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Abstract 

Under the concept of "Industry 4.0", production processes will be pushed to be increasingly interconnected, 
information based on a real time basis and, necessarily, much more efficient. In this context, capacity optimization 
goes beyond the traditional aim of capacity maximization, contributing also for organization’s profitability and value. 
Indeed, lean management and continuous improvement approaches suggest capacity optimization instead of 
maximization. The study of capacity optimization and costing models is an important research topic that deserves 
contributions from both the practical and theoretical perspectives. This paper presents and discusses a mathematical 
model for capacity management based on different costing models (ABC and TDABC). A generic model has been 
developed and it was used to analyze idle capacity and to design strategies towards the maximization of organization’s 
value. The trade-off capacity maximization vs operational efficiency is highlighted and it is shown that capacity 
optimization might hide operational inefficiency.  
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the Manufacturing Engineering Society International Conference 
2017. 
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1. Introduction 

The cost of idle capacity is a fundamental information for companies and their management of extreme importance 
in modern production systems. In general, it is defined as unused capacity or production potential and can be measured 
in several ways: tons of production, available hours of manufacturing, etc. The management of the idle capacity 
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1. Introduction 

To increase changeability and reconfigurability of manufacturing systems, while maintaining cost-efficiency and 
environmental sustainability they need to be designed in accordance to the need for change. Despite extensive 
research which indicate that reconfigurability manufacturing systems (RMSs) is the key to survive in the volatile 
global market, its development is a challenging task in comparison to a dedicated or flexible manufacturing system 
[1]. Although, there is a lot of interest in the area practical applications of reconfigurability are still uncommon in 
industry as the design of RMS is complex since many technical requirements must be considered simultaneously [2]. 
The introduction of new product families and variants requires the production system to adjust its capacity by 
addition of production and material handling resources, new product introduction may require rapid rearrangement 
of production 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. There is an abundance of research on how to measure operational performance, i.e. 
throughput, overall equipment effectiveness and lead time, but measures based on system performance is still limited 
[3]. Therefore, assessing reconfigurability based on system or structural performance becomes necessary. 

Hence, there is a need for an index to assess the system’s reconfigurability level and an assessment model enables 
manufacturers to know how reconfigurable their systems are and to decide which parameters need more attention to 
achieve reconfigurability [4]. There are various mathematical assessment models such as design structure matrix  
[3], multi-attribute utility theory [4], and fuzzy based need assessment model [5] to measure reconfigurability. These 
mostly quantitative measures are, however, complicated to understand by practitioners and requires an expertise in 
the field to reflect upon the results in a shop floor setting. Since companies often need to convert existing 
manufacturing systems to handle variation, implementation of RMS calls for an analysis of the current system to 
understand to what extent they fulfil reconfigurability characteristics. This requires an assessment of the needs for 
reconfigurability as well as assessment of the existing ability to reconfigure the manufacturing system, i.e. mapping 
of the existing manufacturing system based on their performance as per the characteristics of reconfigurable 
manufacturing systems [6]. The purpose with this paper is to propose an assessment criterion for existing 
manufacturing systems to measure reconfigurability and their preparedness to change with respect to products and 
volume variations. 

2. Assessing characteristics of reconfigurability 

Designing RMS requires knowledge of the characteristics and manufacturing system constituents [7]. While 
modularity, integrability and diagnosability can be regarded as supporting characteristics in order to enable 
scalability and  convertibility [8]. Systems possessing these characteristics can be regarded as highly reconfigurable 
[9].  

Meeting the demands in cost effective and timely manner with incremental expansion of the total capacity leads 
to scalability [10]. Scalability assessment criteria includes aspects related to adding or removing of machineries and  
can be calculated by (1).  

  (1) 
Where existing capacity is the number of machines existed in the line and smallest incremental capacity is the 

number of machines added to satisfy the demand [10]. Depending on the availability of workers and number of 
shifts the lead time required to produce a product will be affected and reduce the lead time will scale up the 
production [11].  Measuring how well the line is balanced will also lead to the probability of assessing scalability. 
Line balancing in assembly would assign optimal task to every station and minimize the number of stations or cycle 
time in given number of station [12]. Line balancing will be affected by the addition or removal of machineries in 
the system and proper balancing might reduce or increase the space required to produce a product so utilizing the 
available space will lead to increase or decrease an assembly line [13]. 

