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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

Reconfigurable manufacturing systems offer possibilities for customized flexibility on demand that aims for achieving cost-effective and rapid 
system changes. However, constantly changing customer requirements, increasing number of product variants, smaller batch sizes, and new 
emerging technologies pose challenges for the design of such systems. Especially smaller companies have major difficulties to develop even 
simple, cost-effective, and flexible manufacturing systems. There is an obvious need for low-threshold reconfigurable test-before-invest pilot 
systems which configuration can be changed according to current need. In such pilot systems companies can test new manufacturing technologies 
and concepts before investment decisions. While there are many articles for developing reconfigurable manufacturing systems, there are limited 
amount of research done for piloting environment perspective. Objective of this study is to present concept for the reconfigurable pilot line which 
fulfills frequently changing requirements of industry, research, and education by changing configuration of the system. Dimensions for 
reconfiguration decision-making are outlined for these systems. Based on these dimensions, evaluation criteria for feasibility analysis are defined 
to assess whether the reconfiguration concept is feasible from technical, resource, and economical point of views. 
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1. Introduction 

Today’s manufacturing companies are facing radical 
challenges: frequently changing customer requirements, high-
quality products, increasing customization, flexible batch sizes, 
and shorter product life cycles [1]. To cope with these critical 
challenges, there is a need for agile, adaptive, and rapidly 
responding production systems [2]. In practice, this means 
systems which can change their functionalities and structure 
when needed [3]. To solve this problem, Koren et al. [4] 
presented the concept of a reconfigurable manufacturing 
system (RMS) already in the late 1990s: ‘...designed at the 
outset for rapid change in structure, as well as in hardware and 
software components, in order to quickly adjust production 
capacity and functionality within a part family in response to 
sudden changes in market or in regulatory requirements’. 

Since the first definition of RMS there have been published 
countless number of articles on this topic as seen from multiple 
literature review articles [1, 5-8]. Publications have mainly 
focused on to industrial production cases of RMS [1, 5-8] and 
reconfigurable manufacturing tools (RMTs) [9, 10]. Covered 
topics include definitions and design guidelines for RMS key 
characteristics [5-8], methods for RMS layout design [11] and 
techniques for RMS product family formation [12, 13]. There 
are also few articles which either defines assessment methods 
for reconfiguration scheme evaluation [14] or proposes ranking 
methods to rank alternative reconfiguration plans [15]. 
However, presented evaluation methods assume that there are 
already detailed existing plans for reconfiguration. There is an 
obvious need for early-stage reconfiguration assessment 
criteria: what are the technical, economical and resource 
requirements for a concept phase reconfiguration decision-
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1. Introduction 

Today’s manufacturing companies are facing radical 
challenges: frequently changing customer requirements, high-
quality products, increasing customization, flexible batch sizes, 
and shorter product life cycles [1]. To cope with these critical 
challenges, there is a need for agile, adaptive, and rapidly 
responding production systems [2]. In practice, this means 
systems which can change their functionalities and structure 
when needed [3]. To solve this problem, Koren et al. [4] 
presented the concept of a reconfigurable manufacturing 
system (RMS) already in the late 1990s: ‘...designed at the 
outset for rapid change in structure, as well as in hardware and 
software components, in order to quickly adjust production 
capacity and functionality within a part family in response to 
sudden changes in market or in regulatory requirements’. 

Since the first definition of RMS there have been published 
countless number of articles on this topic as seen from multiple 
literature review articles [1, 5-8]. Publications have mainly 
focused on to industrial production cases of RMS [1, 5-8] and 
reconfigurable manufacturing tools (RMTs) [9, 10]. Covered 
topics include definitions and design guidelines for RMS key 
characteristics [5-8], methods for RMS layout design [11] and 
techniques for RMS product family formation [12, 13]. There 
are also few articles which either defines assessment methods 
for reconfiguration scheme evaluation [14] or proposes ranking 
methods to rank alternative reconfiguration plans [15]. 
However, presented evaluation methods assume that there are 
already detailed existing plans for reconfiguration. There is an 
obvious need for early-stage reconfiguration assessment 
criteria: what are the technical, economical and resource 
requirements for a concept phase reconfiguration decision-
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making. Based on the criteria, method for initial reconfiguration 
feasibility analysis can be proposed.  

