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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.  
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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 

Risk assessment is a sequential process which requires understanding the hazards and analyzing risks associated, to determine 
required safety measures, like safeguarding to mitigate the risks to an acceptable level. In this article a thorough task-based risk 
assessment process is conducted in the early stage of layout design and building of a collaborative cell for sealing application 
performed in aircraft industries using a medium sized industrial robot system integrated with safety control functions. This article 
will also discuss how simulation could contribute in eliminating the threats as required by the safety standards before investing in 
equipment for collaborative cell layout. 
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1. Introduction 

    In recent years, industrial applications using robotic automation have advanced towards having work 
environment without separated working areas for the operators and the robot. The conventional work environment is 
where the work cells isolate the robots using physical fences from the human operators working in its vicinity. This 
environment needs to be adapted to applications where robots and humans may share the same workspace in order 
increase automation with the aim to facilitate a shorter assembly time and ergonomically improved workplace [1]. An 
adaption of human-robot collaborative application demands safety to work with the industrial robots and this need for 
safety introduced the use of collaborative robots which can be used for collaborative operations. [1] 
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There are medium and small sized robots specifically designed and used as collaborative robots. For instance, Kuka 
LBR IIWA series [2]. These robots are designed to safely operate in a collaborative application. It is quiet common 
and necessary to use medium sized industrial robots for such collaborative applications as they can work in limited 
spaces. This kind of implementation involving an industrial robot does introduce different hazards and risks associated 
with those hazards. To tackle these hazards and achieve a safe application it is required to carry out a risk assessment. 
Operator safety is the vital concern to enable the environment that allows the robot to securely work together with the 
operator sharing assembly tasks with or without fences between them [3]. 

A risk assessment ensuring the job safety is an iterative process starting from identifying the tasks and hazards 
related to them, determining the severity of the risks associated and suggesting safety measures to reduce the risks to 
an acceptable level [3]. This article focuses on a thorough application of a risk assessment process on a sealant 
application cell in aircraft industry to define a safe layout design of the collaborative cell and the contribution of three-
dimensional Computer Aided Design and Drafting through this process. 

    This article is structured in following sections. A theoretical study is presented in section 2, which involves all 
the required information studied and compiled. In section 4, the case study – automated application of sealant on 
fasteners is briefly described. In section 3, the methodology used to conduct the research will he presented along with 
limitations described in section 2. The final layout design defined is presented and discussed in section 5 and 6. This 
article will be concluded in section 7 which conveys the importance of safety standards and the role of Computer 
Aided Design and Drafting for a safe layout design. 

 

2. Theoretical Study 

    The successful use and application of the Human-robot collaboration (HRC) technology can be implemented 
depending on the level of interaction between the operator and the robot is desired, based on an [4]. The hazards and 
the risks associated with them differ based on the interaction level for an application and need to be assessed for 
functional safety to have successful and safe HRC application [4]. In other words, the level or degree of interaction 
can vary between the ones stated in [5]:  

1. Independent: The human and the robot operate on separate workpiece without collaboration. 
2. Synchronous: The human and the robot operate on sequential components or tasks of the same workpiece. 
3. Simultaneous: The human and the robot operate on separate tasks on the same workpiece at the same time. 
4. Supportive: The human and the robot work cooperatively to complete the processing of a single workpiece. 

    Hence, the operator and the robot may share a task or a workspace or both. To identify the required degree of 
collaboration and build a safe solution accordingly, conducting a risk assessment becomes the first step to develop a 
collaborative application cell using an industrial robot with appropriate safety devices and ensure its compliance with 
various regulatory standards for instance, in ISO/TS 15066 which is focused on the collaborative industrial robot 
systems introduced recently states that a risk assessment is necessary to identify hazards and estimate the risks 
associated with collaborative applications [6]. 

