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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

Human-Robot Collaboration (HRC) could improve manual labor manufacturing processes by relieving workers of inappropriate operations, 
such as heavy, repetitive, or manual quality inspections. The literature shows that the greatest challenge for large scale implementation of 
Human-Robot Collaboration is safety, intuitive interfaces and design methods. We present a comprehensive framework that incorporates the 
use of virtual simulation for the implementation of Human-Robot Collaboration. The proposed framework defines a development process with 
five major steps, ending up with a virtual simulation model that can provide a foundation for the physical implementation. The framework has 
been developed using an automotive industrial case. 
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1. Introduction 

The manufacturing industry of today can be considered to be 
highly automated, but still there exist areas where automation 
is desired, but not possible, due to the requirement of human 
cognitive skills. Industrial robots typically have high accuracy, 
speed and repeatability, where the human qualities lie in 
flexibility, adaptability and problem solving. Human-Robot 
Collaboration (HRC) opens up the possibilities to combine 
human qualities, with the strengths of the robot, to automate 
areas previously restricted to human labor [1]. HRC can be 
classified according to level of interaction, from working side-
by-side in the same work area without intersecting workspaces, 
to collaborative joint tasks with physical contact between the 
robot and the human [2]. Classification can also be made 
according to multiplicity and agent autonomy [3]. Multiplicity 
regards the amount of agents in HRC: a robot, multiple robots 

or robot teams in combination with: one human, multiple 
humans or teams of humans. Autonomy regards agents’ 
capabilities to make decisions and take actions, and is in this 
context used for describing relationships between robot and 
human. The multiplicity and autonomy relationship is, in this 
article, mainly focused on one human leader aided by one robot 
supporter. 

A survey conducted in [4], identifies the three biggest 
challenges of HRC as safety, intuitive interfaces, and design 
methods that supports the implementation of HRC. One 
approach of designing HRC solutions is to develop and use 
virtual simulation models. These models can have many usages 
in the HRC development process, e.g., enabling evaluation of 
the human-robot interfaces, aid in the risk assessment process 
and being used for operator training through Virtual Reality 
[5,6]. In addition, virtual simulation models allow testing 
potential improvements without interrupting the production, 
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article, mainly focused on one human leader aided by one robot 
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A survey conducted in [4], identifies the three biggest 
challenges of HRC as safety, intuitive interfaces, and design 
methods that supports the implementation of HRC. One 
approach of designing HRC solutions is to develop and use 
virtual simulation models. These models can have many usages 
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and being used for operator training through Virtual Reality 
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enabling the verification and validation of the concepts, without 
even having access to physical equipment, before implementing 
it for real. 

We believe that one of the main reasons for the absence of 
HRC solutions on the industrial shop floors is the lack of 
frameworks providing developers with detailed guidelines of 
each step in the HRC development process.  

This study aims to design and create a flexible holistic virtual 
simulation endorsed framework for realizing HRC. The novelty 
of this framework is that it provides detailed guidelines on how 
to:  

1. identify and specify a HRC project with defined  
objectives in line with the goals of the organization 

2. develop and evaluate virtual simulation models, 
enabling verification and validation prior to 
implementation 

3. visualize, and therefore enable, to address safety 
aspects and consequences that rise from the 
implementation of a HRC solution 

The literature shows that simulation-based methods for HRC 
have started to emerge in recent years. Ore et al. [7] propose a 
method for design of human-industrial robot collaboration 
workstations and have developed a simulation software that 
makes it possible to design and evaluate workstation layouts in 
early production development phases. The main purpose of the 
simulation software is to enable simulation of HRC work tasks, 
with a special focus on evaluating safety and performance 
parameters. Tsarouchi et al. [8] propose another method for the 
design of HRC workstations based on simulation. Their method 
focuses on automated layout planning and task allocation, with 
the main purpose of supporting the user in evaluating 
alternative workplace layouts. In comparison with these two 
previously proposed methods for HRC implementation, the 
framework proposed in this paper is more comprehensive and 
with a broader focus. While the previous two methods are for 
the later part of the simulation design and evaluation phase, the 
proposed framework covers the whole process of implementing 
HRC – from preparation to implementation – and it focuses on 
a broad range of important aspects to consider for successful 
HRC. 

