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Abstract 

 

Abstract 

To survive in the global market the manufacturing companies need to meet the cus-

tomer demands quickly and effectively. Therefore, lot of companies are striving to 

overcome the demand fluctuation and uncertainty. RMS is a concept which handles 

uncertainty easily by running the product mix and varying the level of volume accord-

ing to the requirement. The reconfigurability level of manufacturing system is as-

sessed by evaluating the criteria affecting the characteristics of the system. 

The characteristics of reconfigurability are scalability, customization, convertibility, 

modularity, integrability and diagnosability. A RMS achieves quick and cost effective 

changes through customization and convertibility, it handles volume variations 

through scalability. These characteristics are achieved with the help of modularity and 

integrability. A detailed assessment of a manufacturing system based on these charac-

teristics will indicate its level of reconfigurability. Hence assessment of a manufactur-

ing system for reconfigurability becomes necessary in the current turbulent market 

conditions. 

This research presents a method to assess the reconfigurability in a manufacturing 

system. The research is divided into two parts where, in the first part a qualitative as-

sessment method is developed, and it is then tested in the second part. The study uses 

two research methods namely literature review and case study. Based on literature re-

view assessment criteria for each characteristic of reconfigurability are listed and an 

assessment method is developed. The assessment method uses a radar chart to repre-

sent the level of reconfigurability. This is supported with a case study where the de-

veloped assessment method is tested and validated.    
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Introduction 

 

1 Introduction 

This chapter will introduce the thesis with a brief background, problem description, 
purpose, and research question, concluding with the delimitation of the thesis. 

1.1 Background 

Globalization has led to an unknown landscape for manufacturing industries, and they 

face unpredictable and high-frequency changes in-terms of product demand and prod-

uct introductions along with stiff competition (Koren, 2010). A report by Roland Ber-

ger Strategy consultants  (Roland Berger, 2012) indicates that product variety has in-

creased more than two-fold in the past fifteen years and product lifecycle has reduced 

by about 25%. In the current market scenario customer demands, have increased 

which has led to an increased need for customization of products resulting in quick 

new product introduction in the market and shorter product life cycles thereby creat-

ing a need for manufacturers to handle production ramp-up efficiently (Andersen, et 

al., 2016). For a company to be successful in such turbulent environment an increased 

responsiveness to the market condition is crucial for manufacturers to survive in the 

market, which necessitates for company's to design their manufacturing system which 

can respond to unpredictable changes quickly and effectively (Koren, 2010). 

Manufacturing industries normally use either dedicated or flexible manufacturing sys-

tems or a combination of both to manufacture products. While dedicated manufactur-

ing systems (DMS) are designed to produce a single product in high volume, flexible 

manufacturing systems (FMS) produce a variety of products in the same system 

(Koren, et al., 1999). Even if FMS was introduced to handle product variation it was 

not very successful since too much flexibility was built into the system which made it 

very expensive to adapt (Mehrabi, et al., 2000). Although FMS does respond to prod-

uct changes they, however, cannot react to sudden variations in demand as their de-

sign does not support structural changes (Koren & Shpitalni, 2010). To adapt to these 

sudden market and product changes quickly in a cost-effective manner, a manufactur-

ing system that combines the high throughput of a dedicated manufacturing system 

and the flexibility of a flexible manufacturing system along with the capability of 

adapting to market changes is suggested called reconfigurable manufacturing system 

(RMS) (Koren, et al., 1999; Koren & Shpitalni, 2010). RMS encompasses the best 

qualities of both FMS and DMS, i.e., the quality of FMS which is, the flexibility 

needed to switch between product variants and high productivity of DMS (Koren & 

Shpitalni, 2010).  RMS achieves such quick and cost-effective changes by integrating 

the characteristics of modularity, scalability, integrability, customization, convertibil-

ity, and diagnosability (Koren, et al., 1999; ElMaraghy, 2006). A manufacturing sys-

tem must have modular machines, reconfigurable machine tools and reconfigurable 

software to achieve the characteristics mentioned above (Koren, et al., 1999; 

ElMaraghy, 2006; Mehrabi, et al., 2000). 



Introduction 

 

A manufacturing system comprises of machining and assembly system (Koren & 

Shpitalni, 2010). A reconfigurable assembly system (RAS) could be termed as RMS 

for the assembly process (Bi, et al., 2007). The characteristics of RMS support both 

machining and assembly systems which create a need for designing both the systems 

based on reconfigurability. As assembly operation takes about 15 to 70% of the total 

manufacturing time of industrially produced products, hence it becomes necessary to 

have an efficient assembly operation (Lotter & Wiendahl, 2009).  

1.2 Problem description 

Despite a lot of research which indicate that RMS is the key to survive in the volatile 

global market, it’s development is a challenging task in comparison to a dedicated or 

flexible manufacturing system (Andersen, et al., 2016). Although there is a lot of in-

terest on the topic of RMS, it is still an open debate due to the lack of practical appli-

cation as the design of RMS is a complex task since many technical requirements 

must be considered simultaneously to realize reconfigurability (Renzi, et al., 2014). 

The introduction of new product families and variants requires the manufacturing sys-

tem to adjust its capacity by the addition of production and material handling re-

sources; new product introduction may require rapid rearrangement of manufacturing 

and material handling resources and the increase in demand for a product necessitates 

the capacity to be increased incrementally. Assessing the manufacturing system to 

these drivers requires measuring its system and operational performance. We can find 

sufficient literature on how to measure operational performance, e.g., throughput, 

overall equipment effectiveness, lead time but measures based on system performance 

is limited (Farid & Mcfarlane, 2007). Therefore, assessing reconfigurability based on 

system performance becomes necessary. 

There are some assessment methods developed by different authors to assess reconfig-

urability e.g. multi-attribute utility theory (Gumasta, et al., 2011), analytical hierar-

chical process (Abdi & Labib, 2003), fuzzy based need assessment model (Pattanaik, 

et al., 2015) which are quantitative methods and qualitative methods seem to be rare. 

These are complicated to understand and require expertise in the field to assess and 

reflect upon the results in a shop floor setting. There is a need for an assessment 

method for practitioners in an industry to be used in an easy and simple way.  

Hence, implementation of RMS requires an analysis of the company’s current system 

to understand to what extent they are adaptable to the characteristics of reconfigura-

bility. This requires mapping of the existing manufacturing system based on the char-

acteristics of RMS (Mittal & Jain, 2014). Although there are a lot of RMS assessment 

models developed by different authors (Abdi & Labib, 2003; Gumasta, et al., 2011; 

Pattanaik, et al., 2015; Singh, et al., 2007) there is an evident knowledge gap pertain-

ing to what extent the existing systems in the industry are towards achieving reconfig-

urability- a qualitative method to assess their current system based on the parameters 

of RMS. 
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1.3 Purpose and research questions 

This thesis aims to develop an assessment criteria for existing manufacturing systems 

to assess their level of reconfigurability, i.e., where the existing systems prevail, con-

cerning the characteristics of RMS and to analyse their preparedness to change for 

volume and technology.  

The following research questions will be answered: 

1. What are the current approaches for assessment of reconfigurability? 

2. What are the assessment criteria for reconfigurability in a manufacturing sys-

tem? 

3. How are the identified criteria utilised to assess the level of reconfigurability in 

a manufacturing system? 

1.4 Delimitations 

Among assembly systems, manual assembly lines have the highest degree of reconfig-

urability since humans are involved, and they can adapt to new tasks as and when re-

quired (Koren & Shpitalni, 2010). Based on this priori the final assembly line of the 

case company is selected for the study. The delimitation of this study is the analysis of 

hard and soft activities of reconfiguration within a final assembly line. While hard or 

physical activities of reconfiguration include adding or removing machines/stations, 

changing material handling system. The soft or logical reconfiguration activities in-

clude re-planning, re-routing, re-scheduling, re-programming of control modules in 

work-stations and increasing/decreasing the number of shifts & workers (Youssef & 

ElMaraghy, 2006). Other aspects such as the availability of raw materials for assem-

bly, availability of pre-assembly of the product and product related criteria are not 

considered in the study. 

1.5 Outline 

The thesis consists of five chapters, the first chapter introduces the topic and provides 

a background of the study, it is followed by the aim, research questions and the delim-

itations of the research. In Chapter 2 the theoretical background is presented, this 

chapter will introduce and present the concepts of a manufacturing system, its differ-

ent types, assessment models for reconfigurability, a detailed description of all the 

characteristics of RMS and finally ending with summary of the assessment criteria. 

The chapter constitutes the theoretical background of this thesis work. Chapter 3 pre-

sents the research method describing the research approach along with the literature 

review and case study. The different data collection techniques used in the research is 

also discussed along with the data analysis and ends with a discussion on the quality 

of research. In Chapter 4 findings from the theory which is used to develop an assess-

ment method along with the findings from the case company is described, and an 

analysis is done to fulfil the purpose of the research. The final chapter discussions and 

conclusion will present the answers to the research questions, critical evaluation, and 

discussion of the thesis work, before the concluding remarks. 
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2 Theoretical background 

This chapter will introduce and present the concepts of a manufacturing system, its 
different types, available assessment models for reconfigurability, a detailed descrip-
tion of all the characteristics of RMS and the assessment criteria for reconfigurability. 

2.1 Elements of manufacturing system 

A manufacturing system can be defined as “the arrangement and operation of ele-

ments to produce a value-added physical, information and/or service product whose 

success and the cost is characterized by the measurable parameters of the system de-

sign” (Suh, et al., 1998). The elements of a manufacturing system are machine, tools, 

material, people, and information. Their specific combination is used based on the 

functional requirement of the enterprise (Suh, et al., 1998). A manufacturing system 

consists of two steps viz. fabrication consisting of casting, machining, and injection 

moulding as a first step and assembly as a second step having methods such as weld-

ing and fastening (Koren & Shpitalni, 2010). Machining system is an independent part 

of a manufacturing system that deals with cutting from material blanks to finished 

products (Zhang, et al., 2016). Machining system can be categorized as traditional 

machining system, non-traditional machining system and hybrid machining system 

(Byiringiro, et al., 2012). An assembly operation begins when a product enters the 

first station in an assembly line; the material is added onto the product in each station 

creating value to the product until it has passed all stations resulting in a finished 

product. Assembly systems can be classified as manual, fixed and flexible (Hirani, 

2005). Manual assembly is best suited for low volume production and requires little 

investment, fixed assembly gives a high volume utilizing automated assembly equip-

ment resulting in high investment, and flexible assembly is a balance between the 

two-ensuring volume productions at a reasonable cost (Hirani, 2005). 

