
Aalborg Universitet

Towards human-centric reconfigurable manufacturing systems

Literature review of reconfigurability enablers for reduced reconfiguration effort and
classification frameworks
Napoleone, Alessia; Andersen, Ann-Louise; Brunø, Thomas Ditlev; Nielsen, Kjeld

Published in:
Journal of Manufacturing Systems

DOI (link to publication from Publisher):
10.1016/j.jmsy.2022.12.014

Creative Commons License
CC BY 4.0

Publication date:
2023

Document Version
Publisher's PDF, also known as Version of record

Link to publication from Aalborg University

Citation for published version (APA):
Napoleone, A., Andersen, A.-L., Brunø, T. D., & Nielsen, K. (2023). Towards human-centric reconfigurable
manufacturing systems: Literature review of reconfigurability enablers for reduced reconfiguration effort and
classification frameworks. Journal of Manufacturing Systems, 67, 23-34.
https://doi.org/10.1016/j.jmsy.2022.12.014

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            - Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            - You may not further distribute the material or use it for any profit-making activity or commercial gain
            - You may freely distribute the URL identifying the publication in the public portal -

Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

https://doi.org/10.1016/j.jmsy.2022.12.014
https://vbn.aau.dk/en/publications/9f3567a4-02dd-44fe-91ff-fabca5a5c531
https://doi.org/10.1016/j.jmsy.2022.12.014


Downloaded from vbn.aau.dk on: December 04, 2025



Journal of Manufacturing Systems 67 (2023) 23–34

Available online 10 January 2023
0278-6125/© 2023 The Author(s). Published by Elsevier Ltd on behalf of The Society of Manufacturing Engineers. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).

Towards human-centric reconfigurable manufacturing systems: Literature 
review of reconfigurability enablers for reduced reconfiguration effort and 
classification frameworks 

Alessia Napoleone *, Ann-Louise Andersen, Thomas Ditlev Brunoe, Kjeld Nielsen 
Department of Materials and Production, Aalborg University, Denmark   

A R T I C L E  I N F O   
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A B S T R A C T   

The unpredictable market scenario in the manufacturing industry demands the adoption of reconfigurability 
enablers. These enablers reduce the reconfiguration effort throughout the system life cycle and allow frequent 
reconfigurations of the manufacturing system. Despite the relevance of the subject, examples and concepts of 
reconfigurability enablers are fragmented in literature. Therefore, this study systematically reviews literature in 
order to: (i) outline the state of the art on reconfigurability enablers in automated, mixed and manual systems; 
and, (ii) provides classification frameworks for reconfigurability enablers for manufacturing systems, machines, 
robots, material handling systems, and operators. Additionally, new reconfigurability enablers related to In
dustry 4.0 are outlined, which connect systems and human resources with different roles and facilitate responsive 
adaptation of humans to changes. Directions for future research include extending the theory on reconfigurable 
manufacturing with fundamentals of human-centric automation and operationalising the proposed classification 
framework.   

1. Introduction 

The manufacturing industry faces high unpredictability of market 
requirements and a continuous shortening of products’ life cycles [1]. To 
secure responsiveness and competitiveness, manufacturers should 
develop the reconfigurability capability [2–4]. Reconfigurable 
Manufacturing Systems (RMSs) are capable of adopting different con
figurations by repeatedly changing or rearranging their components in a 
cost-effective way, in order to quickly respond to both predicted and 
unpredicted market changes [5,6]. RMSs have the capability to quickly 
adjust both production capacity and functionality to accommodate 
evolving market requirements [7,8]. 

RMSs have been historically considered as automated systems with 
minimized human presence, presupposing the presence of modular 
machine tools, with standard hardware and software interfaces making 
them integrable with each other and with new technologies’ in
troductions [7,9]. More recently, reconfigurability has been addressed 
as a multi-dimensional capability, which can be designed and imple
mented recurring to multiple reconfigurability enablers that should be 
selected based on context-specific systems’ features [10–13]. 

To this regard, the Industry 4.0 paradigm, often associated with the 
development of Cyber-Physical Manufacturing Systems or Smart fac
tories, brings “cyber” or logical enablers which complement and 
enhance “physical” systems [14–16]. Industry 4.0 has also paved the 
way to the concept of “human-centricity”, where the human presence 
and well-being in the factories of the future should be seen as prereq
uisite to increase competitiveness and reconfigurability [17,18]. The 
literature linked to the Industry 4.0 paradigm provides relevant insights 
regarding human operators, their relevance and interactions with other 
“smart” resources, such as machines, robots and material handling sys
tems [19,20]. However, this growing research stream does not primarily 
focus on how these smart resources allow to develop the reconfigur
ability capability in manufacturing. From the RMS context, existing 
literature does not primarily focus on how Industry 4.0 affects the 
reconfiguration effort and enables frequent reconfigurations. 

