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Abstract 

I 

 

Abstract 

Today’s global market and growing competition set an increasing strain to manufactur-

ing companies. Shorter product lifecycles automatically lead to shorter production ramp 

up periods and, therefore, set a higher strain on the manufacturing systems. The concept 

of reconfigurable manufacturing systems (RMS) was developed in the early 1990s and 

has now gained more interest than ever. An RMS is designed to quickly respond to 

changes in market demand, by adapting its functionality as well as its capacity to the 

current market requirements. In order to achieve this, an RMS is characterised by six 

core characteristics: modularity, integrability, diagnosability, convertibility, scalability 

and customisation. By complying with these characteristics, the manufacturing system 

can meet the required responsiveness to functionality and capacity changes. 

Academia has been focusing on the development and design of new RMSs, however, 

there is a lack in research on converting existing manufacturing systems towards recon-

figurability. Additionally, few models assessing a manufacturing system’s current state 

in terms of reconfigurability are available in literature. The existing reconfigurability 

assessment models were proven to be rather theoretical and difficult to use by practi-

tioners in industry. Therefore, the need for a reconfigurability assessment model appli-

cable in industry arose.  

This study focuses on the analysis of enablers of a reconfigurability manufacturing sys-

tems as well as on assessing the reconfigurability of an existing manufacturing system 

in an industrial setting. For this purpose, a detailed reconfigurability assessment model 

has been developed, based on literature studies and a case study at a case company. A 

focus of the development of the model has been set on usability in industry. The out-

come was an assessment model developed in Microsoft Excel that gives an overview 

on the reconfigurability of each characteristic as well as the manufacturing system’s 

overall reconfigurability. The model was subsequently tested and verified at the case 

company. The final reconfigurability assessment model is presented and explained at 

the end of this study. This study shows, that through the use of theory about RMS and 

input from industry it was possible to develop a current state assessment model regard-

ing reconfigurability. To make the model generalisable and adaptable to different in-

dustrial settings, further testing in different manufacturing fields and research within 

RMS is required. 
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1 Introduction 

This chapter introduces the topics of reconfigurability and reconfigurability assess-

ment. It starts with a background on reconfigurable manufacturing systems followed by 

the purpose and research questions, finally the delimitations and outline of the report 

are stated. 

1.1 Background 

Traditionally, manufacturing systems are either developed to focus on the system’s ca-

pacity or functionality (Koren & Shpitalni, 2010). A dedicated manufacturing system 

(DMS) is built to manufacture single products or parts with high capacity (Mehrabi, 

Ulsoy, & Koren, 2000a). DMSs often consist of lines of sequentially placed machines, 

where products or parts move from one machine to the next in a synchronised order 

(Koren, 2010). Due to this setup, the systems have the potential of reaching a large 

capacity, the possibility to reach a high throughput and to manufacture large quantities 

cost efficiently (ElMaraghy, 2006). When market demands of a product are stable and 

comply to a high capacity of the DMS with high utilisation of all its machines and tools, 

the manufacturing of the product can be run profitably (Koren, 2010; Koren & 

Shpitalni, 2010). The downside of DMSs is the limitation to produce few product vari-

eties per manufacturing system. If a change in the product, and therefore in the manu-

facturing system is required, DMSs cannot easily be converted, which leads to addi-

tional investments and time for modification (Koren, 2010). If the demand of a product 

increases or decreases compared to the designed capacity, the DMS cannot respond. 

The manufacturer will either have an underutilised DMS or will not be able to meet the 

market demand and will therefore lose potential income (Koren, 2010). A flexible man-

ufacturing system (FMS) on the other hand provides a high level of flexibility and func-

tionality to the manufacturing system but is therefore limited in terms of capacity. FMSs 

are mainly run by machines which are controlled by computers, such as computerised 

numerical control (CNC) and numerical control (NC) machines. Due to the automation 

and ability to be programmed, these manufacturing systems can fabricate a variety of 

products, all on the same line (Koren, 2006). However, FMSs are distinguished by a 

low production rate and high acquisition costs for the machines themselves 

(ElMaraghy, 2006). Since FMSs are designed and kept flexible to manufacture a variety 

of products or parts, the design of these systems considers a range of possible processes 

and steps which might not be needed for producing a specific product. Therefore, FMSs 

are generally underutilised and, thus, account for a waste of capital (ElMaraghy, 2006). 

DMSs and FMSs are both developed to meet specific demands in functionality and 

capacity (Koren & Shpitalni, 2010). However, both manufacturing systems have major 

drawbacks when it comes to the features of adaptiveness and cost. With increasing mar-

ket changes at a frequent level, the ability to be adaptive to the market, whilst keeping 

the manufacturing costs to a minimum is essential to stay competitive (Mehrabi, Ulsoy, 

& Koren, 2000b; Koren & Shpitalni, 2010). Today’s trend of shorter product life-cycles 

leads to a requirement of faster changes in manufacturing systems, therefore respon-

siveness has become an increasingly important aspect for the success of manufacturing 



Introduction 

2 

 

firms (Ulrich, 2010). To stay competitive in today’s ever-changing markets, companies 

need to operate manufacturing systems with scalable capacity and flexibility, to cost 

effectively respond to rapid changes in product variety and capacity (Koren, 2014). 

Therefore, the need for a new manufacturing system layout arose and the reconfigurable 

manufacturing system (RMS) was developed (Koren, et al., 1999). The principle of 

RMS was defined by Koren et al., (1999) as follows:  

“A reconfigurable manufacturing system (RMS) is designed at the outset 

for rapid change in structure as well as in hardware and software compo-

nents, in order to quickly adjust production capacity and functionality 

within a part family in response to sudden changes in market or in regu-

latory requirements” 

Due to the rising competition in the global market, manufacturing firms have now, al-

most 20 years after the concept was proposed, gained an interest in implementing and 

using RMSs (Koren, et al., 1999; Napoleone, Pozetti, & Macchi, 2018a). However, only 

few available examples exist of reconfigurability being completely and successfully 

implemented in industry (Napoleone, et al., 2018a). Often, manufacturing companies 

have invested time and money into improving their current manufacturing system 

(Koch, Gritsch, & Reinhart, 2016). The implementation of an RMS, however, comes 

along with fundamental changes in the manufacturing system’s layout and properties 

(Koren, 2010). Thus, to be able to reach a desired level of reconfigurability, the existing 

manufacturing system must be converted. In literature, little research is available on the 

planning and execution of such a conversion (Napoleone, et al., 2018a). The theory on 

change in general has been a topic in research for a long time and can be used as a basis 

of considering changes towards reconfigurability. One important part of change theory 

is the identification of the need for change based on the current situation. To be able to 

plan and implement changes within a system, the current state of that system needs to 

be known (Ford, Ford, & D’Amelio, 2008). Based on that information, further changes 

can be planned and eventually executed. Therefore, it is vital to assess the current state 

of reconfigurability at the respective system level to be able to change and improve a 

manufacturing system in terms of reconfigurability (Youssef & ElMaraghy, 2006; An-

dersen, et al., 2015a).   
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1.2 Problem Description 

Due to the challenging factors mentioned above, companies have gained an interest in 

implementing and working with reconfigurability (Rösiö & Säfsten, 2013). However, 

most manufacturing companies already operate manufacturing systems which have 

been developed to meet their current needs. Changing market demands create new pro-

duction requirements that must be fulfilled to stay competitive. To meet these new pro-

duction requirements, changes in the manufacturing system are required. (Koch, et al., 

2016).  In order to change the system towards reconfigurability, the current state of each 

system must be assessed so that change can be planned accordingly. Most of the exist-

ing literature on RMS, however, is focusing on the concept, technologies and different 

configurations of RMS (Napoleone, et al., 2018a). Only few literature covers existing 

assessment models for reconfigurability. Three examples are the mathematical fuzzy-

based need assessment model (Pattanik, Kant, & Anand, 2015), the design structure 

matrix (Farid & Mcfarlane, 2007) and the multi-attribute utility theory (Gumasta, 

Kumar Gupta, Benyoucef, & Tiwari, 2011). The existing models have mostly been de-

veloped from a theoretical perspective and mainly focus on mathematical ways of as-

sessing and measuring reconfigurability. These mathematical assessment models have 

been proven complicated to use by practitioners in industry (Rösiö, Aslam, Banavara 

Srikanth, & Shetty, 2019). Reading through the theory and applying the formulas and 

equations to the current manufacturing system would require additional effort and time 

by the applicators in industry. 

In other fields of manufacturing, such as lean manufacturing (Gonçalves & Salonitis, 

2017), smart manufacturing (Sheen & Yang, 2018) and sustainability within manufac-

turing (Singh Sangwan, Bhakar, & Digalwar, 2018), several assessment models have 

been developed for the usage and application in industry. These models are character-

ised by their clear instructions on usage as well as simple and straight forward imple-

mentation. Also, other than the models on reconfigurability, these models have all been 

tested and approved by industry. Assessment models of this character do not exist in 

the RMS field, which creates a gap in the research on usable RMS assessment models 

which have been designed and tested for the use in industry (Rösiö, et al., 2019). For 

practitioners in industry an assessment model of this character would enable an oppor-

tunity for current state assessment in terms of reconfigurability. The development of a 

current state reconfigurability assessment model would contribute to academia, since 

current research is mainly focusing on design and development of new RMSs. How-

ever, not much research is conducted on the field of converting existing manufacturing 

systems towards reconfigurability. Therefore, there is a need for the development of a 

reconfigurability assessment model with a focus on usability in industry, to reduce the 

incongruency between theoretical and practically applicable assessment models.  
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1.3 Purpose and Research Questions 

The purpose of the study is to increase knowledge about current state assessment of a 

manufacturing system in terms of reconfigurability. This is achieved by the develop-

ment of an assessment model with a focus on usage in industrial settings by examining 

the existing research on RMS. The assessment model was implemented and tested at an 

automotive manufacturing company for verification. 

In general, manufacturing systems are influenced by a range of enablers. However, not 

all these enablers are directly connected to reconfigurability. In order to assess recon-

figurability it is necessary to determine the enablers which define and affect the recon-

figurability of a manufacturing system.  

 

 Research Question 1: What are the main enablers for reconfigurability of a 
manufacturing system? 
 

Little research is available on converting an existing manufacturing system towards 

reconfigurability and on assessing the system’s current state. Theoretical research has 

mainly been focusing on the development and design of new RMSs. In addition, previ-

ously developed reconfigurability assessment models have been proven to not be easily 

applicable in industry. Therefore, there is a need of creating the ability to assess the 

current state of reconfigurability in an existing manufacturing system.  

 

 Research Question 2: How can reconfigurability be assessed in an existing 
manufacturing system based on the main enablers for reconfigurability?  

 

1.4 Delimitations 

The analysis of the manufacturing system’s reconfigurability was limited to only the 

system level. An assessment at work station level would have required too much detail 

for keeping the model generalisable. An assessment at a level higher than the system 

level, such as e.g. the factory level, would have been too general for the result to be of 

use. Therefore, this report only focuses on reconfigurability at the system level. 
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1.5 Outline 

The report of study is divided into six chapters. The first chapter has introduced the 

topic of research on reconfigurability, including the purpose of the study and the rele-

vant research questions. The second chapter provides a theoretical background for the 

area of reconfigurability and reconfigurability assessment. The chapter also covers the-

oretical information regarding the areas of industrial assessment methods as well as 

usability aspects for implementation in industry. The third chapter presents the research 

methods used. The methodological approach for the literature study and case study are 

explained in detail and all data analysis processes are described. Chapter 4 presents the 

prerequisites for the assessment model. The prerequisites consist of theoretical findings 

from the analysis of the literature study on reconfigurability as well as the findings from 

analysis of the theory and the case study regarding usability and desired functionality 

of the assessment model. Chapter 5 presents the analysis of the literature as well as the 

analysis of the findings from the case study. Based on the information set forth, a re-

configurability assessment model is developed and presented. The final chapter sums 

up the gathered information and critically discusses the study in terms of generalisabil-

ity, validity and reliability. It closes with a discussion and final conclusions on the topic. 

Other information relevant to the study can be found in the appendices. 
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2 Theoretical Background 

This chapter provides a theoretical overview on RMS, the reconfigurability character-
istics and their connection towards each other, on manufacturing system assessment 
and on usability of manufacturing assessment models in industry.  

2.1 Reconfigurable Manufacturing Systems 

Today’s manufacturing companies face challenges from an increasing globalisation. 

Change of customer demands, technology development, growing focus on sustainable 

manufacturing and the need for customisable products are creating an environment of 

great competition and constant change (Mehrabi, Ulsoy, & Koren, 2000b; Andersen, et 

al., 2015a). To stay competitive in the global market, manufacturers need to develop 

manufacturing systems according to the need of change (Mehrabi, et al., 2000b). Instead 

of using only dedicated or flexible manufacturing systems, manufacturers must now 

develop and operate manufacturing systems that can be continuously improved and 

changed (ElMaraghy & Wiendahl, 2009). RMS were introduced to handle the amount 

of change needed in a cost-effective way (Koren, 2006). 

Cost-effective responsiveness to market changes requires a manufacturing system com-

bining the high capacity of a DMS with the flexibility of an FMS. However, the flexi-

bility is deliberately limited to the amount required to manufacture the part or product 

family (Koren, 2006). The customised flexibility used in RMS reduces the cost for the 

system compared to a traditional FMS, where usually more flexibility than needed is 

built in to the system (Mehrabi, et al., 2000a; ElMaraghy, 2006). Designing a manufac-

turing system based on the principles of creating an adjustable structure and designing 

it around a part or product family is fundamental for an RMS (Koren & Shpitalni, 2010). 

Figure 1 illustrates the relationship between capacity and functionality of a DMS, FMS 

and RMS.  

An RMS can only reach capacity and functionality comparable to a DMS and FMS 

within the part or product family it was designed for. Yet, RMSs possess the advantages 

of responsiveness to changes and the ability to be continuously adaptable whilst keep-

ing the requirements in terms of capacity, functionality and cost (Koren, 2006). 
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Reconfigurability and the ability to quickly adapt to required changes can take place at 

different levels within a company. Conventionally, in a manufacturing system, six lev-

els can be identified (Wiendahl & Heger, 2004). An overview on the content of each 

level is provided in Table 1.  

Table 1. Structuring Levels of a manufacturing system (Wiendahl & Heger, 2004) 

Level: Description: 

Network Includes all sites of the company  

Factory One plant of the company, including infrastructure and buildings 

Segment All processes to make the product ready for dispatch 

System All processes to produce different variants of a product 

Cell A sub process with a group of workstations, to work on the product 

Workstation Single processes which add to the product 

 

When working with these levels, it is important to be aware of their interdependencies. 

Changes at an upper level affect the levels below. Organisational changes usually apply 

to a higher level, whereas detailed technical changes refer to lower structure levels 

(Wiendahl & Heger, 2004). Therefore, it is important to be aware of how changes made 

at one level affect interrelated levels (Wiendahl, et al., 2007). This study focuses on 

developing an assessment model at the system level which means that the system, cell 

and workstation levels will be considered.  

Figure 1. Illustration of capacity and functionality relationship. Adapted from Youssef and 

ElMaraghy (2006) 
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2.2 Reconfigurable Manufacturing Characteristics 

Reconfigurability is achieved through a range of reconfigurability characteristics. The 

number and composition of these characteristics varies when looking at different liter-

ature. Koren (2006) mentions six core characteristics which define reconfigurability: 

modularity, integrability, customisation, convertibility, scalability and diagnosability. 

