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Abstract — The increasing complexity of manufacturing 

systems in highly competitive environments motivates the need 

for refinement of the design of manufacturing systems. The 

application of systems engineering is still undeveloped in some 

industries, but the potential benefits are substantial. However, 

there exists a chasm between the theory and practice of systems 

engineering applied to the design of manufacturing systems and 

existing lack of information sharing among organizations to 

enable right first time practices. To close this gap, the authors 

suggest systems engineering methods for supporting and enabling 

more effective and efficient design of manufacturing systems.  
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I.  INTRODUCTION  

Manufacturing Systems (MS) are among the most complex 
man-made systems, but sit in the shadows cast by the spotlight 
on the products they produce. Modern MS are based on 
advanced technology and composed of interrelated mechanical, 
electronic and software components. The performance of MS 
in an operational environment depends on technological 
choices and the design of effective and efficient manufacturing 
solutions [1]. The design and implementation of next 
generation manufacturing requires 1) research into new 
methodologies to support the systematic implementation of 
best practices in industry; 2) new models, problem solving and 
modelling techniques for the efficient and effective design, 
planning, implementation and execution of MS; and 3) new 
information systems to support integrated product and 
production with a life cycle approach [2, 3, 4]. Case studies by 
Li et al. [5] show that using systems engineering (SE) in 
production systems provides a science-based method for 
continuous improvement. SE as a discipline emerged from the 
need to cope with complexity in man-made systems. As MS 
are becoming increasingly complex, the application of SE 
offers substantial benefits, as Haskins and Alfnes [6] point out. 
Despite an early mention of manufacturing systems 
engineering (MSE) by Buchan and Preston in 1992 [7], many 
companies think they are doing fine and too busy to do 
anything differently. This is especially true if company success 
is based on technology, and the literature on factory design is 
primarily focused on computer-based support for production 
processes [8].  

II. BACKGROUND 

MS represent a large investment and the potential to impact 
several product generations, which means the focus must be on 
designing and building in quality from the start. Hofmann and 
Powell [9] point out that a structured approach in the design 
process can reduce the total systems design life cycle and the 
amount of redesign. Manufacturing companies that shift the 
design tasks to an earlier phase of the development process can 
enhance the overall development performance [10, 11]. Right 
first time practices seem self-evident because no one begins a 
design expecting to redesign it later. However, companies 
routinely tolerate change orders, maybe because they always 
have, then they call them “revisions” or even “updates.” A 
right-first-time mindset is lacking [12]. 

All enterprises are experiencing a global transformation 
that is speeding up the rate of business activity. Companies no 
longer can afford to use months to make design decisions. To 
create competitive advantage in fluctuating market 
environments, enterprises must design MS that not only 
produce high-quality products at low cost, but also allow for 
rapid response to market changes and consumer needs [13]. 
Responsiveness emerges as a key competitive advantage. 
However, there exists a major disadvantage in traditional 
design processes – there is a substantial lack of interaction with 
stakeholders of the enterprise [14].  

Manufacturing enterprises face many challenges related to 
quality, responsiveness and the ability to innovate. The design 
of MS and the design of products are tightly interrelated. 
Research and practice exists to design both MS and products – 
but independently. Li and Li [5] argue for opening a new 
direction of research in MSE. They highlight the impact of the 
quality of the MS on product design; namely, a manufacturing 
enterprise cannot be responsible for guaranteeing good quality 
for a poorly designed product. Equally, a well-designed 
product will be impacted by a poorly designed MS.  
Ultimately, an enterprise that understands the significance of 
the interface between MS and product design will enable 
higher quality products as well as cost-efficient production 
[15].  
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Koren [16, 17] emphasizes rapidly changing customer 
needs as the most prominent driving factor for manufacturing 
enterprises. Bollinger [18] points out that the product design 
process must be quick and integrated with the manufacturing 
solutions that will produce it. To cope with those challenges, it 
is necessary to increase the design process efficiency and 
effectiveness in a connected and cooperative way for both 
product design and production design. 50–70% of all new 
product introductions fail, due to changing customer demands 
and competitive offerings [16]. A survey of 650 world’s 
leading manufacturers conducted by Deloitte’s Global 
Benchmark Study program [19] exposed that supporting 
product innovation is one of their least important priorities. 
Koren [16: 16] argues: “If new, innovative products are the 
main source of a company’s growth, why is the support of 
innovation so low, and why do new products fail so 
frequently?” Deloitte’s survey demonstrates that manufacturing 
enterprises were unable to bring new products to market 
successfully mainly due to insufficient information on 
customer demands. 