Thus, even though reconfigurability enablers are gaining increasing 
attention in literature, examples and concepts of reconfigurability en
ablers are fragmented. To the best of the authors’ knowledge, there is no 
contribution that comprehensively and exhaustively outlines and clas
sifies the enablers for systems, machines, robots, material handling 
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systems and operators. 
Considering both (i) the relatively recent scientific interest for 

reconfigurability as a multi-dimensional capability supported by 
different enablers, and (ii) the Industry 4.0 paradigm potentially making 
new reconfigurability enablers available, this study aims to: (i) investi
gate the state of the art on enablers for reduction of the reconfiguration 
effort in automated, mixed and manual manufacturing systems; and (ii) 
outline the reconfigurability enablers for manufacturing systems, ma
chines, robots, material handling systems, and operators and provide 
classification frameworks relevant for both academics and practitioners. 

Specifically, the following research questions (RQs) are addressed: 

RQ1.. What is the state of the art on enablers for reduction of the 
reconfiguration effort in automated, mixed, and manual manufacturing 
systems? 

RQ2.. How can reconfigurability enablers for manufacturing systems, 
machines, robots, material handling systems, and operators be classified 
in frameworks relevant for academics and practitioners? 

The remainder of the paper is structured as follows. Section 2 in
troduces the concept of reconfigurability enablers. Section 3 describes 
the adopted methodology for addressing the RQs. Sections 4 and 5 
present the results of this study; specifically, Section 4 answers RQ1 and 
provides the state of the art on enablers for reduction of the reconfigu
ration effort in automated, mixed and manual systems; Section 5 an
swers RQ2 and provides multiple classification frameworks for 
reconfigurability enablers for systems, machines, robots, material 
handling systems and operators. Section 6 details the relevance of this 
study for academics and practitioners. Lastly, Section 7 concludes and 
provides directions for further research. 

2. Enablers for reduction of the reconfiguration effort 

In this study, the term reconfigurability “enabler” has been used to 
categorize any means to reduce the reconfiguration effort during a 
reconfiguration of the manufacturing system throughout its life cycle 
[21,22]. The reconfiguration effort has three components [23,24]: 

Fig. 1. Physical and logical enablers of the manufacturing system’s reconfigurability.  

Fig. 2. Literature review process.  
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• the reconfiguration time, meaning the time incurred to reconfigure 
the system  

• the reconfiguration cost, meaning the cost incurred to reconfigure 
the system  

• the ramp-up time, meaning the time taken by the system after 
reconfiguration to reach a normal production state at required 
quality and production rate. 

At the beginning of a system life cycle, reconfigurability enablers 
might be partially or completely absent. The latter includes the case of 
greenfield projects. Therefore, the effort required for a reconfiguration 
may be significant. Throughout the manufacturing system life cycle, the 
gradual acquisition of reconfigurability enablers, such as the develop
ment of modular machine tools, progressively reduces the reconfigura
tion effort required for subsequent reconfigurations. 

Manufacturing systems encompass both physical and logical aspects 
[16]. Physical aspects tangibly act on the manufactured output, these 
are machines, robots, operators and material handling systems 
contributing to transform raw materials into finished products [25]. 
Logical aspects drive the behaviour of physical aspects, these are in
formation flows, control systems, human-machine interfaces, and soft
ware applications [26]. Accordingly, reconfigurability enablers can be 
classified in: (i) physical, i.e. enabling physical reconfiguration and (ii) 
logical, i.e. enabling behavioural reconfiguration of the elements of the 
manufacturing system [27,28]. In relation to the research questions, this 
distinction is relevant for two reasons: first, because automated, mixed 
and manual manufacturing systems may need different physical and 
logical enablers; second, because logical enablers are particularly 
affected by the Industry 4.0 paradigm and are expected to affect the 
modes operators perform their activities. Fig. 1 provides a representa
tion of physical and logical enablers in connection with the elements of 
the manufacturing system and to their effect on the reconfiguration 
effort. 

As mentioned in Section 1, reducing the reconfiguration effort is 
relevant for manufacturers today, since it enables rapid, cost-effective 
and frequent reconfigurations when facing evolving requirements, 
thus securing responsiveness and competitiveness in the current context 
[24,29]. For this reason, the concept of enablers is gaining increasing 
attention in literature [13,30–32]. However, to the best of the authors’ 
knowledge, a comprehensive overview of the reconfigurability enablers 
is still missing. 

3. Literature review method 

The literature review method was deemed appropriate for the con
ducted study, since a comprehensive overview of reconfigurability en
ablers allows consolidating and further developing knowledge about 
reconfigurability enablers [33]. 