During the last decade there have been research around 
piloting environments. In these systems companies can produce 
and validate pilot products in order to allow rapid 
implementation of these pilot products in their own 
manufacturing systems. After this piloting environments may 
be closed or taken down to rebuild those from the beginning. 
These systems are typically quite expensive and hard to access. 
[16] This isn’t sustainable solution. For small and medium-
sized enterprises (SMEs) there is a need for academy driven 
reconfigurable pilot lines (RPLs). These are pre-commercial 
test-before-invest production or prototyping environments 
which enable learning through experimentation in new product, 
service, and business development. RPLs support SMEs to test 
their products and manufacturing concepts before final 
investment decisions and to get familiar with new emerging 
technologies. By changing configuration of a pilot line, SMEs 
from different sectors can utilize these easy to access, low-
threshold, and cost-effective prototyping environments. 
Academy driven RPLs don’t fulfill only the needs of industrial 
research, development, and innovation (RDI) but also the needs 
of academic research and education. 

This article presents definition for the RPL, dimensions for 
an early-stage reconfiguration decision-making and a concept 
for early-stage reconfiguration feasibility analysis: is the 
suggested reconfiguration concept feasible from the technical, 
resource and economical point of views. Structure of the article 
is as follows. In Section 2 literature review highlights the latest 
research related to the RMS, especially from the 
reconfiguration assessment point of view. In Section 3 
dimensions for the reconfiguration decision-making and 
concept for the early-stage reconfiguration feasibility analysis 
are presented. In Section 4 an example reconfigurable pilot line 
is presented, and the proposed reconfiguration feasibility 
analysis concept is tested within this system. Sections 5 and 6 
covers discussion of the results, concludes the research and 
provides guidelines for future work. 

2. Literature review 

Recently, the focus of RMS research has shifted from the 
definition, key characteristics, and fundamentals of RMS 
towards to optimizing the design of RMS from different 
perspectives. Yelles-Chaouche et al. [17] presented several 
different performance objectives and optimization methods for 
RMS. Farid [18] defined mathematical models to measure 
performance of the key characteristics of RMS. Moghaddam et 
al. [19] presented a two-phase method to optimize 
reconfiguration transformation from system’s scalability and 
cost perspectives. Puik et al. [14] utilized axiomatic design 
methodology for the assessment of reconfiguration schemes 
from the resources and lead time perspectives. Colledani and 
Angius [20] proposed an integrated modelling framework and 
methodology for modular plug-and-produce production 
systems. Methodology utilizes lot sequence optimization to 
maximize system service level, and stochastic lot completion 
time distribution analysis for production and reconfiguration 
planning [20]. Sabioni et al. [21, 22] have focused on to the 

concurrent optimization of modular products and RMS’s 
configurations. They introduced an optimization approach that 
integrates product configuration design with process planning 
and RMS layout configuration design based on customer-
specific requirements [21]. 

Unforeseen production conditions of the future are one of 
the latest research topics in RMS design. Prasad and Jayswal 
[23] used Shannon entropy and Multi Attribute Range 
Evaluation (MARE) to evaluate product scheduling in RMS. 
Shannon entropy calculates weights of the used decision 
criteria and MARE ranks the criteria based on the calculated 
uncertainty of the decision criteria [23]. Liu et al. [24] 
presented a two-stage optimization model to address the 
demand for uncertain production in initial reconfigurable 
transfer system design and in its necessary reconfigurations. 
Huang et al. [25] proposed dynamic complexity-based decision 
method to identify appropriate time for reconfiguration. 

There are some publications that utilize either analytic 
hierarchy process (AHP) or other ranking methods to make 
RMS reconfiguration decisions. Wang et al. [15] generated 
quantitative evaluation index models which reflect key 
characteristics of RMS. Alternative reconfiguration schemes 
were ranked based on the calculated evaluation index values 
[15]. Both Maier-Speredelozzi and Hu [26] and Park [27] 
applied AHP method to select an optimized configuration for 
system reconfiguration. 

