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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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Abstract 

Traditionally it has been difficult to use automation in small batch production with high variation in volumes and 
high mix of products. However, this is changing as there exist new types of flexible automation. The purpose of this 
paper is to understand the requirements on enterprises to use automation in small batch production, and evaluate 
flexible automation technologies suitable for small batch production. The study is based on literature reviews and 
interviews. Identified requirements are for example to change between manual access and automation, and easy 
programming. The results show that a flexible mobile robot automation may fulfill a majority of the identified 
requirements. 
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1. Introduction 
 
A majority of the manufacturing industry consists of small and medium-sized companies working exclusively with 

small batch production. The variation in volumes and components leads to an uneven and low utilization of machines 
and low effectiveness of the working force. These companies are also labor intensive as machines are often operated 
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manually [1]. Manual tasks in manufacturing operations are for example machine loading and unloading, part 
inspection, and bin picking. Moreover, in small batch production in Sweden, the degree of automation in 
manufacturing operation is extremely low, under 1%. One reason for this is that traditionally, industrial fixed 
automation was developed for high-volume, low variety production [1,2,3]. The traditional industrial automation 
concepts are not considered useful in small batch production due to their cost of implementation, long duration of 
programming, inflexibility, dedication, safety concerns and fixed position [1,4,5]. Lately, new types of flexible 
automation has been developed that may be suitable for small batch production. There is a great potential for small 
batch producers to use flexible automation in manufacturing operation to remain competitive. However, this requires 
knowledge of the requirements among small batch producers concerning the flexible automation to be useful. Research 
studies focusing on automation for manufacturing operation for small batch production are limited and there are even 
fewer studies on flexible automation for small batch production. This paper is a first step to understand the potential 
of new flexible automation for small batch production. The purpose of this paper is to understand the requirements on 
automation in small batch production, and evaluate flexible automation technologies suitable for small batch 
production. 

2. Theoretical background 

Traditionally flexible automation refers to a computerized manufacturing system involving CAD, CAM, an 
automatic storage, retrieval system (AS/RS) and computers that integrates these (see for example [5]). According to 
[7] (p.444)”Flexible automation allows rapid reconfigurability of the production system in order to manufacture 
several different products, achieving high degree of machine utilisation, reduction of in-process inventory, as well as 
decrease in response times to meet the changing customer preferences.” There are numerous articles about flexible 
automation focusing on the FMS with fixed robots and articles about flexibility in manufacturing, all of them aiming 
at the whole manufacturing system. In this paper, the flexible automation is delimited to an automation technology. 
Flexible automation in this paper refers to a moveable robot with integrated technologies which are able to adapt to 
changing environment and perform a variety of industrial tasks, i.e. not dedicated. One advantage with moveable 
robots is the possibility to be used for different machines and applications, i.e. they can be moved to the position where 
they are needed. Flexible automation is the ability for a robot to be quickly and easily re-tasked to change products 
and volumes. Three different categories of flexible automation were derived from the literature review; collaborative 
robots, autonomous automation and mobile automation.  
• Collaborative robots. Traditional industrial fixed robots are described as unsafe for human worker and therefore 

caged off from human workers, often with fences (see eg. [8,9]). Recent advances in automation technologies have 
enabled new types of robots that are safe for human workers and that can be integrated into human-robot working 
cells [8,9]. There are papers describing specific collaborative robots such as Yumi and Baxter and their potential 
[8,9,10]). Papers also  describe the human-robot collaboration, e.g. how humans and robots can collaborate to 
assemble components [1,8].   
 
Both traditional industrial robots as well as collaborative robots can be mobile. Two kinds two kinds of mobile 
automation; autonomous automation or mobile automation that are moved manually were identified in the 
literature review.  

• Autonomous automation. [4] describe that automatic mobile robots extends the prospective application of 
industrial fixed robots by combing locomotion capabilities with manipulation abilities. Moreover, mobile robots’ 
interaction and communication capabilities have according to [4] reached a point where they can be integrated into 
the manufacturing network. Automatic  integrated with AGV technology or can be moved with help of an AGV 
[11]. 

