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Abstract: A system paradigm is an abstract representation of system; it includes system 
architecture used to determine the types and numbers of components and their relations in 
the system. The design of system paradigm relies on customers’ requirements and the 
characteristics of the manufacturing environment. Many system paradigms and design 
guidelines have been proposed for a variety of customers’ needs including functions, cost, 
quality, personalization, and lead time of products. However, the consideration of 
sustainability becomes essential to today’s manufacturing systems; a new challenge is how 
to evolve existing paradigms to accommodate the requirements of sustainability. In 
contrast to ample research activities on system paradigms in past decades, recent studies on 
system paradigms have been restricted, partially due to unclear research directions. Limited 
works can be found on conceiving new manufacturing system paradigms from the 
perspective of sustainability; most of the related literature concerns the new requirements 
of sustainability. The objectives of this work are (i) to examine the requirements of 
manufacturing systems in a wider scope; (ii) to revisit existing paradigms to clarify their 
limitations and bottlenecks; and eventually (iii) to identify some research directions, which 
will lead to a solution of sustainable manufacturing. To achieve these objectives, firstly, a 
brief description of today’s manufacturing environment is provided. Secondly, the 
requirements of sustainability are discussed, and the relevant researches on system 
sustainability are surveyed. Thirdly, the reconfigurable system paradigm is focused, and 
the gaps between a reconfigurable manufacturing system and a sustainable manufacturing 
system are discussed. Finally, the future endeavors towards to the next-generation 
manufacturing system paradigms are discussed. 
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1. Introduction 

Manufacturing is the backbone of modern industrialized society [1]. Manufacturing, as it always 
has been, is a cornerstone of the world’s economy. Having a strong base of manufacturing is important 
to any advanced country because it stimulates all the other sectors of economy [2]. For example, in the 
United States, manufacturing produces 21 percent of all goods made globally; moreover, every dollar 
spend directly in manufacturing fosters another $1.40 in other economic activities. Manufacturing 
remains critical to America’s success in the world marketplace [3].  

However, people are becoming more and more conscious about the deterioration of today’s global 
environment. Some buzz words, such as global warming, pollution, shortage of oil, extinction of 
species, have frequently been used in the news headlines and major subjects of political disputations. 
Sustainability of economy, society and environment has been recognized as priorities in fundamental 
engineering research [4]. In the area of manufacturing, many new terminologies related to 
sustainability, such as Environmentally Conscious Manufacturing, Sustainable Manufacturing, Green 
Manufacturing, and Reverse manufacturing, have been proposed [5]. Note that the majority of these 
studies are limited to some general discussions on new requirements of next-generation manufacturing 
systems. The implementation of the corresponding system paradigms have not been  
studied systematically. Coincidently, with recent economic recession, research on manufacturing 
paradigms has been significantly restricted. The directions of future research in this field are  
ill-defined [6,7].  

The purpose of our work is to relate manufacturing sustainability with the next-generation system 
paradigms. To achieve this purpose, the rest of the paper is organized as follows. In Section 2, a brief 
review is given on the importance of manufacturing and how manufacturing paradigms have been 
evolved with a dynamic environment. In Section 3, the concept of sustainability is discussed; a 
literature survey is conducted to understand the state of the art of researches in this area. Particularly, 
the studies on the metrics of sustainability are summarized. In Section 4, the roles of manufacturing 
paradigms to sustainability are examined by mapping the functions of manufacturing paradigms to 
metrics of sustainability; the missed links between them are identified. In Section 5, the research on 
reconfigurable manufacturing has been specially taken into consideration. Its advantages and 
limitations relevant to system sustainability are explored. Future research works which lead to 
potential benefits of sustainability are discussed. 

2. Evolution of System Paradigms 

The design of a system paradigm relies on the customers’ requirements and the complexity of 
manufacturing environment. System complexity depends on the number of design variables and their 
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dynamic behaviors with respect to time [8]. Manufacturing systems have to be evolved to meet 
emerging needs either from the customers or from the manufacturing environment.  