There is also simulation- and software-based evaluation 
methods to optimize system configuration. Leng et al. [28] 
introduced a rapid reconfiguration method which utilizes 
digital twins. Presented digital twin consists of two parts, the 
first part being semi-physical simulation model of the system 
and the second part being optimization model. Data from the 
semi-physical simulation model is entered into the optimization 
model, and after the optimization, the results are returned to the 
semi-physical simulation model for configuration verification. 
[28] Han et al. [29] presented reconfiguration decision-making 
system which utilizes Internet of Things technology and 
sensors for data acquisition from a physical system. Based on 
to the acquired data from the physical system, decision-making 
system detects the reconfiguration situation and builds a 
reconfiguration plan [29]. Renna [30] developed a 
reconfiguration decision-making method focusing on a 
simulation environment utilizing game-theory approach (Gale-
Shapley method). In this method, underloaded and overloaded 
systems and machines are coupled for evaluation and the target 
is to add tasks from the overloaded systems to the underloaded 
systems to create new configurations. [30] At the Tampere 
University, Järvenpää, Siltala and Lanz [31, 32] have presented 
capability matchmaking software which faster production 
system design and reconfiguration planning. 

3. Concept for reconfiguration feasibility analysis 

The decision to change configuration of a production system 
and the choice of a new replacing configuration is very 
complex because several factors influence to the decision. 
From an economic perspective, labor and changeover costs are 
just a few examples of the various cost factors which influence 
to decision-making. Similarly, available personnel, skills, and 
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Fig. 1. Dimensions for reconfiguration decision-making. 

tools over a certain timeslot are key factors when considering 
the most appropriate time for reconfiguration. Not to mention 
all the interests of stakeholders and technical requirements for 
the system. Several requirements combined with different 
configuration alternatives in the concept design phase of the 
reconfiguration planning make it difficult and complicated to 
determine the configuration to be used in the future. It has been 
shown that developing a decision-making method to select 
correct  reconfiguration is not easy. 

This article proposes a concept for reconfiguration 
feasibility analysis which is utilized in early-stage 
reconfiguration planning and decision-making because then is 
the most opportune moment for erroneous design decisions. 
The goal is to define whether to reconfigure or not, what is the 
most appropriate configuration to be used and whether the time 
is right for reconfiguration. Concept utilizes AHP method to 
rank potential early-stage configuration alternatives: which of 
the proposed reconfiguration concepts are feasible and most 
promising from the technical, resource and economic point of 
views. The method doesn’t give absolute results but supports 
decision-making when defining the need for reconfiguration 
and choosing the most appropriate reconfiguration concept. The 
scope is limited to reconfigurable pilot lines. ‘Pilot line is a pre-
commercial (’test before invest’) production or prototyping 
environment, physical or virtual that enables learning through 
experimentation in new product, service and business 
development’ as defined by the Sustainable Industry Ecosystem 
(SIE) consortium. RPLs will serve both industry and academic 
community enabling education, research and industrial RDI 
collaboration between SMEs and researchers. 

Proposed feasibility analysis consists of four (4) steps. The 
first step (1) is to outline preliminary early-stage concepts for 
reconfiguration. The second step (2) is to recognize and choose 
the most relevant technical, resource and economical 
requirements of the pilot line as well as the expectations of 
stakeholders based on the current and future needs. The third 
step (3) utilizes AHP method to rank alternative 
reconfiguration proposals based on the requirement criteria 

selected in the previous step. In the last fourth step (4), final 
decision is made using the results from the third step: whether 
it makes sense to make a configuration change at this stage and 
what is the most promising reconfiguration concept. 

3.1. Step 1: preliminary reconfiguration concepts 

New demonstration cases, either from industry or from the 
academic community, arise on a regular basis to be tested at the 
RPLs. This leads to a constant need for the reconfiguration 
evaluation: whether the current system configuration can fulfill 
the new requirements of the new test cases or not. 
Simultaneously, the question is whether the configuration 
change is possible at this point or at all. To answer these 
questions, the first step is to define preliminary concepts for 
reconfiguration. At this stage, only the main ideas, expectations 
and preliminary requirements are collected from stakeholders 
in order to create preliminary concepts for reconfiguration.  

3.2. Step 2: dimensions for reconfiguration decision-making 

Once the preliminary reconfiguration concepts have been 
defined, the next step is to gather all the relevant current and 
future requirements for reconfiguration. Requirements of RPLs 
differ from the requirements of traditional RMSs. For example, 
in production cases, the target is to achieve the desired 
production capacity for a certain product family. However, the 
goal of the pilot lines is to serve as many companies as possible 
with changing test cases. Based on the collected requirements, 
initial plans for the reconfiguration concepts can be updated. 

