paradigms towards a new level of intelligence in manufacturing 

enterprises.  

Meanwhile, ICT signifies new challenges concerning the scope of business. The 

main requirements of modern manufacturing models are not only focusing on 

TQCSEFK (i.e. fastest Time-to-market, highest Quality, lowest Cost, best Service, 

cleanest Environment, greatest Flexibility, and high Knowledge) value-added 

networks (Tao et al. 2011a), but also are more and more oriented towards 

digitalization and servitization (Lu, Xu & Xu 2014). Therefore, with the 

combining effect of both business and technology, and the connecting efforts of 

both the internal and external organization, some manufacturing paradigms have 

been raised to elevate the manufacturer’s capability to face all these changes in 

the business environment. 

Although different paradigms emphasize different aspects, they aim to improve 

the manufacturing business model from two aspects, namely level of information 

sharing and integration and level of ICT involvement (Hao & Helo 2015). The 
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shared information can be bill of materials, structure, specification, product plan, 

and so on (Qanbari et al. 2014). Information integration means agreeing on the 

information sharing format and framework (Romero et al. 2009). Moreover, the 

level of ICT involvement indicates to what extent ICT is used within the 

enterprise to support its business activities. In the action to solve complex 

manufacturing problems and organize distributed manufacturing among 

different enterprises on a larger scale, the collaboration formations are more 

decentralized and dynamic rather than static hierarchical structures 

(Kankaanpää et al. 2010). 

Inspired by previous research, the manufacturing paradigms are described in this 

paper by the level of geographical distribution of all stakeholders and level of ICT 

involvement in their business, as plotted in Figure 1. The relative position of each 

paradigm also implies its positioning among them. The paradigms are lean 

production (Shah & Ward 2003), agile manufacturing (Yusuf et al. 1999), global 

manufacturing (Ulieru et al. 2000), virtual manufacturing (Shi & Gregory 2005; 

Lomas & Matthews 2007), digital manufacturing (Mahesh et al. 2007; 

Chryssolouris et al. 2009), computer integrated manufacturing (Kwak & Yih 

2004; Kahraman et al. 2004), holonic manufacturing (Van Brussel et al. 1999; 

Leitão & Restivo 2006; Giret & Botti 2009), networked manufacturing (Mitsuishi 

& Nagao 1999), and grid manufacturing (Tao, Hu & Zhang 2010). (More detailed 

discussion regarding these manufacturing paradigms can be found in Section 

2.5.2) 
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Figure 1. The evolution path of manufacturing paradigms (Adapted from Hao 

& Helo 2015) 

Nonetheless, the existing concepts cannot meet the demands of higher quality 

production and a more flexible collaborative network. Although current 

manufacturing concepts attempt to achieve the business collaboration at the 

enterprise level, the obstacles to achieving actual manufacturing process 

integration remain in the collaboration network.  

In order to establish a collaboration network that incorporates machinery, shop 

floor systems and various production facilities, and also to fundamentally 

improve the manufacturing processes, cyber-physical systems (CPS) were 

proposed to embody decentralized and autonomous elements from both 

information (from computing systems) and material (from the physical world by 

networked sensors, devices, and software) (Rajkumar et al. 2010; Sokolov & 

Ivanov 2015; Wang et al. 2015). The elements communicate through information 

sharing and are supported by many new computing and networking technologies 

(Baheti & Gill 2011; Lee 2008). Most of the new factory concepts based on the 

CPS principle share attributes of cooperative collaboration network and 

connection with ICT (Mezgár 2011; Sokolov & Ivanov 2015). This phenomenon 

can yield a power-shift from the hierarchical business model to a collaborative 

business model, which can afford higher level of agility, creativity, and 

connectivity to keep the companies’ competitiveness in today’s environment (Wu 
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et al. 2013). Consequently, based on the appearance and the maturity of CPS, it is 

time to think again about a new paradigm.  

Industrie 4.0 (a.k.a. Industry 4.0) appeared in Germany to describe the fourth 

generation of industrial evolution. It creates a ‘virtual copy’ of the physical world 

and enables enterprises to make decentralized decisions and it facilitates the 

development of the smart factory (Hermann, Pentek & Otto 2015). The Chinese 

‘Internet Plus’ Strategy proposed by the Chinese government in 2015 is an action 

plan to integrate various internet-enabled technologies, such as cloud computing, 

big data, the internet of things (IoT) and mobile technologies with traditional 

sectors, and to generate new business models, including modern manufacturing 

and innovative manufacturing business (Tang 2015). The industrial Internet is a 

similar concept proposed by General Electric (GE) to invest in the integration 

and alignment of technologies and industrial business (Agarwal & Brem 2015), 

and this terminology is mostly used in the U.S. It underlines the value of CPS in 

manufacturing process prediction, intelligent monitoring and control, and 

planning. It is very obvious that the trends of future manufacturing industry are 

transforming manufacturing businesses from physical production to new 

technology-based integrated manufacturing solutions. Several similar concepts 

have also emerged, such as integrated industry (Hilger 2014), smart 

manufacturing (Davis et al. 2012), and so on. The trends in both technologies and 

terminologies are shown in Figure 2. 

 

Figure 2. Industrial trends in recent years 

Cloud computing is one of the top ten technology trends based on Gartner’s 

prediction in 2015. It has been regarded as one of the major technical enablers 

and new business strategies for the manufacturing industry (Tien 2011; Xu 2012). 

According to the estimation of the research company IDC (International Data 

Corporation), the ‘cloud’ will improve the productivity of manufacturers over the 
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next decade (Adiseshan N.D.). By 2020, 80% of global IT (information 

technology) spending will be allocated to cloud computing and big data analytics 

(Cattaneo 2012).  

Cloud computing per se is not an invented concept but a collection of different 

existing technologies. Cloud computing is a multidisciplinary research field (Xu 

2012) that stimulates both technological-oriented and business-oriented 

evolution. Therefore, cloud computing adoption can cause a paradigm shift of 

both IT infrastructure and business infrastructure, particularly in IT efficiency 

and business agility. The cloud can produce computing results almost 

instantaneously; therefore it can achieve business agility. When considering the 

industrial sector, the benefits and advantages of cloud computing are innovation, 

mobility, and collaboration. Cloud computing is an ideal model for delivery of 

collaborative solutions. Therefore, it is being widely utilized in today’s industry 

and society.  

In the manufacturing sector, two types of cloud computing adoptions have been 

described in previous research, i.e., manufacturing with the direct adoption of 

cloud computing as a technology, in other words the manufacturing version of 

cloud computing, and secondly, industry-specific vertical cloud (James & Chung 

2015), namely cloud manufacturing (Xu 2012; Xu 2013). Figure 3 summarizes 

the scope of cloud computing adoption in the manufacturing industry. 

 

Figure 3. The scope of cloud computing adoption in the manufacturing 

industry 

First, in terms of the direct adoption of cloud computing, user companies do not 

need to purchase dedicated hardware and are able to eliminate the initial IT 

investment cost, and the end users can access configurable computing resources 

(e.g. networks, servers, storage, applications and services) based on demand, and 

pay the services based on usage (Tien 2011; Park & Jeong 2013). Besides the cost-

related benefits, other major advantages are scalability and flexibility. The 

computing resources can be rapidly provisioned and deployed in a flexible and 
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customized way. The provisions are also scalable based on the real-time demand. 

Normally, the cloud services are classified in three distinct categories based on 

their purpose: Software as a Service (SaaS), Platform as a Service (PaaS) and 

Infrastructure as a Service (IaaS). SaaS and IaaS are the favorite solutions (Hao & 

Addo-Tenkorang 2014). Moreover, SaaS, such as cloud-based ERP (Enterprise 

Resource Planning) and cloud-based B2B (Business-to-Business) solutions, are 

the favored manufacturing solutions (Adiseshan N.D.; Xu 2012). 

Second, cloud computing is adopted as a metaphor. Under this circumstance, not 

only the computing resources are provided as services, but also the entire 

manufacturing business. Cloud manufacturing is a new concept based on ‘share-

to-gain’ philosophy to represent an intelligent manufacturing model (Wu et al. 

2013). Cloud manufacturing emerges naturally as a sequence of successful cloud 

computing implementation. Its main characteristics can be highlighted as 

service-oriented, knowledge-based, high performance, and energy efficient (Li, 

Zhang & Chai 2010; Wu et al. 2013; Wang 2015). In this model, the synergies of 

the combination of state-of-the-art technologies, such as cloud computing, big 

data, and IoT, etc., provide a secure and reliable service platform at relatively low 

prices in supporting the whole manufacturing lifecycle (Li, Zhang & Chai 2010). 

Whilst cloud computing serves the computing purpose and shares computing 

resources, cloud manufacturing serves the manufacturing purpose and shares a 

wide number of manufacturing resources with users.  

Building on NIST (National Institute of Standards and Technology)’s definition 

of cloud computing, numerous scholars have proposed definitions of cloud 

manufacturing in recent years, including Li, Zhang & Chai (2010), Xu (2012), Wu 

et al. (2013b), and Wang & Xu (2013). These works give an initial overview of the 

cloud manufacturing concept. There are several groups researching in this area 

from China, Europe, the United States and New Zealand, among others. In these 

regions, manufacturing is considered as the pillar industry in their national 

economy. Typical examples of projects are key technologies in the cloud 

manufacturing platform (2009–2013) (Li, Zhang & Chai 2010), ManuCloud 

(2010–2013) (Meier et al. 2010), ADaptive Virtual ENTerprise ManufacTURing 

Environment (ADVENTURE) (2011-2014) (Hao, Shamsuzzoha & Helo 2012), 

ManuFuture (Jovane, Westkämper & Williams 2008). The emergence of relevant 

concepts in cloud manufacturing are promising to transfer the benefits and 

profits of cloud computing to the globalized, distributed, and servitization 

manufacturing.  

According to a survey of cloud-based collaboration by CurrentAnalysis, only 11% 

of manufacturers used cloud services and implemented cloud-based 
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collaboration in various formations (CurrentAnalysis 2014). At present, cloud 

manufacturing implementation is still in its initial stage. Many companies are 

still facing obstacles in terms of understanding cloud manufacturing. There has 

been a growing number of research in the managerial and technological fields of 

cloud manufacturing since it was first coined in 2010. Most of the research topics 

are conceptual and focus on key enabling technologies. Some of them aim to 

technically implement cloud computing in manufacturing concerns, such as in 

service systems, while others focus on resource sharing, service models, and so 

on (Ren & Cao 2013). In general, there are two levels of cloud manufacturing 

service systems: 

 Lower level: this is a manufacturing version of the social network (Gould 

2014) that can support business sharing (Wang & Xu 2013b). It acts likes 

a web portal and provides real-time communication and information 

exchange. The final products or mature business services are categorized 

and published in this portal by providers. Searching and matching 

algorithms are used to help the demanders allocate best fit products or 

services, and suitable products or services are locally provided to 

demanders. Alibaba, ThomasNet, and GlobalSpec are a good example of 

this level of service system. 

 Higher level: This is a B2B cloud manufacturing platform (CMP) that 

provides a full integration of back office with shop floor and offers 

collaboration in the manufacturing process across different factories. This 

CMP also includes providers and demanders. But they are not focusing on 

final products along, instead the manufacturing resources and capabilities 

are virtualized and encapsulated as services (Wang & Xu 2013b). These 

services are requested by demanders to accomplish the manufacturing 

activities. CMP offers a fundamental framework that aids in managing all 

activities that occur during the collaborative manufacturing process (Laili 

et al. 2012). 

1.2 Research Objectives 

In this research, cloud manufacturing is examined through the combined 

theoretical lenses of services science (SS), enterprise integration (EI), and 

strategic management (SM). This research provides an enhanced understanding 

of the circumstances whereby companies are willing to adopt cloud 

manufacturing for their business. Successful cloud manufacturing 

implementation means establishing full understanding about a series of 
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intermediate processes, which including interoperations and interactions among 

separate enterprises, from raw material to finished products (James & Chung 

2015). Furthermore, when the cloud manufacturing environment is increasingly 

complex, no single comprehensive solution that can be applied to all 

circumstances. Consequently, it is of importance to analyze how companies adopt 

and select cloud manufacturing solutions, and also how this new technology 

affects companies’ business strategy or business infrastructure. After all, it is not 

the technology itself which creates value but the business processes that make 

good use of the technology. 

More specifically, two primary research problems (RP) are formulated in this 

dissertation: 

 RP1: What are the implications of the cloud in manufacturing 

industry?  

 RP2: How do manufacturers leverage the cloud to shape and 

support their business strategies? 

These RPs highlight that this dissertation is focused exclusively on cloud 

manufacturing and its related issues. They are mainly answered by a conceptual 

framework of cloud manufacturing, and also a cloud manufacturing adoption 

strategic model, respectively. 

According to the increasing amount of research in this competitive area, new 

efforts are being continuously made by researchers and practitioners. Although 

many concepts, models, and methods have been developed for some years, most 

of them are partial approaches, focusing only on some aspects. There has thus far 

been no report on an integrated cloud manufacturing environment. Therefore, it 

is very necessary to step forward and elevate the research to a new level. With 

this study, there is an attempt to meet this need and extend the current cloud 

manufacturing literature using an alternative research method. Four specific 

research objectives are constructed to serve as basis for guiding this study:  

 To gain a comprehensive understanding of cloud manufacturing. 

 To study the effect of cloud computing on the manufacturing industry 

from both the business and the technical perspectives.  

 To investigate possible implementations of cloud manufacturing. 

 To provide a conceptual approach for manufacturers to think critically 

about adopting their business in a cloud manufacturing environment. 
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With these purposeful objectives, this dissertation should not only be of academic 

interest but also have important managerial implications. 

1.3 Research Motivation 

It is crucial to define the motivations of research. There are several main reasons 

for undertaking this research: 

 The research is very timely: Since cloud manufacturing is still in its initial 

stage of evolution, it will be gradually unfold and fully revealed. Because 

of the novelty of cloud manufacturing, it ensures that this research has 

built a leadership position and will not be outdated within at least five 

years. Especially for Europe, which is standing at a crossroads in moving 

to a new business pattern of industrialization, it is very critical to carry 

out research in this area. 

 The research is very necessary: Wu et al. (2013b), Li, Zhang & Chai 

(2010), Tao et al. (2011b) and Huang et al. (2012) emphasize the 

challenges associated with cloud manufacturing implementation; for 

instance, lack of standards for describing cloud services, lack of 

technologies to support run-time scheduling, optimization and 

collaboration, and also safety and security problems. These references 

imply that it is essential to conduct more research and develop concerted 

solutions in this field.  

 This research contributes theoretically: Liu et al. (2011) and Lu, Xu & Xu 

(2014) indicate the importance of thinking diversified cloud 

manufacturing deployment models for different-sized manufacturing 

enterprises. For instance, large-sized enterprises may choose an internal 

cloud while the small and medium sized enterprises (SMEs) may choose 

the external cloud, and dynamic expanding enterprises can choose 

federated cloud. Xu (2013) and Wu et al. (2013b) also point out that one 

critical issue that needs to be addressed is identifying effective operation 

modes (i.e., private, public, hybrid, and community cloud) and 

strategically leveraging all the cloud deployment models. However, only 

considering the cloud deployment is not enough. Cloud manufacturing is 

facing calls for closer collaboration between discrete manufacturers. 

Cloud manufacturing is not only about cloud deployment, but also other 

options. Camarinha-Matos et al. (2008) emphasize the importance of 

high level integration in flexible collaboration strategy. It is critical to 

achieve common goals, mutual trust, and the ability to manage inter-



10     Acta Wasaensia 

organizational processes. Therefore, it is important to expand the current 

research scope and move to a new research direction.  

 This research contributes practically: Furthermore, as a result of the 

increasingly rapid changes in both technology and business, 

manufacturers are seeking an approach to tackling the issues and 

challenges in planning and deploying a cloud manufacturing environment 

in concert with their specific business strategies and business priorities. 

Similar in a cloud manufacturing environment, despite all the hype 

surrounding cloud manufacturing, it is not a simple task to adapt the 

cloud approach to a traditional manufacturing business paradigm. 

Companies are facing some obstacles to adopting a cloud approach, i.e., 

they are in different stages of cloud solution acceptance and they have 

different technological structures in adopting cloud infrastructure. 

Therefore, it is important to avoid a one-fits-all solution and thereby 

compromise the business benefits. More specifically, different companies 

have different business conditions and thus require different cloud 

solutions (Lu, Xu & Xu 2014). Therefore, it is imperative to ensure 

alignment in terms of the strategic objectives of cloud manufacturing. It is 

important to design a strategical alignment model for discrete 

manufacturers to accelerate the cloud computing adoption, and achieve 

intelligent management and efficient collaboration across the value chain.  

 This research will stimulate further studies: Even though comprehensive 

research is conducted, the research findings are still at the beginning 

stage. Therefore, further research related to both theory and practice in 

cloud manufacturing will be recommended. 

1.4 Research Method 

In order to answer the two research problems pre-defined in Section 1.2, four 

case companies were included to explain the concept of cloud manufacturing and 

to illustrate the entire cloud manufacturing process. Interviews and workshops 

with various industrial managers and workers were organized to obtain specific 

primary data and to initiate dialogues between the researcher and managers. A 

set of meetings was carried out to elicit the system implementation requirements. 

More detailed, closely-knit case specifications were described in seven individual 

papers published in different international journals.  

The overview objectives of the first publication were to define the scope of cloud 

manufacturing and to demonstrate the cloud manufacturing implementation to a 
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large size company. The second publication explored the collaboration 

relationship between SMEs, and designed a cloud-based manufacturing 

information system platform to support all the cloud manufacturing activities. 

The third publication, in conjunction with the fourth publication, jointly 

discussed the impact of big data in the manufacturing industry, and also 

provided a solution to implement cloud-based data storage. The fifth, sixth and 

seventh publications presented the designs and applications of the Cloud 

Manufacturing Platform (CMP) in different contexts to support different 

manufacturing services.  

Additionally, this research also evaluates the alignment between cloud strategy 

and manufacturing strategy for realizing the benefits of cloud manufacturing. 

The cloud manufacturing strategic model (CMSM) is designed to help 

organizations extend their processes and IT architecture from cloud of record to 

cloud of engagement, from lean and efficient to agile and effective. Equally 

important, CMP is designed to support the mix of structured and unstructured 

manufacturing processes. CMP becomes critical factor in today’s diversified 

business environment. Moreover, the CMP implementation map is a framework 

to enhance cloud manufacturing performance backed by technology components 

that can be road mapped into any enterprise environment. Jointly, the CMP, 

CMP implementation map, and CMSM provide guidance for aligning technology 

capabilities or ‘pillars’ with business priorities.  

The contributions of this dissertation are twofold. First from the scientific aspect, 

the findings and relevant theories created in this dissertation can fill a research 

gap in the area of adopting cloud services in enterprises to improve their 

business, and provide a new solution for enterprise integration. It also extends 

the scope of service science by intensively elaborating the concept of 

manufacturing as a service. Moreover, the research on cloud manufacturing and 

the knowledge explored in this dissertation can be easily transferred to other 

kinds of enterprise systems in other industries. The knowledge is convertible, 

meaningful, and referential. Secondly, from the practical aspect, it will provide 

support to organizations, not only large size companies, but also SMEs, which are 

attempting to expand their business and collaborate with other SMEs. In terms of 

cloud service providers, they can obtain more knowledge about cloud 

manufacturing as a whole picture and network. They can provide better services 

to the cloud service consumers over the cloud manufacturing platform.  

This dissertation can be beneficial to researchers, who are attempting to tackle 

the primary issues of cloud manufacturing and need information and insight in a 

useable way. It is also suitable for people who have difficulty in moving into CMP, 
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so that guidance such as CMP implementation map, is needed. These are the key 

drivers that will be addressed through CMSM. 

1.5 Structure of the Study 

This study presents essential literature related to cloud manufacturing and 

different approaches to adapting to a cloud manufacturing environment. It also 

introduces the main issues related to how to align business strategy with 

manufacturing strategy in cloud manufacturing from the organizational 

viewpoint:  

 Chapter 1 presents the research background and research motivation 

 Chapter 2 identifies the theoretical foundation and a systematic literature 

review related to cloud manufacturing, existing definitions, as well as 

research and development activities in both academia and industry.  

 Chapter 3 explains the main methodology applied in this research. An 

appropriate research model is designed based on the research paradigms.  

 Chapter 4 explores the author’s contribution by presenting the findings of 

the included seven individual publications. Qualitative case studies are 

developed to the main research problems. This chapter builds a further 

framework for the research by presenting a comprehensive conclusion 

developed from RP1.  

 Chapter 5 explores the issues of research and also extends the current 

state of cloud manufacturing strategies by addressing RP2. A strategic 

alignment model is designed to help enterprises moving towards cloud 

manufacturing. 

 Chapter 6 outlines the research conclusions and discusses the benefits of 

the proposed strategic alignment model for managers. 
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Figure 4. Outline of the dissertation 
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2 LITERATURE REVIEW 

This chapter aims to present the relevant literature in this research context and 

to build the theoretical foundation for this research.  

2.1 Conceptual Framework  

The major two aims of this study are to design an integrated solution for the 

cloud manufacturing environment and to propose an approach for 

manufacturers to think strategically and make the move to cloud manufacturing. 

Although much significant and insightful research has been found in recent 

years, theoretical challenges and issues remain in current research. Scientific 

foundations for supporting the modeling, analysis, and design of cloud 

manufacturing have not yet been fully developed. This section mainly focuses on 

discussing the theories and determining the scope of this research.  

Theories give the research credibility and serve as a foundation to understand the 

development of knowledge. As White (2009) indicated, a theory is a contested 

term, and while many people write about it, they do not always refer to exactly 

the same thing. According to Bryman (2008), the research foundation can be 

depicted by means of ontology. Evolution in the manufacturing domain is an 

integration of enterprise business and information systems at both strategic and 

operational levels beyond the scope of operations research. Particularly in the 

context of cloud manufacturing, cloud computing, as a multidisciplinary research 

term, intensifies current business structures and improves enterprise 

information systems (He & Xu 2015).  

After a thorough study of different theories in the literature, this research is 

conducted based on three main theories: Service Science (SS), Enterprise 

Integration (EI), and Strategic Management (SM). SS is an interdisciplinary 

approach and it is a combination of engineering and management science. EI 

represents the technology aspect, while SM represents the manufacturing 

strategy and management aspect. These theories jointly define the breadth and 

depth of this study, and they provide an ultimate direction for cloud 

manufacturing-related research:  

 Service Science: services are value-added intangible business activities 

to support business process (Cardoso, Voigt & Winkler 2009). 

Manufacturing industry has already undertaken a major transition to 
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services in both the sales and business structure (Hidaka 2006). The 

objectives in SS are to analyze services, manage services, raise the 

productivity of services, and explore a framework for service innovation 

(Hidaka 2006). It is not only about customers’ high-level requirements, 

but also about better value creation through a shift from providing 

products to providing services (Baines et al. 2009). As suggested by Bell 

(1973), knowledge-based services would elevate manufacturing to a new 

level and act as a growth engine for the manufacturing economy (Bell 

1973). SS is the key theory in this thesis. It implies the development trend 

of cloud manufacturing from only selling final products to providing 

manufacturing resource and capabilities as services. 

 Enterprise integration: EI has emerged as an extended research 

domain since computer integrated manufacturing (CIM) was developed in 

the 1990s. There are two sub-themes in EI research: ‘enterprise modelling 

and information technology’ (Panetto & Molina 2008). EI defines the 

approach to model the activity flow that enable organizations to integrate 

and coordinate their business processes and information systems (Li et al. 

2012). Over a decade, more and more enterprises have carried out 

enterprise modeling. In this research, the main focus is to define 

collaboration models among different companies, and EI is an important 

base for establishing understanding of collaboration activities.   

 Strategic management: SM is about decision making and linkage 

between business strategy and operation strategy (Hayes & Wheelwright 

1984). In the manufacturing industry, the strategy acts in supporting the 

consistency between business and the manufacturing processes, for 

competitive advantages (Blackstone & Cox 2005; Dangayach & 

Deshmukh 2001). SM in this research serves as a coordinated approach to 

facing the challenges in moving towards cloud manufacturing ecosystems.  

With the development of technology, it is becoming more and more complicated 

to design enterprise information systems (EIS) in manufacturing environment, 

and they have lower interoperability (Li et al. 2012), the EI should be considered 

at three different levels: from the function, to the system, and to the organization. 

In the meanwhile, more and more manufacturers shift their business towards a 

service-oriented, and customer-driven paradigm (Lartigau et al. 2015). The entire 

concept of cloud manufacturing is to provide an EIS to integrate and share 

different services among manufacturers. In recent years, emerging technologies 

such as cloud computing, Web 2.0, WSN (Wireless Sensor Network), RFID 

(Radio Frequency IDentification), or other cutting-edge technologies make it 
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possible to develop a suitable integrated EIS. It is thus believed that SS can offer 

insights into effective cloud manufacturing service platform design, accelerating 

the business model changes through exploration of the cloud manufacturing 

concept. In the early stage, services in manufacturing refer to different value-

added activities, such as maintenance and assistance (Hidaka 2006). However, in 

the cloud manufacturing context, the scope of services is extended: it not only 

increases customer values, but also increases companies’ values, partners’ values, 

and in other words, this new business ecosystem with new manufacturing 

business and technical strategy is beneficial to all the parties related. Many 

earlier studies have often investigated cloud manufacturing from many 

theoretical aspects. But most of the research adopt single theory lens. In this 

study, different theoretical perspectives will be combined and used as an 

integrated theoretical lenses to investigate cloud manufacturing and to generate a 

holistic view of cloud manufacturing. By doing so, it will contribute to improving 

the effectiveness of cloud manufacturing and to enhance the process of moving to 

cloud manufacturing. Figure 5 presents an overview of the conceptual framework 

of this study. 

 

Figure 5. Conceptual framework of the dissertation 

As mentioned, the theories provide the holistic theoretical structure of research 

model. Therefore, the logic of this research is to find out the challenges and 

requirements in the manufacturing industry, and then exam them through the 

theoretical lens. The output of this study should be the manufacturing business 

and the technical strategy. To fulfill this requirement, the next step is to find out 

the manufacturing trends and challenges.  

2.2 Manufacturing Industry Trends and Challenges 

In recent years, internet technology, IT, and other relevant technologies have 

been fast developed and widely applied. Future scenarios of the manufacturing 
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industry place ICTs at the core of its development. Innovation in the 

manufacturing industry needs to speed up to respond to the development of ICTs 

in order to heighten product quality and reduce problems and other obstacles.   

In today’s globalization manufacturing business, many companies have changed 

their business model from highly centralized vertical operations to horizontally 

integrated operations. The companies did not produce everything locally but 

needed to work in tandem globally with other companies such as suppliers, 

partners, and customers (Gould 2014). But current manufacturing solutions have 

not made the transition to support distributed operations. There are three main 

prevailing tendencies in manufacturing industry: more and more partners are 

involved, more and more dynamic and complicated customer requirements are 

appearing, and business processes are becoming more and more distributed 

(globalization) (Ford et al. 2012). Four prevailing tendencies are identified in 

previous research (4A) (Liu & Jiang 2012), and all these trends drive the 

requirements and development directions for the next generation of distributed 

manufacturing environment: 

 Active: Means to achieve concurrency in all operations to rapidly respond 

to the changing market, reduce products’ time-to-market, and to shorten 

the product’s lifecycle (Romero et al. 2009; Shamsuzzoha, Helo & Kekale 

2008) 

 Agile: Refers to the ability to be more adaptive to different business 

scenarios. Besides effectively responding to changing needs, it also 

important to be flexible at the business level and to be reconfigurable at 

the system level (Romero et al. 2009). It is critical to minimize spare time 

and to maximize the usability of resources/capabilities, and consider 

human factors to increase end-user workforce productivity. 

 Aggregative: Means integrating all the partners from disparate locations, 

and supporting a closer relationship with each other. The integration 

mainly refers to the data integration to improve internal communication 

within a company and external communication across different 

companies (Chituc & Restivo 2009). Aggregation and communication are 

achieved by run-time information flows, instantaneously transforming 

data gathered from diverse sources into insightful knowledge for 

supporting effective decision-making. 

 All-aspects: Means covering all the aspects of the manufacturing industry 

to enhance the overall business process efficiency, to target 

manufacturing processes and related activities not only within a 
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particular company but also in a network of companies in the whole 

supply chain (Chituc & Restivo 2009). 

However, the current manufacturing environment involves several issues, and 

some of them have a direct impact on the manufacturing paradigm. Due to issues 

of lack of open and flexible architecture, lack of effective operational mechanisms 

and efficient tools, lack of strong management mechanisms, and also lack of 

reliable safety solutions (He & Xu 2015), new substantial challenges are set for 

the manufacturing industry, namely the 4S’s: 

 Standardization: Many different machines, systems, information and 

people are distributed through the whole manufacturing process, so that a 

standard is required to integrate decentralized resources and control 

centrally. The purposes of standard are to define product structure, to 

establish central management across manufacturers, and to integrate 

distributed production (Qanbari et al. 2014). More specifically, a standard 

of data exchange between organizations is required (Helo & Szekely 

2005). Standardization is the foundation of solving another three 

challenges. 

 Sharing: Data sharing among different companies is very critical (Helo & 

Szekely 2005). In order to create collaborative manufacturing 

environment, distributed information should be able to be interpreted 

and acquired by different companies. However, information sharing is 

very difficult to achieve for many reasons: not only the huge amount of 

data, confidentiality of information, and the complexity of knowledge, but 

also the geographical distribution of existing partners’ information 

systems (Valilai & Houshmand 2013). Lack of efficient integration tools 

and the complexity of manufacturing collaboration processes hinder 

information sharing (Valilai & Houshmand 2013).  

 Security: Security is always a major concern of users. All data must 

undergo integrity and quality checks to ensure security (Veas et al. 2013). 

Cloud infrastructure can provide a security platform which can meet the 

need for development and security of high-end manufacturing 

equipment. Cloud-based remote access is a solution for plant-floor 

networks and it intensifies the understanding of how the IoT translates 

into practical use. It is important to set up security rules to protect against 

opening up plant networks to cloud-based remote access.  

 Scalability: Scalability is one of the critical issues still not fully addressed 

yet (Wu et al. 2013b), because it can be considered horizontally (in term 
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of flexible increase or decrease cloud manufacturing instances) and 

vertically (in term of flexible increase or decrease the manufacturing 

resource). Scalability must be implemented at certain levels in different 

situations (Wu et al. 2013b).  

All these aforementioned prevailing trends (4A) and issues and challenges (4S) 

set requirements for a new manufacturing paradigm and a better-integrated 

collaboration tool with business systems, as shown in Figure 6.  

 

Figure 6. Issues in current manufacturing industry 

Besides all the functional requirements in the manufacturing industry, there are 

several non-functional requirements related to more stringent regulatory 

mandates, such as emission standards, green behavior, banned materials, etc. 

(Kang et al. 2013). 

With all the effort to address these limitations and requirements, it is required to 

have a platform to support a new model in the manufacturing industry. In 

competitive business, collaborative approach enable manufacturing companies to 

expand their business with more capacity. Therefore, they can quickly responsive 

to the changing business. This collaborative manufacturing environment can be 

achieved through sharing product data and information. Besides, manufacturing 

agents usually are involved to enable a collaborative environment, to ensure 

agility in satisfying customers’ requirements, and to allow the autonomous and 
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distributed companies working in tandem (Lartigau et al. 2015; Valilai & 

Houshmand 2013).  

Although the new manufacturing model consists different geographically 

distributed partners, each partner works with its own resources and capabilities 

directed to particular functions in manufacturing process. Despite the IT 

evolution and improvements facilitate the exchange of knowledge and 

manufacturing information in this business model, there is a long way to enable 

management of different manufacturing operations from multi-companies, 

multi-plants, multi-locations, with multi-site planning and control. However, 

many traditional EIS supporting the local manufacturing operations are designed 

to work as standalone agents, they cannot solve complicated problem when the 

manufacturing operations are in distributed locations (Valilai & Houshmand 

2013). Therefore, there is a need for a fully integrated solution. 

2.3 Cloud Computing in the Context of Manufacturing 

In this new industrial wave, the manufacturing industry is supported by new 

technologies, i.e. Internet, analytics, and also integrated with assets, i.e. 

machines, facilities, and fleets. IT and related smart technologies are enabling a 

major transformation in the manufacturing industry. Cloud computing is one 

such technology. NIST defined cloud computing as (Mell & Grance 2009):  

“a model for enabling ubiquitous, convenient, on-demand network access to a 

shared pool of configurable computing resources (e.g. networks, servers, 

storage, applications, and services) that can be rapidly provisioned and 

released with minimal management effort or service provider interaction.” 

The key characteristics of cloud technologies are available in distributed 

environment and dynamically reconfigurable. Adopting companies can request 

the cloud resource to meet their demand. Under this everything-to-cloud (i.e. 

X2C) trend, everything is virtualized as a service (i.e. XaaS), e.g. SaaS, PaaS and 

IaaS. 

Cloud computing is the evolution of several technology trends, such as Internet 

delivery, ‘pay-as-you-go/ use’ utility computing, elasticity, virtualization, 

distributed computing, storage, content outsourcing, Web 2.0 and grid 

computing, and so on. Because it is a multidisciplinary research field, the 

business oriented evolution should be consider as well (Foster et al 2008). 

Implementing cloud computing means a paradigm shift of both the business and 

IT infrastructure (Xu 2013). 
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In reality, many companies are struggling to achieve cost effective manufacturing 

strategies. Cloud computing gradually becomes one of the major enablers for the 

manufacturing industry to achieve their business goal in high-level collaboration. 

