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Abstract. The implementation of changeable and reconfigurable manufacturing
systems and realization of benefits connected to rapid, efficient, and dynamic
change of functionality and capacity is key to achieve manufacturing competi-
tiveness. Therefore, this paper proposes a systematic methodology for the design
and development of changeable and reconfigurable manufacturing systems, de-
rived from design theory, reconfigurability theory, as well as practical experi-
ence. The methodology consists of a concrete course of actions that connects de-
sign phases and working steps based on the content of the design task. Further-
more, the paper addresses project-related and contextual aspects of reconfigura-
bility development, which indicates how the proposed methodology should be
adapted to the specific company and task at hand. Thus, the proposed methodol-
ogy is intended for further validation in different types of manufacturing compa-
nies that are transitioning towards reconfigurability.

Keywords: Reconfigurable manufacturing, Reconfigurability, Changeable
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1 Introduction

Changeability and reconfigurability are widely recognized as principles that can be im-
plemented and utilized in manufacturing systems for responding efficiently to product
variety, rapid new product introductions, and demand fluctuations [1, 2]. Related ben-
efits include reduced capital expenditures, shorter lead-time, higher capacity utilization,
and prolonged life-time of systems, machines, and equipment [3]. Compared to tradi-
tional manufacturing systems with static, pre-planned, and built-in functionality and
capacity, changeable and reconfigurable systems have dynamic abilities to change [4].
However, as these systems are not solely designed for their immediate and initial pur-
pose, but rather in combination with properties having more long-term exposure, they
represent complex engineering development tasks [5, 6].

In this regard, traditional approaches to manufacturing system design and develop-
ment are largely insufficient for supporting a transition towards reconfigurability [7].
First of all, as changeability and reconfigurability can be categorized as non-functional



system requirements that express the behavior of the system in the long-term, system
design and evaluation need to be aligned with product evolutions that represent signif-
icant uncertainty [8, 9]. Secondly, translating uncertain and dynamic requirements into
system designs that embed the reconfigurability enablers is a task that requires evalua-
tion of multiple realization options, e.g. in terms of combination of flexibility and re-
configurability, level of implementation, and system constituents to implement these
enablers [9, 10]. Furthermore, in practice, design of manufacturing systems is usually
conducted largely iteratively, trial-and-error based, and with limited explicit consider-
ation of reconfigurability characteristics [11]. Therefore, there is both an academic and
industrial need for a systematic approach to engineering design and development of
changeable and reconfigurable manufacturing systems. In this regard, a systematic en-
gineering design methodology prescribes a concrete course of actions for the design of
a technical system, usually in form of design phases, design activities, and their related
sequence [12]. Thus, while design in general is a largely creative task, a design meth-
odology can support this task by prescribing a general working procedure, while still
being adaptable to the specific task at hand [12]. Moreover, while design and evaluation
constitute the important parts of the system development process, the project-related
and contextual aspects supporting the implementation of this process should also be
addressed [11].

Based on these requirements, this paper proposes a systematic methodology for the
design and development of changeable and reconfigurable manufacturing systems. The
remainder of the paper is structured as follows: Section 2 outlines related research as
background for the proposed methodology. Section 3 describes the phases, activities
and supportive tools of the proposed design methodology, while Section 4 summarizes
the contribution and outlines future developments of the methodology.

2 Related Research

Changeable manufacturing systems have been defined as systems that are able to ac-
complish early and foresighted adjustments on all process levels in an economically
feasible way [15]. Thus, changeability can be regarded as an umbrella term for manu-
facturing that depending on the context is realized by the most economically feasible
combination of a-priori flexibility and dynamic reconfigurability [15]. The concept of
the Reconfigurable Manufacturing System (RMS) was originally introduced by Koren
[13] as a manufacturing system paradigm combining the high efficiency of the Dedi-
cated Manufacturing System (DMS) and the high flexibility of the Flexible Manufac-
turing System (FMS). The key feature of the RMS is the ability to be continuously
changed in order to provide the exact functionality and capacity needed at the exact
time needed [3]. In this regard, a successful reconfiguration is enabled by the three
necessary RMS characteristics i.e. convertibility, scalability and customization, as well
as the three supportive characteristics i.e. modularity, integrability, and diagnosability
[3]. Thus, compared to the flexibility, which is pre-planned and built-in, reconfigura-
bility is a dynamic capability to expand and change the flexibility boundaries of the



system [14]. Depending on the company and manufacturing setting, the level and com-
bination of flexibility and reconfigurability need to be matched with the specific
changeability requirements. An overview of the fundamental aspects involved in this
has been proposed in various forms [2, 4, 15], covering the following:

