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Abstract. Reconfigurable manufacturing has been widely labelled the manu-
facturing paradigm of the future, due to its ability to rapidly and cost-efficiently
respond to changing market conditions. Manufacturing reconfigurability can be
dealt with at various levels of the factory, and includes multiple design and
operational issues related to both physical and logical reconfigurations. The
purpose of this paper is to review state-of-the-art literature on reconfigurable
manufacturing and provide an overview of the current body of research, by
assessing which structuring levels of the factory and corresponding research
issues that are dealt with. Conclusively, currently unexplored areas and interesting
issues that could be addressed in future research are identified.
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1 Introduction

Today’s manufacturing companies face challenges that have followed globalization, e.g.
the fragmentation and change of customer demands, increased need for customized
products, fast developing technologies, and focus on environmental sustainability [30].
In order to remain competitive, manufacturing companies need to develop the ability to
design and operate manufacturing systems that can be continuously upgraded and
changed, instead of being dedicated and optimized for one specific product model and
delivery situation [22, 23]. For that reason, the reconfigurable manufacturing concept
has been widely recognized as the manufacturing paradigm of the future [35].

The reconfigurable manufacturing concept was initially introduced in the 90’s as an
extension of flexible manufacturing, with the goal of combining the efficiency of dedi-
cated manufacturing lines and the functional flexibility of the flexible systems [19]. In
this way, the traditional trade-off between efficiency and flexibility is reduced and the
issues of flexible manufacturing systems in regards to excess flexibility, low production
rate, and low return on investments are avoided [22, 35]. Reconfigurability can generally
be defined as the ability to repeatedly change capacity and functionality in a cost-efficient
way, in order to meet different demand situations in terms of variation in volume as well
as in product characteristics [23]. This ability to change can be achieved at different
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levels, e.g. on system and machine level, and involves multiple aspects of manufacturing
enterprises [18]. The purpose of this paper is to review and classify state-of-the-art
literature related to the reconfigurable manufacturing paradigm, examine which struc-
turing levels of the factory that are most dealt with, and identify research issues at each
level. Moreover, the classification of literature provides the foundation for identifying
unexplored areas that could be relevant for future research.

The paper is structured as follows: Sect. 2 presents the methodology applied to collect
relevant literature for the review, Sect. 3 briefly introduces reconfigurable manufacturing
and the classification framework, while Sect. 4 presents the classification of literature
in accordance with the related manufacturing levels. Conclusively, the issues discussed
at each level are outlined and viable future research directions are proposed.

2 Literature Review Methodology

The objective of this literature review is to identify major tendencies in current literature
on reconfigurable manufacturing, by conducting the following steps: retrieval, exclu-
sion, and classification [14]. In order to identify relevant literature for the review, arather
broad search strategy was applied using Web of Science as the primary search database.
The search consists of a topic search with two blocks being “reconfigurable” and
“manufacturing” or “production”. The time frame was set from 1990 to present day and
only papers in English were included. The search was limited to “science technology”
as the research domain and the following research areas were included: “operations
research”, “engineering”, and “management science”. In addition to the search, experts
in the domain were identified through citation records and reference lists, which
provided an additional number of papers to the review. In total, approximately 450
papers were initially retrieved, from which only 152 papers were included in the review.
The exclusion of papers was based on a qualitative assessment of the following criteria:
(a) the reconfigurable manufacturing paradigm should be the central theme or motivation
for the research (b) the reconfigurability characteristics (customization, integrability,
modularity, convertibility, scalability, diagnosability) are either implicitly or explicitly
dealt with in the research.

In order to analyze the selected papers, a classification according six levels of recon-
figurability was carried out. These levels correspond to the six structuring levels of
factories as proposed by Wiendahl et al. [31]. The papers were classified when a primary
level in relation to the research was directly stated or could be identified. Moreover,
some of the included papers deal with several levels and are therefore classified in
accordance with up to three levels. In total, 24 of the papers were identified as covering
multiple levels, where 20 covered two levels and 4 covered three levels. For conciseness,
only a minor part of the reviewed papers are included in the reference list of this paper.
However, the full research protocol can be provided by inquiry to the authors. In the
following section, the concept of reconfigurable manufacturing and the classification
framework are presented.
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3 Reconfigurability Definition, Characteristics, and Classification
Framework