It is reasonable and possible for manufacturing businesses to embrace the 

concept of cloud computing to give rise to the manufacturing version of cloud 

computing, i.e. ‘cloud manufacturing’ (Xu 2013). Cloud computing can transform 

the traditional manufacturing business model to produce an innovation business 

model with the help of intelligent factory networks. Naturally, the distributed 

manufacturing resources can be also virtualized and encapsulated as 

manufacturing services that be managed centrally. This service model can easily 

integrate and provision everything at low cost, and achieve high automation with 

flexibility (Xu 2013; Wang & Xu 2013; Chen, Chen & Hsu 2014). 

Of course, Downing & Schultz (2015) point out that the benefits of cloud 

computing tend to be more than simply cost saving, but focus on more strategic 

topics, for instance, supporting collaboration, making the manufacturing more 

agile and adaptable, providing more possibilities of mobility, making it easier to 

supply IT support for operations from a central location, etc. (Field 2015). Cloud 

computing can give two competitive advantages to manufacturing: cumulative 

economic benefits and innovative technological benefits, as shown in Table 1.  
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Table 1. Economic and technological benefits of cloud computing to 

manufacturing industry 

Economic benefits 

Cost efficiency: no duplication of software/hardware and 

no unnecessary IT investment 

Ren et al. 2014; 

More responsive business solution: continuous availability, 

easy access to information and easy to accommodate the 

business needs 

Parker 2011 

Business model transformation: a new service delivery 

model, strong alignment with business capabilities and 

business model transformation  

Qanbari et al. 

2014; Parker 2011; 

Talerico 2014 

Increased visibility: not only internal visibility but also 

across companies boundaries, particularly when different 

partners are involved 

Shacklett 2010 

Technological benefits 

Standardized communication: it can be achieved by a 

flexible and scalable virtual platform 

Chen, Chen & Hsu 

2014; Ren et al. 

2014  

Consolidated infrastructure: enabling data integration and 

centrally managed IT resources, and eliminating 

geographical constraint 

Field 2015; 

McDonald 2014 

Connection with shop floor: creating a virtualized layer 

based on physical resources at shop floor layer and 

integrating the distributed product lines to enable 

collaborations 

Qanbari, Li & 

Dustdar 2014; 

Qanbari et al. 2014 

In addition to all the benefits brought above by cloud computing for 

manufacturing, a main contribution is its collaboration support capabilities. It is 

important to create an understanding of cloud computing in the manufacturing 

industry as a technological innovation. 

Cloud computing is a disruptive technology that leverages many other existing 

technologies, such as utilities computing, parallel computing, and virtualization 

(Wu et al. 2014). All these technologies jointly support the IT atmosphere of 

cloud-enabled manufacturing, and also act as a catalyst to enable business 

transformation. Big data is another concept profoundly influence the 

development of the manufacturing industry. Big data refers to the management 
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of massive data collected from the manufacturing assets, such as sensors and 

microchips, and transforming these valuable data to decision making 

information. Big data analytics can support activities related to IoT and also CPS. 

IoT technology can virtualize and control the physical world by effectively 

connecting and communicating, while CPS connects the physical world with 

cyber systems. Big data analysis is used to tackle most of the data relevant 

challenges and issues. Big data is a new method for business intelligent and 

resource sharing (Tao et al. 2014). In a recent study on supply chain trends, 

about 60% of the respondents actually had planned to invest in big data analytics 

in product lifecycle management within the next five years (Handfield et al. 

2013). 

Cloud computing and big data have both been widely studied and applied in the 

manufacturing sector. At the same time, HPC, SOA, virtualization technology, 

embedded technology, etc., have provided new methods to address the 

bottlenecks faced by the existing manufacturing industry. All the important 

technologies and their impact on the manufacturing industry are listed in Table 

2.  
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Table 2. Relevant technologies 

Relevant 

Technologies 

Impacts on Manufacturing Industry References 

Cloud 

computing 

It is the most essential and fundamental 

concept in cloud-based manufacturing, and 

provides both IT infrastructure and a new 

business model.  

Xu 2012 

Big Data It deals with an enormous amount of data 

collection generated by IoT connections and 

CPS activities. IoT connects smart devices in 

the manufacturing industry and enables the 

interconnection of different objects, while CPS 

integrates computation and physical processes 

in manufacturing. The emerging of big data 

ensures that the manufacturing 

resource/capabilities are instrumented.   

Wang et al. 

2015 

High-

performance 

computing 

(HPC) 

HPC is used to solve large-scale and complex 

manufacturing issues and carry out parallel 

collaborative manufacturing. Currently, grid 

computing and parallel computing are 

expanding the capability of HPC, and providing 

more technical possibilities for distributed 

manufacturing activities.  

Tao et al. 

2011a; 

Zhang et al. 

2014 

Service 

Oriented 

Architecture 

(SOA) 

It is an architectural approach to cloud-based 

manufacturing, and provides a collection of 

technologies, i.e. web service, ontology, and 

semantic web for the construction of a virtual 

manufacturing and service environments. In 

cloud-based manufacturing, all the 

manufacturing resource/capabilities are 

provided as services. This architecture can 

ensure the communication between different 

services through standard interfaces and 

protocols.  

Tao et al. 

2011a 

Virtualization It is a key enabler in cloud-based 

manufacturing. This intelligence technology 

provides a virtualized service to users, and the 

Wu & Yang 

2010 
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services are generated based on the physical 

manufacturing resources/capabilities. 

Virtualization can enable sharing, 

management, and collaborative activities.  

2.4 Cloud Manufacturing 

The role of cloud computing has shifted beyond its technology impact and 

business influence. It brings opportunities to the manufacturing industry. 

Therefore, a fully integrated cloud computing solution in manufacturing should 

also enable seamless global business management. It should include 

comprehensive support for enterprise collaboration and instant real-time 

communication in all aspects of the manufacturing operations. It should be easily 

adapted from traditional production to discrete manufacturing to complex, and 

concurrently discrete manufacturing processes.  

Cloud manufacturing contains different definitions and perspectives. In general, 

it converges different elements, as demonstrated in Figure 7. This holistic 

concept illustrates the scope of cloud manufacturing. It is a consolidated core for 

all the elements requirements in the manufacturing industry:  

 Manufacturing users: both factories and business partners are users of 

cloud manufacturing. However, the end users can be individuals from any 

level of the organization. 

 Manufacturing technological applications: all the required software, data 

storage, computing tasks, etc. that can be deployed on the cloud 

computing platform (Wang & Wang 2015). 

 Manufacturing resources: a collection of devices, equipment, machine 

tools, robots, monitors, etc. that are provided by distributed factories and 

centralized in the resourcing pool, and can be shared with others (Wang & 

Wang 2015). 

 Manufacturing capabilities: they refer to working abilities defined based 

on task demands and business opportunities (Luo et al. 2013). 
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Figure 7. Holistic view of cloud manufacturing 

The purpose of cloud manufacturing is to provide a collaborative work 

environment for companies and their partners in the entire manufacturing 

ecosystem. Users acquire for the services and associated resources to complete 

their manufacturing tasks. By using cloud-based technologies, all the 

heterogeneous and regional distribution manufacturing 

resources/manufacturing capabilities are virtualized and digitalized, and present 

through the cloud manufacturing with its cloud resource pool (Luo et al. 2013). 

Cloud manufacturing aims to orchestrate and allocate such distributed 

manufacturing resources/capabilities and render production services for users to 

seamlessly enable manufacturing on demand (Qanbari, Li & Dustdar 2014).  

Although no legal entity exists beyond this collaboration, cloud manufacturing 

covers all the processes across the entire production lifecycle and provides all 

types of manufacturing resources as services. To implement a system to support 

all the activities of cloud manufacturing, a cloud manufacturing system is needed. 

The development of this system should be synchronized with the enterprise 

integration and manufacturing strategic management. It should support the 

servitization by considering products, resources and all related elements in the 

manufacturing process.  
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Purdue Enterprise Reference Architecture (PERA) is a reference model of 

enterprise architecture targeting the manufacturing environment. The PERA 

functional hierarchy model has three decision-making levels: business planning 

and logistics, manufacturing operation, and control. ISA-95 standard defines the 

information flow between the MES (Manufacturing Execution System) and 

various heterogeneous connected systems. Based on the study of other 

architecture, a cloud manufacturing framework is proposed by Qanbari et al. 

(2014). The pyramid maps the data flow from the shop flow to the back office in 

five distinct levels, namely, the manufacturing virtual applications layer, 

manufacturing core services layer, manufacturing execution system layer, 

manufacturing service bus layer and manufacturing infrastructure resource layer 

(Qanbari et al. 2014). They are organized from the most basic to the most 

sophisticated.  

Figure 8 illustrates the information flow and operating principle based on input 

& output model (IOM). IOM takes the input and output variables into 

consideration, and reveals the interactions of the system and its environment (Bi 

et al. 2014). In cloud manufacturing, the input is manufacturing resource and 

capability which include all relevant elements that play a part in a manufacturing 

lifecycle (Ren et al. 2015).  

The cloud manufacturing activities are based on every partner’s own input, from 

the physical facilities (i.e. materials, energy, etc.), physical actions 

(manufacturing activities), execution plan (schedule and availability), to the 

collaboration rules (to what extent they attempt to collaborate with other 

companies). The output of cloud manufacturing is services that providing to 

customers. The services provision in cloud manufacturing is considered from 

virtualized resource, virtualized capabilities, operation process and collaboration 

states. The cloud manufacturing environment can be mainly decomposed into 

four layers: the infrastructure layer, including all the resources to fulfill the 

manufacturing requirements; the competency layer, including all the capabilities 

of production; the control layer, including manufacturing operations and actual 

execution; and the management layer, responding to the collaboration and 

relationship with other partners. 
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Figure 8. Cloud manufacturing framework 

The cost of implementing solutions in all layers is prohibitively expensive for 

most SMEs. Cloud-based solutions will help SMEs by providing scalable 

solutions regardless of the company’s size. Early adopters are increasingly 

considering cloud manufacturing as solutions when implementing a wide array of 

EIS, not only owing to its competitive prices, but also a variety of other 

advantages of cloud computing. The benefits of cloud manufacturing can be 

summarized in the following respects: closer partner relationships, flexibility, 

additional data analysis capabilities, efficiency, and, of course, cost savings (see 

Table 3).  

Table 3. Benefits of cloud manufacturing 

Value Disciplines Cloud Manufacturing 

Closer partner 
relationships 

All partners are more transparent and equal to each 
other 

Flexibility The decision on the capital investment and capacity 
expansion are flexible 

Additional data analysis 
capabilities 

Accelerated data analysis by more data availability 

Efficiency Parallel processing mechanism 

Cost savings Relatively low initial investment and usage costs  
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It is not possible to make the challenges entirely disappear. However, cloud 

manufacturing strategy is the core to face up to and overcome the challenges. The 

enterprise needs to have a strategy or plan to adopt and implement cloud 

manufacturing. This strategy can provide some serious considerations around 

how cloud manufacturing can leverage business capabilities with IT capabilities. 

The strategy can ensure that the value of an investment is fully realized and all 

the challenges are addressed. 

2.5 Research Contributions in Cloud Manufacturing 

Current cloud manufacturing research is in its initial stage. Based on literature 

review, the common research topics are about cloud manufacturing concept, 

general system design and key technologies to enable the structure (Tai & Xu 

2012; Chen 2014). However, the research has rarely focused on the 

manufacturing point of view (Chen 2014). Although both cloud manufacturing 

and cloud computing emphasize the sharing of resources from the technical 

perspective, the characteristics of manufacturing make the implementation of 

cloud manufacturing more complex than cloud computing from the business 

point of view (Tai & Xu 2012). Therefore, there is a need for research on 

manufacturing-oriented cloud manufacturing also supplemented by technology. 

2.5.1 Definitions and Taxonomy 

Cloud manufacturing research can be discussed from four different views: 

functionality, resource, information, and manufacturing process (Lv 2012). 

However, the function view and resource view are generally used by most 

researchers to describe their understanding of cloud manufacturing (He & Xu 

2012). Some previous papers focus on technical interoperability, whereas others 

address environmental and organizational issues (Panetto & Molina 2008). But 

cloud manufacturing addresses both simultaneously. Table 4 distinguishes the 

concept of cloud manufacturing presented by different researchers.  
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Table 4. Comparison of definitions (Listed in chronological order) 

Reference Definition of cloud manufacturing 

Li, Zhang & 

Chai 2010 

“Cloud manufacturing is a service-oriented, knowledge-based 

smart manufacturing system with high efficiency and low energy 

consumption” 

Tao et al. 

2011b 

“Cloud manufacturing is a new service-oriented manufacturing 

model, and it integrates different technologies such as networked 

manufacturing, cloud computing, IoT, virtualization and service-

oriented technologies to support collaboration, sharing and 

management of manufacturing resources”  

Mezgár 2011 “Cloud manufacturing is an integrated supporting environment 

both for the sharing and integration of resources in an 

enterprise. It provides virtual manufacturing resource pools, 

which foster the heterogeneousness and the regional distribution 

of resources by way of virtualization. Cloud manufacturing 

provides a cooperative work environment for manufacturing 

enterprises and individuals and enables the cooperation of 

enterprises” 

Tai & Xu 2012 “Cloud manufacturing is a new service-oriented, efficient and 

energy-saving, knowledge-based, networked intelligent 

manufacturing model. Heterogeneous manufacturing resources 

can be virtualized and deployed on the cloud service platform, 

and they are shared by different complex collaborative 

manufacturing demands. The services are used to offer support 

for all stages in the full lifecycle of manufacturing, covering 

product design, simulation, experiment, fabrication, and 

logistics. The aim of cloud manufacturing is to organize 

effectively all kinds of manufacturing resources separated in 

different enterprises” 

Kłosowski 

2012 

“Cloud manufacturing is a model for enabling ubiquitous, 

convenient, on-demand network access to a shared pool of 

configurable manufacturing resources (e.g. manufacturing 

software tools, manufacturing equipment and manufacturing 

capabilities) which can be rapidly provisioned and released with 

minimal management effort or service provider interaction” 

Wu et al. 

2013b 

“Cloud manufacturing is a customer-centric manufacturing 

model that exploits on-demand access to a shared collection of 
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diversified and distributed manufacturing resources to form 

temporary, reconfigurable production lines which enhance 

efficiency, reduce product lifecycle costs, and allow for optimal 

resource loading in response to variable demand customer-

generated tasking” 

Qanbari et al. 

2014 

“Cloud manufacturing is a distributed manufacturing execution 

model, where underlying resources envisaged in the internet of 

things are elastically exposed and utilized as cloud services, then 

composed and orchestrated for utilization as cloud services, then 

composed and orchestrated for a manufacturing task in an on-

demand fashion” 

Ren et al. 

2014 

“Cloud manufacturing is a smart networked manufacturing 

model that embraces cloud computing, aiming at meeting 

growing demands for higher product individualization, broader 

global cooperation, knowledge-intensive innovation and 

increased market-response agility” 

Chen et al. 

2014 

“Cloud manufacturing is a computing and service-oriented 

manufacturing concept developed from existing advanced 

manufacturing models, architectures, and enterprise 

information technologies under the support of IoT, service 

computing, virtualization, and advanced computing 

technologies” 

By summarizing and comparing all the definitions, it is clear that a shared 

understanding is the manufacturing resources (hardware and software) and 

capabilities transformation, from physical products into intangible cloud-based 

services, and then managing services over the Internet (He & Xu 2015).  

2.5.2 Comparison with Current Manufacturing Paradigms 

Although the concept of cloud manufacturing is new, the fundamental concepts, 

such as virtual enterprise and distributed manufacturing concepts, have been in 

existence for some time, and some of the proposed systems and frameworks bear 

visible traces of cloud manufacturing or make contributions to cloud 

manufacturing systems. This section discusses some of these research outcomes. 

Several new manufacturing paradigms have been proposed in recent years to 

solve manufacturing problems and overcome the classical manufacturing 

challenges. In this section, different research intensification on new 
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manufacturing paradigms is presented. In parallel, the differences with cloud 

manufacturing are discussed in Table 5. 

Table 5. Other manufacturing concepts proposed recently 

Concepts Main 

references 

Definition/Characteristics Difference to cloud 

manufacturing 

Crowdsour

cing 

Ren et al. 

2014 ; Wu 

et al. 2012 

It is based on an ‘idea 

competition’ model. A 

particular business problem is 

outsourced to the general 

public or a large targeted 

group, and expertise can all 

participate to get the best 

results/solutions. 

Customers have vague 

ideas about their product, 

no specific target services 

providers. It mainly 

focuses on collaborative 

design process. 

Networked 

manufactu

ring 

Park & 

Jeong 2013 

It refers to the integration of 

distributed resources for a 

small-scale collaborative 

environment for a single 

manufacturing task. 

The centralized operation 

management of the 

services is lacking in this 

business model. It limits 

in the choice of different 

operation modes, and 

embedded access of 

manufacturing equipment 

and resources. 

Agile 

manufactu

ring 

Yusuf, 

Sarhadi & 

Gunasekara

n 1999; 

Chituc & 

Restivo 

2009; Helo, 

Xiao & Jiao 

2006 

It creates the environment to 

enable a quickly respond to 

customer needs and market 

changes while still controlling 

costs and quality. The four 

main characteristics of agile 

manufacturing are 

visualization, market 

sensitivity, integration 

cooperation, and being 

network-based.  

Emphasizes the 

adjustment to unexpected 

changes or events, but it 

mainly focuses on 

enterprise-wide 

operations. Cloud 

manufacturing also 

covers external 

operations (cross-

enterprise).  

Virtual 

Manufactu

ring  

Chen et al. 

2014 

Different computer models 

and simulation technologies 

are used to digitalize the 

manufacturing processes and 

In cloud manufacturing, it 

covers not only network 

supported manufacturing 

process, but also points 



Acta Wasaensia     33 

the production of products. out business 

collaborations  

Grid 

Manufactu

ring  

Tao et al. 

2011b; Ai et 

al. 2013 

Provides a supportive 

environment to coordinate 

distributed and heterogeneous 

manufacturing resources.  

Grid manufacturing 

focuses on resources 

integration, but cloud 

manufacturing also 

considers resource 

distribution.  

Holonic 

manufactu

ring 

Chituc & 

Restivo 

2009 

A holon is an autonomous and 

cooperative manufacturing 

block with hierarchical control 

manufacturing information 

and physical objects. 

It is short of standards to 

be widely accepted, it only 

covers manufacturing 

partially. In contrast, 

cloud manufacturing 

covers the entire 

manufacturing processes. 

However, these most of models concentrate on discussion of applications along 

product lifecycle manufacturing (Lartigau et al. 2015). In the research area of 

networked and virtual manufacturing, the limitations are flexible operation 

model, real-time access of physical resources, and security (Lartigau et al. 2015). 

Helo, Xiao & Jiao (2006) highlight three requirements of structural changes in 

agile management operations: the collaboration and synchronization of partners, 

utilization of ICTs, and a new supply chain infrastructure and operations model. 

Hence, the research focus should move towards more advanced business model, 

cloud manufacturing. 
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3 METHODOLOGY 

The research methodology employed in this dissertation is presented in this 

chapter. It includes the definition of research questions, philosophical 

foundation, and details of research approach and design. Moreover, data 

collection and analysis methods and research quality control are assessed. 

3.1 Research Questions 

 

Figure 9. General view of the research questions and approach used in this 

dissertation 

The problem statement defines and presents the issue to frame specific 

questions. In this dissertation, five research questions (RQ1-RQ5) were designed 

based  on pre-defined research problems (RP1 & RP2) to establish the link 

between this research and other previous research. Seven publications (P1-P7) 

were included to address these research questions. An overview of the 

relationships between the research questions and publications is delineated in 

Figure 9.  

In this research, cloud manufacturing is a complicated concept with multi-

granularity features. It is supported by cloud-related technologies, and enables 

collaboration and communication among enterprises and individuals for the 

entire manufacturing process based on demand. As cloud manufacturing is not a 

well-defined field of study, most research areas within this field are delineated by 
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assumptions. The priority is to define the scope of cloud manufacturing. The first 

research question is as follows: 

RQ1: What is the concept of cloud manufacturing? 

Cloud manufacturing is a repository of multidisciplinary knowledge from the 

viewpoints of both business and technology. From the business perspective, it is 

potentially creating new business models (Wu et al. 2012). From the technical 

perspective, it makes use of internet- and cloud-based architectures, and 

manages the manufacturing resources for sharing and collaboration (Laili et al. 

2012). Cloud manufacturing leverages cloud computing in existing 

manufacturing business models and IT infrastructure. Therefore, RQ2 & RQ3 are 

structured as follows: 

RQ2: What are the overarching business opportunities of 

cloud manufacturing? 

RQ3: What are the primary technical implications of cloud 

manufacturing? 

Customer relationship management (CRM) is one of the first business 

applications to have been deployed on the cloud to streamline the workflow and 

communication with customers. In addition, Enterprise Resource Planning 

(ERP) is another important application deployed on the cloud, and it is used to 

coordinate the various business functions of a manufacturer. But there are more 

applications for different business purposes. However, prevailing research that 

deals with cloud computing and cloud manufacturing domains does not cover 

how to implement cloud manufacturing in practical terms, and does not have any 

methodology to show how to build up a robust architecture to achieve the goal in 

steps (Talhi et al. 2015). Therefore, RQ4 is intended to show some examples of 

cloud applications in supporting business for the manufacturing industry. 

RQ4: How to implement and transform applications to cloud 

manufacturing? 

It is important to determine how much benefit a company can obtain from 

moving those systems to the cloud. In order to take full advantage of the potential 

of cloud manufacturing, it is imperative to determine how it can be employed and 

how its applications can be implemented to promote sustainable competitive 

advantage. It is important to remember that migrating to the cloud does not have 

to be an ‘all-or-nothing’ proposition. All the business related considerations, such 

as operations, partnerships, and industry value chains, need to be taken into 
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consideration (Downing & Schultz 2015). Therefore, it is important to determine 

how to leverage the cloud to shape and support business strategies, and make 

sure that the cloud manufacturing strategy is appropriate for the business goal.  

RQ5: How can manufacturers anchor a cloud manufacturing 

strategy within its business context? 

When looking retrospectively, there are five major research themes (RT). These 

research themes closely correspond to the research questions and are derived 

from analysis of prior research. The research themes that outline the results of 

the research are cloud manufacturing concept (RT1), cloud manufacturing 

business implications (RT2), cloud manufacturing technological implications 

(RT3), cloud manufacturing applications (RT4), and cloud manufacturing 

adoption strategy (RT5). The relationships of research themes (RT), research 

problems (RP), research questions (RQ), and publications (P) are demonstrated 

in Figure 10. 

 

Figure 10. Overview of the research themes and how the selected publications 

are positioned 
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3.2 Research Strategy 

Research is a systematic investigation to interpret collected data and to 

understand a particular phenomenon or to answer specific questions (Mackenzie 

& Knipe 2006). The research onion (Saunders et al. 2009) is a metaphor of the 

research design process. It illustrates all the research paradigm elements and 

helps researchers to understand the research process and guide them to make 

research decisions (Saunders & Tosey 2012). The research paradigm explains the 

way researchers studying and interpreting relevant knowledge (Mackenzie & 

Knipe 2006). Table 6 systematically categorizes the research process according to 

six dimensions, which represent all the layers of the research onion, from the 

outermost layers to the subsequent inner layers. The core of this onion is the 

selection of techniques used to obtain data, along with the procedure to analyze 

these data (Saunders & Tosey 2012).   

Table 6. All layers of the research onion elements and their associated 

options 

Research Onion 

Layers 

Options/Traditions 

Research 

Philosophy  

Epistemology: Objectivism; constructionism; subjectivism; 

Ontology: Positivism; Realism; Interpretivism; Pragmatism. 

Research 

Approaches 

Inductive; Deductive; Abductive. 

Research 

Methodologies 

Quantitative approach (Roots in positivism); Qualitative 

approach (Labeled as interpretivism). 

Research 

Strategies 

Experiment, Survey, Case study, Grounded Theory, 

Ethnography, Archival Research; Action Research; 

Narrative Inquiry. 

Time Horizons Cross sectional; Longitudinal 

Data Collection 

Methods 

Sampling; Secondary Data; Observation; Interviews; 

Questionnaires 

Research philosophy is a fundamental set of beliefs that guide research actions, 

and it represents researcher’s stand point of knowledge (Saunders & Tosey 2012). 

Research philosophy has two branches: epistemology and ontology. 

Epistemology leads an imperative position in many kinds of research (Crotty 

1998; Eriksson & Kovalainen 2008) and it helps to determine the researcher’s 
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view regarding what constitutes adequate knowledge. Ontology is the study of 

how something existed by its nature.  

The nature of the relationship between theory and research is an important 

factor. The deductive approach means formulating hypotheses based on theory 

and then guiding research to examine particular phenomena. On the other hand, 

the inductive approach means using empirical material to conduct research 

leading to theoretical results (Bergman 2008). Most researchers use a mixture of 

both approaches in their research processes, which means abductive reasoning. 

When researcher’s objective is to discover new things, they use inductive and 

abductive approaches; on the other hand, the deductive approach is fruitful when 

developing propositions from new theory and attempting to test the theory in the 

real world (Dubois & Gadde 2002).  

Based on the different scientific paradigms, two main research methodologies 

are: quantitative approaches (originating from positivism) and qualitative 

approaches (originating from interpretivism) (Eriksson & Kovalainen 2008; 

Gummesson 2000). They are considered from different research philology.  

In most of information systems research with the aim of designing and 

implementing innovative business solutions, a design-oriented approach is 

chosen (Österle et al. 2010). The main goal of this research is to use design-

oriented research to create a holistic understanding of cloud manufacturing, and 

to provide guidelines for the innovation and operation of cloud manufacturing 

platforms. This research follows the subjective interpretive approach. A 

qualitative case study is adapted to follow inductive reasoning from specific cases 

to general theory. Case study approach is an optimal option when the theories are 

still in the formative stage (Benbasat et al. 1987). Qualitative research focuses on 

understanding the key features of the cloud manufacturing phenomenon and its 

ecosystem. This research mainly focuses on ‘what’ and ‘how’ questions that 

belong to exploratory research. Therefore, case studies are used in this research. 

3.3 Research Approach 

Case study research is often used to examine the characteristics of a real-life case 

and to answer the questions of ‘why’, ‘what’ and ‘how’ (Meyer 2001). It 

emphasizes both the details of research and holistic knowledge based on 

empirical sources (Tellis 1997; Eriksson & Kovalainen 2008; Meyer 2001).  

There are two main challenges with case studies, namely generalization (Gomm 

et al. 2000) and unexpected conditions of object during the process of the case 
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study (Dubois & Gadde 2002). However, they are beneficial when other 

companies facing similar problems and struggling with similar challenges. It is 

important to follow an appropriate approach to face the challenges.  

Different data collection methods are applied in case studies to get research data 

from different aspects, such as interviews, questionnaires, and observation. The 

combination of a quantitative spirit and qualitative data can produces better 

results (Yin 2009; Flyvbjerg 2006; Voss et al. 2002; Eisenhardt 1989; Eriksson & 

Kovalainen 2008).  

Normally, case studies can include a single case or multiple cases, but single-case 

studies limit the generalizability and produce information-processing biases 

(Eisenhardt 1989; Leonard-Barton 1990; Eriksson & Kovalainen 2008; Yin 

2009). Therefore, to counter the bias of a single case study, this study builds on a 

complementary in-depth investigation of four original cases to generalize the 

results. The case studies defined real-world industrial scenarios.  

In-depth multiple case studies were selected as the primary method of this 

research to examine the concepts and issues related to cloud manufacturing. 

However, the case study is a loose research design; it requires appropriate 

decisions on the research process. One of the critical steps in forming a series of 

case studies for this research was to obtain a common approach for all the case 

companies. Both Eisenhardt (1989) and Yin (2009) outline the processes of 

conducting case studies. These generally accepted frames were adapted in this 

research and a case study process was created to build up theories.  

Figure 11 presents the five phases of the research methodology, and these 

research practices were organized following this structure. This research steps 

meet the conditions defined for the case study method described by Eisenhardt 

(1989) and Yin (2009). 

The first phase focuses on defining the research questions and selecting the cases. 

The research questions helped to define the scope of this research. Certain case 

selection criteria were identified to choose the case companies. The second phase 

focuses on defining the business case and the interview procedure. This step 

limited the scope of each case, and the initial situation and an overview of the 

companies were presented. The third phase includes the actions of conducting 

interviews with key users from the case companies. All the collected data were 

analyzed within the cases. The main objective of the fourth phase is to find out 

relevant conceptual frameworks and identify current prevailing trends through 

an intensive literature review, simultaneously understand the case companies, 
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and then generalize the research results which can contribute to the theory. The 

final phase is to establish the final discussion and specify future research. 

 

Figure 11. Five stages of the research methodology 

3.4 Case Studies Design  

Structured interviews were conducted in this research with management 

personnel from the case companies. Information about the companies’ business 

objectives, manufacturing strategies, potential partners, and specific business 

requirements were analyzed, collected, and compared. Domain experts such as 

managers, employees, workers, etc., were interviewed to gather details about the 

current manufacturing process. The interviews were designed and performed 

according to Yin (2009)’s semi-structured interview guide. The interviews were 

organized as face-to-face personal meetings. This approach eliminated possible 

misunderstandings during the data collection process. Additionally, workshops 

and follow-up meetings were organized with domain experts to verify and 

validate the data collection. By such a series of actions, a comprehensive 

understanding was created about the requirements, challenges and development 

opportunities of cloud manufacturing. 

There are various strategies with regard to the case selection process. However, 

the strategies are not necessarily mutually exclusive (Flyvbjerg 2006). The 

interpretation of a carefully selected case can provide valuable information, 

because various perspectives have been considered (Flyvbjerg 2006). The 

replication approach for case studies is different with the process of survey 

replication (Eisenhardt 1989). The findings of each case study will be used as 

data in other case studies, although each individual case consists of unique 

evidence, facts, and conclusions (Yin 2009). The summary of case studies should 

be the results part of the research as has been done in this particular research. 

Although there are many aspects of manufacturing as there are in any sector, 

there are also similarities with those in business. For example, all manufacturers 

have customers and suppliers, they follow certain processes, and they look to 

increase efficiency and reduce waste. Thus, in order to rationalize the 
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requirements for the collection process and formulate the case study process for 

this research, there are several choices involved in the selection of the cases. In 

this study, the cases companies were carefully selected to illustrate cloud 

manufacturing from different aspects and to understand different operation 

processes. To obtain a comprehensive understanding of the core of cloud 

manufacturing, the case selection included different dimensions and various 

factors. Therefore, four dimensions were considered when selecting appropriate 

case companies: 

 Different business fields  

 Different business sizes  

 Different business focuses  

 Different levels of collaboration among the partners and customers 

Table 7 defines the selection of the case studies. These are of great use for 

organizations to gain a specific insight into their market positioning, 

collaboration situations, and in the end lead to a sound collaboration strategy 

and future direction in cloud manufacturing. Each case company represents 

some unique characteristics of cloud manufacturing and all the cases together 

enrich and complete each other, and maximize the applicability of the research 

results. They jointly bring new insights to the topic under investigation.  
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Table 7. Case company selection and reasoning of the selection 
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3.5 Data Collection and Analysis 

Data collection is a critical part, and it is very important to evaluate and select an 

appropriate data collection method based on the research purpose (Bryman 

2008). This study includes interviews and workshops from the case companies to 

collect primary data. The interview results were transcribed and arranged in 

written format. This primary data were collected as a foundation for the required 

analysis.  

Applying inductive logic is suitable for this particular research, which aims to 

build a combination of all the cases and to understand the phenomenon of cloud 

manufacturing. This research includes seven publications, and each publication 

address different research questions. Every case used in each publication is 

slightly different to the others and focuses on different issues. The method and 

results of each publications are presented in the second part of this dissertation. 

Table 8 shows the summary of publications.  
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Table 8. Summary of publications 
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3.6 Quality Control in Qualitative Case Studies 

In every qualitative research, it is important to perform quality control and 

evaluation. Classic criteria for study quality are considered from three aspects 

(Eriksson & Kovalainen 2008): 

 Reliability refers to designing the research in a repeatable approach, so 

when other researchers intend to conduct the same study, they can get 

similar results and findings.  

 Validity refers to testing the accuracy and genuineness of conclusions 

drawn from the research. 

 Generalizability tackles the issues of applying the method or results to a 

wider context one way or another.  

In this research, an article based collection is selected as the dissertation 

approach. Several in-depth case studies were conducted to guarantee reliability 

and validity, and combining the results from different case studies can guarantee 

the generalizability. The quality control was conducted throughout the whole 

research process. Firstly, multi-source of evidence can increase the validity of this 

research. In the research design phase, replication logic was used in the multiple 

case studies. This is to perform external validity and ensure the study’s findings 

can be generalized beyond the case studies. Secondly, in order to ensure the 

quality of the qualitative study and the quality of the primary data collection, 

most of the interviewees were contacted in advance and had explained to them 

the key features of the research. Thirdly, collaboration in the research was 

important to ensure reliability. For instance, several researchers in a professional 

academic environment were participating the case studies, and the final research 

results were also validated by one of the co-authors. 
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4 RESULTS 

This chapter presents summaries of all the publications with their objectives and 

contributions. Each of the selected publications contributes in its own way to the 

overall research results. The findings of each publication are summarized in 

Table 9. 