• Mobile automation. Another option to move the robot is to carry it or move it manually with a fork e.g. a lift. Both 
autonomous automation and mobile automation can be found in previous R&D projects and in industrial 
applications. A huge installation with movable and offline-programmed robots for arc welding automation, were 
introduced in late 1980s in the Odense Steel Shipyard [12]. In the project “Factory in a box”, five industrial 
demonstrators were made, were flexible robot automation could be moved to e.g. different factories [13]. A late 
example of a “robot on demand” was presented by Fraunhofer IFAM [14] 
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3. Method  

 This paper reports the first results of a research project financed by The Swedish Governmental Agency for 
Innovation Systems (VINNOVA) 2016-2018. The project will use pilot studies to demonstrate if it is possible to create 
both profitable, competitive and sustainable small batch production as well as flexible high volume production. One 
objective of the project is to develop knowledge about how flexible automation can contribute to improvements in 
work organization, ergonomics, quality and production economics in different industries by developing guidelines for 
the automation investment.  
 The results presented in this paper follow a four-stage logic. Firstly, a literature review was conducted identifying 
categories of flexible automation technologies. Secondly, requirements on automation were established from case 
studies. Thirdly, identified flexible automation technologies were evaluated against the empirical requirements. 
Finally, when a automation technology was identified as fulfilling most of the empirical requirements, a specific 
analysis of that technology was done.  
 During the first stage, the literature review, a number of databases were selected to cover a diverse range of 
publications (journal articles, conference papers, books, dissertations and thesis). The databases include Scopus, 
Science Direct. Keywords included flexible automation OR robot, collaborative robots, mobile automation OR robot, 
moveable automation OR robot. Finally, three categories of flexible automation were identified. Based on these, robot 
solutions from different companies were identified and studied further to understand the different categories of flexible 
automation. In total 15 different flexible automation solutions were identified and categorized based on the three 
categories introduced in the theory chapter. 
 In the second stage, requirements on flexible automation in small batch production were identified through three 
single-case studies. The case studies represent three manufacturing companies, labelled Case Sheet, Case Metal and 
Case Wood. The case companies were selected Data were collected by means of interviews, individually and in group, 
seminars and observations at each company. The case companies also attended  project meetings.  Interviews were 
carried out with the CEO of the company. In two of the companies group interviews were conducted with CEO and 
production manager or production technician. Observations were made at several times in the studied production 
process and during these observations, informal interviews with operators, production technicians and production 
managers were performed. The observations lasted between 30 minutes and 5 hours. In the project so far there has 
been one project meeting with the project partners attending. The project meeting lasted 5 hours. The respondents 
were asked about requirements on automation in small batch production. Based on this, requirements on automation 
were identified.  

During the third stage of the research, the analysis to identify suitable flexible automation for small batch 
production was conducted. When the 15 automation technologies were analyzed it became evident that there existed 
similarities between certain automation technologies and therefore subcategories of each category was developed. The 
subcategories are hereafter called small automation and large automation. Small automation means automation with 
weight under 100 kg and payload less than 15 kg. Each automation technology was analyzed and evaluated based on 
the empirical requirements, described in the next chapter. When a category fulfilled a requirement, it was marked with 
“yes”. This paper only show the summary of each category’s automation technology as this part of the paper aims to 
identify suitable categories of flexible automation for manufacturing in small batch production, not describing a 
preferable brand.  

Below is a short description of each case company. 
• Company Sheet is a sheet metal subcontractor for customers in different industrial sectors. Company Sheet focuses 

on selling complete solutions to the customers. The company manufacture over 9000 components in different 
volumes. Competitive priorities are quality, delivery time, flexibility and services. They have under 50 employees. 
The owners have a long term plan including automation strategies. The company has invested in both fixed robots 
for material handling, automated machines and a new type of flexible and moveable automation technology for 
material handling. 

• Company Metal  is also a sheet metal subcontractor selling complete solutions to customers in different industries 
and have under 50 employees. Competitive priorities are quality, delivery time, flexibility and services. They are 
process oriented and offer the newest technology to the customers. The company have invested in several 
automation solutions the recent years, both fixed and flexible automation technologies for different purposes. 

• Company Wood is a company in the wood products industry and is mostly subcontractors to other companies in 
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the wood product industry. They have under 50 employees. Competitive priorities are quality, flexibility. They 
have a long term plan including automation strategies and they have invested in fixed automation technologies.  

4. Requirements of flexible automation in practice 

Below is a description of the requirements identified from the empirical data.  
 

4.1 Material handling 
 

When asking the respondents in the case companies about their requirements on flexible automation, they all talked 
about automation technologies serving machines, i.e. material handling in and out of machines in manufacturing. Two 
of the case companies also require higher productivity when invest in automation. One way to increase productivity 
according to the case companies is to let the automation serve machines during the evening or night shift. Therefore 
another requirement is that the automation should be able to serve machines during one shift without manual support.  

 
4.2 Easy programming for operators 
 
All respondents in the case companies mentioned that the programming of the automation technology needs to be 

simple and time-efficient. Case Sheet and Case Metal had experiences of fixed automation technology in the form of 
fixed robots that served a machine. In one of the companies the fixed robots were not used much, as according to both 
CEO and machine operators it took several hours to program it. According to the respondents in this case it took 
shorter time to manually serve the machine per order than to program the robot and let the robot serve the machine. 
As the case companies have many components in smaller volumes, they sometimes need to reprogram machines and 
automation several times a day, and therefore they require short reprogramming times for the flexible automation. 
With time-efficient reprogramming they mean a couple of minutes. Another requirement was that the operators should 
be able to program new components as well as do the reprogramming. This required according to the companies 
simple interface and simple programming.  