2.2 Dedicated manufacturing system and Flexible manufacturing sys-

tem. 

A DMS consists of a set of machines that are allocated to operate one product type ex-

clusively having high demand. The machines follow the same routine, i.e., producing 

similar parts in same order with same processing time and similar final buffer (Tsina-

rakis & Tsourveloudis, 2005). Production volume is high, and the products are inex-

pensive when industry follows DMS. It has a minimum level of customization (Gola 

& Swic, 2012). Preplanning and optimization help to achieve cost-effectiveness which 

is the driver for DMS (ElMaraghy, 2006). DMS can be classified into two types they 

are, intermitted manufacturing and continuous manufacturing system (Gola & Swic, 

2012).  

A FMS is an arrangement of machines which is having the ability to process a variety 

of non-identical operations simultaneously with automated material handling and 

guided by integrated computer control system (Shivanand, et al., 2006). FMS mainly 

deals with part variety (ability to produce a different variety of parts), schedule 
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change (ability to fulfill the demand due to uneven changes in schedule), error 

recovery (ability to recover effectively and swiftly from a breakdown) and new part 

test (ability to accommodate different part design in existing line). Three significant 

components of FMS are workstation, automated material handling, and computer 

control system (Yadav & Jayswal, 2017). 

2.3 Reconfigurable Manufacturing System 

RMS is a manufacturing paradigm which focuses on cost-effective and rapid changes 

to manufacturing system as and when needed. It proposes a condition where ma-

chines, machine elements, software and material handling units can be added, re-

moved, or modified based on the need  (Koren, et al., 1999). 

The critical feature of RMS is its functionality and capacity are not fixed, and it offers 

reduced lead time to implement a new system and reconfiguring old ones, quick mod-

ification, and integration of new technologies into the existing system. These are 

achieved using open-architecture control software and modular machines (Mehrabi, et 

al., 2000; ElMaraghy, 2006). If the life-cycle cost of a production system is consid-

ered RMS can be less expensive in comparison to FMS and DMS (Koren, et al., 

1999; Mehrabi, et al., 2000). Mass production was the basis for the introduction of 

DMS where products are produced in large quantity with minimum customization and 

reduced cost (Koren & Shpitalni, 2010). With an increase in competition leading to 

more supply than demand, industries came up with customizing the products to sur-

vive in the market this led to the development of FMS (Shivanand, et al., 2006). FMS 

failed to respond to unpredictable market changes in an era of globalization this led to 

the development of RMS which fulfilled the market demands by adjusting the produc-

tion capacity (Koren, 2010). The development of manufacturing systems over a period 

is as shown in Figure 1.

Figure 1: Development of manufacturing systems based on customer needs and market fluctu-

ations (Koren, 2010). 



Theoretical background 

 

Another key component of RMS is a reconfigurable assembly system (Bi, et al., 

2007). A reconfigurable assembly system is one which can rapidly change its capac-

ity, i.e., the quantity assembled and functionality, i.e., product type, according to mar-

ket demand (Koren & Shpitaln, 2010; Lohse, et al., 2006). Increasing product custom-

ization and volume change have a direct impact on the product’s final assembly; this 

creates a need for the methods and tools that can reconfigure quickly based on chang-

ing requirements (Lohse, et al., 2006). 

An enabler for RAS is modular equipment (Lohse, et al., 2006). And the important 

characteristics a reconfigurable assembly system should possess are customization, 

scalability, and convertibility (Koren & Shpitalni, 2010). Customization relates to the 

assembly systems ability to assemble all the products in the product family; scalability 

ensures the system to increase productivity to meet the changing demand and convert-

ibility enables the assembly line to switch between assembling one product to the 

other quickly within the product family (Koren & Shpitalni, 2010). Another key as-

pect of reconfigurable assembly system is modular conveyor system which can be re-

configured to accommodate a variety of components according to the product being 

assembled (Koren & Shpitalni, 2010).  

2.3.1 Flexibility and reconfigurability 

Flexibility can be defined as the “ability to meet an increasing variety of customer ex-

pectations without excessive costs, time, organizational disruptions or performance 

losses” (Zhang, et al., 2003, p. 173). Reconfigurability can be defined as the “ability 

to add, remove and/or rearrange in a timely and cost-effective manner the components 

and functions of a system which can result in a desired set of alternate configurations; 

chosen here to be the addition/removal of new products and resources” (Farid, 2017, 

p. 355). If similarities and differences between flexibility and reconfigurability are to 

be considered, El Maraghy (2006) identifies ten different characteristics of manufac-

turing system flexibility of which some of them could be related to the characteristics 

of reconfigurability. The characteristics of flexibility are: 

1. Machine flexibility deals with operating the machine without setup change. 

2. Material handling flexibility; it is the ratio of number of paths used to total 

number of paths available. 

3. Operation flexibility relates to the number of different processing plans availa-

ble. 

4. Process flexibility deals with producing different variants without major set up 

change. 

5. Product flexibility is about the ease of introducing a new product into the ex-

isting product mix.  

6. Routing flexibility can be defined as the ratio of number of feasible routes of 

all part types to the number of part types. 

7. Volume flexibility is the ability to increase volume within the production ca-

pacity. 
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8. Expansion flexibility mainly deals with increasing capacity by changing the 

physical settings of the system. 

9. Control program flexibility is the ability to run the machines uninterrupted 

using inteligent machines and control software. 

10. Production flexibility is the ability to produce different part types without add-

ing major capital equipment (Yilmaz & Davis, 1987; ElMaraghy, 2006; 

Shivanand, et al., 2006). 

The characteristics of reconfigurability are same as the characteristics of RMS (Rösiö, 

2011). The characteristics of RMS are described in detail in table 2. While comparing 

the characteristics of reconfigurability and flexibility some similarities can be ob-

served. Convertibility a characteristic of reconfigurability can be compared with ma-

chine flexibility, both characteristics give importance to run a product mix with mini-

mum change over time. Scalability can be compared with volume and expansion flex-

ibility as all three characteristics speak about increasing the production capacity in an 

effective manner. Integrability can be compared with product flexibility as both char-

acteristics judge the ease of integrating new products to the existing system. Customi-

zation can be compared with process flexibility as they discuss the importance of run-

ning a product mix within the product family.  

2.4 Reconfigurability Assessment Model 

The need for RMS creates a need for an index to assess the system’s reconfigurability 

and an assessment model enables manufacturers to know how reconfigurable their 

systems are and to decide which parameters needs more attention to achieve reconfig-

urability (Gumasta, et al., 2011). Different change drivers affect a manufacturing sys-

tem such as volume fluctuation, product variants, process technology and company 

strategy during its entire life cycle (ElMaraghy & Wiendahl, 2009). An assessment of 

the current manufacturing system acquaints us with its shortcomings, where they fail 

to handle the changes. Hence assessment of a manufacturing system becomes neces-

sary. 

Abdi & Labib (2003) developed an assessment model for reconfigurability based on 

analytical hierarchical process (AHP), this approach works by decomposing a com-

plex problem in a hierarchical order by considering multi-criteria decision making 

with different priorities and attribute. A fuzzy-based model developed creates a recon-

figurability need index (RNI) having information of past and future manufacturing 

data as an input to a fuzzy logic tool which produces an output as the level of recon-

figurability required for present manufacturing system (Pattanaik, et al., 2015). A 

combination of AHP and fuzzy-based model is a Fuzzy Analytical Hierarchical Pro-

cess. It involves fuzzy logic in a pairwise comparison of the hierarchical process to 

compensate deficiencies of conventional AHP (Singh, et al., 2007). Gumasta et al 

(2001) developed a reconfigurability index using multi-attribute utility theory where 

the various characteristics of reconfigurability are mapped and by providing appropri-

ate weight to each attribute based on the need and requirement, reconfigurability of 

the system is assessed. Fuzzy based model is more likely to be the quantitative 
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analysis requires C++ programming and output will be in numerical values 

(Pattanaik, et al., 2015). AHP method is used to evaluate quantitative and qualitative 

aspects of the model (Abdi & Labib, 2003). Fuzzy based AHP model is based on the 

quantitative assessment of the components (Singh, et al., 2007). Multi-attribute utility 

theory is based on statistical data collected from the manufacturers which in turn is 

more of quantitative type (Gumasta, et al., 2011). A summary of different assessment 

models is shown in Table 1. 

Table 1: Reconfigurability assessment models  

Reconfigurability Assessment model Type 

Analytical Hierarchical Process Mathematical model 

Fuzzy Based Model Computer programming 

Fuzzy Analytical Hierarchical Process Matrix 

Multi-attribute utility theory Matrix and sampling 

By considering all the above aspects most of the researchers had conducted quantita-

tive research on reconfigurability assessment model. A qualitative analysis would help 

in identifying the areas where there are shortcomings to achieve reconfigurability and 

improve the same. 

2.5  Characteristics of RMS 

Designing RMS requires keen knowledge of the characteristics and constituents of a 

system (Rösio & Säfsten, 2013). The key characteristics of RMS are scalability, 

convertibility, integrability, modularity, diagnosability, and customization 

(ElMaraghy, 2006). While modularity, integrability, and diagnosability reduce the 

time and effort needed for reconfiguration, customization and convertibility reduce 

the cost. Any system which possesses these characteristics has a high level of recon-

figurability (Koren, et al., 1999). Customization, scalability, and convertibility are the 

core characteristics of RMS and modularity, integrability and diagnosability are the 

supporting characteristics in RMS (Koren & Shpitalni, 2010). The characteristics of 

RMS and their significance are listed in Table 2.  

Table 2: RMS characteristics (Mehrabi, et al., 2000; ElMaraghy, 2006) 

Scalability Design of the system should facilitate the in-

crease or decrease of its capacity and func-

tionality. 

Customization Design of the system’s flexibility and capa-

bility must be such that it can produce all 

the products in the product family 

Convertibility Design of the system should be such that it 

can switch easily between existing products 

and adapt to future products as well. 
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Modularity 

Design of system components both hard-

ware and software to be made modular to 

adapt the production system to change- 

product types or volume. 

Integrability Design system and its components such 

that they are ready for integration of new 

product modules. 

Diagnosability Design of the system should have quick and 

easy identification of quality and reliability 

issues.  

