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A B S T R A C T

The need for more responsive manufacturing systems to deal with high product variety and large fluctuations in
market demand requires new approaches that enable the system to react to changes quickly and efficiently.
Reconfigurability is an ability that allows the addition, removal or rearrangement of manufacturing system
components and functions to better cope with high product variety and significant fluctuations in market de-
mand in a cost effective way. This paper empirically investigates the understanding of reconfigurability in in-
dustrial manufacturing companies and tests and validates its core characteristics using a questionnaire survey,
which was carried out with Portuguese companies. Findings show the existence of five core characteristics of
reconfigurability. The implications of these characteristics, concerning the implementation of Reconfigurable
Manufacturing Systems, are also analysed and discussed.

1. Introduction

In the 1980s, the concept of flexible manufacturing systems was in-
troduced in order to respond to the need for mass customization and
greater responsiveness to the changes in products, production and
market, driven by aggressive economic competition on a global scale,
more demanding customers and the rapid pace of change in process
technology [1,2]. A cost-effective response to market changes, which
can be created by part family focus and customized flexibility, requires
a manufacturing approach that is able to react to changes quickly and
efficiently and that enables the operation of simultaneous tools [3]. By
the end of the 1990s, the concept of a reconfigurable manufacturing
system had emerged as an attempt to achieve responsive systems, cap-
able of producing high quality products at low costs, by providing an
adjustable structure, changeable functionalities, scalable capacity and
flexibility [3–5]. Reconfigurable Manufacturing Systems (RMS) are
designed at the outset for a rapid change in structure to adjust the
production capacity and functionality quickly within a part family in
response to sudden changes in manufacturing requirements [3]. An
RMS is also designed to produce a particular family of products and to
cope with situations where productivity and responsiveness are of vital
importance. Its main components for machining are CNC machines and
Reconfigurable Machine Tools (RMT), which are controlled, co-
ordinated and operated in an open-architecture environment [3].

In sum, at an operational/tactical level, reconfigurability can be

seen as the ability to rearrange manufacturing elements in order to
adjust to new environmental and technological changes [6] and, at a
tactical/strategic level, as an engineering characteristic that deals with
the design of machines and systems for customized products in a cost
effective market [7].

RMS assume a relevant role in manufacturing systems by providing
a way to achieve a rapid and adaptive response to change, which is a
key enabler of competitiveness [8]. Nowadays, disruptive technologies,
such as cloud computing, Internet of Things (IoT), big data and ana-
lytics, augmented reality and additive manufacturing are permeating
the manufacturing industry and making it smart and capable of ad-
dressing current challenges, such as increasingly customized require-
ments, improved quality, and reduced time to market [9]. Thus, it can
be expected that these novel technologies, preconized by the concept of
industry 4.0, might significantly contribute to increase the reconfigur-
ability of manufacturing systems.

Several authors state that an ideal RMS should possess core char-
acteristics to increase the speed of its responsiveness when faced with
unpredicted events, such as sudden market changes or machine failures
[4,7,10,11]. Nevertheless, there is no consensus regarding the number
and types of RMS core characteristics yet. In fact, in [3] five RMS
characteristics are presented: modularity, integrability, customization,
convertibility and diagnosability. Later, in [12] scalability is introduced
as a new RMS characteristic. These six characteristics have been con-
sidered as the core characteristics of RMS by most authors [5,13–15].
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However, other different characteristics have been, to a lesser extent,
put forward such as mobility, universality, compatibility, flexibility and
self-abilities (e.g. self-adaptation) [4]. Therefore, it is possible to con-
sider that RMS must possess several distinct characteristics and that the
sum of these characteristics determines the ease and the cost of re-
configuring manufacturing systems.

Several authors argue that RMS possess the advantages of both
dedicated lines and flexible systems [5,10,16,17]. Furthermore, Meh-
rabi [18] present the challenges expected to be faced by manufacturing
systems and how RMS will have a core role in responding to these
challenges. Thus, it is expected that RMS will attract the interest of a
large number of companies [11]. Additionally, as the need for more
reconfigurable systems increases, knowing the various characteristics of
RMS becomes of foremost importance in the interest of the manu-
facturer to be prepared and equipped to evaluate and decide the extent
of reconfigurability for their production systems [7]. Therefore, a better
understanding of RMS and their core characteristics is required to help
companies to assess their present level of reconfigurability and to
provide guidelines to improve it in either existing or new manu-
facturing systems.

Although RMS have been discussed over the last decades in the
scientific literature, there are only a few empirical studies concerning
how this concept could be transferred and implemented by industry.
This paper is intended to make a contribution to this understanding by
conducting an exploratory survey to identify the core characteristics of
RMS. The analysis was developed based on the six characteristics
mentioned by the majority of authors that, despite being identified in
the literature, had not been tested empirically. The survey results are
analysed and discussed to assess to what extent each of the character-
istics identified are present in the manufacturing systems of the com-
panies surveyed. Furthermore, a discussion of how each of the core
characteristics identified of RMS might be impacted by the novel
technologies put forward by the concept of industry 4.0 is presented,
providing insights into how they can contribute to increasing the re-
configurability of manufacturing systems.

The remainder of this paper is organized as follows: Section 2 pro-
vides a literature review on the topic of RMS. Section 3 presents the
research methodology and the analysis of reliability and validity of the
questionnaire. The data collected are analysed and discussed in section
4. Finally, section 5 presents the conclusions, the limitations of this
research and suggestions for future studies.

2. Literature review

The current production scenario, characterized by aggressive com-
petition and rapid evolution in process technologies, requires more
flexible, robust, reconfigurable and easily upgradable systems that ra-
pidly adjust their production capacity and functionality, integrate new
technologies and launch new product models quickly, supporting an
agile response to the changing conditions through their dynamic re-
configuration on the fly (i.e., without stopping, reprogramming, re-
starting the processes or the other system components) [8,18,19]. In
order to stay competitive, manufacturing companies must remain
highly sensitive to market (fluctuations) and be able to react quickly to
market changes by introducing products that meet customer needs in a
timely manner and by producing high quality products at low costs
[5,11].