Fig 1. presents dimensions for the reconfiguration decision-
making. Five main categories of criteria have been defined for 
the reconfiguration decision-making: economical, resource, 
technical and general requirements, and stakeholder 
expectations. Each of the main criterion categories has its own 
subcriteria which dimensions are also visualized in Fig. 1. To 
reach the goal (reconfiguration decision) various 
reconfiguration alternatives are presented, including the current 
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configuration of the pilot line. Illustrated requirements are 
compiled from the literature review (Section 2) and internal 
expert workshops within the SIE consortium [33]. Presented 
dimensions are only exemplary requirements and expectations. 
There are multiple different requirements outside the scope that 
need to be recognized and considered at this step. 

Economical requirements are divided into two main 
subcriteria: funding and costs. Funding describes the financial 
condition of the pilot line, whether there is existing, coming, or 
missing funding. If the funding is limited, it states that 
additional funding has to be gathered either to extend the 
lifetime of the current configuration or to implement 
configuration change. Costs subcriteria includes labor, device, 
changeover, and runtime costs. Estimated costs of the new 
configuration and the actual costs of the current configuration 
can be compared with numerical values. 

Resource requirements are divided into four different 
subcriteria: personnel, skills, time, and hardware (HW) and 
software (SW). Personnel subcriteria represents the personnel 
capacity which is available either to maintain the current 
configuration or to enable configuration changeover. Skills 
subcriteria specifies is the competence level of the personnel 
high enough to fulfill the needs of the configuration. Skills can 
be for example design, assembly, and marketing skills. Time 
resources determine whether there is enough time to do the 
configuration change or whether the timeslot for the 
changeover is appropriate. HW & SW subcriteria determine 
needed hardware and software for a specific configuration. 

Different stakeholders have varying expectations for RPLs. 
SMEs need industrially relevant test-before-invest 
environments where access and intellectual property right 
(IPR) policies are defined. Both SMEs and education need 
training support when using piloting environments. Education 
requires basic technologies and research in turn needs 
innovative technologies. As has been seen, different 
stakeholders have conflicting expectations which makes 
reconfiguration planning challenging. 

Technical requirements consist of two subcriteria: RMS key 
characteristics and other technical parameters. RMS key 
characteristics include the six core principles of RMS: 
modularity, integrability, convertibility, scalability, 
customization and diagnosability. Technical parameters are 
other supporting technical and structural requirements for 
RPLs, such as mobility, adaptability, and technological 
readiness level (TRL) of a pilot line. Measuring the dimensions 
of technical parameters at the concept design phase can be 
challenging, so the dimensions of the parameters can be 
described at the general level, for example pilot line can be 
modular partially, not at all or completely.  

General requirements include viewpoints from quality, 
operation, and safety among other aspects. Operational 
requirements may include criteria for the number of different 
applications to be tested on the pilot line. The expected service 
lifetime (short, medium, long) of the configuration, the 
application area (products, technologies, processes) and the 
total reconfiguration effort are one of the other key 
requirements which should be considered when selecting a 
suitable reconfiguration concept. 

3.3. Step 3: reconfiguration concept ranking 

After the requirement specification, AHP methodology is 
used to define reconfiguration indexes and rank proposed 
reconfiguration concepts. Methodology uses pairwise 
comparison of solution alternatives in relation to the selected 
evaluation criteria and goal. Based on the pairwise comparison, 
numerical priorities are formed for the evaluation criteria and 
alternative solutions.  Typically, AHP methodology is utilized 
in selection, prioritization, evaluation, and ranking applications 
to simplify decision-making on complex issues [34]. 

The first phase of this method is to select relevant evaluation 
criteria from the previous step and determine priority values for 
the used criteria. In this phase, the first step is to create a 
hierarchical structure with goal (reconfiguration decision) at 
the top level, selected evaluation criteria (requirements) in the 
levels 2…n, (where the level 2 is for the main evaluation 
criteria and levels 3…n are for the sub evaluation criteria) and 
solution alternatives (preliminary reconfiguration concepts) at 
the bottom level as shown in Fig 1. The second step in this 
phase is to do the pairwise comparison of the evaluation 
criteria. Comparison of different criteria is done by utilizing 
rational reasoning and intensity of importance scale typically 
from one (1) to nine (9). Value one (1) defines a situation where 
both criteria are equal in relation to goal and parent criteria. 
Respectively, value nine (9) defines a situation where one of 
the compared criteria is dominant over other criteria. 
Comparison results are transferred to a pairwise comparison 
matrix and after the calculations priorities/weightages of the 
different evaluation criteria are calculated. Priorities can be 
presented either in the global or local levels. Third step in this 
phase, if needed, is to calculate a consistency value to check 
whether the calculated priorities are realistic or not. 