These characteristics are repeatedly and most commonly used throughout literature; 

therefore they were chosen for this study. In a thorough literature analysis, Napoleone 

et al., (2018a) review the presence and importance of these characteristics on present 

literature. They set a core focus on the six main characteristics originally stated by 

Koren (2006). An overview of the properties of each characteristic is given in Table 2.  

Table 2. Reconfigurability characteristics (Koren, et al., 1999; Koren, 2006; Koren & 

Shpitalni, 2010) 

Characteristic: Properties: 

Modularity Modular system structure to easily adapt to system changes  

Integrability The ability for the modules or different parts of the system to in-

tegrate with each other 

Diagnosability Ability to quickly detect the origin of reliability and quality issues 

and real time monitoring of the system 

Convertibility Potential to adjust and change the functionality of a manufacturing 

system to meet new production requirements and to change back 

to previous requirements 

Scalability Potential to downscale and upscale the production capacity of a 

system  

Customisation Limiting the manufacturing system to only be able to perform ac-

tions required for a product family 

Each of the listed characteristics is essential for the definition of reconfigurability. In 

order to understand the connections and properties of these characteristics, a description 

of each follows below. 

2.2.1 Modularity 

Modularity is the ability to add or remove modules to a part of the system without af-

fecting the rest of the system (Koren, et al., 1999). Modularity creates an independence 

and autonomy of the components in the system, since the modules can work autono-

mously and can be interchanged within the system, using small efforts of cost and time 

(Napoleone, et al., 2018a). Modularity is influenced by the ability to replace system 

components, the ease to move and relocate modules in the system and the standardisa-

tion of module interfaces to guarantee the interchangeability of modules (ElMaraghy, 

2006). To support the technological features of system components, there is a need for 

tool, fixture, machine and control modularity. Standardisation of module interfaces is 

supported by sharing dedicated components (Mehrabi, et al., 2000a). 
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2.2.2 Integrability 

Integrability is the ability to integrate or remove new components of the manufacturing 

systems without having an impact on other fragments of the system (Koren, et al., 

1999). The integration could be of both hardware components in form of e.g. new ma-

chines or software components such as updating a software already present in the sys-

tem (Napoleone, et al., 2018a). This ability is supported by using integrable tools, fix-

tures, machines and control software (Hees & Reinhart, 2015). 

2.2.3 Diagnosability 

Diagnosability is the ability to detect the origin of quality and reliability issues (Koren, 

2006). The ramp-up period is the period when a manufacturing system is most exposed 

to quality issues and failures. Since an RMS goes through several ramp-up periods dur-

ing its system lifecycle, detection and recovery of failures are crucial (Napoleone, et 

al., 2018a). Diagnosability consists of monitoring the product quality, identification of 

causes and prevention and recovery of errors (Liu, Luo, Chu, & Chen, 2004; Koren, 

2013; Mesa, Maury, Turizo, & Bula, 2014). This is supported by techniques for quality 

assurance, traceability and poka yoke (Mesa, et al., 2014). 

2.2.4 Convertibility 

Convertibility is the ability for a system to rapidly convert from manufacturing one 

product to manufacturing a new or another product within the product family (Mehrabi, 

et al., 2000a; Gumasta, et al., 2011). A convertible system includes equipment and tech-

niques to reduce time and cost in conversion. The system is adjustable and can be 

changed incrementally (Koren, 2005). Convertibility is dependent on the core charac-

teristics of modularity and integrability (Napoleone, et al., 2018a). There are certain 

factors that support these abilities, for example the incrementality of changes, cost ef-

ficient conversion, functionality adaptation or the level of automation (Koren, 2005; 

Katz, 2007; Gumasta, et al., 2011). 

2.2.5 Scalability 

Scalability is the ability to adjust the system capacity to meet fluctuations in demand 

(Koren, et al., 1999). Scalability requires system adjustability, equipment and tech-

niques to reduce time and cost during capacity changes and the ability to change incre-

mentally (Spicer, Yip-Hoi, & Koren, 2005; Wang & Koren, 2012). The system adjust-

ability is supported by utilising space and investing in adjustable machinery. Support 

for reducing cost during capacity changes comes from working with line balancing and 

a flexibility regarding the number of shifts and workers (ElMaraghy, 2006; Wiendahl, 

et al., 2007; Koren, Wang, & Gu, 2016). 
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2.2.6 Customisation 

Since RMSs are built around product families, the customisation of the systems occurs 

in response to changes in products, functionality and capacity (Koren, et al., 1999; 

Mehrabi, et al., 2000a). The customisation of the system is supposed to streamline the 

RMS to only the functions initially intended. This ensures that the system is customised 

to only the built-in flexibility and control required for manufacturing the product family 

the system was developed for (Hees & Reinhart, 2015). This makes the RMSs more 

cost efficient and prevents the functionality of the system from being underutilised 

(Koren, et al., 1999; Koren, 2013).  

2.2.7 Connection between the Characteristics 

According to Koren (2010) scalability, convertibility and customisation are the three 

core characteristics that are required to reach reconfigurability. Koren (2010) also states 

that modularity, integrability and diagnosability are facilitators of reconfigurability 

which allow rapid reconfiguration. According to Abdi and Labib (2003); Deif and 

ElMaraghy (2007); Hees and Reinhart (2015) and Koren et al. (2016) the reconfigura-

bility characteristics are connected and influence each other on the system level. Figure 

2 illustrates the relationships between the characteristics graphically. Napoleone et al. 

(2018a) state that modularity and integrability facilitate the adaptability to reach recon-

figurability. Modularity and integrability influence diagnosability, convertibility and 

scalability. Diagnosability influences scalability and convertibility. Lastly customisa-

tion is influenced by scalability and convertibility which means that this characteristic 

is indirectly or directly influenced by all other five characteristics (Napoleone, et al., 

2018a).  

  

  

Figure 2. Relationships between the reconfigurability characteristics. Adapted from 

Napoleone, et al., (2018a) 
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2.3 Assessment Methods of Manufacturing Systems 

There are many reasons for assessing a manufacturing system; to monitor the current 

state of the system, to control a system’s behaviour and to identify areas of improve-

ment (Gomes, Yasin, & Lisboa, 2011). When looking at literature and the different 

ways manufacturing systems have been assessed, three main ways of measuring were 

identified; the nominal scale, the ordinal scale and the process of measuring specific 

values such as cycle time, throughput, speed etc. (Neely, Gregory, & Platts, 1995; Gon-

çalves & Salonitis, 2017; Singh Sangwan, Bhakar, & Digalwar, 2018; Sheen & Yang, 

2018). The method of measuring as well as in what detail depend on the goal of the 

assessment (Vivares, Sarache, & Hurtado, 2018).  

Some approaches for assessing reconfigurability, can be determined. The current state 

of a manufacturing process in terms of reconfigurability, for example, is mainly as-

sessed by using mathematical equations and theoretical approaches (Rösiö, et al., 2019).  

2.4 Usability of Manufacturing Assessment Models 

When working with assessment models in industrial settings, the usability of models is 

an important aspect. Butt, Ahmad and Rahim (2014) emphasise the importance of usa-

bility in assessment model development. An emphasised focus on usability decreases 

the error rate during the application whilst increasing the user satisfaction. 

Usability is defined in ISO 9241-11, (ISO, 2018) as follows: 

“The effectiveness, efficiency and satisfaction with which specified users 

can achieve specified goals in particular environments” 

According to Tangen (2005) effectiveness is to what degree objectives are accom-

plished and efficiency is to what extent the resources used to accomplish the task are 

utilised. Satisfaction refers to the comfort and acceptability of use and is focused on the 

satisfaction of the corresponding user in the environment the system is supposed to be 

used in (Helander, 2006). Usability was broken down by Nielsen and Mack (1994) into 

ten heuristics that have become widely used and are the most known heuristics for us-

ability (Helander, 2006). These heuristics are displayed in Table 3. 
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Table 3. Ten usability heuristics, adapted from Nielsen and Mack (1994) 

Heuristic: Explanation: 

1. Visibility of system status The user should be informed what is going on in 

the system at all times through feedback delivered 

within a reasonable time. 

2. Match between system and the real world The system should communicate with the user 

through, to the user, familiar terms. Information 

should appear in a natural and logical order.  

3. User control and freedom If mistakes are made, the user should be able to 

go back and leave the unwanted state with ease. 

4. Consistency and standards Consistent use of words and expressions is im-

portant. The user should not have to wonder e.g. 

if different words have the same meaning. 

5. Error prevention More important than a good error indicator is a 

good design, so the error is prevented. 

6. Recognition rather than recall Information should not have to be remembered by 

the user. Required information should be pre-

sented or easy to retrieve, when appropriate. 

7. Flexibility and efficiency of use Systems should be adaptable for both, the novice 

and the experienced user.  

8. Aesthetic and minimalist design Only display information that is required at a par-

ticular situation.  

9. Help users recognise, diagnose and recover 

from errors 

Errors should be expressed in a language known 

by the user and should clearly indicate the prob-

lem and suggest a solution. 

10. Help and documentation If additional information is required, it should be 

easy to search for and find, it should focus on the 

particular task, be limited to what is needed to 

carry out the task and it should list concrete steps 

that can be carried out. 

 

The ten heuristics in Table 3 can be used as a foundation in terms of usability in indus-

try. Helander (2006) highlights the importance of validation and interpretation for a 

usage of these heuristics when designing different applications. 
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3 Method and Implementation 

This chapter describes the methodological approach of the study. The literature study 
and case study are explained as well as the data collection and techniques for analysis 
used throughout the process. 

3.1 Research Approach 

The approach chosen for this study was an inductive and therefore theory generating 

approach (Williamson, 2002). Since the topic required in depth analysis, a qualitative 

research setup was chosen, starting with a literature study, followed by a single case 

study including a focus group as well as semi-structured interviews. This method trian-

gulation was chosen to increase reliability and validity of the results (Leedy & Ormrod, 

2019). For the selection of the case company it was important to investigate a field, 

where reconfigurability can be seen as an asset and therefore a future competitive factor. 

In the automotive industry where the ever-changing market creates a manufacturing 

environment of short ramp-up times, RMS is considered a suitable manufacturing strat-

egy (Andersen, Bejlegaard, Brunoe, & Nielsen, 2015b). Additional factors which influ-

enced the choice of the case company where the company’s location and their previous 

involvements in collaborations with the university. Companies with an interest in the 

topic tend to be more supportive for the execution of case studies and analysis 

(Williamson, 2002). Therefore, a large automotive manufacturer who has worked with 

the university before, was chosen as the case company.  

The literature study provided a knowledge foundation on RMSs, assessment models for 

industry and usability in industry. Based on the information gathered from the literature 

study of assessment methods and usability combined with research about focus groups, 

the focus group was prepared and executed. Using the data gathered from the literature 

study and the focus group, a detailed assessment model was developed and tested. It 

was important to define clear criteria to be considered and measured, when evaluating 

the reconfigurability of a manufacturing system.  

After the preliminary version of the reconfigurability assessment model was developed, 

semi-structured interviews at the case company were carried out. The feedback gained 

during the interviews was used to refine the reconfigurability assessment model. Suc-

ceeding the refinement, the assessment model was tested and evaluated at the case com-

pany. The testing was executed according to the IEEE (2009) standard for software unit 

testing. After the completion of the testing, further refinements were carried out. 
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3.2 Literature Study 

The literature study was conducted in three areas, RMSs, industrial assessment methods 

and usability of manufacturing assessment models in industry. The goal of the literature 

study was to form a knowledge base on the relevant topics for the study. The infor-

mation gathered was essential when subsequently executing the case study. The ap-

proach for the studies on all three areas was similar. For the data collection, a suitable 

database was chosen. The reference database “Scopus” contains peer-reviewed journal 

articles in scientific and technical fields and was therefore chosen as database for the 

literature study. Reference databases are a helpful tool for the search midst large num-

bers of articles, due to their possibility of narrowing the search. When selecting the 

search terms for the literature studies, related terms, synonyms and language variations 

were considered. Also, broader and narrower terms were included in the search. For the 

literature search and selection process of the articles, the process of selecting studies by 

Booth, Sutton and Papaioannou (2016) was used. A schematic of the process is dis-

played in Figure 3. 

 

Figure 3. Process of selecting studies. Adapted from Booth et al. (2016) 

 

 

 



Method and Implementation 

15 

 

3.2.1 Literature Study on RMS 

The literature study on RMS covered the content for answering research question 1 and 

therefore provided a basis for further planning and execution of the following case 

study. To ensure that all fields within the area were covered in the literature study on 

RMSs, a structured literature study approach was chosen. The search terms used in 

Scopus included: 

 

 Reconfigurability 
 “manufacturing systems” 
 “reconfigurable manufacturing systems” 
 Reconfig* AND production 
 Reconfig* AND “production system” 
 “production system” OR “manufacturing system” 

 

To further ensure the coverage off all research in the field, the literature search tech-

niques of snowballing and bibliography review were used (Booth, et al., 2016). 

The information gathered through the literature study on RMS was grouped and ana-

lysed in terms of relevance, coherence and adequacy of data (Booth, et al., 2016). The 

data was separated into the six core characteristics for RMS mentioned above The data 

was then grouped and categorised for each characteristic 

3.2.2 Literature Study on Industrial Assessment Methods 

The search terms used in Scopus in the literature study on industrial assessment meth-

ods included: 

 

 Assessment AND model AND manufacturing 
 Maturity AND model AND readiness 
 (Assessment OR Measuring) AND model AND (manufacturing OR production) 
 Reconfigurability AND assessment 
 Reconfig* AND assess* 

 

To ensure all relevant literature on this topic was covered, the articles that passed the 

selection process were used for further snowballing and bibliography search (Booth, et 

al., 2016). The literature was then filtered for relevant articles in the areas of reconfig-

urability assessment methods and other industrial assessment methods. Relevant assess-

ment methods found in this part of the literature study were selected and used as input 

for the focus group and the development of a reconfigurability assessment model ap-

plicable in industry. 

3.2.3 Literature Study on Usability in Industry 

The search for literature within usability was originally based on articles and references 

from the book “Work and technology on human terms” (Lagerström, 2009). The book 

covers the most prominent research concerned with the design of work and technology 

on human terms. One section of this book focuses on usability. Based on this section, 
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areas and terminologies of interest were identified and a further search within those 

areas was carried out in Scopus. The main search terms used were: 

 

 Usability AND evaluation 
 Usability AND measuring AND method 
 Usability AND assurance 
 Usability AND inspection 
 Usability AND importance AND industry 

 

The results of the literature study were again filtered and sorted by relevance. This part 

of the literature study was used to create a foundation for the content of the subsequent 

case study including the execution of the focus group. The results from the focus group 

should then be used to develop the reconfigurability assessment model with a focus on 

usage in industry. 

3.3 Case Study 

The case study was carried out as a single-case design with a single-unit of analysis 

(Yin, 2014). To include knowledge and input from industry and to contextualise the 

development of the assessment model, the department of manufacturing development 

at the case company was chosen as unit of analysis for the case study. The case study 

started with a focus group on usability of assessment models. This input was used to 

develop a preliminary version of the assessment model. After the development, inter-

views on the first version of the model were carried out at the case company. Sugges-

tions from the interviews were implemented, and the model was tested and evaluated 

by three different employees at the same manufacturing process at the case company, 

to see similarities and differences in the results. 