A cost effective approach that encompasses these capabilities is
RMS, whose capacity and functionality can be modified exactly when
needed [10]. RMS are cost effective because they boost productivity
and increase the lifetime of a manufacturing system [5]. They are
created at the design stage to be capable of making rapid changes in the
structure and hardware/software components to adjust the production
capacity and functionality quickly in response to sudden changes in
irregular market demand [11]. RMS may be able to overcome both
Dedicated Manufacturing Systems (DMS) and Flexible Manufacturing

Systems (FMS), by providing a significant reduction of costs and time in
the launching of new products and in the integration of new manu-
facturing processes into existing systems [20].

RMS are an attempt to achieve changeable functionality and scal-
able capacity, by proposing a manufacturing environment where com-
ponents, machines, cells or material handling units can be added, re-
moved, modified or interchanged as needed to respond quickly to
changing requirements [15]. However, the objectives of RMS go be-
yond the rearrangement of its components. This type of system allows,
inclusively, the reduction of the time required for designing new sys-
tems and for reconfiguring existing ones, and the rapid modification
and integration of new technology or functions into existing systems.
Additionally, RMS may contribute to the reduction of product costs,
continuous improvement in product quality and increased flexibility
and responsiveness [5,18].

Koren [3] proposed the concept of RMS and established that it must
be designed using hardware and software modules that can be in-
tegrated quickly and reliably, thus facilitating the reconfiguration
process. RMS should also use modular equipment to achieve the system
functionality required for the production of a part family through
scalability and reconfiguration as needed, when needed, to meet market
demands [4,13]. To achieve these design goals, RMS must have some
core characteristics.

When this concept emerged, five core characteristics were described
and considered essential for RMS, namely modularity, integrability,
convertibility, diagnosability and customization [3]. Several authors
supported and enhanced these characteristics [6,18,20,21]. Although
[3] and [18] mentioned the increasing need for an adjustable structure
for manufacturing systems, enabled by rapid changes in the system
production capacity, scalability was only later introduced as another
core characteristic of RMS [4]. The six core characteristics of RMS
considered by the majority of authors are described hereafter.

Modularity means that all its major components are modular (e.g.
structural elements, axes, controls, software, hardware and tooling) and
the compartmentalization of operational functions into units can be
manipulated between alternate production schemes for optimal con-
figuration arrangement [3,10,13]. Integrability is related to the ability to
readily integrate these modular components, by a set of mechanical,
informational and control interfaces that facilitate integration and
communication, which also allow the future integration of new tech-
nologies [10,18]. Customization has two main aspects: customized
control, obtained through the integration of control modules with the
aid of open-architecture technology, which provides the exact control
functions needed; and customized flexibility, where machines are built
around family parts and that provides only the flexibility needed to
produce those specific parts [3,22]. Convertibility is the characteristic
that allows the system, in an operating mode, to change quickly be-
tween existing products or different batches, by changing tools, part-
programs and fixtures, possibly requiring manual adjustment, allowing
the system to adapt for future products. It also concerns the ability to
transform the existing functionalities of machines to suit new produc-
tion requirements easily [3,18]. Scalability concerns the ability to
modify production capacity incrementally by adding/removing re-
sources or changing system components, rapidly and economically
[4,10,23]. Diagnosability refers to the detection of unacceptable quality
of parts and reliability problems, which are critical factors regarding
the reduction of ramp-up time in RMS. As production systems become
more reconfigurable and are modified more frequently, the ability to
read the current state of a system to detect and diagnose the root cause
of output product defects automatically and then quickly correct op-
erational defects, becomes essential in order to rapidly tune the newly
reconfigured system [3,10,18].

As mentioned previously, although RMS have been discussed over
the last decades, there are only a few empirical studies concerning how
this concept could be transferred and implemented by industry. Some
efforts have been made to quantify some of the core characteristics of
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RMS. A study on diagnosability measures throughout the total life cycle
and integrating the system’s design and manufacturing process, was
conducted by [24], and resulted in a diagnosability index to evaluate
and control quality defects of products and equipment failures. Maier-
Sperredelozzi [25] proposed metrics to evaluate the convertibility of
production systems and of machines, based on assessments of con-
vertibility itself, which were applied to an industrial case that compared
the convertibility of two different configurations of a system. Gumasta
[7] developed a reconfigurability index, considering modularity, scal-
ability, convertibility and diagnosability, conducting an illustrative
example to enlighten the developed methodology. Farid [26] con-
sidered integrability, convertibility and customization to discuss how
these characteristics fit the requirements for reconfigurability measures
in manufacturing systems. Wang [11] developed an evaluation index
system for RMS reconfiguration schemes, which was initiated based on
the six key RMS characteristics. Regarding the questionnaire-based
methodology, research has been restricted to the identification of trends
and perspectives for RMS [27] and to the identification of the key re-
quirements for the design of changeable manufacturing and assembly
systems [28]. Despite these attempts to assess reconfigurability through
its core characteristics, none has empirically tested or validated the
existence of those core characteristics. For this reason, this paper re-
ports an empirical research, more specifically, a questionnaire survey,

that was conducted with Portuguese manufacturing companies to
identify the core characteristics of RMS.