Once the priority values have been defined for each 
evaluation criterion, reconfiguration indexes for 
reconfiguration concepts are determined, and the concepts are 
ranked accordingly. At this phase, pairwise comparison of the 
solution alternatives is made in relation to the goal and 
evaluation criteria by using the priority values defined in the 
previous phase for the evaluation criteria. As a result, AHP 
method determines reconfiguration indexes (priorities) 
between the different solutions. The highest value ranks first. 

3.4. Step 4: evaluation and final decision 

The final step is to analyze the result of the AHP method and 
decide which preliminary reconfiguration concept will be 
transferred to the detailed design phase if the result is not to use 
current system configuration. Normally, it’s decided to use the 
reconfiguration concept with the highest reconfiguration index. 
However, there might be cases where other factors affect to the 
decision-making. For example, a reconfiguration concept with 
the highest reconfiguration index is dominant over other 
reconfiguration concepts  due to its technical and resources 
properties but there isn’t enough budget to implement it. In this 
case, other solutions need to be considered. The results of the 
AHP method are indicative thus the accuracy of the AHP 
results must be assessed. Therefore, the final reconfiguration 
decision must always be done after the detailed design. 
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Fig. 2. HRC Pilot Line at the Tampere University. 

4. Case study: reconfigurable pilot line 

Human-Robot Collaboration Pilot Line (HRC Pilot Line) 
presented in Fig. 2 is an example reconfigurable pilot line 
developed at the Tampere University. HRC Pilot Line serves 
as a testbed for companies to explore, test and validate potential 
new product, process, and service solutions that they could 
transfer into their own production facilities. It offers an 
opportunity for the SMEs to adopt try-fast-fail-fast design 
cycle without disturbing daily operations. 

The proposed method for the concept phase reconfiguration 
feasibility analysis is demonstrated in the HRC Pilot Line on a 
small scale for simplification. The need for reconfiguration is 
possible as a new research case is planned to be implemented 
on the pilot line. The first solution alternative is to try to 
implement it with the current configuration of the system. 
Another solution alternative is to change the pilot line 
configuration by adding a linear robot track to the system (Step 
1). Overall economical, technical, resource and general 
requirements as well as the stakeholder expectations form the 
used evaluation criteria (Step 2). Results of the AHP method 
are shown in Fig. 3 (Step 3). The first phase is to do the pairwise 
comparison of the evaluation criteria and determine criteria 
weights (see the ‘Criteria Weights’ column in phase 3.4 in Fig 
3). In this case, technical criterion has the highest importance 
(0.37) and the general criterion the lowest importance (0.08). 
The next phase is to do the pairwise comparison of the 
reconfiguration alternatives in respect to the evaluation criteria 
(phase 3.1), transfer the intensity factors to the pairwise 
comparison matrix (phase 3.2) and then calculate normalized 
comparison matrix (phase 3.3). The normalized values are then 
multiplied by the evaluation criteria weights and added 
together (phases 3.4 and 3.5). Based on the pairwise 
comparison calculations of the alternative solution candidates, 
the highest reconfiguration index (0.62) is given for the new 
configuration in which the robot track is added to the system. 
The final decision (Step 4) is to move to the detailed design 
phase with the proposed new configuration because of the 
reasonable economic factors, moderate availability of the 
resources, higher stakeholder expectations for achieving new 
research cases with the new configuration, and the technical 
superiority in relation to the current old configuration. 

5. Discussion & conclusion  

This article presented the concept for the reconfigurable 
pilot line: test-before-invest piloting system which 
functionality and structure can be changed according to 
changing needs of industry, research, and education. 
Dimensions for the reconfiguration decision-making and 
concept for the early-stage reconfiguration feasibility analysis 
are presented. Proposed feasibility analysis finds the most 
promising reconfiguration candidates from technical, resource 
and economical point of views during the concept design 
phase. The analysis doesn’t provide final results: selected 
reconfiguration concept is always transferred to the detailed 
design phase before the final reconfiguration decision. 