3.3.1 Focus Group 

In order to gain an understanding of the important factors for usability and the applica-

tion of assessment models in industry, a focus group was chosen as research technique 

(Krueger & Casey, 2015). Focus groups are a fast and efficient way to gain a first over-

view on a topic and, combined with the results of additional methods such as the liter-

ature review, provide a foundation for further works in a field (Williamson, 2002). A 

focus group usually consists of a group of 6-10 people, which sit together between one 

and two hours to discuss about a given topic. The focus group is held and guided by a 

moderator. In a preparation process prior to the focus group session, questions and top-

ics for discussion among the focus group participants are predefined (Krueger & Casey, 

2015). The results and insights gained by the focus group can then be used as a decision 

base for further actions (Williamson, 2002).  

The focus group session was carried out at the case company, which was chosen to 

subsequently study the implementation and usability of the developed model. The pur-

pose of the focus group was to discuss different models of assessing reconfigurability 

and to evaluate them in terms of usability and comprehensiveness. A special focus was 

hereby set on the usability of the future assessment model on the shop floor. Therefore, 
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the participants of the focus group were chosen accordingly. Among the selected people 

were two manufacturing technology managers, two production managers and two shop 

floor workers. This way, the focus group contained participants from all functions 

which might be involved in using and applying the model at the case company after its 

development. 

The focus group lasted for two hours. Before conducting the focus group, the route and 

questions were planned with the help of the practical guide on focus groups by Krueger 

and Casey (2015). The questions covered a short introduction of the participants, a dis-

cussion about different ways of measuring followed by a discussion about assessment 

methods based on the previous literature study. The questions also covered displaying 

the results and usability of the planned reconfigurability assessment model. The focus 

group closed with a revision and a round of feedback. The questions used in the focus 

group can be found in Appendix 1 Questioning Route Focus Group. The focus group 

was planned and moderated by the authors. The focus group moderators assured a 

smooth conduction of the focus group, through the application of moderating skills. The 

moderator asked follow-up questions, made sure that each participant was involved in 

the discussion and kept the discussion momentum going (Krueger & Casey, 2015). 

During the focus group, notes were taken, and the focus group discussion was recorded 

by two recording devices to ensure the availability of the results. The focus group was 

analysed using the guide by Krueger and Casey (2015). Directly after the focus group, 

a short debrief of the focus group was carried out. The following questions were an-

swered: 

 

 “What were the themes?” 
 “What are the most important points that we’ve learned from this group?” 
 “What was surprising or unexpected?” (Krueger & Casey, 2015, P. 140) 

 

After the first debrief, the notes and recordings of the focus group were analysed with 

regards to usability and displaying the results of the developed assessment model. 
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3.3.2 Development Assessment Model 

Based on the results of the analysis of the literature study and the outcomes of the focus 

group, a preliminary version of the assessment model was developed.  

Using the data gathered in the literature study, the reconfigurability characteristics were 

broken down into distinct enablers which were then grouped into categories. The cate-

gorisation was based on the core principles of each RMS characteristic. Therefore, each 

characteristic consists of different categories for the specific enablers. To classify the 

categories and enablers, at first all input required to attain a characteristic was gathered. 

Afterwards, facilitating factors for the input were detected, e.g. rapid conversion facil-

itates convertibility. These factors and inputs were then described as enablers and 

grouped into categories for each reconfigurability characteristic. These enablers and 

categories answer research question 1 and define “what” enables reconfigurability in a 

manufacturing system. 

Based on these enablers, specific assessment questions for the reconfigurability assess-

ment model were developed. From here on, the study worked towards answering re-

search question 2 and how reconfigurability can be assessed in an existing manufactur-

ing system. The enablers were the base for the development of the assessment ques-

tions. The assessment questions are questions which comprise and describe the func-

tionalities of the enablers and collate properties of the existing manufacturing system 

with the enablers of each characteristic. From each enabler a set of questions derived 

that examine to what degree this enabler is reached in the manufacturing system. The 

answering scales for the questions were developed in collaboration with the case com-

pany based on the input from the focus group.    

Inputs on desired usability and functionality of the model were gained during the focus 

group sessions and were included in development of the assessment model. A focus 

was set on the ease of use and error prevention, since those two areas have a high impact 

on the usability of an industrial assessment model (Helander, 2006).  

The assessment questions for RMSs were combined with the literature study on usabil-

ity in industry, industrial assessment models and the outcomes of the focus group to 

create a conceptual outline for the reconfigurability assessment model. After creating a 

conceptual outline, the preliminary model was developed using Microsoft Excel. How 

the assessment should be conducted is therefore based on both, theory and the input 

from the end users in industry.  

3.3.3 Interviews 

After the preliminary draft of the reconfigurability assessment model was developed, 

semi-structured interviews were carried out, to get a first feedback on the model. The 

interviews were conducted with a manufacturing technology manager and one produc-

tion manager at the case company. The participants were asked about their conception 

of the preliminary assessment model. The interview was carried out via a group skype 

call and lasted roughly one hour. A questioning route was prepared prior to the inter-

view, the questions can be found in Appendix 3 Questions Semi-Structured Interviews. 
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During the interview, notes were taken. Semi-structured interviews allow a greater flex-

ibility whilst conducting the interview, compared to structured interviews. At the same 

time, they ensure a larger comparability between the results than unstructured inter-

views (Williamson, 2002).  

The information gained from the interviews was subsequently used to refine the devel-

oped assessment model prior to testing at the case company. After the refinement of the 

assessment model it was once again sent to the case company to make sure that all 

feedback was interpreted as intended and updates were made accordingly. 

3.3.4 Testing and Evaluation Assessment Model 

After the model had been developed and reviewed, it was tested at the case company. 

For testing the model, the Institute of Electrical and Electronics Engineers Standards 

Association (IEEE) standard decomposition for unit testing processes was used, the 

IEEE Std 1008™-1987 (R2009). The IEEE standard describes a standardised way of 

unit testing. The testing activities were based on the testing methodology from IEEE 

(2009) and are described as follows:  

 

1) Perform test planning phase 

a) Plan the general approach, resources, and schedule 

b) Determine features to be tested 

c) Refine the general plan 

 2) Acquire test set phase 

a) Design the set of tests 

b) Implement the refined plan and design 

 3) Measure test unit phase 

a) Execute the test procedures 

b) Check for termination 

c) Evaluate the test effort and unit (IEEE, 2009) 

 

The first step was to plan the testing. In line with IEEE (2009) an approach for how to 

test the assessment model, what resources to be used in the testing and scheduling of 

the testing at the case company was created. The model was tested by three different 

employees at the same manufacturing line at the case company. The assessment 

model was tested by a production manager, a production planner and a production 

technician in the manufacturing line. Having several employees performing the same 

test on the same line enables a direct comparison of the outcomes and increases the 

validity and reliability of the results (Williamson, 2002). The next step was to deter-

mine which features were to be tested. For the reconfigurability assessment model, the 

feature for assessing the reconfigurability of a machining line was chosen. Other man-

ufacturing facilities at the case company were not available for testing at the time for 

this study. The last step of the test planning was to refine the general plan. The testing 
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plan was developed and defined in collaboration with the case company. The core of 

executing the test was to let employees at the case company use the assessment 

model. The test results from applying the model should then be compared to decide 

about further actions. 

The second phase, according to IEEE (2009), is to design the test settings and imple-

ment them in the software. The reconfigurability assessment model, however, was kept 

in its original state. No extra changes were required for the testing, since the coding of 

the model was kept general and therefore applies to all possible test settings. 

In the third phase, the measurement phase of the test unit, the tests were conducted as 

described in IEEE (2009). The test procedures were executed at the case company on 

the same production line at different times. Additionally, the results of the different test 

runs were compared to draw conclusions on the usability and generalisability of the test 

results.  

3.4 Validity and Reliability 

Williamson (2002) highlights that especially for qualitative research, validity and reli-

ability are important means to ensure the integrity of the study. Due to the choice of a 

focus group at the case company, the internal validity of this study was ensured. The 

data gathered at the case company functions as important support towards the internal 

validity. The outcomes of the study can directly be used and applied at the case com-

pany. 

The external validity of this study, as well as the reliability were ensured through the 

support of literature. However, qualitative research has the tendency to lack external 

validity and reliability due to the specific cases chosen. Both factors were strengthened 

by adding literature-based findings to the outcomes of the qualitative methods. Addi-

tionally, method triangulation was carried out by using the focus group as well as semi-

structured interviews. Triangulation is another important factor to ensure validity as 

well as reliability of the study (Williamson, 2002). 
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4 Prerequisites for Reconfigurability Assessment 

The purpose of this chapter is to present what is required i.e. the prerequisites to assess 
a manufacturing system in terms of reconfigurability. This chapter starts by presenting 
the reconfigurability enablers which are the findings and analysis of the literature study 
on reconfigurability. These enablers are the prerequisites on what to assess. The chap-
ter continues by presenting additional prerequisites on how the characteristics are con-
nected and on how to use the enablers to assess deriving from the case company and 
the literature study on assessment models and usability. 

4.1 Reconfigurability Enablers 

In this section, the categories and enablers for each characteristic that derived from the 

literature study are presented. These enablers function as input on what to assess in an 

existing manufacturing system to determine the current state of reconfigurability. The 

findings are presented in text and summarised in a table for each characteristic.  

4.1.1 Enablers for Modularity 

Based on the literature study, the characteristic modularity was divided in three catego-

ries of enablers; System elements, Interfaces and Readiness. These categories comprise 

the enablers for the reconfigurability characteristic modularity, which are listed in Table 

4.  

In literature, it is frequently mentioned that a manufacturing system needs to consist of 

element modules in order to reach a high modularity (Koren, et al., 1999; Mehrabi, et 

al., 2000a; Galan, Racero, & Garcia, 2007; Gumasta, et al., 2011; Hees and Reinhart, 

2015; Napoleone, et al., 2018a). Therefore, the category System elements consist of all 

the aspects affecting the entities of an RMS. A System element is hereby defined as a 

separate part of the system that can be implemented to fulfil specific requirements. The 

system elements which have an important impact on the system’s modularity are tools, 

fixtures, machines and controls. These elements are mentioned frequently, both in early 

and recent research about RMSs (Koren, et al., 1999; Mehrabi, et al., 2000a; Galan, et 

al., 2007; Bi, et al., 2008; Mesa, et al., 2014).  

Modular tools can be exchanged and updated easily to better fit new applications. Mod-

ular tools are frequently mentioned in literature and an important prerequisite to reach 

reconfigurability (Koren, et al., 1999; Landers, Min, & Koren, 2001; Moon & Kota, 

2002). The same principles apply to modular fixtures, modular machines and modular 

controls. Modular machines are easier to upgrade and maintain than conventional ma-

chines. However, upgrading a modular machine is always connected with more effort 

than upgrading a modular tool or fixture (Koren, 2006). Modular controls and controller 

modularity form the fourth system element frequently mentioned in literature (Koren, 

et al., 1999; Landers, et al., 2001; Koren, 2006; Gumasta, et al., 2011; Dubey, et al., 

2017). Being able to adjust the system control to the new requirements and to update 

the software is important for ensuring the modularity of a manufacturing system 

(Kruger & Basson, 2016). One additional enabler of modularity is a modular material 
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handling system (Koren, et al., 1999; Setchi and Lagos, 2004; ElMaraghy, 2006; 

Youssef and ElMaraghy, 2007; Rösiö and Säfsten, 2013; Prasad and Jayswal, 2017).  

A modular material handling system is not considered as a system element but rather 

as an enabler to ensure the functionality of upgraded and converted modular tools, fix-

tures, machines and control. Therefore, it is still listed in the category System elements. 

The modular material handling systems mainly mentioned in literature are modular con-

veyors, automated guided vehicles (AGVs) and robots (Koren and Ulsoy, 2002; Koren, 

et al., 2016). Another criterion that supports the modularity of the system elements is 

the use of an element library (Kuo, 2001). Using a system element library provides a 

constant overview on available and currently used system elements and modules within 

the manufacturing system which enables a better overview on the system’s modularity. 

The ability to upgrade and replace components forms the last enabler of the system 

elements (Koren, 2006; Gumasta, et al., 2011; Koren, 2014). This ability is a basic 

principle of modularity and is revisited in the other characteristics. Being able to up-

grade and replace the system elements, therefore, forms the heart of the characteristic 

modularity.  

The second category of enablers of the characteristic modularity is Interfaces. To enable 

modularity in an RMS, the modules need to be able to connect to each other. The con-

nection of the modules is made through interfaces between them (Koren, et al., 1999; 

Katz, 2007; Wiendahl, et al., 2007; Pugliese, Mesa and Maury, 2017). One enabler 

mentioned frequently in literature is the interchangeability between system elements 

(Wiendahl, et al., 2007; Pugliese et al., 2017). Being able to change and combine the 

different system elements is crucial to ensure a high integrability of the manufacturing 

system. A standardisation of interface modules also supports the interchangeability of 

system elements (Abdi and Labib, 2003; ElMaraghy, 2006; Katz, 2007; Wiendahl, et 

al., 2007). Using a standard facilitates the integrability and ensures this characteristic 

during the design and implementation phase of products and processes (Hees & 

Reinhart, 2015). 

The third category Readiness is the ability for the system to be transformed and operated 

after changes are executed. Frequently mentioned in literature as an important aspect of 

this category is how fast and reliable changes can be made (Koren, et al., 1999; Mehrabi, 

et al., 2000b; ElMaraghy, 2006; Wiendahl, et al., 2007; Prasad and Jayswal, 2017). The 

rapidness and reliability of changes can be supported by the usage of pre-tested system 

elements. This enabler is creating reliability in an RMS since it is a strategy for pre-

venting errors. When the system elements are tested prior to being implemented in the 

system, the risk of reliability and calibration issues decreases (Wiendahl, et al., 2007). 

Enabling a rapid and reliable change are other factors which increase the readiness for 

modularity. Reducing the changeover time whilst increasing the reliability supports the 

benefit of a modular manufacturing system (Mehrabi, et al., 2000b; ElMaraghy, 2006; 

Prasad and Jayswal, 2017). 

In addition to the enablers mentioned above, modularity is highly connected to integra-

bility and the two characteristics support each other (Napoleone, et al., 2018b).  
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Table 4. Enablers for Modularity 

Category: Enablers: Reference(s): 

System ele-

ments 

Tool modules 

 

 

 

 

 

Fixture modules 

 

 

 

 

 

Machine modules 

 

 

 

 

 

Control modules 

 

 

 

 

 

Modular material handling 

 

 

 

 

System element library 

Ability to upgrade/replace 

Koren et al. (1999), Mehrabi et al. (2000a), Meh-

rabi et al. (2000b), Landers et al. (2001), Koren 

and Ulsoy (2002), Moon and Kota (2002), Koren 

(2006), Galan et al. (2007), Gumasta et al. (2011), 

Koren (2013), Koren (2014), Mesa et al. (2014), 

Hees and Reinhart (2015) 

Koren et al. (1999), Mehrabi et al. (2000a), Meh-

rabi et al. (2000b), Landers et al. (2001), Koren 

and Ulsoy (2002), Koren (2006), Galan et al. 