 

2.5.1 Scalability 

Meeting the demands in cost effective and timely manner with incremental expansion 

of the total capacity leads to scalability (Koren, et al., 2017). Scalability can be di-

vided into two types, i.e., system scalability and capacity scalability. A manufacturing 

system is said to have high system scalability if the system can achieve the new mar-

ket demand with a minimum capacity increment (Koren & Wang, 2012). The capacity 

of the system sets the ability to fulfil market demands hence creating a need for capac-

ity scalability. Capacity scalability can be classified as physical scalability and logical 

scalability. Physical scalability concerns with adding or removing of equipment 

whereas logical scalability involves increasing or decreasing number of shifts and 

workers (Deif, et al., 2007).  

Scalability can be assessed by checking the possibility to add or remove machinery. 

The formula to calculate system scalability is 

100 ∗ (1 −
𝑆𝑚𝑎𝑙𝑙𝑒𝑠𝑡 𝑖𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡𝑎𝑙 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦

𝐸𝑥𝑖𝑠𝑡𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
) % 

Where existing capacity is the number of machines available in the line, and smallest 

incremental capacity is the number of machines added to the line to satisfy the de-

mand (Koren, et al., 2017). The existing number of workers and number of shifts per 

day also affects scalability. The lead time required to produce a product depends on 

the number of workers and number of shifts, decreasing the lead time would result in 

scaling up of production (Deif, et al., 2007).  Line Balancing is the process of distrib-

uting the work task equally among different station on an assembly line. Effective bal-

ancing would decrease the time required to produce the needed capacity (Son, et al., 

2001). Line balancing in assembly would assign an optimal task to every station. It 

minimizes the number of stations or cycle time in the station (Hu, et al., 2011) Hence 

measuring how well the line is balanced will lead to assess scalability. Adding or re-

moving of machinery will affect the line balancing of the system (physical scalabil-

ity). Proper balancing of the line might reduce or increase the space required to pro-

duce a product hence utilizing the available space will lead to increase or decrease the 
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number of assembly lines (SPICER, et al., 2005).  A summary of different types of 

scalability and their assessment criteria is as shown in Figure 2. 

 

Figure 2: Scalability types and assessment criteria. 

2.5.2 Customization 

Customization is the core characteristic which differentiates DMS, FMS, and RMS. It 

is the ability of the system to produce different variants in a product family also called 

as customized flexibility (Andersen, 2017; Koren, 2006). Based on the above explana-

tion DMS has no customization and dedicated to producing only a single part of the 

product family. Whereas, FMS has a high level of customization and it can produce 

any variant in the product family. It would lead to personalized production with cus-

tomer’s specification. Comparatively, RMS has a lower level of customization than 

FMS and is suitable for mass customization. It can be said that customization is at a 

higher level in FMS than in RMS and DMS (Koren, 2006). Customization is classi-

fied into three levels as customizing style, fit and functionality (Duray, 2002). Cus-

tomizing style mainly deals with visual arrangements like design and colour. Custom-

ization fit deals with the size of the product that fits the requirement. Customization 

functionality deals with speed, accuracy, interfaces, connectivity, upgradability, and 

other technical specification (Piller, 2004). These three levels of customization relate 

to product customization; however, functionality can be referred to process customi-

zation. 

To assess customization, the measures to be considered are the possibility to use same 

tools to produce different variants called as tool customization and measure how well 

can the control software be used while running a mix of product variant (Koren, 

2006). The ability of the system software to accommodate and control new tools re-

lates to controller customization (Mehrabi, et al., 2002). The possibility to perform 

different operations at the same station increases customization (Gumasta, et al., 

2011). Customization of the system is also assessed by checking the possibility to 
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upgrade the existing system (Mehrabi, et al., 2002). The different types of customiza-

tion and their assessment criteria are shown in Figure 3. 

 

Figure 3: Customization types and assessment criteria. 

2.5.3 Convertibility 

It is defined as the capability of a system to quickly transform its production function-

ality from the existing system to new production requirements or from one product to 

another (Maier-Speredelozzi, et al., 2003). It means that the assembly line can switch 

quickly from assembling one product in a product family to another (Koren & 

Shpitalni, 2010). Convertibility can be classified into four types, i.e., system converti-

bility, configuration convertibility, machine convertibility and material handling con-

vertibility. System convertibility is affected by machines, their arrangement, and the 

material handling devices (Maier-Speredelozzi, et al., 2003). System convertibility 

can be further classified into equipment and layout convertibility. While equipment 

convertibility refers to the ability of equipment in a system to be changed or modified, 

layout convertibility refers to the ability to change the configuration or routing to ac-

commodate new variants (Chinnathai, et al., 2017). To achieve quick and reliable 

convertibility control methods that facilitate quick calibration of the machines after 

conversion are necessary (Koren, 2006). Configuration convertibility mainly deals 

with the connection of machines and their arrangements (Maier-Speredelozzi, et al., 

2003). Machine convertibility is also achieved by using SMED (single minute ex-

change of dies) and through training of operators (Rösiö, 2012). Machine convertibil-

ity mainly deals with features and characteristics of the machines to support system 

convertibility and material handling convertibility deals with the mode of transport of 

the product and material handling (Maier-Speredelozzi, et al., 2003).  

Convertibility can be assessed by checking the possibility to switch the fixture quickly 

while producing different variants in the product family. A high level of convertibility 

is achieved by having fixtures that can be switched easily between variants in a 
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product family, termed as fixture convertibility (Koren & Shpitalni, 2010). Converti-

bility is assessed by checking the possibility of how quickly can a new variant be in-

troduced while running the existing variant called as the increment of conversion 

(Maier-Speredelozzi, et al., 2003). Convertibility is also assessed by checking the pos-

sibility of having maximum number of routing connections of material handling de-

vices. Having maximum number of routing connections ensures greater convertibility. 

In e.g. Figure 4 (a) has totally seven routing connections by considering incoming and 

outgoing connections, (b) has eight routing connections and (c) has twelve routing 

connections. Hence (c) is having a greater level of convertibility compared to (a) and 

(b) (Maier-Speredelozzi, et al., 2003).  

 

Figure 4: Sample configuration of six machines (Maier-Speredelozzi, et al., 2003) 

The level of convertibility also increases by having replicated machines i.e. machines 

that can perform all the operations needed to produce a product irrespective of the 

product variants; this ensures that a product mix can be run effectively (Maier-

Speredelozzi, et al., 2003). Tool convertibility can be assessed by checking how 

quickly and easily can the tools be switched from producing one variant to another in 

the system (Maier-Speredelozzi, et al., 2003). Convertibility of software can be as-

sessed by checking the possibility to reprogram the existing software (Maier-

Speredelozzi, et al., 2003). Convertibility level of the material handling device can be 

assessed by checking the possibility of reprogramming the existing device, checking 

its level of automation, checking the possibility of asynchronous motion and its multi-

directional movement (Maier-Speredelozzi, et al., 2003). Types of convertibility and 

their assessment criteria are shown in Figure 5. 
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Figure 5: Convertibility types and assessment criteria. 

2.5.4 Modularity 

A module is defined as an independent portion which is “highly coupled within but 

loosely coupled to the rest of the system” (Hölttä-Otto & Weck, 2007). The idea of 

modularity is to develop a complex system, for example, a manufacturing system as 

independent components which can be plugged together. It helps to manage complex-

ity, enables parallel work, and accommodates uncertainties in the future (Baldwin & 

Clark, 2006). It ensures that any change to the production system affects only a small 

part of it (Rösiö, 2012). Modularity helps in managing the system complexity as the 

modules can be designed, manufactured, and implemented independently, they can 

also be changed or improved as and when the need arises without affecting the entire 

system (Lameche, et al., 2017). Modularity is encouraged to have the similarities in 

the components and process (Shaik, et al., 2015). It also makes the architecture of the 

system simpler which makes it easier to manage (Hölttä-Otto & Weck, 2007). Design-

ing an assembly system based on modular principle helps in achieving long-term flex-

ibility i.e. ability to adapt to changes which are not considered while designing and 

implementing it (Javorová & Pechácek, 2011). Modularity is one of the crucial 

characteristics that support customization (Ristov & Ristova, 2011). Several ad-

vantages of using modular principle in designing an assembly system are listed below: 

1. Transition to new assembly tasks becomes simple. 

2. Developed and tested modules of the assembly system can be reused. 

3. Reduces the requirement of development tasks. 

4. Reduced maintenance cost and easier to diagnose and repair. 

5. From an economic perspective, they are less expensive to develop and modify 

(Javorová & Pechácek, 2011, Lameche, et al., 2017). 
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Modularity in the manufacturing process can be achieved by developing product mod-

ules having a minimum dependency on other components in the product with respect 

to the manufacturing process and have maximum similarity in the manufacturing pro-

cess (Shaik, et al., 2015). Modularity can be categorized into two types as product 

modularity and process modularity (Shaik, et al., 2015). Process modularity can be 

classified into standardizing the process, process re-sequencing, and process post-

ponement. Process standardization deals with dividing the work task into standard or 

common operations which are performed irrespective of variants and customization 

operations which are specific to variants, once the operations are segregated in this 

manner the sequencing of the operations should be such that standard process/opera-

tions are performed earlier and customization operations are performed later on in the 

assembly sequence this is termed as process re-sequencing (Shaik, et al., 2015). Pro-

cess postponement is the possibility of performing customization operations later in 

the assembly process, this result in higher flexibility and reflects on modularity 

(Shaik, et al., 2015). The assessment criteria of product modularity are important fac-

tors for mass customization and FMS.  

Assessing of modularity can be done on several levels. On a tool level, checking the 

ease of changing the tool. A modular tool shouldn’t affect any other part of the ma-

chine while changing it and if the same tool can be used for all the variants then it 

would help in easing the production process (Benderbal, et al., 2018). Modularity at 

the fixture level can be assessed by checking the possibility and ease of changing the 

fixture this can be termed as fixture modularity (Shaik, et al., 2015). By checking the 

possibility of adding or removing the workstation from the assembly line modularity 

can be assessed, termed as workstation modularity (Shaik, et al., 2015). At an opera-

tional level modularity, can be assessed by checking the number of similar operations 

across variants which would lead to the determination of process standardization, 

resequencing, and postponement (Shaik, et al., 2015). Figure 6 summarizes the types 

and assessment criteria of modularity. 
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Figure 6: Modularity types and assessment criteria. 