Generally speaking, manufacturing systems become more and more complicated due to the 
expanded activities and the dynamics of manufacturing environment. The history of manufacturing has 
been reviewed by many workers [9-13]. As summarized in Figure 1, the scope of customers’ 
requirements on products has been gradually expanded. The earlier markets, before 1913, were short of 
products and customers cared only about the product’s functions. Companies aimed at cost reduction 
to gain more profit. Since 1960, global manufacturing capabilities became sufficient enough to 
introduce competition among suppliers. Customers were able to demand more than basic product 
functions. Therefore, how to improve product quality became the key strategy of success from the 1960s 
to the 1970s. With an abrupt advancement of information technology (IT) from 1980, global 
manufacturing markets were gradually saturated; companies were then pressured to manufacture new 
products at a faster pace to catch earlier marketing opportunities. Today, people are very conscious to 
the deterioration of the global environment and the predictable shortage of natural resources in near 
future. Manufacturing companies are forced to change their system paradigms to accommodate the 
new needs of sustainability. As shown in Figure 1, the evolution of manufacturing system paradigms 
has been divided into six phases. The symbolized concepts at each phase transition were: ‘mass 
production’, ‘lean manufacturing’, ‘mass customization’, ‘reconfigurable manufacturing’, and 
‘sustainable manufacturing’, respectively [2]. 

Figure 1. Evolution of Complexity of Manufacturing Systems Based on the Literature [13].  

 

Numerous factors, such as applicable strategies and technologies, have their impact on the 
implementation of a new manufacturing paradigm. The success of a manufacturing paradigm can be 
viewed as the optimized architecture of hardware and software, which represents the system components 
and their interactions in the system. It is helpful to relate companies’ manufacturing objectives to 
existing theories and technologies [7]. Figure 2 depicts these relations. It consists of four layers. At the 
first layer, four key manufacturing requirements are listed. At the second layer, the strategies to meet 
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the system requirements at the first layer are shown. At the third layer, the domains of a manufacturing 
system, where the strategies are applied, are illustrated. At the fourth layer, various manufacturing 
paradigms are classified in terms of the applied strategies and domains. 

Figure 2. Manufacturing Requirements, Strategies, Domains and Production Paradigms [7]. 
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Manufacturing system paradigms involved are: Lean Production, Just in Time, Agile Manufacturing, 

Virtual Enterprise, Global Manufacturing, Concurrent Engineering, Computer Integrated 
Manufacturing System, Flexible Manufacturing System, Reconfigurable Manufacturing System, Mass 
Customization, Make-To-Stock, Total Quality Management, Make-To-Order, Engineer-To-Order, and 
Assembly-To-Order. Many system paradigms, such as Reconfigurable Manufacturing System and Lean 
Production, can contribute to multiple requirements in different ways through their implementation. 
Moreover, it is challenging to surmise that one paradigm is better than another without considering the 
unique situation of a specific enterprise. All of these system paradigms have their strategies to meet 
certain requirements in one way or another; while none of them apply all of the strategies simultaneously 
to meet all requirements. 

In Figure 2, it has been shown that the existing system paradigms have been developed to meet the 
requirements of short lead-time, personalization, low and fluctuating volume, and cost reduction. Their 
capabilities to deal with the requirements of sustainability have to be re-examined systematically. From 
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the viewpoints of manufacturers, the limitations of existing system paradigms to cope with 
sustainability requirements have been identified [14]. It is worth exploring new system paradigms 
which can meet the requirements of sustainability effectively. However, for most manufacturing 
systems, an essential condition for survival is to make profit. Eventually, design criteria of system 
design can be linked to the increased values of product from a manufacturing system. As shown in 
Figure 3, the trend of the change of system paradigms has been predicted [15,16]. It is suggested that a 
new system paradigm must possess the capabilities of 6Rs (Remanufacturing, Reuse, Redesign, 
Recycle, Recover, and Reduce) to maximize the increased value of products. 

Figure 3. Contributions of System Paradigms to the Values of Manufacturing Systems [14].  