(2007), Gumasta et al. (2011), Koren (2013), Ko-

ren (2014), Mesa et al. (2014), Hees and Reinhart 

(2015) 

Koren et al. (1999), Mehrabi et al. (2000b), Lan-

ders et al. (2001), Koren and Ulsoy (2002), Koren 

(2006), Galan et al. (2007), Gumasta et al. (2011), 

Koren (2013), Koren (2014), Mesa et al. (2014), 

Hees and Reinhart (2015), Prasad and Jayswal 

(2017) 

Koren et al. (1999), Mehrabi et al. (2000a), Meh-

rabi et al. (2000b), Landers et al. (2001), Koren 

and Ulsoy (2002), Koren (2006), Gumasta et al. 

(2011), Koren (2014), Mesa et al. (2014), Hees and 

Reinhart (2015), Kruger and Basson (2016)  

Koren et al. (1999), Mehrabi et al. (2000a), Koren 

and Ulsoy (2002), Setchi and Lagos (2004), ElMa-

raghy (2006), Youssef and ElMaraghy (2007), Bi 

et al. (2008), Gumasta et al. (2011), Rösiö and 

Säfsten (2013), Prasad and Jayswal (2017) 

Kuo (2001)  

Koren (2006), Gumasta et al. (2011), Koren (2014) 

Interfaces Interchangeability of system 

elements 

Standardised interfaces 

 

Koren et al. (1999), Katz (2007), Wiendahl et al. 

(2007), Pugliese et al. (2017) 

Koren et al. (1999), Abdi and Labib (2003), ElMa-

raghy (2006), Katz (2007), Wiendahl et al. (2007), 

Hees and Reinhard (2015)  

Readiness Pre-tested system elements 

Quick change 

 

 

Reliable change 

Wiendahl et al. (2007) 

Koren et al. (1999), Mehrabi et al. (2000b), El-

Maraghy (2006), Katz (2007), Wiendahl et al. 

(2007), Koren (2014), Prasad and Jayswal (2017) 

Mehrabi et al. (2000b), ElMaraghy (2006), Wien-

dahl et al. (2007) 
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4.1.2 Enablers for Integrability 

Integrability is the ability for system elements to be integrated with each other. To ac-

complish integration, there are supporting enablers mentioned in literature. Enablers 

mentioned in research are the actual connection of system elements and strategic ap-

proaches to ease integration. Therefore, integrability was divided in the categories Sys-

tem elements and Strategy for integration. 

The category System elements is closely connected to the corresponding category in the 

characteristic “modularity”. For integrability, however, the use of standard interfaces is 

essential. By implementing a standard, consistency throughout the system is ensured 

which also results in an increased overall integrability. These standards are essential for 

hardware, material handling systems and software (Koren, et al., 1999; Setchi and La-

gos, 2004; Koren, 2005; Farid and McFarlane, 2006; Hees and Reinhart, 2015; Dubey, 

et al., 2017) 

Strategy for integration comprises all activities to enable an efficient integration of the 

system elements, also in the long term (Mehrabi, et al., 2000b; Abdi and Labib, 2003; 

Farid and McFarlane, 2006; Mesa, et al., 2014; Hees and Reinhart, 2015). The usage of 

integration rules ensures integration throughout the whole system. By using these rules 

future errors are prevented and the changeover becomes quicker and more reliable. 

Having integration rules also functions as a base for the enabler Future ready integra-

tion (Mehrabi, et al. 2000a; Mehrabi, et al. 2000b; Farid and McFarlane, 2006; Mesa, 

et al., 2014). 

Integrability is connected to and supports modularity since it does not benefit the RMS 

if it consists of modules that cannot be integrated with each other (Napoleone, et al., 

2018b). Table 5 summarises the categories and enablers derived from the literature 

analysis on integrability. 

Table 5. Enablers for Integrability 

Category: Enablers: Reference(s): 

System elements 

 

 

 

 

 

 

 

Strategy for integra-

tion 

Standard interfaces hard-

ware 

 

Standard interfaces ma-

terial handling 

Standard interfaces soft-

ware 

 

Integration rules 

Rapid integration 

 

Future ready integration 

Koren et al. (1999), Setchi and Lagos (2004), 

Koren (2005), Farid and McFarlane (2006), 

Hees and Reignhart (2015) 

Koren and Ulsoy (2002), ElMaraghy (2006), 

Rösiö and Säfsten (2013), Dubey et al. (2017) 

Koren et al. (1999), Koren (2005), Koren 

(2006), Koren (2014), Hees and Reinhart 

(2015) 

Koren (2006), Koren (2014) 

Abdi and Labib (2003), Koren (2005), Koren 

(2013), Hees and Reinhart (2015) 

Mehrabi et al. (2000a), Mehrabi et al. (2000b), 

Farid and McFarlane (2006), Mesa et al. (2014) 

 

  



Prerequisites for Reconfigurability Assessment 

25 

 

4.1.3 Enablers for Diagnosability 

Diagnosability is monitoring the state of the system and the product in real-time. The 

product quality needs to be monitored in order to identify quality and/or reliability is-

sues and to identify what is causing these issues (Koren, et al., 1999; Mehrabi, et al., 

2000b; Mesa, et al., 2014; Hees and Reinhart, 2015). Thereupon, quality and reliability 

issues can be recovered or prevented.  The three categories for this characteristic de-

rived from literature are Monitoring product quality, Detecting causes of product qual-

ity and system reliability issues and Prevention/recovery. 

The first category is Monitoring product quality. This category is concerned with mon-

itoring and observing the product quality after a system changeover. Hereby, the trace-

ability of the product quality is essential. By constantly supervising the product quality, 

errors in the process can be faster detected and resolved. This is, for example, reached 

by implementing frequent inspections and check points within the line (Mehrabi, et al. 

2000a; Liu, et al., 2004; Mesa, et al., 2014). 

The second category is Detecting causes of product quality and system reliability is-

sues. It was found that there is a need to detect causes to quality and system reliability 

issues. These causes should be detected in a systematic way as rapidly as possible after 

they occur. By using these enables, the system functions more reliable after the imple-

mentation of a changeover, which again improves the efficiency of the whole process. 

The importance of the ability to detect causes quickly, is frequently mentioned in liter-

ature. Both, being able to detect causes and the systematic strategy to detect the causes 

support this ability (Setchi and Lagos, 2004; Liu, et al., 2004; Farid and McFarlane, 

2006; Koren, 2013; Koren, 2014). 

The category Prevention/recovery is defined by the technology used to diagnose the 

system. Data collected on causes for quality and reliability issues should be used for 

development of error prevention strategies and methods to rapidly recover from prob-

lems. A prevention and quick recovery of errors in essential for the whole concept of 

RMS to be fulfilled (Koren, 2006; Koren, 2014; Mesa et al., 2014).  

A module-based manufacturing system makes it possible to create an incremental con-

trol system. Therefore, diagnosability is influenced by modularity and integrability (Na-

poleone, et al., 2018b). A summary of the categories and enablers can be seen in Table 

6.  
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Table 6. Enablers for Diagnosability 

 

4.1.4 Enablers for Convertibility 

Convertibility is the ability to change the functionality of the RMS to new requirements 

and to change back to the previous state. Through literature it was found that converti-

bility can be divided in two categories, Configuration and Transformation. The cate-

gory Configuration consists of the enablers that make conversion in a manufacturing 

system possible. One of the fundamental enablers for convertibility is that the manu-

facturing system needs to be designed for the ability to be converted (Mehrabi, et al., 

2000a; Mehrabi, Ulsoy, & Koren, 2000b; Koren & Ulsoy, 2002; Abdi, 2009; Gumasta, 

et al., 2011; Koren, 2013; Mesa et al. 2014; Koren, 2014). With changing production 

requirements, the manufacturing system must be designed to have the ability to be con-

verted to adapt its functionality to meet new requirements, the ability to convert in in-

cremental steps and with cost efficiency is desired (Abdi, 2009; Landers, Min, & Koren, 

2001; Wang & Koren, 2012; Abdi & Labib, 2017). The level of automation enables 

convertibility on the system element level. If a tool and/or a fixture conversion can be 

automated it can be completed quick and with high reliability (Katz, 2007; Gumasta, et 

al., 2011).  The category Transformation contains the enablers which facilitate the pro-

cess of conversion from one state to another and back. The most mentioned enabler for 

this category is a rapid conversion. To reach a rapid conversion, the system elements 

need to be designed for the transformation and calibration to be easy (Koren, 2005; 

Koren, 2006; Gumasta, et al., 2011; Koren, 2014; Prasad & Jayswal, 2017). When rapid 

conversion is enabled by easy transformation and calibration, cost efficient changes can 

be made in a manufacturing system (Landers, et al., 2001; Abdi, 2009). The fact that 

Category: Enablers: Reference(s): 

Monitoring product 

quality 

Traceability of product 

quality 

 

 

 

 

In-line inspection 

Koren et al. (1999), Mehrabi et al. (2000a), 

Mehrabi et al. (2000b), Koren and Ulsoy (2002), 

Liu et al. (2004), Setchi and Lagos (2004), Ko-

ren (2005), Farid and McFarlane (2006), Koren 

(2006), Koren (2013) Koren (2014), Mesa et al. 

(2014), Hees and Reinhart (2015) 

Koren (2006), Koren (2013) 

Detecting causes of 

product quality and 

system reliability is-

sues 

Detecting causes 

 

 

Quick identification of 

causes 

 

 

Systematic identification  

Setchi and Lagos (2004), Liu et al. (2004) Koren 

(2005), Koren (2006), Koren (2013) Koren 

(2014) 

Mehrabi et al. (2000a), Mehrabi et al. (2000b), 

Liu et al. (2004), Koren (2005), Koren (2006), 

Farid and McFarlane (2006), Koren (2013), Ko-

ren (2014) 

Koren and Ulsoy (2002), Koren (2006) 

Prevention/recovery Control technology 

Quick recovery 

Koren (2006), Koren (2014), Mesa et al. (2014) 

Koren (2005), Koren (2014) 
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conversion can be done rapidly and easily also facilitates the ability of converting the 

manufacturing system in general. Table 7 provides a summary of the categories and 

enablers for convertibility. Convertibility is influenced by modularity and integrability 

in the sense that modular system elements and the integration between them is a pre-

condition to be able to convert the system (Napoleone, et al., 2018b). A reliable con-

version is facilitated by the enablers of diagnosability (Napoleone, et al., 2018b).   

Table 7. Enablers for Convertibility 

Category: Enablers: Reference(s): 

Configuration Ability of conversion 

 

 

Incrementality of 

changes 

 

Cost efficient conver-

sion 

Functionality adaptation 

 

Level of automation 

 

Mehrabi et al. (2000a), Mehrabi et al. (2000b), Koren 

and Ulsoy (2002), Abdi (2009), Gumasta et al. (2011), 

Koren (2013), Mesa et al. (2014), Koren (2014),  

Spicer et al. (2005), Wang and Koren (2012), Hees 

and Reinhart (2015), Koren, Wang and Gu (2016), 

Abdi and Labib (2017)  

Landers et al. (2001), Abdi (2009) 

 

Koren (2005), Koren (2006), Koren (2013), Koren 

(2014) 

Katz (2007), Gumasta et al. (2011) 

 

Transformation Rapid conversion 

 

 

 

 

Easy transformation 

 

Easy calibration 

Koren et al. (1999), Mehrabi et al. (2000a), Mehrabi 

et al. (2000b), Koren and Ulsoy (2002), Setchi and 

Lagos (2004), Farid and McFarlane (2006), Koren 

(2006), Katz (2007), Abdi (2009), Koren (2014), 

Mesa et al. (2014), Hees and Reinhart (2015) 

Koren (2005), Koren (2006), Gumasta et al. (2011), 

Koren (2014), Prasad and Jayswal (2017) 

Koren (2006), Koren (2014) 

 

 

4.1.5 Enablers for Scalability 

The enablers of scalability are divided in three categories, Physical, Logical and Infra-

structure. The Physical category consists of the enablers for scalability through changes 

in physical equipment in the RMS to adjust capacity (Koren, et al., 1999; Spicer, et al., 

2005; Koren, et al., 2016). The physical changes in an RMS that facilitate scalability 

are adding or removing system elements to increase or decrease capacity to cope with 

fluctuations in demand. The ability to duplicate a machine to balance a line and remove 

a bottleneck to get a higher throughput or duplicate whole processes to increase line 

capacity when demands are high can be of importance to an RMS (Koren, 2013; Spicer 

& Carlo, 2007; Kruger & Basson, 2016). To be able to respond to demand fluctuations 

of different magnitudes, an RMS needs the ability to scale its capacity incrementally 

(Spicer, et al., 2005; Wang & Koren, 2012; Hees & Reinhart, 2015; Koren, et al., 2016; 

Abdi & Labib, 2017).  The Logical category contains enablers that facilitate and support 
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the enablers in the Physical category. By having an even flow and balanced lines in an 

RMS, the physical adjustments to enable scalability can be completed quicker and more 

cost efficiently (Spicer, et al., 2005; Koren, 2013; Koren, et al., 2016). Another enabler 

for quick and easy capacity adjustment is the ability of a flexible labour management. 

The ability to add or remove a shift in manufacturing is an easy and cost-efficient ena-

bler of the scalability needed to respond to sudden demand fluctuations (ElMaraghy, 

2006; Deif & ElMaraghy, 2007). The ability of capacity adjustments is dependent on 

the Infrastructure in an RMS. Enablers mentioned in literature for reaching scalability 

are space utilisation, an adaptable material handling system and technical infrastructure 

equipment e.g. power and water supplies (Wiendahl, et al., 2007; Koren, et al., 2016). 

Comparable to convertibility, scalability is influenced by modularity and integrability 

as they create the required pre-conditions for scaling capacity. The reliability of the 

capacity scaling in an RMS is influenced by diagnosability. Scalability and convertibil-

ity are dependent on similar enablers but not on each other (Napoleone, et al., 2018b). 

Table 8 provides a summarised overview of the categories and enablers of scalability.  

Table 8. Enablers for Scalability 

Category: Enablers: Reference(s): 

Physical Add / remove system ele-

ments 

 

 

 

Duplicating machines 

 

Duplicating processes 

Incrementality of changes 

 

 

Koren et al. (1999), Abdi and Labib (2003), Yu et al. 