2.1 Risk Assessment 

The safety standards for industrial robots and robot systems mandate the application of risk assessment process 
along with risk reduction measures to ensure a safe working environment for the operator. A risk assessment process 
focusing on job related safety of the operator and which should be applied in an early phase of layout design is detailed 
in a technical report [7]. This task-based risk assessment process is iterative in nature which starts with identification 
of the tasks and related hazards involved in an application. Further the risks are estimated for its level of severity for 
instance and a final risk level is determined depending on previous estimations. Depending on this risk level obtained 
the risk reduction measures are implemented until the risks are reduced to negligible level and the layout is safe. The 
risk reduction measures are in three steps namely, 1. Inherently safe design measures 2. Safeguarding 3. 
Complementary protective measures. These measures are applied until the risk are reduced to low or negligible level. 
[7] 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.promfg.2018.06.095&domain=pdf
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2.2 Safety Standards 
 

    Application of the task-based risk assessment for a robot system at the initial stage of cell development can be 
tricky and complicated. Although as we know that the solutions drawn from the assessment should abide by the safety 
requirements stated in the ISO standards. The Machinery standard – SS-ISO 12100:2010 – Safety of Machinery – 
General principles of Design – Risk assessment and risk reduction (ISO 12100:2010) [8].  Industrial robot safety 
design are governed by part one of SS-ISO 10218-1:2011 – Robots and robotic devices – Safety requirements for 
industrial robots – Part 1: Robots [3]. In part 2: Robot systems and integration in [9]. The recently published ISO/TS 
15066 Robots and robotic devices–Collaborative robots specifies requirements for collaborative industrial robot 
systems and the work environment. This Technical specification is intended to act as supplement to the Industrial 
robot safety standards [6]. A task-based risk assessment method is outlined in the [7] and detailed in a technical report 
which is a supplement to ANSI/RIA R15.06-2012 which incorporates ISO 10218:2011 part 1&2. As this technical 
report is derived from ISO 10218:2011 part 1&2 indirectly, it is used in this article.  This technical report which is a 
supplement to ANSI/RIA R15.06-2012 [10] deals with the objective of enhancing the personnel safety associated with 
industrial robot systems by presenting a task-based risk assessment methodology that has been demonstrated to 
provide risk reduction guidance for hazards.  

 
2.3 Collaborative application cell and operational methods 
 
    A collaborative application cell from the perspective of human-robot interaction can be characterized based on the 
workspaces, participants and the degree of collaboration required in performing and completing the task demanded. 
[4] 
    The interaction between the operator, robot and the environment during different tasks are performed either being 
in separate or same workspaces raises the requirement for task-based safety. An overview of participants and 
workspaces involved in a collaborative application is observed in the fig. 1 below adapted from [4]: 
 

 

Fig. 1 Overview of participants and workspaces in a collaborative application, adapted from [4] 

    The industrial robot is pre-programmed to move in an automatic mode in the robot and collaborative workspace.    
If the operator is to intervenes for a collaborative task, one or a combination of collaborative operation method need 
to be implemented as recognized by the industrial robot systems safety standards. The four methods stated are, 1. 
Safety-rated monitored stop 2. Speed and separation monitoring 3. Hand guiding 4. Power and force limiting. These 
four methods are applicable in different scenarios and demand different safety requirements in order to be 
implemented. These safety requirements are detailed in safety standards which assist the application of risk assessment 
for any specific collaborative application case. [11] 
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2.4 Safeguarding 
 

Safeguarding is one of the measure for risk reduction suggested in the safety standards. Sensitive protective 
equipment lie in this category. For industrial applications, the selection, positioning, configuration and commissioning 
of SPE has been detailed in the International Electromechanical Commission, IEC TS 62046:2008 – Safety of 
machinery - Application of protective equipment to detect the presence of person. There are two specific types namely, 
Electro-sensitive protective equipment (ESPE) and Pressure-sensitive protective equipment (PSPE). The SPE such as 
a laser scanner will correspond to a specific performance level and therefore, the selection of the equipment depends 
on the application. Also, the positioning and installation needs calculation of a minimum distance that needs to 
maintain from the hazardous area. The reasoning being the safety system takes time to activate. The ESPE works 
using electrical safety signals and include laser curtains, laser scanners and vision based safety systems. Compared to 
a physical fence, where the operators and the machinery are physically separated, ESPE relies on the human being to 
occupy a predefined zone for the sensor to be triggered. [13, 4] 