Manufacturing reconfigurability can generally be defined as the ability to repeat-
edly change capacity and functionality in a cost-efficient way, in order to meet
different market situations. This ability to reconfigure efficiently is achieved through
the following reconfigurability characteristics: customization, convertibility, scala-
bility, modularity, integrability, and diagnosability [18]. In essence, these charac-
teristics make systems, machines, and enterprises changeable in both capacity and
functionality, which is the reason why reconfigurable manufacturing is widely
labelled the manufacturing paradigm of the future [35]. Moreover, the reconfigura-
bility characteristics should inherently be embedded in every aspect of reconfigur-
able manufacturing, e.g. in the planning and control, in the design of the system, and
in the machine design in order to realize manufacturing reconfigurability [17]. These
different aspects of the reconfigurations are traditionally divided in physical and
logical types, where physical reconfigurations involve hard changes in equipment
and arrangement of machines and logical reconfigurations involve soft changes such
as re-routing and re-planning [31]. Evidently, realizing the vision of reconfigurable
manufacturing, in terms of having the exact capacity and functionality needed when
needed, involves multiple issues and ability to reconfigure at multiple levels [18].
For instance, system level issues could be the arrangement of physical modules,
while on lower levels individual pieces or groups of equipment and machines could
be considered [19]. However, reaping the full benefits of reconfigurable manufac-
turing is widely regarded as a paradigm shift, which inevitably changes at levels
beyond what is covered on station and system level [15, 18].

Principally six structuring levels of a manufacturing company can be defined, which
are differentiated both from a process and a space perspective and from a product level
focus [31, 32]:

e Network: the highest structuring level, which comprises the network of sites that the
manufacturing company is embedded in.

e Factory: the level of the plant, covering the building and its infrastructure.

e Segment: the level above the system, which contains all activities involved in manu-
facturing and making ship-ready products.

e System: the level containing interlinked cells used for manufacturing variants of a
part or a product family.

e Cell: the level covering a subsystem of the system, containing groups of work stations
and material handling that perform most activities to finish a part.

e Workstation: the lowest structuring level, containing single workstations and
machines that add a feature to a work piece.

These structuring levels have in literature been applied to define different classes of
changeability in relation to the concept of changeable manufacturing, which is an
umbrella term covering all aspects of a manufacturing enterprise that allow for rapid
and cost-efficient change in accordance with the environment [12]. In relation to this,
reconfigurability is interpreted and defined as a term limited to levels below factory
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level, whereas agility and transformability are defined as changeability classes for upper
levels. However, these changeability classes are not widely used in literature and there
is no evidence of consistent use of the terms in relation to the stated levels. The concept
of enterprise reconfigurability, which covers the ability of enterprises to adjust the
network and form strategic alliances continuously is an example of reconfigurability
applied to levels above the segment [6, 18]. Moreover, as the focus of this paper is to
investigate current state-of-the-art research on reconfigurable manufacturing, and not
research related to all aspects of changeable manufacturing, it is still a pertinent subject
to investigate the structuring levels of the manufacturing company in relation to recon-
figurability. In other words, the focus of this paper is not on how changeability can be
achieved at each level of the factory, but rather how different aspects of reconfigurable
manufacturing impact and are dealt with at each level of the factory. This is an interesting
research subject, as realizing the benefits of reconfigurable manufacturing as a new
production paradigm requires that reconfigurability issues are addressed at various levels
of the factory [18]. Thus, it is highly relevant to provide an overview of current research
and identify which levels that are addressed widely and more importantly if there are
levels that are left comparatively unexplored.

4 Classification of Literature

From the literature retrieval and exclusion process, a total of 152 papers were included
in the review and classified in relation to the six structuring levels of the factory. In
Table 1, the absolute and relative amount of papers at each level are outlined. Addi-
tionally, dominant research issues at each level are indicated and examples of seminal
contributions are included as references.

From this classification of literature, it is indicated that research on reconfigur-
able manufacturing primarily is related to the system and workstation level, with
more than two thirds covering the system level and a third covering reconfigura-
tions on work-station level. The system reconfiguration issues are mainly related to
logical of soft types of reconfigurations, such as optimal reconfiguration selection
or process planning. In contrary, the work-station level deals heavily with physical
and hard types of reconfigurations in terms of designing reconfigurable machines.
This distinction in research focus across levels supports the proposition by Bi et al.
[5], stating that reconfigurability at lower organizational levels mainly is achieved
through hardware changes, while reconfigurability at higher levels is achieved
through software and control changes.

Another notable result from the classification is the differences between system and
cell level, in terms of both research amount and the related issues. At cell-level, a main
research issue is how to develop reconfigurable control systems that can control a process
that is continuously and physically reconfigured. In many cases, these cell level papers
on control systems are also related to the system level, as they demonstrate concepts or
methods that are developed ideally for the entire system, but validated at the cell level,
e.g. as by Valente and Carpanzano [29]. This logic could also be applied to the issue of
developing technologies for seamless integration of machines and devices in the system
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or cell. A logical conclusion from this is that cell-level papers deal with research issues
that are significantly complex and therefore calls for a more narrow scope than the entire
system, even though they eventually and in practice must be applied to the entire manu-
facturing system.