(2003), Spicer et al. (2005), Koren (2005), Koren 

(2006), Weindahl et al. (2007) Deif and ElMaraghy 

(2007), Wang and Koren (2012), Koren (2013), Ko-

ren (2014), Koren et al. (2016) 

Spicer et al. (2005), Spicer and Carlo (2007), Kruger 

and Basson (2016) 

Spicer and Carlo (2007)  

Spicer et al. (2005), Wang and Koren (2012), Hees 

and Reinhart (2015), Koren et al. (2016), Abdi and 

Labib (2017) 

Logical Quick capacity change 

 

Cost efficient capacity 

change 

Ease of capacity change 

Line balancing 

 

Flexible labour manage-

ment 

Abdi and Labib (2003), Spicer et al. (2005), Wang 

and Koren (2012), Koren et al. (2016)  

Spicer et al. (2005), Gumasta et al. (2011), Koren 

(2013), Koren et al. (2016) 

Yu et al. (2003), Koren (2014) 

Koren (2013), Koren (2014), Koren et al. (2016), 

Kruger and Basson (2016) 

ElMaraghy (2006), Deif and ElMaraghy (2007) 

Infrastructure Space utilisation 

Adaptability of material 

handling 

Infrastructure to facilitate 

system growth 

Weindahl et al. (2007), Koren et al. (2016),  

Deif and ElMaraghy (2007), Koren et al. (2016) 

 

Spicer et al. (2005), Weindahl et al. (2007), Koren et 

al. (2016)  
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4.1.6 Enablers for Customisation 

Customisation is influenced by all the other characteristics and is mainly reached by 

fulfilling requirements. Customisation is the degree to which a system is adaptable to 

required changes (Hees & Reinhart, 2015). An RMS with redundant flexibility and con-

trol built into the system is underutilised (Koren, 2010). Customised flexibility and cus-

tomised control encompass the concept of RMS. The categories and enablers are dis-

played in Table 9. Customised flexibility is about limiting the manufacturing system to 

only be able to perform the functions required to manufacture the product family it has 

been designed for (Koren, et al., 1999). Customised control follows the same principle, 

applying to the field of manufacturing system control modules enabled by e.g. the usage 

of open architecture technologies (Koren, et al., 1999). Open architecture control sys-

tems facilitate adding, upgrading and swapping of components (Koren, et al., 1999). 

Customisation provides RMS with the responsiveness that the DMS lacks but prevents 

the RMS from having too much flexibility built in the system and being underutilised 

like many FMSs (Napoleone, et al., 2018b). 

Table 9. Enablers for Customisation 

Category: Enablers: Reference(s): 

Adaptability Customised flexibility Koren et al. (1999), Mehrabi et al. (2000a), Meh-

rabi et al. (2000b), Koren and Ulsoy (2002), 

Setchi and Lagos (2004), Koren (2005), Farid 

and McFarlane (2006), Koren (2006), Dou, Dai 

and Meng (2010), Koren (2013), Farid (2014), 

Prasad Jayswal (2017) 

 Customised control Koren et al. (1999), Mehrabi et al. (2000a), 

Setchi and Lagos (2004), Farid and McFarlane 

(2006), Koren (2006), Farid (2014), Hees and 

Reinhart (2015) 

 

 

Chapter 4.1 identifies and categorises the enablers for each reconfigurability character-

istic. Breaking down the characteristics into their core elements and grouping them an-

swers research questions 1 by clearly stating the main enabler for reconfigurability of a 

manufacturing system. The reconfigurability enablers are the base for the further devel-

opment of a reconfigurability assessment model and function as input on “what” to 

assess. 
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4.2 Connection between Reconfigurability Characteristics 

The literature study showed that the reconfigurability characteristics are connected and 

influence each other (Koren, et al., 1999; Napoleone, et al., 2018b). This is important 

to consider in the development of the assessment model. If each characteristic was as-

sessed independently without any impact from the others it would not provide a fair 

outcome of the assessment. 

Designing a manufacturing system for modularity enables the opportunity to make 

changes in the manufacturing system with small efforts of time and cost which is one 

of the main ideas behind an RMS (ElMaraghy, 2006). With modularity as the base 

principle for an RMS it is closely linked to the characteristic integrability (Napoleone, 

et al., 2018b). Integrability enables the integration between the modules which is re-

quired for a modular manufacturing system to function. Without integrability, modu-

larity is hard to achieve, since none of the RMSs system elements could operate to-

gether. When designing an RMS diagnosability always needs to be considered (Koren, 

et al., 1999). Modularity in the manufacturing system forces the control system to be 

built to fit the modules. This design also facilitates diagnosability since the control sys-

tem becomes incremental. The control system will also be built as modules, creating 

the ability of changing parts of the control system without affecting the whole system. 

Convertibility and scalability are influenced by modularity, integrability and diagnosa-

bility in similar ways but do not affect or influence each other (Napoleone, et al., 

2018b). Convertibility has a desired outcome to change the functionality of the manu-

facturing system while scalability has a desired outcome of changing the manufacturing 

system’s capacity (Gumasta, et al., 2011). Modularity and integrability are influencing 

convertibility and scalability since the existence of modules in the manufacturing sys-

tem and the integration between them is a pre-condition for conversion. System design 

for modularity and integrability will also make conversion fast and cost-efficient. Di-

agnosability enables reliable conversion and scaling in the manufacturing system 

(Mehrabi, et al., 2000a). Therefore, diagnosability directly influences the characteristics 

of convertibility and scalability. By quickly detecting quality and reliability issues, the 

transformation towards a new manufacturing state can be implemented faster and more 

reliable. Scalability and convertibility are both influenced by the same characteristics. 

However, they do not directly influence each other (Napoleone, et al., 2018b). Changes 

within the system depend on modularity, integrability and diagnosability, no matter if 

they are changes in volume or functionality. For a system to reach a high level of cus-

tomisation, fulfilling convertibility and scalability are essential since customisation is 

about controlling the functionality and capacity of the system to present manufacturing 

requirements (Koren, et al., 1999). However, to reach a high level of convertibility and 

scalability the system also needs to be designed for modularity, integrability and diag-

nosability which means that all five characteristics have a direct or indirect influence 

on customisation (Napoleone, et al., 2018b).  

This literature study supported Napoleone et al. (2018b) approach towards the connec-

tions between the different characteristics. During the literature study, no contradicting 
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information was found, but rather a range of supporting factors as explained in the sec-

tions above. The connections between the characteristics, however, are not quantifiable, 

but rather depend on the particular situation. In general, an estimate on the level of 

connection can be made by investigating how many core enablers of each characteristic 

are “connected” or “influenced” by another characteristic (Napoleone, et al., 2018b).  

This concept is used later on, when developing the reconfigurability assessment model.  

4.3 Application of Assessment Models in Industry 

This section provides an overview on the input gathered for the application of assess-

ment models in industrial settings. Even though the base for the assessment are the 

enablers in chapter 4.1 Reconfigurability Enablers, another prerequisite for developing 

an assessment model is how the assessment can be conducted. To reach this, input on 

assessment models applicable in industry was gathered from theory during the literature 

study and extended by input from industry through the results of the focus group at the 

case company. 

4.3.1 Theoretical Perspective 

Existing assessment models on reconfigurability have been proven to mostly be theo-

retical and based on mathematical models. This has made it hard to apply existing as-

sessment models for reconfigurability in industrial settings (Rösiö, et al., 2019). Since 

the goal with the reconfigurability assessment model developed in this study is to assess 

the current state in a manufacturing system, similar assessment models were anticipated 

for inspirational purposes. Therefore, other common fields of manufacturing were ex-

plored to find current state assessment models. According to Varela, Araújo, Ávila, 

Castro and Putnik (2019), lean manufacturing, Industry 4.0 and sustainability in manu-

facturing are currently important areas for manufacturing companies. For each manu-

facturing area, one current state assessment model was selected. The criteria for the 

selection were that the models were developed recently, that the assessment was carried 

out in a qualitative way, that the result of the assessment were presented and visualised 

clearly, and that the assessment model had been applied and used in industry. These 

models all functioned as an input to the focus group questions. The participants were 

later asked to compare the listed models and highlight their preference on usage. 

Singh Sangwan et al. (2018) developed and implemented an assessment model for sus-

tainability in manufacturing companies. They set a focus on analysing the manufactur-

ing system by using a set of nominal questions within a detailed questionnaire which 

the case company answers. For assessing the readiness for Industry 4.0 of a manufac-

turing company in Korea, Sheen and Yang (2018) provide a set of questions which 

should be answered using an ordinal scale as well as weighting factors. Gonçalves and 

Salonitis (2017) describe the usage of an Excel based assessment model for lean assess-

ment. The model uses a wide range of nominal and ordinal questions, as well as a 

weighting of specific factors and calculations of the coherence between the different 

factors to be assessed. This Excel based assessment model is designed in an interactive 
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way, including detailed instruction on usage and error prevention. A summary of these 

assessment models is displayed in Table 10.  

Usability in industry has been a prominent topic of research. Therefore, a general 

model, widely approved by researchers was chosen as the input for this study. Nielsen 

and Mack’s (1994) ten usability heuristics were selected as input for the later develop-

ment of the assessment model. These heuristics are explained in Table 3 in section 2.4. 

The areas of error prevention and flexibility and efficiency of use have been distin-

guished as particularly important for the development of the assessment model. These 

areas were transferred into practice during the planning and development of the assess-

ment model.  

Table 10. Industrial Assessment Models 

Assessment 

model: 

Content and Structure: Reference: 

Sustainability as-

sessment model 

Nominal questions 

Detailed questionnaire 

(Singh Sangwan et al., 2018) 

Readiness assess-

ment model 

Ordinal questions 

Weighting the answers 

On a scale from 1-5 

(Sheen & Yang, 2018) 

Lean assessment 

model 

Combination of ordinal and nominal ques-

tions 

Interactive tool 

Error prevention 

Detailed instructions 

Calculations of coherences 

(Gonçalves & Salonitis, 2017) 
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4.3.2 Industrial Perspective 

The industrial perspective on the application of assessment models derived from the 

outcomes of the focus group at the case company.  

In general, the participants of the focus group did not set a large focus on the actual 

implication and usage of assessment questions, the focus of the participants was more-

over set on the visualisation and the way of displaying result. An overview on the first 

debrief after the execution of the focus group is displayed in  

Table 11. 

 

Table 11. Focus Group Debriefing. Adapted from Krueger & Casey (2015) 

Question: Answer: 

What were the themes? 

 

Visualisation of results. 

Who should use the model? 

The model should be easy to understand – what is easy? 

What are the most important 

points that we’ve learned from 

this group? 

 

The participants had a high focus on visualisation.  

The visualisation can occur on different levels. 

A comparison between different manufacturing systems is im-

portant. 

The participants do not set a high focus on application of the 

model. 

The usage of weighting factors was of high importance. 

Guidelines for the weighting factors should be provided. 

What was surprising or unex-

pected? 

The application/ filling in the questions was of low importance. 

The participants highly approved the radar chart and the speed-

ometer chart. 

The participants had previously worked with common evalua-

tion modes, such as the Rapid Plant Assessment. 

 

After analysing the recordings and notes taken during the focus group, three main areas 

of interest were detected: Measuring of the assessment criteria, the format of the model 

and displaying of the results.  

For measuring the assessment criteria, the participants did not have specific visions. 

They consistently preferred ordinal questions over nominal questions, since ordinal 

questions, and ranges of answers provide a better gradual overview on a topic. The 

participants also highlighted the importance of testing the model in different manufac-

turing settings such as machining and assembly. The testing should also be carried out 

by different employees, to ensure the generalisability of the application. For the format 

of the model, the participants made very clear requests. The model should be developed 

in Microsoft Excel and be exportable as a PDF. A calibration and definition of each 

question and answer should be given for inexperienced users of the model. Another 

focus should be set on error prevention, such as answering a question twice or acci-

dentally deleting content. Finally, the participants asked for consistent colour coding 

throughout the model. The last category covered the way of displaying the assessment 
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results. The participants requested the visualisation to show the single assessment re-

sults of each characteristic as well as an overall result of the manufacturing system’s 

reconfigurability. They also mentioned the importance of comparing the results of dif-

ferent manufacturing processes between each other. One common suggestion was the 

usage of radar chart for displaying the assessment results for the six characteristics in-

dividually. The radar chart was already used by the case company for various applica-

tions and was therefore well known by employees on all levels. For displaying the over-

all reconfigurability score of the manufacturing system, a speedometer chart was sug-

gested, since this type of diagram not only displays the result but also contextualises it 

to general performance criteria. A specific list of what these areas include is presented 

in Table 12. 

 

Table 12. Focus Group Results 

Area: Input: 

Measuring The participants prefer ordinal to nominal questions, since they provide a more 

detailed description of the current state. Also, ordinal questions provide an over-

view on long term trends. 

The participants rather prefer a large amount of detailed questions to a few more 

general questions, to ensure more detailed results. 

The model shall be tested by several people at the same line. 

Format of the 

model 

The participants would like an Excel sheet and a paper version of the assessment 

model. 

The participants want to be able to export the model and the results as a PDF 

A definition and calibration of questions and answer possibilities is essential.  

Error prevention should be provided by locking relevant cells. 

A guideline for the weighting factors should be provided. 

Colour coding should be used throughout the whole model. 

Displaying A high focus should be set on the visualisation/presentation of the result.  

It is important to be able to compare different manufacturing facilities. 

For displaying the results, a radar chart and a speedometer chart shall be used. 

The results should be comparable, independently of the user of the model. 

  

The findings and analysis from the focus group were subsequently used as input to the 

development of the assessment model. 
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5 Reconfigurability Assessment Model 

This chapter outlines the development of the reconfigurability assessment model. An 

overview of the model is given followed by a description about the questions, answering 

scales and the structure of the assessment model. Finally, after testing in industry, the 

final version of the assessment model was developed as presented at the end of the 

chapter.   

5.1 Reconfigurability Assessment Model Overview 

Using the input from the literature study and the focus group, a concept for a reconfig-

urability assessment model was developed. The model was designed based on the usa-

bility heuristics, with a special focus on the requests which came up during the focus 

group at the case company. Additionally, aspects for usability were considered through-

out the design of the assessment model. In the layout of the model, a special focus was 

hereby set on error prevention and flexibility and efficiency of use. The reconfigurabil-

ity assessment model contains ordinal questions with different answer scales, nominal 

questions and multiple-choice questions. The questions derive directly from the recon-

figurability enabler presented in chapter 4.1 Reconfigurability Enablers. The answering 

scales were developed in consultation with the case company. After a conceptual ver-

sion of the model had been developed, it was given to the case company to be tested in 

industry. Based on the testing and the feedback given from the testing, the model was 

refined into the final version of the reconfigurability assessment model presented in 

chapter 5.5 Reconfigurability Assessment Model Final Version. 

5.2 Assessment Model Content 

The characteristic categories and reconfigurability enablers were transferred into as-

sessment questions for the reconfigurability assessment model. In order to transform 

the enablers into assessment criteria, questions were developed to match each category 

and enabler, as described in chapter 3.3.2 Development Assessment Model. The ques-

tions for each characteristic and the questioning route of the assessment model derive 

directly from the enablers listed in  

Table 4 to Table 9. Therefore, all the questions included in the assessment model are 

solely based on literature. The majority of the questions assess to which degree an en-

abler is fulfilled in the manufacturing system. These questions are ordinal and have an 

answering scale from 0 (not at all) to 4 (fully fulfilled). The answering scales for the 

questions were based on the input from the case company and the example of the pre-

viously reviewed industrial assessment models. Some questions, however, verify if a 

certain enabler is present in the manufacturing system or not. For these cases, nominal 

questions were chosen, since they provide a clear and direct answer yes (4) or no (0). 

Multiple choice questions were chosen for areas, where several choices occurred and 

added to the systems overall reconfigurability. The number of questions for each char-
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acteristic varied, based on the relative importance of each enabler and category. Ena-

blers which are more prominent in literature, were emphasised by adding more ques-

tions to the respective category. 

Each answer to the questions is based on a numerical scale from 0-4. The scores for 

each characteristic are summed up to an overall score. This overall score is then divided 

by 4, so the score is converted to a percentage value for each characteristic. This way, 

each assessment questions contributes in the same way to the overall reconfigurability 

result. 