The companies also required simple and time-efficient installation of the automation. The installation also include 
education of the operators who are going to support the automation.  

 
4.3 Mobility 
 

The three case companies had batch production layout with different departments and dedicated machines to one 
process, for example sheet metal bending. This meant that the machines were sometimes located quite far from each 
other. The companies wanted an automation suitable for this kind of layout and did not want to move machines to 
enable robot cells. A requirement was that the automation technology should be moveable so it could server several 
machines in one department. The companies had several machines with the same purposes in the plant and the 
availability of the machines in one department was order dependent. To serve the “right” machine, they wanted to 
move the flexible automation technology between machines. The movement of the automation technology should also 
be simple and preferable made manually. Here the repetitiveness and positioning accuracy is essential as the machines 
often had fixtures with very low tolerances where the components should be positioned.  

 
4.4 Safety solutions 
 

All three case companies manufactured several components in different volumes and according to all companies 
they needed manual access to machines when the manufactured components in low volumes. Company Sheet for 
example had orders with as few as four components. They said that these orders should be handled manually as it took 
longer time to reprogram the automation technology than to manually serve the machine. This was also the case for 
more complex products that needed many different operations in one machine. Therefore the companies required 
manual access to the machine 
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The case companies required automation technology with no fences or few fences. The requirement of no fences 
or few fences derived from the limited amount of free space in the plants as well as from the need to ease manual 
access to the machines. No fences also made the relocation of the automation technology easier.   

 
 

4.5 Payload  
 

The size, dimension, and weight of components that the companies manufactured varied. All three case companies 
required automation that could lift ungainly, large and/or heavy components. Heavy components are components that 
weigh more than 10 kg; ungainly components can be round components that cannot be lifted between the arms. Case 
Wood and Case Sheet had several large dimension of components, where one example was a component that measured 
1000x1000 mm, another example was a component that measured 1200x1800 mm.   

Table 1 shows the empirically derived requirements on flexible automation for small batch production.  
 
Table 1. Summary of the empirically derived requirements on flexible automation for small batch production 

Material handling Easy programming for 
operators 

Mobility Safety solutions Payload 

Machine tending 
Working evening and/or 
nights without manual 
support 
 

Easy to install  
Simple interface 
Simple and time-efficient 
programming 

Move between machines 
Repetitiveness and 
positioning accuracy 
Move manually 

No fences 
Manual access to 
machines 
 

Ungainly components 
Large components 
Heavy components 

5. Evaluation of flexible automation technology for small batch production 

The result from the evaluation is presented in Table 2. As seen in Table 2, there is a difference between mobile 
automation and autonomous automation considering the fulfillment of the requirements. The mobile automation has 
some advantages such as mobility as well as other advantages, as easy programming and payload, while the 
autonomous automation main advantage seems to be the mobility. The was a lack of information about programming 
for the autonomous automation concepts and this made it more difficult to evaluate this category. Below is a short 
presentation of the result for each requirement. 

 
5.1 Material handling 
 
The case companies required automation for machine tending and most collaborative robots aims at assembly. Few 

automation technologies have a description regarding the installation.  
 
5.2 Easy programming 
  
The interaction between automation controllers to CADCAM systems capable of offline programming, is generally 

a way to decrease production down time due to programming. The case companies mentioned that the automation 
should be easy to program with easy interface and should be easy to learn. A majority of the automation technologies 
in collaborative robot category as well as in the mobile automation category include some kind of easy programming 
that is easy to learn. There exist different kinds of quick programming from self-learning robots to app programming 
and easy interface. Specific information about programming was lacking in the descriptions for autonomous 
automation concepts. 
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To enable a higher productivity and efficiency in all the machines, it was essential for the case companies to be 

able to move the automation between machines, as the layout in the plant was fixed and machines were distributed in 
the different departments. Most of the technologies in the categories could be moved except the large collaborative 
robot. The positioning accuracy and repetitiveness of the automation technology were also essential for the 
manufacturing operation. Here the autonomous technologies had lower positioning accuracy and repetitiveness than 
the other categories. To the large mobile automation technologies a fixture to position the automation in were offered 
to secure the repetitiveness and positioning accuracy and enable easier movement of the automation.  

 
5.4 Safety solutions 
 
The case companies required manual access to machines without fences and all technologies fulfilled this 

requirement.  
 