Table 9. Summary and contributions in brief 

 Contributions to the dissertation 

P1: Cloud 

Manufacturing 

Towards 

Sustainable 

Management 

 Introducing cloud manufacturing and its characteristics 

 Developing a conceptual model of cloud manufacturing to 

foster  internal collaboration of large organizations 

 Emphasizing information exchange and communication 

across the whole manufacturing collaboration 

 Pointing out the role of cloud manufacturing in 

supporting R&D, MES, and shop floor  

P2: Virtual 

Factory System 

Design and 

Implementation: 

Integrated 

Sustainable 

Manufacturing 

 Emphasizing the importance of collaboration in 

manufacturing industry to achieve sustainability and 

flexibility 

 Designing the architecture of virtual factory to support 

SMEs working collaboratively in an integrated virtual 

environment 

 Developing a cloud-based virtual factory (VF) platform to 

manage geographically distributed manufacturing 

activities across manufacturing lifecycle  

 Providing a dashboard design idea to demonstrate the 

communication platform  

P3: A Holistic 

Analysis of Cloud 

Based Big Data 

Mining 

 Presenting big data and its relevant challenges 

 Describing the importance of big data analytics in term of 

supporting cloud manufacturing integration and 

collaboration 

P4: Cloud-based 

Data Storage for 

Data 

Management in 

 Presenting the challenges of supporting manufacturing 

integration and collaboration 

 Emphasizing the importance of implementing cloud-

based data management solution in a virtual factory 
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Virtual Factory environment 

 Providing cloud-based data storage to manage various 

types of data from various resources  

P5: Cloud 

Manufacturing 

Approach for 

Sheet Metal 

Processing 

 Proving an overview of cloud manufacturing in a sheet 

metal forming company 

 Presenting a cloud-based production planning and 

production system for sheet metal processing 

 Illustrating the interoperability of various manufacturing 

systems  

 Providing multiple level production optimization as a 

service in cloud manufacturing  

P6: Toward a 

Cloud-based 

Manufacturing 

Execution System 

for Distributed 

Manufacturing 

 Pointing out the importance of an integrated solution in a 

single platform to support distributed manufacturing  

 Designing a cloud-based MES for distributed 

manufacturing 

 Achieving the integration of ERP and MES systems to 

support the whole cloud manufacturing lifecycle 

 Using private cloud deployment to decrease the security 

risk 

P7: The Role of 

Wearable Devices 

in Meeting the 

Needs of Cloud 

Manufacturing: a 

Case Study 

 Supporting the field service management in terms of 

cloud manufacturing 

 Considering humans as a resource on the shop floor and 

providing a knowledge integration framework in cloud 

manufacturing 

 Designing of a cloud-based help center and providing 

remote monitoring and assistance to customers 

It is worth noticing that the terminology virtual factory (VF) was used in P2 and 

P4. The different between VF and cloud manufacturing is mainly because of 

different perspectives. Cloud manufacturing explains more the relationships 

between different manufacturers and how they collaborate in tandem. VF refers 

to the dynamic combinations of various manufacturing services to customers. 

Customers can access all the services as they are provided by one organization 

and shown as one facility. The customers will not be aware of the physical 

location or nature of the infrastructure providing the service. The use of different 

terms depends on the perspective and purpose of the research. The definition of 

cloud manufacturing should be synonymous with the VF. 
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4.1 Cloud Manufacturing Concept 

Cloud manufacturing is proposed for the whole product realization lifecycle, from 

pre-manufacturing, manufacturing, to post-manufacturing (P1; P2). Cloud 

manufacturing is mostly concentrated on the ‘integration of distributed 

resources’ and the ‘distribution of integrated resources’ (P5) and providing all 

manufacturing resources as services based on customers’ requirements. In cloud 

manufacturing, the definition of services is extended to a broader scope. The 

manufacturing services are not limited to the conventional end-user-oriented 

domain, but cover all phases of the manufacturing lifecycles, from design, 

simulation, production, testing, maintenance, after-sales services, logistics and 

integration. The cloud manufacturing lifecycle, from JOIN, SEARCH, PLUG & 

PLAY, is in accordance with the product lifecycle (P1; P2).  

There are two principles of cloud manufacturing: autonomy and aggregation. 

Organizations or individuals in this cloud manufacturing environment are 

autonomous, but they are aggregated together based on their needs from cloud 

manufacturing (P2). However, cloud manufacturing makes it possible for 

different manufacturers to share their best practices and their unique or spare 

manufacturing resources/capacities in an industry-specific resources pool. All 

the companies can manage, schedule and optimize the cloud/manufacturing 

resources/capabilities and share them with other companies.   

A company can act different roles in a cloud manufacturing platform depending 

on its business scope, business goal, and business structure. Agents are the 

primary controllers in the cloud manufacturing platform. They collect orders and 

publish business requirements. Partner factories, which are suitable and specific 

to the production process, are searched by the agent. The best fit partner 

factories are screened with strict specification checking. The selected partner 

factories are temporarily procured to the manufacturing processes (P1; P2). 

Cloud manufacturing is considered as ‘a system of collaborations’, as shown in 

Figure 12. The general idea is to provide a cooperative work environment in the 

entire manufacturing ecosystem. This model enables both internal and external 

communication and collaboration across multiple companies. With the support 

of the cloud, manufacturing resource pools can manage geographically 

distributed manufacturing resources by collecting and reallocating them. 

Production services are distributed to other factories to seamlessly enable 

manufacturing process on demand. 
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Figure 12. Cloud manufacturing concept 

4.2 Cloud Manufacturing Business Implications 

Cloud manufacturing aims to break two significant constraints for multiple 

collaborating manufacturers: geographical distributed and temporality. It can 

achieve both business and manufacturing collaboration between enterprises by 

the sharing and integration of various manufacturing resources. Cloud 

manufacturing offers transparent resources and support automatic processes. It 

increases the level of business transparency and flexibility by dynamic 

configuration and portability. Cloud manufacturing can be designed for 

collaboration and can be used to facilitate communication. This collaboration can 

be discussed from two aspects: intra-communication and inter-communication. 

Case 1 in P1 describes how cloud manufacturing implemented for large global 

manufacturers that have multi-manufacturing sites distributed across the world, 

can ultimately integrate distributed production lines. Case 2 and Case 3 in P2 

illustrate how geographically distributed manufacturers can collaborate together 

to fulfill specific customers’ requirement. However, the manufacturers are self-

organized individual companies. P1 and P2 together show how cloud 

manufacturing implemented for different size companies, and cloud 

manufacturing formation can be of benefit both for single factories and also for 

multiple factories working together.   

The cloud manufacturing conceptual model is designed based on these three 

levels (Figure 13). These three levels (P1) utilize the entire product lifecycle 

information from product design, manufacturing process, and after sales services 

to the customer. The two surrounding bands indicate vertical information 
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integration (across different organizations, e.g. customer, partners) and 

horizontal information sharing (across different departments, i.e. internal 

collaboration from digital order process, dynamic product design to product 

development process): 

 Manufacturing resource level: provides the manufacturing resource and 

capability as services in the whole lifecycle of manufacturing to users. The 

resource level contains virtualized physical resources managed within a 

resource pool.  

 Technology support level: provides a basic operation technical support 

environment, which includes data storage resource, e.g. cloud database. 

 Business management level: is a business process and commerce 

transaction definition layer that enables communication between 

different business partners and stakeholders. This level provides the 

management capabilities required for all types of services. It provides a 

holistic view of the infrastructure and end-to-end visibility. 

 

Figure 13. Cloud manufacturing business implications 

4.3 Cloud Manufacturing Technical Implications 

The scope of manufacturing industry extends not only from the physical product 

but also to handling product data and information. Information is the glue for 

collaboration and cooperation, and also for QoS (Quality of Services). It is the 

input of every service and the output of services. Companies are making efforts to 
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achieve effective business decision-making by accurate data-driven insight. P3 

and P4 describe cloud-based databases and the coming trends in big data. A data 

model is a way to achieve collaborative integration. Cloud computing can help 

outsourced manufacturers to concentrate on process integration and data 

visibility in different business processes and also minimize data transfer.  

Many companies have realized that big data and cloud-based data storage are a 

game changer for the manufacturing industry (P3). Considering the benefits of 

integrating data streams from multiple manufacturing companies, customers and 

partners could enable collaboration and eliminate heterogeneity. There are two 

key features of data management in a cloud manufacturing environment, as 

shown in Figure 14:  

 First, the amount of data is massive (P3) and the number of devices and 

sensors is increasing along with their capability of information 

processing. Normally, data are continuously generated by embodies 

technologies and attached markings, such as, barcodes, data tags, 

augmented code, RFID, and so on, and then the data are streamed back 

and collected by systems. The velocity of data aggregation and processing 

are also increasing.  

 Second, the types of data are extremely varied (P4) because 

geographically dispersed data have a wide variety of locations, sources, 

types, and purpose. Moreover, when the data are constructed as different 

production information, they can be used for different functions. 

Therefore, constant data integration is paramount. 

 

Figure 14. Cloud manufacturing technological implications  
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P3 & P4 describes the advent situation, where a massive amount of historical 

data, either semi-structured or unstructured, is generated when devices changing 

status. The great deal of data needs to be efficiently and properly managed, 

organized, stored, and analyzed. It is vital to provide a constant data integration 

solution and highly available analytical methods and tools (P3). The problem is 

that different data sources have different data formats, so P4 demonstrates a 

cloud-based data storage system with different data buckets to integrate all the 

data. The main aim of this part is to improve access to unstructured data and 

processes. 

4.4 Cloud Manufacturing Applications  

This research theme points out the implementation of cloud-based applications 

in a cloud manufacturing environment. In P1 and P2, the cloud manufacturing 

platforms are designed for both internal collaboration for large size organizations 

(ultimately integrated-distributed production lines), and external collaboration 

for SMEs (cross-factory manufacturing governance). P5, P6 and P7 demonstrate 

how to implement cloud-based applications to solve particular cloud 

manufacturing problems. P5 focuses on production planning and control (PPC), 

P6 focuses on manufacturing execution systems (MES), while P7 focuses on 

customer services, remote monitoring and assistance (RMA), respectively. These 

applications were chosen because they served different departmental needs with 

large numbers of users. Therefore, there was a need to quickly implement these 

cloud-based solutions. 

To achieve cloud manufacturing, there is a need for a real and deep knowledge of 

current procedure in manufacturing enterprises and of future needs as well as 

various stages of production activities. P2-P7 show the business requirements 

from different companies as CMP potential users, and also show how cloud-

based applications can be delivered from CMP and meet the manufacturing-

specific requirements. It is very critical to fulfill the key implementation 

requirements of CMP and translate the requirements into the operations of 

achieving cloud manufacturing, as follows: 

 Providing an interactive form: P2 

 Enabling a partner selection mechanism: P2 

 Web portal-based solutions with dashboard and key performance 

indicator (KPI) monitoring: P2 
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 Data security and backup: P4 

 Providing interface with real-time access to resources: P5 

 Integrating enterprise systems in SaaS model: P6 

 Enabling operator collaboration in a virtual environment: P7 

The cloud manufacturing platform needs to be enhanced with different IT 

supporting tools: here in the case studies, PPC, MES, and RMA are introduced. 

All these cloud-based solutions jointly promise a seamless integration of 

information flow throughout the company and the entire supply chain:  

 PPC provides a real-time view of the production lines. CloudPPC is 

capable of serving multiple levels of optimization in planning, control and 

collaboration for distributed manufacturing (P5). 

 MES facilitates machine and device monitoring on the shop floor. 

CloudMES provides real-time information and communication in the 

shop floor. Both managers and operators can access information for 

management purpose and for operation purpose. Only inter-integration 

down to shop floor level can support production related inter-enterprise 

integration. It links manufacturing related strategic planning and direct 

execution information with enterprise resource related management and 

control information (P6). 

 RMA monitors the operators and supports the maintenance process. In 

the pursuit of illustrating the potential benefits of wearable technologies 

in the field of cloud manufacturing on the shop floor, P7 presents an 

interesting demonstration. Smart glasses, as one of the key wearable 

technologies, provide more mobility to operators, and unify the 

manufacturing shop floor to the top floor. This new technology expands 

the collaboration scope in a cloud manufacturing environment, and 

enables remote operation and remote monitoring, as well as effective 

collaboration on troubleshooting related issues. These technologies can 

both monitor the status of machines in their daily operation and also 

centrally provide remote assistance to operators (P7). 

Figure 15 presents cloud manufacturing fulfilling different functional 

requirements, and different cloud manufacturing applications implemented to 

utilize the cloud manufacturing environment in supporting companies’ business 

objectives. Of course, the number of cloud-based applications is growing. They 

are not limited to the business requirements mentioned in this research. The 
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applications shown here demonstrate the potential and possibility of applications 

across a wide spectrum of cloud manufacturing.   

 

Figure 15. Cloud manufacturing applications  

4.5 Summary and Contributions  

The seven publications are used to address different research themes and answer 

different research questions. The key findings of all the publications redefine the 

concept of cloud manufacturing and also expand the scope of manufacturing 

industry from different aspects. They help to construct a clear view of cloud 

manufacturing and describe the transformative journey of manufacturing 

industry.  

Figure 16 shows the scope of cloud manufacturing and demonstrates how it is 

shifting from traditional manufacturing, to intelligent manufacturing, to smart 

manufacturing, and to today’s cloud manufacturing: 

 Traditional manufacturing: only focuses on physical production activities; 

 Intelligent manufacturing: an IT-driven manufacturing environment, 

using production automation to improve the manufacturing processes; 

 Smart manufacturing: an information-driven manufacturing environment 

to increase the flexibility of manufacturing processes, using information 

to connect different factories;  

 Cloud manufacturing: collaboration-focused manufacturing strategy to 

enable different factories and organizations to pool and provision their 

resources/capabilities, to be able to respond to a particular business 
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opportunity;  not only building up a bridge between factories, but also 

setting up communication and real collaborations.   

This IoX (internet of everything) concept brings together users, manufacturing 

processes, machines, and all required data and relevant information, and also 

makes all elements more valuable and more connected in cloud manufacturing 

than ever before. Table 10 explains the spectrum of cloud manufacturing by 

describing each IoX. The internet of manufacturing (IoM) is the general term 

consisting of IoT, IoU, IoS and IoB. These four IoX are co-existing and realize the 

formation of each other.  

Table 10. Definitions of new spectrum of cloud manufacturing 

IoX Definitions 

IoM Manufacturers are connected by a collaborative platform, namely the 

cloud manufacturing platform. 

IoT More ability to monitor the connected and automated machines and 

their performance in real time, and to manage the manufacturing 

assets, thereby, achieving virtualized manufacturing. 

IoU All factories are users and all individuals involved are end users (i.e. 

providers, consumers, and operators in manufacturing), and they are 

connected at different levels to fulfill a system of collaboration.  

IoS All enterprises can generate their own business-oriented cloud 

manufacturing services based on their manufacturing resources, 

capabilities, technical applications, etc. These services are virtualized to 

enable the business process and are provided to other factories.   

IoB Business opportunities in the global-wide environment are collected 

and enable the creation of cloud manufacturing.  
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Figure 16. The spectrum of cloud manufacturing 
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5 DISCUSSION 

This dissertation was concerned with understanding the theoretical aspects of 

cloud manufacturing and its related practical issues. It revealed a number of 

interesting observations through four complementary case studies. The seven 

publications were mainly focused on addressing the first research problem and 

creating a comprehensive view of cloud manufacturing.  

Supposedly, although cloud computing has evolved from its traditional 

technological orientation towards a business strategic role industry, it still lacks a 

fundamental framework to understand the potential of the cloud for most of the 

companies to embrace business evolution, especially in the context of 

manufacturing industry. It is challenging to say using one cloud manufacturing 

platform (CMP) will be better than another, where it is radically dependent on 

the organizational behavior towards achieving the particular business goals 

(Almulla & Yeun 2010). Especially in a cloud manufacturing ecosystem, multiple 

organizations are involved and tend to be more integrated and interoperable, and 

they face obstacle analysis, understanding and solving problems due to their size, 

complexity, and their relations (Panetto & Molina 2008). Many companies are 

not clear about how to transform their business model towards cloud 

manufacturing or the CMP.  

In fact, cloud adoption is an IT directive business decision. Therefore, it seems 

very important to align cloud adoption decisions with business strategies. Both of 

the IT managers and business executives need to recognize the business goals 

and objectives that lead company to implement cloud manufacturing (Alkhlil, 

Sahandi & John 2013). Therefore, the second part of the research problem is 

about providing a strategy to help organizations move to cloud manufacturing.  

To address the second research problem and provide suggestions on how to 

leverage the cloud technology and manufacturing business, and align technology 

capabilities with companies’ business strategies, four steps are taken in this 

discussion part. First, the benefits of cloud manufacturing are discussed. Second, 

the essentials of cloud manufacturing are summarized. Third, the cloud 

manufacturing implementation keys are described. Fourth, a cloud 

manufacturing strategic model (CMSM) is provided to leverage the technologies 

for enterprises adopting a cloud manufacturing environment.  
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5.1 Benefits of Cloud Manufacturing 

Cloud manufacturing aims to achieve an innovative ecosystem of manufacturing 

enterprises. It will be the most effective way to open the door to future business 

and reduce the market entry barriers. This dissertation demonstrates different 

variations in the approach towards cloud manufacturing. Different companies 

adopt cloud manufacturing for different reasons and to pursuit different benefits, 

such as those shown in Figure 17. 

 

Figure 17. The potential benefits of cloud manufacturing 

The benefits of cloud manufacturing can be summarized in two areas: the 

benefits to the manufacturing process and the benefits to manufacturing services, 

by three different time scales: 

 From the manufacturing process point-of-view: the potential benefits of 

cloud manufacturing are in operational efficiency. All the partner 

factories and actors can utilize collaboration and communicate with 

others at distributed locations. Therefore, the operation efficiency can be 

heightened. The short term benefits are improving resource sharing based 

on the particular business requirements. The design and engineering 

process can be improved and be faster to the prototyping phase, hence 

reducing costs on a general level. The long term benefits are supporting 

distributed manufacturing, collaborative design and integrated planning. 

Cloud manufacturing can readily facilitate communication across a widely 

dispersed global production process. In this collaboration system, 

distributed manufacturing activities can be integrated by standard 

regulation and all the partners are verified.  
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 From the manufacturing services point-of-view: the potential benefits of 

cloud manufacturing are to improve service and then enhance the user 

experience. In a cloud manufacturing environment, staff at different 

locations can share ideas and provide feedback on working efficiently. 

Services such as remote training, guidance and remote assistance 

ultimately improve the user experience. The short term benefits are 

reducing time-to-market, and also lowering the maintenance cost. In a 

longer term perspective, stakeholders’ value co-creation is achieved 

across the manufacturing process. Cloud manufacturing facilitates rich 

interactions with customers and other partners by promoting information 

sharing.   

5.2 Cloud Manufacturing: System of Collaborations  

By taking a close look at different implementations of cloud manufacturing in 

real case companies and studying previous research, cloud manufacturing is 

named as ‘system of collaborations’. Cloud manufacturing intents to achieve 

collaboration by integrating and coordinating the distributed manufacturing 

resources/capabilities.  

Collaboration is a very broad and encompassing term (Barratt 2004) and needs 

to be achieved at different levels: at field level, management level and corporate 

level (Panetto & Molina 2008). In previous research, collaboration means 

information exchange, resource sharing, and the capacity of companies to pursue 

mutual benefit and to achieve a common purpose (Mezgár 2011). In the cloud 

manufacturing concept, collaboration covers activities such as cooperation, 

interoperability, and integration. Cooperation means different partners do things 

together; interoperability is about agreed-upon the technological framework and 

their business ontology; and integration is beyond both and about integrating 

applications and data (Xu 2012). The goal of collaboration in cloud 

manufacturing is to deliver improved closer business relationships in distributed 

manufacturing industry. 

The collaborative model shown in Figure 18 represents both manufacturing 

business granularity and information granularity. The extent to which 

collaboration levels are concentrated depends on the objectives of organizations 

and their information sharing levels. There are a variety of forms of potential 

cloud manufacturing collaboration, and their processes can be integrated at 

different organization levels: corporate management level, internal management 

level, and field management level. All the levels are connected with each other. In 
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order to generate shared knowledge and resources, the collaboration can also be 

logically partitioned by its information degree: operational level, tactical level, 

and strategic level. Creating an understanding of this collaborative model can 

lead to faster cloud manufacturing realization. 

 

Figure 18. Model of cloud manufacturing collaboration levels 
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Table 11. Model of cloud manufacturing collaboration across organization 

levels and information levels. 

Collaboration 

Levels 

Explanations 
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The most common collaboration model in cloud manufacturing is 

the collaboration of different partner factories, suppliers, broker 

agents, and even customers’ companies. All the organizations join 

together to face a dynamic market, and achieve sustainable 

development. Strategic information is required to support business 

process integration, such as partner information sharing, knowledge 

sharing, regulations, standardization, etc. In this ecosystem, partner 

factories which are more involved in this fast-paced environment 

can find the right partners more easily than ever before. Broker 

agent organizations can understand the business needs and draw in 

the right partners, who can provide the right services to make things 

happen.  
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For an individual organization, especially a large size enterprise, the 

goal is not only to collaborate with other partners, but also improve 

its internal management, respond to global operations, and achieve 

functional internal integration. Every department must have joint 

objectives, shared resources, and a common vision to achieve the 

business goal. This internal integration consists of different 

functions within a company. Therefore, tactical information about 

real-time business and integrated planning are very critical.   
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The fundamental infrastructure of a manufacturing organization is 

its field service management, such as scheduling, shop floor 

activities, and connections with the back-office system. The 

intentions of collaboration at this level are to increase productivity 

and reduce cost of service, to enhance visibility across multiple shop 

floors, and to create value-added services for the customer to 

experience based on smart devices connected to the cloud.  

Collaboration in a cloud manufacturing is not just about establishing information 

sharing environment and message exchange relationship at the operational level, 

it should be considered through the companies. If the cloud manufacturing 

implementation is not thought through at these three levels together, then the 

performance benefits of cloud manufacturing collaboration will be limited. 
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5.3 Cloud Manufacturing Platform (CMP) Implementation 

As stated previously, the proposed collaboration level model is used to define the 

manufacturer movement towards a cloud manufacturing collaborative strategy. 

The dimensions are related to the objectives of a manufacturing company and the 

information sharing levels. Consequently, the rationale here is to define the 

decisions for moving towards a cloud manufacturing platform in four layers (i.e., 

manufacturing management layer, manufacturing planning layer, manufacturing 

execution layer, and manufacturing resource layer) that allow a company to 

explicitly position its journey towards cloud manufacturing.  

In order to utilize a cross-enterprise collaboration level, such as business 

integration and decision making, the CMP should be implemented at both the 

manufacturing management layer and manufacturing planning layer. For 

enterprise-wide operational management and the production planning level’s 

objectives, the CMP should be implemented across the manufacturing planning 

layer and manufacturing execution layer. For plant-wide actual control and 

execution over the manufacturing facilities on the shop floor, the CMP should be 

implemented in the manufacturing execution layer. Simultaneously, integration 

plant-wide needs intelligent devices and sensors to drive production agility and 

efficiency, and this should be implemented at manufacturing resource layer. 
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Figure 19. Cloud manufacturing platform implementation map  
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Each layer is assigned to a particular phase of the manufacturing process and 

they are assessed through six dimensions, which are illustrated in Figure 19. 

More specifically, it is crucial to be precise in every dimension: 

 Value offering indicates the value proposition offered to a company when 

the collaboration level is achieved. 

 Actors point out the decision makers and who directly benefit when the 

collaboration level is achieved. 

 Activities indicate the main business activities for manufacturing to 

implement cloud manufacturing. 

 Timescale implies that the decision-making and the lifecycle of 

collaboration are different with respect to time standard. For instance, 

business layer collaboration only exists for the lifetime of a specific 

business opportunities. 

 Information refers to the information and data that are required to 

implement cloud manufacturing. 

 Supporting tool refers to the systems and technologies required to 

implement cloud manufacturing. Because the number of applications is 

increasing, and the needs of different functional blocks are also 

increasing, it is important to implement correct and accurate applications 

to monetize information across a wide spectrum and integrate with the 

cloud manufacturing platform.  

Take the case companies mentioned in the methodology section (cf. Section 3) as 

examples. The company CC1 moved towards cloud manufacturing in order to 

establish a collaborative working environment, and focus on the business of 

improving customer relationships, providing more services to their customers, 

and increasing the productivity of the machines. Based on these business 

objectives, CC1 can implement cloud manufacturing at the manufacturing 

management layer. Customer-focused services such as remote monitoring, 

remote training, and remote assistance are deployed at the manufacturing 

resource layer.  

5.4 Cloud Manufacturing Strategic Model (CMSM) 

Owing to the sophisticated diversification of manufacturing business models and 

cloud operational model, it is difficult to prepare one unified strategy that would 
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be applied to all companies implementing cloud manufacturing (Kłosowski 

2012). It is important to distinguish between these different levels of cloud 

manufacturing, otherwise it is difficult to achieve the potential benefits of cloud 

manufacturing.  

In order to support companies’ cloud manufacturing implementation, a roadmap 

to cloud manufacturing is needed to align with their own business operation, 

manufacturing processes and services. Companies need to clearly identify their 

current and future capabilities. It is important that they adopt only the 

technologies that fit with their manufacturing management strategy and enable 

them to improve business performance. 

The direct impact of cloud manufacturing on the business model is that it 

profoundly changes the ways manufacturing collaborate with each other. In this 

paper, a cloud manufacturing strategic model (CMSM) for conceptualizing and 

directing the emerging area of strategic management of cloud manufacturing is 

developed. This model, as shown in Figure 20, defines four fundamental blocks 

of strategic decision, namely manufacturing strategy, cloud strategy, 

manufacturing infrastructure and process, and cloud infrastructure. Each block 

has its own underlying dimensions. These four domains are designed based on 

Henderson and Venkatraman’s (1993) strategic alignment model (SAM). 

However, the strategy decision logic of cloud manufacturing is more complex and 

challenging. 
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Figure 20. Cloud manufacturing strategic model 

 Manufacturing Strategy: The first phase is to assess the manufacturer’s 

business strategy, because it is important to establish a coherent business 

strategy before implementing an integrated solution. The business 

strategy includes distinctive aspects of the manufacturer’s business goal 

(i.e. fulfilling the business demands in a rapid and flexible way), business 

structure (i.e. the company’s organization architecture), business process 

(i.e. the decision-making and manufacturing process), and collaboration 

model (i.e. the collaboration levels of the company) and should thus 

significantly influence a manufacturer’s decision to adopt a new cloud 

strategy. Cloud strategy is defined based on this manufacturing strategy, 

and vice versa, each manufacturing strategy needs to be adapted to cloud 

strategy.  

 Cloud strategy: In order to compete with other companies in cloud 

adoption, manufacturers must interlink their manufacturing strategy and 

cloud strategy, and also link with collaboration models. Once the 

manufacturing strategy is clearly defined, it is time to assess the cloud 

opportunity and readiness, such as the cloud deployment and cloud 

services model. Two main factors impact the decision regarding public or 

private cloud: company’s business size and its business structure. The 

security and safety standards are also essential. The decision to use a 
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cloud model for delivering services (i.e. IaaS, PaaS, and SaaS) depends on 

the company’s business needs or requirements. All these decisions related 

to the cloud strategy will jointly build up an integrated cloud working 

environment that can facilitate collaboration framework to fulfill cloud 

manufacturing business goals (Raj & Periasamy 2011). Of course, the 

decision to adopt cloud computing is not only about outsourcing 

resources and services, but also actually has an impact on the growth of 

the business.  

 Manufacturing infrastructure: In the cloud manufacturing’s resource 

pool, the variously dispersed manufacturing resources/capabilities are 

virtualized and transformed into cloud services. For manufacturers that 

intent to provide their resources to resource pool or require more 

resources from others, it is important to define what cloud services can be 

shared and what cloud services are needed to fulfill a company’s 

particular business goal. Firstly, the spare facilities which might be very 

expensive or rarely used assets can be shared to the cloud resource pool 

and provided as manufacturing services; secondly, their 

unique/competitive resources can be outsourced to the cloud. These cloud 

services need to be effectively managed and coordinated in a centralized 

way to ensure the cloud manufacturing performance and operation.  

 Cloud infrastructure: The choice of architecture in terms of user interface 

and interaction should be considered. Common interfaces are very 

important when multiple systems are integrated for collaboration. 

Different cloud infrastructures are chosen to fulfill different business 

goals in the changing enterprise environment. Of course, most companies 

usually have different requirements regarding the privacy of data 

management. Manufacturing must consciously build the cloud 

infrastructures that align with their key cloud strategy and also support 

the manufacturing infrastructure.  

 Cloud manufacturing platform: It provides all the functionalities to 

support the cloud manufacturing lifecycle. The company can decide which 

processes/phases of its production lifecycle need to be supported by cloud 

manufacturing. Different sized companies need to be aware of their roles. 

A big company can host a platform to benefit their customers’ companies 

by accelerating the integration of business and IT investment. Also, the 

company can host the platform to integrate internal business by 

improving the information flow between the shop floor and other internal 

departments. Furthermore, a big company can host cloud manufacturing 



70     Acta Wasaensia 

to increase efficiency between enterprises throughout its supplier 

network. 

The cloud can help manufacturers in their operations and communications, 

therefore it is important to identify which cloud model is most appropriate and 

how to move forward to cloud manufacturing. Of course, IT managers need to 

develop essential business skills to align the cloud with business strategy, and 

vice versa for business executives to develop IT skills. It is important to develop 

an understanding of manufacturing strategy along with business and operation, 

and produce a roadmap aligned with a strategy and infrastructure for business 

(Alkhlil, Sahandi & John 2013). Defining CMSM is an essential step towards 

achieving the success of cloud manufacturing, and gaining competitive advantage 

in business. CMSM can provide the right path forward and help managers 

understand how to manage their cloud manufacturing effectively and efficiently 

in order to realize all of the expected significant merit of cloud manufacturing.  

Based on the cloud manufacturing strategic model (CMSM) in Figure 20, here 

are two examples of choosing a cloud manufacturing implementation approach. 

 Private Cloud: For instance, when the cloud manufacturing is set up for 

large size companies, and their in-house manufacturing resources and 

capabilities are distributed in branch companies, subsidiaries, research 

centers, or different departments. The goal is to promote the utilization 

rate of its own resources. The provider and demander are both inner 

members of an enterprise, the operator can be headquarters. 

 Public Cloud: For instance, for startup companies at an early stage or for 

SMEs which want to concentrate on their business and conduct their 

business activities aggressively, they can adopt the public cloud with 

cloud manufacturing solution provider to save on initial costs. The entire 

manufacturing resources/capabilities are distributed in and owned by 

different SMEs. Idle resources from different companies are then 

integrated to the platform. The provider and demander are SMEs, and the 

operator/solution provider is the owner of the cloud manufacturing 

platform. 

5.5 Summary and Contributions 

This chapter illustrates the system of collaboration in cloud manufacturing 

ecosystems, and describes a broad spectrum of cloud manufacturing (Figure 19). 

It maps the cloud manufacturing implementation of the cloud manufacturing 
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environment which was discussed earlier in this dissertation. It can be evaluated 

based on the manufacturing lifecycle from product design, manufacturing, 

marketing, to after-sales service. Companies can decide where they are most 

comfortable along the spectrum, and create new activities based on their needs. 

Positioning companies at one end of the spectrum or the other is not the only 

option. 

Furthermore, the decision on where to host and manage different types of 

services depends on a number of factors. Therefore, it is very necessary to have a 

cloud manufacturing strategic model (CMSM) (Figure 20). The CMSM can be 

used in an efficient way to build a robust CMP. CMSM will develop a generic 

knowledge model and explain explicitly how to cope with CMP implementation 

issues and challenges, and it also shows the potential advantages for further 

strategic decision support. 

This CMSM applies to all plant-wide, enterprise-wide, and cross-enterprise 

scenarios that cover the range of the increasingly connected value chains used by 

manufacturers today. They define a reusable set of building blocks that can help 

companies realize the business value each pillar supports. Given a business 

scenario in manufacturing, these building blocks can be ‘assembled’ across the 

pillars and integrated with existing enterprise assets to achieve specific business 

goals. By combining components, Original equipment manufacturer (OEMs) and 

suppliers can more quickly benefit from solutions and evolve into more dynamic 

and adaptive manufacturing enterprises. 
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6 CONCLUSIONS 

This chapter summarizes the theoretical and managerial implications of this 

research, and also presents the research limitations and proposes further 

research suggestions.  

The findings of this research were derived from seven individual publications, 

and also a synthesized understanding of cloud manufacturing gained during the 

research process. The primary aim of this research was to provide a 

comprehensive view of cloud manufacturing and to suggest an approach for 

manufacturers to move towards cloud manufacturing platform implementation. 

This study made four main contributions: 1) it gave empirical evidence of what 

cloud manufacturing is; 2) it identified both the business and technical impact of 

the cloud on manufacturing industry in terms of business, technology, 

infrastructure, company structure, etc.; 3) it illustrated applications of cloud 

manufacturing and its platform; and 4) it clarified how to move into cloud 

manufacturing. Table 12 summarizes the research problems and relevant 

research questions, with answers to address each one. 

Table 12. Summary of research problems and answers 

Research Problem 1: 

What are the implications of cloud in the manufacturing industry? 

Research Question 1: 

What is the concept of 

cloud manufacturing? 

It is a system of collaborations, defining different types 

of collaborations in cloud manufacturing ecosystems, 

such as cross-enterprise (external level) enterprise-wide 

(internal level) and plant-wide (fundamental level) 

collaboration 

Research Question 2:  

What are the 

overarching business 

opportunities of cloud 

manufacturing? 

It is an intermediate agent serving multiple companies 

to adapt to ever-changing requirements, and supporting 

all the activities (design, planning, production, control, 

maintenance, etc..) from raw material to finished 

products among all the users (both partner factories, 

broker agents, partners, customers, and individual users 

(e.g. operators, technicians, etc.) 

Research Question 3: 

What are the primary 

technological 

The technological implications are addressed from the 

data management point-of-view. In cloud 

manufacturing, it is very critical to implement IoT and 
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implications of cloud 

manufacturing? 

CPS. However, there are challenges to dealing with the 

large number of data generated by this IT infrastructure. 

Cloud computing and big data are two important 

concepts. A new data processing method is proposed to 

deal with the unstructured and distributed data.  