The model also considers the connection between the different characteristics, pre-

sented in Figure 2. The weighting factors for the connections of the characteristics are 

based on the number of questions in each characteristic that are dependent on or influ-

enced by a precedent characteristic. The total amount of questions influenced by a pre-

ceding question was counted and divided by the total amount of questions for each 

characteristic. This way, a relative weighting factor for each connection could be estab-

lished. The weighting factors can also be defined in the assessment model. These 

weighting factors, however, are highly dependent on the content of the assessment 

model and should only be changed or adjusted after a further thorough review of re-

search on the topic. Based on the weighting factors between the characteristic and the 

average score for each characteristic, an overall score of the production system’s recon-

figurability is determined. This result provides an overall value of reconfigurability be-

tween 0% and 100%. It is hereby important to understand that the score of reconfigu-

rability derives from the answers of the assessment questions but is also influenced by 

the pre-defined connections between the characteristics. These aspects have to be con-

sidered, when improvements of the manufacturing systems reconfigurability are 

planned and contrived. 

5.3 Facilitators for Application in Industry 

For facilitating the usage and application of the reconfigurability assessment model in 

industry, the findings from the literature review on assessment models in industry, us-

ability in industry and the focus group were analysed and combined. The ten heuristics 

by Nielsen and Mach (1994) were combined with the ideas on usability pronounced 

during the focus group, as well as the outlines of the reviewed industrial assessment 

models, to ensure usability in the final design of the assessment model. The intended 

actions for the design of the reconfigurability assessment model are listed in Table 13. 
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Table 13. Usability of the assessment model 

Heuristic: Implementation: 

1. Visibility of system status -not applicable - 

2. Match between system and the real world The questions are stated in the same order as the 

enablers found in research. A glossary is added to 

clarify unfamiliar terms.  

3. User control and freedom Error messages indicate mistakes. The user can 

always go back to resolve them. The users can 

only type in indicated areas. 

4. Consistency and standards Consistent colour coding and standard design is 

used throughout the whole model 

5. Error prevention Field protection of unused fields 

Explanation boxes throughout the whole Excel 

file (for clarification) 

Error prevention messages and warnings 

Scroll bar to prevent wrong answers 

6. Recognition rather than recall Information on usage of the model available on 

every sheet. 

7. Flexibility and efficiency of use Selection of manufacturing area on cover page 

(questions and answer options change accord-

ingly) 

1 clear all answers button on each characteristics 

sheet to clear old answers 

8. Aesthetic and minimalist design Minimalist and clear colour coded design 

throughout the whole model  

9. Help users recognise, diagnose and recover 

from errors 

Error messages, indication the origin of the error 

10. Help and documentation Additional information available on each sheet 

Glossary with important information available 

All results are printable 

 

5.4 Feedback from Industry 

The preliminary version of the model was given to employees at the case company for 

testing. The employees were asked to fill out the file and provide feedback on usability 

and suggestions. A second round of testing was carried out, using the final version. The 

results of this assessment were also evaluated in terms of comparability.  

Semi-structured interviews were conducted to receive feedback on the first draft of the 

assessment model. The questioning route for the interviews can be found in Appendix 

3 Questions Semi-Structured Interviews. From the first question regarding the initial 

impression of the model it was highlighted that the amount of assessment questions 

seemed to be rather large for some of the characteristics. It was also noted that it was 

hard to understand the presentation of the result of the assessment. From the second 
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question it was concluded that the case company was in general satisfied with the layout 

and the user experience of the assessment model. In the area for improvement it was 

commented that narrowing down the amount of questions, if possible, was desired. 

Also, making the transition from the numerical score into the visualisation of the result 

clearer for the user would be beneficial for the user of the assessment model. A problem 

that was highlighted during the interview was that an unexperienced user could possibly 

not understand some of the expressions and terms used in the questions which could 

lead to an incorrect result of the assessment.  

After the interviews, the assessment questions were reviewed with the goal of finding 

questions that did not add value to the assessment and that were similar. Five questions 

were found that could be removed from the assessment model. To ease the understand-

ing of the transition from the numerical score to the visualisation of the result, unnec-

essary information provided for the numerical score was removed. This made it easier 

for the user to understand how the information presented visually in the result derived 

from the numerical score. To prevent the problem of a user not understanding words 

and expressions used in the assessment questions, a glossary was added containing the 

most fundamental words and expressions for the assessment. Also, instructions for 

every step in the assessment were added to each sheet in the assessment model to clarify 

how to fill out the assessment on every sheet in the Excel model. This way, all the 

suggested changes from the case company were implemented in the final version of the 

reconfigurability assessment model. The model was tested after these changes were 

implemented. 

The testing of the refined assessment model was carried out in one of the machining 

lines at the case company. Three employees filled out the file subsequently. This led to 

three different results. The production manager obtained an overall reconfigurability 

score of 77%, however, the production planner and the production technician obtained 

a score of 61% and 64% of total reconfigurability. The significant difference in the 

results was noted and, therefore, further analysis of the results was carried out. The 

deviation of the differing answers between the three results was noted and detailed ta-

bles can be found in Appendix 4 Test Results. From analysing the test results, it was 

shown that the main deviation in the results derived from questions which require spe-

cific knowledge of the manufacturing system. The analysis indicates that the deviation 

derives from differing perceptions of the manufacturing system rather than the assess-

ment questions.  
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5.5 Reconfigurability Assessment Model Final Version 

With the input from the testing, the reconfigurability assessment model was refined and 

updated. The general properties of the final reconfigurability assessment model are 

listed in Table 14. The final version of the reconfigurability assessment model is struc-

tured in 11 sheets. All questions used in the reconfigurability assessment model are 

listed in Appendix 2 Characteristic Assessment Questions. Screen captures of the most 

important sheets can be found in Appendix 5 Screen Captures Reconfigurability As-

sessment Model. 

Table 14. Properties Reconfigurability Assessment Model 

Factor: Implementation: 

Questions 113 ordinal questions 

4 nominal questions 

2 multiple-choice questions 

Structure 11 sheets in a Microsoft Excel file 

      1 cover page 

      1 glossary 

      1 sheet for each characteristic with questions  

      1 score sheet 

      1 result sheet 

      1 reference sheet 

Consistent format throughout the whole Excel file 

Calculation Calculation to convert answers to numerical score in %  

Weighting factors to simulate interconnection between characteristics 

Error Prevention Field protection of unused fields 

Explanation boxes throughout the whole Excel file (for clarification) 

Error prevention messages and warnings 

Scroll bar to prevent wrong answers 

Flexibility and effi-

ciency 

Selection of manufacturing area on cover page (questions and answer options 

change accordingly) 

1 clear all answers button on each characteristics sheet to clear old answers 

Displaying Input fields for target scores to display reconfigurability target 

Numerical score overview 

Radar chart for displaying the single results of each characteristic 

Speedometer chart for displaying the overall result 

Exportable as PDF, results are printable 
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The cover page provides the user the possibility to select the target scores of each char-

acteristic for the calculation of the overall reconfigurability score. The user can select a 

target score for each characteristic, by adjusting a scroll bar. Furthermore, the users can 

choose the manufacturing area in which the reconfigurability assessment is carried out. 

They have a choice between an assembly, machining or foundry setting. Dependant on 

the choice, the questions and answers change accordingly. These pre-set changes ensure 

a more flexible and efficient use of the model. The cover page also provides an over-

view and explanations on the usage of the model. This cover page was designed ac-

cording to the design standard at the case company to simplify the use.  

The second page of the reconfigurability assessment model is a glossary. The glossary 

provides the user with an overview on difficult and uncommon expressions in order to 

be able to answer the assessment questions accordingly. 

The glossary is followed by an assessment sheet for each of the six reconfigurability 

characteristics. The characteristics were divided on separate sheets to simplify the use 

and comprehensiveness of the assessment model. Each sheet contains dedicated ques-

tions on the characteristic as well as specific instructions about the usage of the sheet, 

as shown in Error! Reference source not found.. The user is asked to answer these 

questions by checking a selection box next to the answering possibilities. Each question 

is equipped with an error message, which appears if more than one answer is selected. 

These features can be seen in Error! Reference source not found.. Some questions 

are repeated in several characteristics. Therefore, the answers are linked to subsequent 

sheets, to prevent deviating answers. At the beginning of each characteristic sheet, the 

users have the possibility to clear all current answers for the questions (Figure 6). When 

selecting the “clear all” button the users are again asked to confirm their choice to pre-

vent an accidental deletion of results.  

 

 

Figure 4. Instructions on usage of sheets 
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Figure 5. Answering fields and error message 

 

 

Figure 6. Clear all button and confirming message 

The characteristic assessment sheets are followed by an overview score sheet. This 

sheet provides a numerical overview on the results of each characteristic. It also con-

tains the formulas for converting the answers to the questions into numerical results. 

The score sheet already provides an overview on the reconfigurability scores of each 

characteristic and overall reconfigurability score in percent. However, the results are 

displayed in a more appealing manner on the result sheet. A radar chart shows the re-

lationship between the desired reconfigurability score for each characteristic (defined 

on the cover page) and the actual scores for each characteristic. This way overlaps and 

areas of improvements can be detected immediately. The design of the radar chart is 

displayed in Figure 7. 
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Figure 7. Radar chart (Values visualised are only an example and not from any real assessment) 

The overall score of the manufacturing system’s reconfigurability is displayed in a 

speedometer chart, shown in Figure 8. The speedometer chart indicates the current 

score of the manufacturing system’s reconfigurability on a pre-defined scale. This 

way the user immediately recognises if the overall reconfigurability of the system is 

“bad”, “neutral” or “good”. The scale displayed in Figure 8 is exemplary, the scale 

used in the actual model must be pre-defined by the owner of the model. 

 

Figure 8. Speedometer Chart (Values visualised are only an example and not from any real 

assessment) 
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The last sheet contains all additional input required for the assessment model to work. 

The sheet mainly contains the questions and answers which change according to the 

area of assessment selected on the cover page. These questions and answers have been 

discussed with the case company and should not be changed by the users of the model. 

Therefore, the reference sheet will be hidden during the usage of the model. The infor-

mation contained on this sheet is also company specific and should be reviewed prior 

to using the assessment model in another industrial setting. 

In order to prevent accidental deletion or changing of content, the sheet protection is 

activated on all sheets in the Excel file. Only the cells which require changes by the 

users to conduct the assessment are unlocked. If the users try to change another cell, an 

error message appears telling them that they are not allowed to change the cells. If the 

owner of the model wants to change existing cells, first the sheet protection has to be 

disabled. To increase the usability of the assessment model, consistent formatting is 

used throughout the whole file. Cells, which require input by the users are marked in 

light blue. All other cells are kept neutral. Through the consistent design as well as the 

explanations on the cover page, an easy and efficient use of the assessment model was 

ensured.  

The reconfigurability assessment model can be exported from the Microsoft Excel file 

to a standard PDF. It can then be printed and used on paper. The results of the assess-

ment can then be added to the Excel file after the evaluation. The reconfigurability as-

sessment results displayed in Excel can also be printed as a PDF. 

Research question 2 is answered by the conversion of the assessment criteria into the 

assessment questions and the usage of them in the reconfigurability assessment model, 

including a focus on usability in industry.
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6 Discussion and Conclusions 

In this chapter, the study is discussed with regards to the methods used as well as the 

outcomes of the research. Finally, the study is concluded and suggestions for future 

research are given.   

6.1 Discussion of Method 

In order to ensure a high validity, reliability and generalisability of this study, the me-

thodical approach was chosen carefully. Using a qualitative approach enabled deep and 

thorough insights into the area of study (Williamson, 2002). However, the downside of 

qualitative approaches is the risk of a low generalisability (Williamson, 2002). 

During this study a single case study was carried out. The risks with conducting a single 

case study are that the results get biased and not generalisable (Yin, 2014). To ensure 

that the findings from the study are valid at a larger scope the assessment model should 

be tested at more companies in different types of manufacturing system. However, to 

increase the validity and reliability of this case study, method triangulation was used by 

conducting a focus group and semi-structured interviews (Krueger & Casey, 2015). 

Additionally, to avoid bias and strengthen the generalisability, even though only a sin-

gle case study was conducted, a thorough literature study was conducted. Over 100 

articles on the topic of reconfigurability, industrial assessment models and usability in 

industry have been reviewed and analysed. Even though the literature study was con-

ducted with a wide scope, there is always the risk, that not all literature important to the 

areas of assessment has been reviewed. Though, using the concepts of snowballing and 

bibliography search minimised that risk (Leedy & Ormrod, 2019). 

Due to capacity and time limits, only one focus group could be carried out at the case 

company. The choice of participants in the focus group contributed to a high validity 

and wider generalisability since the employees involved came from different hierar-

chical levels of the organisation and different departments.  

Due to the lack of time and resources, the testing of the reconfigurability assessment 

model was only conducted in one industry and one manufacturing line. However, the 

model was tested at the same manufacturing line by three different employees to again 

increase validity and generalisability of the results. 

The method chosen functioned well to evaluate the research questions and purpose at a 

high level of validity and reliability. The only lack of the qualitative approach chosen, 

is the comparably low generalisability. Therefore, further research in other manufactur-

ing environments is recommended as a follow up to this study. 
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6.2 Discussion of Findings and Analysis 

The purpose of the study is to increase knowledge about current state assessment of a 

manufacturing system in terms of reconfigurability. The outcome of the study was an 

assessment model for reconfigurability. By developing this model, an approach of as-

sessing an existing manufacturing system’s current state in terms of reconfigurability 

is presented to academia. The content of the model was based on research in the field 

of reconfigurable manufacturing. Enablers for each reconfigurability characteristic 

were derived from literature. 

To ensure that the assessment model is not limited to only assessing manufacturing 

lines at the case company, the content of the assessment model was solely based on 

theory. The concept of the assessment model, however, was based on both, theory on 

assessment models and usability in industry and on input from the case company 

through the focus group. By including the industrial perspective on the usage of the 

assessment model, it was ensured that the assessment model, unlike previously devel-

oped assessment models for reconfigurability, is applicable in industry. 

6.2.1 Discussion Assessment Model Content 

The reconfigurability assessment model was developed for assessing a manufacturing 

system on the system level. Working on any manufacturing level directly affects the 

lower levels, which in this case means that working on the system levels affects the cell 

and workstation level. An assessment on the higher levels, segment, factory or network 

level would include aspects that are not directly connected to the manufacturing pro-

cesses e.g. logistics, infrastructure and buildings. In this study, the assessment was de-

sired to cover reconfigurability of manufacturing aspects only, and therefore developing 

the assessment model for the system level was considered most appropriate.  

The development of the reconfigurability assessment model was based on six charac-

teristics of reconfigurability. The authors chose to use the six characteristics since they 

are most commonly mentioned in literature and used by other researchers. However, in 

research within the field of reconfigurable manufacturing some researchers refer to five, 

seven or eight characteristics. The choice of using the six characteristics had an impact 

on which enablers that were used in the reconfigurability assessment model. Basing the 

assessment on different characteristics and enablers could have led to a different recon-

figurability assessment model and different results of the assessment. Since the six char-

acteristics chosen are the ones most frequently used in literature, the reconfigurability 

assessment model complies with most research within the field of reconfigurable man-

ufacturing.  