2.5.5 Integrability 

Integrability refers to the system and its components ability for ready integration and 

introduction of new technology in the future (Farid, 2017). It reduces the time and ef-

fort needed for reconfiguration (Koren, et al., 1999). Integrability can be assessed 

both at system and machine level. At system level workstations having standard inter-

faces such as mechanical, information and control will facilitate the integration of 

modules easily (Koren & Shpitalni, 2010). At machine level, sub-modules such as 

tools, spindles, handling systems should be such that they can be integrated to form 

modules and these modules formed must be easily integrable to the machine (Abele & 

Wörn, 2009). System interfaces can be classified as mechanical and functional inter-

faces where mechanical interfaces transmit forces and perform locking function and 

the physical connections between modules when designed specifically facilitate the 

functional interaction thus simplifying the assembly process (Abele & Wörn, 2009). 

Integrability can be classified into three types i.e., machine integrability, material han-

dling integrability, and information handling integrability. Machine integrability can 

be defined as the ease with which new equipment/machines can be added or inte-

grated to the existing line. Material handling integrability relates to the ease with 

which material handling equipment such as gantry conveyor, automated guided vehi-

cle (AGV) etc. can accommodate new product variants within the product family into 

the existing system. Introduction of new variants will result in new process tasks and 

change in the process sequence, this would lead to change in control operations at the 

workstation and information provided at the workstation hence the software system 

should also be easily integrable to support these changes and aid in the machine and 

material handling integrability. 

Assessing of integrability can be done by checking the easiness to integrate new 

equipment or tools to the existing machines these can be termed as tool integrability 

(Rösio & Säfsten, 2013). Assessing of integrability can be done by checking the possi-

bility of integrating the information handling system and control software to new 

work tasks (Rösio & Säfsten, 2013). The summary of different types of integrability 

and their assessment criteria is as shown in Figure 7. 
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Figure 7: Types of integrability and assessment criteria. 

2.5.6 Diagnosability 

Diagnosability is “to identify quickly the sources of quality and reliability problems 

that occur in large systems” (Mehrabi, et al., 2000). Diagnosability can be classified 

into two types i.e. machine diagnosability and product diagnosability (Koren, 2006). 

Machine diagnosability mainly deals with the possibility of running the machine 

smoothly i.e. detecting machine failure (Koren, 2006). Poka-yoke, information board, 

and traceability are some of the measures can be used to detect and reduce machine 

failures (Rösiö, 2012). Product diagnosability deals with detection of unacceptable 

quality in the part being produced or assembled (Koren, 2010). 

To assess diagnosability the measures to be considered are the possibility to detect the 

usage of right tool and right components for each of the variants, this can be done us-

ing the technique of poke yoke (Rösiö, 2012). Diagnosability can also be assessed by 

checking if the sequence of operation to be performed at each station is easily 

identifiable, this is enabled by the inclusion of an information board at each station 

(Rösiö, 2012). The possibility to detect the location of the product in the manufactur-

ing system can be termed as traceability (Rösiö, 2012). Diagnosability of the product 

can be assessed by identifying the possibility to detect the unacceptable quality of the 

product (Gumasta, et al., 2011). A summary of the types of diagnosability and its as-

sessment criteria is given in Figure 8. 
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Figure 8: Types of diagnosability and its assessment criteria. 

2.6 Summary of Assessment Criteria 

From existing literature, types of the different characteristics and their assessment cri-

teria are studied. The assessment criteria and how they affect the system is summa-

rized in Table 3.  

Table 3: Summary of assessment criteria. 

Characteristics Assessment criteria Factors affecting as-

sessment criteria 

Reference 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scalability 

Machinery Measuring the possi-

bility to add or remove 

machinery from exist-

ing manufacturing sys-

tem would help us to 

measure system 

scalability. 

 (Koren, et al., 

2017) 

Shifts and workers Measuring the possi-

bility to increase or de-

crease the shift and 

number of workers’ 

lead’s to measure logi-

cal scalability. 

 (Deif, et al., 

2007) 

Lead time Measuring the possi-

bility to increase the 

capacity by reducing 

the lead time would 

help us to assess 

scalability. 

 (Deif, et al., 

2007). 
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Line Balancing Measuring the possi-

bility to distribute the 

work effectively and 

utilizing the resource 

effectively would as-

sess scalability. 

 (Son, et al., 

2001) 

Cycle time Measuring the possi-

bility to reduce or in-

crease cycle time in 

different manual as-

sembly operation may 

lead to assess scala-

bility. 

 

Utilization of space Measuring the utiliza-

tion of space (i.e. mini-

mum floor space and 

high production) will 

lead to assess scala-

bility. 

 (SPICER, et 

al., 2005) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Customization 

Tool customization Measuring the possi-

bility to use same 

tools to assemble dif-

ferent variants would 

assess customization. 

 (Koren, 2006). 

Controller customiza-

tion 

Measuring how well 

the controllers are in-

tegrated into generic 

controller platform 

would improvise 

productivity, uptime, 

machine life and accu-

racy. It also helps to 

assess customization. 

 (Koren, 2006). 

Operation customiza-

tion 

Ability to perform 

different operation in 

one machine would 

lead to assess the 

customization of the 

machine. 

 (Gumasta, et 

al., 2011). 

System customization Ability to upgrade the 

features of the existing 

system for upcoming 

variants. 

 (Mehrabi, et 

al., 2002). 

Size customization Ability to design the 

product based on the 

 (Ristov & 

Ristova, 2011). 
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available dimensional 

space. 

Colour customization Ability to vary visual 

appearance of the 

product. 

 (Ristov & 

Ristova, 2011). 

Design customization Ability to configure the 

product on the specific 

wishes of the cus-

tomer. 

 (Boër & 

Jovane, 2002). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Convertibility 

Software convertibility Checking the possibil-

ity to reprogram the 

existing software. 

 (Maier-

Speredelozzi, et 

al., 2003). 

Increment of conver-

sion 

Ability to run the new 

variant along with the 

existing variant in the 

same assembly line. 

 (Maier-

Speredelozzi, et 

al., 2003). 

Routing convertibility Checking the available 

routing connection for 

the AGV’s and the 

maximum possible 

routing connections in 

the assembly system. 

Higher the routing 

connection higher is 

the convertibility. 

 (Maier-

Speredelozzi, et 

al., 2003). 

Replicated machines Checking the availabil-

ity of replicated ma-

chine to run the new 

variants during its in-

troduction alongside 

existing variants. 

 (Maier-

Speredelozzi, et 

al., 2003). 

Fixture convertibility Measuring the possi-

bility to change the fix-

ture to accommodate 

all the variants in the 

product family with 

minimum changeover 

time. 

 (Koren & 

Shpitalni, 

2010). 

Tool convertibility Checking the possibil-

ity to change the tool 

automatically or with 

minimum changeover 

time. 

 (Maier-

Speredelozzi, et 

al., 2003). 

Multidirectional Movement of material 

handling device 

should be 

 (Maier-

Speredelozzi, et 

al., 2003). 
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multidirectional to en-

sure high convertibil-

ity. 

Asynchronous motion Material handling de-

vice having asynchro-

nous motion will result 

in higher convertibility. 

 (Maier-

Speredelozzi, et 

al., 2003). 

Level of automation Higher the level of au-

tomation of material 

handling devices 

higher the convertibil-

ity of the system. 

 (Maier-

Speredelozzi, et 

al., 2003). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Modularity 

Tool modularity Ability to change the 

tool without affecting 

the machine. 

 (Benderbal, et 

al., 2018). 

Workstation modular-

ity 

Checking the possibil-

ity to change/modify 

the workstation easily 

without affecting the 

machine. 

 (Shaik, et al., 

2015). 

Fixture modularity Checking the ease of 

changing the fixture 

without affecting the 

machine. 

 (Shaik, et al., 

2015). 

Operation sequence Checking the se-

quence of operation 

and the possibility to 

have standard se-

quence of operation 

for all variants in the 

product family. 

 (Shaik, et al., 

2015). 

Component sharing The possibility of shar-

ing modules with basic 

components to create 

different variants 

across product fami-

lies. 

 (Huang & 

Kusiak, 1998). 

Component swapping Checking the possibil-

ity of pairing two or 

more modules to a 

basic component to 

create different vari-

ants within a product 

family. 

 (Huang & 

Kusiak, 1998). 

Cut to fit Checking the possibil-

ity of altering the di-

mension of module to 

 (Shaik, et al., 

2015). 
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fit with another mod-

ule. 

Bus modularity The possibility to 

match different mod-

ules to a basic compo-

nent. 

 (Huang & 

Kusiak, 1998). 

 

 

 

 

Integrability 

Tool integrability Ability to integrate new 

tools to the existing 

machines. 

 (Rösio & 

Säfsten, 2013). 

Control software  Ability to integrate the 

control software to the 

newly introduced 

tools/machines.  

 (Rösio & 

Säfsten, 2013). 

Information handling 

integrability 

Ability to integrate the 

information to the sys-

tem with newly as-

signed work tasks. 

 (Rösio & 

Säfsten, 2013). 

 

 

 

 

 

 

 

Diagnosability 

Quality assurance Ability to identify the 

unacceptable quality 

by using modern tech-

nologies like camera, 

sensors etc. 

(Gumasta, et 

al., 2011). 

Poka yoke Ability to detect the 

usage of right tool and 

right components for 

the variants in the 

product family. 

 (Rösiö, 2012). 

Information board Ease of identifying the 

operation to be per-

formed on the ma-

chine or assembly 

line. 

 (Rösiö, 2012). 

Traceability Ability to detect in 

which stage of opera-

tion the product is cur-

rently. 

 (Rösiö, 2012). 

The assessment method for reconfigurability is based on all the parameters of the six 

characteristics of RMS. Of the six characteristics customization, scalability and con-

vertibility are critical characteristics and modularity, integrability and diagnosability 

are supporting characteristics (Koren & Shpitalni, 2010). Koren (2006) states two 

conditions which are sufficient to call a system as RMS: 

1. The system possesses customization and scalability. 

OR  

2. The system possesses customization and convertibility (Koren, 2006). 



Theoretical background 

 

To represent the level of reconfigurability of the system, a radar chart is used. A radar 

chart is a graph that looks like a spider web; it is used when several variables are be-

ing measured to assess overall performance (Tague, 2005). Since there are six charac-

teristics the radar scale is a hexagon where each node denotes a characteristic of RMS. 

The outer boundary of the hexagon is the maximum level of reconfigurability and the 

inner boundaries represent the different levels of reconfigurability. Figure 9 represents 

a radar chart. 

 

Figure 9: Representation of reconfigurability level in a radar chart. 
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3 Method and implementation 

This chapter presents the research method describing the research approach along 
with the literature review and case study. The different data collection techniques 
used in the research is also discussed along with the data analysis and ends with a 
discussion on the validity and reliability of the research. 