Thus, in order to collect examples and concepts of enablers for 
reduction of the reconfiguration effort, a structured literature review 
was conducted [34]. The literature review protocol is described in the 
following three steps: (i) scope of the literature review and literature 
search; (ii) inclusion and exclusion criteria and preliminary analysis, 
and (iii) detailed analysis and results of the literature review. 

The overall literature review process is summarized in the following  
Fig. 2 and detailed below. 

In step one, the background theory was explored, based on a pre
liminary literature review, and the goal of the review was defined. To 
find academically relevant papers, the search databases used for the 
investigation were Scopus and Web of Science. To ensure the collection 
of any existing examples and concepts of enablers for reduction of the 
reconfiguration effort, the following search string was used: 

‘manufacturing’ AND (‘reconfiguration effort’ OR ‘reconfiguration cost’ 
OR. 

‘reconfiguration time’ OR ‘ramp-up time’). 

This search string was searched in articles titles, abstracts, and 
keywords. 

The selected string scoped the search within the manufacturing 
domain and ensured an adequately wide scope of investigation. 
Furthermore, setting this wide scope ensured the identification of 
reconfigurability enablers related to the Industry 4.0 paradigm. 

In step two, the pertinent literature was selected by applying the 
following inclusion and exclusion criteria to the identified sample. To 
ensure the high impact of the selected articles in terms of readership, 
only articles written in English language were reviewed. To ensure 
reliability and validity of the findings, only scientific articles were 
considered, thus excluding trade journals and magazines. Finally, only 
articles published after 2009 were reviewed, because Industry 4.0 - in 
literature often interchangeably referred as Cyber-Physical Production 
or Smart Manufacturing - has gained increasing interest in literature 
since the beginning of the 2010 s. This was preliminarily assessed with a 
search of the following search string in Scopus and Web of Science: 

“Industry 4.0′′ AND “Cyber-Physical Production” AND “Smart 
Manufacturing”. 

The search showed an exponential growth in related research articles 
after 2009. By applying the aforementioned inclusion and exclusion 
criteria, a set of 124 pertinent articles was initially identified. The search 
is updated to October 2022. 

A preliminary analysis of the abstracts led to the selection of 59 ar
ticles describing how the reconfigurability capability reduces the 
reconfiguration effort. To retain the focus within the factory domain, 
literature focusing on enablers of reconfigurability at network and 
supply chain level was not considered. 

In step three, a detailed analysis of the full text of the 59 articles was 
conducted. The identified enablers were transcribed and analysed in an 
Excel database and the results of the study were outlined. 

During the detailed analysis, multiple classifications of enablers were 
made, according to: (i) the level of the enabler and referred element of 
the factory, (ii) the nature of the enabler, and (iii) the effect of the 
enabler on the reconfiguration effort, as explained below.  

i. Level of the enabler and referred element of the factory. Part of 
the identified enablers was at system level, since these enablers 
included at least one interrelation between one or more indi
vidual elements of the factory, meaning machine, robot, material 
handling system, operator, and in fewer cases product. This in
formation, together with the referred elements of the factory, 
were reported in the Excel database. For the remaining enablers 
(i.e., those not at system level), only the information about 
referred element of the factory was reported in Excel.  

ii. Nature of the enablers. According to the criteria described in 
Section 2 and summarized in Fig. 1, all the identified enablers 
were additionally classified in physical and logical ones, enabling 
physical and behavioural reconfiguration, respectively. This in
formation was reported in the Excel database.  

iii. Effect of the enabler on the reconfiguration effort. Finally, the 
affected components of the reconfiguration effort – namely, the 
reconfiguration time, the reconfiguration cost, the ramp-up time, 
or any combination of these three - were specified in the Excel 
database as stated in literature. 

Additionally, in this step, it was observed that literature referred to 
reconfigurability enablers with different levels of detail, meaning that 
some studies provided broad descriptions, some others provided specific 
details. These descriptions were transcribed in Excel and further ana
lysed at a later time aiming to combine related descriptions, based on the 
aforementioned (i), (ii) and (iii). 

The results of the conducted literature review, detailed in Sections 4 
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and 5, consist of the state of the art on reconfigurability enablers in 
automated, mixed, and manual manufacturing systems and of multiple 
classification frameworks. Specifically, Section 4 summarizes the sample 
of literature according to: (i) the level of the enabler and referred 
element of the factory; and (ii) the nature of the enablers. Section 5 
describes in detail (i) and (ii), also considering (iii), i.e., the effects of the 
enablers on the reconfiguration effort, thus providing comprehensive 
classification frameworks of the physical and logical enablers for 
reduction of the reconfiguration effort for manufacturing systems, ma
chines, robots, material handling systems and operators. 