3. Research methodology

3.1. Survey development and data collection

The aim of the proposed survey is to analyse the understanding of
reconfigurability and its core characteristics on manufacturing systems
empirically. Considering the competitive production environment,
manufacturing companies should be able to react rapidly and cost-ef-
fectively to unpredictable changes that occur at an increasing pace,
such as large fluctuations in product demand and in product mix [29].
The reconfiguration process requires major changes in complete cells
and systems, as well as in the software used for planning and control-
ling processes and production. All this adds to the ever growing com-
plexity of products, processes, manufacturing systems and enterprises
[4]. Consequently, these changes can affect the performance of the
current layout configuration, triggering the need to rearrange resources
for the next production period [30]. Taking this into account, the first
part of the survey (appendix, section A) was developed to characterize
respondent companies, seeking to understand: the level of complexity
of their products, operations and Bill of Materials (BOM); the extent of

Table 1
Reconfigurability items used.

Items References
Modularity

The major equipment in our manufacturing system can be easily added to, or removed from, the shop floor
Our equipment is made of several functional modules that can be easily added/removed
The major equipment in our manufacturing system can be easily reorganized to obtain an adapted configuration to
manufacture new products
Our material handling system (between workstations) allows an easy rearrangement of the process flow, by adding/
ignoring operations, according to the product to be manufactured
Our manufacturing system is composed by hardware and software modules that can be integrated quickly and
reliably

[3,10,12,18,21,29]

Integrability
We can integrate equipment rapidly and precisely by a set of mechanical, informational and control interfaces in our
production system
Our equipment is operated/coordinated by an integrated control system, exploited in an open-architecture
environment
Our manufacturing system allows an easy integration of new equipment and new technologies
Our equipment and our control system were designed with interfaces that facilitate the integration of new
components

[4,10,12,18,26]

Customization
The location of our equipment on the shop floor was chosen considering the need to produce an entire product
family
Our manufacturing system’s capacity and flexibility (hardware and control system) were designed to match the
production needs of a product family
Our control system, supported by an open-architecture technology, can be customized to have the exact control
functions needed

[3,12,18,26]

Convertibility
The capacities of our manufacturing system and of our equipment can be easily transformed to respond to changes in
production requirements
We can easily stop an equipment operation and reconfigure its functions to manufacture a new product type
We can change quickly from the manufacturing/assembling one product to another, if they are from the same family
Our manufacturing system allows for an easy switch between existing products and can adapt to new/future
products

[3,4,10,18,25,26]

Scalability
Our production capacity can be changed by adding/removing equipment or by changing the system’s components
Our manufacturing system can easily respond to unexpected equipment failures
We can easily add equipment, at any stage of the production process, without interrupting operations for long
periods
Our throughput can be changed to respond to changes in demand in a relatively short time

[4,10,12,33]

Diagnosability
Our manufacturing system can automatically detect defective products, diagnose their root causes and reset its
parameters to restore the initial situation
Our manufacturing system includes inspection resources that allow the detection of quality defects in real time
Our manufacturing system uses inspection equipment that can be easily reconfigured for use in different stages of
the production process
In a start-up phase, we can adjust the manufacturing system parameters, thus reducing the ramp-up time, because
we have mechanisms that allow a quick diagnosis of problems with quality
Our manufacturing system can automatically identify the source/cause of failures or problems with quality

[3,10,12,18,24]
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the variability in demand or product mix and the objectives and fre-
quency of layout rearrangement.

The second part of the questionnaire concentrated on questions
regarding the core characteristics of reconfigurability. The research
team developed the questionnaire supported on the literature. All items
were measured using a 7-point Likert scale, with the responses ranging
from 1 (strongly disagree) to 7 (strongly agree). Table 1 shows the re-
ferences of these constructs.

After the development of the items, a two-member panel of aca-
demic experts with extensive industrial management experience and
cognizance of Portuguese manufacturing companies, and a Scientific
Committee specialized in this field of study were requested to review
the questionnaire critically and make comments and suggestions for its
improvement. The questionnaire was presented in a meeting of a re-
search project, focused on industry 4.0, to a group of eight academics
and managers from three universities, two research centres and three
companies, who contributed to the improvement of the clarity of the
questions. It was suggested that a combination of phone contact and
online approach would affect the response rate and data quality posi-
tively. Since managers from three manufacturing companies were
present in the meeting and had prevented the inclusion of obvious
questions and provided feedback on what could affect whether and how
the targeted respondents would answer the questions, a pilot test was
conducted only on two companies before the final dissemination. The
pre-tested companies were asked whether the instructions and the
questions were clear, whether there were any problems understanding
what kinds of answers were expected or in providing answers to the
questions asked and whether the planned administration procedure
would be effective.

Following the experts’, the Scientific Committee’s and Dillman’s
[31] recommendations, companies were contacted by phone to identify
the respondents and to introduce the objectives of the study. An elec-
tronic survey (e-survey) was developed, but the access link to the
questionnaire was e-mailed exclusively to the target respondents. The
main advantages of this data collection method are the lowest relative
cost and the ease of securing information. However, the e-survey
usually has lower response rates than other survey methodologies [32].
To ensure a satisfactory response rate a reminder e-mail was sent to
urge non-respondents to complete the survey if they had not done so
already two weeks after the first contact. Then, two weeks after that
reminder, a final appeal was sent to non-respondents. A summary of the
survey results was promised to the respondents, evaluating the extent of
reconfigurability in their companies.

3.2. Response rate and characterization of the respondents

The questionnaire targeted 600 Portuguese manufacturing compa-
nies and subsidiaries of multinational companies operating in Portugal.
The 600 manufacturing companies were randomly selected from an
initial list of 11,000 organizations to construct the sample, which was
mainly obtained from the Sabi database (https://www.bvdinfo.com).
The companies selected are currently in operation and have an annual
turnover of more than 1 million euros. The selection covers manu-
facturing companies from different industrial manufacturing sectors
and are clustered according to their sizes, namely micro- (< 10 em-
ployees), small- (10 to 49 employees), medium-sized (50 to 249 em-
ployees) and large companies (> 250 employees), yielding a hetero-
geneous sample [34]. This approach was used to ensure a moderate
level of external validity and to contribute to the generalization of the
results [32]. The preferred target respondents were the managers with
direct involvement in operational and strategic decision-making and
knowledge of production processes and strategies. From the survey
distribution, 7 companies did not respond to the questionnaire, because
it was against the companies’ policies and 288 did not give any response
or justification. In total, 305 responses were received, of which 193
were incomplete, i.e., the respondent did not answer all the questions.