3.1 Research approach 

The tradition of research followed was a mixture of interpretevist and positivist type 

(Williamson, 2002). As the research was linked to the manufacturing system, it was 

important to study its elements and different types to have a deeper understanding of 

the system and the commonalities and differences between the types of manufacturing 

system (Karlsson, 2009). Reconfigurable manufacturing system is one of the types of 

manufacturing system which is studied in detail to answer all the research questions. 

Three research questions were framed and answered to achieve the aim of the 

research. The first research question “What are the current approaches for assessment 

of reconfigurability?” demanded a literature study of existing assessment models 

hence a qualitative literature search on reconfigurable assessment model was 

commenced. The prevailed literature assisted to answer this research question. A 

quantitative literature study was the other option to answer this research question. 

The second research question “What are the assessment criteria for reconfigurability 

in a manufacturing system? ”was approached initially with deductive reasoning where 

literature was explored in a qualitative manner on RMS which ended in finding the 

characteristics of RMS. The assessment of the characteristics was one of the ways to 

assess the reconfigurability of manufacturing system. To assess the characteristics of 

RMS it was necessary to identify the criteria which affected those characteristics. The 

assessment method was developed by considering all the characteristics. This 

approach supported to answer the research question on the basis of literature review.  

The third research question “How are the identified criteria utilized to assess the level 

of reconfigurability in a manufacturing system?” is related to the second research 

question on the lines of how the identified assessment criteria can be used to assess a 

manufacturing system. It demanded a case study, survey or experiment method to test 

and validate the assessment criteria developed from the second research question. The 

case study method was chosen as a research method to answer this research question. 

The research was approached in an inductive style where assessment criteria and 

assessment model developed during literature review were examined in the case 

company by the qualitative method to assess their reconfigurability level. An assess-

ment method was developed at the end of research to indicate the level of reconfigura-

bility in the case company.    

3.2  Literature Review 

A literature review builds a logical framework for the research through a thoughtful 

and insightful discussion (Williamson, 2002). A literature review influenced the selec-

tion of different research methods for answering the research questions. The 
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qualitative search was done during literature review to get the deep insight knowledge 

of RMS. Qualitative search is the exploration of the relevant information from the ex-

isting literature (Williamson, 2002). Snowballing technique assisted to find most rele-

vant literature from the year 1997 – 2018. The databases used for the literature search 

were primo, science direct, google search and Emerald Insight. The literature review 

was conducted in two parts, i.e.,  

1. Existing assessment models for RMS (RQ1). 
2. Characteristics of RMS (RQ2). 

The first part of the literature review was conducted to identify the existing assess-

ment models for RMS, i.e., RQ1. The study formed the groundwork for the research 

and helped to identify the research gap in assessment methodologies as the identified 

literature represented quantitative models. An effective review improves the 

knowledge and identifies the area which requires more research (Webster & Watson, 

2002). It was identified that a research gap existed in qualitative assessment tech-

niques; hence research was conducted to develop a qualitative method.   

The second part of the literature review assisted to answer the second research ques-

tion. The second research question was answered in three steps; the first step was to 

study RMS in detail. The second step was to study and understand the characteristics 

of RMS and third step was to identify the criteria for assessing those characteristics. 

All three steps required wider literature search and keywords used during the search 

were “RMS”, “RMS characteristics”, and “RMS criteria”.     

3.3 Case study 

Case study methodology is used when existing knowledge about the area of study is 

limited (Williamson, 2002). Based on the results obtained from the second research 

question, (i.e., “What are the assessment criteria for reconfigurability in a manufactur-

ing system? ”) the type of case study and unit of analysis were selected. The research 

was designed with a single case study to test the assessment criteria and method. A 

specific module in the final assembly line and the end of line (EOL) test for the se-

lected module was chosen as the unit of analysis in an automotive industry with large 

variations because there was an introduction of a new variant in that assembly line 

and the existing variant was also running in the same assembly line. The real-time sin-

gle case study helped to gain deeper knowledge in the field of RMS and consumed 

more time to collect the required data (Voss, et al., 2002). 

The third research question “How are the identified criteria utilised to assess the level 

of reconfigurability in a manufacturing system?” demanded case study, as it deals 

with real-life context. Adding a single case study enhanced the validity of the model 

and assessment criteria developed from the literature review. The literature study gave 

sufficient information regarding the available quantitative assessment models and 

their application but there was research gap in qualitative assessment criteria and 

model. The case study assisted to answer the third research question by collecting the 
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qualitative data from the explanatory investigation to develop a qualitative method 

(Yin, 2009).  

3.4 Data collection 

A careful record was made during data collection such that none of the data is lost 

(Williamson, 2002). The data was collected in the case company from 12/3/2018 to 

09/5/2018. The detailed information was collected to answer third research question 

and to assess the reconfigurability level in the case company. Relevant data was col-

lected from the final assembly line of the case company using techniques such as 

semi-structured interviews, document studies, and observation. 

3.4.1 Interviews 

Interview technique was used to collect qualitative data and aims to understand the 

interviewee point of view. Exploratory interviews were conducted in early stages to 

get a system perspective. In a Semi-structured interview, the interviewer will be hav-

ing the list of standard questions and the interviewer follow up on the leads provided 

by the respondent (Williamson, 2002). Each interview conducted consumed 45 

minutes to 90 minutes. Before conducting the interviews, the questions were sent to 

the interviewee as mentioned in appendix 1 and there were follow up questions based 

on the answers from interviewees. Two interviewers conducted the interview with the 

interviewee/respondent as mentioned in Table 4. To ensure none of the information 

from the interview was lost, recording of the interview was done. 

Table 4: Interview conducted in case company 

Designation of the respondent Type of interview Date 

Production Engineer 1 re-

sponsible for project  

Semi-structured interview 5th April 2018 

Production engineer 2 respon-

sible for project 

Semi-structured interview 9th April 2018 

Production engineer 3 respon-

sible for project 

Semi-structured interview 12th March 2018 

Industrial engineer 1 responsi-

ble for the preparation 

Semi-structured interview 27th March 2018 

Industrial engineer 1 responsi-

ble for the realization 

Semi-structured interview 9th April 2018 

Industrial engineer 2 

responsible for the 

preparation 

Semi-structured interview 7th May 2018 

Manufacturing engineer 1 re-

sponsible for realization and 

implementation in assembly 

Semi-structured interview 8th May 2018 

Manufacturing engineer 1 re-

sponsible for research and 

technology development 

Semi-structured interview 9th May 2018 



Method and implementation 

 

Senior manufacturing engi-

neer 1 responsible for re-

search and technology devel-

opment  

Semi-structured interview 9th May 2018 

Team leader 1 responsible for 

loop 1 in module 2 of final as-

sembly 

Semi-structured interview 9th May 2018 

Conducting semi-structured interviews with the selected team leaders of the assembly 

line, production engineer responsible for the project created an in-depth knowledge 

about different variants in the product family being assembled in the final assembly 

line of the system. A semi-structured interview is close to the in-depth interviewing 

technique. Conducting semi-structured interviews with industrial engineer responsible 

for the preparation, the industrial engineer responsible for realization provided infor-

mation regarding the existing system and their perspective and it helped to develop 

the assessment method. The semi-structured interviews conducted with manufacturing 

engineer responsible for realization and implementation, manufacturing engineers re-

sponsible for research and technology development, the team leader in final assembly 

line helped to collect the data of reconfigurability level from their departments 

perspective and it also helped to check the reliability of the data obtained. The retro-

spective data were also collected along with real time data from the interview.  

3.4.2 Document studies 

The list of documents collected during the case study are mentioned in Table 5 

Table 5:Documents collected and analyzed 

Documents collected 

1. Setup time document for EOL test 

2. Material handling transportation 

3. Takt time production document 

 The setup time document for EOL test consisted the data of time taken to set up 

different variants in the EOL test. The material handling transportation document 

consisted the data of the path covered by the material handling device. The takt time 

production document consisted the data of the number of stations utilized in each loop 

of a module, product variants manufactured in a module and number of people 

required at the assembly station in order to meet the demand. The data collected from 

all the above documents helped to answer RQ 3 by providing data to assess some of 

the criteria. The data obtained was retrospective and real-time, data obtained was 

reliable.    

3.4.3 Observations 

Observations were done on module 2 and another assembly line module 3 initially to 

get an idea of how the structural arrangements of the assembly stations are. The case 

module i.e. module 2 was observed during the introduction of a new variant which 

helped us to check the different aspects of reconfigurability characteristics as shown 
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in Table 6. Observation of the assembly line, operations involved in the assembly pro-

cess, type of tools used in the assembly line, EOL, piping connections involved in 

EOL helped to understand the process and helped in categorizing the existing final as-

sembly system. 

Table 6: Observation done during case study 

Date Along with Time spent Location 

12th March 2018 Production engineer 

3 responsible for 

project 

40 minutes Final assembly 

27th March 2018 Industrial engineer 1 

responsible for prep-

aration and company 

supervisor 

60 minutes Final assembly. 

5th April 2018 Production engineer 

1 responsible for 

project 

45 minutes Module 2 

9th April 2018 Production engineer 

2 responsible for 

project 

20 minutes Module 3 

9th April 2018 Industrial engineer 1 

responsible for the 

realization 

30 minutes Realization lab 

10th April 2018 Industrial engineer 1 

responsible for the 

preparation 

120 minutes End of lines, old test 

benches and sup-

porting infrastructure 

for the end of lines 

11th April 2018  Industrial engineer 1 

responsible for the 

preparation 

90 minutes Material handling 

control room and as-

sembly line.  