Pressure-Sensitive Protective Equipment (PSPE) have been stated with all requirements in part 1 to 3 of ISO 13856, 
and works on the principle of an operator physically engaging a specific part of the work area. They include pressure 
sensitive mats, bars, etc. [12-14, 4] 

Feedback interfaces are critical in a complex human-robot collaboration environment. Using them to provide 
situational awareness of the state of the machine to the operators is vital. It also helps to acknowledge operator about 
the mode of the robot, either automatic or collaborative operational mode. Production areas are employed with warning 
lamps, buttons, floor marking etc., to provide situational awareness and control to the operator and their use is 
advocated by the standards as the third step in risk reduction as complementary protective measures. [11] 

3. Case Study – Automated application of sealant on fasteners 

The current work area used for the fuel tank sealing is approximately 8*8 meters and the fuel tank is assembled in 
the center, there are two tables for the other tools and equipment required kept on both sides of the tank assembly. It 
is also employed with the lighting set-up for proper vision. The work area is surrounded with a barrier or fence which 
is see through on three sides and with a height just enough for no personnel to enter within. The fourth side is freely 
accessible.  

For the manual version of this application, three operators are involved in the sealant application process where, 
the operator mixes the two sealant contents and fills it in the nozzle for a particular size or type of fastener. After that, 
the operator applies the sealant on the similar type fasteners one by one. The operator refills the nozzle as required to 
complete the particular size fasteners. Then the operator choses another type of nozzle for a different type and size of 
fasteners or fillets and this process repeats until all the fasteners and the fillets are sealed. The sealant applied is then 
inspected by the operator to check its quality and is decided as acceptable or not. If the sealing on any fastener for 
example is not acceptable, it is scrapped off and reapplied. 

For automated application of sealant on fasteners, there are a set of requirements stated by the user. These involve, 
approximately a 12.25 square meters’ area is to be protected on three sides for permanent access prevention and 
physical hazard to other personnel working around the cell. The fourth side open to access or entry is of length 3.5 
meters and needs to be guarded and monitored without using a physical fence. The operator should be able to move 
around the workpiece and view all the fasteners to seal the unsealed fasteners and inspect them as well.  Collaborative 
application layout design to be applicable in the existing work area for the sealing application, robot to be medium 
size as sealing application requires to reach in confine spaces in the fuel tank which is considered as a demo box and 
should be adaptable to further developments, for instance, mobile application. The robot should not be stopped at once 
(abruptly) as it may lead to unacceptable sealant application and would invite quality issues which will involve more 
manual work which is contradictory to our objective of reducing the risks associated with human-robot interaction. 
Also, the access to the hazardous area should be open as the human intervention is planned and timed for frequent 
operations. 

A series of tasks are involved in the automated sealant application process. The robot seals the fasteners and the 
fillets with a single nozzle until the cartridge filled with the sealant material is empty. Once it is emptied it is replaced 
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by the operator and hence the operator here interacts with the robot. Once the operator leaves the cell the robot resumes 
its sealing task. After the robot is done sealing all the fasteners within its reach the operator again enters the cell and 
seals the unsealed fasteners as well as inspect all the fastener sealing. Here the operator is again in close vicinity of 
the robot. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4. Methodology 

The methodology defined in fig. 2 to arrive at the results commences with a detailed theoretical study focusing on 
safety analysis methods, required safety standards and technical specifications. This study gives the base knowledge 
to define a set of question which can be put forth during the next step which is interviewing the user which is SAAB 
and observing the work area and process of sealing application. Once the data is collected from the user and from own 
reading and observations, an appropriate risk assessment process can be applied in order to successfully identify the 
tasks, hazards associated and suggest safety measures to reduce the risks. The thorough implementation of risk 
assessment process will then result in a layout design concept while having the safety functions designed using the 
regulatory standards. Finally, an initial level layout design concept and an operational procedure to implement that 
layout design in the right way is proposed and verified. As the risk assessment is an iterative process, if there are any 
risks identified resulting from the safety devices employed during the verification step, the risk assessment process is 
applied again to reduce or eliminate those risks to an acceptable level to achieve an acceptable final suggested concept 
design. 