Research Question 4: 

How to implement 

and transform 

applications to cloud 

manufacturing? 

A set of support tools are designed and developed to 

help cloud manufacturing platform implementation and 

build up new business models for the manufacturing of 

complex products. It is an integrated platform which can 

support different functionalities in the form of 

CloudPPC, CloudMES, and CloudRMA, and it provides a 

series of more sophisticated services with broader 

diversity. 

Research Problem 2: 

How can manufacturers leverage the cloud to shape and support their 

business strategies? 

Research Question 5: 

How can 

manufacturers anchor 

a cloud 

manufacturing 

strategy within its 

business context? 

Cloud manufacturing platform (CMP) implementation 

map and cloud manufacturing strategic model (CMSM) 

are provided to help any companies to think about their 

movement to cloud manufacturing (manufacturing 

strategy -> cloud strategy -> manufacturing 

infrastructure -> cloud infrastructure) 

6.1 Theoretical Implications  

In previous literature, there is an inadequate holistic view about approach, 

methodology and framework for cloud manufacturing. From the academic 

perspective, this dissertation is the cornerstone of cloud manufacturing theory. It 

explicitly states that cloud manufacturing is an umbrella term that encompasses 

many types of manufacturing services and applications. This dissertation is a 

unique item of research that provides a ‘rolled up’ view and fresh thinking about 

the complete opportunity provided by cloud manufacturing. Based on analysis 

related to cloud manufacturing, it also provides a foundation for future 

manufacturing industry in general. Cloud manufacturing is not simply migrating 

from manufacturing-related software to the cloud, but it emphasizes 

collaborative relationships across various factories from the distributed 

production process. When companies adopt cloud manufacturing as their 
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business strategy, it enables a new business model to complement their business 

goals.  

This dissertation extends existing knowledge of servitization (service science), 

enterprise engineering (enterprise integration), and enterprise architecture 

(strategic management) that were the foundation of this dissertation.  

 Service science: By analyzing servitization in the context of cloud 

manufacturing, service is not only an add-on to the main products, but a 

central part of the value creation process in the whole business process. It 

is important to look at the unique opportunities and challenges, and 

provide the needed services to partners. However, it is also very critical to 

think about service science as a ‘means’ to achieve business productivity. 

 Enterprise integration: In the different levels of collaboration in cloud 

manufacturing, enterprise integration is a core concept. Similarities and 

differences between enterprise architectures are pervasive, and they 

cannot be perceived. Therefore, before enterprise integration, it is 

important to understand the whole industry and eliminate obstacles to its 

acceptance and use.  

 Strategic management: In terms of the strategic management principle, it 

is important to address the alignment of business strategy and technology 

for implementation. The research and development focusing on business 

or IT separately are insufficient in the current complex business 

environment. 

6.2 Managerial Implications 

Cloud manufacturing can provide practical impacts on the manufacturing 

industry and support agile partnership, particularly for SMEs which are too small 

to fulfill customers’ requirements independently and want to collaborate with 

other SMEs. This dissertation can be beneficial to managers from industry in two 

main aspects.  

First of all, cloud manufacturing is a vague concept without a clear and common 

understanding by most companies in industry. Companies face obstacles in 

trying to develop ideas and take action. They are struggling when it comes to 

identifying and implementing cloud manufacturing scenarios. This dissertation 

has explicitly addressed this issue by providing a systemized knowledge of cloud 

manufacturing and describing the constituents of a phenomenon.  
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In this dissertation, cloud manufacturing was revealed from different aspects: the 

evolution of manufacturing, a holistic view of cloud manufacturing, practical 

implementation examples, adaptation approaches, and strategic model. Cloud 

manufacturing establishes a series of standards to collaborate with other 

partners. With all of this guidance and these methodologies, companies can 

instantiate/duplicate already successful cases, and implement their own cloud 

manufacturing platform.  

Secondly, to accommodate the development and support of cloud manufacturing, 

companies will need to update existing IT architectures and business operations 

to capitalize on this trend. This dissertation provides a CMSM to support 

practitioners in developing appropriate solutions.  

Different companies intent to use different approaches and procedures to move 

into a cloud manufacturing environment. Therefore, a common platform is 

necessary to aggregate manufacturing resources/capabilities within a company, 

and also across different companies. In CMP, integration is provided as a service. 

This CMSM can provide a proactive decision-making paradigm, and it reduces 

the reaction time to a CMP.  

6.3 Limitations 

Case studies are both the strength and weakness of this research. It is possible to 

tailor the research design procedure to particular research requirements. 

Conversely, the cause studies resulted limitations to criticism.  

Normally, case study research is not representative in general, but focused on 

carefully selected cases, and the study can then suggest a number of intriguing 

themes that deserve further discussion. Although the approach and framework 

proposed in this dissertation were applied in four industrial companies, it will be 

necessary to further evaluate the results and findings through qualitative 

research. 

In this research, technical issues are not addressed in detail, because IT is in itself 

trivial, and the important thing to explore the applications and benefits. After all, 

enterprise collaboration and integration are more about strategic and 

organizational challenges, rather than an IT issue (Panetto & Molina 2008).  

In this dissertation, the security issue has not been covered, because it is not the 

main focus. However, security is one of the primary issues and biggest concerns 

in most of the cloud-related research. Hence, more attention is needed. 
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Furthermore, the regulations and standards have not been addressed in this 

research. This is very important in the manufacturing industry. Therefore, in 

future cloud manufacturing research, cloud computing security and 

manufacturing regulations should be addressed and considered.  

6.4 Future Research 

In a cloud manufacturing environment, there are substantial challenges that 

must be overcome. The distributed resources need to be encapsulated in order 

for them to be shared over the internet. It is important to find out matching 

resources/capabilities in order to get all factories to join in the cloud 

manufacturing environment and share their value by sharing data with different 

companies (Helo & Szekely 2005). 

In the cloud-based environment, privacy and security always are critical issues. 

Lack of appropriate security technology is the major barrier resisting the growth 

of any cloud-based implementations. As cloud computing is the enabling 

technology of cloud manufacturing, the security barrier has retarded its growth. 

By 2011 various technologies with wide acceptance began to catch the IT market. 

The emergence and usage of security technologies like AES 256 bit encryption 

and FIPS 140-2 make the cloud functionality of enterprises real (Lijohn & George 

2014).  

In order to overcome these challenges and to create a dedicated cloud 

manufacturing environment, it is importance to create an architecture to 

consider the measurement of quality of delivered service by monitoring 

performance and improving the SLA (service level agreements) over time (Xu 

2013), and also make sure the selected services match the level of the customers’ 

requirements. The measurement can be considered from the aspects of cost, 

schedule, quality, green environment, flexibility, and related SLA (covering the 

service levels and non-functional specifications). It is very worthwhile to provide 

a scientific answer to the metrics of cloud manufacturing performance.  

Furthermore, all partners joining cloud manufacturing do so based on the QoS 

and also their own willingness. Several trust measurements were designed, such 

as by Li et al. (2014) and Wang & Xu (2013b). So trust and assessment are very 

important research themes that deserve further discussion.  

Moreover, cloud manufacturing is particular to manufacturing industry, but the 

concept and logic can become a disruptive trend and also be implemented in 

other industry, such as the healthcare, education, retail, finance, and government 
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sectors. However, the application and transformation of cloud manufacturing is 

not immediately obvious in other sectors. For instance, the needs of a health 

center would apparently be quite different from that of the manufacturing sector. 

Thus, it makes sense to tailor provision. Cloud manufacturing must conform to 

relevant industry standards, infrastructure needs, growth patterns and software 

functionality,  

However, the findings obtained in this research also illuminate a number of 

concluding remarks that further need to be presented. This CMP and CMSM is an 

ongoing effort. More research can be put into CMSM. The next step is to study 

the alignment measurement in cloud manufacturing collaborative networks and 

find out what are the main enablers. 
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Cloud Manufacturing towards 
Sustainable Management

ABSTRACT

Nowadays, most manufacturing companies have realized the importance of collaboration between dis-
persed factories, different suppliers, and distributed stakeholders. Cloud computing is an evolution of 
the Internet; it does not just change the technology, but also enables collaborative innovation. Cloud 
manufacturing (CM) is another form of networked manufacturing. It provides common and standard 
manufacturing services by cloud logic and principle. In this chapter, a new concept is suggested based on 
the fundamental theory and key technologies of CM. Cloud Future Factory, which is intended to manage 
a matrix-type organizational structure, focuses on improving communication in lean manufacturing. This 
case company has dispersed production lines and business departments. Therefore, it’s very necessary 
to introduce an efficient and dynamic information integration platform. This chapter leads to a different 
way of thinking for using the cloud manufacturing concept in different formations. CM is not just suit-
able for small and medium sized enterprises, but also fits large size companies.

1. INTRODUCTION

The quality of our life has been improved by manu-
facturing industry. But it has become increasing 
difficult to ignore that industrial activities have 
caused negative environmental consequences. 
Waste and emissions of industrial manufacturing 
and usage of products intensify the problems of 
the global environment. Accordingly, this situation 
causes disadvantages for the traditional industries 

(Jovane, Westkämper & Williams 2008). It is 
widely recognized that environmental sustainable 
development is a priority for fundamental research 
(Bi & Wang 2013) because that environmental 
degradation becomes one of the serious prob-
lems and concerns for human today. Therefore, 
manufacturing is under intense pressure to manage 
sustainability.

Additionally, the levels of competition and 
uncertainty are very high in the current manu-
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facturing environment. The mounting demand for 
new products requires more worldwide production 
activities. This globalization tendency brings com-
panies more and more opportunities with sharing 
knowledge and expertise in a collective manner. 
People and other related resources from all across 
the globe need to be connected instantaneously. 
These changes require manufacturing paradigm 
shift towards a more sustainable and agile busi-
ness model. This evolvement must meet emerging 
dynamic needs from customers and maintain the 
sustainable in industrial development. Finding 
solutions to adopt these changes is very critical, 
because it requires a deep understanding of sus-
tainability and a broad scope of engagement with 
all levels of the organisation and stakeholders.

Numerous factors, such as business strate-
gies, organizational structure and technologies, 
have impacts on the implementation of a new 
manufacturing paradigm. The success of a manu-
facturing paradigm is the process of optimizing 
both hardware and software (Bi & Wang 2013). 
The emergence of the Internet and other advanced 
technologies has led to the development of col-
laboration networks in many different areas. 
This phenomenon has resulted in a power-shift 
from the hierarchical business models (Wu et al. 
2013). The traditional business models cannot 
afford the flexibility and connectivity of today’s 
business environment and sustain the innovation. 
Especially in manufacturing industry, companies 
have to be agile and reconfigurable so that their 
business structures or products can be adaptive 
in a dynamic environment.

Cloud computing is an attractive element of 
companies’ competitive strategy now. Its appear-
ance becomes one of the primary enablers for the 
manufacturing industry. Xu (2011) emphasizes 
that cloud computing is considered as a multi-
disciplinary research field. However, little work 
has been reported on investigating the potential 
of cloud computing in terms of product design 
and manufacturing (Wu et al. 2012).

As discussed by Xu (2011), the adoptions of 
cloud computing in the manufacturing industry 
can be mainly classified into two types: smart 
manufacturing and cloud manufacturing. Smart 
manufacturing means manufacturing with direct 
adoption of cloud computing technologies and 
enables better-integrated and more efficient 
processes. Cloud manufacturing means the manu-
facturing version of cloud computing, which very 
similar to networked manufacturing concept (Tai 
et al. 2012; Zhang & Zhong 2012; Li et al. 2011). 
Regardless which cloud adoption method is used 
in the company, the concept of cloud transforms 
the traditional manufacturing business model, 
and helps the company to align innovation with 
business strategy, and creates intelligent factory 
networks that encourage active collaboration 
(Xu 2011).

Columbus (2013) posted an article in Forbes 
and discussed using cloud computing to revolu-
tionize manufacturing based on his visits with 
manufacturers. He pointed out 10 ways to utilize 
cloud computing such as implementing cloud-
based business tools to mobility support the 
analysis and reporting, also deliver real-time 
order status and forecasts, and create multiple 
access entry points. These business tools can 
support different business purposes, such as 
customer management, marketing management, 
product management, vendor management, etc. 
However, there was a main central theme draw 
out attentions: collaboration. Using cloud-based 
platform can ensure collaboration in any phase of 
manufacturing and product management, which 
is strategy that many manufacturers are pursuing 
today. Zhou et al. (2011) emphasize that enterprise 
has become a node in the global inter-enterprise 
collaborative manufacturing network.

Collaboration is the key enabler to minimise 
cost, improve adaptability, responsiveness, ro-
bustness, and sustainability of manufacturing 
processes, especially in lean manufacturing. Value 
chains and cooperation between companies, espe-
cially SMEs, are increasingly flexible.
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In this chapter, we introduce main prior re-
search in cloud manufacturing and its associated 
characteristics. Since there are several definitions 
around this novel concept, it’s very vita to review 
these definitions and propose a comprehensive 
definition embracing the competitive founda-
tions of cloud and the key concepts of cloud 
manufacturing.

Our purpose is to design and develop a com-
munication platform for cloud manufacturing 
activities, where it can provide execution, moni-
toring, planning, and optimization services. In 
order to make a change toward sustainability and 
globalization, new business strategies that are 
based on improving collaboration rather than its 
capital should be considered. We intend to answer 
the following practical questions in this chapter:

• What is cloud manufacturing?
• How is cloud manufacturing different from 

previous paradigm shifts?
• What new opportunities are derived 

from cloud manufacturing in large size 
companies?

• How does this new manufacturing para-
digm achieve sustainability?

This paper attempts to address some of the 
basic requirements for achieving cloud manufac-
turing in a real case company, particular to large 
size company. Many manufacturing companies 
are already adopting a form of cloud computing 
in their existing business strategy and providing 
services to their suppliers, customers or employees. 
In this paper, we will present a case company that 
embraces the cloud manufacturing concept into 
its value chain, increases flexibility of its supply 
chain and centrally manages its dispersed factories. 
This new paradigm is Cloud Future Factory and 
it improves the ability to react faster on market 
needs and individual customer requirements.

A brief review of current literature is given to 
achieve our objective in this research in section 2 
and it helps to create a knowledge base. In section 

3, a new paradigm is proposed and the business 
benefits of this paradigm are discussed. Section 4 
outlines future research endeavours and directions 
on cloud manufacturing, and it leads to potential 
benefits of sustainability. Finally in Section 5, 
conclusions are presented.

2. RESEARCH OVERVIEW

2.1 Related Concepts

In the manufacturing industry, many advanced 
business models and technologies have been devel-
oped to address different manufacturing challenges 
and to improve the manufacturing quality. Table 
1 lists related concepts and definitions. These 
models are proposed and used widely, and they 
are capable of satisfying current manufacturing 
requirements on different aspects. According to 
the differences of these concepts’ attributes and 
orientations, they can be classified into two dif-
ferent aspects: structure oriented and technology 
oriented. Structure oriented concepts mainly 
focus on the structure of business formation. On 
the other hands, technology oriented concepts 
primarily emphasize the importance of technol-
ogy involvement. These technologies or models 
have played crucial roles in manufacturing related 
fields, and have made great contributions to the 
development of manufacturing informationaliza-
tion (Tao et al. 2011b).

All the concepts have caught the attention of 
experts in both industry and academia. Although 
each of these manufacturing technologies or mod-
els has its own emphasis, they all have typical and 
common characteristics, such as network, resource 
sharing, and cooperative work. A lot of research 
has been carried out to compare and differentiate 
these concepts. Several issues are found existing 
in these concepts:

1.  Limited Number of Services: Some physi-
cal manufacturing resources and manufactur-
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common characteristics, such as network, resource 
sharing, and cooperative work. A lot of research 
has been carried out to compare and differentiate 
these concepts. Several issues are found existing 
in these concepts:

1.  Limited Number of Services: Some physi-
cal manufacturing resources and manufactur-
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ing ability cannot be provided for users in 
the form of service (Tao et al. 2011b).

2.  Limitations of the Service Categories, 
Quality, and Quantity: The services are 
autonomous in a wide range of manufactur-
ing resources, complex types and different 
formats in multi granularity. The query ser-
vices and access controlling are inadequate 
(Li et al. 2011). It’s not easy to find out 
appropriate required service.

3.  Lack of Reliable Security Solutions and 
Technologies: The integration of manu-
facturing IT systems to the overall supply 
chain management infrastructure is missing 
(Rauschecker & Stohr 2012). The coordi-
nation among the parties in a distributed 
network has been little and less effective in 
the reality.

4.  Lack of  Central ized Operation 
Management of Services: Moreover, due 

to the self-government of services, some 
resources are scarce and unstable.

At the same time, some recently emerged 
technologies need to be applied in various fields 
in order to adequately address the above men-
tioned bottlenecks in manufacturing. Tao et al. 
(2011b) summarize several technologies, such 
as service-oriented technologies (e.g., service-
oriented architecture (SOA), service computing, 
web service, semantic web), internet of thing (IoT), 
advanced computing models and technologies 
(e.g., distributed computing, high performance 
computing (HPC), grid computing, and cloud 
computing), intelligent embedded system and 
technologies, and so forth.

In order to achieve seamless, stable and high 
quality transaction of manufacturing resource ser-
vices, a new manufacturing business model should 
be proposed. Under this condition, combing the 

Table 1. Related concepts and definitions

Concept Main Attributes Citation

Structure-Oriented

Lean manufacturing Refers to a business concept that emphasizes on minimizing the amount of time 
and resources used in the manufacturing processes and other activities of an 
enterprise with the goal of eliminating all forms of wastage.

Gunasekaran 1999

Agile Manufacturing Emphasizes cooperative enterprises to adapt and respond quickly to rapidly 
changing markets driven by customer-based valuing of products and services.

Yusuf et al. 1999

Global manufacturing Means that all manufacturing operations and activities are geographical spread 
across national boundaries.

Maskell 1991

Networked manufacturing Includes the integration of distributed resources. D’Amours et al. 1999

Virtual manufacturing Integrates manufacturing resources and activities distributed in computer 
networks.

Iwata et al. 1997

Technology-Oriented

Digital manufacturing Incorporates technologies for the virtual representation of a physical 
manufacturing resources, such as of factories, buildings, machine systems 
equipment, labour staff and their skills, as well as for the closer integration of 
product and process development through modelling and simulation.

Chryssolouris et al. 
2009

Computer-integrated 
manufacturing

Uses computers and integrate with Computer Aided Design and also other 
business operations and database, to control the entire production process and 
allows that the processes exchange information with each other and they are able 
to initiate actions.

Alavudeen & 
Venkateshwaran 2008

Manufacturing Gird Uses for sharing and integrating resources in manufacturing processes and for the 
cooperating operation and management of the enterprises based on the grid and 
relative advanced computer and information technologies.

Fan et al. 2004
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existing concepts and mentioned new technolo-
gies, a new service-oriented and networked manu-
facturing model, cloud manufacturing, appeared 
in 2009. The definition’s system architecture and 
key technology for cloud manufacturing have been 
investigated in early works (Tao et al. 2011b).

According to Xu (2011), cloud manufacturing 
is considered as a new multidisciplinary domain 
that encompasses these existing concepts. Nu-
merous studies have attempted to explain that 
cloud manufacturing has become a new mode of 
networked manufacturing (Xu 2011; Tao et al. 
2011; Li et al. 2012). In contrast to the conven-
tional networked manufacturing approach, the 
cloud manufacturing promises elasticity, flex-
ibility and adaptability through the on-demand 
provisioning of manufacturing resources (Zhou 
et al. 2011). Zhang and Hu (2013) state that cloud 
manufacturing ensures the autonomy of scattered 
manufacturing resources to meet the requests of 
customers by the dynamic integration and the 
share of resources.

Figure 1 illustrates the scope of cloud manu-
facturing and its relations with existing concepts. 
Cloud manufacturing reflects existing concepts, 
but also extends current knowledge with both 
the dimension of the level of integration with 
other partners and the degree of ICT involved. 
As highlighted by D’Amours et al. (1999), the 
networking strategies are classified by different 
levels of shared information, such as on price 
and capacity. Therefore, in this scope scheme, 
the horizontal axis represents the level of ICT 
involved and the vertical axis.

2.2 Cloud Computing Concept and 
Application in Manufacturing

Cloud computing is treated as the evolution of the 
Internet. The concept of cloud is a combination 
of different technologies and resources, such as 
computing, networking, storage, and management 
solutions, etc. The National Institute of Standards 
and Technology (NIST) defined cloud computing 

as “a model for enabling ubiquitous, convenient, 
on-demand network access to a shared pool of 
configurable computing resources (e.g., networks, 
servers, storage, applications, and services) that 
can be rapidly provisioned and released with 
minimal management effort or service provider 
interaction.” (Mell & Grance 2009).

However, cloud computing is considered as a 
multidisciplinary research field. Cloud is not only 
an evolution of technology, but also an evolution 
of business model. In cloud, everything is treated 
as a service, therefore, the business model can 
also be offered as a service based on cloud logic.

Xu (2011) identifies two types of cloud com-
puting adoptions in the manufacturing sector. 
The first type is the manufacturing with direct 
adoption of cloud computing technologies. The 
second type is cloud manufacturing, which means 
the manufacturing version of cloud computing. 
He provides a definition of cloud manufactur-
ing: distributed resources are encapsulated into 
cloud services and managed in a centralized way. 
Clients can use cloud services according to their 
requirements. Cloud users can request services 
ranging from product design, manufacturing, 
testing, management, and all other stages of a 
product life cycle.

Mezgár (2011) asserts that cloud computing is 
an important technology for networked enterprises 
as it offering high level collaboration possibilities. 
It enables a new generation of IT, and also manu-
facturing services. It makes the services available 
based on every demand. Cloud computing can 
realize dynamic resource sharing and on-demand 
resource provisioning by leveraging virtualization 
technologies at multiple levels (hardware, platform 
& application) (Zhou et al. 2011). Chen (2014) 
points out that “interoperability and scalability” 
are two essential characteristics of cloud. The 
manufacturers can respond to customers’ requests 
and adjust their factories capacity.
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existing concepts and mentioned new technolo-
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is considered as a new multidisciplinary domain 
that encompasses these existing concepts. Nu-
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ibility and adaptability through the on-demand 
provisioning of manufacturing resources (Zhou 
et al. 2011). Zhang and Hu (2013) state that cloud 
manufacturing ensures the autonomy of scattered 
manufacturing resources to meet the requests of 
customers by the dynamic integration and the 
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Figure 1 illustrates the scope of cloud manu-
facturing and its relations with existing concepts. 
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on-demand network access to a shared pool of 
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minimal management effort or service provider 
interaction.” (Mell & Grance 2009).

However, cloud computing is considered as a 
multidisciplinary research field. Cloud is not only 
an evolution of technology, but also an evolution 
of business model. In cloud, everything is treated 
as a service, therefore, the business model can 
also be offered as a service based on cloud logic.

Xu (2011) identifies two types of cloud com-
puting adoptions in the manufacturing sector. 
The first type is the manufacturing with direct 
adoption of cloud computing technologies. The 
second type is cloud manufacturing, which means 
the manufacturing version of cloud computing. 
He provides a definition of cloud manufactur-
ing: distributed resources are encapsulated into 
cloud services and managed in a centralized way. 
Clients can use cloud services according to their 
requirements. Cloud users can request services 
ranging from product design, manufacturing, 
testing, management, and all other stages of a 
product life cycle.

Mezgár (2011) asserts that cloud computing is 
an important technology for networked enterprises 
as it offering high level collaboration possibilities. 
It enables a new generation of IT, and also manu-
facturing services. It makes the services available 
based on every demand. Cloud computing can 
realize dynamic resource sharing and on-demand 
resource provisioning by leveraging virtualization 
technologies at multiple levels (hardware, platform 
& application) (Zhou et al. 2011). Chen (2014) 
points out that “interoperability and scalability” 
are two essential characteristics of cloud. The 
manufacturers can respond to customers’ requests 
and adjust their factories capacity.
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2.3 Comparison of Cloud 
Manufacturing Definitions

Cloud manufacturing concept owes a lot of previ-
ous paradigms of manufacturing models. At the 
moment, this concept is a vision and currently 
being refined to further its understanding. It is a 
hybrid construct of advanced technologies and 
any previous method of manufacturing, which 
provides a sharing and collaborative manufactur-
ing environment with global competition in this 
industry. The advanced technologies can be cloud 
computing, the internet of things, semantic web, 
and information system integration, etc. (Luo et 
al. 2011).

Park and Jeong (2013) argue that cloud manu-
facturing is existing networked manufacturing, 

internet-based manufacturing or distributed 
manufacturing. These concepts mainly refer to 
integration of distributed resources for undertak-
ing a single manufacturing task. The centralized 
operation management of the services, choice of 
different operation modes, and embedded access 
of manufacturing equipment and resources are 
missing in this regime. Therefore, it’s difficult 
to guarantee a seamless, stable, and high quality 
transaction of manufacturing resources services.

The first serious discussions and analyses of 
cloud manufacturing emerged in 2010 with a 
research project funded by the National Natural 
Science Foundation of China. Li, Zhang and 
Chai (2010) propose the definition of intelligent 
cloud manufacturing as: “a service-oriented, 
knowledge-based smart manufacturing system 

Figure 1. Scope of cloud manufacturing
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with high efficiency and low energy consumption”. 
Xu (2011) has recently developed a definition of 
cloud manufacturing by mirroring NIST’s cloud 
computing definition: “a model for enabling ubiq-
uitous, convenient, on-demand network access 
to a shared pool of configurable manufacturing 
resources (e.g., manufacturing software tools, 
manufacturing equipment, and manufacturing 
capabilities) that can be rapidly provisioned and 
released with minimal management effort or 
service provider interaction.”

Zhou et al. (2011) labelled cloud manufacturing 
paradigm in five parts: resource cloud, manufactur-
ing cloud, business cloud, infrastructure & public 
platform for cloud manufacturing and cloud us-
ers. This definition is very significant, because it 
reveals the essential potentiality offered by cloud 
manufacturing.

About the cloud manufacturing resources, 
they are not only virtual resources as in cloud 
computing, such as computing or storage, but also 
design, simulation, equipment, material, informa-
tion, even manpower, etc. Most of the resources 
need to be operated manually by human (Hu et 
al. 2012). Tai et al. (2012) further explicate that 
cloud manufacturing resources are all kinds of 
service resources that service provider provides 
to consumer side.

Zeng (2012) proposes the same approach 
and points out that the services are dynamically 
delivered over networks from an abstracted set of 
resources. The resources are available on demand 
in somewhere of the cloud. Every manufacturing 
service has certain manufacturing functions and 
the unified access mechanism. The key idea is to 
represent the manufacturing service capabilities in 
an unambiguous, computer-understandable form 
based on ontology.

The cloud manufacturing resources’ properties 
include the basic attribute resources, information 
resources, design resources, software resources, 
detection resource, etc. In this paper, the resource 
supply and demand intelligent matching process 
are intensely discussed. Li et al. (2011) emphasize 

that resource encapsulation of cloud manufac-
turing is the precondition of the realization of 
service-oriented cloud manufacturing mode. It is 
the important step of resources sharing.

In Zhang and Zhong (2012)’s work, they define 
manufacturing cloud service as web service. These 
services should be presented in cloud manufac-
turing platform and be searchable. However, Tai 
et al. (2012) argue in their work that the existing 
web service is hard to meet the requirements of 
Intelligent Cloud manufacturing services; the main 
problem is that web service uniform semantic 
description is lacking.

Cloud manufacturing is an integrated support-
ing environment. It’s used both for resources shar-
ing and integrating in an enterprise. All the virtual 
manufacturing resources are existing in virtual 
manufacturing resources pools, which shield the 
heterogeneousness and the regional distribution 
of resources by the way of virtualization (Fan et 
al. 2004). Wu et al. (2012) state that it is a type 
of parallel and distributed system consisting of a 
collection of inter-connected physical and virtual-
ized service pools of design and manufacturing 
resources (e.g., parts, assemblies, CAD/CAM 
tools) as well as intelligent search capabilities for 
design and manufacturing solutions.

Wu and Yang (2010) address the concept of 
cloud manufacturing. The authors stressed on 
the integration and cooperation, which are two 
of the most important characteristics of cloud 
manufacturing. Moreover, cloud manufacturing 
provides a cooperative work environment through 
social networking and negotiation platform for 
both manufacturing enterprises and individuals, 
and it enables the cooperation of enterprise (Wu 
& Yang 2010; Wu et al. 2012).

In the work of Wu et al. (2012) and Ai et al. 
(2013), together these studies provide valuable 
insights that cloud manufacturing refers to a 
product realization model which covers the whole 
manufacturing lifecycle. The manufacturing life-
cycle includes pre-manufacturing (argumentation, 
design, production and sales), manufacturing 
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manufacturing resources pools, which shield the 
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(product usage, management and maintenance), 
and post-manufacturing (dismantling, scrap and 
recycling) (Li, Zhang & Chai 2010). It’s a rapid, 
secure, reliable product development process with 
minimum costs.

2.4 Characteristics of 
Cloud Manufacturing

Although each of the cloud manufacturing defini-
tions has its own emphasis, apparently five com-
mon characteristics exist, namely: intelligent, 
distributed manufacturing, networked, resource 
sharing and collaborative work. Li, Zhang and 
Chai (2010) highlight the keys of cloud manu-
facturing are service-oriented, knowledge-based 
and energy efficient. Since cloud manufacturing 
is built up based on cloud computing concept, it 
follows the principle of X as a service. Therefore, 
it can be also named as manufacturing as a service 
(Wu & Yang 2010).

NIST’s definition of Cloud computing (Mell & 
Grance 2009) states that the essential characteris-
tics are: on-demand self-service, broad network 
access, resource pooling, rapid elasticity, measured 
service. These features are also detectable in cloud 
manufacturing. Wu et al. (2012) described the 
essential characteristics of cloud manufacturing 
based on this formation:

• On-Demand Self-Service: Manufactures 
which join in this cloud manufacturing 
platform can both release manufacturing 
resources and services, and also access a 
shared collection of on-demand manufac-
turing resources and services to form a 
networked manufacturing model, which is 
a temporary and reconfigurable production 
line according to their requirements (Wu et 
al. 2012; Wu et al. 2013; Tai et al. 2012).

• Broad Network Access: In order to ensure 
that various stakeholders (e.g., customers, 
designers, managers) can interact with each 
other and actively participate throughout 

the entire production process and achieve 
value co-creation, cloud manufacturing 
can provide users access to the resources 
and services through heterogeneous tools, 
e.g., mobile phones, tablets, laptops, and 
workstations (Wu et al. 2012).

• Resource Pooling: All the manufactur-
ing resources and services are virtualized 
and made available to users through cloud 
manufacturing platform. Cloud manufac-
turing services are formed by identifying, 
virtualization and packaging process (Xu 
2011; Wu et al. 2012). Cloud manufactur-
ing enables convenient and on demand net-
work access to such a shared pool of con-
figurable manufacturing resources.

• Rapid Elasticity: This cloud manufactur-
ing platform allows users to quickly scale 
up and down to respond quickly to chang-
ing requirements. It helps to better handle 
dynamic capacity planning under emer-
gency situations incurred by unpredict-
able customer needs and reliability issues. 
For example, the cloud system allows the 
cloud service consumers to quickly search 
for and fully utilize resources, such as idle 
and/or redundant machines and hard tools, 
in another organization to scale up their 
manufacturing capacity (Wu et al. 2012).

• Measured Service: For manufacturers, 
there are too many services and resources 
in the business environment, only on-de-
mand optimized resources are provisioned 
to their particular business processes. 
Therefore, the services and resources are 
monitored, controlled and reported to en-
sure the quality of cloud manufacturing 
services and resources (Tao et al. 2011).

2.5 Sustainability of Cloud 
Manufacturing

Sustainability is defined as the capacity of the 
present generation to fulfil its needs without 
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compromising the ability of future generations to 
meet their own needs, so that the level of human 
consumption and activity can continue into the 
foreseeable future (Bi & Wang 2013; Wolfson, 
Tavor & Mark 2013).

In order to survive and to be successful in manu-
facturing industry with such market turbulence, 
manufacturers need to extend their vision, to cover 
sustainable value creation, new business models, 
and also flexible and agile business processes (Xu 
et al. 2012). Many new terminologies related to 
system sustainability, such as environmentally 
conscious manufacturing, sustainable manufactur-
ing, green manufacturing, remanufacturing and 
sustainable productions, have been proposed (Bi 
& Wang 2013).

The most known concept is sustainable manu-
facturing. US Department of Commerce defined 
sustainable manufacturing as the creation of 
manufacturing products that use materials and 
processes that minimize negative environmental 
impacts, conserve energy and natural resources, are 
safe for employees, communities, and consumers 
and are economically sound (Bi & Wang 2013). 
Of course, it is not just manufacturing process or 
the resulting manufactured products. To describe 
a sustainable system, a multi-level approach on 
products, processes, enterprise and supply chain 
need to be considered (Bi & Wang 2013).

Besides, green manufacturing is another attrac-
tive concept. It has been used as an alternative of 
sustainable manufacturing. “Green” technologies 
are often understood as those capable of meeting 
product design requirements while minimizing 
environmental impact. However, minimizing 
impact is a necessary but not sufficient condition 
for a sustainability strategy.

Nevertheless, the limitations in the major-
ity of the studies are the general discussions. 
Only a few new requirements are identified for 
next-generation manufacturing systems. More 
advanced systems and new concepts have not been 
systematically studied. Future research directions 

in this field are needed to address all the legacy 
problems (Bi & Wang 2013).

The core concept of cloud manufacturing is to 
revitalize social manufacturing resources, optimal 
allocation, improve the utilization rate of social 
resource, and reduce use cost of the social overall 
resource, in the trend of low carbon economy 
development (Tai et al. 2012). In addition to cost, 
time and quality concerns, the issues of sustain-
ability is taken into consideration during process 
planning and optimization (Bi & Wang 2013).