Customization assessment criteria includes tool customization, i.e. possibility to introduce multiple as well as 
criteria on how well these tools are controlled to improvise the productivity of the system [14]. Customization of the 
system can also be assessed by checking the possibility to upgrade the existing system [15]. Upgrading the system 
may also be in terms of performing simultaneous operation [4].   

http://crossmark.crossref.org/dialog/?doi=10.1016/j.promfg.2018.12.013&domain=pdf
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1. Introduction 

To increase changeability and reconfigurability of manufacturing systems, while maintaining cost-efficiency and 
environmental sustainability they need to be designed in accordance to the need for change. Despite extensive 
research which indicate that reconfigurability manufacturing systems (RMSs) is the key to survive in the volatile 
global market, its development is a challenging task in comparison to a dedicated or flexible manufacturing system 
[1]. Although, there is a lot of interest in the area practical applications of reconfigurability are still uncommon in 
industry as the design of RMS is complex since many technical requirements must be considered simultaneously [2]. 
The introduction of new product families and variants requires the production system to adjust its capacity by 
addition of production and material handling resources, new product introduction may require rapid rearrangement 
of production 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. There is an abundance of research on how to measure operational performance, i.e. 
throughput, overall equipment effectiveness and lead time, but measures based on system performance is still limited 
[3]. Therefore, assessing reconfigurability based on system or structural performance becomes necessary. 

Hence, there is a need for an index to assess the system’s reconfigurability level and an assessment model enables 
manufacturers to know how reconfigurable their systems are and to decide which parameters need more attention to 
achieve reconfigurability [4]. There are various mathematical assessment models such as design structure matrix  
[3], multi-attribute utility theory [4], and fuzzy based need assessment model [5] to measure reconfigurability. These 
mostly quantitative measures are, however, complicated to understand by practitioners and requires an expertise in 
the field to reflect upon the results in a shop floor setting. Since companies often need to convert existing 
manufacturing systems to handle variation, implementation of RMS calls for an analysis of the current system to 
understand to what extent they fulfil reconfigurability characteristics. This requires an assessment of the needs for 
reconfigurability as well as assessment of the existing ability to reconfigure the manufacturing system, i.e. mapping 
of the existing manufacturing system based on their performance as per the characteristics of reconfigurable 
manufacturing systems [6]. The purpose with this paper is to propose an assessment criterion for existing 
manufacturing systems to measure reconfigurability and their preparedness to change with respect to products and 
volume variations. 

2. Assessing characteristics of reconfigurability 

Designing RMS requires knowledge of the characteristics and manufacturing system constituents [7]. While 
modularity, integrability and diagnosability can be regarded as supporting characteristics in order to enable 
scalability and  convertibility [8]. Systems possessing these characteristics can be regarded as highly reconfigurable 
[9].  

Meeting the demands in cost effective and timely manner with incremental expansion of the total capacity leads 
to scalability [10]. Scalability assessment criteria includes aspects related to adding or removing of machineries and  
can be calculated by (1).  

  (1) 
Where existing capacity is the number of machines existed in the line and smallest incremental capacity is the 

number of machines added to satisfy the demand [10]. Depending on the availability of workers and number of 
shifts the lead time required to produce a product will be affected and reduce the lead time will scale up the 
production [11].  Measuring how well the line is balanced will also lead to the probability of assessing scalability. 
Line balancing in assembly would assign optimal task to every station and minimize the number of stations or cycle 
time in given number of station [12]. Line balancing will be affected by the addition or removal of machineries in 
the system and proper balancing might reduce or increase the space required to produce a product so utilizing the 
available space will lead to increase or decrease an assembly line [13]. 