Furthermore, it should be noted, that in the classification, factory and segment level
papers are considered as one group. The reason for this is two-fold. First of all, the
factory and segment level may not be easily distinguished, as the distinction depends
heavily on the relative size of the factory referred to. Additionally, as only few of the
reviewed papers cover research on these two levels, it was considered reasonable to
regard them as one level. In the following section, the distribution of papers at each of
the levels and potential research gaps are discussed, providing the foundation for
indicating relevant future research directions.

Table 1. Overview of classified literature

Factory level | No. papers | Research issues

Production 75 %) Selecting partners in reconfigurable enterprises [6]
network External reconfiguration activities [34]

High-level planning of reconfigurable enterprises [2]

Integration of shop-floor and supply chain [25]

Factory/ 75 %) Reconfigurable factory layouts [4]
segment Transformable factories [32]
Assignment of products to systems [13]

System 103 (68 %) | Design of products and product families for RMS
design [1]

Scalability management [11]

Optimal reconfiguration selection [33]

Reconfigurability metrics [21]

RMS system design [26]

Justification models [27]

Process planning [3]

RMS for exception handling [7]

Conceptual RMS research [17]

Cell 14 (9 %) Plug-and-play technology [10]
Cell design principles [24]
Reconfigurable control systems [29]

Workstation | 45 (30 %) | Design of reconfigurable machine tools [28]
Optimal configuration of machine tools [20]
Reconfigurable fixtures [8]

Reconfigurable inspection [16]
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5 Discussion

Only a minor part of the reviewed papers covers research related to higher structuring
levels of the factory, which is the plant and the network level. On network level, the few
examples of reconfigurability deal primarily with how to achieve agility through contin-
uously reconfiguring the supply chain when a new business opportunity arises. However,
this research area lacks an explicit connection to manufacturing reconfigurability and
coverage of how changes on shop floor are related to the supply chain structure. There-
fore, this literature review indicates a gap in research on supply chain management issues
in relation to operating a reconfigurable manufacturing system. Moreover, there is
limited indication of research on lower levels acknowledging that reconfigurability on
system, cell, or station-level has consequences on activities that happen outside the
boundaries of the firm. However, in order to take full advantage of a reconfigurable
system, reduce the time for new product introductions, increase product varieties, and
quickly adapt to changing market conditions, it appears to be important also to consider
the supply chain. Some indications of potential supply chain considerations are provided
in current literature, e.g. selecting suppliers based on their type of manufacturing system
[9] and issues related to buying or renting machine or tool modules required in a new
configuration or selling those that have become obsolete with the reconfiguration [34].
In accordance with this, Chaube et al. [9] indicate that the lack of research on supply
chain issues is one of the main problems in the implementation of reconfigurable manu-
facturing.

A similar gap exists at the factory-level, where research is also rather limited
compared to lower levels. One of the primary focuses at this level is the transformable
factory, which is a factory that is adaptable in its production and logistical structures, in
buildings, and in organizational structures [32]. However, contributions in this area are
rather conceptual, which leaves many interesting areas unaddressed, as operating a
reconfigurable manufacturing system inevitably has numerous implications and require-
ments at factory level, in terms of logistical planning, layout planning, and in terms of
organizational work structures.

6 Conclusion

Reconfigurable manufacturing has been widely labelled the manufacturing concept of
the future, as manufacturers today need to respond quickly and efficiently to changing
market conditions. Reconfigurability in manufacturing has been on the research agenda
for the last two decades, and covers many different research issues. This paper has
investigated which structuring levels of the factory that are currently most dealt with
through a classification of literature. Moreover, research issues at each level have been
identified, and the findings of the paper support the notion of lower levels primarily
discussing physical reconfiguration, while higher levels mostly deal with logical recon-
figurations. Additionally, one of the main findings of the classification is that a consid-
erable share of current research is devoted to investigating the lower levels of reconfi-
gurability, which is the system, cell, and station. However, it should be emphasized that
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doing reconfigurations on shop-floor has numerous implications for the entire factory
in terms of its layout, structure, and logistical setup, but also outside the boundaries of
the firm. In particular, supply chain management issues related to manufacturing recon-
figurations should be a subject to future research, as it is currently left rather unexplored.
Therefore, it is necessary that research in the future focuses broadly on the higher level
requirements and issues that follow directly from operating a reconfigurable manufac-
turing system, in order to fully realize its potential in industry as the new manufacturing
paradigm.
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