One main issue that arose during the development of the reconfigurability assessment 

model was the thought if all questions listed in the model are equally important. In the 

current model, all answer scores for the questions within one characteristic are summed 

up and an average score is detected. However, what if one questions, and therefore also 

the answering score, bears a higher impact on reconfigurability than the other ques-

tions? To cope with this problem, the importance of the reconfigurability enablers as-

sessed in chapter 4.1 Reconfigurability Enablers was reflected by the total number of 
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questions stated for each category and enabler. Therefore, this factor must be consid-

ered, when further developing the reconfigurability assessment model.  

The assessment model is based on research from the last 20 years, since the concept of 

reconfigurable manufacturing arose. To include research from this whole period was 

important to get a full overview of reconfigurability in academia. As research continues 

to progress, the enablers used in the assessment model might become outdated. There-

fore, the model needs to be updated as new research in the RMS field arises.  

There is a gap in research regarding how the reconfigurability characteristics are con-

nected and affected by each other. Only few studies are available that analyse and in-

vestigate these connections. The connections between the reconfigurability character-

istics in the assessment model have been directly based on the questions used in the 

assessment model and are therefore not generalisable. 

6.2.2 Discussion Assessment Model Usability 

In literature there is a wide range of models and theories about usability in industrial 

settings. Therefore, a choice had to be made, concerning the implemented usability 

model. The ten usability heuristics of Nielsen and Mack (1994) were chosen as the base 

of the theory on the usability on the assessment model. However, it must be considered, 

that this model was first introduced in 1994, further research on the topic is available 

but was not considered within this study since the ten heuristics are widely spread and 

are applied in industry today. In addition, usability aspects were also discussed during 

the focus group.  

The case company has been working with an ongoing project of developing a “master 

process”, a standardised process which should be used throughout all similar production 

facilities at the case company. In order to include the aspect of reconfigurability in this 

master process, the reconfigurability assessment model was developed. During the pro-

cess of the model development, it became clear, that combining the desired detail of the 

model with the desired wide field of usage, might become difficult. Therefore, several 

trade-offs had to be made during the development of the reconfigurability assessment 

model. The model is now kept more general than originally intended, in order to cover 

all desired future processes for analysis. This more general approach of the model, how-

ever, requires a much higher knowledge on the topic of reconfigurability by the user. 

In order to be able to interpret the results and possible influencing factors, the user of 

the model must be able to understand the field of reconfigurability as well as their own 

manufacturing system. This leads to only a limited number of employees at the case 

company, and probably in any other company, which will be able to use the model 

properly. In order to be able to use the reconfigurability assessment model, a thorough 

knowledge about the manufacturing line to be assessed is essential. Ideally, the user 

should be able to fill out all assessment sheets, without having to visit the line in person. 

This, of course, additionally limits the number of workers able to use the model. On the 

other hand, it also ensures the trustworthiness and validity of the results, since the an-

swers are more reliable when filled in by a person with essential knowledge about the 

manufacturing line in focus. Furthermore, users of the assessment model should be 
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aware that, even when the manufacturing line does not have to be visited to assess its 

reconfigurability, using the model requires a prominent amount of time and commit-

ment. This, however, is not considered a large drawback, since the assessment is carried 

out with the intention of future work and adjustment within the area of reconfigurabil-

ity. For these changes a knowledge on the topic is essential anyways. 

The usage of the radar chart for displaying the assessment results led to discussions 

between the authors. The participants of the focus group clearly asked for the assess-

ment results of each characteristic to be displayed in a radar chart. The radar chart is 

frequently used throughout the case company and has the advantage that all employees 

know how to read it and to work with it. However, the research team was not convinced, 

that the radar chart is the right way of displaying the results. The reconfigurability char-

acteristics are, as described throughout this study, connected to each other and influence 

each other. The usage of the radar chart, on the contrary, simulates an independence of 

the characteristics which is not given. After discussing this issue, the authors decided 

to keep the radar chart for easing the use at the case company. The problem was dimin-

ished by adding the feature of connecting the characteristics in the assessment model. 

The radar chart does still display the result for each characteristic independently but the 

total result for each characteristic is connected and affected by the answers given in the 

other characteristics.  The purpose of this study is, nevertheless, to ensure a usability in 

industry. Therefore, the radar chart was finally included in the final reconfigurability 

assessment model. Additionally, to the radar chart, the speedometer chart was imple-

mented to indicate that the overall score on reconfigurability depends on all character-

istics combined. 

During the testing, filling out the model required up to one hour. This is a fact, users 

should be aware of prior to using it. To eliminate the problem of deviating answers, 

when using the model, the researchers recommend performing the assessment in a 

group to create a base for discussions. This way a more reliable and generalisable result 

can be achieved for each assessment.  
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6.2.3 Contribution to Academia and Industry 

Creating a model which focuses on already existing manufacturing systems emphasises 

an area which has not gotten much attention in recent research. Most of the existing 

research on reconfigurable manufacturing is within the field on designing new RMSs 

or on strategies how a manufacturing system can become more reconfigurable. The 

difference with this study, compared to previous research, is that the current knowledge 

and design principles for RMSs are used to assess an existing manufacturing system in 

terms of reconfigurability. A contribution to academia is a new way of using the exist-

ing knowledge on RMSs to connect the research with applications in industry. The re-

configurability characteristics are broken down into specific enablers and creates the 

ability of hands on assessment of existing manufacturing systems. By using these ena-

blers different levels of reconfigurability can be determined in existing manufacturing 

systems, adding to the perspective of reconfigurability only being present or not.   

The reconfigurability assessment model makes theory and research on reconfigurability 

directly accessible to industry. For practitioners in industry, the assessment model pro-

vides an overview of the manufacturing system’s current state in terms of reconfigura-

bility, additionally the usage of the assessment model can be a way of learning more 

about reconfigurability within the manufacturing systems itself.  

6.3 Conclusions 

Assessing the current state of a manufacturing system in terms of reconfigurability is 

an important base for further development within the area of reconfigurability. The dif-

ficult part with developing manufacturing system assessment models in general is to be 

able to cover all important assessment areas, even though manufacturing systems differ 

and need to fulfil different production requirements. To cope with this issue, the devel-

oped reconfigurability assessment model was based on both, literature as well as input 

from industry. The developed reconfigurability assessment model has introduced a new 

way of viewing RMSs. Reconfigurability is not a concept that is existing or not, but 

rather an ability which can reach different levels and be more or less present in a man-

ufacturing system. 

The testing at the case company has proven that the reconfigurability assessment model 

is applicable in industry and helps to increase knowledge about current state assessment 

of a manufacturing system in terms of reconfigurability. Therefore, the developed re-

configurability assessment model forms a connection between research and industry. 

By building this connection, the research performed in the field of reconfigurability can 

be used in industry and can thus be an asset to manufacturing companies. 
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6.4  Further Research 

To further increase the connection between academia and industry, and to keep the re-

configurability assessment model more general throughout all manufacturing areas, fur-

ther testing of the reconfigurability assessment model in other manufacturing areas 

should be carried out. By gaining more input and feedback from industry, the usability 

and convenience of the assessment model can be increased even further. Another as-

pect, where additional input from academia is required are the connections between the 

characteristics. These connections are of importance for determining the overall recon-

figurability score of an assessed manufacturing system. Further research on the actual 

connections and weighting factors between the characteristics is required to create a 

more general version of the reconfigurability assessment model.  A more general ap-

proach towards the connections will be helpful to increase the generalisability and 

adaptability of the reconfigurability assessment model. 

By pursuing these recommendations, the reconfigurability assessment model can derive 

into a reliable and eminent mean of determining a manufacturing system’s current state 

of reconfigurability. 
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8 Appendices 

8.1 Appendix 1 Questioning Route Focus Group 

  

Opening   

 Short introduction of everyone and what they’re doing 

  

Introduction to topic   

 Have you measure something so far, if yes, what have you measured?  

 Did you encounter any difficulties whilst measuring?  

 

Transition  

 Did you like the ways of measuring or not?  

 Can you think of a way you would like to measure?  

 

The three ways of displaying results   
 Which advantages and disadvantages do you see in the different models?  

o Reactions on how it looks and the content  

 Which version would you like most, and why?  

 

Usability   
 Can you think of possible errors that could occur, when using a tool?  

 What is most important for you, when using a tool?  

 Can you think of a reason why you would not use a tool?  

o A lot of text  

o Calculation  

o A lot of buttons  

 

Ending 

 What would a perfect model look like for you?  

 Would you like to add anything, when thinking about assessing?  

 Feedback  

 

 

Usability   
 Can you think of possible errors that could occur, when using a tool?  

 What is most important for you, when using a tool?  

 Can you think of a reason why you would not use a tool?  

o A lot of text  

o Calculation  

o A lot of buttons  

 

Ending 

 What would a perfect model look like for you?  

 Would you like to add anything, when thinking about assessing?  

 Feedback  
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8.2 Appendix 2 Characteristic Assessment Questions 

8.2.1 Assessment Questions Modularity 

The questions listed below are for the assessment of the machining area. 

Questions marked in blue colour (1.15-1.19) are repeated in other sheets and will only 

be filled in once.  

Questions marked in green colour (1.24-1.27) have different answers dependent on the 

manufacturing area chosen on the cover page.  

1.0 Modularity 

  System elements 

1.1 Are the tools designed for modularity? 

Not at all 

To some extend 

Medium 

The system is mostly modular 

The system is fully modular 

1.2 Are the fixtures designed for modularity? 

Not at all 

To some extend 

Medium 

The system is mostly modular 

The system is fully modular 

1.3 
Are the machines designed for modular-
ity? 

Not at all 

To some extend 

Medium 

The system is mostly modular 

The system is fully modular 

1.4 Are the controls designed for modularity? 

Not at all 

To some extend 

Medium 

The system is mostly modular 

The system is fully modular 

1.5 
Is the material handling system designed 
for modularity? 

Not at all 

To some extend 

Medium 

The system is mostly modular 

The system is fully modular 

1.6 
Does a system element library exist?  
(multiple answers possible) 

For tools 

For fixtures 

For machines 

For controls 

No 

1.7 Can tools be upgraded? 

Tools cannot be upgraded at all 

Some tools can be upgraded 

All tools can be upgraded 

1.8 Can fixtures be upgraded? 

Fixtures cannot be upgraded at all 

Some fixtures can be upgraded 

All fixtures can be upgraded 
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1.9 Can machines be upgraded? 

Machines cannot be upgraded at all 

Some machines can be upgraded 

All machines can be upgraded 

1.10 Can controls be upgraded? 

Controls cannot be upgraded at all 

Some controls can be upgraded 

All controls can be upgraded 

  Interfaces 

1.11 Are the tools interchangeable? 
No 

Yes 

1.12 Are the fixtures interchangeable? 
No 

Yes 

1.13 Are the machines interchangeable? 
No 

Yes 

1.14 Are the controls interchangeable? 
No 

Yes 

1.15 
Are there standards for the interfaces be-
tween tools? 

The system elements are not standardised 

Some system elements are standardised 

The system elements are fully standardised 

1.16 
Are there standards for the interfaces be-
tween fixtures? 

The system elements are not standardised 

Some system elements are standardised 

The system elements are fully standardised 

1.17 
Are there standards for the interfaces be-
tween machines? 

The system elements are not standardised 

Some system elements are standardised 

The system elements are fully standardised 

1.18 
Are there standards for the interfaces be-
tween controls? 

The system elements are not standardised 

Some system elements are standardised 

The system elements are fully standardised 

1.19 
Are there standards for the interfaces be-
tween material handling systems? 

The material handling systems are not standardised 

Some material handling systems are standardised 

The material handling systems are fully standard-
ised 

  Readiness 

1.20 Have the tools been pre-tested? 

Not at all 

Yes, only a sample 

Yes, all of them 

1.21 Have the new fixtures been pre-tested? 

Not at all 

Yes, only a sample 

Yes, all of them 

1.22 
Have the new machines been pre-
tested? 

Not at all 

Yes, only a sample 

Yes, all of them 

1.23 Have the controls been pre-tested? 

Not at all 

Yes, only a sample 

Yes, all of them 

1.24 
How long is the calibration time after a 
tool change on average? 

Over 1 hour 

Up to 1 hour 

Up to 30 minutes 
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Up to 10 minutes 

Less than 1 minute/ not required 

1.25 
How long is the calibration time after a 
fixture change on average? 

Over 1 hour 

Up to 1 hour 

Up to 30 minutes 

Up to 10 minutes 

Less than 1 minute/ not required 

1.26 
How long is the calibration time after a 
machine change on average? 

Over 1 week 

Up to 1 week 

Up to 0,5 week 

Up to 1 day 

Up to 0,5 day 

1.27 
How long is the calibration time after a 
software/control change on average? 

Over 1 hour 

Up to 1 hour 

Up to 30 minutes 

Up to 10 minutes 

Less than 1 minute/ not required 

1.28 
How reliable are the tools after the 
changeover? 

Not reliable at all 

Usually reliable 

Fully reliable 

1.29 
How reliable are the fixtures after the 
changeover? 

Not reliable at all 

Usually reliable 

Fully reliable 

1.30 
How reliable are the machines after the 
changeover? 

Not reliable at all 

Usually reliable 

Fully reliable 

1.31 
How reliable are the controls after the 
changeover? 

Not reliable at all 

Usually reliable 

Fully reliable 

 

8.2.2 Assessment Questions Integrability 

The questions listed below are for the assessment of the machining area. 

Questions (2.1-2.5) are supposed to be filled in Modularity and cannot be filled in in 

this sheet. 

Questions marked in green colour (2.10-2.23) have different answers dependent on the 

manufacturing area chosen on the cover page.  

2.0 Integrability 

  System elements 

2.1 
Are there standards for the inter-
faces between tools? 

The system elements are not standardised 

Some system elements are standardised 

The system elements are fully standardised 

2.2 
Are there standards for the inter-
faces between fixtures? 

The system elements are not standardised 

Some system elements are standardised 

The system elements are fully standardised 

2.3 The system elements are not standardised 
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Are there standards for the inter-
faces between machines? 

Some system elements are standardised 

The system elements are fully standardised 

2.4 
Are there standards for the inter-
faces between controls? 

The system elements are not standardised 

Some system elements are standardised 

The system elements are fully standardised 

2.5 
Are there standards for the inter-
faces between controls? 

The material handling systems are not standardised 

The material handling systems are not standardised 

The material handling systems are not standardised 

  Strategy for integration 

2.6 
Are there integration rules for the 
tools? 

There are no integration rules 

There are some integration rules 

Integration rules fully cover the whole process 

2.7 
Are there integration rules for the 
fixtures? 

There are no integration rules 

There are some integration rules 

Integration rules fully cover the whole process 

2.8 
Are there integration rules for the 
machines? 

There are no integration rules 

There are some integration rules 

Integration rules fully cover the whole process 

2.9 
Are there integration rules for the 
controls? 

There are no integration rules 

There are some integration rules 

Integration rules fully cover the whole process 

2.10 
How much time does integrating a 
tool to the machine require on aver-
age? 

More than 1 hour 

Up to 1 hour 

Up to 30 minutes 

Up to 15 minutes 

Up to 1 minute 

2.11 
How much time does separating a 
tool from the machine require on 
average? 

More than 1 hour 

Up to 1 hour 

Up to 30 minutes 

Up to 15 minutes 

Up to 1 minute 

2.12 
How much manpower does inte-
grating a tool to the machine require 
on average? 

More than 5 workers 

Up to 5 workers 

Up to 3 workers 

1 worker 

None/Automated 

2.13 
How much manpower does sepa-
rating a tool from the machine re-
quire on average? 

More than 5 workers 

Up to 5 workers 

Up to 3 workers 

1 worker 

None/Automated 

2.14 
How much time does integrating a 
fixture to the system require on av-
erage? 

More than 2 hours 

Up to 2 hours 

Up to 1 hour 

Up to 30 minutes 

Up to 15 minutes 

2.15 
How much time does separating a 
fixture from the system require on 
average? 

More than 2 hours 

Up to 2 hours 

Up to 1 hour 

Up to 30 minutes 

Up to 15 minutes 

2.16 More than 5 workers 
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How much manpower does inte-
grating a fixture to the system re-
quire on average? 