4. State of the art on reconfigurability enablers for automated, 
mixed and manual systems 

When classifying the literature sample of 59 articles according to the 
level of the enabler and referred element of the factory, it was observed 
that, 47 articles addressed enablers for reduction of the reconfiguration 
effort at system level (79.7 % of the sample) and 12 at workstation level 
(20.3 % of the sample). None of the articles at workstation level referred 
to enablers related to operators; therefore, in the remainder the work
station level has been also indicated as machine level. A summary of the 
analysed sample based on level of the enabler and referred element of 
the factory is provided in the following Fig. 3. 

Among the 47 articles at system level, the following types of 
manufacturing systems were considered: 

• automated systems, meaning systems with minimum human inter
vention, in 5 articles (corresponding to the 8.5 % of the sample);  

• mixed systems, meaning systems with a combination of machining, 
robotic and manual operations, in 41 articles (69.5 % of the sample);  

• manual systems in 1 article (1.7 % of the sample). 

Regarding the referred elements of the factory, the 59 articles were 
classified as follows:  

• 35 articles (59.3 % of the sample) referred to enablers supporting the 
machine or the robot, in case of robotic operations; specifically, 23 
analysed them also at system level, and the remaining considered 
them only at workstation level.  

• 7 articles (11.9 % of the sample) referred to enablers supporting the 
operator.  

• the remaining 17 articles (28.8 % of the sample) referred to enablers 
supporting more elements of the factory - thus at system level - as 
also detailed in the Fig. 3. Specifically: 3 articles addressed enablers 
for all types of elements of the factory, 11 articles addressed enablers 
for the machine and the operator, and 3 articles addressed enablers 
for the machine and the material handling system. 

The following Table 1 completes the aforementioned information 
with information about the nature of the identified enablers since it 
reports the number and percentage of articles addressing physical and 
logical enablers at system and machine levels; and provides the refer
ences of the articles that were found to be relevant for the classifications. 

Moreover, in alignment with the objective of the study, in case of 
mixed systems, Table 1 specifies whether the identified enablers mainly 
support: (i) the machine, (ii) both the machine and the operator or (iii) 
the operator. It can be observed that logical enablers are particularly 
relevant not only to create increasingly automated manufacturing sys
tems, but also to support operators’ adaptability to new requirements. 
This is further discussed in Section 5.4. 

Fig. 3. The analysed sample of literature based on level of the enabler and referred element of the factory.  

Table 1 
Literature addressing physical and logical enablers in automated, mixed, and manual manufacturing systems.   

Manufacturing system level Machine level  

Automated Mixed (mainly related 
to machine) 

Mixed (mainly related to 
both operator and machine) 

Mixed (mainly related 
to operator) 

Manual    

5 papers – 8.5 % of the 
sample 

41 papers – 69.5 % of the sample 1 paper – 1.7% of the 
sample    

Physical Logical Physical Logical Physical Logical Physical Logical Physical Logical Physical Logical 

# of papers 3 5 18 11 6 14 1 6 0 1 5 6 
% in the group 60 % 100 % 85,7 % 52,4 % 42,9 % 100 % 17 % 100 % 0 % 100 % 41,7 % 50 % 

References [35–39] [35–55] 
[40–60]  

[56–69]  

[61–74] 

[75–80] [81] [77–88]  

[83–93]  
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5. Classification frameworks for reconfigurability enablers for 
manufacturing systems, machines, robots, material handling 
systems, and operators 

In the following subsections, classification frameworks are provided 
for each element of the factory, completing, and detailing the informa
tion provided in Section 4 with the affected components of the recon
figuration effort for each physical and logical enabler. Thus, the 
classification frameworks refer to: (i) the manufacturing system, (ii) the 
machine, including the case of the robot, (iii) the operator and, (iv) the 
material handling system. 

Fig. 4 illustrates - with an example referred to the machine - the 
mapping logic adopted in the classification frameworks. In each 
framework, physical and logical enablers were identified, and the 
affected components of the reconfiguration effort were indicated. For 
instance, in Fig. 4 the logical enabler “library of redundant functions” 
allows a reduction of reconfiguration time and ramp-up time. 

Moreover, since the analysed literature referred to reconfigurability 
enablers with different levels of detail – meaning that some studies 
provided broad descriptions, some others provided specific details – the 
provided classification frameworks combine broad and detailed en
ablers, thus enriching the descriptions of the enablers identified in the 
literature review. For example, in Fig. 4 the “adjustable fixtures” detail 
the physical enabler “modular structure”. 