Change drivers are external and internal factors that request or necessitate some re-
sponse by the company and are represented by demand volatility and variety [4].
Change focus/object is the impact of change drivers, which externally towards the
market and customers covers mix, product, and volume, and internally is focused on
the production processes, equipment, and organization [4, 15].

Change strategy is the degree and importance of changeability to pursue [4, 15].
Change extent/extension is the level, time, and effort involved in the selected change
strategy, which have to be comparable with the expected benefits [15].

Change enablers are the system properties that ensure changeability, e.g. reconfigu-
rability characteristics such as modularity, integrability, etc. [15].

Change utilization is the planning, training, and implementation of the changeability
of the system [15].

When relating these fundamental aspects of changeability to the design of changea-

ble manufacturing systems, key questions concern for instance the need and require-
ments for change, the optimal and feasible combination of flexibility and reconfigura-
bility to select, as well as concrete and technical design of related enablers [4]. Thus,
the aforementioned changeability aspects are both interrelated and related to different
stages during manufacturing system design. In Fig. 1., a sequence of the changeability
aspects is proposed, which outlines a relevant order of how these are involved during
manufacturing system design [10, 15].

Change Change focus
drivers __———, Tmarket offerings”
(Internal and (Mix, Volume,
external) Product)

Change focus Change

Change utilization v . -
(Planning, training, pro’fluctlon extent1.0n
Change enablers implementation) system. (Process, (level, time,
(Product and Equipment, frequency,
process) Organisation) effort)
Change strategy
(nessesary,
sufficient,
competitive)

Fig. 1. Fundamentals of changeability and their sequence during system design.



Several methodologies and frameworks for the design of changeable and reconfigu-
rable manufacturing systems have been proposed in previous research [16]. To mention
a few, Schuh [17] focused on object-oriented design for changeable systems, while
Benkamoun [6] proposed systemic design for changeability in manufacturing system
architectures. Azab et al. [14] proposed a framework for the mechanics of change in a
manufacturing system that is dynamically changeable and reconfigurable. Likewise,
Francalanza et al. [18] proposed a methodology for designing changeable manufactur-
ing systems based on a traditional design cycle approach. Tracht and Hogreve [19] pro-
posed a framework for the design of reconfigurable systems, as well as the reconfigu-
rations phase, while Deif and EIMaraghy [20] proposed a method for design of recon-
figurable hardware, software, and human aspects of the manufacturing system. Abdi
and Labib [21] focused particularly on designing for reconfigurability using AHP for
justification analysis. Finally, Andersen et al. [10] focused on synthesizing all previous
methods for design of reconfigurability into a number of design phases and activities.
However, while the issue of designing changeable and reconfigurable manufacturing
systems appears to attract increasing research attention [16, 22], there appears to be
limited consideration of industry-applicability as a main principle in the existing meth-
odologies [23]. In general, designing changeable and reconfigurable manufacturing
systems involves decisions in various categories similar to any manufacturing system
design activity irrespective of the level of changeability, i.e. decisions on process type,
layout, capacity, machines, automation, organization and human resources, etc. [11].
However, in addition, design of changeability requires knowledge of the key enabling
principles and competences in how to design and realize these [16]. In order to support
this task, a structured system design methodology for changeable manufacturing should
enable the following aspects, which is largely overlooked in previous research:

e Application in manufacturing companies to allow for a transition towards changea-
ble and reconfigurable manufacturing, i.e. by allowing for a problem-directed ap-
proach and by being adaptable to different types of design processes in different
types of companies [12].

e Application in already existing company approaches to manufacturing system de-
sign, e.g. by being applicable to traditional and widely used phases in engineering
design, while also providing the necessary tools to apply in the phases [12, 16, 23].