Up to 5 workers 

Up to 3 workers 

1 worker 

None/Automated 

2.17 
How much manpower does sepa-
rating a fixture from the system re-
quire on average? 

More than 5 workers 

Up to 5 workers 

Up to 3 workers 

1 worker 

None/Automated 

2.18 
How much time does integrating a 
machine to the system require on 
average? 

Over 3 weeks 

Up to 3 weeks 

Up to 1 week 

Up to 3 days 

Up to 1 day 

2.19 
How much time does separating a 
machine from the system require on 
average? 

Over 1 week 

Up to 1 week 

Up to 0,5 week 

Up to 1 day 

Up to 4 hours 

2.20 
How much manpower does inte-
grating a machine to the system re-
quire on average? 

More than 8 workers 

Up to 8 workers 

Up to 5 workers 

Up to 3 workers 

Less than 2 workers 

2.21 
How much manpower does sepa-
rating a machine from the system 
require on average? 

More than 8 workers 

Up to 8 workers 

Up to 5 workers 

Up to 3 workers 

Less than 2 workers 

2.22 
How much time does integrating a 
control to the system require on av-
erage? 

Over 60 minutes 

Up to 60 minutes 

Up to 30 minutes 

Up to 15 minutes 

Up to 5 minutes 

2.23 
How much manpower does inte-
grating a control to the system re-
quire on average? 

More than 3 workers 

3 workers 

2 workers 

1 worker 

None/Automated 

2.24 
Is the system prepared for future 
tool changes? 

The system is not prepared 

The system is somewhat prepared 

The system is fully prepared 

2.25 
Is the system prepared for future 
fixture changes? 

The system is not prepared 

The system is somewhat prepared 

The system is fully prepared 

2.26 
Is the system prepared for future 
machine changes? 

The system is not prepared 

The system is somewhat prepared 

The system is fully prepared 

2.27 
Is the system prepared for future 
control changes? 

The system is not prepared 

The system is somewhat prepared 

The system is fully prepared 
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8.2.3 Assessment Questions Diagnosability 

3.0 Diagnosability 

  Monitoring Product Quality 

3.1 
Are there facilities for checking the 
product quality? 

No 

Yes, at the end 

Yes, a few 

Yes, after every section 

Yes, after every workstation 

3.2 
How often do you check the product 
quality? 

Never 

At the end 

Sometimes 

After each section 

After every workstation 

3.3 How is the check carried out? 

Fully manually 

A bit manually and a bit automated 

Fully Automated 

  Detecting causes of product quality and system reliability issues 

3.4 
How traceable are system reliability is-
sues in the manufacturing process? 

Not at all 

To the sub-system 

To the station/machine 

To the specific tool/ person 

To the specific tool/ person and time 

3.5 
How traceable are product quality is-
sues in the manufacturing process? 

Not at all 

To the sub-system 

To the station/machine 

To the specific tool/ person 

To the specific tool/ person and time 

3.6 
How is a system reliability issue usu-
ally detected? 

There is no method for detecting them 

The process is checked after a pre-defined schedule 

Errors are reported automatically/immediately 

3.7 
When is a product quality issue usually 
detected? 

At the end of the process 

At the very next check station 

As soon as the error happens 

3.8 
Is there a systematic way for detecting 
system reliability issues? 

No 

Yes, but it is not used 

Yes, and it is sometimes used 

Yes, and it is mostly used 

Yes, and it is always used 

3.9 
Is there a systematic way for detecting 
product quality issues? 

No 

Yes, but it is not used 

Yes, and it is sometimes used 

Yes, and it is mostly used 

Yes, and it is always used 

  Prevention/ Recovery 

3.10 
Are there general error prevention 
strategies/technologies for product 
quality issues? 

No 

Yes, but they are not used 

Yes, and they are sometimes used 

Yes, and they are mostly used 

Yes, and they are always used 

3.11 
No 

Yes, but they are not used 
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Are there general error prevention 
strategies/technologies for system reli-
ability issues? 

Yes, and they are sometimes used 

Yes, and they are mostly used 

Yes, and they are always used 

3.12 
When can a product quality issue be 
recovered? 

At the end of the day 

At the end of a batch 

At the end of the process 

At the very next check station 

As soon as the error happens 

 

8.2.4 Assessment Questions Convertibility 

The questions listed below are for the assessment of the machining area. 

Questions marked in blue colour (4.5-4.10, 4.15-4.18) are repeated in other sheets and 

will only be filled in once here.  

Questions marked in green colour (4.15-4.18) have different answers dependent on the 

manufacturing area chosen on the cover page. 

4.0 Convertibility 

  Configuration 

4.1 Can the used tools be changed/converted? 

Not at all or with extreme effort 

With medium effort 

With no effort at all 

4.2 Can the used fixtures be changed/converted? 

Not at all or with extreme effort 

With medium effort 

With no effort at all 

4.3 Can the used machines be changed/converted? 

Not at all or with extreme effort 

With medium effort 

With no effort at all 

4.4 Can the used controls be changed/converted? 

Not at all or with extreme effort 

With medium effort 

With no effort at all 

4.5 Which material handling system is mainly used? 

Conveyor belts or similar are used 

AGVs or similar are used 

Gantries or similar are used 

Robots or similar are used 

Modular conveyors or similar are 
used 

4.6 How incremental can the system be scaled? 

Not at all 

Station level 

Machine level 

Tool level 

Full incrementality 

4.7 
How cost-efficient can a tool change be carried 
out? 

Very costly 

Medium extra cost 

No extra cost 

4.8 
How cost-efficient can a fixture change be carried 
out? 

Very costly 

Medium extra cost 

No extra cost 

4.9 
How cost-efficient can a machine change be car-
ried out? 

Very costly 

Medium extra cost 
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No extra cost 

4.10 
How cost-efficient can a control change be carried 
out? 

Very costly 

Medium extra cost 

No extra cost 

4.11 Can the tool change be automated? 

No 

To some extend 

Fully 

4.12 Can the fixtures change be automated? 

No 

To some extend 

Fully 

4.13 Can the machine change be automated? 

No 

To some extend 

Fully 

4.14 Can the control change be automated? 

No 

To some extend 

Fully 

  
 

Transformation 

 

How much time does a change between tools re-
quire on average? 

Over 1 Minute 

Up to 1 Minute 

Up to 30 seconds 

Up to 20 seconds 

Up to 10 seconds 

 

How much time does a change between fixtures re-
quire on average? 

Over 2 Minutes 

Up to 2 Minute 

Up to 1 Minute 

Up to 30 seconds 

Up to 10 seconds 

 

How much time does a machine change require on 
average? 

Over 2 weeks 

Up to 2 weeks 

Up to 1 week 

Up to 0,5 week 

Up to 1 day 

 

How much time does a control change require on 
average? 

Over 2 Minutes 

Up to 2 Minute 

Up to 1 Minute 

Up to 30 seconds 

Up to 10 seconds 

4.19 
How easily can the tools be calibrated after the 
changeover? 

Not at all or with extreme effort 

With medium effort 

With no effort at all 

4.20 
How easily can the fixtures be calibrated after the 
changeover? 

Not at all or with extreme effort 

With medium effort 

With no effort at all 

4.21 
How easily can the machines be calibrated after the 
changeover? 

Not at all or with extreme effort 

With medium effort 

With no effort at all 

4.22 
How easily can the controls be calibrated after the 
changeover? 

Not at all or with extreme effort 

With medium effort 

With no effort at all 
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8.2.5 Assessment Questions Scalability 

The questions listed below are for the assessment of the machining area. 

Questions marked in blue colour (5.7-5.15, 5.21) are supposed to be filled in Converti-

bility and cannot be filled in in this sheet.  

Questions marked in green colour (5.17-5.18) have different answers dependent on the 

manufacturing area chosen on the cover page.  

5.0 Scalability 

  Physical 

5.1 How easily can tools be added/removed? 

Not at all or with extreme effort 

With medium effort 

With no effort at all 

5.2 How easily can fixtures be added/removed? 

Not at all or with extreme effort 

With medium effort 

With no effort at all 

5.3 How easily can machines be added/removed? 

Not at all or with extreme effort 

With medium effort 

With no effort at all 

5.4 How easily can controls be added/removed? 

Not at all or with extreme effort 

With medium effort 

With no effort at all 

5.5 
How easily can machines/ workstations be dupli-
cated in the system? 

Not at all or with extreme effort 

With medium effort 

With no effort at all 

5.6 
How easily can processes be duplicated in the sys-
tem? 

Not at all or with extreme effort 

With medium effort 

With no effort at all 

5.7 How incremental can the system be scaled? 

Not at all 

Station level 

Machine level 

Tool level 

Full incrementality 

  Logical 

5.8 How much time does a change between tools re-
quire on average? 

Over 1 Minute 

Up to 1 Minute 

Up to 30 seconds 

Up to 20 seconds 

Up to 10 seconds 

5.9 How much time does a change between fixtures re-
quire on average? 

Over 2 Minutes 

Up to 2 Minute 

Up to 1 Minute 

Up to 30 seconds 

Up to 10 seconds 

5.10 How much time does a machine change require on 
average? 

Over 2 weeks 

Up to 2 weeks 

Up to 1 week 

Up to 0,5 week 

Up to 1 day 

5.11 How much time does a control change require on 
average? 

Over 2 Minutes 

Up to 2 Minute 
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Up to 1 Minute 

Up to 30 seconds 

Up to 10 seconds 

5.12 How cost-efficient can a tool change be carried 
out? 

Very costly 

Medium extra cost 

No extra cost 

5.13 How cost-efficient can a fixture change be carried 
out? 

Very costly 

Medium extra cost 

No extra cost 

5.14 How cost-efficient can a machine change be car-
ried out? 

Very costly 

Medium extra cost 

No extra cost 

5.15 How cost-efficient can a control change be carried 
out? 

Very costly 

Medium extra cost 

No extra cost 

5.16 Is line balancing carried out? 

Not at all 

Only when required 

Regularly 

5.17 
How many people work on average on the process 
per shift? 

More than 10 workers 

Up to 10 workers 

Up to 6 workers 

Up to 4 workers 

2 or Less workers 

5.18 How responsive is the planning? 

More than 10 workers 

Up to 10 workers 

Up to 6 workers 

Up to 4 workers 

2 or Less workers 

5.19 How easily can a shift be added/removed 

Not at all/ with a lot of effort 

With medium effort 

Very easily 

  Infrastructure 

5.20 How is the space utilised? 

All space is fully utilized 

Some space could be gained with effort 

There is space available 

Extension of the premises is no prob-
lem 

5.21 Which material handling system is mainly used? 

Conveyor belts or similar are used 

AGVs or similar are used 

Gantries or similar are used 

Robots or similar are used 

Modular conveyors or similar are used 

5.22 
Which of the following infrastructure CAN easily be 

expanded? (multiple answers possible) 

Water 

Gas 

Power 

Cooling Lubricant 

Compressed air 

Network 

Air Extraction 

Material Handling 

 

 



Appendices 

67 

 

8.2.6 Assessment Questions Customisation 

6.0 Customisation 

6.1 
Can the system manufacture more than 
the products of the family? 

Yes, it can manufacture almost anything 

Yes, it can manufacture many different parts 

No. It can only manufacture the products of the family 

6.2 
Is the hardware exactly as flexible, as 
needed? 

They are very flexible 

They are medium flexible 

They are very stiff 

6.3 
Are the software and control functions ex-
actly as flexible, as needed? 

They are very flexible 

They are medium flexible 

They are very stiff 
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8.3 Appendix 3 Questions Semi-Structured Interviews 

  

1) What is your first impression, when using the tool? And why?  

2) Which aspects were particularly good about the tool?  

3) Where do you see room for improvements?  

4) Which problems could appear, when using the tool?  

5) Do you have suggestions for addition/ changes?  
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8.4 Appendix 4 Test Results 

Comparison of test results between the production manager and the production planner 

 

 

Comparison of test results between the production manager and the production techni-

cian 

 

Question: Difference: Type of question: Number of Answers: 

1.6 No answer production 

technician 

Multiple Choice 5 

1.14 1 Nominal 2 

1.21 No answer production 

technician 

Ordinal  3 

1.22 No answer production 

technician 

Ordinal 3 

2.22 2 Ordinal 5 

3.1 2 Ordinal 5 

3.2 3 Ordinal 5 

4.1 3 Ordinal 3 

4.6 3 Ordinal 5 

4.10 3 Ordinal 3 

4.16 3 Ordinal 5 

4.17 2 Ordinal 5 

4.18 5 Ordinal 5 

5.4 3 Ordinal 3 

5.22 4 Multiple Choice 8 

 

Question: Difference: Type of question: Number of Answers: 

1.2 2 Ordinal 5 

1.6 3 Multiple choice 5 

1.11 1 Nominal 2 

1.12 1 Nominal 2 

1.24 2 Ordinal 5 

1.27 5 Ordinal 5 

4.1 3 Ordinal 3 

4.12 3 Ordinal 3 

4.16 4 Ordinal 5 
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Comparison of test results between the production planner and the production techni-

cian 

 

Question: Difference: Type of question: Number of Answers: 

1.6 No answer production 

technician 

Multiple Choice 5 

1.11 1 Nominal 2 

1.12 1 Nominal 2 

1.14 1 Nominal 2 

1.21 No answer production 

technician 

Ordinal  3 

1.22 No answer production 

technician 

Ordinal 3 

1.24 2 Ordinal 5 

1.26 2 Ordinal 5 

1.27 5 Ordinal 5 

2.14 2 Ordinal 5 

2.15 2 Ordinal 5 

2.16 2 Ordinal 5 

2.17 2 Ordinal 5 

3.1 2 Ordinal 5 

3.2 3 Ordinal 5 

4.6 2 Ordinal 5 

4.10 3 Ordinal 3 

4.17 2 Ordinal 5 

4.18 3 Ordinal 5 

5.22 3 Multiple choice 8 
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8.5 Appendix 5 Screen Captures Reconfigurability Assessment Model 

8.5.1 Layout Cover Page 
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8.5.2 Layout Glossary 
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8.5.3 Layout Modularity 
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8.5.4 Layout Integrability 
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8.5.5 Layout Diagnosability 
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8.5.6 Layout Convertibility 
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8.5.7 Layout Scalability 
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8.5.8 Layout Customisation 
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8.5.9 Layout Score 
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8.5.10 Layout Result 

 

 

 