5.1. Enablers for the manufacturing system 

The physical and logical enablers for the manufacturing system are 
described in the following Sections 5.1.1 and 5.1.2, respectively. The 
summary of the results is provided in Section 5.1.3. 

5.1.1. Physical enablers 
The reusability of machines or operators’ skills reduces the reconfi

guration cost [50,80,94], whenever relevant operations are standard
ized and modularized, these can be synergistically be reused across 
manufacturing systems. 

The adjustable level of automation allows a reduction of all three 
components of the reconfiguration effort [40,95]. Whenever the system 
can easily increase or decrease the level of automation, it enables uti
lizing either manual, mixed or automated solutions depending on 
needed adaptability and production rates, thus reducing the reconfigu
ration effort. 

The adjustable layout and positioning of machines [42,43,47,69] 
reduces all three components of the reconfiguration effort. This is also 
supported by the possibility to use alternative process routings, which 

specifically reduces the ramp-up time after reconfigurations or after 
unexpected reconfigurations [53,65,73]. The use of alternative process 
routings depends on the flexibility of processing sequences for specific 
products, but also on the specific adjustability of handling systems as 
outlined in Section 5.3. 

Mobility - i.e., the ability to easily move major components [40] -, 
light weight [55], and low space occupation [40,68,88] of machines are 
all enablers for reduction of reconfiguration cost and time. 

In an adjustable cellular layout, the layout and positioning of ma
chines are designed around a specific product family, thus reducing all 
three components of the reconfiguration effort [45,48,52,56]. 

5.1.2. Logical enablers 
Logical enablers for the manufacturing system connect the system 

with human resources with different roles and positions, including op
erators, operations managers, product, and production experts. This 
empowers human resources in their adaptation to changes. 

The formation of virtual cells allows an adjustable cellular layout 
[63] and reduces the reconfiguration effort since this does not require 
physical changes to the system. Virtual cells require a capability-based 
view of the manufacturing system, where the capability boundaries 
and the operations of each machine are known, formalized and shared. 
These information are usually not provided or partially provided in 
traditional contexts, but they are part of the foundations in a digitalized 
manufacturing system [96]. 

The redundancy of functionalities within the system [58,65,97] re
duces both the reconfiguration time and the ramp-up time, nonetheless 
this leads to the under-utilization of resources [49,55], which contrib
utes to reduce the ramp-up time, but increases the reconfiguration cost. 
To avoid resources’ underutilization, redundant functionalities should 
be virtually available in libraries and made physically available only 
when required; this is detailed in Section 5.2.2. 

Supporting product and production experts in ensuring the co- 
evolution of products and manufacturing systems is a relevant require
ment to reduce the reconfiguration effort, to improve the utility of 
manufacturing resources and prolong the life cycle of manufacturing 
systems [98]. To this end, with the Internet of Things, product and 
production experts can work in a connected environment, based on 
expected market evolution, thus reducing the three components of the 
reconfiguration effort [36,59,64]. Specifically, the digital availability of 
information about market evolution [47], together with the digital twin 
of the product [71], the digital twin of the manufacturing system [66] 
and the use of human-machine interfaces [89] reduce all components of 
the reconfiguration effort. In digital environments, it is possible to 
simultaneously design product and processes with low effort [35,62]. 

Fig. 4. Classification frameworks – mapping logic for the reconfigurability enablers.  
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Moreover, human-machine interfaces support the dynamic acquisition 
of context-related information [61]. The digital twin of the 
manufacturing system should include software kits to design and anal
yse different configurations [85] to reduce all components of the 
reconfiguration effort. When designing and analysing different config
uration, virtual reality and simulation reduce the ramp-up time [78]. 
Moreover, monitoring and resources’ tracking systems [36,66,91] allow 
reducing the ramp-up time, especially thanks to the possibility to ex
change real-time information about the correct execution of operations 
in a standardized way [85]. 

The development of a decentralized control architecture reduces all 
components of the reconfiguration effort [37,90]. In this architecture, 
manufacturing service busses – which implement automatic discovery 
functionality and a common standard for skills – allow easy plug-in of 
workstations [38]. To this end, standard programming language and 
communication protocol of the control system [44], as well as standard 
hardware components with standard bus [85] reduce the reconfigura
tion effort. In addition, a decentralized control architecture can leverage 
on fog and cloud computing [72,90]. 

Relevant information about the products are collected with the 

Fig. 5. Reconfigurability enablers for the manufacturing system.  
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inspection of products at different quality gates along the manufacturing 
processes [69]; the use of connected devices for detection and diagnosis 
of quality problems ensures the required quality of products and reduces 
the ramp-up time [95]. To this end, human-machine interfaces allow the 
exchange of feedback related to quality problems, thus empowering 
operators, or operations managers. The inspection may be performed by 
inspection machines, or operators; in these cases, related enablers are 
detailed in Sections 5.2 and 5.4, respectively. 