 

Table 2. Evaluation of flexible automation technologies against empirical requirements  
Collaborative robot Autonomous automation  

Mobile automation 
 Small Large Small Large Small Large 

Material handling       

Machine tending Most assembly Yes Yes Yes  
Yes 

 
Yes 

Working night or evening shift 
without manual support 

Yes Yes No No  
Yes 

 
Yes 

Easy progamming for operators       

Easy to install Yes  
Yes 

NA As 
industrial 
robots 

 
Yes 

 
Yes 

Simple interface Yes Yes NA As 
industrial 
robots 

 
Yes 

 
Yes 

Simple and time-efficient 
programming  

Yes Yes NA As 
industrial 
robots 

Yes Yes 

Mobility 
   

   

Move between machines Yes No Yes  
Yes 

 
Yes 

 
Yes 

Repetitiveness and positioning 
accuracy 

High High Lower Lower  
High 

 
High 

Move manually Yes No No  
No 

 
Yes 

 
Yes 

Safety solutions 
   

   

No fences Yes Yes Yes  
Yes 

 
Yes 

 
Yes 

Manual access to machines Yes Yes Yes  
Yes 

 
Yes 

 
Yes 

Payload 
   

   

Ungainly components No yes No  
Yes 

 
No 

Yes 

Large components No Yes No  
Yes 

 
No 

Yes 

Heavy components Up to 15 kg Up to 35 kg Up to12 kg  
Yes 

 
No 

Yes 

Summary:  10/15 11/15 6/15 8/15  
11/15 

 
15/15 

 
 



	 Malin Löfving et al. / Procedia Manufacturing 25 (2018) 177–184� 183 Author name / Procedia Manufacturing 00 (2018) 000–000 7 

5.5. Payload 
 
The main limitation in this evaluation is the required payload and size of components for the case companies as 

they manufacture heavy, ungainly and large components. Most of the automation technologies could not lift these 
kinds of components. Only one collaborative robot had payload over 15 kg. Here they autonomous and mobile 
automation offered more alternatives as many of these technologies offered traditional industry robots on top of the 
trolley. In these cases the payload was unlimited for the really large robots.  

 

6. Discussion and conclusion 

One interesting findings related to the programming was that the case companies wanted the operators to program 
the automation instead of production technicians or likewise. This require a simple and time-efficient programming 
of the automation. One main advantage for the new types of flexible automation is a new type of robot programming, 
with e.g. preprogrammed operations and new simple interface, that enable operators to program the automation tasks 
in shorter time and more intuitively than before. The two case companies that had invested in fixed robots said that 
the robot programming of fixed robots was not time-efficient. Here the flexible automation with easy programming 
can ease the decision for small batch producers to invest in automation as the easy programming save both time and 
cost for the company.  

The positioning accuracy and repetitiveness essential for machine tending was not as high in the autonomous 
automation category as in the other categories. The case companies also wanted the robot to work evening and or 
nightshift. It was unsure if the autonomous automation technologies could work so many hours without charging. 
Therefore the most suitable flexible automation technology for manufacturing for small batch production considering 
the case companies requirement may be the large mobile automation technologies that offer easy programming, easy 
mobility, positioning accuracy with fixtures in front of each machine, high payload without fences.  

The requirement that operators should program the automation also affect the operators working tasks and their 
competence. Before and under installation of the new automation, operators needs to be involved to learn the 
automation technology and this also mean a new organization of the company. The  changed organization and working 
tasks for operators will be further studied in the project and presented in future research papers.  

The category that fulfilled all of the requirements was large mobile automation. The large mobile automation 
concepts can be moved easily with a fork lift and have other safety solution than fences that enable area effectiveness 
and manual access to the machine. Collaborative robots focus on the collaboration with humans and many of these 
technologies implies one or two arms that lift a few kilo per arm as a human. Their main task seems also to be 
assembly, that were not the main processes for the case companies. If the case companies had required suitable 
automation for smaller components and assembly, then collaborative robots is a suitable concept for the companies. 
We have not identified other studies focusing on the new type of mobile automation concepts identified in this paper, 
and more research needs to be conducted to understand what this means for small batch producers. However as a 
majority of the companies in Sweden are small batch producers this is a relevant topic so these companies can remain 
competitive.  

This research focused on understanding the requirements on enterprises to use automation in small batch production 
and evaluate flexible automation technologies suitable for small batch production. This study contain the requirements 
from three manufacturing companies and the findings cannot be generalized to all manufacturing companies. What 
flexible automation is most suitable for a company may depend on the specific process or activity that needs to be 
automated and this can be different in the company as there exist different processes and activities in a company. 
However, in the three case companies with small batch production and high mix low volumes the requirements were 
similar event if the companies are from different industries.  
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