In collaboration with Volvo Group, the framework has been 
developed through a real industrial case, consisting of a manual 
work station for engine component assembly. The work station 
is part of a production line with a takted flow, and has been 
selected as a target for HRC adaption, due to the fact that it 
contains monotonous tasks, poor ergonomics, as well as 
inspection tasks with risk for overlooked quality deficiencies. 
Removing the human and aiming for full automation is not an 
option, because of the involvement of operations requiring 
human skills, e.g., irregular tasks of cabling, sealing and tie 
wrapping. With an action research strategy of continues 
evaluation, this project aims to develop a HRC solution for the 
targeted work station while concurrently developing a first 
version framework.  

Chapter two presents the framework, chapter three presents 
the case study and the results are discussed in chapter four.  

2. The framework 

The proposed framework (Figure 1) consists of five major 
steps and it is intended to be used in an iterative manner, 
allowing the user to backtrack and modify previous steps when 
necessary. When the HRC project has been initiated, the first 
step is to identify problems and to define the project scope. The 
second step is to define the current state with regards to 
products, operations, components, flows, and layouts, which 
constitutes the major data collection step. The third step is the 
definition of the objective, which is crucial for measuring the 
outcome of solutions. In the fourth step, one or several 
conceptual solutions can be developed and evaluated where the 
best solutions will be used for the development of the virtual 
simulation model in the fifth step. If the virtual model is verified 
and validated, i.e., fulfils all requirements and objectives, it will 
provide a foundation for the physical implementation.  

 

 

Figure 1. The major steps of the proposed framework. 

2.1. Scope definition 

The scope can be defined either through a top-down or a 
bottom-up approach. The top-down approach start with a broad 
view that narrows down, whereas the bottom-up approach 
derives from a specific problem and widens incrementally to 
form the scope. A wider scope will increase the complexity of 
the project, but to consider a too narrow area might result in 
poor robot utilization. If a workstation contains a set of 
operations in which only a small subset could be subject to 
robotic execution, it is unlikely that these operations alone will 
utilize the robot sufficiently. This can make it difficult to 
motivate an investment because of the increased payback time, 
which is why operations from more than one work station might 
need to be incorporated in the planned HRC solution. Some 
operations will not be easily moved, due to the fact that they 
precede other tasks and therefor need to be executed in a certain 
sequence. Even if these operations are movable without 
affecting the work sequence, moving them could cause an 
imbalanced workload on several stations. A rebalancing of 
workstations in the affected production might be necessary in 
order to restore an imbalanced utilization level. 

According to [9], potential application areas include manual 
assembly tasks, material handling and/or quality inspection. 
HRC should be used to support human operators, rather than 
replacing them, which is why it is prioritized to identify 
activities that operators willingly would remove from their 
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work instructions, rather than solely looking at it from a 
viewpoint of what a robot could perform better. The goal is to 
find manually performed activities with one or more of the 
following characteristics:  

• Poor ergonomics – operations that involve heavy lifts, or 
force humans into unhealthy working positions, will 
eventually lead to injuries. Potentially excessive working 
loads can be evaluated through the use of Rapid Upper 
Limb Assessment [10]. 

• Hazardous – Robots can perform tasks in which, if 
performed by human, exposes the human to safety risks, 
e.g., handling of chemicals. 

• Cleanliness – Certain process might be sensitive to 
contamination. 

• Monotonous – Robots can perform monotonous, tedious 
tasks, while humans need stimulating work to stay 
motivated. 

• Precision demanding – Compared to humans, robots 
typically have higher precision and repeatability. 

• Inspection – Manually performed inspection give rise to 
overlooked quality deficiencies and might put pressure on 
the operator. By combining robotics with machine learning 
technology, quality inspections can be automated [11,12]. 
One robot mounted camera can replace several fixed 
positioned cameras, enabling flexible inspections.   

2.2. Current state description 

The current state description is the major data collection 
phase and it consists of four main parts: identification and 
classification of operations required to produce relevant 
products (value added as well as non-value added in the current 
solution), creation of component lists, identification of flows, 
and creation of layouts. Accessible data from available sources 
(such as documents and recordings) should be collected. 
Inaccessible or non-existing data will have to be measured or 
estimated, e.g., through observations or time studies.  