 

3. Study on Sustainability 

Today, literature on sustainability is burgeoning [17]. The public perception of sustainability has 
been shaped by news and documentations such as global warming, rising cost of energy, and the 
paucity of non-renewable resources [18]. There are five typical drivers for sustainability: (i) the 
shortage of natural resources; (ii) the dramatic increase of world population; (iii) global warming;  
(iv) pollution; and (v) an unstoppable global economy [19]. Those factors are briefly discussed below. 

• Shortage of natural resources. Each American uses average 90,000 kWh of power annually, 
equivalent to 8000 liters of oil. The world consumes 75 million barrels of oil a day. With an 
estimation of 2 trillion barrels total oil reserves in the world, oil supplies are predicted to last 
another 40 years at the present production rate [20]. Similar problems are occurring with other 
natural resources such as coal, fresh water and clean air. There has never been any debate about 
whether the resources available on earth are finite or not. The worse situation is that the rate of 
depletion of these resources is increasing as more countries move up the development curve 
[21]. 

• Increase of population: During the twentieth century, the human population increased from less 
than 2 billion to over 6 billion people. The number of the cities with more than a million people 
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has grown from less than 20 to more than 300 in the last 75 years [22]. As world population 
increases, more resources will be consumed to satisfy the demands, which will lead to more 
wastes. For example, each person in USA produced a daily average of 2 kg of solid waste in 
1997, or approximately 163 million tons of municipal solid waste that is eventually land filled; 
that figure could climb to 363 billion tons annually by 2030, which will be enough to bury Los 
Angeles 100 m deep [23].  

• Global warming. The United Nations has declared that the evidence of a warming trend is 
"unequivocal" and the human activities have very likely been the driving force on this change 
over the past 50 years [22]. Whether or not one agrees with the prediction about global warming. 
It is clear that energy and resources of production are costly and the costs are likely to  
be increased [24].  

• Pollutions: Manufacturing generates over 60% of annual non-hazardous waste. Increasingly 
severe legislation demands a reduction in the environmental impacts of products and 
manufacturing processes [25]. The world is more crowded, more polluted, more urban, more 
ecologically stressed, and warmer than ever before in recorded history. Kaebernick and Kara’ 
suvery [26] conducted that most of the companies acknowledge the importance of environmental 
issues. Between 80% and 90% of companies rank environmental issues at fairly to very 
important. A recent survey has found that 90 percent of companies have environmental strategies 
and 80 percent of them have made environmental-friendly operations mechanisms [27]. 

• Global economy: As the resources are becoming harmful, the effect of wastes and pollutions are 
causing a measurable negative impact on our living environment. Governments around the world 
are getting actively involved in the development of products that are not only profitable and add 
values to the society, but also cause less damage to the environment [28]. 

3.1. Definition 

According to the US National Research Council, sustainability is defined as “the level of human 
consumption and activity, which can continue into the foreseeable future, so that the systems that 
provides goods and services to the humans, persists indefinitely”. Interactions within and across these 
levels is critical to the fundamental understanding of sustainable manufacturing systems [28]. 
Sustainable Manufacturing is developing technologies to transform materials without emission of 
greenhouse gases, use of non-renewable or toxic materials or generation of waste [29]. Sustainable 
systems are characterized by interlinked interactions at various levels spanning economic, ecological 
and societal issues [30].  

The US Department of Commerce [31] has 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. There is the need for system as a whole to be sustainable. Jawahir et al. 
have clarified that sustainable manufacturing is not just about manufacturing processes or the resulting 
manufactured products; a multi-level approach on products, processes, enterprise and supply chain 
need to be considered [32].  
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Besides, Green Manufacturing has been used an alternative of sustainable manufacturing. “Green” 
technologies are often understood as those capable of meeting product design requirements and 
minimizing environmental impact simultaneously. However, minimizing impacts is a necessary but not 
sufficient condition for sustainable manufacturing. Three most important components of a sustainable 
manufacturing system are (i) the selection and application of appropriate metrics for measuring 
manufacturing sustainability; (ii) the completion of comprehensive, transparent, and repeatable  
life-cycle assessments (LCA); (iii) the adjustment/optimization of the system to minimize 
environmental impacts and cost based on the chosen metrics and the LCA [33]. 