To reduce the ramp-up time, relevant information about the 
manufacturing system can be collected with devices for detection and 
diagnosis of reliability problems [95]; this is facilitated by the imple
mentation of machine learning algorithms [75], for example to auto
matically activate machines’ reactions when a problem is detected or to 
identify alternative machines during the ramp-up. Human-machine in
terfaces can be used to report detected and diagnosed problems, 
allowing operations managers to take the right decisions [89]. 

5.1.3. Summary 
The classification framework for the enablers for the manufacturing 

system is shown in Fig. 5. 

5.2. Enablers for the machine and the robot 

The same enablers were identified for both machines and robots. For 
the sake of simplicity, the following sections only refer to machines. 
Specifically, the physical and logical enablers are described in Sections 
5.2.1 and 5.2.2, respectively; and the summary of the results is provided 
in Section 5.2.3. 

5.2.1. Physical enablers 
As traditionally pointed out by researchers, machines with a modular 

structure ensure a reduction of reconfiguration cost and time [51,82, 
93]. To this end, the structure should be: (i) designed to ensure the right 
granularity of modules – meaning that the optimal decomposition of 
machines should be identified [57,88]; (ii) designed to reduce 

Fig. 6. Reconfigurability enablers for the machine and the robot.  
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under-utilization and space occupation of machines; and (iii) designed 
to allow use of the same machines in different configurations [84,85]. In 
general, the use of design methodologies such as the Modular Function 
Deployment, based on the assessment of module drivers thus consid
ering product evolution over time, supports practitioners to develop the 
right extent of machine’s modularity and reduces reconfiguration cost 
and time. For example, whenever the analysis of product evolution leads 
to modularity requirements at tool level – thus implying high granu
larity of modules -, adjustable fixtures [92], or adjustable feeding sys
tems [39,84] can be used to accommodate different sizes of specific 
parts of the manufactured product. 

In a modular structure, to ensure low reconfiguration cost and time, 
the main modules should be classified in: basic modules, which are 
universal [85]; and auxiliary modules, which are reusable [88]. Auxil
iary modules should possibly be easy to add or remove [54], with 
reasonably reduced size [49] and weight [54]. Basic modules accom
modate shared requirements; these are used for the most frequent op
erations given product variety and product evolution. Conversely, 
auxiliary modules accommodate variant-specific requirements. 

To reduce all components of the reconfiguration effort, adequately 
standard interfaces between modules [41] and uncoupled mechanical 
and transmission interfaces [88] can be used. Plug and produce me
chanical interfaces, developed with methods – such as entropy – to 
measure and reduce the complexity of interfaces can support the as
sembly and disassembly of modules in the (re)configuration processes 
[59]. 

5.2.2. Logical enablers 
Plug-and-produce transmission interfaces allow a reduction of the 

three components of the reconfiguration effort [38,84,88]. With the 
Industry 4.0 paradigm, transmission interfaces can ensure the collection 
and use of relevant data at every point of integration [64]; moreover, the 
use of OPC UA Server can reduce the ramp-up after reconfigurations 
[38] since it allows easy plug-in of workstations at system level, as also 
mentioned in Section 5.1.2. 

Digitally available operational capabilities can reduce the reconfi
guration cost, time and ramp-up time [87,96]. A digital library of 
modules, recording also unavailable modules, additionally reduces the 
ramp-up after reconfigurations, other than the reconfiguration cost and 
time [87]. To this end, a library of redundant functions, reduces the 
ramp-up time [88] and the reconfiguration time, as also mentioned in 
Section 5.1.2. 

Ensuring a stable quality of the machining output [84] - eventually 
relying on high precision in robotics [93] and the use of measuring 
devices [93] - reduces the ramp-up time after reconfigurations. 

Machine reconfigurations procedures might be automated or require 
the intervention of the operator. To reduce both reconfiguration and 
ramp-up times, the reprogramming of machines can rely on machine 
learning algorithms to allow the automatic selection of process param
eters [83]; alternatively, human-machine interfaces [80] support oper
ators. The ramp-up time is also reduced with tools for the simulation of 

the calibration procedure [93]. Finally, the application of assistance 
systems reduces reconfiguration time and ramp-up time in case of 
reconfigurations requiring the intervention of the operator [80]; and the 
implementation of poka-yoke mechanisms reduces the ramp-up time 
[68]. 

5.2.3. Summary 
The classification framework for the enablers for the machine and 

the robot is shown in the following Fig. 6. 