2.2.1. Operations 
All relevant products and its variants are defined, and for 

each a list of operations should be created. Important activities 
also include determining production volumes for each product 
and variant and identifying common operations. Each operation 
should then be classified according to HRC execution: 

• Operation precedence – certain operations need to be 
executed in a specific order. Developing a precedence 
matrix and graph can be used for rebalancing single or 
multiple work stations. 

• Human execution time – the time required for a human to 
execute the given operation. 

• Robot execution time – the time required for the robot to 
execute the given operation. 

• Joint operation execution time – the time required for a 
human and the robot to execute the given operation in 
collaboration, e.g., hand-guiding, where the human 
physically guides the robot, using it as a lifting device.  

• Human unsuitability – The operation is unfit for human 
execution, regardless of execution time. The operation 
might be fit for human execution certain amount of times, 
but not repeatedly. Consider the bullets in chapter 2.1 to 
identify operations unsuitable for humans. 

• Position – A point or volume, defining the position of the 
operation. The Euclidian distance between operations can 
determine if human and robot operations can be executed 
concurrently. 

• Compliant safe-guard modes – Specified in accordance to 
the standard ISO/TS 15066:2016. 

2.2.2. Component lists 
Physical objects of the target work space are listed and 

defined with characteristics, such as: geometries, mass, center 
of gravity, functionality, constraints, etc. 

2.2.3. Flows 
Modifying parts of a production will affect connected flows, 

i.e., objects, people and information, stationary or in motion 
(Figure 2). Identifying the flows is a systematic approach to 
create a holistic overview of the relevant production area. This 
will highlight the potential consequences a planned HRC 
solution might lead to and enables to plan and address these 
consequences to maximize the benefits of the project. 

 

Figure 2. Flows connected to the target HRC area. 

While manufacturing organization are reliant on their 
products, the goal of HRC should be to support, rather than to 
replace humans, which is why we argue that the highest 
prioritized flows should be the products and the people. 
Changes made to these flows should be done carefully and with 
caution. 

2.2.4. Layouts 
Creating layouts can aid in visualizing and evaluating the 

current physical work space for improvement work, and can be 
used for planning the HRC layout. The layouts should include 
the outer boundaries of the physical workspace with accurate 
measures. Any relevant flow, static- and moving objects, could 
also be incorporated in the layouts. 
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2.3. Definition of the Objectives 

In order for a HRC solution to be useful it has to fulfil given 
objectives, e.g., to improve a certain cycle time limit or to 
improve a quality output. Objectives and Key Performance 
Indicators (KPI), are defined before the project’s data collection 
phase. As products and industrial processes have significant 
environmental impact, sustainable development has become a 
competitive factor for manufacturing enterprises [12]. With 
sustainable development taken into account, Amrina and Yusof 
[14] presents a list of manufacturing objectives and KPI’s. 
Based on this list, we present a set of objectives and KPI’s with 
regards to suitability for HRC. 

Table 1. Objectives and KPI’s relevant for HRC, based on [14]. 

Objective KPI 

Resource utilization Energy consumption 
 Land/space usage 

Quality Scrap 
 Rework 
Cost Material cost 
 Setup cost 
 Inventory cost 
 Labor cost 
 Maintenance cost 
Delivery On time delivery 
 Lead time 
 Cycle time 
Waste Solid waste 
 Hazardous waste 
Flexibility Volume flexibility 
 Product flexibility 
 Process flexibility 
 New product development 
Employee Training and development 
 Occupational health  
 Job satisfaction 

  
Decide what objectives and KPI’s to use for the project and 

try to define explicitly quantified limits to aim for. Some 
objectives will possibly be contradictory to each other, i.e., 
different solutions work well with regards to some objectives, 
but poorly for others. To aid as a decision support in case of 
contradictory objectives, rank the objectives according to 
importance for the project. 

2.4. Conceptual Solutions 

A conceptual solution provides the foundation for the virtual 
simulation development of the HRC solution, and is created by 
specifying requirements, including: 

• Operations lists, created by reassigning operations from 
the current state operations list to the agents of the new 
concept. 

• Component lists of all equipment, robots, tools, etc. 
Characteristics, e.g., geometries, should be specified for 
every item. 

• Flows, create a holistic view of the future state by defining 
all flows of the new solution.   

• Layouts, showing positioning of agents and items. 
• Other requirements, including accuracy, level of detail and 

simulation functionality. 