Chen (2014) measured the SWOT of applying 
cloud manufacturing in semiconductor manufac-
turer. He draws our attention to cloud manufac-
turing and highlights this solution enhancing the 
sustainable development in this industry. Cloud 
manufacturing can serve as a vehicle towards better 
sustainability via a modular approach (Bi & Wang 
2013). This modular approach means that modules 
with sophisticated technologies, such as for online 
tracking of resource utilization, multi-objective 
decision support for planning and simulation, and 
on-board manufacturing execution control, can 
be activated by a common cloud manufacturing 
platform to enhance responsiveness, adaptability, 
reliability, and optimality in achieving first-time-
right processes, wherever they are needed (Bi & 
Wang 2013).

3. CLOUD FUTURE 
FACTORY PROPOSAL

3.1 Concept and Objectives

In this research paper, a new cloud manufactur-
ing model is proposed based on review previous 
research. The approach in this work is named as 
Cloud Future Factory (CFF). This CFF concept 
is designed for a real case company from Finland, 
for the confidential reason, the company’s name 
is anonymous.
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ous studies have been proposed cloud manufactur-
ing, our study focuses on large size organization 
and its internal collaborations among various 
departments and factories.

Case company is a leading provider in machines 
and systems for sheet metal working. Its solutions 
include laser processing, punching, shearing, 
bending, automation, and so on. Case company’s 
products are designed with the aim of assuring the 
success of customers, and also minimizing envi-
ronmental impact, reducing energy consumption. 
This concept of sustainable manufacturing is the 
base of company’s green objective.

Currently, this company employs around 1,500 
people and operates in over 70 countries, up to 
79 units (until 2012). Products are manufactured 
by Product Units. Case company’s manufactur-
ing facilities are divided into 4 groups: 2D & 
3D laser technology (Product Unit 1); punching 
technology, combination machines and systems 
(Product Unit 2); bending technology (Product 
Unit 3) and other laser technologies (Product Unit 
4), respectively dispersed in Italy, Finland, USA 
and China, from which they deliver machines and 
systems all over the world. Each product unit has 
independent R&D, logistics and manufacturing.

This case company targets to provide custom-
ers with the most comprehensive range of high 
performance, profitable and sustainable machines, 
and relevant services, and also to have a business 
model focused on actual customer’s needs. In order 
to achieve this goal, case company is structured 
worldwide in matrix-type organization as shown 
in Figure 2. It acts as a single “virtual” company, 
although through a variety of legal entities and 
branch offices located in over 20 countries. Differ-
ent Region Units are responsible for sales, instal-
lation, training and service of all case company’s 
products for certain areas.

Product and Region Units are coordinated 
and supported at the divisional level by a lean 
central organization covering administration/
finance, IT, HR, marketing, after sale coordina-
tion, R&D coordination, quality. Case company 

is an integrated global company. With this busi-
ness and functional structure, this case company 
can flexibly and quickly respond to changes in 
markets and priorities.

Although this matrix organization structure 
provides many advantages to case company, one 
prominent feature is the internal complexity in 
information exchange. This is very typical phe-
nomena in many international operation compa-
nies. Region Units are responsible for collecting 
customer requirement, and providing the custom-
ized design and prototype of the machines then 
sending to specified Product Units accordingly. 
For instance, if customer needs machines for the 
processing of three-dimensional parts, the work-
ing order will send to PU1. The transferring of 
information and production plan phase requires 
a significant amount of time.

Due to this property of organization structure, 
case company needs an efficient way to manage its 
network of supply, manufacturing, sales and also 
various services, etc. Management of complexity is 
a very crucial issue for case company in a practical 
way. Integrated enterprise capabilities could grow 
by information sharing with all different units, 
various legal entities and branch offices.

The aim of CFF is to effectively organize all 
kinds of manufacturing information, resources and 
capabilities separated in different Product Units 
and Region Units all over the world, and virtually 
manage these assets and also be centralized in this 
CFF. Therefore, the project described here will 
set up and customize the cloud manufacturing 
infrastructure into case company.

3.2 Framework of Cloud 
Future Factory

The current manufacturing environment is highly 
competitive and uncertain. A manufacturing 
system has to be agile to adapt in a dynamic 
environment. Figure 3 illustrates the conceptual 
framework of Cloud Future Factory. Two main 
directions state the matrix-type relationships 
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among Product Units and Region Units. All the 
Product Units publish their product manufac-
turing information, resources and capabilities 
into the cloud manufacturing platform, in the 
meanwhile, all Region Units are able to publish 
sales, customer orders, etc. into this platform with 
customized design.

Communication is one of the most vita fac-
tors in lean manufacturing. In most companies, 
the goal of implementing “lean manufacturing” 
is to eliminate waste to increase productivity. But 
in this CFF framework, it emphasizes the seam-
less collaboration and real-time communication. 
Prompt and accurate communication of manufac-
turing information, resources, and capabilities is 
very critical in an effective lean manufacturing 
environment. By using this CFF concept, it can 
centrally manage the shared information, resources 
and capabilities, and achieve competitive and 
sustainable.

This conceptual framework covers the whole 
machines and software manufacturing process. 
Strictly speaking, it refers to the whole manufac-
turing process, from pre-manufacturing, manufac-
turing to post-manufacturing. All the activities in 
this CFF are to achieve the core business value 
which is also the business objectives of this case 
company:

• Effective communication: reducing the 
time consuming during communication;

• Reducing cost of manufacturing: manufac-
turing line optimization;

• Align supply with the demand in real-time;
• Improving elasticity of system: dynamic 

production planning;
• Expanding scope of services: more part-

ners, namely suppliers and customers, in-
volved in this manufacturing process.

Figure 2. Matrix organization structure with 4 Product Units (PU) and 4 Region Units (RU)
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3.3 Lifecycle of Cloud Manufacturing

This CFF includes the areas covering products 
lifecycle management, modelling, design and 
optimization, and also inter-organizational rela-
tion management in cloud computing. In this 
particular research, case company is addressed 
to encourage international cooperation under the 
cloud manufacturing model.

Manufacturing is a process of transforma-
tion of input to output and value adding (Jovane, 
Westkämper & Williams 2008). It is of funda-
mental interest to optimize the benefits of each 
manufacturing process in its perspective life cycle. 
In order to achieve the costs reducing and the 

elasticity increasing, it is necessary to increase 
the efficiency of the communications and change 
the traditional ways of customer-oriented towards 
a manufacturing lifecycle paradigm.

Figure 4 demonstrates the functionalities 
provided by the cloud future factory system plat-
form, and all the functionalities are classified by 
the manufacturing lifecycle. It makes full use of 
the group advantages to achieve integration and 
coordination by sharing cloud services.

• Publishing of Cloud Services: The manu-
facturing information, resources, and ca-
pabilities are encapsulated into cloud ser-
vices. All the cloud services are accurately 

Figure 3. Conceptual framework of Cloud Future Factory
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described, according to the domain ontolo-
gies and attributes, and then publish them 
to the cloud service pool (service registry).

• Publishing Orders from Customers: 
Region Units need to analyze the custom-
er’s needs, generating customer orders and 
configuring the products by orders. In the 
meanwhile, they need to provide custom-
ers with product information and commu-
nicate with customers.

• Composition of Cloud Services: It com-
bines several cloud services according to 
the production needs to provide more com-
pelling new services. The manufacturing 
resources, capabilities, and information are 
sharing in the cloud service pool.

• Composition of Customer Orders: All 
the customer orders from different region 
units are combined based on the products 
and the product units.

• Converting Customer Orders to 
Production Request Description: The 
production request is converted from one 
customer order or multiple customer or-
ders with the same requests. The produc-
tion request includes products requested by 
the customers and schedule of manufac-

ture. It also records the location and special 
requirements.

• Matching Cloud Services and Production 
Orders: Matching the production request 
description and the cloud service descrip-
tion, then selecting the best cloud services 
composition.

• Production Planning: It determines the 
production paths and locating the required 
resources and capabilities.

• Production Execution: Once the product 
units get the production requests and pro-
duction planning, they can carry out the 
manufacturing work.

• Production Monitoring: It’s necessary 
to monitor their execution during runtime. 
The monitoring information is not only 
gathered and collected from the legacy 
systems but also managed centrally. So the 
production status are available for all units.

• Production Optimization: The produc-
tion process need to be optimized through-
out the entire lifetime.

• Reporting and Feedback: The production 
process will be evaluated and reported. 
Feedbacks from customers are collected. 
All knowledge and information are stored 

Figure 4. Functionality provided by the CFFSP according to the manufacturing lifecycle
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in an information repository for cloud 
service.

This integrated cloud manufacturing services 
built on lifecycle thinking, in order to increase 
information sharing and communications. For in-
stance, when the manufacturing schedule changes, 
machines are down, or any production quality or 
inventory issues occur, these information need 
to be communicated as soon as possible to solve 
the problems, to improve the performance, and 
to manage the process.

3.4 Cloud Future Factory 
System Platform Architecture

To demonstrate the tool of CFF, a Cloud Future 
Factory System Platform (CFFSP) is under de-
veloping. CFFSP is designed as an Information 
and Communication technology (ICT) tool. It 
can be used as a concrete tool of manufactur-
ing management system to fulfil the concept of 
cloud manufacturing in reality, and to realize 
the integration within manufacturing processes 
in an increasingly globalized industrial context. 
Factories involved can share and circulate their 
manufacturing resources and capabilities while 
they can also request various manufacturing 
services on-demand for the whole lifecycle of 
manufacturing.

Figure 5 shows a function view of CFFSP. The 
proposed architecture of the CFFSP is a hierar-
chical structure. It consists of the following three 
layers: CFFSP business management layer, Tech-
nology support layer and Manufacturing layer. 

• CFFSP Business Management Layer: 
Provides the business operation and busi-
ness logic definitions which oriented to the 
business requirements of the CFFSP con-
sumers (Region Units). All manufacturing 
applications are provided to users depend-
ing on various requirements.

• Technology Support Layer: Similar to 
Infrastructure as a service (IaaS) layer, 
which establishes a basic operational sup-
port environment.

• Manufacturing Layer: Provides the 
manufacturing resources and capabilities 
involved in the entire manufacturing life-
cycle. It enables CFFSP services provider 
(Product Units) to unload their services. 
Each of the resources and capabilities is 
encapsulated as a service, and then it can 
be requested on demand by CFFSP.

Most manufacturing companies use various 
systems to determine product manufacturing and 
the production planning process. CFFSP is used 
herein to translate all the customer orders into 
production request descriptions. The CFFSP is 
a cloud based system for distributed (multi-site) 
production planning and control system. The key 
features of the system include:

• Production scheduling is done continuous-
ly, not daily, etc.

• Alternative possibilities are processed 
beforehand.

• Actual processing times are fed to produc-
tion plan and control system real-time.

• Machine or work phase specific error data 
could be input directly to production plan 
and control system.

• Alternative schedules are adjusted based 
on feedback and situations.

• Possible integration to wider supply chain.

CFFSP can support a dynamic manufacturing 
process with a closed-loop pre-emptive production 
planning and control. The objectives are to develop 
a concept of real-time multi-level optimization 
production scheduling system and test it at the 
sheet metal processing line.
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4. FUTURE WORK

In order to continue the work described and to 
achieve further results, this project will be extended 
to include more business activities. As mentioned 
early, each Product Unit has its own R&D. There-
fore, it is very crucial to combine various dispersed 
R&Ds. It will support the product innovation and 
production process innovation. Furthermore, this 
cloud manufacturing will play a significant role in 
floor shop management as well. It will integrate 
with Manufacturing Execution Systems (MES), 
and create ideal conditions for high-quality and 
efficient manufacturing, increasing reliability and 
global product traceability.

Future work will concern more about the 
technologies needed to support the cloud manu-
facturing. Cloud computing technologies can be 
used to realize the integration between different 
business applications and enable the collabora-
tions. However, security issues of this cloud 
manufacturing infrastructure should be considered 
as well. Besides, more research efforts should 
put on how to publish and compose the cloud 
services because current techniques are limited. 

Cloud service composition and optimal selection 
is one of the key issues for implementing a cloud 
manufacturing (Xiang et al. 2013).

Handhold devices, i.e. Smart phones and tab-
lets, with internet access are very convenient to 
access and respond to real-time communication. 
They are essences for cloud computing. They will 
be used to improve the experience of communi-
cation. Real-time reporting and comprehensive 
monitoring of shop floor operations, resources, 
and capabilities are very imperative in new lean 
processes.

5. CONCLUSION

Cloud computing is not a new concept anymore, 
and it is already embodied in practices from many 
aspects. But to realize the full potential of cloud 
computing will depend on the technology deploy-
ment, the application implementation, database 
integration and different cloud applications inte-
gration (Zhang & Xue 2012). Many manufactur-
ing companies are using cloud concept to their 
business model, namely, cloud manufacturing. 

Figure 5. The architecture of Cloud Future Factory System Platform
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This concept may not be radically different from 
existing manufacturing paradigms, such as net-
worked manufacturing, but it brings a new way 
to think the agility.

Current structure of the industry and the con-
siderable amount of international trade requires a 
strategy that takes these conditions into account in 
advancing sustainable production and consump-
tion. Cloud manufacturing aims at a new industrial 
revolution. Cloud manufacturing is a solution for 
trade-offs among the interests and sustainability. 
It emphasizes the collaboration between different 
stakeholders and process innovation. It allows the 
possibility of value co-creation patterns.

This paper has examined the role of cloud 
manufacturing in a large size company. This Cloud 
Future Factory (CFF) represents an example of 
cloud manufacturing. The CFF roads to high 
value added lean manufacturing, involving the 
stakeholders from all factories and business units. 
It was proposed to manage all dispersed factories 
and their sales centers in a case company, which 
is a matrix-type organizational structure.

The major works undertaken in this paper 
include a comprehensive literature review (to 
highlight the possibilities and potentials of cloud 
manufacturing) and a technology review (to find 
out a set of cloud technologies used in implement-
ing such platform).

This chapter attempts to offer a system platform 
that not only coordinates the production and sales 
across many physical locations, but also allows the 
limitations and capabilities of the supply chain to 
be explicitly available during the production pro-
cesses. CFF acts as a strategic platform to pursue 
sustainable manufacturing. Besides, the purpose of 
Cloud Future Factory System Platform (CFFSP) is 
to construct a flexible and effective management 
platform and provide users a concrete ICT tool. 
This approach of CFFSP, however, demands more 
technology design and concerns.

In most previous studies, cloud manufacturing 
is considered as a particular business model for 
small and medium sized enterprise. For the large 

company, usually have a lot of established business 
processes employed and running, which requires 
sophisticated monitoring and control structures. 
Thus, the necessary degree of flexibility required 
to quickly adapt to changing requires and chang-
ing environments is missing. Therefore, we adapt 
this cloud manufacturing concept to fit a large 
company. The competition shifts from reducing 
costs to high-added value.

The evidence from this study suggests that 
cloud manufacturing is ideal for SMEs to col-
laborate with other companies while maintaining 
their core competencies, but also it is suitable for 
large size companies. Large size companies can 
achieve the lean manufacturing with the focus on 
better communication.
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KEY TERMS AND DEFINITIONS

Architecture: Providing the overall view of 
the cloud manufacturing platform.

Cloud Computing: Not only a technological 
innovation but also a business evolution.

Cloud Future Factory: A novel concept 
proposed in this research to manage the seam-
less collaboration and real-time communication 
for matrix-type organization in the form of cloud 
manufacturing.

Cloud Manufacturing: An integrated collab-
orative working environment to support distributed 
factories sharing their resources and interoperating 
with each other.

Lean Manufacturing: To eliminate waste to 
increase productivity.

Lifecycle: Means the process and possible 
functionalities of the cloud manufacturing plat-
form.

Matrix-Type Organization: The organiza-
tional structure with a variety of legal entities and 
branch offices located in different countries but 
acting as a single “virtual” company.

Sustainability: Refers to the capability of 
fulfilling current needs without compromising the 
future generations’ environment. In this context, 
sustainability of cloud manufacturing means that 
all the factories maintain the collaborative relation-

ship based on mutual complements in resources 
and capabilities.
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Cloud manufacturing system for sheet 
metal processing 
 

 

Abstract 

Cloud computing is changing the way industries and enterprises run their businesses. Cloud 

manufacturing is emerging as an approach to transform the traditional manufacturing business model, 

while helping the manufacturer to align production efficiency with its business strategy, and creating 

intelligent factory networks that enable collaboration across the whole enterprise. Many production 

planning and control problems are essentially optimization problems, where the objective is to develop 

a plan that meets the demand at minimum cost or maximum profit. Because the underlying optimization 

problem will vary in the different business and operation phases, it is important to think about 

optimization in a dynamic mechanism and in a number of interlinked sub-problems at the same time. 

Cloud manufacturing has the potential to offer decision support as a service and medium of 

communication in production planning and control. To solve these problems and produce collaboration 

across the supply chain, this paper provides an overview of the state of the art in cloud manufacturing 

and presents a model of cloud-based production planning and production system for sheet metal 

processing.  

 

Keywords: cloud manufacturing, production control, supply chain, sheet metal. 

1 Introduction  

Changes in the global economy, fierce competition and the rapid development of internet technology 

are continually stimulating new models of manufacturing that may be appropriate for a particular 

business. These characteristics require soft hierarchical approaches to operate manufacturing systems 

(Frayret et al., 2004). The characteristics of this new era of manufacturing industry are agile, networked, 

sustainable and digitalized processes with temporary collaborations across supply chains. At the same 

time, the trend towards more geographically distributed manufacturing, coverage of the enterprise chain, 

and inter-enterprise collaborative business follow an evolution trajectory that leads to the enterprise 

manufacturing model (Zhou et al., 2011). A number of similar paradigms have emerged in parallel with 

the intention of solving the challenges of distributed resources, such as holonic manufacturing, agent-
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based intelligent manufacturing, reconfigurable manufacturing, distributed manufacturing, dispersed 

network manufacturing, and virtual enterprises (Bi et al., 2014; Ford et al., 2012). They all have played 

a critical role in the development of manufacturing industries, although each definition has its own 

emphasis. However, there are still many barriers to efficient manufacturing systems and current systems 

cannot meet the demand for enhanced quality requirements (Ning et al., 2011; Zhang et al., 2014). 

Fortunately, a more comprehensive and profound solution, i.e. cloud manufacturing, has emerged and 

has been widely applied in various fields.  

Cloud manufacturing is a new type of smart manufacturing system that focuses on service-orientation 

and knowledge-bases. It aims to provide high efficiency and low energy consumption for manufacturers 

(Li et al., 2010). During the innovation process in manufacturing industry, the development of ICT 

(information and communication technology) always plays a crucial role in improving production 

efficiency and takes full advantage of manufacturing resources (Jiang et al., 2013).  

In a cloud manufacturing system, state-of-the-art technologies such as digitalized manufacturing, cloud 

computing, the Internet of Things (IoT), semantic web, and high-performance computing are integrated. 

By extending and shifting existing manufacturing and service systems, manufacturing resources and 

capabilities are virtualized and provided as manufacturing services based on demand. This is achieved 

by the coordination of local information (e.g. machine loading and performance) and global information 

(e.g. demand from a market). There are similar forms of coordination in agent-based manufacturing 

systems (Sikora and Shaw, 1997; Parunak et al., 1997; Frayret et al., 2004). A cloud manufacturing 

system is a scalable service platform to support cross-enterprise operation and multi-agent collaborative 

interaction (Zhang et al., 2014). Compared with traditional agent-based manufacturing systems, cloud 

manufacturing not only improves information and resource sharing, but also aims to improve machine 

utilization and enable rapid capacity scalability. Moreover, the virtualized resources and capabilities are 

efficiently shared among different enterprises by unified and centralized intelligent management and 

operations. Cloud manufacturing supports the whole manufacturing lifecycle with the goal of high 

quality, flexible and on-demand services at low prices through a networked system (Li et al., 2010). 

The motivation of this paper is to outline a cloud manufacturing system for sheet metal processing and 

to address the challenges and issues that original equipment manufacturers (OEMs) have in production 

planning and control. The purpose of this paper is to present a cloud-based production planning and 

control concept for sheet metal manufacturing. This study was conducted in the form of a case study. 

Twelve domain experts from one company, which is a specialist in sheet metal fabrication machines, 

were interviewed about their perspective on possible ways to achieve cloud manufacturing by 

implementing cloud-based production planning and control system. The results of the interview were 

analyzed, and several requirements were suggested. Based on this case study, a model of cloud-based 
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production planning and control system is proposed. Cloud computing technology and physical 

information fusion technology may benefit manufacturing enterprises.  

The remainder of the paper is organized as follows. Section 2 elaborates the relevant studies that were 

reviewed. Section 3 studies the functional requirements for cloud manufacturing. Section 4 presents the 

conceptual model and architectural considerations. Section 5 then concludes the paper. 

2 Literature Review 

2.1 Cloud Manufacturing  
Cloud computing is the next step in the evolution of the Internet and it is the trend of pay-as-you-go 

utility computing, elasticity, virtualization, grid computing, distributed computing, content outsourcing 

and Web 2.0 (Xu, 2012). Cloud computing is not a new technical term but a convergence of several 

existing technologies, such as computing, networking, storage, and powerful management tools (Cisco, 

2012). It is considered as a multidisciplinary research field and it enables a new generation of IT and 

business management. Cloud computing simultaneously provides a paradigm shift of IT (information 

technology) and business infrastructure (Xu, 2012).  

Manufacturing companies need a new platform to fulfill their need for an increasingly IT reliant, 

globalized, distributed and agile business model. Multinational companies are looking for a solution to 

dynamically add both tangible and intangible resources for a particular project, while improving plant 

floor visibility and achieving more efficient processes without having to make incremental investment 

in their IT resources (Giriraj and Muthu, 2013). Cloud computing infrastructure not only provides the 

power of virtualization, automation and collaboration to the whole manufacturing supply chain and 

networked enterprises, but also brings significant financial advantages. While services are becoming 

inherent characteristics of products, manufacturing industry is gradually transforming from a traditional 

product-oriented type to a service-oriented one (Huang et al., 2013; Luo et al., 2011). Cloud computing 

represents a breakthrough concept to achieve the transformation from production-oriented to service-

oriented manufacturing (Xu, 2012; Cheng et al., 2010; Tao et al., 2011), where everything is provided 

as services: argumentation as a service, design as a service, fabrication as a service, experiment as a 

service, simulation as a service, management as a service, operation as a service, and so on (Ma et al., 

2010). 

It is very interesting that many researchers ‘borrow’ the concept of cloud computing to give rise to 

‘cloud manufacturing’ (CM), which is a manufacturing approach to cloud computing. There are valid 

reasons and perhaps requirements for manufacturing business to develop towards digitalization and 

embrace cloud computing (Li et al., 2010; Xu, 2012). It is believed that cloud computing can play a 
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critical role in establishing linkages between MRP (manufacturing resources planning), ERP (enterprise 

resource planning) and CRM (customer relationship management) (Xu, 2012). The concept of cloud 

manufacturing has borrowed some central ideas from earlier work, which should be acknowledged. A 

standardized framework for co-operation between entities is one of them.  Information and resource 

sharing mechanism in the network has been introduced already in the early 80’s by Smith (1980) in the 

ContractNet system. Shaw (1988) introduced dynamic scheduling for cellular manufacturing systems 

for networked system. Agent based systems in manufacturing have also introduced rules and 

negotiations in order to adjust toward requested capacity (Monostori et al 2006). The problems have 

always been there and the approaches proposed in earlier literature have remained mostly in academic 

context. The general availability and emergence of cloud technology is able to deliver this type of 

features for wider audiences. Standardized information models, real-time or close to real-time interfaces 

between entities and possibility to utilized centralized decision making or local rules are all possible 

implications. 

When cloud manufacturing is discussed, what comes to mind first is the existing networked 

manufacturing concept, sometimes called internet-based manufacturing or distributed manufacturing, 

manufacturing grid, virtual manufacturing, and agile manufacturing (Ford et al., 2012; Xu, 2012). All 

these concepts have common origins, which can be traced back to the 1990s, when the agent based 

framework for manufacturing systems was proposed to integrate distributed machines and to manage 

heterogeneous components in a homogeneous fashion (Sikora and Shaw, 1997; Parunak et al., 1997). 

The distributed manufacturing systems concept was designed to allow optimum decision making on 

distributed resource usage (Tharumarajah, 2001); virtual manufacturing was designed to realize the 

actual manufacture process by computer (Zhang et al., 2014); and agile manufacturing appeared in 

response to changing demand (Wang and Lin, 2009). However, today’s networked manufacturing 

mainly refers to an integration of distributed resources for undertaking a single manufacturing task (Xu, 

2012). A resource pool or resource sharing mechanism was proposed in previous coordination formats 

(Frayet et al., 2004). However, what is lacking in these types of manufacturing regimes are the 

centralized operation management of the services, choice of different operation modes, and embedded 

access to manufacturing equipment and resources, without which a seamless, stable, and high quality 

transaction of manufacturing resource services cannot be guaranteed (Xu, 2012). In the manufacturing 

system, “control” and “communication (coordination)” are identified to solve distribution problems 

(Caridi and Cavalieri, 2004; Frayret et al., 2004). The evolution of manufacturing systems needs to be 

considered from these two dimensions. At present, cloud manufacturing has become a new mode of 

multi-agent networked manufacturing, and it is evolving significantly in both control and 

communication approaches. 
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Cloud manufacturing contains two important principles: ‘integration of distributed resources’ and 

‘distribution of integrated resources’. Xu (2012) defined cloud manufacturing by mirroring The 

National Institute of Standards and Technology (NIST)’s definition of cloud computing as ‘a model for 

enabling ubiquitous, convenient, on-demand network access to a shared pool of configurable 

manufacturing resources (e.g., manufacturing software tools, manufacturing equipment, and 

manufacturing capabilities) that can be rapidly provisioned and released with minimal management 

effort or service provider interaction.’ 

Li et al. (2010) introduced the definition of cloud manufacturing to perform larger scale collaborative 

manufacturing in a research project funded by the National Natural Science Foundation of China. Based 

on this definition, many cloud manufacturing related studies have been launched, such as Zhang et al. 

(2014), who further described the key issues for the construction of cloud manufacturing, and Li et al. 

(2011; 2012) who discussed cloud manufacturing and resource encapsulation technology.  

ManuCloud is a project in the European Union (EU)’s Seventh Framework Programme (FP7) which is 

targeted at developing a marketplace for virtualized manufacturing services, supporting on-demand 

manufacturing scenarios, and achieving the next level of integration of manufacturing networks based 

on the dynamic interconnection of multiple factories (Yip et al., 2011). It provides users with the ability 

to utilize the manufacturing capabilities of configurable, virtualized production networks, based on 

cloud-enabled, federated factories, supported by a set of software-as-a-service applications (Meier et 

al., 2010).  

Manufacturers and their subcontractors develop a close collaborative relationship to improve the 

coordination of their mutual activities and enhance innovative performance. Trust and contracts have 

been viewed as two important mechanisms to safeguard business opportunity and maintain a 

cooperative relationship (Wang et al., 2011). In a cloud manufacturing environment, during the product 

development process the collaborating agents have to exchange product information, so they should 

have mutual understanding of that exchange information, and most importantly, they need to trust each 

other both in communication and information contents in order to improve the quality of their relations 

(Fatahi Valilai and Houshmand, 2014; Ripamonti and Peraboni, 2010).  

Yousif (2014) presents an example showing that in a cloud based collaborative environment, the parties 

need to go through the authorization process every time before establishing a relationship. Such 

collaborative environment allows distributed manufacturing to realize competitive advantages by using 

their existing resources for collaborating with each other. This method can also satisfy the risk control 

requirements. Similarly in cloud manufacturing, in order to build a trusting environment, it is necessary 

to embed an authentication and authorization mechanism, a trust evaluation and measurement 

mechanism, and reliability analysis features into the cloud manufacturing platform (He and Xu, 2015).   
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However, many issues about cloud manufacturing are still confusing and more attention should be paid 

to advance progress in this field (Chandrasekaran et al., 2013). The present work is a step forward in 

applying cloud computing concepts to the optimization of production planning. 

2.2 Production Planning and Control 
The development of cloud manufacturing needs to be synchronized with the development of enterprise 

manufacturing systems and manufacturing environment (Ma et al., 2013). It should support the overall 

management of processes, products, resources and information.   

Production planning and control (PPC) is very critical for manufacturing execution. It includes tasks of 

job or task scheduling, inventory planning, loading production, process selection and planning, facility 

location, estimating quantity and costs of production, capacity planning, line planning, follow-up, and 

execution. In the context of cloud a manufacturing environment, PPC is even more difficult and 

complex. There are two main considerations: 

(1) Temporality of delivery configuration - The cloud manufacturing mode is driven by the uncertainty 

of customer orders. When a customer order is received, participants in CM should quickly form a 

virtual enterprise based on the cloud service, and with the delivery of the product or service the 

virtual enterprise is dissolved. This feature of CM distinguishes it from traditional PPC (Ning et 

al., 2011). In order to respond to dynamic requests, the PPC must embed attributes adaptively so 

as to provide a reconfigurable interaction model (Caridi and Cavalieri, 2004). 

(2) Networked manufacturing - A single process includes multiple participants (i.e. cloud services 

providers and users), distributed resources, and decentralized management. Therefore, multiple 

process plans should be defined for each supplier, and each sub-process plan needs to determine 

alternative operations and alternative machines (Um et al., 2014). Due to the different status (i.e., 

system configuration and customer demands) of each supplier, the quantifications and 

requirements are different (Caridi and Cavalieri, 2004). In order to monitor the distributed 

manufacturing processes and guarantee the quality of final delivered services, a set of Services 

Agreement Level (SLA) need to be defined in advance.  

When discussing the PPC in CM environment, the topics consist of production planning, process 

management, and also supply chain optimization. The optimization of the supply chain includes every 

link in procurement, marketing, logistics, planning, and scheduling. The optimization involves 

collaborative project management and resource distribution and scheduling to improve resource 

utilization and efficiency. 
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2.3 Optimization in Cloud Manufacturing 
Cloud manufacturing approach can offer centralized optimization service for the production units. With 

the dynamic changing of manufacturing resource services, the quality of resource services and the 

requirements of enterprise users, there are many uncertain factors influencing the dynamic optimization 

of resource services, which make the manufacturing task impossible to be completed efficiently and 

with high-quality. Various optimization tasks can be conducted to solve dynamic problems by 

centralized cloud manufacturing services. 

Production process optimization is one of the most widely investigated topics in the field of 

manufacturing (Chandrasekaran et al., 2013). Formally, the process of optimization in manufacturing 

engineering consists of the following processes: (i) defining variables, constraints, and objective 

function(s), (ii) solving the constrained problem of general mathematical form by using various types 

of algorithms and methods, and (iii) simulating the optimization algorithm and then deploying the 

algorithm in practical systems for application (Tao et al., 2015). Different types of optimization can be 

employed due to the different nature of the formulated manufacturing problems.  

Tao et al. (2015) provide a comprehensive analysis of all kinds of manufacturing optimization problems 

and their general methods. It is shown that optimization can be applied almost everywhere.  Currently, 

most existing studies focus on the optimization objectives in areas such as management of 

manufacturing process, design and analysis of product/element, and system management and control. 

The optimization problems include both single-objective and multi-objective ones (Tao et al., 2015). 

Multi-objective optimization refers to the optimization problem crossing different disciplines, and it is 

always very complicated. It includes different variables and parameters to solve one single optimization 

problem. However, the methods of onsite decision or multi-step optimization in collaborative 

manufacturing are inevitably not thorough enough. Therefore, multi-disciplinary optimization becomes 

a significant challenge and it is the most recent trend in the development of advanced manufacturing 

systems. 

The dynamic changing of manufacturing requirements produces many uncertain factors. The adoption 

of cloud can bring a lot of benefits to manufacturing companies. In terms of cloud manufacturing, the 

optimizations can be discussed from two aspects: cloud resource optimization and manufacturing 

resource optimization. Cloud resources refer to technical infrastructure and on the other hand 

manufacturing resources mean the physical resources in manufacturing. Tharumarajah (2001) describes 

resource allocation problems as the embodiment of the choice of resources, performance, and 

constraints. Both types of optimizations in cloud manufacturing are discussed based on this principle.  

The first utilization of cloud computing resources was their use in optimizing manufacturing resources 

(Laili et al., 2012). In cloud computing, there are different kinds of computing resources, such as cloud 
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storage (Rimal et al., 2011) and transaction process (Zeng et al., 2009), and these resources can be 

virtualized and then applied to optimize the schedule of using these resources. Cloud systems can 

automatically control and optimize resource use by leveraging a metering capability at some level of 

abstraction that is appropriate to the type of service (e.g., storage, processing, bandwidth, and active 

user accounts) at the physical layer in computing. Resource usage can be monitored, controlled, and 

reported, providing transparency for both the provider and consumer of the utilized service (Mell and 

Grance, 2009).  

The second type of optimization is the use of the cloud concept to obtain on-demand cloud resources to 

optimize the business processes. Cloud-based solutions enable better-integrated and more efficient 

business processes to improve the efficiency of operation. In cloud manufacturing, it is not only about 

providing computing resources, but also controlling a variety of other manufacturing resources and 

abilities directly for collaboration and sharing (Laili et al., 2012) through the whole manufacturing 

lifecycle. Therefore, the core focus of cloud manufacturing is to optimally use dispersed manufacturing 

resources in the prevailing trend to attain a low-carbon footprint in economic development (Ning et al., 

2011).  

In the cloud manufacturing research area, the most discussed issue is resource (service) optimization. 

Manufacturing resources refer to resources that are required during the product development life cycle 

(Xu, 2012). These manufacturing resources may take two forms: manufacturing physical resources and 

manufacturing capabilities. Manufacturing physical resources can exist in hardware or software form. 