Consequently, there were 112 usable responses from a population of
600 companies, representing an overall response rate of 18.7%. Table 2
summarizes detailed data about the composition of the sample and
respondents.

3.3. Characterization of production systems and layouts

The respondent companies were also asked about their production
policies and the type of production layout. The most commonly adopted
policies are make-to-order (MTO-51.8%), engineer-to-order (ETO-
19.6%), assembly-to-order (ATO-17.0%) and make-to-stock (MTS-
11.6%). The majority of the companies surveyed seems to have a high
level of customization, since the most applied production policies im-
plies that assembly and manufacturing operations, or even the products’
design, only start after receiving firm orders from the customers.
Regarding the complexity, the results show complex operations, BOM
and products. To understand the characteristics of the supply chain that
companies face, they were asked about several criteria (Table 3). The
majority of the respondents reported that changes to product mix,

Table 2
Sample characteristics.

Characteristic Frequency %

Number of employees
<10 8 7.0
10 to 49 28 25.0
50 to 249 52 46.4
> 250 24 21.4

Total 112 100.0
Respondent’s job title
General manager 31 27.7
Production manager 17 15.2
Quality manager 11 9.8
Factory manager 9 8.0
Process engineer 8 7.1
Industrial manager 7 6.3
Maintenance manager 3 2.7
Other 26 23.2

Total 112 100.0

Table 3
Measures of complexity and flexibility in the companies surveyed.

Scales Mean Standard Deviation
(SD)

Complexity
of operations 5.02 1.74
of BOM 4.60 1.94
of products 4.17 2.10

Supply chain characteristics
Changes in product mix 4.36 1.88
Variations in supply requirements 4.20 1.82
Demand fluctuation 4.04 1.80
Volume fluctuation 3.79 1.76
Technical modification of products 3.79 1.82
Modifications to parts/components (by
suppliers)

2.29 1.74

Table 4
Frequency and criteria considered when changing layout configuration.

Scales Mean SD

Frequency
Layout modification 2.98 1.81

Criteria
Lead time 5.21 1.57
Throughput 5.16 1.67
Material handling costs 4.45 1.75
Work in progress 4.32 1.70
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variations in supply requirements and demand fluctuations occur on a
weekly basis, while volume fluctuations, technical modifications of
products and modifications to parts/components by suppliers are less
frequent. These results highlight the need for a highly responsive
system, able to respond quickly to sudden market changes.

The most common layout configuration is the process layout
(55.4%), followed by product layout (25.9%) and cellular layout
(18.8%). Referring to the frequency of layout rearrangement (Table 4),
respondents reported that production layout is not modified frequently,
i.e. the system’s structure is predominantly fixed. However, when a
layout change occurs, the impact on lead time and throughput are more
important than the impact on material handling costs and work in
progress levels.

3.4. Reliability and validity analysis

The goodness of measures is evaluated according to reliability and

validity. The lack of reliability introduces a random error while the lack
of validity introduces a systematic error [35]. Reliability refers to the
stability and the consistency in the measurement score and indicates
dependability, predictability and accuracy, because it refers to the ex-
tent to which a measuring procedure achieves the same results in re-
peated trials [32]. In this research, the internal consistency method was
used to assess the reliability. In order to assess the internal consistency
of the scales, Cronbach’s coefficient alpha (α) was calculated. It is ex-
pressed in terms of the average inter-item correlation (ρ ) among the n
measurement items in the instrument under consideration [36], as
follows:

=

+ −

α
nρ
n ρ1 ( 1)

The alpha value of 0.7 is often considered the criterion for internal
consistency for established scales, but the value of 0.6 is acceptable in
the case of newly developed measures. An α≥ 0.8 indicates that the

Table 5
Scales’ validity and reliability.

Scale Nº of
items

Cronbach’s
α

Factor
loading

Mean SD

Customization 3 0.731 4.83 1.12
Our manufacturing system’s capacity and flexibility (hardware and control
system) were designed to match the production needs of a product family

0.845 5.02 1.38

The location of our equipment on the shop floor was chosen considering the
need to produce an entire product family

0.827 5.14 1.34

Our control system, supported by an open-architecture technology, can be
customized to have the exact control functions needed

0.740 4.34 1.44

Adaptability 7 0.818 4.59 0.99
We can easily stop an equipment operation and reconfigure its functions to
manufacture a new product type

0.789 4.53 1.64

We can easily add equipment, at any stage of the production process, without
interrupting operations for long periods

0.729 4.07 1.49

We can change quickly from the manufacturing/assembling of one product to
another, if they are from the same family

0.728 5.22 1.46

Our manufacturing system allows for an easy switch between existing products
and can adapt to new/future products

0.714 4.96 1.34

Our manufacturing system can easily respond to unexpected equipment
failures

0.628 4.36 1.30

Our throughput can be changed to respond to changes in demand in a
relatively short time

0.599 4.69 1.36

The capacities of our manufacturing system and of our equipment can be easily
transformed to respond to changes in production requirements

0.507 4.31 1.43

Diagnosability 5 0.847 3.98 1.27
Our manufacturing system can automatically identify the source/cause of
failures or problems with quality

0.812 3.63 1.66

In a start-up phase, we can adjust the manufacturing system parameters, thus
reducing the ramp-up time, because we have mechanisms that allow the quick
diagnosis of quality problems

0.782 4.16 1.46

Our manufacturing system includes inspection resources that allow the
detection of quality defects in real time