Fig. 1 – V-MSP model 

III. ADDRESSING THE CHALLENGES 

The bulk of literature on SE focuses on applications of the 
discipline to the product development domain [12]. Fig. 1 
illustrates the interdependencies that exist between the product 
lifecycle stages and the manufacturing design using a modified 
V-model [20, 21] and named the “V-MSP model” (V for V-
model, M for manufacturing design, S for SE framework, and 
P for product life cycle). The figure shows the similarities of 
both product and manufacturing (X) activities from the 
conceptual design to initial design, final design to production, 
and including useful life. Often products are designed and then 
handed over to others, but many product innovations fail by 
virtue of the inability to manufacture them. A systematic 
business strategy supported by SE enables coordination 
between the two design domains. Concurrent engineering 
practices have evolved to address the problems caused by 
design silos and help avoid the vicious cycle of redesigns by 
integrating product and production designs, i.e. a collaboration 
of design for manufacturing (DfM) and design of 
manufacturing systems (DMS), by taking a life cycle 
perspective. The focus needs to be on the negotiations and 
relationships between product and manufacturing stakeholder 

requirements, supported in the middle of Fig. 1 by the SE 
framework; stakeholders, requirements, and modeling. It is 
reported that some companies resist DfM as too time 
consuming [12].  

IV. A REVIEW OF DMS METHODS 

While many manufacturing companies have their own 
design procedures, often established through custom and 
practice, there are relatively few comprehensive examples 
published in sufficient detail to be of value [2]. A thorough 
review of the literature uncovered seven candidate methods 
that support MS design and these are summarized here and 
compared in Table 1. 

(1) An approach called ‘Lucas’ takes a MS perspective 
based on the redesign of business organizations [22, 23]. This 
methodology is well established and has been extensively 
applied and tested since the 1970s [24, 25, 26]. The Lucas 
method defines the ideal design of MS with two core 
processes: 1. Manufacturing operations and 2. product 
introduction processes [22]. Parnaby [25] introduces five stages 
of MS design in relation to the Lucas approach: 1. ‘Market 
analysis’; 2. ‘Business process analysis’ (including process 
mapping); 3. ‘Steady state design’ (including ensuring that the 
system is balanced and synchronized); 4. ‘Dynamic design’; 
and 5. ‘Information and control design and system 
information’. 

(2) Watson [27] criticized the process movement and 
designed what he called the principles of business SE. All 
processes consist of sub-processes that deliver a common 
purpose [27] by understanding and satisfying customer needs 
with effectively operating processes that meet the need [26]. 
The wealth of methodologies available, whether they relate to 
systems thinking or business process re-engineering (BPR), 
were summarized by Watson [27] as UDSO/ BPR method [2]: 
1. ‘Understanding’ (problem definition, systems boundaries 
and performance metrics); 2. ‘Document’ (process mapping); 
3. ‘Simplify’ (eliminating all kinds of waste [time, information 
flow, material etc.]); 4. ‘Optimize’ (e.g. verify and validate). 

(3) Among several authors that emphasized the need for 
better integration of manufacturing design disciplines (Hitomi 
1997, Meller and Gau 1996, Wu 1994), Wu suggested the most 
comprehensive method (Cochran et al. 2002). A design and 
evaluation methodology is composed of five activities: 1. 
‘Analysis of situation’; 2. ‘Setting objectives’; 3. ‘Conceptual 
modelling’; 4. ‘Detailed design’; 5. ‘Evaluation and decision’. 