Prior to the virtual simulation phase, the outcome of each 
solution is merely a rough estimate, whereas the simulations 
themselves can verify, or provide a more accurate estimate. 
Since the developer’s knowledge of the project increases as the 
project proceeds, new ideas for improvements can emerge, 
making it important to backtrack and make modifications to 
previous steps continuously. 

2.5. Virtual Simulation 

To virtually implement the conceptual solutions, the 
developer must acquire the necessary CAD-models, virtual 
simulation software and hardware. To start simple, and 
incrementally increase the detail level of CAD-models, has two 
main advantages. First, Virtual Reality interaction can be 
hardware demanding, and as the model details increase, 
hardware performance requirements will also increase. 
Secondly, even a low detailed simulation model could provide 
the developer with insights that lead to new concept ideas. In 
this case, the current solution could be discarded, whereas less 
time will have been spent on the discarded model.  

We propose the implementation of a three-stage virtual 
model: 

1. The static stage. A static, motionless model that can 
be used for getting an initial sense of the workspace. 
This stage enables to evaluate the positioning of 
objects, with regards to efficiency and ergonomics.   

2. The motion stage. A deterministic simulation showing 
the work sequences. This stage can aid in visualizing 
flows and enable planning of efficient human-robot 
work sequences. It also enables the assessment of 
safety issues, such as robot speeds in different zones, 
and dynamically evaluating the minimal distance 
between the robot and the human. 

3. Interaction stage. An event-based simulation, with 
signal-based conditions that can be triggered through 
Virtual Reality interaction, thus influencing the 
behavior and outcome of the simulation. This stage 
can potentially provide a highly immersive 
experience, allowing for the evaluation of the station 
close to a real production scenario. Through the 
operator’s user experience, and by observing the 
operator engaging in the virtual simulation, safety 
issues can be assessed that otherwise would be 
difficult to foresee without exposing the operator to a 
real physical scenario. 

Before the simulation model can be used as a template for 
the physical implementation, it has to be verified and validated. 
For this we use the definitions proposed by Law and Kelton 
[15]. Verification is to determine whether a conceptual model 
has been correctly translated into a computer program, which 
in this project is to assure that the virtual model fulfills the 
requirements of the conceptual solution. Validation is defined 
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as to determine whether the simulation model is an accurate 
representation of the system, in terms of fulfilling all 
objectives. In addition to this, the validation phase will also 
include evaluating safety as well as the effect a concept will 
have on affected flows. 

3. Case study 

This chapter describes the manufacturing case that was used 
in the framework development process. The sections describe 
how each step of the framework was applied to create a valid 
HRC simulation model.  

3.1. Scope definition  

The scope was defined using a bottom-up approach with the 
specific station as the starting point. 

The station, which prior to the project was identified as 
suitable for HRC adaption, is part of a takted production line 
containing approximately fifty work stations for engine 
assembly. Every takt, the product moves one step forward in 
the production line by an Automated Guided Vehicle. The 
station currently consists of pure manual labor, with the 
mounting of a valve hood as the main operation. This requires 
a heavy lift in an awkward posture pose. The operator also 
performs a control inspection of the applied silicone, which – 
if performed poorly – can lead to quality deficiencies. In 
addition, the station also includes the tightening of 20 screws, 
which is highly repetitive.   

3.2. Objectives 

The objectives for the project are shown in Table 2. The 
labor cost and the station cycle time can be directly evaluated 
in a verified simulation model. Improved quality through less 
scrap and rework is also an important objective for the project, 
which will likely be improved through automation, but as the 
quality output will be apparent further down the production 
line, it can’t be measured in the virtual model. Employee 
satisfaction has also been chosen as an objective, which can be 
evaluated by exposing operators for the new concepts, and then 
subject them to a user experience survey.  

Table 2. Project objectives and KPI’s. 

Objective KPI Comment 

Cost Labor cost  
Delivery Cycle time  
Quality Scrap Evaluated later in production line 
 Rework Evaluated later in production line 
Employee Job satisfaction Operator survey after VR interaction 

3.3. Current state 

A thorough current state analysis was performed by 
collecting existing documents, such as operation lists (Table 3), 
by consulting technicians and operators, and by observing the 
target station along with preceding and subsequent stations. 
With the collected data, relevant flows lists (Table 4) and 
layouts could be developed. 