Customization assessment criteria includes tool customization, i.e. possibility to introduce multiple as well as 
criteria on how well these tools are controlled to improvise the productivity of the system [14]. Customization of the 
system can also be assessed by checking the possibility to upgrade the existing system [15]. Upgrading the system 
may also be in terms of performing simultaneous operation [4].   
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Convertibility could be defined as the capability of a system to quickly transform its production functionality 
from existing system to new production requirements or from one product to other [16, 17]. A convertibility 
assessment criteria is the possibility to use same fixture to as many variants in the product family. [17]. Other 
criteria are the increment of conversion, i.e. the possibility of quick introduction of a new variant while running the 
existing variant [16] and the possibility to have maximum routing connections of material handling devices [16]. 
Convertibility of tool can be assessed by checking the possibility of automatic tool changer or using multi head 
spindle [16]. Convertibility of software can be assessed by checking the possibility to re-program the existing one 
[16].   

Assessing of modularity can be done by checking the ease of changing the tool [18]. Modularity can be assessed 
by checking the possibility of independence between the component and process in different module can be termed 
as process modularity [19] and by checking the possibility or ease to change the fixture [19]. Modularity can also be 
assessed by checking the possibility of adding or removing the work station from the assembly line [19]. 

Assessing of integrability can be done by checking the easiness to integrate new equipment or tools to the 
existing machines and by checking the possibility of integrating the information handling system or software 
controls [20]. 

Diagnosability can be classified into 2 types i.e. 1) Machine diagnosability and 2) Product diagnosability [14]. 
Machine diagnosability mainly deals with the possibility of running the machine smoothly i.e. detecting machine 
failure [14]. Poka yoke, information board and traceability are some of the measures can be used to detect and 
reduce machine failures [8]. Product diagnosability deals with detection of unacceptable quality in the part being 
produced or assembled [17].Diagnosability can also be assessed by the possibility to easily identify the sequence of 
operation to be performed at that station and possibility to detect the location of a specific product [8]. 
Diagnosability of the product can be assessed by identifying the possibility to detect the unacceptable quality of the 
product [4]. 

The different reconfiguration characteristics and their assessment criteria and how they affect the system is 
summarized in Table 1. 

Table 1: Summary of assessment criteria. 

Characteristics Assessment criteria Parameters affecting assessment criteria 
Scalability Machinery Measuring the possibility to add or remove machinery from existing manufacturing system 

would help us to measure system scalability. 
Shifts and workers Measuring the possibility to increase or decrease the shift and number of workers’ lead’s to 

measure logical scalability. 
Lead time Measuring the possibility to increase the capacity by reducing the lead time would help us to 

assess scalability. 
Line Balancing Measuring the possibility to distribute the work effectively and utilizing the resource effectively 

would assess scalability. 
Cycle time Measuring the possibility to reduce or increase cycle time in different manual assembly 

operation may lead to assess scalability. 
Utilization of space Measuring the utilization of space (i.e. minimum floor space and high production) will lead to 

assess scalability. 
Customization Tool customization Possibility to use same tools to assemble different variants.  

Controller 
customization 

Measuring how well the controllers are integrated into generic controller platform would 
improvise productivity, uptime, machine life and accuracy. It also helps to assess 
customization. 

Operation 
customization 

Ability to perform different operation in one machine would lead to assess the customization of 
the machine. 

System customization Ability to upgrade the features of the existing system for upcoming variants. 

Size customization Ability to design the product based on the available dimensional space. 

Colour customization Ability to vary visual appearance of the product. 

Design customization Ability to configure the product on the specific wishes of the customer. 

Convertibility Software convertibility Checking the possibility to reprogram the existing software. 
Increment of conversion Ability to run the new variant along with the existing variant in the same assembly line. 
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. 
Replicated machines Checking the availability of replicated machine to run the new variants during its introduction 
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alongside existing variants. 
Fixture convertibility Measuring the possibility to change the fixture to accommodate all the variants in the product 

family with minimum changeover time. 
Tool convertibility Checking the possibility to change the tool automatically or with minimum changeover time. 
Multidirectional Movement of material handling device should be multidirectional to ensure high convertibility. 
Asynchronous motion Material handling device having asynchronous motion will result in higher convertibility. 
Level of automation Higher the level of automation of material handling devices higher the convertibility of the 

system. 
Modularity Tool modularity Ability to change the tool without affecting the machine. 