0.760 4.51 1.55

Our manufacturing system uses inspection equipment that can be easily
reconfigured for use at different stages of the production process

0.746 3.98 1.64

Our manufacturing system can automatically detect defective products,
diagnose their root causes, and reset its parameters to restore the initial
situation

0.735 3.47 1.83

Integrability 4 0.833 3.63 1.23
Our equipment is operated/coordinated by an integrated control system,
exploited in an open-architecture environment

0.856 3.27 1.60

Our equipment and our control system were designed with interfaces that
facilitate the integration of new components

0.796 3.77 1.49

We can integrate equipment rapidly and precisely by a set of mechanical,
informational and control interfaces in our production system

0.669 3.34 1.51

Our manufacturing system allows for an easy integration of new equipment
and new technologies

0.665 4.15 1.43

Modularity 3 0.805 3.51 1.20
Our equipment is made of several functional modules that can be easily added/
removed

0.845 3.16 1.58

The major equipment in our manufacturing system can be easily added to, or
removed from, the shop floor

0.827 3.01 1.70

The major equipment in our manufacturing system can be easily reorganized
to obtain an adapted configuration to manufacture new products

0.740 3.36 1.67
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measure is very reliable [37]. Although the cut-off levels for ex-
ploratory research are less stringent, in this study, an α≥ 0.6 was
considered as the criterion, due to its exploratory nature [38].

Regarding the internal consistency, the sample size is an important
factor, because significance tests were developed for large samples. A
sample size of 30 or more is statistically sufficient to calculate the
alpha, but it is possible to have more confidence in the accuracy con-
sidering large samples [37]. This study sample of 112 respondents
permitted alpha values that ranged from 0.731 to 0.841, which in-
dicates a good level of reliability. Validity concerns the extent to which
the instrument captures what it is intended to capture. The content
validity refers to the degree to which the meaning of a set of items
represents the domain of the concept under investigation, while the
construct validity refers to the degree to which the scores obtained
using a set of items behave as expected. The items of this survey
questionnaire were constructed based on a literature review and ex-
perts’ consultancy. Considering their feedback, extra items were
eliminated, assuring that the core characteristics of reconfigurability
were properly measured. After a pilot study a few modifications were
made to the questionnaire, making it more understandable. Since all
this involved field-based content validation, the measures could be
generally considered to have content validity [39].

To assure the construct validity, the first property to check is the
construct’s unidimensionality. To be considered unidimensional, an
empirical indicator must be significantly associated with an underlying
latent variable and with only one latent variable. Evaluating uni-
dimensionality can be performed numerically with an Exploratory
Factor Analysis (EFA) [32]. An EFA by principal components with an
orthogonal rotation (varimax) was conducted for the reconfigurability
characteristics. The factor analysis had five eigenvalues greater than
one, suggesting the presence of five factors, and a total variance ex-
plained of 65%. The rotated solution was examined to determine if the
items in a scale that loaded on more than one factor were meaningful or
unwanted nuisance factors. Those which were a nuisance or which
represented more than one domain were eliminated. Also, the factor
loading of items that did not exceed the generally recommended
minimum value of 0.4 were discarded [38]. Then, Cronbach’s alpha was
recalculated and the remaining items were refactored. Table 5 de-
monstrates the final version of the scales.

4. Data analysis and findings

4.1. Exploratory factor analysis

The factor analysis (Table 5) shows that the companies surveyed
distinguish five core factors. The items concerning convertibility and
scalability have loaded on the same factor, meaning that these char-
acteristics are interpreted as a single one. For a manufacturing system
to be reconfigurable, it must be capable of modifying functionality and/
or capacity, in a cost effective and timely manner. The system must be
easily convertible from one product to another and the production ca-
pacity must be readily scalable to produce more products on the ex-
isting system, exactly when the market needs them [29]. Convertibility
is the system’s ability to adjust production functionality quickly or
change from one product to another [25]. Scalability allows the sys-
tem’s throughput capacity to be readily adjusted to abrupt changes in
market demand [23]. These characteristics differ in that convertibility
concerns the transformation of a system’s functionalities while scal-
ability concerns the modification of production capacity. Besides this,
convertibility includes contributions concerning machines, their ar-
rangements or configuration and material handling devices, and scal-
ability refers to the adjustment of structure, at the system level (adding
or removing machines) and at the machine level (changing a machine’s
hardware and control software, e.g. adding spindles, adding axes, or
changing tool magazines) [29]. However, these core RMS character-
istics may merge because both are directly related to a manufacturing

system’s responsiveness to sudden changes: convertibility to changes in
product mix and scalability to changes in demand. Additionally, both
characteristics must be considered at the project stage of RMS, which
must be designed at the outset for future expansion in its functions and
throughput capacity, to enable changes in supply exactly when needed
by the market [23].

The existence of five core characteristics regarding a system’s re-
configurability is supported by the early studies on RMS, which con-
sidered modularity, integrability, customization, convertibility and di-
agnosability as the essentials [3,6,18,21]. Nevertheless, these first
definitions of convertibility concerned only the changeover between
products and batches, changes of tools, part-programs and fixtures, and
system adaptations for new products. Despite considering the structural
adjustment at the machine level, which is a partial description of
scalability, they did not include the needs at the system level, i.e., the
addition or removal of resources to readily adapt the system’s
throughput capacity for future expansion. For this reason, the de-
scription of convertibility does not fit that construct that merged con-
vertibility and scalability measures. A more suitable definition, gath-
ering and generalizing both main abilities, is adaptability, that can be
defined as the property of a manufacturing system that enables it to
adapt its capacity and functionality by means of an adjustable structure
to changed or new situations. This permits a short term resetting of the
system to produce different variants of current products or new pro-
ducts, and guarantees a high long-term benefit-to-cost-ratio [3].
Adaptability is commonly related to a system’s arrangement and its
physical configuration, and is considered at the system’s design stage,
as well as convertibility and scalability.