Fig. 2 Rough outline sketch of the current sealant application work area (top view) 
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4.1.  Literature study 

The focus of theoretical study is mainly on the state of art or introduction of the very first and important step in 
implementation of human-robot collaborative type of application which is a thorough risk assessments concerned with 
functional safety for the human (operator) which could be interacting with the robot. A descriptive sub-section about 
safety analysis process used in general for partially automated systems to be analyzed for risks associated with the 
tasks involved in that application or job along with safety standards requirements that this assessment results should 
abide by. Also, a structured and standards based information of how the collaborative application is defined and what 
collaborative operations are referring the safety standards is studied and mentioned. 
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4.2. Data collection 

The data required is basically collected and elaborated in section 3. It is done in two means, at first by interviewing 
the concerned personnel responsible for the ongoing research project with automation of sealant application at SAAB 
along with the operators involved in the sealant application operations. Followed by the interview are the own 
observations and interpretations that are made while at SAAB in their production house and from the (Read only) 
documents received from them which were comprising of the work done regarding this research project till date. 
    Some vital observations were performed, for instance the way the work area for this specific sealant application 
was located relative to other work cells or areas, during the interview at the work area, the positioning of the 
components in that area required for the process, the way the operators were positioned, etc.  

4.3. Design of the layout concept 

A risk assessment process proposed in the standards focusing on job safety is conducted where the iterative 
application of assessment involving sequential steps is performed. This process initiates by defining the case and then 
demands identification of all the tasks involved in the sealant application in our case in a sequential manner. Further 
an identification of hazards and risks are done from the listed tasks. Later, the risks are estimated and their level is 
determined in order to proceed with the risk reduction stage, where safety measures are suggested, designed and 
implemented to have an acceptable layout design with appropriated reduced or eliminated risks. This initial suggested 
design is verified using a reassessment for the satisfaction of the applied risk reduction performed. Eventually a 
theoretically reviewed and accepted layout design is proposed supported with a descriptive guide or operational 
procedure for its physical functioning.  

 

5. Result 

The results presented in the form of design layout for the collaborative application cell followed by an operational 
procedure are defined purely based on the application of a thorough task-based risk assessment.  

 
5.1 Design Layout 
 

    The thorough application of risk reduction measures involving the design of safety function and also positioning 
and dimensioning based on the calculations of the safety distances for access protection or guarding devices which is 
the safety scanner in this case. The layout design for the collaborative application modelled in DELMIA V5 featured 
the dimensioning and positioning of the collaborative robot system seen in fig. 4. The robot and the operator task 
simulation also contributed towards identifying for instance, the operator path for approach towards the robot. The 2D 
sketch of the proposed layout design for the collaborative sealing application cell highlights the collaborative 
workspaces as observed in fig. 4 where the area under the thick black marking are the two workspaces which are 
shared by the operator and the robot for collaborative operations. One of them involves operator interacting with the 
robot for replacing the cartridge every time it indicates to be empty. 

The second collaborative workspace is for the sealing application task which is performed by the robot as well as 
by the operator but at different times. Also, the operator inspects all the fasteners and the fillets for quality and hence 
needs to occupy that workspace again. The complete cell is of size 3.5*3.5 meters approximately and is guarded with 
fixed guards of height 1700 mm suggested in the safety standards [9, 15] as the reach of the robot is 1500 mm on three 
sides leaving out one side open for access. The robot operates in automatic mode all through this application process. 
It is preprogrammed to operate at speed less than 250mm/sec [9] and its elongation for every posture and position also 
will be restricted and fixed. The open side is safeguarded using a SICK S3000 advanced safety laser scanner with one 
set of fields. 
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It comprises of one protective field and one warning field seen in fig. 5. The operator’s entry in the protective field 
initiates a protective stop on the robot but the warning field detects the presence even earlier which retards the motion 
of the robot gradually and stops when the presence detected and prevents restart if the operator is in the protective 
field. The configuration of the protective field depends on the range of the sensor and on the calculation of the 
minimum safety distance as protective field must incorporate that distance which is 604mm.This safety distance is 
calculated using a formula on the manufacturer’s datasheet [16]. A visual indicator is also installed right at the entry 
on the fence as to be easily visible to all the operators in the vicinity of the cell to warn about the operator’s proximity 
from the collaborative workspace. The path for operator to approach the workspace for the tasks is also marked by 
arrows.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 Top view of the layout design for the collaborative sealant application cell 