 Table 3. Operation list for one product variant.  

Table 4. Flows 

Flows Comment 

Product Variant1 ~80% volume 
 Variant2 ~20% volume 
People Operator  
 Supplier Previous station 
 Customer Next station 
Material Valve hood Sub-assembled at kitting station 
 Material supply cart  
Equipment Silicone gun Roof mounted 
  Screw driver Roof mounted 
Information Screw sequence  
 Operation lists  
 Operation instructions  

3.4. Conceptual solutions 

To be able to evaluate different options for material 
positioning of the valve hood, two conceptual solutions were 
created. Both solutions incorporate a collaborative robot of the 
model UR10, with required reach and payload to be able to 
handle the valve hood. In the proposed solutions, mainly three 
operations have been reassigned from the human to the robot: 
the control inspection of the silicone application, the valve 
hood lift, and the tightening of screws (Table 7). The main 
differences between the two conceptual solutions regard the 
valve hood material positioning, which in turn affects the 
material supply flow that can be evaluated in the virtual model.  

Table 5. Proposed robot operation list for the first conceptual solution. 

Robot operation list   
Index Description Performer 

(R, H+R) 
Cycle time 

(%) 
A Inspection silicone string R 6 
B Lift valve hood R 15 
C Hand-guiding valve hood H+R 3 
D Screws 1-14 R 47 
E Screws 15-20 R 20 

Operation list 

Index  Description Time (%) Pred. 

1  Mount sensor contact 8 - 
2  Mount hood contacts 8 - 
3  Mount stop button - - 
4  Mount tie wraps 12 2, 3 
5  Mount injection contacts 11 - 
6  Silicone app + inspect 1 - 
7  Mounting valve hood 12 5, 6 
8  Fixate sensor 6 1 
9  Fixate Stop button - 4 

10  Fixation valve hood 35 7 
11  Cutting tie wraps 6 4 
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3.5.  Virtual simulation 

For building the simulation model, the software Process 
Simulate was used. The main reason for this choice was the 
capability to create event-based simulation models with both 
humans and robots. Another aspect that justifies this software 
choice is that it doesn’t restrict the developer to a specific robot 
brand. Figure 3 shows a virtual simulation (motion stage 
model) of the first conceptual solution. In the validation phase, 
both the conceptual solutions where evaluated. It turned out 
that the second solution performed best in accordance with 
objectives and impact on connected flows (the material supply 
in particular). The organization has decided to proceed with 
tests in the real production in accordance with this solution.  

4. Discussion and conclusions 

This paper presents a first version of a framework for 
implementation of HRC, based on the development of virtual 
simulation models for verification, validation and safe 
interaction, before implementing physically on the industrial 
shop floors. The proposed framework, and a real industrial 
case, were concurrently developed. In addition to the industrial 
case used for development, the framework has recently also 
been applied to three additional industrial HRC cases, all from 
different organizations. The full evaluation from these cases 
have not yet been completed, but the initial results have shown 
to be promising and the companies have expressed their 
interesting in a continued use of the framework.  

Besides developing a model for the HRC station the 
framework can also be used to improve a current workstation. 
A virtual simulation model of a current manual work station 
could also be beneficial for other reasons: 

• It can increase understanding of the current state. 
• If the same physical work space is used for the current 

work station as for the proposed HRC solution, parts of the 
model can be reused. 

• The current work station model can be verified according 
to the existing production.  

• Using the same simulation methods, project objectives can 
be measured and compared between the current state and 
the proposed solutions. 

Even though several parts of the modeled work station in a 
virtual simulation can be reused for several solutions, 
developing simulation models for a vast amount of stations is 
infeasible due to the work effort needed. Unless the difference 
between options are marginal, only the best estimated solutions 
should be subject to virtual simulation development. 

In the next steps of this research we will continue to develop 
and improve the proposed framework through more industrial 
case studies, with focus on incorporating safety, optimization 
aspects, and automated task allocation. We are convinced that 
the proposed framework has potential to provide the needed 
guidelines for realizing HRC in the industry. 
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Figure 3. Virtual simulation model of the first conceptual solution, where the 
heavy valve hood lift has been replaced by a hand-guiding operation. 