17th April 2018 By own 60 minutes Module 2 

18th April 2018 By own 230 minutes Module 2 
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3.5 Data analysis 

Analysis of data differs with the type of research carried out (Williamson, 2002). As 

the research conducted was qualitative, the analysis was tiring and creative. The data 

was collected in three ways, i.e., recording the interviews, noting the observation and 

noting the particulars required from the document study. The steps involved in 

analyzing the data was, the recording of the interviews was transcribed and noted 

down. Overall view of the interview was created, i.e., opinion of interviewee regard-

ing different aspects of assessment criteria was consolidated. This was complimented 

with observation and document study. The data collected was categorized on the basis 

of the criteria for the different characteristics of reconfigurability. The assessment of 

the criteria was a critical step in analysing the data. The technique of assessing the cri-

teria was discussed, and a solution was developed to evaluate the criteria. The inter-

view conducted had a mixture of opinion based, open ended and factual questions 

(Williamson, 2002). The results obtained from the interview, observation and docu-

ment study were categorised into four levels, i.e., level 1 represented that there is no 

possibility to increase the reconfigurability level mentioned in the criteria, level 2 rep-

resented the requirement of maximum effort to increase the reconfigurability level in 

the criteria, the minimum effort required to increase the reconfigurability level in the 

criteria was represented as level 3 and level 4 represented the existence of high level 

of reconfigurability which does not require any effort to achieve it. A value between 0 

to 1 was assigned for each level. Where, 0 was assigned to level 1, 0.33 was assigned 

to level 2, 0.67 was assigned to level 3 and 1 was assigned to level 4. The value as-

signed represents the need for reconfigurability and the existence of reconfigurability 

level in the system (Tague, 2005). The criteria and the questions were assessed with 

the answers from an overall view of observation, interview and document study. The 

average of all the assessment criteria in each characteristic of reconfigurability was 

calculated and the radar chart was extracted from MS Excel. The steps followed in the 

analysis helped to answer the third RQ satisfactorily.    

3.6 Validity and reliability 

The result of the research is said to be valid if it is concerned with the accuracy 

(Williamson, 2002). Validity in measurement is the “extent to which a research instru-

ment measures what it is designed to measure” (Williamson, 2002, p. 334). Reliability 

is about obtaining consistency in the result (Williamson, 2002). 

3.6.1 Validity 

The research conducted needs to meet three different kinds of validity, i.e., construct 

validity, internal validity and external validity. Construct validity deals with identify-

ing the correct criteria need to be assessed to assess the level of reconfigurability (Yin, 

2009). The construct validity is supported by a literature review as it helped to iden-

tify different criteria and the assessment of identified criteria assisted to measure the 

reconfigurability level in the case company (Williamson, 2002). Internal validity is 

concerned with conclusiveness of the result, i.e., the impact of assessment criteria on 
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assessing reconfigurability level (Williamson, 2002). The internal validity is enhanced 

by having a single case study, as the reconfigurability level assessed was solely based 

on the impact of assessment criteria and no other factors affected reconfigurability 

(Yin, 2009). The result obtained is exclusively applicable to the case company. The 

qualitative assessment method and criteria is determined from the literature hence, the 

identified criteria are reliable to assess the level of reconfigurability in a manufactur-

ing system during the case study (Yin, 2009). The data triangulation conducted in the 

case study approach helped to increase internal validity (Flick, 2004). External valid-

ity is a kind of validity concerned with generalising the findings (Williamson, 2002). 

The assessment criteria from the literature can be generalized but the findings from 

case company cannot be generalized. So, the assessment criteria obtained from litera-

ture review is helps in improving external validity (Yin, 2009). 

3.6.2 Reliability 

Reliability of the result deals with the consistency of the solution obtained from dif-

ferent source while assessing different assessment criteria (Williamson, 2002). The re-

sults from the observations, document study and interview were consistent and com-

plimented each other contributing to the enhancement of reliability (Yin, 2009). If any 

of the researchers want to continue this study in future the results may vary as the case 

study was conducted during the introduction of new variant and running of existing 

variant in module 2. Results may vary during the assembly process of a new variant 

introduction, which are the aspects of assessment criteria. So, the result holds good for 

the present situation in the case company.    
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4 Findings and analysis 

In this chapter the findings from the theory which is used to develop an assessment 
method along with the findings from the case company is described, and an analysis is 
done to fulfil the purpose of the research. 

4.1 Assessment Method 

The different assessment criteria for the characteristics of RMS mentioned in different 

literatures are compiled and used as an assessment method consisting of questions 

having all the parameters related to the characteristics of RMS. The answers are set 

based on the ease or difficulty of achieving the said parameters and divided into four 

levels which vary between a scale of 0 and 1. Each question can be marked as per its 

relevance by the assessor, an average of the assessed parameters gives a value indicat-

ing the level at which the characteristic stands in the current scenario. The values for 

each of the characteristics are then plotted on a radar scale to get an overall level of 

reconfigurability. The assessment method is as shown in Table 7. 

Table 7: Assessment method. 

Sl 

No

. 

Characteris-

tics 

Assessment 

criteria 

Aspects to evaluate No 

(Not 

possi-

ble) 

Yes 

(With 

more 

effort) 

Yes 

(With 

less 

effort) 

Yes 

(Very 

easy) 

 

 

 

1 

 

 

 

Scalability 

Machinery Possibility to add 

machine/work-

station to the exist-

ing line 

    

Shifts and 

workers 

Possibility to in-

crease number of 

shifts or number of 

workers 

    

Lead time Possibility to re-

duce the lead time 

    

Cycle time Possibility to re-

duce cycle time for 

each operation 

    

Line Balanc-

ing 

Possibility to 

achieve optimum 

line balancing with 

reduced cycle time, 

lead time and 

added machinery. 

    

Utilization of 

space 

Possibility to have 

additional lines by 

utilizing existing 

shop floor area. 
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2 

 

 

 

Customiza-

tion 

Tool customi-

zation 

Possibility to use 

same tools to as-

semble different 

variants. 

    

Controller 

customization 

Possibility to use 

existing control 

software with 

addition of new 

tools and product 

variants. 

    

Operation 

customization 

Possibility to per-

form different oper-

ation at same sta-

tion. 

    

System cus-

tomization 

Possibility to up-

grade the features 

of the existing sys-

tem. 

    

 

 

 

 

 

 

3 

 

 

 

 

 

 

Convertibility 

Software con-

vertibility 

Possibility to repro-

gram the existing 

software easily. 

    

Increment of 

conversion 

Possibility to run 

the new variant 

(during its introduc-

tion) along with the 

existing variant in 

the same assembly 

line. 

    

Routing con-

vertibility 

Is it possible to 

have more routing 

connections in the 

line.  

    

Replicated 

machines 

Availability of repli-

cated machines to 

achieve increment 

of conversion. 

    

Fixture 

convertibility 

Possibility to 

change the fixture 

with minimum 

changeover time 

    

Tool converti-

bility 

Possibility to 

change the tool au-

tomatically or with 

minimum changeo-

ver time 
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Multidirec-

tional 

Ability of the mate-

rial handling device 

to be multidirec-

tional 

    

Asynchronous 

motion 

Ability of the mate-

rial handling device 

to have asynchro-

nous motion 

    

Level of auto-

mation 

Is the material han-

dling device auto-

mated? 

    

 

 

4 

 

 

Modularity 

Tool modular-

ity 

Possibility to 

change the tool 

easily without af-

fecting the ma-

chine. 

    

Workstation 

modularity 

Possibility to 

change the fixture 

without affecting 

the machine. 

    

Fixture modu-

larity 

Possibility to 

change the fixture 

without affecting 

the machine. 

    

Operation se-

quence 

Possibility to have 

standard sequence 

of operation for dif-

ferent variants in 

the product family. 

    

 

5 

 

 

Integrability 

Tool integra-

bility 

Possibility to easily 

integrate new tools 

to the existing 

machines. 

    

Control soft-

ware  

Possibility of easy 

integration of con-

trol software to the 

newly introduced 

tools/machines. 

    

Information 

handling inte-

grability 

Possibility to easily 

integrate the infor-

mation to the sys-

tem with newly as-

signed work task 

    

  Quality assur-

ance 

Ability to identify 

the unacceptable 

    



Findings and analysis 

 

 

 

6 

 

 

Diagnosability 

quality by using dif-

ferent techniques. 

Poka yoke Implementation of 

Poka yoke tech-

nique to eliminate 

quality defects. 

    

Information 

board 

Ease of identifying 

the operation to be 

performed on the 

machine or assem-

bly line. 

    

Traceability Ability to detect the 

specific products 

location. 

    

The assessment can be carried out by people involved in the production who are re-

sponsible for all the activities involved in the line and people responsible for the de-

velopment and implementation of projects. Each parameter of the characteristics is 

marked according to their relevance and how the said parameter reflects in the plant. 

In 1. Scalability the aspect of adding or removing workstation is one of the parameters 

evaluated, here two factors must be considered, one the ease with which a workstation 

can be added or removed and whether the change affects the production volume (i.e. 

increase or decrease) e.g. if adding a workstation can be achieved easily but it the 

does not affect the number of parts produced then there is no chance for scalability 

and should be marked as ‘No’. While most of the parameters are related to the station 

level, some of the parameters such as utilization of space and movement of material 

handling devices are related to the whole plant, e.g. if AGV’s are used which work 

utilizing underground cabling for their movement it is related to the structural aspects 

of a plant. 

 

4.2 Findings from the case 

To answer RQ 3 and test the assessment method a case study was conducted. A de-

scription of the product architecture is provided to get an understanding of the variety 

of products being manufactured and a detailed overview of the assembly line is given 

as the assessment is done at a workstation level. 

The study was carried out at a large automobile manufacturing company in Sweden, 

having a large portfolio of product variants catering to different customers worldwide 

from two manufacturing sites. The product manufactured by the case company faced 

high variation in terms of competition from other manufacturers, government policies 

on environmental regulation and customer demand. The company manufactures prod-

uct X, which is further categorized into type A and B. Both the product types are fur-

ther divided into product families each consisting of different variants. The product 

families can be categorized as A1 and A2 for product type A and B1, B2, and B3 for 

product type B. While A consists of five different variants (V1-5) in both of its 
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product families A1 and A2, B has four variants in B1 and B2 (V1-4) and two variants 

in B3 (V3 & V4). To get a clear understanding of the product architecture it is illus-

trated in figure 10. 

 

 

Figure 10: Product architecture. 

From the theoretical background it was determined that manual assembly stations 

have the highest degree of reconfigurability, based on this priori the final assembly 

line of the case company was selected and the variants marked in red in figure 10 are 

choosen for the case, as B3 was a new product family introduced in the product 

portfolio. This would facilitate us to study and assess the parameters of 

reconfigurability to its full extent.  

 

Figure 11: Map of assembly line. 

A map of the assembly line is shown in figure 11 to get a clear understanding of the 

case. The final assembly line is divided into four sections called modules of which 

two modules are dedicated to the product family of A and two for B. The modules are 
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further divided into loops. A loop is an arrangement of assembly stations in ‘U’ 

pattern having four assembly stations in series on each side. Each module has five 

loops built-into its system but modules 1 to 3 utilize four loops each for the assembly 

process and module 4 uses three loops.  