(4) ‘Design rules for analyzing manufacturing activities’ 
(DRAMA) and ‘Decision rules for analyzing manufacturing 
activities’ (DRAMA II) [28] both aim to avoid prescriptive 
solutions but encourage the designer to make informed choices 
through a series of ‘design option guides’ from strategic to 
operational issues [29]. They recommend the following 
activities: 1. ‘Strategic’ (based on decision process effects in 
relation to organizational and operational implications as well 
as marketing and manufacturing strategies); 2. ‘Organizational’ 
(analyzing of strategic factors); 3. ‘Operational’ (physical 
design, implementation and operation of the new system) [30]. 
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(5) ‘Main levels and activities in MS design process’ 
were summarized in the work of AlGeddawy and ElMaraghy 
[31]. These activities are generally performed in any MS 
design process and were categorized into four levels: system, 
factory, machine, and product levels. They further defined the 
systems design level as: 1. ‘Stating objectives’; 2. ‘Defining 
subsystems’; 3. ‘Mapping between requirements & actions’; 
and 4. ‘Adopting control strategy’. Systems designs should 
include functional (what is required) and physical (how it can 
be done) domains as well as how it is managed and mapped in 
the process. 

(6) Chowdhury [31] suggests the following sequential 
seven-step process for Design for Six Sigma (DFSS): 1. 
‘Understand’ who the customers are; 2. ‘Capture and analyze’ 
the voice of the customer; 3. ‘Translate the voice of the 
customer’ into performance requirements; 4. ‘Choose the best’ 
design concept to meet the performance requirements; 5. 
‘Translate the performance requirements’ into product/ service 
design parameters; 6. ‘Translate the product parameters’ into 
manufacturing conditions (this step does not apply to a 
service); 7. ‘Determine activities’ required maintaining 
manufacturing conditions or service process parameters. The 
DFSS method was originally designed to help remove defects 
in company processes and is highly reliant on statistical 
methods [32]. 

((7)) Cochran et al. [33] recognize that several tools to 
design MS exist, but that many do not separate objectives from 
means, so it is difficult to understand the interactions among 
different design objectives and solutions. They recommend MS 
Design Decomposition (MSDD), which is intended to help MS 
designers but is operationally-based and therefore not possible 
to compare in Table 1. 

To conclude, there appears to be no universal theory 
describing exactly how all of the design activities do or should 
come together for a structured design approach in the MS 
domain for supporting the interrelation with the product design. 
Most design methods are just theories that have not been 
evaluated, may be unnecessarily complicated, or do not provide 
a useful set of guidelines [30, 34]. 

V. DISCUSSION  

A literature review of the MS design domain highlights the 
gap between the product and the MS design theory and 
practice. Essential methods to meet increasing competitiveness 
are generally not covered to enable right-first-time design 
practices. The authors propose adoption of a set of SE activities 
listed in Table 1, which summarizes the DMS methods and 
compares them to the SE activities that shall support the 
interface between the manufacturing design and product 
design. Through a careful review of the various DMS methods 
it was possible to identify similarities and activities that are 
only partially covered or missing. 

As seen in Table 1, none of the earlier methods 1-5 fully 
cover the essential SE activities. Notably, stakeholder analysis, 
critical to both responsiveness and innovation are missing in 
methods 2, 3, and 5. Formulation of a clear problem statement 
is missing for methods 1 and 4, which also fail to construct 
measures of effectiveness that capture the results of their 

stakeholder analysis. Only DFSS, which has its roots in SE 
from Motorola, covers the full set. In addition, most of the 
proposed design approaches either do not provide guidelines, 
or do not meet stakeholder requirements (e.g. to avoid 
redesigns). Guidelines with a systematic and practical approach 
to design MS are needed to fill the gaps. 

VI. CONCLUSION  

The authors identified through a literature review that 
manufacturing enterprises need to move toward a more 
cooperative-driven environment and highlight the impact of the 
quality of the MS on product design: An enterprise that 
understands the significance of the interface between MS and 
product design will enable higher quality products as well as 
cost-efficient production. 

The V-MSP Model illustrates the interdependencies that 
exist between the product lifecycle stages and the 
manufacturing design and how these align with three SE 
aspects. However, this simplified model would be insufficient 
in the design of a truly complex MS, for example an 
automobile factory. The application of the six essential SE 
methods given in table 1 supports and secures the cooperation, 
negotiations and relationships between the product 
requirements and manufacturing design. Application of SE 
enables bringing innovative and high quality products to the 
market in a timely manner by decreasing costly redesigns and 
other forms of rework and contributes to a more sustainable 
manufacturing environment. The conventional DMS methods 
when compared to the essential SE activities are found to be 
incomplete, which suggests the need to increase MSE research 
to enhance manufacturing competitiveness for the next century. 
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