Workstation modularity Possibility to change the workstation easily without affecting the machine. 
Fixture modularity Checking the ease of changing the fixture without affecting the machine. 
Operation sequence Checking the sequence of operation and the possibility to have standard sequence of operation 

for all variants in the product family. 
Component sharing The possibility of sharing modules with basic components to create different variants across 

product families. 
Component swapping Checking the possibility of pairing two or more modules to a basic component to create 

different variants within a product family. 
Cut to fit Checking the possibility of altering the dimension of module to fit with other module. 
Bus modularity The possibility to match different modules to a basic component. 

Integrability Tool integrability Ability to integrate new tools to the existing machines. 
Control software  Ability to integrate the control software to the newly introduced tools/machines.  
Information handling 
integrability 

Ability to integrate the information to the system with newly assigned work tasks. 

Diagnosability Poka yoke Ability to detect the usage of right tool and right components for the variants in the product 
family. 

Information board Ease of identifying the operation to be performed on the machine or assembly line. 
   Traceability Ability to detect in which stage of operation the product is currently. 
    Quality assurance Ability to identify the unacceptable quality by using modern technologies like camera, sensors 

etc. 

3. Methodology 

A literature review was made in order to review the characteristics of RMS and to identify the criteria for 
assessing those characteristics. Keywords used during the search were “RMS”, “RMS characteristics”, RMS 
assessment, and “RMS criteria”. 

To test the proposed assessment criterion a single case study was carried out in the final assembly line and the 
end of line test of an automotive company [21]. 10 individual semi structured interviews were conducted with 
respondents involved in preparation, realization and research and technology development to get their perspective 
on the assembly lines and end of line test. The respondents had different positions and represented different 
department. The interviews were made face to face and lasted for 45-90 minutes each. The interview guide consisted 
of questions directly linked to the assessment criterion described in table 1 and had a mixture of opinion based, open 
ended and factual questions [22]. 9 detailed observations of the different parts of the assembly line and the end of 
line were also conducted. All observations except two were made together with either production or industrial 
engineers and lasted between 20-230 minutes. Document studies were also made including setup time 
documentation, material handling transportation documentation, and tact time production documents. The data 
obtained from the interview, observation and document study was categorized based on the assessment criteria and 
categorized into four levels, (1) there is no possibility to increase the reconfigurability level mentioned in the 
criteria, (2) the requirement of maximum effort to increase the reconfigurability level in the criteria, (3) the 
minimum effort required to increase the reconfigurability level in the criteria and (4) high level of reconfigurability 
which does not require any effort to achieve in the criteria. 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 assigned represented the need for reconfigurability and the existence of reconfigurability level in 
the system [23]. The average of all the assessment criteria in each characteristic of reconfigurability was calculated 
and the radar chart was extracted from MS Excel. 
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Convertibility could be defined as the capability of a system to quickly transform its production functionality 
from existing system to new production requirements or from one product to other [16, 17]. A convertibility 
assessment criteria is the possibility to use same fixture to as many variants in the product family. [17]. Other 
criteria are the increment of conversion, i.e. the possibility of quick introduction of a new variant while running the 
existing variant [16] and the possibility to have maximum routing connections of material handling devices [16]. 
Convertibility of tool can be assessed by checking the possibility of automatic tool changer or using multi head 
spindle [16]. Convertibility of software can be assessed by checking the possibility to re-program the existing one 
[16].   

Assessing of modularity can be done by checking the ease of changing the tool [18]. Modularity can be assessed 
by checking the possibility of independence between the component and process in different module can be termed 
as process modularity [19] and by checking the possibility or ease to change the fixture [19]. Modularity can also be 
assessed by checking the possibility of adding or removing the work station from the assembly line [19]. 

Assessing of integrability can be done by checking the easiness to integrate new equipment or tools to the 
existing machines and by checking the possibility of integrating the information handling system or software 
controls [20]. 