3.2. Overview of Study on Sustainable Manufacturing 

Taking into consideration of sustainability in the design of a new system is widely accepted in 
principle; but the current practices in manufacturing companies are still predominantly based on 
traditional cost/profit models, aiming at making high quality of a product at low cost and a short 
deliver time. The manufacturing paradigm towards low cost and high profits is unlikely to change 
significantly in the near future [34]. However, the prospects for sustainable manufacturing have been 
explored, including how manufacturers will respond the future challenges in the socio-economic 
business environment and technological change [35]. Existing research on sustainable manufacturing 
are focused on the following aspects [36]: 

• Metrics and analytical tools for assessing the impact of processes, systems and enterprises,  
• Modeling of sustainable, environmentally conscious manufacturing processes and systems,  
• Green supply chains, 
• Manufacturing technologies for reduced impact, and  
• Manufacturing technologies for producing advanced energy sources or storage. 

3.3. Metrics of Sustainability 

The role of metrics in engineering design and analysis cannot be overstated. Metrics serve to 
“enable technology” in design processes [24]. Sustainable manufacturing requires metrics for decision 
making at all levels of an enterprise. The distinction has to be made between environmental cost 
metrics and sustainability metrics [33]. Kibira et al. classified the environmental policy procedures, 
which are used to determine the incentives to achieve compliance with environmental safety 
requirements [30]. Dornfeld has suggested to measure the sustainability in terms of global warming 
gas emissions (CO2, methane CH4, and N2O), per capita, per GDP, per area/nation, recyclability, reuse 
of materials, energy consumption, pollution (air, water, land), ecological footprint—“fair share”, 
exergy (available energy) or other thermodynamic measures [36].  

According to the definition of sustainable manufacturing [31], the activities in a manufacturing 
system can be classified into two types: activities on materials and activities on processes. As shown in 
Figure 4, these activities have their impact on ‘environment’, ‘economics’, and ‘society’. The 
manufacturing environment contains the aspects: ‘environmental impact’, ‘conserve energy’, and 
‘natural resource’. Society contains the aspects: ‘customers’, ‘employee’, and ‘community’. Various 
criteria have been identified to evaluate the performances of a sustainable system paradigm. 
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Figure 4. Activities and Metrics in Sustainable Manufacturing. 

 

3.4. Roles of Manufacturing System for Sustainability 
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Figure 5. Traditional Manufacturing System. 

 

Figure 6. Sustainable Manufacturing System. 
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Figure 7. Manufacturing Contributions to Sustainable Environment. 
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In an RMS, system reconfigurability can be classified in terms of the levels where the 
reconfigurable actions are taken. Reconfigurability at lower levels is mainly achieved by changing 
hardware resources, and reconfigurability at the higher levels is mainly achieved by changing software 
resources and/or by choosing alternatives methods or organizations. The resources at different levels 
must work together so that system reconfigurability can be maximized cost-effectively. As shown in 
Figure 8, an RMS consists of a reconfigurable hardware system and a reconfigurable software system. 
The hardware system includes reconfigurable machining systems, reconfigurable fixturing systems, 
reconfigurable assembly systems and reconfigurable material-handling systems [7]. RMS characteristics 
include ‘modularity’, ‘scalability’, ‘integrability’, ‘convertibility’, and ‘diagnosability’ [12]. From the 
perspective of sustainability, the relevant objectives of RMSs are (i) to reduce the wastes through the 
reuse of manufacturing resources and (ii) to reduce energy cost through the optimization of 
manufacturing processes and system reconfiguration. Numerous researches have been published on 
design and control reconfigurable systems to achieve these two objectives. For example, some 
previous works by this author on design and control of RMSs have been reported in literatures [38-44].  