Each module has six EOL test rigs. There is a quality gate at the end of each module 

before the test which is present in one of the stations of the fifth loop. After the test, 

there is one last assembly station and a quality gate for product B and only an 

assembly station for product A. The number of assembly stations on each loop vary 

between five to eight stations. Three additional EOL test rigs are available of which 

one is for training purpose and two rigs are on stand-by. The variants are 

manufactured in minimum batches of six numbers to maintain productivity. All the 

stations are equipped to assemble without any delay of change over irrespective of 

variants except for the V5 variant which requires an elaborate change in the EOL test. 

Errors in assembly both in choosing the wrong part and wrong tool are avoided using 

pick by light system. Fastening tools can be easily switched from one size to other 

based on need to the fastening device. Some stations in the assembly use a multi-tool 

bit fasteners which are rigid and require the change of the entire setup if there is a 

change in product. The EOL test benches are flexible to run any product variant 

within the product family but not flexible enough to test both product types. 

For testing the assessment method developed, the final assembly line and EOL test 

was chosen. The company had a large portfolio of variants in their product family ow-

ing to stiff competition in the market and varying customer requirements. The varia-

tions in volume for the different variants were also high.  

The technical system in the assembly lines included nut runners with different size 

sockets, multiple nut runners and some hand tools. All the equipment was mounted 

onto the roof of the assembly line and they could be moved and rearranged according 

to the changes required by the product variant. This arrangement in the assembly line 

contributed to the characteristics of modularity and integrability. The roofs also con-

sisted of the PLC controllers and servers for the control software system. The tech-

nical system in the assembly lines also consisted of pick-by-light system for the tools 

as well as the assembly component making the process error proof, along with that, 

the control program would constantly give instructions to the operators on the se-

quence of operations to be performed on a screen, it also ensured that the product 

would not move to the next assembly station if an operation was not completed ensur-

ing diagnosability. To ensure the quality of the assembled product checks were made 

in three stages, one a quality assurance gate at the end of the module where certain 

connections were checked manually. The second stage in quality assurance was done 

in the end of line test where the product would be tested on a test bench to ensure 

proper functioning and consisted of some visual checks. In the last stage, a camera 

assisted device would check if three critical components were assembled onto the 

product. The EOL test equipment was specific to product types A and B owing to 

difference in the interface between the products and the test benches. 
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The product was moved from one station to other with the help of an AGV. The mate-

rial handling system used an adapter plate as an interface between the part assembly 

and the AGV. The adapter plate was common irrespective of variants giving the mate-

rial handling system high customization. It also enhanced the assembly system’s ca-

pacity to handle volume variations- scalability. The material handling system had 

high modularity and in-case of a major change in the product variant leading to the 

existing adapter plate being useless for the new product would only require changing 

to a new adapter plate and not the entire AGV. The only short-coming for the material 

handling system was the requirement of cabling underneath the floor which supported 

the movement of the vehicle. 

The information system consisted of superior control system which was connected to 

different software programs which enabled the smooth functioning of the assembly 

system. The control software’s were at three levels one a preparation system where all 

parameters and steps of the assembly operations would be prepared and stored, an ex-

ecution system which checked the parameters and sent information for the execution 

of the assembly tasks and a monitoring system which provided the information to the 

operators regarding the task to be performed and checked if the assembly operations 

were completed as per the parameters set by the execution system. The control param-

eters for the tools such as the speed and torque of the nut runners were set on a differ-

ent software program which was linked to the execution and monitoring systems. The 

arrangement of the control software gave the assembly line high customization, con-

vertibility and integrability (controller customization, software convertibility and 

control software integrability). 

The building and premises of the plant was built to handle volume change and there 

was availability of space for adding assembly lines, also the assembly lines were built 

using modular structures for the stations which enabled assembly stations to be 

changed, added, or removed as per the requirement. However, the EOL test benches 

were rigid structures which required lot of changes for the different connections in the 

basement of the factory which was also a sensitive area to work with, adding an extra 

test bench was a complicated task. The factory floor was prepared for the movement 

of the AGV with cabling and sensors for the existing stations but adding an additional 

route in case of changing the location of assembly lines or if new test benches were 

added would require a long time to add new cables and sensors in the factory floor for 

the new routes which affected the flexibility of the material handling device. 

4.3 Analysis 

By applying the assessment method in the case company on one of the final assembly 

lines and the EOL test the level of reconfigurability was assessed. The relevant data 

for the assessment method was collected in the form of semi-structured interviews of 

personal involved in production and observations of the assembly line and EOL test. 

To validate the results semi-structured interviews with personal involved in prepara-

tion, realization and research and technology development was conducted to get their 

perspective on the assembly lines and EOL test and to check if the answers from all 
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the respondents coincided. The result from the interview and observation are pre-

sented in Table 8. In the assessment table results from both assembly line and EOL 

test are presented and the following acronyms are used for the different levels of re-

configurability. Level 1 is represented by N, level 2 is represented by YM, level 3 is 

represented by YL, and Y represents level 4. 

Table 8: Assessment of reconfigurability. 

Characteristics Assessment cri-

teria 

Aspects to evaluate Assembly 

line 

End of 

line test 

 

 

 

 

 

 

 

Scalability 

Machinery Possibility to add 

machine/workstation 

to the existing line 

N YM 

Shifts and work-

ers 

Possibility to in-

crease number of 

shifts or number of 

workers 

Y Y 

Lead time Possibility to reduce 

the lead time 

N N 

Cycle time Possibility to reduce 

cycle time for each 

operation 

YL N 

Line Balancing Possibility to achieve 

optimum line balanc-

ing with reduced cy-

cle time, lead time 

and added machin-

ery. 

Y Y 

Utilization of 

space 

Possibility to have 

additional lines by 

utilizing existing 

shop floor area. 

YL YM 

 

 

 

 

 

 

 

Customization 

Tool customiza-

tion 

Possibility to use 

same tools to as-

semble different var-

iants. 

YL YM 

Controller cus-

tomization 

Possibility to use ex-

isting control soft-

ware with addition of 

new tools and prod-

uct variants. 

Y Y 

Operation cus-

tomization 

Possibility to perform 

different operation at 

same station. 

YL NA 
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System custom-

ization 

Possibility to up-

grade the features of 

the existing system. 

YL N 

 

 

 

 

 

 

 

 

 

 

 

 

 

Convertibility 

Software con-

vertibility 

Possibility to repro-

gram the existing 

software easily. 

Y Y 

Increment of 

conversion 

Possibility to run the 

new variant (during 

its introduction) 

along with the exist-

ing variant in the 

same assembly line. 

N Y 

Routing con-

vertibility 

Is it possible to 

have/availability of 

more routing con-

nections in the line?  

N Y 

Replicated ma-

chines 

Availability of repli-

cated machines to 

achieve increment of 

conversion. 

N Y 

Fixture 

convertibility 

Possibility to change 

the fixture with mini-

mum changeover 

time 

Y Y 

Tool convertibil-

ity 

Possibility to change 

the tool automati-

cally or with mini-

mum changeover 

time 

Y YM 

Multidirectional Ability of the material 

handling device to 

be multidirectional 

N N 

Asynchronous 

motion 

Ability of the material 

handling device to 

have asynchronous 

motion 

Y Y 

Level of auto-

mation 

Is the material han-

dling device auto-

mated? /can auto-

mation level be in-

creased? 

Y/YM Y/YM 

 

 

 

Tool modularity Possibility to change 

the tool easily with-

out affecting the ma-

chine. 

Y Y 
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Modularity 

Workstation 

modularity 

Possibility to 

change/modify the 

workstation easily 

without affecting the 

machine. 

Y YM 

Fixture modu-

larity 

Possibility to change 

the fixture without af-

fecting the machine. 

Y Y 

Operation se-

quence 

Possibility to have 

standard sequence 

of operation for dif-

ferent variants in the 

product family. 

YL NA 

 

 

 

 

Integrability 

Tool integrabil-

ity 

Possibility to easily 

integrate new tools 

to the existing 

machines. 

Y YM 

Control soft-

ware  

Possibility of easy 

integration of control 

software to the 

newly introduced 

tools/machines. 

Y Y 

Information 

handling inte-

grability 

Possibility to easily 

integrate the infor-

mation to the system 

with newly assigned 

work task 

Y Y 

 

 

 

 

 

 

 

Diagnosability 

Quality assur-

ance 

Ability to identify the 

unacceptable quality 

by using different 

techniques. 

Y Y 

Poka yoke Implementation of 

Poka yoke technique 

to eliminate quality 

defects. 

Y Y 

Information 

board 

Ease of identifying 

the operation to be 

performed on the 

machine or assem-

bly line. 

Y YM 

Traceability Ability to detect the 

specific products 

location. 

Y Y 

Scalability of the case is graded as the first step in the company’s strategy to handle 

increase in demand is by increasing the number of workers and shifts. Although the 

structural system of the assembly lines facilitates easy addition or removal of 
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workstations it doesn’t add to the increase in capacity as the stations are in series and 

addition of a workstation would only result in division of work among stations. The 

customization is graded as above since thought the nut runners can accommodate any 

tool in the assembly line having a cluster of same size nuts doesn’t support design for 

assembly and would require the operations to be split among different stations and in 

the EOL test it has a lot complicated connections which makes it difficult to run dif-

ferent variants with same tools. However, the control software is very flexible in-

terms of making changes to existing work tasks or adding new work tasks. As men-

tioned the assembly lines are in series and there is no availability of replicated ma-

chines while the EOL test has replicated machines and several routing connections 

hence the convertibility is graded as above. The material handling system supports 

quick changeover in case of new product variant introduction and possess asynchro-

nous motion. The only shortcoming of the AGV’s is they rely on underground cabling 

for their movement. The workstations, material handling units and tools have high 

modularity, factors such as ergonomics and lean principles affect the parameter of 

modularity which is operational sequence. The ease of use of the control software 

makes it easily integrable to new work tasks and adding of new information. The use 

of nut runners in the assembly stations ensured easy integration of new tools while in 

the EOL test the complex connections hindered the integration of new tools easily. 

Diagnosability of both the assembly stations and the EOL was very high as they pos-

sessed all the parameters mentioned in the assessment method. 

For each of the parameter the assigned values of the different levels are compiled, and 

an average value is calculated for the characteristics. The values obtained for each of 

the characteristics are listed in Table 9. Results will be varied if the median of the as-

sessment criteria are considered and it is shown in appendix 2. 

Table 9: Average value of each characteristic in assembly line and end of line. 