The complexity of the analysis depends on the number of 
criteria and alternative solutions used in the decision-making: 
more criteria and proposed solution candidates, more complex 
hierarchical model and pairwise comparison matrix. If there are 
overlapping, inaccurate or missing evaluation criteria, these 
will affect to the reconfiguration decision. At this stage, there 
hasn’t been set limit values for evaluation criteria. This doesn’t 
facilitate pairwise comparison. Current system configuration 
also affects to the result: if the current configuration is excellent 
according to AHP results, it may not be changed without 
further consideration. Collected system data from previous 
reconfiguration implementations would facilitate decision-
making. Finding valid evaluation criteria, with the right scope 
and realistic priorities, conflicting expectations of different 
stakeholders and uncertainty about future needs are still the key 
challenges for reconfiguration decision-making. 

6. Future work 

For future work, there are a few development targets. First, 
universal guidelines for the preliminary configuration concept 
design must be established. Second, presented dimensions for 
the reconfiguration decision-making must be evaluated. It 
should be identified whether the presented requirements are 
relevant for the reconfigurable pilot lines and whether there are 

Fig. 3. Reconfiguration index determination for case study. 
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overlapping, missing or additional requirements and criteria. 
Also, relations between different requirements and detailed 
definitions and measurement methods for individual 
requirements must be determined. Third, specific limit values 
for individual evaluation criterion need to be defined to 
facilitate the analysis.  Finally, presented concept for the early-
stage reconfiguration feasibility analysis has to be validated in 
full scale. 

Acknowledgements 

This project has received funding from the Finnish 
Academy of Science research and innovation programme under 
grant agreement No. 337722. 

References 

[1]  Bortolini M, Galizia FG, Mora C. Reconfigurable manufacturing systems: 
Literature review and research trend. Journal of manufacturing systems. 
2018;49:93–106. 

[2] Järvenpää E. Capability-based adaptation of production systems in a 
changing environment. Tampere University of Technology; 2012. 

[3] Koren Y, Shpitalni M. Design of reconfigurable manufacturing systems. 
Journal of manufacturing systems. 2010;29(4):130–41. 

[4] Koren Y, Heisel U, Jovane F, Moriwaki T, Pritschow G, Ulsoy G, et al. 
Reconfigurable Manufacturing Systems. CIRP annals. 1999;48(2):527–40. 

[5] ElMaraghy HA. Flexible and reconfigurable manufacturing systems 
paradigms. International journal of flexible manufacturing systems. 
2005;17(4):261–76. 

[6] Rösiö C, Säfsten K. Reconfigurable production system design – theoretical 
and practical challenges. Journal of manufacturing technology 
management. 2013;24(7):998–1018. 

[7] Singh A, Gupta S, Asjad M, Gupta P. Reconfigurable manufacturing 
systems: journey and the road ahead. International journal of system 
assurance engineering and management. 2017;8(Suppl 2):1849–57. 

[8] Andersen A-L, Brunoe TD, Nielsen K, Rösiö C. Towards a generic design 
method for reconfigurable manufacturing systems: Analysis and synthesis 
of current design methods and evaluation of supportive tools. Journal of 
manufacturing systems. 2017;42:179–95. 

[9] Gadalla M, Xue D. Recent advances in research on reconfigurable machine 
tools: a literature review. International journal of production research. 
2017;55(5):1440–54. 

[10] Huang S, Xu Z, Wang G, Zeng C, Yan Y. Reconfigurable machine tools 
design for multi-part families. International journal of advanced 
manufacturing technology. 2019;105(1-4):813–29. 

[11] Maganha I, Silva C, Ferreira LMDF. The layout design in reconfigurable 
manufacturing systems: a literature review. International journal of 
advanced manufacturing technology. 2019;105(1-4):683–700. 

[12] Bryan A, Wang H, Abell J. Concurrent Design of Product Families and 
Reconfigurable Assembly Systems. Journal of mechanical design (1990). 
2013;135(5). 

[13] Wang G, Huang S, Shang X, Yan Y, Du J. Formation of part family for 
reconfigurable manufacturing systems considering bypassing moves and 
idle machines. Journal of manufacturing systems. 2016;41:120–9. 

[14] Puik E, Telgen D, van Moergestel L, Ceglarek D. Assessment of 
reconfiguration schemes for Reconfigurable Manufacturing Systems based 
on resources and lead time. Robotics and computer-integrated 
manufacturing. 2017;43:30–8. 

[15] Wang GX, Huang SH, Yan Y, Du JJ. Reconfiguration schemes evaluation 
based on preference ranking of key characteristics of reconfigurable 
manufacturing systems. International journal of advanced manufacturing 
technology. 2016;89(5-8):2231–49. 