Diagnosability can be classified into 2 types i.e. 1) Machine diagnosability and 2) Product diagnosability [14]. 
Machine diagnosability mainly deals with the possibility of running the machine smoothly i.e. detecting machine 
failure [14]. Poka yoke, information board and traceability are some of the measures can be used to detect and 
reduce machine failures [8]. Product diagnosability deals with detection of unacceptable quality in the part being 
produced or assembled [17].Diagnosability can also be assessed by the possibility to easily identify the sequence of 
operation to be performed at that station and possibility to detect the location of a specific product [8]. 
Diagnosability of the product can be assessed by identifying the possibility to detect the unacceptable quality of the 
product [4]. 

The different reconfiguration characteristics and their assessment criteria and how they affect the system is 
summarized in Table 1. 

Table 1: Summary of assessment criteria. 

Characteristics Assessment criteria Parameters affecting assessment criteria 
Scalability Machinery Measuring the possibility to add or remove machinery from existing manufacturing system 

would help us to measure system scalability. 
Shifts and workers Measuring the possibility to increase or decrease the shift and number of workers’ lead’s to 

measure logical scalability. 
Lead time Measuring the possibility to increase the capacity by reducing the lead time would help us to 

assess scalability. 
Line Balancing Measuring the possibility to distribute the work effectively and utilizing the resource effectively 

would assess scalability. 
Cycle time Measuring the possibility to reduce or increase cycle time in different manual assembly 

operation may lead to assess scalability. 
Utilization of space Measuring the utilization of space (i.e. minimum floor space and high production) will lead to 

assess scalability. 
Customization Tool customization Possibility to use same tools to assemble different variants.  

Controller 
customization 

Measuring how well the controllers are integrated into generic controller platform would 
improvise productivity, uptime, machine life and accuracy. It also helps to assess 
customization. 

Operation 
customization 

Ability to perform different operation in one machine would lead to assess the customization of 
the machine. 

System customization Ability to upgrade the features of the existing system for upcoming variants. 

Size customization Ability to design the product based on the available dimensional space. 

Colour customization Ability to vary visual appearance of the product. 

Design customization Ability to configure the product on the specific wishes of the customer. 

Convertibility Software convertibility Checking the possibility to reprogram the existing software. 
Increment of conversion Ability to run the new variant along with the existing variant in the same assembly line. 
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. 
Replicated machines Checking the availability of replicated machine to run the new variants during its introduction 

4 Rösiö, Aslam, Banavara Srikanth and Shetty/ Procedia Manufacturing  00 (2019) 000–000 

alongside existing variants. 
Fixture convertibility Measuring the possibility to change the fixture to accommodate all the variants in the product 

family with minimum changeover time. 
Tool convertibility Checking the possibility to change the tool automatically or with minimum changeover time. 
Multidirectional Movement of material handling device should be multidirectional to ensure high convertibility. 
Asynchronous motion Material handling device having asynchronous motion will result in higher convertibility. 
Level of automation Higher the level of automation of material handling devices higher the convertibility of the 

system. 
Modularity Tool modularity Ability to change the tool without affecting the machine. 

Workstation modularity Possibility to change the workstation easily without affecting the machine. 
Fixture modularity Checking the ease of changing the fixture without affecting the machine. 
Operation sequence Checking the sequence of operation and the possibility to have standard sequence of operation 

for all variants in the product family. 
Component sharing The possibility of sharing modules with basic components to create different variants across 

product families. 
Component swapping Checking the possibility of pairing two or more modules to a basic component to create 

different variants within a product family. 
Cut to fit Checking the possibility of altering the dimension of module to fit with other module. 
Bus modularity The possibility to match different modules to a basic component. 

Integrability Tool integrability Ability to integrate new tools to the existing machines. 
Control software  Ability to integrate the control software to the newly introduced tools/machines.  
Information handling 
integrability 

Ability to integrate the information to the system with newly assigned work tasks. 

Diagnosability Poka yoke Ability to detect the usage of right tool and right components for the variants in the product 
family. 