Modularity factors are supposed to measure whether manufacturing
equipment is composed by modules that can be easily reorganised,
added to, or removed from, the shop floor to obtain an adapted con-
figuration of the production system. Integrability items attempt to
identify whether companies are capable of integrating new technolo-
gies or equipment in the existing production system and the existence of
an integrated control protocol. The aim of customization is to verify
whether the production system was designed based on a product family
that has the exact control functions needed. Diagnosability is intended
to identify whether the manufacturing system includes inspection re-
sources that allow the detection of failures or problems with quality in
real time. The results obtained regarding these factors are aligned with
findings in the literature and their positioning is discussed in the next
section.

4.2. The implementation level of RMS core characteristics

In Table 5, a summary of the respondents’ perceptions of the im-
plementation level of the variables investigated is presented. These core
characteristics determine the time, the effort and the cost of the re-
configuration process and enable a rapid response to sudden market
changes [3,10].

For the companies surveyed, the characteristic ranked in first place
was customization, which is coherent due to the production strategies
most adopted. This means that the capacity and the flexibility of their
manufacturing system and the placement of equipment were designed
around a part/product family, with enough customized flexibility to
manufacture all members of that family, and that the control system
provides the exact control functions required. The characteristic ranked
second was adaptability, meaning that the companies surveyed are
capable of adjusting the functions and throughput capacity of their
systems to respond to unpredictable changes in production require-
ments and market demand. In addition, the companies are able to stop
the operation of a machine and reconfigure its functions, respond to
unexpected equipment failures and add equipment at any stage of the
production process, thus allowing an easy switch between existing
products and the adaptation to new or future products. Adaptability
should also be considered at the design stage of the system, but it is less
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implemented than customization, because it may require an initial in-
vestment to allow future convertibility and scalability actions.
However, being capable of reconfiguring functions and incrementing
capacity by the exact amount, exactly when the market requires, may
reduce costs in the long term.

Diagnosability was the characteristic ranked third. The manu-
facturing systems of the respondent companies include inspection re-
sources that allow the detection of quality or reliability problems and
defective products in real time, as well as the diagnosis of their root
causes and the resetting of their parameters to restore the initial si-
tuation or adjust its parameters. A rapid tuning to new conditions is
essential to produce quality products. Indeed, performing in-process
diagnostics may dramatically shorten the ramp-up time after re-
configurations and it allows the rapid identification of problems with
quality and reliability during normal production. Additionally, the re-
spondents perceive lower implemented levels of integrability and
modularity. The majority assumed that companies have difficulties in
easily, rapidly and precisely integrating a control system, new equip-
ment or new technologies. Ideal RMS are able to integrate machine
tools, sub-assemblies and sub-systems in changed manufacturing sce-
narios, exchange real time information, including their status and be-
come participative in enhancing system efficiency [19].

The lack of machine tool design methodology and the lack of in-
terfaces increase the barriers that impede modularity [3]. These are
possible reasons why modularity was listed as the least ranked char-
acteristic. The companies surveyed reported that the most important
equipment is not composed by modules, cannot be easily reorganized to
obtain an adapted structure to manufacture new products, nor be easily
added or removed from the shop floor. Despite the aim to develop
designs with different detachable modules for rapid and easy re-
configuration, efficient upgradation and other engineering objectives,
each objective may require different modularisation, thus increasing
the costs of the implementation of modularity [19].

While customization and adaptability reduce reconfiguration costs
and were considered as critical characteristics of RMS, diagnosability,
integrability and modularity support RMS characteristics, minimize
reconfiguration time and effort and allow rapid reconfiguration, but
they do not guarantee modifications in production capacity and func-
tionality [10,13]. Note that the two critical characteristics of re-
configurability (customization and adaptability) appear to be more
implemented than the other three characteristics (modularity, integr-
ability and diagnosability). A t-test was performed showing that there is
a statistical significant difference, at a 99% level, between the means of
the two first variables and of the last three variables.

Hence, it is possible to say that production systems seem to be
prepared to be reconfigurable, but they lack the characteristics that
allow for a rapid reconfiguration, making reconfigurability difficult to
achieve (it is possible, but it implies interrupting production for long
periods and, consequently, high costs). As a rule, these three char-
acteristics that are less present in manufacturing systems are also the
hardest and the most expensive to implement.

Novel technologies preconized in the concept of industry 4.0 might
help to increase the level of implementation of these three RMS core
characteristics. In fact, in industry 4.0, production systems evolve to Cyber
Physical Production Systems (CPPS), which comprise smart machines,
warehousing systems and production facilities that have developed digi-
tally and feature end-to-end integration. By using data analytic tools,
control charts statistical knowledge and intelligent algorithms, data can be
processed to provide valuable information for manufacturers [9]. These
technologies and the principle of 3D scanning for automated quality in-
spection may contribute to real time processing, enabling diagnosability.
However, these technologies possesses drawbacks, such as the high cost of
the devices, limited point per second scanning volume, and need for high-
capability hardware for data processing [9].

Although integrability implies a mutual information and commu-
nication system for all equipment and organizational functions, the

current production scenario in many companies seem to have multiple
protocols, with the associated problems that this may bring. CPPS can
bring together virtual and physical worlds to create a truly networked
world in which intelligent objects communicate and interact with one
another. Thus, standardized data communication protocols and in-
formation modelling methods may be used to address this issue [9]. On
the other hand, integrability also needs mechanical and physical sys-
tems, including transportation systems, which ease the introduction of
new equipment. The use of radio frequency identification devices
(RFID), sensors and cameras attached to critical components could fa-
cilitate the collection and transmission of real time data. Compatible
information systems, reconfigurable controls and more flexible trans-
portation systems, e.g., Automated Guided Vehicles (AGV), could also
contribute to the increase of the systems’ integrability. In addition, an
open and integrated environment may enhance the data acquisition
capabilities of devices and applications, and move towards a plug-and-
play environment to reduce the cost of data integration [9].