¢ Guidance in the design and evaluation steps specifically involved in establishing re-
quirements and solutions for changeable and reconfigurable manufacturing systems
that are dynamically changeable [7, 16].

e Continuous evolution and utilization of changeability in the long-term, i.e. capture
the continuous loop of designing, evaluating, and utilization changeability and re-
configurability in manufacturing [14].

3 Proposed Four-Step Development Approach

Based on the requirements elaborated in the previous section, this section describes the
proposed systematic methodology for the design and development of reconfigurable



manufacturing systems. In the methodology, design phases where the level of abstrac-
tion is gradually decreased is combined with knowledge of the fundamental aspects of
changeability and their design sequence as outlined in Fig. 1. Furthermore, the meth-
odology was tested and modified in an iterative way during five research projects on
different aspects of reconfigurability development in five different case companies.
Specifically, a first version of each phase was created based on theory, which was elab-
orated and changed during the interactions with the case companies. For instance, one
research project in a specific case company focused largely on tools in phase 1 to clarify
the company’s potentials, while another research project in a second case company fo-
cused largely on developing and evaluating reconfigurable concepts. Thus, the different
projects and case companies assisted in further developing and modifying each phase
in order to meet the requirements stated in the previous section.

3.1 Development Process and Activities

The proposed systematic methodology consists of four phases, which are depicted in
Fig. 2. The process starts with an initial clarification of the design tasks and changea-
bility requirements, continues with conceptual design, detailed design, and finally im-
plementation and utilization of changeability. Thus, these phases largely follow the tra-
ditional phases of engineering design in order to support easy application in manufac-
turing companies. However, one main difference is the addition of the last phase, where
implementation and utilization of changeability takes place. This phase either results in
a system in operation or a repetition of some design phases before once again resulting
in a system in operation. Thus, the proposed methodology enables companies in sup-
porting dynamic reconfigurations to various extents throughout the system’s lifetime.

Task i.e. green- Technical and Design System
Conceptual design of | €OM¢ePt | Detailed design of | design
N

system q system

orbrown-field | Clarification of task | ~economic Implementation and
ili utilization of System in

design and cf bility | requirements
changeability operation

requirements

Phase 1 Phase 2 Phase 3 Phase 4

Fig. 2. Four-phased design steps related to changeability and reconfigurability.

Each of the four phases contain both design and evaluation activities that support the
realization of changeability and reconfigurability. Fig. 3, Fig. 4, Fig. 5 and Fig. 6 depict
the specific activities of each phase, while at the same time outlining the covered fun-
damental aspects of changeability as described in Fig. 1. Thus, phase 1 covers the clar-
ification of the design task and changeability requirements through analysis of change
drivers, external and internal change focuses, change extension, and finally the change
strategy. Phase 2 and 3 focus on the necessary and supportive change enablers, while
phase 4 covers the implementation and utilization of changeability. One of the main
decisions in the design phase is to determine the optimal combination of flexibility and
reconfigurability to reach the change requirements. This decision is primarily dealt with
in phase 2, which evaluates different concepts build on the explicit change requirements
from phase 1.



Furthermore, for each phase and activity, different design and evaluation tools
should be applied. Generally, previous research suggests numerous different methods
and tools that could potentially be applied during reconfigurability design [16, 23].
However, only tools ready for application after testing and further development in the
case companies are included here. For brevity, tools and the availability of these are not
elaborated further in this paper, however, some evident gaps exist that are elaborated
further in Section 4.

i Change focus }
(internal)

Change
extention

Change

Change focus |
drivers i

(external) Change strategy

Task iie. green| - " - Technical and
or brown-field Analyze change Analyze internal change Clarify potentials R economic
. . . . Compile list of .
design drivers and determine performance and refine and establish . requirements
; X . —>»  requirements
change requriements requriements business case
Step 1.1 Step 1.2 Step 1.3 Step 1.4
Chaubgc drlivcr; PSDM Analysif of Reconfigurability Changeability investment
object-level mix, volume, assessment justification model
matrix product model

Fig. 3. Phase 1 containing clarification of task and changeability requirements.