Information board Ease of identifying the operation to be performed on the machine or assembly line. 
   Traceability Ability to detect in which stage of operation the product is currently. 
    Quality assurance Ability to identify the unacceptable quality by using modern technologies like camera, sensors 

etc. 

3. Methodology 

A literature review was made in order to review the characteristics of RMS and to identify the criteria for 
assessing those characteristics. Keywords used during the search were “RMS”, “RMS characteristics”, RMS 
assessment, and “RMS criteria”. 

To test the proposed assessment criterion a single case study was carried out in the final assembly line and the 
end of line test of an automotive company [21]. 10 individual semi structured interviews were conducted with 
respondents involved in preparation, realization and research and technology development to get their perspective 
on the assembly lines and end of line test. The respondents had different positions and represented different 
department. The interviews were made face to face and lasted for 45-90 minutes each. The interview guide consisted 
of questions directly linked to the assessment criterion described in table 1 and had a mixture of opinion based, open 
ended and factual questions [22]. 9 detailed observations of the different parts of the assembly line and the end of 
line were also conducted. All observations except two were made together with either production or industrial 
engineers and lasted between 20-230 minutes. Document studies were also made including setup time 
documentation, material handling transportation documentation, and tact time production documents. The data 
obtained from the interview, observation and document study was categorized based on the assessment criteria and 
categorized into four levels, (1) there is no possibility to increase the reconfigurability level mentioned in the 
criteria, (2) the requirement of maximum effort to increase the reconfigurability level in the criteria, (3) the 
minimum effort required to increase the reconfigurability level in the criteria and (4) high level of reconfigurability 
which does not require any effort to achieve in the criteria. 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 assigned represented the need for reconfigurability and the existence of reconfigurability level in 
the system [23]. The average of all the assessment criteria in each characteristic of reconfigurability was calculated 
and the radar chart was extracted from MS Excel. 
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4. Results 

The company had a large portfolio of variants owing to varying customer requirements and volume variations. 
Nut runners with different types, size of sockets, and some hand tools were used . 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. The roofs also consisted of the PLC controllers and servers for the control software system. Pick-
by-light system was used for the tools and assembly components and the control program constantly gave 
instructions to the operators on the task to be performed next on a screen, it also ensured that the product would not 
move to the next assembly station if a task was not completed. To ensure the quality of the assembled product 
checks were made in three stages, first a quality assurance gate at the end of the module where certain connections 
were checked manually. Thereafter quality assurance was done in the end of line test where the product were tested 
on a test bench to ensure proper functioning. In the last stage, a camera assisted device checked if three critical 
components were assembled onto the product.  

AGVs were used for transporting products between stations and the material handling system used an adapter 
plate as an interface between the part assembly and the AGV. The adapter plate was common irrespective of 
variants. It also enhanced the assembly system’s capacity to handle volume variations. It 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 material handling system required 
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 
execution 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 
parameters for the tools such as the speed and torque of the nut runners were set on a different software program 
which was linked to the execution and monitoring systems.  

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. The end of line test benches had 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. 

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 described in Table 2 and 
figure 1. 

Table 2: Reconfigurability assessment 

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 
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4. Results 

The company had a large portfolio of variants owing to varying customer requirements and volume variations. 
Nut runners with different types, size of sockets, and some hand tools were used . 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. The roofs also consisted of the PLC controllers and servers for the control software system. Pick-
by-light system was used for the tools and assembly components and the control program constantly gave 
instructions to the operators on the task to be performed next on a screen, it also ensured that the product would not 
move to the next assembly station if a task was not completed. To ensure the quality of the assembled product 
checks were made in three stages, first a quality assurance gate at the end of the module where certain connections 
were checked manually. Thereafter quality assurance was done in the end of line test where the product were tested 
on a test bench to ensure proper functioning. In the last stage, a camera assisted device checked if three critical 
components were assembled onto the product.  

AGVs were used for transporting products between stations and the material handling system used an adapter 
plate as an interface between the part assembly and the AGV. The adapter plate was common irrespective of 
variants. It also enhanced the assembly system’s capacity to handle volume variations. It 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 material handling system required 
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 
execution 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 
parameters for the tools such as the speed and torque of the nut runners were set on a different software program 
which was linked to the execution and monitoring systems.  