Finally, modularity is still difficult to find in the majority of manu-
facturing equipment, although it is a key factor and should be included in
the design phase. Lightweight equipment and mobile and collaborative
robotics that facilitate rapid and easy addition to, or removal of, robots
from tasks, may contribute to reinforcing this ability. Furthermore, tech-
nological advances in the field of industry 4.0 may overcome the diffi-
culties of having a harmonized human-machine environment, which al-
lows effective and profitable co-existence and cooperation [13,14].

Modular-based systems have many benefits that will make it pos-
sible to achieve the paradigm of reconfigurable manufacturing systems
and the necessary mass customization. Due to its modularity, it is
possible to achieve sufficient variety by combining different modules
while significantly reducing the number of parts that need to be pro-
duced for a product family. Moreover, if the modularity is incorporated
in the design process from the outset, the life cycle cost will be de-
creased. The greater the modularity is, the lower the life cycle cost will
be, where standardized module interfaces have a positive impact as
they harmonize the work content [13].

5. Conclusion and further research

This research focused on an empirical analysis of reconfigurability
in manufacturing systems, by measuring the extent to which the core
characteristics of RMS are implemented. The questionnaire survey was
conducted with 600 Portuguese manufacturing companies and 112
usable responses were obtained, representing a response rate of 18.7%.
The reliability and validity achieved provide tentative evidence that
this measurement instrument is reliable and valid. Reliability was de-
monstrated with Cronbach’s alpha values, which all exceeded 0.7, four
of them, namely: diagnosability, integrability, adaptability and mod-
ularity, obtained Cronbach’s alpha values of ≥ 0.8. Construct validity,
assessed by an EFA, showed that all factor loadings exceeded the
threshold value defined.

Although RMS have been discussed over the last decades and some
efforts have already been made to measure the reconfigurability of
manufacturing systems, none have empirically tested or validated the
core characteristics or has used a survey research methodology. This
investigation represents the first effort using exploratory survey re-
search that tests the core characteristics of RMS. The findings support
the existence of five core characteristics of reconfigurability instead of
the six predicted in the literature. Convertibility and scalability merge
and are understood as one unique dimension, because both are directly
related to a manufacturing system’s responsiveness to abrupt changes
and future market conditions, and both must be considered at the de-
sign stage of reconfigurable systems.

The results make it possible to understand the level of implementation
of each RMS core characteristic in the companies surveyed. Customization
and adaptability, which have been considered critical reconfiguration
characteristics, have a higher level of implementation than diagnosability,
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integrability and modularity, which enable a rapid reconfiguration but
without guaranteeing modifications in production capacity and function-
ality. Thus, the findings show that while production systems seem to be
prepared to be reconfigurable, they lack the characteristics that allow for a
rapid reconfiguration.

Customization seems to be the easiest characteristic to implement,
while modularity the hardest. Despite allowing a rapid reconfiguration,
modularity may also require additional investment, because different and
various modules may be needed to compartmentalise operational func-
tions. It can be concluded that manufacturing companies tend to prioritize
the implementation of characteristics and practices that reduce the overall
costs.

The findings seem to suggest that the novel technologies preconized
by the concept of industry 4.0, such as big data analysis and real time
collection, flexible transportation systems or mobile and collaborative
robotics, might significantly contribute to the increase of manu-
facturing systems reconfigurability.

In practical terms, the questionnaire developed can be used by
managers to assess the degree of reconfigurability of their production
systems and for internal and external benchmarking. Furthermore, this
paper highlights some current technological advances, discussing how
they can contribute to improve each of the core characteristics of RMS.
The sum of RMS core characteristics determines the ease and the cost of
reconfiguring manufacturing systems. Thus, knowing the level of

implementation of each core characteristic and how each one can be
improved might help managers to decide strategies to increase the re-
configurability of their production systems.

The data for this survey were collected from firms based in Portugal.
This is a limitation of this study and, therefore, the replication of this
questionnaire in other countries is recommended for future research in
order to confirm its findings. Other directions for further studies concern
the validation of this research instrument using a confirmatory analysis
and the analysis of the relationship among the characteristics of re-
configurability, layout configurations and performance indicators. The
questionnaire proposed could also be the basis for the development of an
index to measure reconfigurability. Future research should be directed at
the core characteristics of RMS, which seem to be implemented to a lesser
extent in the companies surveyed (diagnosability, integrability and mod-
ularity), seeking to identify solutions to improve their level of im-
plementation. Finally, it would be interesting to understand how the core
characteristics of RMS interact (e.g., whether they possess similar/different
behaviour or whether one impacts positively/negatively on another).
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Appendix. Questionnaire

Company’s name:
Country:
Year of foundation:
Number of employees:
Your job title:
Select the industry type that best describes your company’s activities:

Section A

From now on, please always refer to the dominant activity, i.e., which best represents your plant.
A1 How would you describe the complexity of the dominant activity?

Modular product design1 1 2 3 4 5 6 7 Integrated product design2

Very few parts/materials, one-line bill of material 1 2 3 4 5 6 7 Many parts/materials, complex bill of material
Very few steps/operations required 1 2 3 4 5 6 7 Many steps/operations required

1The modular design describes a product made up of standardized and independent components that can be combined in various ways to create
different products.

2The integrated design describes a product composed of connected and dependent components, which must be adjusted to change the func-
tionalities of this product.

A2 To what extent do you agree with the following statements?