Change enablers (particularly focus on nessesary enablers, i.c. convertibility, scalability, customization)

Technical and.

economic Identify product Establish interfacing Develop working Establish system Evaluate concepts Design
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characteristics their changeability change enablers change enablers economic requriements
Step 2.1 Step 2.2 Step 2.3 Step 2.4 Step 2.5
Product/ . N
Product variant Data Process s e Change enabler MFD for | | Funeton o pugh Changeability
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Fig. 4. Phase 2 containing conceptual design of changeable system.
Change enablers (particularly focus on supportive enablers i.c. modularity, integrability,
diagnosability, mobility, automatibility)
Design | Establish detailed design Evaluate design against Document final design | system
t i i desil
concept| of syst§1n modules and technical a.nd economic of system and csign
interfaces requriements subsystems
Step 3.1 Step 3.2 Step 3.3
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Fig. 5. Phase 3 containing detailed design of changeable system.
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Fig. 6. Phase 4 containing implementation and utilization of changeability.



3.2  Project-Related and Contextual Aspects of Development

The proposed methodology incorporates the fundamental aspects of changeability and
connects related design activities in a sequence going from initial clarification of
change drivers to a changeable and reconfigurable system in operation. Thus, the meth-
odology is intended as an addition to manufacturing development methods in compa-
nies that most often follow the same overall design phases, rather than as a stand-alone
method that substitutes conventional design methodologies for manufacturing. Like-
wise, the methodology should be adapted to the specific company context and design
task at hand. Specifically, the methodology can be adapted in the following ways re-
lated to how development projects are conducted and how the development process is
implemented in a company:

e Design task: Both a green-field and a brown-field design task can be accommodated
by the methodology, i.e. designing a new manufacturing system for a new product
or redesigning an existing manufacturing system for improving changeability per-
formance. The alteration of the methodology here lies primarily in regards to
whether existing equipment is considered in phase 2 or whether such constraints are
not considered in the phases.

e Starting point: Depending on the pre-existing knowledge within the company, em-
phasis can be on different development phases. Clearly, some companies need ex-
tensive focus on phase 1 e.g. in terms of clarifying needs and identifying the business
case, while other companies can progress quicker to conceptual and detailed design.

e Development focus: Development can take outset in a specific product and manu-
facturing system or alternatively be a pre-project that establishes solutions for
changeability enablers that can be used in later specific development projects.

e Tools applied: Depending on data availability and preferences within companies,
some phases have different alternatives of which tools to apply. For instance, more
advanced data mining techniques are possible to use in some phases, however, may
not be feasible in all types of companies.

4 Conclusions and Future Research

In this paper, a systematic methodology for the development of changeable and recon-
figurable manufacturing systems is proposed. Industrial application was a main objec-
tive in the creation of the methodology in order to support a wider industrial transition
towards changeability and reconfigurability. The methodology consists of four phases
roughly following traditional phases in engineering design; clarification of task and
requirements, conceptual design, detailed design, as well as implementation and utili-
zation of changeability. To summarize, the proposed methodology contributes with the
following benefits:

e Allows for a problem-directed and company-specific approach, i.e. the starting point
of the methodology can be both green-field and brown-field development, emphasis



can be on different phases depending on company need, and the tools applied can
also be adapted in various phases depending on data availability, etc.

e Enables direct application in a manufacturing company as a sequence of develop-
ment activities and tools specifically targeting changeability and reconfigurability
that can be “added” to the already existing engineering development methods.

e Provides a systematic guidance for the engineering designer, which ensures the ap-
propriate match between changeability requirements and enablers.

e Ensures that manufacturing system development takes long-term and dynamic re-
quirements into account, as well as captures the continuous loop of designing, eval-
uating, and utilizing changeability and reconfigurability.

Nevertheless, several further research directions are prevailing. First of all, the pro-
posed methodology needs further testing and validation in manufacturing companies.
This would also produce further insights on how to support companies in successful
implementation of reconfigurability principles, as well as provide further insights on
the contextual aspects of development. Secondly, well-proven and readily applicable
supportive tools are still missing for some development activities. In particular future
research should focus on maturing methods for establishing reconfigurable concepts,
as well as focusing on supportive tools for phase 3 and 4.
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