5.3. Enablers for the material handling system 

The adjustable structure of material handling systems [68,73] re
duces the reconfiguration cost and time. Moreover, routing flexibility 
[58,73] reduces the reconfiguration cost. 

The adjustable positioning of storage areas [47] and the use of 
multiple storage areas [47] reduce the reconfiguration time. 

The classification framework for the enablers for the material 
handling system is shown in the following Fig. 7. 

5.4. Enablers for the operator 

Reconfigurability enablers related to the operator have been less 
investigated in previous literature compared to the enablers related to 
the machine. Nonetheless, recent literature outlines that operators 
benefit from the use of logical enablers since the application of digital 
technologies complements and enhances operators’ skills and 
versatility. 

Developing plug and produce skills reduces all components of the 
reconfiguration effort [38,80]. Additionally, the similarity of tasks [77] 
and the understanding of tasks [79] support this enabler. The versatility 
of operators specifically contributes to the reduction of the reconfigu
ration time [63,95], whereas the mobility of operators [50,58], which 
depends on their individual attitude, contributes to the reduction of both 
the reconfiguration cost and time. 

Several logical enablers allow developing plug and produce skills 
and, to benefit from these enablers, the presence of human-machine 
interfaces - or, in the case of manual operations, interfaces with Infor
mation Systems - is required [61,80]. Digital guidance throughout tasks 
execution - by means of augmented reality and assistance systems - 
supports the adaptation to new requirements [81]. The use of poka-yoke 
mechanisms [79,81] and the reuse of the capitalized operators’ expe
rience [80] are additionally relevant to guide operators throughout the 
execution of tasks. In order to provide operators with all relevant in
formation, logical enablers need to ensure: (i) the dynamic acquisition of 
context-related information [61,81], and (ii) the acquisition of opera
tors’ experience [61], these data and information need to be combined 
with machine learning algorithms [80]. 

Ensuring stable quality during the execution of tasks reduces the 
ramp-up time [77,84]. This enabler benefits from all aforementioned 
logical enablers, and from specific features of the operators’ training 

Fig. 7. Reconfigurability enablers for the material handling system.  
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process [67,73,81]. The training process allows operators to adapt to 
new tasks, and it can be supported by two logical enablers: virtual reality 
[79,81] and the provision of digital feedback during the execution of 
tasks [76]. 

The classification framework for the enablers for the operator is 
shown in the following Fig. 8. 

6. Discussion 

The scientific interest in reconfigurability as a multi-dimensional 
capability supported by different enablers is increasing, as well as 
research on the Industry 4.0 paradigm making new reconfigurability 
enablers available. Therefore, this study framed and combined frag
mented research efforts and provided comprehensive frameworks to 
consolidate and further develop the knowledge about reconfigurability 
enablers. 

The conducted literature review provided the state of the art on 
reconfigurability enablers for reduction of the reconfiguration effort in 
automated, mixed, and manual systems (RQ1) and classification 
frameworks for the reconfigurability enablers for systems, machines, 
robots, material handling systems, and operators relevant for research 
and industry (RQ2). 

The following sections outline the relevance of this research for ac
ademics and practitioners, as well as the limitations of this study. 

6.1. Relevance for academics 

Addressing RQ1, the state of the art on reconfigurability enablers for 

reduction of the reconfiguration effort in automated, mixed, and manual 
manufacturing systems was provided. While enablers of reconfigur
ability are discussed in previous research as important elements during 
system design [99], this paper provides the first comprehensive over
view of these. The identified enablers were then classified in physical 
and logical enablers, facilitating physical and behavioural reconfigura
tions respectively. It was observed that logical enablers are particularly 
relevant not only to create increasingly automated manufacturing sys
tems, but also to support human resources’ adaptability to new re
quirements. To this end, it was also shown that reconfigurability 
enablers for operators deserve further research. 

Addressing RQ2, classification frameworks for the reconfigurability 
enablers for manufacturing systems, machines, robots, material 
handling systems, and operators were provided. The provided classifi
cation frameworks are deemed relevant to researchers addressing 
reconfigurability as a multi-dimensional capability supported by 
different enablers. For example, the overview of reconfigurability en
ablers may support academics addressing specific technical systems in 
the study of interactions of technical systems with the other components 
of complex systems, or academics interested in the managerial impli
cations of complex systems. 

The classification frameworks also outlines new reconfigurability 
enablers related to Industry 4.0. As detailed in Section 5, manufacturing 
systems, human resources in general (in Section 5.1) and operators (in 
Section 5.4) are particularly affected by those logical enablers related to 
Industry 4.0. Specifically, logical enablers for the manufacturing system 
connect the system with humans with different roles and positions, such 
as operators, operations managers, product, and production experts and 

Fig. 8. Reconfigurability enablers for the operator.  