Strongly
disagree

Disagree Somewhat
disagree

Neither agree
or disagree

Somewhat
agree

Agree Strongly
agree

Your demand fluctuates drastically from week to week 1 2 3 4 5 6 7
Your total manufacturing volume fluctuates drastically from

week to week
1 2 3 4 5 6 7

The mix of products you produce changes considerably from
week to week

1 2 3 4 5 6 7

Your supply requirements (volume and mix) vary drastically
from week to week

1 2 3 4 5 6 7

Your products are characterized by a lot of technical
modifications

1 2 3 4 5 6 7

Your suppliers frequently need to carry out modifications to
the parts/components they deliver to your plant

1 2 3 4 5 6 7
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A3 Select the statement that best fits your production system.

☐ The products are dispatched immediately after receiving the customer’s order
☐ The assembly operations only take place after receiving the customer’s order
☐ The manufacturing operations only start after receiving the customer’s order
☐ Your products are designed and manufactured after receiving the customer’s order

A4 To what extent do you agree with the following statements?

Strongly
disagree

Disagree Somewhat
disagree

Neither agree or
disagree

Somewhat
agree

Agree Strongly
agree

We can say that our layout configuration changes
several times a year

1 2 3 4 5 6 7

A5 How important do you consider the following criteria when you change the layout configuration of your production system?

Not at all
important

Not very
important

Somewhat
important

Neither important or
unimportant

Somewhat
important

Very
important

Extremely
important

Work in process 1 2 3 4 5 6 7
Lead time 1 2 3 4 5 6 7
Throughput 1 2 3 4 5 6 7
Material

handling
costs

1 2 3 4 5 6 7

A6 How is the layout configuration of your dominant activity characterized?

☐ Process layout
☐ Product layout
☐ Cellular layout

Section B

Remember to answer considering the plant’s dominant activity.

B1 To what extent do you agree with the following statements?

Strongly
disagree

Disagree Somewhat
disagree

Neither
agree or
disagree

Somewhat
agree

Agree Strongly
agree

The major equipment of our manufacturing system can be easily
added to, or removed from, the shop floor

1 2 3 4 5 6 7

Our equipment is made of several functional modules that can be
easily added/removed

1 2 3 4 5 6 7

The major equipment of our manufacturing system can be easily
reorganized to obtain an adapted configuration to
manufacture new products

1 2 3 4 5 6 7

Our material handling system (between workstations) allows an
easy rearrangement of the process flow, by adding/ignoring
operations, according to the product to be manufactured*

1 2 3 4 5 6 7

Our manufacturing system is composed by hardware and software
modules that can be integrated quickly and reliably*

1 2 3 4 5 6 7
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B2 To what extent do you agree with the following statements?

Strongly
disagree

Disagree Somewhat
disagree

Neither
agree or
disagree

Somewhat
agree

Agree Strongly
agree

We can integrate equipment rapidly and precisely by a set of
mechanical, informational and control interfaces in our
production system

1 2 3 4 5 6 7

Our equipment is operated/coordinated by an integrated control
system exploited in an open-architecture environment

1 2 3 4 5 6 7

Our manufacturing system allows an easy integration of new
equipment and new technologies

1 2 3 4 5 6 7

Our equipment and our control system were designed with
interfaces that facilitate the integration of new components

1 2 3 4 5 6 7

B3 To what extent do you agree with the following statements?

Strongly
disagree

Disagree Somewhat
disagree

Neither
agree or
disagree

Somewhat
agree

Agree Strongly
agree

The location of our equipment on the shop floor was chosen
considering the need to produce an entire product family

1 2 3 4 5 6 7

Our manufacturing system’s capacity and flexibility (hardware
and control system) were designed to match the production
needs of a product family

1 2 3 4 5 6 7

Our control system, supported by an open-architecture
technology, can be customized to have the exact control
functions needed

1 2 3 4 5 6 7

B4 To what extent do you agree with the following statements?

Strongly
disagree

Disagree Somewhat
disagree

Neither
agree or
disagree

Somewhat
agree

Agree Strongly
agree

The capacities of our manufacturing system and of our equipment
can be easily transformed to respond to changes in production
requirements

1 2 3 4 5 6 7

We can easily stop equipment operation and reconfigure its
functions to manufacture a new product type

1 2 3 4 5 6 7

We can change quickly from manufacturing/assembling one
product to another, if they are from the same family

1 2 3 4 5 6 7

Our manufacturing system allows an easy switch between existing
products and can adapt to new/future products

1 2 3 4 5 6 7

B5 To what extent do you agree with the following statements?

Strongly
disagree

Disagree Somewhat
disagree

Neither
agree or
disagree

Somewhat
agree

Agree Strongly
agree

Our production capacity can be changed by adding/removing
equipment or by changing the system’s components*

1 2 3 4 5 6 7

Our manufacturing system can easily respond to unexpected
equipment failures

1 2 3 4 5 6 7

We can easily add equipment, at any stage of the production
process, without interrupting operations for long periods

1 2 3 4 5 6 7

Our throughput can be changed, in a relatively short time, to
respond to demand changes

1 2 3 4 5 6 7
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B6 To what extent do you agree with the following statements?

Strongly
disagree

Disagree Somewhat
disagree

Neither
agree or
disagree

Somewhat
agree

Agree Strongly
agree

Our manufacturing system can automatically detect defective
products, diagnose their root causes and reset its parameters to
restore the initial situation

1 2 3 4 5 6 7

Our manufacturing system includes inspection resources that
allow the detection of quality defects in real time

1 2 3 4 5 6 7

Our manufacturing system uses inspection equipment that can be
easily reconfigured for use in different stages of the production
process

1 2 3 4 5 6 7

In a start-up phase, we can adjust the manufacturing system’s
parameters, thus reducing the ramp-up time, because we have
mechanisms for the quick diagnosis of problems with quality

1 2 3 4 5 6 7

Our manufacturing system can automatically identify the source/
cause of failures or problems with quality

1 2 3 4 5 6 7

*Items discarded after the EFA, because the loaded factor not exceeded the generally recommended minimum value of 0,4.
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