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. The end of line test benches had 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. 

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 described in Table 2 and 
figure 1. 

Table 2: Reconfigurability assessment 

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 

 
  

6

 
 
 
 
 
 
 
 
 
 
 

5 C

S
reco
char
syst
vari
syst
requ
indu
char

T
incl
dev

Ref

[1] A
High
[2] C
recon
[3] A
syste
[4] K
Inter
[5] L
SYS
[6] 
(201
[7] C
Man
[8] C
[9] Y
Man
[10] 
Prod
[11] 
Journ
[12] 
Ann
[13] 
(200
[14] 
manu

Conclusion 

Since compan
onfigurability 
racteristics. T
tems to meas
iations. A qua
tem but also m
uiring an exp
ustrial case 
racteristics.  
The proposed
ludes further r

velopment of t

ferences 

A.-L. Andersen, 
h Speed Ramp-up
C. Renzi, F. Lea
nfigurable manuf
A. M. Farid, D. 
ems. Internationa
K. Gumasta, S. 
rnational Journal 
L. Pattanaik, R. 

STEM. Journal of 
K. K. Mittal, P
4);69:1125-9. 

C. Rösiö, J. Bruch
nufacturing Techn
C. Rösiö. Support
Y. Koren, U. H

nufacturing Techn
Y. Koren, W. W

duction Research.
A. M. Deif, W. 

nal of Advanced 
S. J. Hu, J. Ko,

als-Manufacturin
P. Spicer*, D. 

05);43(22):4839-5
Y. Koren. Gene

ufacturing system

Rösiö, Asl

Fig. 1

nies often n
calls for an a

The study pres
sure reconfig
alitative meth
material handl
ertise in the f
and strong a

d model is a 
refinement of 
the assessment

K. Nielsen, T. D
p. Procedia CIRP
ali, M. Cavazzuti
facturing systems
C. McFarlane. A

al Journal of Intell
Kumar Gupta, 

of Production Re
Kant, A. Anand

f Manufacturing T
P. K. Jain. An 

h. Exploring the d
nology Managem
ting the design of
eisel, F. Jovane,

nology. (1999);48
Wang, X. Gu. Valu

. (2017);55(5):12
ElMaraghy. Inv
Manufacturing T

, L. Weyand, H. 
ng Technology. (2

Yip-Hoi, Y. Ko
52. 
eral RMS charac

ms and transforma

lam, Banavara Sr

. (a) Reconfigura

need to conv
analysis of the
sented in this p
gurability and
hod adopting 
ling system an
field to reflec
and weak pa

first step tow
f the model, in
t scale. Moreo

D. Brunoe. Prereq
. (2016);51:7-12.
i, A. Andrisano. 
s. The Internation
A design structur
ligent Control an
L. Benyoucef, 

esearch. (2011);4
. A FUZZY-BA
Technology Rese

overview of pe

design process of
ment. (2018);29(1)

f reconfigurable p
, T. Moriwaki, G
8(2):527-40. 
ue creation throu
27-42. 

vestigating optima
Technology. (200

ElMaraghy, T. L
2011);60(2):715-3
oren. Scalable re

cteristics. Compa
able factories: Sp

rikanth and Shetty

ability of assembly

vert existing 
e current syste
paper aimed t

d their prepar
a system pers

nd building an
t upon the res
art of the s

wards develop
ncluding addit
over, the mode

quisites and Barr
 
A review on ar

nal Journal of Adv
re matrix based 
d Systems. (2007
M. Tiwari. Dev

9(6):1669-83. 
SED NEED ASS
arch. (2015);7(3/
erformance mea

f reconfigurable in
):85-103. 
production system
G. Pritschow, G

ugh design for sca

al capacity scalab
7);32(5-6):557-62
Lien, Y. Koren, 
33. 
configurable equ

arison with dedi
pringer; 2006. p. 2

y/ Procedia Manu

ly line; (b) Recon

manufacturin
em to understa
to propose an 
redness to ch
spective was 
nd premises. T
sults in a sho

system were 

pment of an a
tional aspects
el  

riers for the Dev

rtificial intelligen
vanced Manufact
method for reco

7);12(2):118-29.
veloping a recon

SESSMENT MO
/4):163. 
asures in reconfi

ndustrial product

ms. Västerås, Swe
G. Ulsoy, et al. R

alability of recon

bility scheduling
2. 
et al. Assembly 

uipment design p

icated and flexib
27-45. 