Figure 8. Hardware and Software in a Reconfigurable Manufacturing System (RMS). 
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To examine the contributions of an RMS to sustainability, the activities in a sustainable 
manufacturing are classified into 6Rs: ‘reuse’, ‘recover’, ‘redesign’, ‘remanufacture’, ‘reduce’, and 
‘redesign’; and these activities are applied on either ‘materials’ or ‘tools’. Based on the above 
discussions regarding system components and design metrics of an RMS, the involved activities for the 
purposes of sustainability have been highlighted in Figure 9. Currently, the focus of an RMS is on 
reconfigurability and sustainability of machines and tools. It seems that all of the sustainable activities 
have not been involved in an RMS; this observation is consistent to the conclusion from Figure 7 that 
an RMS only makes a fractal portion of contribution to the overall sustainability of product in its life 
cycle. Besides, the traditional manufacturing systems have been optimized to fulfill the customers’ 
requirements in functions, quality, cost, and delivery time; there is a long way to take an additional 
requirement of sustainability and evolve an RMS paradigm to sustainable manufacturing paradigm. 
Two other reasons worth mentioning are (i) an RMS is still a closed system, which needs a clear 
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definition of system boundaries; the system paradigm is still a result of sub-optimization. (ii) The 
reconfiguration and optimization of manufacturing resources, in particular machines and tools, are 
focused; limited progress has been made in planning and scheduling for materials and wastes. 

Figure 9. From Reconfigurable Manufacturing to Sustainable Manufacturing. 

 

The system paradigms such as an RMS, which are based on a local sub-optimization of system, 
make a fractal portion of the contribution to system sustainability. The role of a manufacturing system 
in the value-added chain of product has to be re-examined. As far as sustainability is concerned,  
the boundaries of manufacturing system in the product life cycle cannot be defined clearly anymore. 
At least, the boundaries of a manufacturing system have to be defined in different ways based on the 
perspectives of designers, e.g., taking into consideration of system dynamics. Finally, some research 
efforts towards to the evolution of today’s manufacturing system paradigms are discussed in the  
next section.  

5. Summaries and Future Research 

The requirements of sustainability become ubiquitous; the major drivers of sustainability are 
customers’ requirements, governance and regulation, public values, environmental priorities, the 
shortage of natural resources, and increasing energy costs [35,36,38]. All entities involved in the life 
cycle of product should be considered together and optimized with the consideration of sustainability. 
Existing manufacturing system paradigms have been developed only for manufacturing domains; the 
systems are usually optimized based on the requirements of cost, quality, time, and product 
personalization. No system paradigm exists to meet the requirements of sustainability seamlessly. The 
next-generation system paradigm is likely a hybrid of various paradigms such as the combination of 
lean production and reconfigurable manufacturing. It is unlikely that a totally new sustainable 
manufacturing paradigm exists. In the next-generation of sustainable manufacturing, it is necessary  
to bridge manufacturing processes with sustainability in design and optimization, and some  
quantifiable models for wastes and energy are also essential. It is the time for us to re-examine the 
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limitations of existing system paradigms, and explore some practical ways to evolve them into 
sustainable manufacturing. 

While a clear view of a sustainable manufacturing system has yet be defined, the requirements of 
sustainability have been extensively discussed. The sustainability possibilities of an RMS have been 
investigated, and the limitations of a reconfigurable system paradigm have been identified from the 
perspective of sustainability. Many researchers have worked on the improvement of system  
design to achieve sustainability [30,36]. Without a doubt, the enhancement of reconfigurability of an 
RMS will improve sustainability. As illustrated in Figure 9, the research directions towards to the 
implementation of RMSs have been discussed in the literature [7]. In this summary, some future  
works for sustainability within the traditional scope of an RMS are investigated, and they are 
summarized as follows. 