The former includes equipment, computers, servers, raw materials, etc. The latter includes, for example, 

simulation software, analysis tools, ‘know-how’, data, standards, and employees. Some manufacturing 

capabilities are intangible and dynamic resources representing the capability of an organization 

undertaking a particular task with competence. These may include product design capability, simulation 

capability, experimentation, production capability, management capability, and maintenance capability 

(Xu, 2012). Therefore, the optimization problems in cloud manufacturing are optimizing the 

manufacturing resources, and matching these resources with specific capabilities.  

In cloud manufacturing, the optimization process consists of some key elements: the users submit a 

computing (manufacturing) resource request, the cloud manufacturing system platform analyzes the 

mission, divides it into subtasks in accordance with the requirements from users, executes scheduling 

algorithms for mapping these requirements to available resources, allocates resources optimally, and 

sends a final solution back to the users (Laili et al., 2012). Compared with traditional manufacturing 

paradigms, the optimization complexity is increasing in cloud manufacturing because the requirements 

of supply chains are dynamic and the parameters changing as a manufacturing process proceeds.  
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3 Functional requirements for sheet metal processing 

Companies operating in sheet metal forming (SMF) are at the beginning stage of manufacturing for a 

broad spectrum of industries including automotive, aerospace, energy, domestic appliances, electric 

cabinets, elevator, and escalators. Production steps consist of units such as punching, shearing, laser 

cutting and sheet metal handling systems. SMF industries, in comparison with other discrete part 

manufacturing industries, are typically highly automated and flexible in production diversities.  

3.1 Decision problems 
Sheet metal processing has some special characteristics in terms of production planning and control. 

Many of the decisions are completed several times a day and analytic techniques such as mathematical 

optimization in nesting are widely used.  

Traditionally, optimization tools have been used to solve the sheet nesting problem. For example, Nehal 

et al. (2012) proposed a genetic algorithm based system. Huang et al. (2009) presented optimal layout 

and path planning for flame cutting of sheet metal. Optimization has also been used in the sheet metal 

forming process (Gantar et al. 2002, Liu and Yang 2008, Wang et al. 2008, Wang and Xie 2005). 

However, there is still limited capability in shop floor applications of optimization methods, due to the 

complexity and volatility of different processes, and also because of the non-availability of required 

information (Chandrasekaran et al., 2013).  

Managing tools and setups is also a typical complex problem in sheet-metal production. Giannakakis 

and Vosniakos (2008) introduced an expert system for making this decision. Marvizadeh and 

Choobineh (2013) introduced a similar process for punch presses. Akturka et al. (2007) and Daskin et 

al. (1990) have also introduced analytical approaches in the same domain. 

The scheduling of production has been also studied. Some specific features could be non-identical 

machines and tools. Gurel and Akturk (2007) have considered the job allocation problem in non-

identical parallel machines. Hirvikorpi et al. (2008) introduced a scheduling system considering wearing 

tools and stochastic lifetimes. In CM environment, the decision making process for PPC is broken into 

different levels when the manufacturing become more and more distributed. As an effective solution, 

cloud computing infrastructure can be used to develop reliable predictive models and carry out the 

optimization in a cloud (Chandrasekaran et al., 2013).  

 

3.2 Business Requirements 
The motivation of this research is to demonstrate the realization of a cloud manufacturing environment 

which can transfer cloud-based solutions to the manufacturing domain, and make sure that 
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manufacturers can benefit technically, and also conceptually. The goal is to combine various 

manufacturing resources and capabilities dynamically in such a way that customers can access them as 

if they were in a single facility. However, production planning and control and their optimization are 

the main focus of this research. 

To have a better understanding of cloud-based production planning and control and its opportunities the 

requirements for a CM system were collected from SMF solution provider. Twelve related domain 

experts were interviewed twice during a specific time period. In the first round experts in different 

disciplines of the company were required to provide their technical opinions about the optimizations. 

After presentation of their points, face-to-face interviews were conducted and the requirements of each 

discipline were analyzed. Table 1 summarizes the key requirements which were used to develop a 

prototype CM environment. The main requested linkages included factory level control with 

connections to both steel sheet suppliers and customers placing orders for the production. The real-time 

visibility was requested within production line (RQ1) and in the supply chain to see the planned and 

actual progress of each work (RQ4). From a process view, the main connections were to design CAM 

(computer-aided manufacturing) activities. Design of a product is a main driver for task durations, tools 

and setups – for this reason CAM software packages need to be communicate directly with cloud based 

system (RQ2). 

A common set of key performance indicators (KPIs) was requested for the entire supply chain (RQ3) 

as machines are providing this information for the production planning needs.  

The primary requested functionality (RQ5) was to have an optimization based production planning 

system to combine line-level capacity, raw material usage, and various machine related setups. 

However, this system should be parameterized for different needs.  

Status information for each work and events in different parts of the production process are centrally 

stored in the cloud system. This information should be available for change management and 

rescheduling considerations (RQ6). Planned and actual production plans should be compared as 

typically in low volume production, the predicted processing times may vary from actual and manual 

parts of the process such as tool changes, material feeding and operator confirmations may take more 

time than planned. In order to improve the understanding of variability, actual processing times were 

requested to be stored for learning and development purposes (RQ7). 

 

Table 1. Requirements collected for cloud-based product planning and control. 

ID Requirement Priority 
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RQ1 Overall line level production planning and control combining all 
machines and phases 

1 

RQ2  CAM and dynamic nesting connected to PPC 2 
RQ3 Real-time key performance indicators 2 
RQ4 Access for customers and suppliers to see work and material tracking 

information 
2 

RQ5 Dynamic multi-objective optimization for scheduling 1 
RQ6 Event management for re-planning of the supply chain 3 
RQ7 Actual processing times feedback for production planning 3 

 

3.3 Functional Requirements 
Based on the business requirements, more specific functional requirements are defined and developed. 

Figure 1 shows a general reference model of CM for SMF industries. This architecture was based on 

the pertinent articles that were reviewed and both the Purdue Reference Model for Control Hierarchy 

and ISA-95. The Purdue Reference Model of Control Hierarchy is a commonly used architecture model 

to define manufacturing operations management. It breaks the production lifecycle into different phases. 

Whether they serve as part of continuous production, job production or batch production, automation 

and information systems fall under this model (Adiseshan, N.D). ISA-95 is the international standard 

for the integration of enterprise and control systems. ISA-95 consists of models and terminology. These 

can be used to determine which information has to be exchanged between systems for sales, finance 

and logistics and systems for production, maintenance and quality. This information is structured in 

Unified Modeling Language (UML) models, which are the basis for the development of standard 

interfaces between ERP and MES (Manufacturing Execution Systems) (ISA-95, 2014).  

Interoperability of various IT systems is an important topic in cloud manufacturing. Cuesta et al. (1998) 

introduced a concept integrating CAD and CAM systems for sheet-metal cutting. Rao et al. (2006) 

introduced an integration system for sheet-metal job shops. The integration of system design and closing 

the gap between design and production has potential. Alva and Gupta (2001) presented an automated 

design for sheet metal bending operation. 

The model in Figure 1, maps the plant-wide information flow from the sensors to the boardroom in four 

distinct levels, from the most fundamental to the most advanced.  

 Level 1 is for physical devices process, which includes an individual machine or machine tool as 

the smallest unit of the manufacturing system. This supporting equipment includes intelligent 

transportation, robots, and also laser, cutting, shearing and bending machines.   

 Level 2 represents site manufacturing operations and controls. Different kinds of controller are 

used for automation of the diverse machines and devices in Level 1.  
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Unified Modeling Language (UML) models, which are the basis for the development of standard 

interfaces between ERP and MES (Manufacturing Execution Systems) (ISA-95, 2014).  

Interoperability of various IT systems is an important topic in cloud manufacturing. Cuesta et al. (1998) 

introduced a concept integrating CAD and CAM systems for sheet-metal cutting. Rao et al. (2006) 

introduced an integration system for sheet-metal job shops. The integration of system design and closing 

the gap between design and production has potential. Alva and Gupta (2001) presented an automated 

design for sheet metal bending operation. 

The model in Figure 1, maps the plant-wide information flow from the sensors to the boardroom in four 

distinct levels, from the most fundamental to the most advanced.  

 Level 1 is for physical devices process, which includes an individual machine or machine tool as 

the smallest unit of the manufacturing system. This supporting equipment includes intelligent 

transportation, robots, and also laser, cutting, shearing and bending machines.   

 Level 2 represents site manufacturing operations and controls. Different kinds of controller are 

used for automation of the diverse machines and devices in Level 1.  
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Existing advanced planning and scheduling systems provide many features requested. However, there 

are some features of a cloud-based system for production planning and control, which differ from 

traditional stand-alone software solutions: 

(1) Emphasis on supply chain integration for customers and suppliers by providing real-time access 

(2) Possibility to conduct planning activities centrally for multiple factories and supply chain 

(3) Integration of CAM processing of laser cutting, punching, bending, and nesting into integrated 

product data model 

(4) Real-time event handling and key performance indicators connected to planned and actual 

production schedules 
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3.4 Cloud Manufacturing in the Sheet Metal Industry 
A cloud manufacturing approach involves collaboration across the whole manufacturing process, and 

the cloud-based PPC and optimization problem in the sheet industry must encompass every link in the 

manufacturing process, as presented in the following sections. 

3.4.1 Product design process 

The manufacturing design process in SMF includes the use of various CAM systems. Typically, 

geometric design is combined with material information and decisions related to sheet type, machine, 

tool, and work sequence are made. In the case of 2D objects, the selection is made between using 

shearing and laser cutting. For 3D parts, CAM instruction is needed for bending machines as well. For 

manufacturing planning, these decisions have a great impact. Sheet size can affect nesting efficiency 

and tool selections may have consequences in terms of the frequency of setups. Also nesting principles 

vary in the case of push type make-to-stock production or high mix make-to-order type of production. 

Having idle capacity versus wasting raw material due to lower utilization is the decision to be made. 

When several machines have varying setups and layout is constrained by fixed conveyors or WMS 

(Warehouse Management System), balancing the line in various cases becomes an important task. Much 

of this is determined in the CAM and design process. 

As an example, manual adjustment of the sheet metal size from available sizes of sheet metal influences 

the utilization rate of the different nesting layouts considerably. This highlights the point that the system 

needs fundamental reconfiguration in a few aspects of nesting algorithms with respect to the available 

amount of raw materials. The possible problem is that the optimization is the definition of local optimum 

point for each job even though there are possibilities to search for global optimum answers. The 

flexibility and interconnections of variables in different manufacturing processes should be taken into 

account in supply chain level optimization. The variables include speed for the machine actions, speed 

of tool changing, maintainability, durability and set up times. Figure 2 illustrates an integration of CAM 

processes into one single data element shared by CAM designers to cover all machine types and full 

integration into the PPC system for dynamic nesting. 
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Figure 2. Integration of CAM processes. 

 

3.4.2 Production Planning - Manufacturing Execution System 

With regard to cloud-based optimization, production planning and especially scheduling has the highest 

potential for optimization. It ensures that customer orders can be fulfilled as requested. According to 

expert interviews, many SMF companies typically manage the capacity of different machines and 

machine sequencing using operators’ experience. This means that many smaller SMF companies do not 

use available production planning techniques fully, but instead use first come first serve (FCFS) type 

of policies with rush orders.  

Typically, MES is used to support the manufacturing facility and take care of the communication 

channel of shop floor and administration, and interface with the ERP system. It is very important that 

the two systems are linked so that the shop floor will know what is happening at the business level and 

vice versa. Such two way communication will result in the optimization of activities throughout all 
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aspects of the manufacturing process. MES mainly covers resource allocation, operation scheduling and 

production planning. Typically, the production process for each product can be described as a working 

flow in the plant. The sequence of each flow is controlled by MES. Several robust algorithms for 

scheduling, and sequencing are available. A variety of sensor data from the machines, for example job 

completion, tool wearing and energy consumption are employed in manufacturing devices to collect 

real-time status information. Pre-emptive and closed feedback loop planning can be implemented by 

combining real-time sensor information with production planning zones (Figure 3).  

 

 

Figure 3. Production planning time horizon and dynamic planning. 

A centralized service for production planning prototype was implemented to test the concept. Figure 4 

illustrates a work center production schedule which is generated by the centralized scheduling engine 

offering production planning as a service. This functionality is fulfilled by changing parameters and 

adding desirable properties, and then setting up manufacturing job requirements and certain criteria, 

such as running sequentially or in parallel. A metaheuristic system changes the order sequences by 

minimizing the total processing time. 
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Figure 4. Screenshot of the developed cloud-based scheduling service result and its objective. 

3.4.3 Machine control  

3.4.3.1 Shearing, punching and laser cutting 

The main objective of using the basic machine is the maximization of utilization rate of sheet metal, 

and the constraints are the product shapes that need to be fulfilled and the size of the available sheets. 

Therefore, using a cloud-based solution can enable the testing of different algorithms for nesting and 

computational functionalities, supporting the parallel data mining, and maximizing the performance of 

analytics. These features are different to traditional computing environment.    

In practice, the optimization problem can be formulated as follows: maximizing capacity utilization by 

re-sequencing orders, subject to external events and previous machinery on the line. 

The optimal solution should be calculated and updated continuously subject to any changes in the 

production plan or execution sequence. In practice, this refers to the requirements of systems as follows: 

 Pre-emptive operations, planning, and updating production schedule in real-time based on 

experience. 

 Developing ‘plan-B scenarios’ in real-time and adjusting production plan quickly 

Production planning objectives 

MIN total processing time 

- Tool setup time 
- Material setup time 
- Cassette change setup time 
- Scrap change setup time 
- Planned maintenance time 

Subject to: 

- Due dates 
- Machine capacity 
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 Integrating communication between each machine in the line to understand what might happen 

next.  

3.4.3.2 Robotics 

Robots are typically working as slaves in these types of production lines. The optimization of this 

discipline mostly relies on the movement and responsibility of the robots. The result of the interview 

indicates that one of the most important issues that need to be taken into account is the speed of the 

robot arms in movements and optimized timing. Today, movements for robots are programmed at the 

maximum speed of the robots without real-time consideration of subsequent movements. The basic 

movements of the arms have to be optimized not only based on the stacking area optimizations but also 

based on the minimum cost (including maintenance, etc.) of the movement for the production lines. 

The robot movements in the execution could be optimized in terms of the timing of the robotic arm 

movements with consideration of the concept of time in different layers. 

By using interoperability between machines in production line, the robot movements may have different 

modes: full speed, high-reliability night-shift mode, communication with robot and other machines for 

line level availability. This information could be used for pre-emptive planning and automatic routing 

changes in the case of multi-processors. 

3.4.3.3 Bender lines 

The timing of bending and other 3D operations plays a significant role in the flow of work in SMF. As 

the throughput rate of bending normally is lower than the other manufacturing units, optimization needs 

to rely on the timing and scheduling of the machines. 

The role of bending time in production scheduling, possible buffer allocations and job sequencing is a 

promising field of optimizations for this section:  

• Output sequence of jobs 
• First stacking time measurement: Re-nesting parts on sheets 
• Multiple parts into stacking 
• New stacking buffering: Temporary to the sorting area. 

4 Architecture for cloud manufacturing 

4.1 Conceptual model of optimization 
Based on the requirements and possibilities of cloud manufacturing, a prototype system for cloud-based 

production planning and control of SMF production was created. Figure 5 demonstrates the process of 

providing optimization services based on customers’ requirements. According to the principle of 
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manufacturing resource transfer, service-oriented cloud manufacturing includes three main parts: 

manufacturing resources and capabilities as input, resources operating platform with multi-optimization 

levels, and the output of manufacturing services based on demand.   

The manufacturing resources and capabilities which are provided by a cloud service provider are 

virtualized in the cloud manufacturing platform, and they are available for retrieval by cloud service 

users. The capabilities are the ability to integrate resources and disseminate results when a task is 

completed. Capabilities across the whole manufacturing process are always bundled with particular 

resources. In other words, resources are the basis for achieving capabilities. In order to optimize the 

manufacturing resources and capabilities, the optimization issues are classified into different 

optimization levels. The multi-objective optimization levels provide support for achieving the on-

demand use and circulation of manufacturing resources based on distributed customers’ requirements. 

The following sections will present optimization possibilities in different levels.  

 

Figure 5. Conceptual model of optimization in cloud-based PPC. 

4.2 Optimization Services in Cloud Manufacturing 
Cloud manufacturing concept presented in this paper is a centralized platform supporting domain 

specific optimization tasks. Comparing this approach to agent based systems or distributed scheduling, 

the main emphasis is on shared real-time view and possibility to utilize the information rather than 

interaction between different decision making entities. Cloud manufacturing approach enables certain 

technical possibilities, but does not solve all behavior related challenges as information asymmetry and 

different power constellations which take place in supply chains. The extent of shared information must 

be agreed between partners. Additionally, the scheduling objective function can be adjusted and 

parameterized. This means that each participant may include those parameters, which are important for 

their business. For example, a company producing high volume HVAC (heating, ventilating, and air 

conditioning) components can appreciate fixed daily schedules aiming low raw material waste rate 

synchronized with assembly operations in downstream. On the other hand, a contract manufacturing 
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company can charge more for fast delivery and raw material utilization is not that important in high-

mix low-volume (HMLV) production.   

Parameterization of production planning and scheduling is a complex process and it depends on 

company strategic objectives. There are different level optimization tasks in terms of temporality of the 

decisions and some of them may be contradicting with each other. Table 2 illustrates possible layers 

and examples of objectives at each level. The proposed layers indicate the hierarchical structure of an 

integrated platform of optimizations particular to this type of manufacturing. Based on the reference 

architecture proposed in the research motivation, a generic multi-objective optimization system has 

been built by using genetic algorithms (GA). Each domain can use the centralized system for proposing 

solutions. Templates for optimization problem formulation may be provided in the cloud system. 

However, the actual parameterization of objectives functions for each decision layer remains as a 

company level  decision.  

 

Table 2. Optimization objectives related to SMF in different layers.  

Layer Frequency Optimization objectives Optimization targets 
Enterprise layer Strategic  

 
Annual 

Maximize return on 
investment (ROI) 
Maximize profit 

Ensure current proposed product type, 
product mix and product volume can 
maximize the profit. 
 

Manufacturing 
layer 

Tactical  
 
Quarterly 
 

Minimize lead time 
 
Minimize total 
proceeding time 
 

Management of the manufacturing 
process. It is a central line for the 
whole life cycle of manufacturing. 
 

Operations and 
control layer 

Operational - 
production 
 
Daily 

Maximize the 
performance – lead-
time, capacity 
utilization, material 
utilization 
 
 

Guarantee the efficient operation of the 
whole manufacturing system.  
 
Improve the communication with 
machines 
 

Physical process 
layer 

Operational – 
design 
 
Daily 
 
 

Maximize the machine 
utilization  
Minimize the working 
time 
Maximize the material 
utilization 
Minimize the material 
cost 

This contains the structure design and 
modeling and finite element analysis 
of product. It is the core object of 
manufacturing. Optimization in this 
category is also known as structure 
optimization. 
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Optimizations in each layer of operation have to be done separately, but the data and results must be 

shared among the all the decision levels as shown in Figure 1 (Section 3.2). In general, a supervisory 

level of Enterprise Resource Planning (ERP) acts as a gateway of data and information for a SMF. This 

layer of optimization (automation) also coordinates possible intra-enterprises data transactions and 

prepares the data for other levels for their real-time optimization.  

 

4.3 Technical implementation  
In order to present the technical implementation considerations of this platform, a demonstration system 

or a prototype was built. Each system has local level control and work queue. Machines receive 

instructions from the cloud-based production plan and requests from production control. Then the 

machines feed in information on actual progress vs. planned activities (See Figure 6). The actual 

progress information is retrieved from a network of sensors. To achieve effective management of the 

sensor data described above, the cloud manufacturing platform needs to offer the following two primary 

functions: (1) the effective distributed storage of sensor data, and (2) the efficient parallel search, filter, 

and statistics of sensor data (Bao et al., 2012). The cloud computing model is used to get all the local 

factory-related data and provide optimized results to improve machine performance.  

Cloud computing is used to provide on-demand service of computing facilities and database. The 

machining optimization can suggest an initial setting and accept feedback from the real machining 

process.  
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Figure 6. Structure of cloud computing-based optimization system. 

 

A holistic view of the key aspects of conceptual system structure is depicted in Figure 7. It allows a 

wider perspective of implementing the cloud-based PPC into the cloud manufacturing concept. It 

describes the cloud manufacturing as a whole manufacturing process. The customers and suppliers have 

a different API to plug into this cloud manufacturing platform. Several cloud services are also integrated 

into this platform with the aim of optimizing production processes, factory planning, and design. 

Centralized computing power can be used to solve production planning, allocation scheduling, tooling 

and setup decisions. Algorithms may be updated, and all the machines may obtain the benefit of the 

latest versions as these are offered as cloud services. 



	 Acta Wasaensia      175

 21 / 28 

 

 

Figure 6. Structure of cloud computing-based optimization system. 

 

A holistic view of the key aspects of conceptual system structure is depicted in Figure 7. It allows a 

wider perspective of implementing the cloud-based PPC into the cloud manufacturing concept. It 

describes the cloud manufacturing as a whole manufacturing process. The customers and suppliers have 

a different API to plug into this cloud manufacturing platform. Several cloud services are also integrated 

into this platform with the aim of optimizing production processes, factory planning, and design. 

Centralized computing power can be used to solve production planning, allocation scheduling, tooling 

and setup decisions. Algorithms may be updated, and all the machines may obtain the benefit of the 

latest versions as these are offered as cloud services. 

 22 / 28 

 

 

Figure 7: Cloud-based PPC structure in the scope of sheet metal processing. 

Based on the collected requirements and specifications, a common data model is developed for 

integrated production control system. The main entities and their relationships are described at an 

abstract level in Figure 8. All machines and planning tools need to share the same structured data in 

both planning and execution phases.  
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Figure 8. Entities related to cloud-based production planning and control.  

 

The prototype system was developed and tested with actual data collected from an existing production 

line. The validation of the scheduling system was conducted only in simulation, not in a real production 

environment. Some observations from piloting showed that production lines may be complex and 

consisting machines of different generations and types. Flexibility of configuration and adjusting the 

platform for each situation is an important property. Ability to adjust is related to communication, line 

configuration and company specific optimization objectives.  Testing showed the importance of ability 

to operate easily in different and changing environment.  

 

5 Conclusions 

A new smart manufacturing model - cloud manufacturing has been proposed to fulfill the requirements 

of networked and dispersed production in sheet metal manufacturing. The cloud provides a 

collaborative environment that can give people who manage a sheet metal manufacturing (SMF) agility, 

more transparency, and empowerment through more effective collaboration.  

In this paper, the functions and requirements of a cloud-based production planning control and 

continuous operational optimization are presented in the sheet metal manufacturing context. With the 

aid of the concepts, the technical conceptual structure and data modeling were established when 

implementing the prototype system. Based on the initial piloting test, the strategy presented in this 

research could help manufacturers to build capacity within their organizations, and to securely and 

reliably collaborate with other manufacturers, and stimulate the growth of the cloud for the next wave 

of business productivity and optimization.  

It is very important for both academics and industries to notice that the application of cloud 

manufacturing will be a long-term process, and it will gradually develop in many factories. In order to 

be successful, factories should have a good foundation for the internal integration of information and 

processes. Therefore, there is a relatively high entrance standard to implement cloud manufacturing for 

a majority of manufacturing companies. For a sheet metal manufacturing environment, a vision of plug-

and-play supply chain requires integrated information management and process management. The real-

time scheduling and modular approach will be developed to enhance the flexibility of the system further. 

A centralized cloud-based system gives opportunities to accommodate different algorithms and try to 

improve or integrate cooperation between different algorithms.   



	 Acta Wasaensia      177

 23 / 28 

 

Figure 8. Entities related to cloud-based production planning and control.  

 

The prototype system was developed and tested with actual data collected from an existing production 

line. The validation of the scheduling system was conducted only in simulation, not in a real production 

environment. Some observations from piloting showed that production lines may be complex and 

consisting machines of different generations and types. Flexibility of configuration and adjusting the 

platform for each situation is an important property. Ability to adjust is related to communication, line 

configuration and company specific optimization objectives.  Testing showed the importance of ability 

to operate easily in different and changing environment.  

 

5 Conclusions 

A new smart manufacturing model - cloud manufacturing has been proposed to fulfill the requirements 

of networked and dispersed production in sheet metal manufacturing. The cloud provides a 

collaborative environment that can give people who manage a sheet metal manufacturing (SMF) agility, 

more transparency, and empowerment through more effective collaboration.  

In this paper, the functions and requirements of a cloud-based production planning control and 

continuous operational optimization are presented in the sheet metal manufacturing context. With the 

aid of the concepts, the technical conceptual structure and data modeling were established when 

implementing the prototype system. Based on the initial piloting test, the strategy presented in this 

research could help manufacturers to build capacity within their organizations, and to securely and 

reliably collaborate with other manufacturers, and stimulate the growth of the cloud for the next wave 

of business productivity and optimization.  

It is very important for both academics and industries to notice that the application of cloud 

manufacturing will be a long-term process, and it will gradually develop in many factories. In order to 

be successful, factories should have a good foundation for the internal integration of information and 

processes. Therefore, there is a relatively high entrance standard to implement cloud manufacturing for 

a majority of manufacturing companies. For a sheet metal manufacturing environment, a vision of plug-

and-play supply chain requires integrated information management and process management. The real-

time scheduling and modular approach will be developed to enhance the flexibility of the system further. 

A centralized cloud-based system gives opportunities to accommodate different algorithms and try to 

improve or integrate cooperation between different algorithms.   

 24 / 28 

 

The future development of cloud manufacturing will face many challenges in key technologies. Security 

is the major challenge in any networked computer system. Because cloud manufacturing is highly 

reliant on networks, it also involves the security issue. The greatest challenge facing cloud 

manufacturing is maintaining internal security. Maintaining security and protecting data in cloud 

manufacturing are both important for two reasons: (1) data often represents a large amount of money 

due to labor intensive tasks, and(2) data often represents knowledge and provides companies with a 

competitive edge. Based on the experiences from this study, it is believed that further research into 

cloud manufacturing will accelerate the development of an intelligent, networked, service-oriented, 

digitalized manufacturing industry. 
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1. Introduction

Today’s business supply chains for complex products are likely
to involve a number of autonomous organizations. The competitive
market requires that these supply chains are highly agile, effective
and efficient. Agility and effectiveness are obtained by forming
highly dynamic virtual enterprises (VE) within supplier networks
[12]. All these highlight the importance of information technology
in integrating suppliers and other partners’ firms in a virtual
enterprise and supply chain [11]. Interoperable enterprise systems
are the key to enterprise integration [39].

Supply chain management (SCM) is a way of obtaining
horizontal integration benefits without its formal ownership costs.
SCM, the integration of key business processes among industry
partners, adds value to customers, tightly links together several
consecutive elements of the industry value chain, from upstream
suppliers, to subassembly manufacturers, to final manufacturers,
to distributors, to retailers, to end-customers, in order to make the
processes more efficient and the products more differentiated [2].
The internet has brought forth numerous possibilities to increase
this flow of information, and encouraged companies to form closer
integration of their information services (IS). The adoption of the

internet and turbulent market conditions have forced small and
medium-sized enterprises (SMEs) to adapt their way of undertak-
ing business, from traditional practice to e-business [4]. Arend and
Wisner [2] suggest that many firms with 500 or fewer employees,
i.e. SMEs choose to make SCM part of their strategy implementa-
tion, while other SMEs shun it.

The development of the enterprise resource planning (ERP)
solution has created an opportunity to manage supply chains
within and beyond the organizational scope [30]. This high value-
oriented supply chain enables a high level of integration, improves
communication within internal and external business networks,
and enhances the decision-making process. In this way, the
management of VE beyond different partners can be improved.

Current ERP technology provides an information-rich environ-
ment that is ripe for very intelligent planning and execution logic.
Yet little has changed since the late 1970s in terms of the logic
associated with such applications as forecasting, reorder point
logic, MRP, production scheduling, etc. The current systems are
now just executing the old logic much faster and in real-time. The
area is ripe for innovative new approaches to these old problems
[18].

Theoretically, ERP can solve the strategic problem at the upper
level, and mainly handle internal and external relevant resource
issues. Nevertheless, there are many limitations of ERP. It is
precisely because of integration that the ERP system provides an
industry standard for specific types of business. On the other hand,
it also limits the flexibility and lowers the competitive advantage
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of an enterprise. ERP may also limit progress in SCM from the
strategic perspective [1].

Particularly in the manufacturing industry, current ERP-
solutions appear short in terms of supporting multiple plants,
multiple suppliers, and lack functions such as inventory control,
management planning and production order processing. There-
fore, to manage the factories, manufacturing execution systems
(MES) are designed to perform functions such as production
control, maximize the workload of equipment, release unneeded
machine tools, etc.

Nowadays, the problem is how to integrate all these applica-
tions and solutions in a single platform in order to bundle all virtual
enterprises into one supply chain and manage them centrally. The
research question addressed in this paper is: what are the needs and

challenges of integration for integrated supply chain coordination for

distributed manufacturing networks? The object of this paper is to
present a new system based on current solutions to solve problems
of integration of distributed manufacturing networks through VE
form by using new technologies and new infrastructure.

Various system solutions are evaluated in this paper. After
discovering the limitations and shortages of each solution, new
requirements and challenges are summarized from real cases. In
attempting to highlight the practical issues, Six cases are analyzed.
Interviews and discussions with key managers and operators in
these companies are used to collect and assess the information.
Each of these companies contains a network of manufacturing
supply chains. The case study reveals some important and unique
requirements. Consequently, a new cloud-based solution with new
infrastructure is proposed to fulfill these market requirements.
This solution is named as NetMES.

Our paper has two major contributions. First, we discuss the
limits of current software solutions as applied in distributed
manufacturing. Second, we give guidelines on how to develop
comprehensive software. This new solution integrates both the
concept of ERP and MES. We report this empirical solution and
provide a prototype to fulfill the gap between practices and
academic research.

The rest of the paper is organized as follows. Section 2
introduces the current situation and approaches to managing
virtual enterprises. Section 3 describes the method used in this
paper to collect data. Section 4 performs an analysis and discusses
the case studies. New challenges and requirements of distributed
manufacturing networks integration are then summarized. Section
5 presents a solution and a prototype. Finally, Section 6 presents a
brief summary and conclusion.

2. Current situation and approaches

2.1. Centralized ERP

The rapidly changing needs and opportunities of today’s global
market require a higher level of interoperability in data systems to
integrate diverse information systems to share knowledge and
collaboration among VEs. This includes partnership with the
business partners which live in this dynamic environment on a
day-to-day basis [35]. Although the core of VE is to effective
exchange information, it is not an easy task due to the
heterogeneity of information resources.

ERP provides a comprehensive transaction management
system that integrates many kinds of information processing
abilities and stores data in a single database [1]. In the era prior to
ERP, information processing and data were typically spread across
several separate locations.

The installation, re-programming and configuration in current
ERP-solutions are very complicated processes that take too much
time and planning resources. The solutions are usually hierarchical

and centralized entities. ERP integrates all up-to-date information
in a single application. Theoretically, this single major source ERP
can feed SCM solutions. However, current ERP-solutions do not
scale up very well to the whole networked supply chain. Indeed,
the jointly agreed standards on data integration also delay the
implementation of the next generation of SCM-solutions. Different
kinds of SCM-solutions are not automatically interconnected,
which makes data integration harder to achieve. One of the
fundamental issues in networked supply chain coordination is that
current solutions do not take manufacturing processes into
consideration sufficiently so that lean production would be
practically functional [47].

Akkermans et al. [1] highlight four limitations of ERP: (1) lack of
extended enterprise functionality; (2) lack of flexibility in adapting
to changing supply chain needs; (3) lack of advanced decision
support capabilities; (4) lack of open, modular system architecture.

The needs of networked supply chain coordination are
associated with innovative processes in which new materials
and components are designed. There is a need for interfaces for
intelligent applications that will transfer the information into
knowledge that can be used in decision making. Employees must
be integrated with user-based interfaces with intelligent devices
and applications when there is a need for new education methods
that will be used in fast information distribution [33]. Panetto and
Molina [33] suggest that the future of SCM software lays in
malleable and intuitively user friendly software tools that can
become an integrating factor, rather than a barrier, to develop-
ment. Jacobs and Weston [18] predict a greater focus on SMEs in
the development path of ERP developers, something that may
bring simpler and lighter commercial versions to the market and
end up making this kind of solution more attractive.

Izza et al. [17] posit that the challenges of EAI-technologies lie
in heterogeneity dissimilarities and lack of semantic interopera-
bility. Different applications execute their own data and process
models, which leads to different applications not being automati-
cally interconnected. Primarily, supply chain coordination is based
on the trust between different actors in a networked supply chain.
This highlights the need for the secure data interchange and
standardized services between the actors [39].

ERP-solutions should support other solutions and operating
systems more extensively. This would lead to the easier execution
of integration of different systems and applications [43]. Consoli-
dation of the ERP-software providers will affect the development of
ERP-solutions. ERP-solutions are equivalent in the needs of the
biggest global companies, but they do not necessarily answer the
needs of local SMEs. Universally applicable ERP-modules do not fit
to the last detail the needs of local SMEs [18]. The increase of
service-oriented solutions will enable the systems to be more
easily configured. In the future it will be easier to bring the
solutions into services because the modules will be tailored more
specifically for certain branches of industries. Future solutions
must become more intelligent. Data mining, intelligent tools and
expert-systems will contribute to decision making. Simulation will
be a significant element in integrated networked supply chain
coordination [18].