ufacturing  00 (2

nfigurability of en

ng systems t
and to what ex
assessment m

hange with re
developed to 

The model aim
op floor settin

identified co

assessment m
 e.g. related t

velopment of Rec

nce applications 
turing Technology
onfigurability me

nfigurability ind

ODEL FOR REC

figurable manufa

tion systems: Acti

eden: Mälardalen 
Reconfigurable m

figurable manufa

in a reconfigura

system design an

principles. Intern

ble systems. In: 

019) 000–000 

nd of line test 

to handle va
xtent they fulf

model for exis
espect to pro
consider not 

ms to be used b
g. The model
oncerning the

model and futu
o the human s

configurable Man

to the optimal d
y. (2014);72(1-4)

easurement of dis

dex using multi-

CONFIGURABLE

acturing system. 

ivities, challenge

University; 2012
manufacturing sy

acturing systems. 

able manufacturin

nd operations for

national journal o

HA ElMaraghy, 

ariation, incre
fil reconfigura
sting manufac
oducts and vo
t only the tech
by practitione
l was applied 
e reconfigura

ure research 
system, and f

nufacturing Syste

design of dedicat
):403-18. 
stributed manufa

-attribute utility 

E MANUFACTU

Procedia Engin

es, and tactics. Jou

2. 
ystems. CIRP An

International Jou

ng system. Intern

r product variety

of production re

 editor. Reconfi

easing 
ability 
turing 
olume 
hnical 

ers not 
in an 

ability 

topics 
further 

ems for 

ted and 

acturing 

theory. 

URING 

neering. 

urnal of 

nnals – 

urnal of 

national 

y. CIRP 

esearch. 

gurable 



82 Carin Rösiö  et al. / Procedia Manufacturing 28 (2019) 76–82
 Rösiö, Aslam, Banavara Srikanth and Shetty/ Procedia Manufacturing 00 (2019) 000–000  7

[15] M. G. Mehrabi, A. G. Ulsoy, Y. Koren, P. Heytler. Trends and perspectives in flexible and reconfigurable manufacturing systems. Journal of 
Intelligent Manufacturing. (2002);13(2):135-46. 
[16] V. Maier-Speredelozzi, Y. Koren, S. J. Hu. Convertibility Measures for Manufacturing Systems. Annals of the CIRP – Manufacturing 
Technology. (2003);52(1):367-70. 
[17] Y. Koren, M. Shpitalni. Design of reconfigurable manufacturing systems. Journal of Manufacturing Systems. (2010);29(4):130-41. 
[18] H. H. Benderbal, M. Dahane, L. Benyoucef. Modularity assessment in reconfigurable manufacturing system (RMS) design: an Archived 
Multi-Objective Simulated Annealing-based approach. The International Journal of Advanced Manufacturing Technology. (2018);94(1-4):729-
49. 
[19] A. M. Shaik, V. K. Rao, C. S. Rao. Development of modular manufacturing systems—a review. The International Journal of Advanced 
Manufacturing Technology. (2015);76(5-8):789-802. 
[20] C. Rösiö, K. Säfsten. Reconfigurable Production System Design - theoretical and practical challenges. Journal of Manufacturing Technology 
Management. (2013);24(7). 
[21] R. K. Yin. Case Study Research: Design and Methods. 4th ed. ed. Thousands Oaks, CA: SAGE; 2009. 
[22] K. Williamson. Research methods for students, academics and proffesionals - information management and systems. Wagga Wagga2002. 
[23] N. R. Tague. The quality toolbox: ASQ Quality Press Milwaukee; 2005. 
 