5.1. Horizontal and Vertical System Integration 

As illustrated in Figure 6, the scope of a sustainable manufacturing system must be expended 
significantly in comparison to a traditional manufacturing system; many non-manufacturing activities 
contribute to system sustainability; their interactions with the manufacturing system have to be taken 
into consideration when one designs and optimizes the manufacturing system. To make a 
manufacturing system more sustainable, the extended efforts must be made at all levels and aspects 
from process, product, and the system related to the entire product life cycle. At the process level, one 
must improve technologies and process planning to take into consideration the reduction of  
energy, toxic wastes, and occupational hazards. At the product level, the traditional reducing,  
reusing, recycling (3R) must be moved to the 6Rs including recovering, redesigning and  
remanufacturing [14,25]. At the system level, all aspects including pre-manufacturing, manufacturing, 
use and post-use must be taken into consideration together [36]. To this end, the traditional system 
architecture has to be expanded vertically and horizontally to cover more non-manufacturing activities, 
and design metrics must include these in order to achieve sustainability. 

5.2. Modeling and Optimization of Energy and Wastes 

A considerable amount of energy cost has been spent in manufacturing; the efficiency of energy 
utilization in manufacturing is an important indicator of performance. The quantification of energy 
cost for various manufacturing processes becomes a must. The focus of energy efficiency studies is 
changing from energy efficient products to energy efficient manufacturing [45]. Note that the wastes 
from sustainable manufacturing are very different from the wastes from lean production. Lean 
production seeks to eliminate traditional production objectives like cost or time; while the green is 
concerned about the wastes that impact the environment [46]. The example of the studies towards this 
direction is the work by Heilala et al. [47]. They have estimated the energy use based information 
provided by equipment manufacturers and it has led to the potential energy saving of 20–27%. An 
ongoing research by the author is the physics-based energy modeling of the machine tools for the 
optimization of energy saving. The energy consumption is quantified based on the kinematic and 
dynamic models of machine tools; the direct relations between the energy consumption and design 
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variables of manufacturing processes can be established and manufacturing processes can be optimized 
for energy saving. We will report the progress of this ongoing research in a future publication. 

5.3. Integrated Modeling and Simulation Tools 

Modeling and simulation for manufacturing digital enterprise has a positive impact on design and 
optimization of a manufacturing system. To maximize system sustainability, it is desirable to integrate 
environmentally conscious manufacturing efforts with the design of manufacturing systems. Note that 
most of the existing tools focus on minimizing production cost and time to market; the frequently used 
objective is profit optimization [40]. These tools have to be expanded to include the consideration of 
sustainability. To this end, the metrics of sustainability have to be quantified, and their residual 
relations to design parameters of a manufacturing system have to be established. The scope of the 
simulation domain has to be extended; the new simulation tools must close the loop of pre-life, usage 
life, end-of-life thus enabling sustainable, multi-life cycle product design and recovery [22]. The 
features of new modeling and simulation tools are (i) the quantified environmental impact in 
combination with discrete event simulation; and (ii) the virtual analysis tool for level-of-automation 
evaluation in combination with ergonomic considerations [39].  

5.4. Green Manufacturing Processes 

Croom et al. [17] investigated the relationship between innovative manufacturing techniques and 
environmental sustainability, and concluded that the companies that rely on innovative and  
cost-effective production practices are often the leaders in sustainable manufacturing. Manufacturing 
processes consume resources directly and produce environmental pollution as well as being the main 
factors that affect sustainability. Therefore, innovative studies on green manufacturing processes are 
promising. Efforts to minimize the environmental impacts of manufacturing processes can be classified 
into the development of new processes and the improvement of existing processes based on the 
requirements of sustainability. Research in this direction is ongoing. For example, Chandler 
investigated modern manufacturing methods and found that they are spectacularly inefficient in their 
use of energy and materials [48]. Anderberg et al. showed that the productivity and cost efficiency 
improvements can be achieved beyond the energy savings in a computer numerically controlled 
machining environment [49]. Rexroth has improved energy efficiency of servo drive from the 
optimization of mechanical systems [50]. Jeswiet et al. proposed a calculated carbon emission 
signature for correlating electrical energy use to the greenhouse gas emissions for some manufacturing 
processes [51]. In addition, more works are demanding the integration of environmental considerations 
into processes planning [22,52]. 
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