Fig. 5 Top view with protected field size marked by the red marker and 
warning field size is marked by yellow 
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5.2 Operational Procedure 

 
    When the operator is outside the laser scanner field set the visual indicator glows green. It turns to yellow when the 
operator enters the warning field where the robot motion is also slowed down. The indicator shows red when the 
operator presence in detected in the protective field where the safety-rated monitored stop is applied on the robot and 
it holds a still and safe position until the operator is in the protective field. The motion for the robot will resume once 
the operator leaves the protective field. A pair of pressure sensitive mats capable of detecting a person weighing 35 
kg in this case [15] are employed so when the operator moves further towards the robot to change its cartridge with 
filled sealant the mats will ensure that the robot does not start unexpectedly. The mats cover the area along the robot 
table and the demo box table on both sides to make it easy for the operator to inspect all the fasteners and fillets in an 
unobstructed view. The robot initially seals the fasteners and goes to safe position once done and only then the operator 
will enter to replace the cartridge. The residual sealing work in the areas robot cannot reach will be done by the 
operator after the robot is done its part of sealing. Operator will perform inspection in the similar manner. The operator 
should reset the robot motion to automatic mode again once out of the collaborative cell. The mats also direct the 
operator to stand in the correct positions to ensure safe interaction with the robot. 

6. Discussion  

The methodology presented earlier in section 3 is a combination of a part of generic early concept design phase of 
the product development which involves a deep and thorough theoretical study/pre-study and data collection with 
proper interpretation and implementation to obtain a verified concept design. Task-based risk assessment method is 
used which focuses on the tasks involving operator intervention or interaction with the robot. As the assessment is 
performed in a very early design stage, an assistance of modelling and simulation is desired. To summarize, this 
concept development process demands an iterative way of working as the task-based risk assessment is an application 
based method and hence needs to be repeated if the results after applying the physical verification and validation still 
possess unacceptable level of risk [7]. Contribution of the simulation tool DELMIA V5 is very much required to see 
the demonstration of the robot task as well as the operator task, use of reachability analysis, creating the robot 
workspace envelope and dimensioning and positioning of the collaborative system made it easier to identify the 
hazards which were possible by to eliminate or substitute the risks in the first step of risk reduction measures.  

The layout design derived after applying the different stages of risk reduction process is seen. It is also clear that 
safeguarding measure is applicable mainly because the auxiliary operators working near the collaborative cell might 
enter the cell unintentionally. The actual safe implementation of task is taken care of in the elimination ad substitution 
by design changes risk reduction measure. The operational procedure outlines the working of the complementary 
protective measures in relation to other safety devices and how the whole sealant application process will work out. 
Also, a way of working with the implementation of the task-based risk assessment process which is iterative in nature, 
the steps filling the gap involving the need for physical demonstration, verification and validation to achieve a final 
fully validated design. 

7. Conclusion 

The article proposes a layout design for the collaborative application cell through the application of a task-based risk 
assessment methodology. The task-based risk assessment method proposed in the technical report [7] refers to various 
clauses from the ISO 10218-2:2011 part 2 and hence can be observed to be a successful applicable method to 
collaborative cases with medium sized industrial robots. The proposed layout design features the collaborative 
operation method of safety-rated monitored stop. The verification part of the task-based risk assessment process can 
be better performed and approved by physical tests and measurements. The use of simulation tool in analyzing aspects 
like reachability and demonstrating the robot and the operator task has a big role in positioning and dimensioning of 
the safe layout cell. To sum up, in this article implementation of the task-based risk assessment process along with a 
3D simulation tool as an aid different aspects of the layout, both performed at an early phase of design to finally give 
the required safe design layout and the operational procedure. To summarize a task-based risk assessment process 
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suggested in [7] along with the support of the required safety standards can lead to a safe implementation of a 
collaborative application. 
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