2.2. Connection between upper level and lower level in the

organization

Even though ERP is used to integrate dispersed information,
manage all the centralized information and improve the manage-
ment within the organization, it is more relevant to the upper level
(management level) of the organization. However, in many
organizations, the detailed and traceable data about production
at lower level, such as the shop-floor control, are unavailable. And
yet these data are precisely the key cost drivers in manufacturing
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environment. In today’s complex manufacturing operations
environment, it is necessary to find a new way to meet the
changing production demands in real time.

Manufacturing execution systems (MES) are software packages
used to manage factory floor material control and labor and
machine capacity, and to track and trace components and orders,
manage inventory, optimize production activities from order
launch to finished goods, etc. Some of the larger ERP-solution
providers have incorporated MES-related capabilities to offer this
specialized functionality and fill the shortcomings of traditional
ERP-solutions [9].

The integration of ERP and MES requires the easy sharing of
information across the systems. MES systems typically take
production orders from ERP systems and link quality control,
scheduling and material information. Receipt of goods and some
low level material handling functionality, including serial number
generation for products may be supported as well. Performance
dashboards and advanced statistics reporting may be included in
the system to provide an overall view of production cells and lines
[28]. It is an information bridge between planning systems and
manufacturing shop-floor control systems.

Using MES provides benefits to SMEs in supporting different
types of production and processes. It reduces manufacturing cycle
time and data entry time; it optimizes the inventory and
warehouse; it improves product quality and empowers the plant
operation people; it improves customer services and quickly
responds to unanticipated events [29].

The latest developments in MES systems have included building
flexible workflows and applying the latest software technologies to
support distributed manufacturing. Holonic MES is a non-
hierarchical (hierarchical) system, and it supports flexible hierar-
chies, which can be formed dynamically through aggregation. It
possesses the characteristics of MES and also the properties of
failure recovery and security certification [6]. Cheng et al. [6]
developed a system framework for computer-integrated MES to
support integration. Later, Cheng et al. [6] continued integration
work between multiple MES and ERP systems for interoperability.
The concept of holonic manufacturing system in this context
means building workflow-based protocols for flexible communi-
cation between ERPs and MES servers. Valckenaers and van Brussel
[38] have also worked on the same theme. Their solution adopts
hierarchical design and relies on agent technology on communi-
cation and decision-making which means orders, machines and
product parts each are considered as a corresponding computing
agent in the control system. This method is used to predict the
workload of the machines and forecast routings of the products.
For a near future solution, Valckenaers and van Brussel [38]
suggest systems that are able to route and schedule themselves by
taking into account any changes. Holonic systems are heterarchical
when applied to a small system as discussed in this paper but have
flexible hierarchical characteristics by using aggregation when
larger. Component based software supports this type of architec-
ture [10].

User interface development has also been discussed in the
literature. User interface and general usability of MES software
systems is a very important feature. For example, Cooper [7] has
patented some transaction control features of a user interface.
Later, when web technology has matured, web access systems and
mobile terminal access have received increasing interest. There are
patented solutions available on this side as well [8]. Lan et al. [22]
propose an integrated manufacturing service system which is a
Java-enabled solution, together with web techniques, employed
for building such a networked service system.

However, existing MES lacks the capability of adaptability,
reorganization and configuration. It is unable to adjust its
architectures and functionalities following changes in enterprises,

businesses and organizations, thus hindering the wide adoption of
MES software [23].

Simply integrating ERP with MES not solves the potential issues,
such as the time lag between the actual occurrence of shop-floor
control data and its recognition in the front office ERP systems at
the management level. Broadly speaking, a clear picture of the
entire shop floor is not available in real-time. High level managers
cannot see what issues exist on the floor and what inventory
shortages might impact delivery to the customers.

One the other hand, the information from front office may not
be communicated to the shop floor until the MES download the
data from ERP. Changes in ERP have been made in real-time do
imply the real-time in MES. This disconnection may cause other
issues.

Due to the lack of capability of adaptability in current ERP
systems and MES, new technologies are introduced to improve the
capability.

2.3. Cloud-based solutions

Cloud computing represents a combination of various IT
technologies: hardware virtualization, distributed computing (grid
computing, utility computing), internet technology (service-
oriented architecture, web services, Web 2.0, broad-band net-
works), system management (service level agreements, data
center automation) and open source software [24,45,46]. Cloud-
based solutions can be described as web-based applications that
are stored on remote servers and accessed via internet by standard
web browsers [24].

Cloud-based solutions run on a SaaS (software as a service)
layer in the cloud architecture. They are demand-driven and
charged by metered time, instances of use, or defined period [15].
The set of functionality provided by cloud-based solutions is richer
than in-house counterparts [27], and it is faster, simpler and
cheaper to use [3]. By adopting a cloud-based solution, the
shortage of current ERP-solution can be covered.

The main benefit for companies in choosing a cloud-based
solution is that almost no local IT resource investment is required
[24,40]. Companies can utilize the flexibility of cloud resources
dynamically to meet peak demand without investing in in-house
resources [40]. Also, a cloud solution can handle the weaknesses of
their current system regarding redundancy and high upgrade cost
because Cloud is a virtualization of resources that maintains and
manages itself [44].

Nevertheless, most of the challenges and risks are basically
security concerns due to the migration from one business model to
another. Besides, companies lose the governance over their
valuable data and they have to accept that the cloud solution
provider will control a quite large number of important issues and
areas of their own business process [26]. Some relevant issues are
vendor lock-in, compliance challenges, and cloud provider
acquisition [19].

Cloud computing is already practical in many business
applications. Nowadays the major application vendors are actively
building cloud-based application infrastructures, exploring rela-
tionships with cloud hosting providers, and promoting SaaS based
software [14].

Xu [42] raised the concept of smart manufacturing with cloud
computing, which is cloud computing adoption in the manufactur-
ing sector. It is interesting to know that with a cloud-based
solution, manufacturing companies can eliminate the IT resources
and outside support and maintenance, but in the meantime
companies are able to develop better-integrated and more efficient
processes [34]. Based on a particular case in the Elkay Manufactur-
ing Company, which adopts a cloud-based solution, an average IT
person’s workload has shifted to higher level functions, and his or
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her skillset and knowledge base have evolved significantly in the
process [34].

Based on Moad’s observation [25], manufacturers were still
new to cloud-based applications in 2011. But now, they are no
more concerned with cloud in terms of its performance, uptime or
security of the public networks, but rather they are much more
interested in how and when vendors will continue to enhance the
functionality of cloud-based systems, particularly with things like
business intelligence and industry-specific capabilities.

For manufacturing companies, cloud-based MES solutions
allow the standardization of manufacturing sub-processes across
multiple plants in many countries. This concept is attractive
because it acquires manufacturing assets around the world and
leverage best practices internally within the entire organization
[14].

However, there are still many challenges connected with
bringing MES to cloud. MES tends to be highly industry and
process-specific, which means highly customized for a specific
process running at specific plants. It needs to be able to quickly
change when processes or requirements change [25]. However,
customization is still a limitation for cloud-based solutions.

3. Methodology

Due to the nature of the research question addressed in this
study, it is appropriate to conduct qualitative research. That is,
qualitative research is employed to understand people and their
social and cultural context [31]. In this paper, it is important to
understand, from the case companies’ perspective, what are the
new requirements and challenges they perceive when using new
technology to manage the organization. Quantitative research, on
the other hand, is intended to obtain numerical outputs and the
meaning they represent [36].

To collect the needs and requirements for distributed
manufacturing, interviews were conducted at six different small
and medium sized companies, which all have their own products
and manage suppliers as a focal point in the manufacturing chain.
From a manufacturing point of view, all the companies have
organized their production processes as flow shop type organiza-
tion. Different products follow very similar routings and use
similar resources. The company products at each case company
included manufacturing of the following products:

� Electrical appliances,
� HVAC pumps,
� Boats,
� Customized metal profile products,
� Heating equipment,
� Electronics control systems.

The interviews were conducted with several stakeholders in
each company during 2010 and the results were recorded in the
form of requirements specification. We search for patterns in these
companies and summarize the consistent requirements. This is not
a typical approach for case study research, but commonly used in
software engineering when building common understanding of
the required features for a system. These six case companies are in
different phase of enterprise systems development. So there are
different levels of expectations. Although the number of compa-
nies studied is small, for a requirements specification phase the
companies cover a reasonably wide range of manufacturing
characteristics and the key requirements are captured. Therefore,
these six cases are sufficient for the purpose of our analysis.
Certainly, for wider generalizations, a survey type of research
method, probably with industry specific questions, should be
conducted.

4. Requirements analysis

The result of the requirements collection from six companies
was organized as common requirements specification document.
Initially, the collected data set was recorded, which was then
consolidated in a requirement document for further refinement.

4.1. Functional requirements

From the interviews, it was noticed that most of the companies
base their IT-architecture in several heterogeneous applications.
The whole SCM system is comprised of several applications,
services and sources of information. Many different kinds of ERP-
solutions, SCM-applications, electronic business applications,
portals and transactions between companies in the network will
make the whole architecture a complicated entity. This leads to
even more complicated data flow and systems integration,
especially in the manufacturing related activities.

The specified requirements from each case company were
collected individually. There are four important requirements that
need particular illustration:

� Company A would like to increase transparency in the supply
chain by automatizing stock and sales information gathering. In
addition, it wants to create an electronic insurance registry and
update all the insurance information into this database,
Company B would like to create a practice that will show a
production schedule to suppliers on a weekly basis. With
utilizing such a system the supplier will be able to supply
components more accurately.

� Company C has trained its employees to use the current ERP-
system more effectively. Their ERP-system includes a feature
that enables different partners to coordinate and supervise
information in the supply chain. The information includes, for
example, ordering information and status updates. The company
would also like to determine the development of the ERP-system
from the customer point of view. In addition, there is a need to
optimize call-off stock.

� Company D would need transparency of quality data in multi-
factory environment. The purpose is to increase ramp-up
performance.

In order to systematically analyze the requirements, eight
general requirements for distributed MES system design are
summarized in Table 1. This table illustrates the collected
requirements and the frequency of their appearance in all case
companies.

4.2. Real-time requirements

Being able to show real-time information from production is an
important feature for any MES system. In context of distributed
cloud-based MES, Real-time information exchange between
companies is both functional and non-functional requirement at

Table 1
Requirements for distributed MES.

ID Requirement Freq

1 Order tracking in supply chains 5

2 Real time view on work queue 5

3 Capacity view 4

4 Materials traceability, serial numbers 3

5 Test records 1

6 Sales order – EDI connection 2

7 Purchase orders – EDI connection 2

8 Product information – work instructions for suppliers 2
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the same time. It is a functional requirement in a sense that user
interfaces are needed to see production status at suppliers and
other parts of the supply chain. It is a non-functional requirement
in the sense that the information synchronization should be
transparent between suppliers, manufacturers and sales units.

The reliability of real time manufacturing data is important
when the information flow is being automated. The message
receiver must have trust that the transferred information is
authentic. It would be ideal if all the counterparts had the same
cloud based system and the data model in use, but in practice that
goal would be impossible to reach. Companies have different types
of ERP and MES systems which need open interfaces for
integration. Open interface definitions are in a central position
in order that the integration can be executed using the best
technology with the most cost effective partners.

4.3. Analysis

The following features were proposed as critical to such a
program: (1) the system should be easy to change: when the
business changes, the system should evolve as well, not hinder; (2)
a production employee should be able to change the production
flow related fundamentals of the program without aid from an IT-
professionals; (3) supply chain information sharing should lie at
the very base of the program (accessible through the Internet); (4)
the system should be based on open source code for legal sharing of
modules and solutions; (5) the system’s user interface should be
the internet, (6) the system should be made entire new, without
old remnants of source code, as in today’s ERPs; (7) the software
should always be up-to-date: if the system is light and internet
based, it will be; (8) the system should support flexible and lean
production options; (9) the information database should contain
highly detailed data; (10) the electronic accountancy and
inventory should be closely tied to the physical dimension (by
efficient tracking systems). Furthermore, users require access of
this system via the internet without restrict of location.
Simultaneously, the protections of users’ sensitive data and
information are required.

To summarize the results of the analysis from cloud technology
point of view we can see that the mentioned requirements have
some features, which are not part of standard MES systems and
where cloud technology could offer some solution.

� Routing of manufacturing operations may change within the
supply chain and the companies that need to access the data may
vary from time to time.

� Transparency between operation steps occurring at different
locations has traditionally seen as supply chain or purchasing
management issue, but in distributed production, a common
view on production schedule helps planning.

� Quality and test data need to be shared between manufacturing
partners along the routing.

� The participating companies of manufacturing network may vary
from project to project and ability to reconfigure the access
should not require IT projects.

Current EPR and MES systems are not very good at this type of
fast structural change. Information sharing between partners
working together in common projects is actually a typical feature
for cloud based social media sites rather than operational
manufacturing systems. The concept of linking and sharing data
between entities in a similar way would have novelty.

5. Prototyping a solution – NetMES

5.1. Concept and objectives

To fulfill the requirement and challenges presented in the
results part, a software tool was designed to illustrate a potential
solution. Although this solution has focused on key requirements,
it includes new business process and planning, sequencing
algorithms, and a new infrastructure based on existing MES
technology. If successfully implemented, such a software solution
could prove very beneficial to multi-company SME-intensive
networks (Fig. 1).

The NetMES system was eventually implemented in one of the
interviewed companies and its network. In this solution, the cloud
plays a role as a platform in the evolution of MES. Since cloud
computing is already practical at the business application level, it is
very reasonable to build MES based on web services and provide a
standard for information sharing/transferring environments.
Cloud technology will be adopted in order to support monitoring,
information exchange and also other real-time interactions.

Andon systems are core elements in this NetMES. They are used
when a problem occurs in the production lines. ‘‘Andon’’ is a visual

Fig. 1. Integrating ERP systems with MES systems.
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control that is used to notify the status of machines and
manufacturing line in the manufacturing process. This concept
was first invented by the Japanese for Jidoka (automation in
English) and refers to the principle of stopping work immediately
when a problem occurs [37]. Andons are used by Toyota and
quickly adopted by many Japanese and American manufacturing
companies [21]. They can be used to control the quality of
production and improve the defect detecting processes.

Andon comes with an alarm to alert workers when there is a
change in status. When the alarm is activated, it directly indicates a
problem on a particular production line. A worker can stop the
production line to call for help to adjust a machine or fix a quality
defect [21]. Then workers study the problem and solve it together.
Although productivity is lost due to line stop page, the overall
system performance is improved [21].

In this NetMES solution, the Andon systems will recode all the
production line problems and send the real time status of each
production line back to NetMES. In this way, high level decision
makers can provide a critical response to problems and avoid
costly downtime.

This solution is based on the concept of virtual enterprises,
which combines the power of several independent enterprises to
achieve complex manufacturing processes. When an organization
receives a new order from a customer, the order can be converted
to production orders, and different factories will be selected and
assigned to the manufacturing processes. Conversely, this MES can
be used to collect real-time information from the Andon system
and transform this information to the higher level organization.

5.2. NetMES functionality set

Most manufacturing companies use ERP or an equivalent
system to determine product manufacturing and the production
planning process. NetMES is used herein to translate this plan into
work instruction, and elaborate the method of dealing with real
resources and real plant floor execution. The NetMES system is a
web browser based MES system for distributed (multi-site)
production planning and control system. The key features of the
system include:

� Support for multi-site manufacturing,
� No installation required – a web based system,
� Connections to external systems such as ERP,
� Tracking and tracing within the entire extended enterprise,
� Providing KPI data master for production.

From the theory point of view, the NetMES application is a
shared production view for managing the extended enterprise. The
term ‘‘extended enterprise’’ represents the concept that a company
is made up not just of its employees and its managers, but also its
business partners, its suppliers, and even its customers. The
extended enterprise can only be successful if all of the component
groups and individuals have the information they need in order to
do business effectively.

The NetMES concept relies on external master data for
materials, bills-of-materials, customers, suppliers, which all
should be stored in the ERP system. The system focuses on
capacity management, work queue, and traceability information
within the extended enterprise.

NetMES occupies a very important technical position. In
attempting to connect the factory floor to the executive levels of
the enterprise, it occupies the space between low-level control
automation systems and high-level ERP system. It acquires product
orders from the ERP system, and converts this product demand
into an execution order and passes process instruction to the
control automation system. After product operation and execution

is done, the product status is updated and information is sent back
to NetMES. Later on, the order status will be fed into the ERP
system.

The positioning of NetMES is presented in Fig. 2. This figure also
shows the main functionalities provided by NetMES. The NetMES
system should offer functionality for managing the order flow
similarly for people within the company as well as the suppliers,
retailers, etc. The planned key functionality blocks in the NetMES
software package include: (1) user management, (2) work queue,
(3) Andon system, (4), forecast and APS, (5) time tracking and serial
numbers, (6) work instructions, (7) reporting, and last but not least,
(8) ERP connectors.

5.2.1. ERP connector

The NetMES should be directly coupled to the planning system
to retrieve production orders from the ERP system and also all
other inputs; in this way the NetMES can provide upload
information as necessary. This ERP connector acts as an informa-
tion gateway, without significant information processing. The
communications should be two ways so the MES can keep the
planning system properly informed about plant activities such as
labor data, inventory changes, and work order progress. Other
methods of data entry and reporting can easily be accommodated.

While the planning system has the aggregate data on inventory,
the detail can easily reside at the local level—the MES. ‘‘Dock To
Stock’’ operations are accomplished here with regular updates to
the planning system. A current map of all inventory and storage
locations, including WIP, is maintained.

Also, the NetMES provides the workflow visibility and event
notification required to ensure that manufacturing meets the
enterprise information demands. ERP and NetMES offer varying
types of functions and features. The functionality of this part
includes:

� Selecting and importing production orders from ERP,

Fig. 2. NetMES key functionality blocks.

P. Helo et al. / Computers in Industry 65 (2014) 646–656 651



188       Acta Wasaensia

� Importing BOM and key components,
� Importing referred materials from ERP,
� Building a link to work instructions in the PDM system.

5.2.2. Work queues

A work queue screen displays prioritized job operations
scheduled in each factory and the status of production orders.
This work queues screen is presented in Fig. 3 as an example. This
view can be used at production line level or to present a multi-
factory production queue for production managers and line
managers. The functionality of this part includes

� Viewing all orders for factory and sort the view,
� Adding a new production order,
� Connecting BOM, routings, work instructions for production
orders – applying localized routings and components for each
production line,

� Viewing status for each factory – capacity, lead-time, etc.,
� Printing production order documents for tracking,
� Toggling between key components view and production steps
view,

� Production scheduling: optimizing the production queues,
� Printing friendly view.

5.2.3. Andon system

The Andon system supports quality control especially in
volume ramp-up situations and continuous improvement. Each
production line has an Andon system to present its working status
and to collect data about the product line as shown in Fig. 4. If
problems occur, the workers can active the alarm, and the alarm
indicators will be displayed on the NetMES. By using Andon
functionality the workers on the production lines can record
Andon cases and report issues to a centralized database. It provides
a critical response to workflow problems in order to help avoid
costly downtime by immediately alerting the maintenance and
quality teams at the first sign of trouble. Factories producing the
same products can compare practices and learn from each other.
High level managers can monitor the real time situation in the
factories. The functionality of this part includes:

� New cases and descriptions,
� Processing of cases according to workflow (R&D, supplier etc.),
� Controlling Andon ‘‘traffic lights’’ according to status (Red:
production downtime required; Yellow: the problem is under
process; Green: OK),

� Connecting cases with production orders in the database.

5.2.4. Worker screen – time tracking and serial numbers

Because NetMES directly interacts with the execution and
operation on the factory floor, it should provide a direct view for
workers. This easy to use interface is developed for workers
working on the factory floor. It includes touch screen monitors as
well as bar code readers to simplify data entry while reducing
mistakes. This worker screen includes a list of work to be
performed, specific instructions and requirements to execute
the work, quality inspections of the work, and sign offs indicating
the work is complete. The worker can also report working status
through this worker screen. For instance in Fig. 5, it depicts the user
interface for worker screen.

The workers’ view in NetMES is based on work instruction,
which is controlled by the user ticking each part completed and
recording components. The system also maintains work time
calculation and notifies if the planned time is exceeded. The key
features for this functionality include:

� Recording operation time stamps,
� Recording S/N for components,
� Providing tact time reports based on recorded information,
� Including test records for FPY calculation,

Fig. 3. Production orders with planned assembly timings.

Fig. 5. Area elements in operator screen.

Fig. 4. Andon status displayed on NetMES.
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� Work instructions – viewing current work instruction for each
stage by connecting bar code readings with instructions,

� Maintaining work instructions for each plant.

5.2.5. Dashboard

Production planning and control reports are presented as
dashboards. These provide real time analytical information of
various activities. Dashboards may be designed for wall displays or
small embedded web-applications that can be used in corporate
intranets and supplier extranets. Typically, the reporting and
dashboard system may include the following features.

� KPI report for FPY per line/factory based on throughput,
� Production order report,
� Reporting progress of production,
� Current capacity report,
� Test reports.

This personalized, role-based dashboard displays production
information from a summary level to a detailed level. The
dashboard delivers real-time information to speed up decision
making and improve business processes. These screens are simple
and easy to handle.

5.3. Technical implementation

The overall architecture of the system will be based on a
three-tier model: user interface, business logic and data layer.
Fig. 6 illustrates the architecture overview. This architecture is
developed to overcome the drawbacks of client-server architec-
ture. These three layers stay separated at the time of deployment
for this cloud-based NetMES. The system uses enterprise beans in
the business logic level and hibernate system for data layer
access. The data layer includes all the integrated data and
centralized database. The business logic layer acts as the
connection between the users and the database. The user
interface layer is responsible for receiving the user’s input data
and results display. The users can switch interface views
according to their needs and keep them exactly the same under
data models. It is based on a Struts framework. The WAR/EAR
packages should be installable on a JBoss application server
system. The system should support Java EE clustering also
Microsoft.Net and other equivalent technologies. User authenti-
cation is based on Java EE security provided by the application
server software.

This NetMES is a high-performance and easily expandable
information system with a centralized cloud server synchronizing
local server databases and serves multiple factories at the same
time. The open architecture enables easy system integration with a
specific supply chain and manufacturing execution.

As mentioned earlier, this NetMES is designed as an information
system that interacts with the ERP system. It acts as a messenger
between the factory floor and the ERP. The ERP system focuses on
global planning and business process across the whole enterprise
and is an intra-enterprise system. On the other hand, NetMES
responds to collecting data from the factory floor and transacting
in real time to ERP.

The Andon system is a specific component integrated into
NetMES to monitor wireless Andon system signals in the
environment and send a record of all signals to the NetMES
centralized database. NetMES enables monitoring over the entire
Andon environment status on one screen. More importantly, the
data transmitted from the Andon system and communicated to
NetMES via the cloud is real-time, so the specified recipients will
know the moment that an Andon alert is triggered.

The NetMES supports multi-factories with different instances.
Each factory with its dedicated application instance over a
shared NetMES platform in a hosting cloud environment has
access to different factory floors and physical control over the
manufacturing processes. The control data will be sent back to
the ERP system. This cloud-based NetMES can provide an
effective collaboration environment with employee agility and
transparency.

5.4. Database construction

The NetMES is composed of several functional models that
handle products, production lines and projects. Fig. 7 demonstrates
the high level data structure of NetMES. The diagram depicts the
relationship of distributed manufacturing. The multiplicity is
shown to help understand the system better.

This model has a high level of abstraction. It is illustrated by a
top-level representation where the taxonomy has been captured in
nine key base classes. Each of these top-level classes is detailed
with its attributes. The main classes are described as follows:

Project: once the customer order is coming, it is considered as a
project. The project includes control over the production
planning, and cost analysis. It enables the manufacturing for
a specific requirement. The project lifecycle and status
information are available to users.
ProductionLine: in a factory, many production lines are
operated at the same time. Each production line has one
Andon system to monitor the events occurring on that
production line. The Andon system is a signboard incorporating
signal lights to indicate which production line has a problem.
WorkQueue: a production line of the manufacturing plant
consists of several production works. WorkQueue is used to
arrange the working sequences in that production line.
AndonCase: when an event occurs during the production, an
alert will be activated on the Andon signal board. The
production stops and the issue should be recorded and reported
to high level management. Each event is reported as one case
and includes one serial-number.
Inventory: the maintenance of item inventories is very
important. Inventory control supports a number of business
processes, such as continuously monitoring stock level and
automatically reordering.
WorkOrder: it contains the manufacturing process for produc-
tion work orders. This includes creating work orders from
production orders.Fig. 6. NetMES architecture overview.
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BOM: BOM enables a list of required components and the
routing of assemblies for the demand products.
WorkInstructions: this is included in BOM since every build
process requires a bill of materials that outlines what
components are required to successfully build the finished
goods.
WorkStage: there are several stages to produce one product.
The manufacturing process encompasses a variety of activities.
WorkStage is used to organize the execution of a production.

5.5. Cloud security issues

In cloud-based environment, the physical database is replaced
by a virtual database. Data are transferred throughout the cloud.
Consequently, security issues regarding data storage and privacy
can arise.

One approach suitable for manufacturing contexts is to store
data locally in the factory level server and then synchronize with
the centralized cloud database.

Users do not know the exact location of their data, and they
can hardly prevent unexpected risk to the data storage due to
their lack of rights to manage the data. It is a question of trust
when users accept cloud-based NetMES as public cloud. The
pilot implementations have been done by using a private cloud
approach.

In order to ensure data confidentiality, integrity and availabili-
ty, the NetMES capabilities have been extended. A tested
encryption schema should be used to ensure that the shared
storage environment safeguards all the data. Moreover, access
controls will be adopted to prevent unauthorized access to the data

[16], such as providing strong authorization, authentication based
on the user’s role, monitoring user activity, and single sign-on
(SSO) [20].

Furthermore, privacy issues in the cloud environment need to
be addressed. Therefore, standard procedures such as service level
agreements (SLA) should be required [32].

6. Discussion

A cloud-based new MES infrastructure to integrate information
exchange between companies has been proposed for distributed
manufacturing. The proposed system has been designed to operate
in situations where suppliers need to input significant manufactur-
ing related information and provide this to other participants of the
delivery along the supply chain.

The technical solution is a centralized system, where companies
can link each other’s data without heavy IT integration. The system
is based on a layered architecture. The top layer supplies various
kinds of flexible user interfaces so the clients can access this
integrated system remotely. The middle layer is used to receive
requests from users, manipulate the data, then convert them to
useful information and present them back to users. The bottom
layer is a collection of data from different sources. In this data layer,
storage devices are consolidated by using storage virtualization
techniques. It is very interesting that the logical representation
that an application on a server uses to access data, which is called
the business logic layer, is abstracted from this data layer as an
independent layer. It is responsible for maintaining the mapping
tables and presents logical entities to the users. For instance, when
the business logic layer sends a request to access the data, the data

Fig. 7. NetMES class diagram of data structure elements.
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layer will address resolution and access to the correct physical
storage device. Subsequently, read and write instructions go
directly to the business logic layer, and are ready to be presented to
users.

This particular three-tier model is supported by a cloud-based
infrastructure. It is different from the traditional deployment
methods. Before cloud computing taxonomy was well defined, it
was common for companies to have their own local files and
application servers, as well as local storage devices. But now, the
cloud infrastructure relocates resources and provides a centralized
data center and virtualized server.

From the technical perspective, this cloud-based infrastructure
provides direct data access for multi-factory management. This
infrastructure can also reduce the constraints on an organization’s
ability to quickly adapt to evolving business needs. At the same
time, it can rapidly respond to the provisioning of new services or
other applications to this existing platform. Because of the cloud-
based platform, each instance of this architecture is adapted to
specificities of each application case.

Based on preliminary experiences, the advantages of this
solution can be summarized as follows:

� Users only need to install web browsers to use this cloud-based
system. It minimizes technical complexities and infrastructure.

� It provides an easier way for supply chain and manufacturing
execution and control and it maximizes the benefits of IT
systems.

� It provides a flexible platform to integrate different applications.
� It effectively constructs the connection of information from
different factory floors.

� It provides a platform to share experiences of the cooperative
team.

� Different users can have different customized views to monitor
different information.

� It supports the decision making process and simplifies the
business processes.

7. Conclusions and future work

The first ERP-like application was developed in the early 1960s.
With the idea of controlling the business information flow within
companies, ERP is limited to fulfilling functions outside companies,
namely the entire supply chain. Especially in a global market
business environment, ERP-solutions lack flexibility in adapting to
the changing needs of the supply chain.

Considering this situation, today’s standard product tracking
and ERP-solutions seem ill-fitted to answer these needs. A first
step toward greater supply chain integration seems to be
product centric, light-weight product tracking systems, aimed
at securing a greater degree of delivery reliability and
automatic delivery failure detection. Cloud-based technologies
present opportunities to respond the new needs of flexible
information exchange between different partners. For further
informational supply chain integration (developing the aspects
of material and production planning from the point of view of
the supply chain), a comprehensive system is needed. While
current supply chain management (SCM) systems are cumber-
some for the average SME to implement and maintain, a new
generation  of internet-based, light-weight, easy-to-use-and-
edit MES systems could become the answer for such companies.
We believe that the requirements collected for the prototype
development as well as the NetMES system present some
insight about what near future manufacturing execution
systems should include. To support the claims put forth in
this position paper, NetMES has been developed to support

different factories with different production layouts and
process types. From a technology point of view, this new
infrastructure can be seen as the next evolution of migration of
different applications on one platform.

There are several items on the future research agenda. Firstly,
network level standardization work on product identification
numbers, locations, factories, revisions, should be done. Compa-
nies need to develop master data to support working in
distributed production. Secondly, practical experiences on
cloud-based systems and portals combining manufacturing
information need to be collected. What are the benefits observed
in the long run and what are the concerns? From a technology
point of view, further work is needed on developing smart systems
for data synchronization between factory level databases and
cloud level databases. Data security remains an important
research area related to use of cloud.
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a b s t r a c t

Cloud manufacturing is a service-oriented, customer-centric and demand-driven process with well-es-
tablished industrial automation. Even though, it does not necessarily mean the absence of human beings.
Due to products and their corresponding manufacturing processes becoming increasingly complex, op-
erators' daily working lives are also becoming more difficult. Enhanced human–machine interaction is
one of the core areas for the success of the next generation of manufacturing. However, the current
research only focuses on the automation and flexibility features of cloud manufacturing, the interaction
between human and machine and the value co-creation among operators is missing. Therefore, a new
method is needed for operators to support their work, with the objective of reducing the time and cost of
machine control and maintenance. This paper describes a practical demonstration that uses the tech-
nologies of the Internet of things (IoT), wearable technologies, augmented reality, and cloud storage to
support operators' activities and communication in discrete factories. This case study exhibits the cap-
abilities and user experience of smart glasses in a cloud manufacturing environment, and shows that
smart glasses help users stay productive and engaged.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

After the epic changes of the world business caused by three
industrial revolutions, we are in the midst of fourth industrial
revolution, referred to Industry 4.0. It is a convergence of the
physical world with the digital world, and it facilitates the vision of
the smart factory [16] which enables centralized decision-making
while requires distributed manufacturing equipment and re-
sources [49]. The traditional manufacturing industry has been
gradually superseded by a global chain of resources and various
stakeholders. Therefore, a new dynamic and world-wild business
model is needed.

Cloud manufacturing (CM) has emerged as a new solution to
address all these challenges. It is a manufacturing version of cloud
computing [32,49]. In this context, manufacturing resources and
capabilities are virtualized and organized in a resource pool
[24,32], therefore, all the partners in CM can perform real-time
and collaborative manufacturing tasks [42].

The Internet of things (IoT) is a paradigm that takes advantage
of sensor networks, also being known as “ubiquitous computing”.
The basic concept of IoT is the pervasive presence of objects,
such as radio-frequency identification (RFID) tags, actuators,

mobile phones and sensors [9]. IoT and its relevant technologies
rapidly gaining ground in CM with its position and status known
in Industry 4.0 evolution. More “things”, even people, need to be
connected to the internet.

In this new stage of digital manufacturing, resources and ser-
vices coordination and adoption in cloud infrastructure may only
have to involve minimal human intervention [47,49]. Many
e-services were developed to allow the control, operation, mon-
itoring, and diagnosis become remotely [6,14]. However, CM cov-
ers the entire manufacturing lifecycle from pre-manufacturing
(argumentation, design, production, and sale), manufacturing
(product usage, management, and maintenance), and post-man-
ufacturing (dismantling, scrap, and recycling) [24], some activities
in the actual manufacturing processes require human involve-
ment. Mostly, they comprise running and execution of sophisti-
cated systems/machines, and also some after-sales services sup-
porting the primary products (i.e. field services, maintenance, di-
agnosis, user assistance, and training, etc.) [8,32].

The interactions between humans and machines are empha-
sized in Cyber-physical systems (CPS) [33,48]. Mezgár [26] also
pointed out the outstanding importance of collaboration and co-
operation among users in networked enterprises. Human resource
is considered as one type of manufacturing capability [49], and it
includes employees, skills and knowledge required to complete a
specific job. Unfortunately, the knowledge is rarely documen-
ted [44]. It always requires sophisticated training and advanced
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knowledge to participate and enable CM activities. Therefore, how
to best support human activities becomes a central aspect of the
modern working environment, and it opened up an enormous set
of new research opportunities.

Even though, the integration of humans with software and
hardware is one of the fundamental requirements to satisfy this
new development in the industry [31]. In previous studies in CM
area, human resources and management were rarely discussed. It
is important to appreciate this consideration. Based on an analysis
of previous studies, we noted some weaknesses of the current
research in CM:

■ Insufficient methods to support field services.
■ Lack of collaboration among operators.
■ Lack of communication between field services and the back

office.
■ Inefficiently knowledge management in the field.