Fig. 9. Overview of reconfigurability enablers for automated, mixed and manual systems.  
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empower human s in their adaptation to changes. Logical enablers for 
the operator enable operator’s responsive adaptation to changing re
quirements, also in case of purely manual operations. According to these 
findings, future research may strive to extend the theory on reconfig
urable manufacturing with fundamentals of human-centric automation. 
This is relevant because, to date, the synergies between these two do
mains have not been explicitly addressed despite the potentials high
lighted in this study. 

6.2. Relevance for practitioners 

Despite the theoretical nature, the results of this study are also 
relevant to practitioners. First, as detailed in Section 5, the classification 
frameworks illustrate the enablers in relation to affected components of 
the reconfiguration effort, therefore practitioners can select them based 
on desired effects on the effort. 

Second, the classification in physical enablers, i.e., enabling physical 
reconfiguration; and logical ones, i.e., enabling behavioural reconfigu
ration may support practitioners exploring enablers based on needed 
reconfiguration types. 

Third, as some enablers detail other enablers, the classification 
frameworks also clarify the definitions of the reconfigurability enablers. 
Therefore, depending on industry and type of manufacturing systems – 
ranging from automated to manual systems – manufacturers may use the 
proposed classification to identify preferred concepts to initiate the 
design of reconfigurability enablers. 

Last, since each of the classification framework enablers relates to 
either the manufacturing system, the machine, the robot, the material 
handling system or the operator, an overview of different options based 
on the kind of manufacturing system at hand – thus, either automated, 
mixed, or manual system, as shown in the following Fig. 9 is provided to 
practitioners. In Fig. 9, the logical enablers for the manufacturing system 
are particularly relevant; their presence ensures the right connection of 
human resources with machines, material handling systems and other 
human resources independently of the kind of manufacturing system. 

6.3. Limitations 

The selection of keywords related to the reconfiguration effort 
allowed to reach relevant literature and ensured an adequately wide 
scope of investigation needed to detect the fragmented examples and 
concepts of enablers for reduction of the reconfiguration effort. Even 
though the scope of investigation was deemed necessary to develop the 
proposed classification frameworks and consolidate knowledge about 
the reconfigurability enablers, technical or specific literature may have 
been neglected. For this reason, future research may investigate recon
figurability enablers in technical or specific domains. As introduced in 
Section 6.1, research efforts may strive to support human-centric 
reconfigurable manufacturing systems by applying technical solutions 
for human-centricity to the reconfigurability capability, thus further 
extending the theory on RMS. 

Another limitation lies in the theoretical nature of this study, but this 
was deemed necessary to provide theory and reference frameworks for 
future research. To this end, and to support practitioners in adopting 
reconfigurability enablers, in future research the authors aim to develop 
a methodology that, within the proposed classification frameworks, al
lows manufacturing companies to identify the most appropriate enablers 
given their specific features and contextual requirements, and adopt 
them in manufacturing system development. To this end, future research 
may also focus on quantitatively measuring the reduction in reconfi
guration effort due to the adoption of reconfigurability enablers 
throughout system life cycle. Moreover, future research may also 
investigate the supporting relations and interactions between the en
ablers, pursuing these directions would enable the operationalisation of 
the proposed classification frameworks as tools to develop or enhance 
appropriate combinations of reconfigurability enablers. 

7. Conclusion 

To face the unpredictability of market requirements and shortening 
of products’ life cycles, manufacturers need reconfigurability enablers, 
which reduce the reconfiguration effort, in terms of time, cost and ramp- 
up. To the best of the authors’ knowledge, there is a gap of knowledge 
about the reconfigurability enablers as no existing study has compre
hensively outlined and classified them. Therefore, this study provided a 
systematic analysis of literature and collection of fragmented examples 
and concepts of enablers for reduction of the reconfiguration effort in 
manufacturing, ultimately providing comprehensive classification 
frameworks for the reconfigurability enablers for manufacturing sys
tems, machines, robots, material handling systems and operators. In the 
conducted study, the term reconfigurability “enabler” was used to 
categorize any means to reduce the reconfiguration effort during a 
reconfiguration of the manufacturing system throughout its life cycle. 

Directions for future research refer both to theoretical and 
application-oriented contributions. Regarding theoretical contributions, 
this study supports research on reconfigurability as a multi-dimensional 
capability also enabled by Industry 4.0 and human-centric automation. 
To this end, future research may explore the latter research domains to 
support human-centric reconfigurable manufacturing systems. 
Regarding application-oriented contributions, future studies may oper
ationalize the proposed frameworks, for example with details or meth
odologies that support practitioners in developing or enhancing 
appropriate combinations of enablers. 
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