[16] Butter M, Fischer, N, Gijsbers G, Hartmann C, de Heide M, van der Zee 
F. Horizon 2020: Key Enabling Technologies (KETs), Booster for 
European Leadership in the Manufacturing Sector. 2014. Available in: 
https://www.europarl.europa.eu/thinktank/en/document/IPOL_STU(201
4)536282 [Accessed: 15.2.2022] 

[17] Yelles-Chaouche AR, Gurevsky E, Brahimi N, Dolgui A. Reconfigurable 
manufacturing systems from an optimisation perspective: a focused review 
of literature. International journal of production research. 
2021;59(21):6400–18. 

[18] Farid AM. Measures of reconfigurability and its key characteristics in 
intelligent manufacturing systems. Journal of intelligent manufacturing. 
2014;28(2):353–69. 

[19] Moghaddam SK, Houshmand M, Fatahi Valilai O. Configuration design 
in scalable reconfigurable manufacturing systems (RMS); a case of single-
product flow line (SPFL). International journal of production research. 
2018;56(11):3932–54. 

[20] Colledani M, Angius A. Integrated production and reconfiguration 
planning in modular plug-and-produce production systems. CIRP annals. 
2019;68(1):435–8. 

[21] Sabioni RC, Daaboul J, Le Duigou J. An integrated approach to optimize 
the configuration of mass-customized products and reconfigurable 
manufacturing systems. International journal of advanced manufacturing 
technology. 2021;115(1-2):141–63. 

[22] Campos Sabioni R, Daaboul J, Le Duigou J. Concurrent optimisation of 
modular product and Reconfigurable Manufacturing System configuration: 
a customer-oriented offer for mass customisation. International journal of 
production research. 2021;1–17. 

[23] Prasad D, Jayswal S. Scheduling in reconfigurable manufacturing system 
for uncertainty in decision variables. Materials today : proceedings. 
2018;5(9):18451–8. 

[24] Liu X, Chen J, Li A. Optimisation of line configuration and balancing for 
reconfigurable transfer lines considering demand uncertainty. International 
journal of production research. 2021;59(2):444–66. 

[25] Huang S, Wang G, Shang X, Yan Y. Reconfiguration point decision 
method based on dynamic complexity for reconfigurable manufacturing 
system (RMS). Journal of intelligent manufacturing. 2017;29(5):1031–43. 

[26] Maier-Speredelozzi V, Hu SJ. Selecting manufacturing system 
configurations based on performance using AHP. Technical paper - Society 
of Manufacturing Engineers MS. 2002;(2-179):1–8. 

[27] Park JM. Improved methodology for RMS adaptability evaluation. 
International Journal of Precision Engineering and Manufacturing. 
2017;18(11):1537–46. 

[28] Leng J, Liu Q, Ye S, Jing J, Wang Y, Zhang C, et al. Digital twin-driven 
rapid reconfiguration of the automated manufacturing system via an open 
architecture model. Robotics and computer-integrated manufacturing. 
2020;63:101895–. 

[29] Han S, Chang T-W, Hong YS, Park J. Reconfiguration decision-making 
of IoT based reconfigurable manufacturing systems. Applied sciences. 
2020;10(14):4807–. 

[30] Renna P. Decision-making method of reconfigurable manufacturing 
systems’ reconfiguration by a Gale-Shapley model. Journal of 
manufacturing systems. 2017;45:149–58. 

[31] Siltala N, Järvenpää E, Lanz M. A method to evaluate interface 
compatibility during production system design and reconfiguration. 
Procedia CIRP. 2019;81:282–7. 

[32] Järvenpää E, Siltala N, Hylli O, Lanz M. Capability matchmaking 
software for rapid production system design and reconfiguration planning. 
Procedia CIRP. 2021;97:435–40. 

[33] Siivonen J, Pöysäri S, Hakamäki A-M, Lanz M, Salminen K, Ijas M, Aho 
M, Nieminen H. Reconfigurable Pilot Lines Enabling Industry 
Digitalization: An Approach for Transforming Industry and Academia 
Needs to Requirements Specifications. Procedia CIRP. 2022 (forthcoming) 

[34] Forman EH, Gass SI. The Analytic Hierarchy Process--An Exposition. 
Operations research. 2001;49(4):469–86. 