The existence of wearable technology forms an integral part of
the IoT. Based on Brauer and Barth's [5] study, they conclude that
wearable technology can boost employees' productivity by 8.5%
and life and job satisfaction by 3.5%. Although different kinds of
wearable devices are available in the market, they are still in their
infancy. In the manufacturing industry, wearable technology has
the potential to be useful, but the question arises as to how we can
use these devices in manufacturing and how these devices can
improve manufacturing efficiency.

In this research paper, we investigate the application of wear-
able technology to visualize manufacturing information and to
allow hands-free interactions in order to communicate with other
users in CM networks. Due to almost no information concerning
its successful application in industry [2], and also the lack of aca-
demic research on the strategic aspects of human resources
management in CM, the case study method was chosen for this
investigation. The company is a laser machine builder, and they
sell machines to customer companies. They also provide a cen-
tralized helpdesk and remote assistance as well as training, etc.
This paper will provide an example of the wearable technology,
specifically refers to smart glasses, supporting CM.

Our proposed mechanism deals with the workers (i.e. main-
tenance technicians, machine operators and helpdesk units) in
various locations, as the “things”. All the workers can be connected
in a virtual environment in the internet so that they can collabo-
rate more effectively on troubleshooting issues. Smart glasses are
adopted in this research to support the collaborative manu-
facturing training, maintenance and management of different
participants and departments.

We found out that applying wearable technologies can increase
the value of CM, avoid waste and increase sustainability, at the
same time it can help to reduce risk and prevent human error on
the shop floor. We will perform a pilot study to evaluate the use of
wearable technologies (smart glasses) in improving the commu-
nication channel. This research outlines the following issues in a
specific case company:

■ Description of wearable devices and how they enhance workers'
tasks in the factory.

■ Definition of three distinct profiles of wearable devices users.
■ Collecting data generated by wearable devices and the forming a

human cloud.
■ Processing a large dataset by using some form of cloud

technology.

2. State-of-the-art review

2.1. Cloud manufacturing (CM)

Cloud computing and the IoT have moved from buzzwords to
practical business principles recently. The idea of the “cloud” is
progressively transforming the way that enterprises do business,
especially IT-related businesses [35]. With the support of cloud
computing and the IoT, CM has appeared as an innovative manu-
facturing paradigm. CM is a new, multidisciplinary domain that
encompasses state-of-the-art technologies such as networked
manufacturing, a manufacturing grid, virtual manufacturing and
agile manufacturing [15,24,35,49]. It is a value creation manu-
facturing process across globally networked operations [35]. It
involves global supply chain management, product service con-
nection and the management of distributed manufacturing units
[26].

Under the umbrella of CM, manufacturing resources and cap-
abilities can be intelligently sensed and connected into the wider
internet, and automatically managed and controlled using IoT
technologies (e.g., RFID, wired and wireless sensor networks, and
embedded systems) [37]. These resources and capabilities can be
fully shared and circulated based on users' demands on a virtua-
lization layer (Qanbari et al., 2014). Xu [49] uses two important
concepts to describe CM: “integration of distributed resources”
and “distribution of integrated resources”. Providers publish their
resources into this CM platform, and then the distributed re-
sources are encapsulated into cloud services and managed in a
centralized way. Consumers can use the cloud services according
to their requirements. They can request services ranging from
product design, manufacturing, testing, management and all other
stages of the product lifecycle [49]. The problem is how the phy-
sical world and the internet world of ICT can connected without a
gap.

Cyber-Physical Systems (CPS) was proposed a few years ago
[34] to enable the interactions between computers and humans
through many new formations by using today's computing and
networking technologies [3,22]. Because the physical world is not
entirely predictable, the CPS will not be operating in a controlled
environment, and must be robust to unexpected conditions and
adaptable to subsystem failures [22].

CM provides a cooperative work environment, not only for
enterprises but also for individuals, enabling collaboration among
the entire manufacturing ecosystem [53]. Although the concept of
CM mirrors the definition of cloud computing, most of the re-
sources in CM need to be operated manually by humans [13]. This
manual operation is unlike the virtual resources in cloud com-
puting. In addition to the performance of manufacturing equip-
ment, human activities in providing field services also have a
significant and direct impact on the quality of products. It is very
difficult to maintain a high-performance operation because the
system consists of a group of devices, such as robots, numerical
control machines, sensors, and so on [29]. Similar findings are
available in Ren et al.'s [35] research in which they classify cloud
services into two types: OnCloud services, run entirely on a cloud
platform, and OffCloud services, which need additional operation
by an operator via a cloud platform. In order to improve the
quality of manufacturing processes and products, the focus must
move to improve the performance of people. As such, human ac-
tivities and field services management must be considered as an
important factor [7,13]. Ford et al. [10] suggest that enhanced
human–machine interfaces and collaboration software are drivers
of distributed manufacturing.
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2.2. Connecting humans in cloud manufacturing

Dual resource constraints (DRCs) arise from capacity con-
straints stemming from both machines and human operators [50].
Advanced robots and process automation devices will change the
current human–machine interaction standards [36]. Smart con-
nectivity and the ubiquitous sensing of distributed manufacturing
resources are critical features of CM [35]. Machinery, robots, lines,
items and operators on the shop floor will be acting in a strong,
connected, decentralized and autonomous network. The shop floor
will be dominated from the ICT perspective by easy-to-plug-and-
work devices as well as by the seamless exchange of information
[36].

Hu et al. [13] created a classification of CM services in terms of
the degree of human involvement. The first type of services can
run automatically without human resources (such as computing
resources). The second type of services involves human and purely
manual activity which has nothing to do with proficiency (such as
a whereby a driver's driving skills have little effect on the quality
of logistics services), while the third type of services is ranked
based on the skill level of the worker in question (for instance, a
lathe operator's skills can seriously affect the quality of a product).
Wu et al. [47] emphasize in their research that a high degree of
automation will be required to ensure the efficiency and effec-
tiveness of machines and manufacturing processes on the shop
floor with minimal effort, but this does not imply the absence of
human beings.

The scope of human resources in CM formation varies de-
pending upon different definitions. To put it more simply, human
resources are those personnel who are engaged in the manu-
facturing process, i.e., designers, operators, managers, technicians,
project teams, customer services, etc. [43]. Lv [23] defines human
resources as including those technology personnel and manage-
ment personnel needed in the product development process. They
are the most precious resources involved in the activities of the
manufacturing business, and a great deal of knowledge and ex-
perience are stored in the minds of such personnel [23].

Since human resources are also an important manufacturing
resource and assets, it is crucial to consider humans as being
connected to the internet. Michel [27] provides an example to
describe the importance of considering interconnections among
people, processes and data within this conception of the IoT. The
idea of the Internet of Users (IoU) as a deeper level of IoT appli-
cation in cloud manufacturing has been proposed [38]. Users (in-
cluding service providers, consumers and operators) of CM are
primarily internet users, while the IoT is an enabling technology to
realize connections and communication among these users and to
form the IoU.

2.3. Wearable technologies

The IoT refers to machines, automation controllers, and other
physical devices being connected to the internet [27]. In order to
connect different human resources in the same manner as man-
ufacturing resources, the subset technology of the IoT – wearable
technology [41,45] – can be used.

The IoT encompasses market segments including connected
cars, smart applications and many others [45]. “Things” in wear-
able technologies refers to wearable devices equipped with mi-
crochips, sensors and wireless communications capabilities. Such
networked wearable devices are utilized to detect the posture and
motion of the wearer's body, track activities and collect data in the
background [19,30,41]. Wearables will increase the importance
and improve the capability of the IoT in the industrial environ-
ment. Linking manufacturing resources by the IoT can achieve the
monitoring and optimization of the entire production process.

In the manufacturing industry, more flexibility is required in
today's dynamic business environment. Wearable technologies
can fulfil this requirements. Different applications offer promise in
such areas as production, warehousing, logistics, maintenance,
safety and security. For instance, wearables could be helpful in
monitoring ambient conditions to ensure safety on the shop floor
or on location. Wearables could also take the form of authentica-
tion devices that restrict access to a facility.

One of the best known wearable devices comprises smart
glasses. Smart glasses consist of a head-mounted display (HMD) as
an output device in front of the person's eyes to present data from
the background information system; a wearable computer for
processing/computing power and supporting the glasses' opera-
tion system; a set of sensors to collect information for data inputs.
Video cameras and eye/head-trackers are essential to determine
the position and orientation of the user [2,40]. Users can observe
the environment without distractions. It consists of two essential
elements: the ability to access information in real-time and the
ability to communicate in real-time. Augmented reality (AR)
technology is used to visualize real-time information on wearable
devices, while the cloud infrastructure is implemented to achieve
real-time communication.

AR is often defined as the real world enhanced with important
additional information that is generated by the computer in real-
time, such that human senses can be enhanced [20]. AR enables
registered annotations and 2D or 3D virtual objects (from a pre-
defined database) to be interactively integrated into a real en-
vironment in real-time [18,39,40]. Users can see the real world as
composed of virtual objects and perform real-world tasks through
guidance of specified computing virtual computer objects (VCO)
[18].

Smart glasses provide the functionality of a smartphone in a
hands-free format of a HMD instead of a smartphone screen. The
wearer's surroundings can be transmitted by additional informa-
tion (audio and video). Users of the glasses can request directions
to a location and have them displayed before their eyes; they can
also receive a notification of and respond to an incoming call or
email [46].

Another important element of smart glasses is the “cloud”. It is
vital to note that the IoT – especially wearable technologies – and
the cloud go hand in hand. Generally, a large amount of data is
generated by the IoT to help users better manage many aspects of
their daily lives, and these data need to achieve distributed real-
time storage and aggregation [25]. Cloud computing is powering
the wearable technology revolution. It allows for the large dataset
generated by wearable devices to be captured, analyzed and made
readily accessible whenever users need it [5,45].

Cloud-based data storage and data processing increase the
capability of smart glasses. Real-time information, which is ren-
dered on the user's HMD, is generated from the cloud and then the
graphical overlay is shown over the physical world image. On the
other side, smart glasses need to sense the surrounding environ-
mental information and feed it directly into a cloud-based analy-
tics system.

Currently, the major limitation is an appropriate HMD tech-
nology. Today's massive HMDs are aesthetically unappealing and
uncomfortable, especially as regards the limited field of view.
Improvements in size, weight, functionality and style are required
to make this technology fully usable. Several promising technol-
ogies, such as laser retinal displays, are on the horizon to address
this issue [40].

2.4. Smart glasses

At the moment, smart glasses are used for business in several
potential areas, such as managing field services and assembly,
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remote technical support, navigation and mapping services, and
security solutions. Porter and Heppelmann [28] summarize four
groups of smart products, functions and capabilities, namely
monitoring, control, optimization and autonomy. It is believed that
collaborative technologies and wearable technologies will be ra-
pidly adopted in the manufacturing industry, due to the way in
which the modern manufacturing model is related to numerous
high technologies. Potential current applications and functional-
ities, which can be built on the IoT and wearable technology, and
which benefit the whole industry across the manufacturing pro-
cess, are listed in Table 1.

There is an enormous opportunity for wearable computing in
manufacturing, especially smart glasses solutions such as Google
Glass. Plex promotes its cloud ERP as a comprehensive solution for
manufacturing, in which the “IN-YOUR-EYE ERP” is integrated with
Google Glass and allows people to work without using their hands.
Both the glasses and the system are used to record and manage
different information. Users will be able to get real-time in-
formation captured by ERP, such as production data, the status of
machines, transactions, etc. [12]. Procore is another example of
integrating Google Glass with its project management platform to
retrieve information and make data available across various de-
vices, including smartphones, tablets and computers [17]. Wear-
able glasses allow workers to make better and quicker use of
business information. Thomas and Sandor [40] demonstrate a
scenario in the manufacturing industry whereby wearable AR can
help assembly line workers to improve their industrial working
processes.

User experience is another factor to be considered. Smart
glasses will increase the effectiveness of interaction, making it
more natural and spontaneous [36]. BMW announced the use of
AR as a visual guideline in real-time for its workers. The applica-
tion consists of glasses and headphones. This device enables see-
ing and hearing of exact instructions about how to repair a car,
while at the same time he can ask for information about what tool
is right for the next step of assembly or repair [20]. It provides an
opportunity to reduce costs by allowing employees in the field to
report back to the back office and access relevant information
while they are still on site. In this way it can reduce or eliminate
the need for a repeat call-out. Similar tutorials are readily trans-
ferable to other sectors of human activity. They can serve as
training and educational applications for students in schools, in
preparing manuals for purchased goods (e.g., furniture), or in the
rapid training of employees for any device. On the other hand, field
service engineers can remain productive by collecting visual in-
formation and feeding it back to head office, while leaving their
hands free to complete the tasks they are engaged in.

Overall, the technologies and problems mentioned above
highlight the possibilities and needs for the development of a
comprehensive solution to support humans and machines con-
nected in terms of CM.

3. Methodology

3.1. Research purpose

The present study engaged with a manufacturing company to
survey the business requirements of human resources and activ-
ities management in a CM environment.

A CM system is defined as the centralized management of
distributed factories and their distributed manufacturing re-
sources, such as machines, tools, materials, people and informa-
tion, to produce a value-added physical product based on a specific
customer's requirements. Its ultimate goal is to cover the entire
manufacturing lifecycle. Numerous studies have been carried out
to understand manufacturing resources' virtualization and sharing
processes. Resource productivity becomes the top priority. Al-
though human resources are also important elements to fully
realize the formation of the CM process, insufficient research has
been done in this area. Hence, we focus on both human resources
and human activities, and we propose an integrated solution to
manage the interconnection of and collaboration among humans
with different roles. Our solution can support field service man-
agement in terms of CM.

3.2. Research method

This research is conducted based on a case study of a real
factory. Company A is a global organization that provides sheet
metal processing machinery. Its customers are sheet metal fabri-
cation factories. They order customized metal sheet fabrication
lines combining punching or laser cutter machines with auto-
mated bending and sorting capabilities from company A. In this
particular research, the case study is an appropriate research
method because the aim of this study is to gain an overall un-
derstanding of CM management activities, as well as to define the
business requirements and technological possibilities. This type of
study usually seeks out both what is common and what is parti-
cular to the case, but the result regularly presents something un-
ique. This unique element is portrayed as the key to success – at
least potentially – be copied by other companies [4, p. 89].

Domain experts were interviewed twice to collect details about
the current context of their working environment. The interviews
were performed according to the semi-structured interview guide
of [52], complemented by delicate face-to-face interviews as sug-
gested by [11]. This approach helped the researchers to reduce
possible misunderstandings during the process of information
gathering. Additionally, workshops with participants from several
business units and other domain experts were organized to verify
and validate the collected business requirements. These activities
resulted in a broad understanding of the requirements, challenges
and optimization opportunities.

Based on the observation and analysis of worker activities on
the shop floor, several processes were identified for improvement,
such as the operator's machine control capabilities, maintenance
skill and repair operations, and also the factory helpdesk pro-
cesses. Table 2 summarizes the main requirements related to field
service management. All the requirements are classified by their
priority (1¼essential, 2¼ important, 3¼nice to have). This high-
level business requirements table can be interpreted from three
aspects: (1) it classifies the users into three types and confers roles
in CM, (2) it defines the content and range of information flow for
each user type; and (3) it also clearly specifies our research scope
and limits.

Table 1
Summary of current applications in the manufacturing industry.

Functionalities Descriptions References

Monitoring Continually monitoring and assessing the manu-
facturing system and the status of machines

[27]

Control Achieving excellent control of machines and
supporting manufacturing operations (e.g., pro-
cess planning) based on real-time monitoring

[7]

Optimization Providing optimization solutions and improving
productivity by wirelessly gathering data from
assets in real-time

[27]

Autonomy Combining wearable computing and knowledge
management can achieve self-diagnosis and self-
heal

[2]
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4. Applying smart glasses in cloud manufacturing

4.1. Cloud manufacturing reference model

Fig. 1 presents the reference model of humans and machines
both connected to and embedded in the CM process with specific
information flows. It serves as a fundamental structure for the CM
implementation and a business solution to connect humans with
machines. In order to implement such an architecture, a commu-
nication channel needs to be established whereby factory in-
formation is available in real-time to support the humans (i.e., the
users) on the shop floor. It provides a flexible and agile colla-
borative enterprise architecture.

There are two core components to enable this communication
channel: the “Internet of Machines” (IoM) and the “Internet of
Users” (IoU). Fig. 1 also describes the relationships and de-
pendencies between the various machines and users to manage
the business in CM environment.

■ IoM: All the manufacturing resources, i.e., machines, equipment,
robotics, devices are connected to the Internet. Their manufacturing

capabilities are perceived by the adoption of the connecting sensors,
embedded systems and RFIDs, and all the related data are collected
to achieve automatic control and monitoring. The adoption of IoT
promises that the CM systemwill have a real-time understanding of
conditions, events and material movements in the physical world.
This IoT not only enables the manufacturing resources' virtualization
but also supports intelligent operation.

■ IoU: The data generated by wearable technology will form as a
“human cloud”. The users on the shop floor include operators
controlling and manipulating the machines on a daily basis, and
technicians who can perform supervision, maintenance and re-
pairing services. The IoU describes the connection between and
communication among the users. Besides those users working
on the shop floor, administrators and remote assistants are also
part of this IoU as other users. The administrators' main tasks
include monitoring the shop floor in real-time and making
adaptations when risks arise or errors occur. Remote assistants
mainly work in the help center and respond to the urgent events
and hotlines. This three user types are emphasized based on
business requirements in previous Section 3.2.

Table 2
Business requirements.

Strategic requirements Functional requirements Stakeholders Priority

Information gathering Set up a local video stream, use indoor cameras to detect multiple production lines and events si-
multaneously, and then make a video record for remote control, post-verification and analysis purposes.

Helpdesk unit 2

Workers can make a record of their actions and share it with others for the purpose of sharing
knowledge and experiences.

Machine operator 2

Workers can make a record of their actions for workforce tracking and monitoring to achieve perfor-
mance management purposes.

Machine operator 2

Interoperability Workers can communicate with each other in real-time. Machine operator 3
Workers can communicate with the helpdesk unit in real-time. Machine operator,

technician
3

Helpdesk unit
A helpdesk unit can provide remote desktop control and assist workers on site or else monitor the
machine's operation and status.

Helpdesk unit 3

A helpdesk unit can provide mobile training to guide the workforce or to send working instructions to
machine operators.

Helpdesk unit, machine
operator

1

Visualization Workers can receive office information such as a working schedule and production planning in-
formation in real-time, and this information should be visualized to workers in real-time.

Machine operator,
technician

2

Workers can receive warning messages from machines once errors occur. Machine operator 1
Workers can easily pick up spare parts. Technician 1

Fig. 1. Reference model of humans and machines in the cloud manufacturing process.
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This cloud-based data management architecture is im-
plemented to support the real-time data capture and data in-
tegration with production planning and control (PPC) and machine
execution systems (MES). Because the data can be captured from
multiple sources in the distributed local factories, a data ag-
gregator is needed to integrate the data. It provides important
functions, such as a domain service, a location service, server load
balancing, and more. As mentioned above, this architecture needs
a central repository to manage and maintain all the machine and
human data with integrated transaction standards and integrated
platform. Therefore, cloud-based data storage is required to fulfil
the functionalities related to data processing.

The knowledge base is also an imperative component. It is a
document library that retrieves knowledge from users' activities. It
includes how to control the machines, how to operate the equip-
ment, how to use the devices, and so on.

4.2. Architecture design

Company A manages all the production lines in the form of CM,
and its customers are cloud services consumers (while company A
is hosting this CM platform as a cloud services provider). Company
A provides cloud services such as monitoring, supervising, revising
and approving jobs, and remote services to fulfil any field service
management requirements.

Fig. 2 shows a CM architecture that represents all the required
functionalities and services, integrating for:

■ A real-time data capture service: for real-time data acquisition
from the machines/equipment/devices/robotics through the
embedded intelligent sensors. Moreover, field services techni-
cians and operators are also connected to the CM process
through smart glasses. All the data are maintained in the cloud-
based repository, effectively sharing these data between the
back office and the shop floor. The ability to capture real-time
insights into the back office can also benefit other business
functions. More specifically, the technicians and operators need

real-time information about machines capacity, status, working
schedules, and locations. These real-time information can en-
hance their job performance in operating procedures.

■ A process monitoring service: the helpdesk unit can monitor the
production process in real-time. The users can access all the
relevant actual and historical data based on their roles, and the
data are available to different users in different views. It pro-
vides data analysis and management suggestions on multiple
screens as a communicational interface for creating a virtual
presence in the environment. It is also crucial to track a given
worker's performance. Daily monitoring can improve perfor-
mance and productivity. In this way, it is easy to provide a
benchmark of working steps.

■ Fieldwork assistance service: the users are mainly machine op-
erators and technicians. They send notifications of upcoming
maintenance tasks and give the operators a warning when a
component fails. They can receive data through mixed-reality
technologies in order to enhance their capabilities and skills.
This collaborative and valuable co-creation environment is an
extension of knowledge management. Furthermore, the field
service is becoming increasingly complex, requiring more
variability of skills to reach resolution. Smart glasses can enable
faster, more dynamic intelligence that is not available from re-
viewing static manuals that are outdated the moment they are
published. Therefore, remote tutorials are provided as well. The
technician can follow exact instructions about how to repair
while at the same time he can ask for information about which
tool is right for the next step of assembly or repair.

The “cloud” infrastructure is a projection of the supporting
architecture for an integration of “mixed-reality environment”,
“real-time management business model”, and “communication
channel for collaborative management”. It consists of three layers:
a presentation layer, a business layer and a data layer.

● Presentation layer: this supports all the interfaces, presentations
and communications for users. The traditional single screen

Fig. 2. Overall system architecture for implementation.
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desktop environment needs to expand to large screens for
control, monitoring and communication features. Therefore, this
presentation layer provides two different kinds of display, one
for the back office and one for field workers.

● Business layer: this defines applications and functionalities such
as collaboration among users, sharing telemetry from machines
to users, and real-time information from the shop floor to the
back office, etc.

● Data layer: this represents a cloud-based data repository and
data management, including knowledge bases. The technologies
used to implement this data layer comprise querying, selection
and refinement.

In fact, in the back office of the helpdesk, a browser-based
dashboard detailing production status is displayed on several
oversized flat screens (see Fig. 2). This specific solution includes
four environments:

1. Production management feeding from ERP/MES systems: this
screen is used to display the task list, production planning and
working schedule of current equipment/machines. It is im-
perative to keep the information in ERP systems up-to-date and
accurate.

2. Operator's live view from smart glasses: this is a wearable
technology enabling a first-person point-of-view, while footage
of the operators' activities can be streamed to this screen for
later reference. This function can help the technician to diag-
nose and repair problems more quickly.

3. Conference call for a collaborative environment: collaboration
with experts via a conference call in distributed locations leads
to remote assistance on the tasks – such as repairs – and this
approach saves the expense of providing an on-site service. The
technicians can connect with the maintenance supervisor or a
peer to get advice and training in real-time on the site. These
conference calls can be recorded and stored as reference ma-
terial for future jobs. Videos can also be used as evidence for use
in disputes or investigations.

4. Real-time video streaming from the local production line: the
screen can provide the helpdesk unit a general idea about the
factory. Therefore, the helpdesk unit can always be aware of the
real-time situation in the factory.

The capabilities for video calling and AR applications of smart
glasses were appreciated as being highly useful for both operators
and maintenance technicians. Smart glasses include sensors, ac-
celerometers, cameras, microphones and other capabilities that
can be used to collect and transmit various types of user in-
formation. The real-time connection between them and the
helpdesk allows for significant time-saving and improved field
services. When data captured by smart glasses is fed into a cloud-
based data repository in the data layer, the presentation layer will
push the refined and analyzed information out to the browser-
based dashboard and show on helpdesk unit's screen. By using
smart glasses, real-time insights and instant feedback can be
provided to the helpdesk unit – this will enable remote assistance
and services. Fig. 3 shows that services can be supported by smart
glasses for different stakeholders, namely machine operators,
technicians and the helpdesk unit. The scenario includes: opera-
tors receiving field service guidance and assistance; technicians
receiving assistance while performance maintenance services; the
helpdesk unit providing remote technical support; and workers
picking spare parts, etc. As they work, employees can keep their
hands free and their eyes focused on the task at hand. They are not
interrupted by the need to key or scan information into a mobile
device. It promises a productive means of mobilizing workers.

5. Technological implementation

Although wearable technology has previously been adopted, it
is still at an early stage when it comes to the devices on the
market, with plenty of room for improvement. In this particular
case, the Vuzix smart glasses are used to implement the “human
cloud” solution as part of this CM solution. Vuzix provides the
platform for third parties to pilot and port their apps into this new
open AR environment. Vuzix's device is being used for warehouse
applications, and the company is getting ready to release an ap-
plication for field service [46].

The current version of Vuzix M100 adopts a WQVGA screen
with a full-color display (428�240 resolution). It includes several
sensors, such as GPS, proximity, three degrees of freedom head
tracking, a three axis gyro, a three axis accelerometer, and a three
axis mag/integrated compass. Once the Vuzix SDK is installed, the
M100 behaves like any Android device: build, deploy and debug,
etc. This gives developers more power than is the case with other
similar products. The M100 is a full-fledged Android 4 device
where all the APIs are accessible.

Fig. 4 shows an architecture and runtime environment for our
solution. The architecture is built on a plug-in concept on the
glasses, a set of basic functionalities accessible to all users, and a
cloud-based processing approach. The top layer comprises all the
desired functionalities available in field service support, such as a
monitoring service, an evaluation service, a task retrieval service
and a remote assistance service. These services can be utilized in
different combinations to fulfil different requirements. The AR
server supports the registration of different users with smart
glasses and the retrieval of the glasses' sensor data.

Having this wearable system enables hands-free operation –

workers can still receive information while performing other
simple tasks [40]. With this requirement, the operators rely more
on the situational awareness of smart glasses. The observe-or-
ientate-decide-act loop (OODA) is one of the crucial decision-
making models [1,21,51]. The solution described in this research
will use the same model. It achieves situational awareness by
detecting human actions and their locations, and then the sensors
will collect relevant data and render back to the AR server. Based
on this information, the augmented content from the AR server
will be sent back and be displayed on the smart glasses.

5.1. Use case of smart glasses

The purpose of this pilot study was to assess the usefulness of
smart glasses at the application level and to set the stage for future
work to determine the proper setup for CM. The creation of use

Fig. 3. Services can be supported by smart glasses.
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cases helps to determine key functionalities better. All in all, five
possible use cases (Overview scenario; Operator Working scenar-
io; Maintenance scenario; Online service scenario; Video Mix
system) were identified related to the improvement of the work
processes, the safety and quality processes, supply chain man-
agement, and reliability-related activities. In this paper, only the
onsite maintenance scenario is described from the communication
channels for the roles and relevant tasks on the factory floor. This
generic use case presents how company A provides field main-
tenance services to their customer factories. This use case is

selected because it is more representative and complicated than
others.

When a customer identifies the need for a maintenance service,
he/she might have difficulty to describe the current fault or issue.
Company A needs more information about the status of the ma-
chine/equipment/device and potential error codes to give the
customer a hint for a potential solution. If it is a trivial case, the
technician is required to solve the problem.

The activities performed by the technician are depicted using a
UML use case diagram. We observed prolonged times for fixing

Fig. 4. Runtime environment of wearable devices in cloud manufacturing.

Fig. 5. Use case for the hands-free concept for technicians.
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faulty machines. Wearable devices can provide considerable im-
provements in this abovementioned scenario. We focused on im-
plementing new functionalities, such as showing the telemetry,
machine usage history, etc., on the smart glasses, and providing a
customized menu for calibration and settings, and enabling a re-
mote connection with helpdesk personnel. Fig. 5 shows the use
case map for maintenance and remote assistance.

Fig. 6 demonstrates the maintenance service scenario. First, the
customer detects an error or warning at the local factory, and then
he can send the repair order to the helpdesk unit. If the problem
cannot be solved by a remote aid, an available technician will be
sent to the site and will check the problem physically. The service
technician is sent to the site to repair sophisticated machinery and
production facilities. When the technician arrives at a facility with
his smart glasses, the glasses will display a list of tasks and show
the machines needing attention. If he is unable to locate the ma-
chine, a route throughout the facility will be displayed on the
smart glasses and will take him to any machine that requires
servicing. The technician can initialize a video call with the tech-
nical support representative at the helpdesk unit when the pro-
blem cannot be resolved. The technician can share his field of vi-
sion with the remote specialist, who then helps walk the techni-
cian through his task. The video call can be recorded to capture the

performance of the activity by the maintenance technician. The
helpdesk unit will provide a step-by-step working procedure. The
helpdesk unit can also deliver virtual instructions via the smart
glasses, and then the technician can provide extra assistance.

There are two main advantages of using AR-based smart glas-
ses. First, when completing maintenance tasks, a technician
mainly uses his hands. Therefore, the smart glasses can provide a
hands-free working environment, which can enhance his perfor-
mance of the task. Second, the technician can connect with the
helpdesk unit in real-time, and the helpdesk unit can get real-time
feedback from the shop floor. This can increase both the techni-
cian's skill and the helpdesk unit's knowledge accordingly.

5.2. Scenario examples

To show the functionality of maintenance support, a maintenance
scenario was developed. A technician received the maintenance re-
quest and visited the factory. The technician logged in the smart
glasses and called the helpdesk unit for assistance. Once the video call
was established, the maintenance supervisor and remote specialist
could see the situation at the site. The scenario is illustrated with
different examples in Fig. 7, such as when the technician is setting up
the tool (a), repairing the wiring (b) and operating the controller (c).

Fig. 6. Workflow of the maintenance service.
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In this solution, we explore the possibilities for the use of state-
of-the-art technologies – namely smart glasses – to lower risk and
prevent human error on the shop floor, as well as to achieve value

co-creation. The scope for collaboration will be aided by the smart
glasses and functionalities such as instant communication and file
sharing. More research can should be conducted in order for the
technology to become more widely implemented and adopted on
the shop floor in practice. Fig. 8 provides an example of using
smart glasses to identify machines and display machine datasheets
on the right-hand corner of the screen.

Fig. 9 illustrates the screen of a barcode scanner provided
through smart glasses. This solution can free up the operator's
hands for picking up spare parts while performing maintenance
jobs. The red line indicates a precise area where the barcode will
be read, and then the detailed information about the scanned
spare part will be displayed on the screen. This information can be
shared with other operators. This function can be used for other
purposes as well, such as warehouse management.

6. Conclusions

CM aims to encompass the entire product manufacturing lifecycle,
from market analysis to design and production, testing, training,

Fig. 7. Maintenance scenario examples (a) tool setup support, (b) wiring repair guidance, (c) operating the controller.

Fig. 8. User experience of smart glasses.
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usage, maintenance and, finally, dismantlement [24]. A CM business
model can help SMEs to innovate their processes and the product and
production sides, and even other processes across the entire product
lifecycle. It is very important to emphasize that the focus of CM is no
longer only selling products to customers, but also providing services
for the customers. Especially in machinery industry, services are of-
fered with the machines. But in current academic and industrial areas,
the purchasing step, maintenance and training sides always be ne-
glected and not be addressed sufficiently.

The IoT, as a representation of ubiquitous computing, is chan-
ging the way machines, devices and pieces of equipment are
connected. Likewise, wearable technology as a subset of the IoT
now provides the possibility to connect people. This medium is an
attractive alternative to existing manufacturing techniques. Our
goal is to connect workers into this CM system as human resources
and to design a communication channel between the shop floor
and the back office. This communication channel ensures that
while workers operate on-site, administrators or a remote help-
desk unit can collaborate and provide remote assistance or ser-
vices to them. Besides, all the parties of this CM system are con-
tinuously aware of machine availability. In this research, we pre-
sented the use of wearable AR – namely smart glasses – to support
a hands-free working environment in the factory. We designed a
set of interactions utilizing related functionalities. Finally, we also
developed a series of visualizations to demonstrate the idea.

Smart glasses represent a new approach to business commu-
nication. There are numerous applications available, such as na-
vigation guidance; however, there are not so many innovations in
the manufacturing industry. Therefore, our solution can fill the
research gap and also provide the following managerial implica-
tions to organizations:

1. This solution can be easily applied to SMEs for monitoring and
assisting their field service objectives because they are flexible,
portable and low cost.

2. Workers can wear the smart glasses to receive specific virtual
guidance and instructions when they are performing on-site
tasks, such as repair, maintenance and training.

3. The smart glasses can provide mobility, unifying the manu-
facturing shop floor and the top floor in real-time.

4. This approach can help workers to stay productive and engaged.

Advanced technologies in personal wearable devices, combined
with CM concepts, provide an opportunity to co-create value and
streamline human–machine interactions. This approach will help
manufacturers to create customized information and assess
workers' performances and improve workforce productivity. Ad-
ditionally, more and different functionalities can be developed,
such as in logistics processes, and smart glasses can support order
picking; in the manufacturing process, workers can wear them to
assist them in bin picking; in the Research and development (R&D)
process, smart glasses can be used to conduct and improve the
communication channel, and make sure the right knowledge is
transmitted to the right people at the right time. It can improve
after sales services, such as deliveries, hotlines, etc., and can also
improve after-market response times and service levels. It in-
troduces real-time supplier collaboration to compress the value
chain. Smart glasses will play a major role in supply chain opera-
tions in the near future.

Although the present smart glasses solution totally alters
manufacturing, and it can offer even more possibilities for man-
ufacturing – it is a controversial solution. We encountered specific
challenges and limitations when we conducted our research and
this practical implementation, such as massive HMDs are un-
comfortable and the smart screen only covers a tiny fraction of the
entire eye-field, which will generate headaches. Besides, dis-
connection due to poor wireless network connections in many
sites is a real issue for the service technician. Other issues are also
found, such as privacy, safety, and legal challenges must be taken
consideration [41], and overloaded information may cause extra
effort on filter the information and delay on the judgement
[10,20]. Consequently there is a good potential to further discuss
the acceptance and the utilizations in manufacturing industry.
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