Characteristic Assembly line End of line 

Scalability 0.56 0.443 

Customization 0.75 0.443 

Convertibility 0.533 0.776 

Modularity 0.91 0.776 

Integrability 1 0.776 

Diagnosability 1 0.83 

The average value is then plotted on a radar scale. The plot of the characteristics for 

the assembly line and EOL test is shown in Figure 12 and 13 respectively. 
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Figure 12: Reconfigurability level of assembly line in case company. 

 

 

Figure 13: Reconfigurability level of end of line in case company.
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5 Discussion and conclusions 

5.1 Discussion of method 

To answer the research question and fulfill the aim of the research, methodology 

played an important role. The chosen research methods were literature review and 

single case study. The literature review helped to understand the concept of RMS and 

its characteristics. The existing literature barely discussed about the criteria needed to 

assess the reconfigurability level in the manufacturing system. Most of the assessment 

criteria discussed in the thesis were termed based on the understanding of the concept 

from the literature. Quantitative search was conducted in the initial stage due to lack 

of literature support, qualitative search or unstructured literature review was 

conducted in the relevant area of study to develop the theoretical framework. The 

literature discussed about quantitative assessment model were plenty and reserch gap 

was observed in qualitative assesment methods and models, which created a need to 

develop a qualitative method. The RQ1 and RQ2 were answered on the basis of 

literature review. The quantitative search or structured literature review possibly had 

given the different result. 

To test the developed assessment method, a case study was conducted. A single case 

study was carried out in the final assembly line of a company. The literature provided 

deeper knowledge regarding the RMS whereas, in the case study it was observed that 

all the concepts mentioned in theory cannot be applied in an industrial setting as there 

would be constraints for their implementation.The semi structured interviews 

conducted in the case company were relavant to understand the system perspective. 

There was the option of conducting semi-structured interview, structured interview or 

survey during the final stage of the interview, i.e., on 7th May to 9th May to collect the 

data however, semi-structured interview was conducted to collect the data from their 

departments perspective, to improvise the validity and reliability of the data. The open 

ended questions helped to gather more information. Interviews conducted with people 

in different positions and department, helped to gather more information on the 

aspects that affect the level of reconfigurability from their department’s perspective. 

Multiple case study was the other option to test the method but the advantage of single 

case study created deeper understanding in RMS concept. And single case study was 

sufficient to answer the RQ3.     

5.2 Discussion of findings 

The increase in product variety and decrease of product lifecycle of manufactured 

goods is a pressing concern for manufacturing industries. Manufacturing systems 

must be built in such a way that they address these sudden unpredictable and high 

frequency product changes. Koren (2010) suggests a manufacturing system which can 

adapt to rapid system changes as and when needed in a cost-effective manner called 

reconfigurable manufacturing system. To develop a manufacturing system based on 

the characteristics of RMS the current system has to be evaluated to understand where 

they are and what shortcomings are prevalent in the existing system towards 
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achieving reconfigurability. Based on this purpose the thesis answers three research 

questions. 

The first research question is aimed at checking how and what techniques the existing 

assessment models for reconfigurability use and to what extent they are applicable in 

an industry. The various assessment models developed by different authors are 

summarized in section 2.4. It was observed that the assessment models used 

quantitative methods to assess and industrial applicable methods were missing.  

The second research question is aimed at identifying the assessment criteria for recon-

figurability in a manufacturing system. First a clear distinction is made between re-

configurability and flexibility and the constituents of a RMS is presented to get a clear 

understanding of the concept. Reconfigurability is a collective term comprising of six 

characteristics scalability, convertibility, customization, modularity, integrability and 

diagnosability. Hence to answer the second research question a detailed description of 

the six characteristics, how they affect the performance of the system and the parame-

ters that affect the characteristics is discussed. The assessment criteria are presented in 

section 2.6. 

For the third research question an assessment method was developed from the assess-

ment criteria identified from various literature and to check the usability of the 

method, it was tested in a case company. The selected case for the evaluation was ap-

propriate as a new product family was introduced into the existing assembly line 

which was a perfect condition to check the characteristics of convertibility, customi-

zation, integrability and modularity as integrability and convertibility are characteris-

tics concerned with easy integration of new products and the ability to switch between 

new and existing product. While customization relates to producing all the products in 

a product family, modularity is a supporting characteristic which helps realize con-

vertibility and customization. The necessary data for the assessment was collected 

from semi-structured interviews with personals at different organizational levels to get 

an overall perspective and to check if there were common views on the different as-

pects. Observations were made on the assembly line and EOL test benches to get a 

better understanding of the system and to validate the answers of the interview re-

spondents. Finally, an evaluation of both the assembly line and EOL test was made 

and their level of reconfigurability was plotted on a radar chart. Results from the radar 

chart indicate the lack of reconfigurability level for different characteristics. Results 

vary if the average of the assessment criteria is taken and the median of the assess-

ment criteria gives a different result. As the result obtained from the average indicated 

the requirement of reconfigurability level precisely than the median, they were taken 

into consideration.  

5.3 Conclusions 

The objective of this thesis was to develop an understanding and knowledge of how to 

assess reconfigurability in a manufacturing system. This was achieved by answering 

three research questions. The first question aimed to identify the existing reconfigura-

bility assessment models and what approach they take towards assessing 



Discussion and conclusions 

 

reconfigurability in a manufacturing system. To achieve this an unstructured literature 

review was conducted and it was identified that the methods used were quantitative in 

nature and qualitative methods for assessment seemed to be rare.  

The second research question focused on identifying the various assessment criteria 

for reconfigurability. To assess reconfigurability, factors affecting reconfigurability 

characteristics were determined using literature study. They were summarized and a 

qualitative method for assessment was developed. The third research question ad-

dressed the issue of utilizing the assessment method developed. It answered based on 

a case study where the developed assessment method was tested on an assembly line 

and the results from the assessment showed where the current system stands on the 

lines of RMS. Finally, the aim of developing an assessment criteria for reconfigurabil-

ity was achieved. 

The work could be further developed by assessing how quick changeovers in the as-

sembly line can be supported by incoming raw materials for assembly. Since the as-

sessed case is a final assembly process which is preceded by machining and/or part 

assembly how these processes support the quick changeovers can also be studied. The 

thesis does not consider the effect of the characteristics of products which affects the 

manufacturing process hence the conflict between product characteristics and how it 

affects the process can be studied. 
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7 Appendices 

7.1 Appendix 1 Interview Questions 

System perspective on the whole assembly line i.e. Module 1 to 4. 

1. How do you categorize the products? i.e. product family, variant. 

2. What is the total number of operation involved in assembly line for each vari-

ant? 

3. Time to produce one engine in final assembly as per variant? 

4. Similarity in assembly operations/parts within variants. 

5. Similarity in assembly operations/parts between product families i.e. petrol and 

diesel. 

6. Time taken to shift from one variant to other in different modules. 

7. Availability of buffer space during scale up. 

8. Are the tools being used for assembly same irrespective of variant? 

9. What is the set-up time taken in every operation during variant change? 

10. What is the maximum production capacity in different assembly modules for 

one shift? 

11. How flexible are the stations? i.e. if an extra station is to be added or existing 

station is to be modified can it be done easily? Time taken? Cost factor? 

12. How configurable are the AGV’s? 

Scalability 

1. Is it possible to add extra operation in the assembly line? How it will affect line 

balancing? How much time it may consume to add extra stations? What are the 

extra resources needed? 

2. Is it possible to increase the number of shift? What is the extra cost you might 

encounter in terms of resources? 

3. What is the lead time for one engine? Is it possible to reduce the lead time in the 

assembly to increase productivity? 

4. What is the cycle time in each operation? Is there any idle time between the 

operations? Is it possible to reduce the cycle time by increasing automation in 

the assembly line? 

5. Is there a possibility to reduce the number of loops in the final assembly? Is it 

possible to add one more assembly line in the existing space? 

6. Is it possible to add extra EOL machineries where we feel it might be bottleneck 

if you scale up in future? 

7. Is it possible to switch Diesel EOL testing machineries to Benzene EOL testing 

machine? What are the resources required for switching? How much time may 

be spent to do so? What are the difficulties involved in it? 

Customization: 

1. Is it possible to use same tools to assemble different variants at each station? 

2. Can the existing control software be used if new variants are introduced? 
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3. Is it possible to use the same assembly lines for assembling both petrol and 

diesel engine? 

4. Is it possible to use same EOL for running petrol and diesel engines? 

5. Is it possible to perform different operations in one station? 

6. Is it possible to upgrade the existing machine? 

Convertibility 

1. How quickly can you change the tools in the line while switching from one 

variant to another? 

2. If you can run both petrol and diesel engines in same assembly line what is 

the time taken to switch from assembling petrol engines to diesel engines? 

3. Is the line equipped with flexible fixtures? I.e. ones which can accommodate 

all variants? If there is a need to change the fixture how quickly can it be done? 

4. Can the software be easily reprogrammed? 

5. Can the existing variants run simultaneously along with new variants (intro-

duction or testing)?  

6. Are there replicated machines in the assembly line?  

7. Does the material handling equipment follow a free route? 

8. Multi-directional? 

9. Reprogrammable? 

10. Does it follow an asynchronous motion? 

11. Is it automatic? 

Modularity 

1. Are the operators interchangeable among assembly tasks? 

2. What is the level of similarity in processes among variants? 

3. Are the tools being used easy to change if there is a need for different tool? 

4. Are the fixtures being used easy to change if there is a requirement for new 

fixture? 

5. Is there a possibility to add or remove workstations to create different process 

capabilities? 

Integrability 

1. How easy is the introduction of new tool to the assembly line? 

2. How easy is the introduction of new work tasks into the assembly line in the 

information handling system? 

3. How quickly can the parameters of the tool be changed in the software control 

system? 

Diagnosability: 

1. How do you diagnose the usage of right tool and right components for differ-

ent variants? 

2. How do you identify the operations to be performed in the station and the se-

quence of operation to be done? 
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3. Can we trace the product’s location in assembly station? Can a finished prod-

uct be checked if all the assembly operations are completed satisfactorily ac-

cording to standards? 

4. What are the technologies or methods used to identify quality issues?   

7.2 Appendix 2 

Results obtained by considering the median. 

Assembly line: 

Characteristics Reconfigurability 

Scalability 0.67 

Customization 0.67 

Convertibility 0.84 

Modularity 1 

Integrability 1 

Diagnosability 1 

 

 

 

EOL: 

Characteristics Reconfigurability 

Scalability 0.33 

Customization 0.33 

Convertibility 1 

Modularity 1 
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