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ABSTRACT
The fast changes in the industry require improved production workstations which ensure
the workers' safety and improve the efficiency of the production. Technology
developments and revised legislation have increased the possibility of using
collaborative robots. This allows for new types of industry workstations where robots
and humans cooperate in performing tasks. In addition to safety, the design of
collaborative workstations needs to consider the areas of ergonomics and task allocation
to ensure appropriate work conditions for the operators, while providing overall system
efficiency. By facilitating the design development process of such workstations, the use
of software simulations can help in gaining quality, save time and money by supporting
decision making and testing concepts before creating a physical workstation, in turn,
aimed to lead to better final solutions and a faster process of implementation or
reconfiguration. The aim of this study is to investigate the possibility of having a
human-robot collaboration in a workstation that is based on a use-case from the
industry. The concept designs will be simulated and verified through a physical
prototype, with which ergonomic analysis, time analysis, and risk assessments will be
compared to validate the resultant collaborative workstation.
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1 INTRODUCTION
Industrial robots are used in numerous sectors of the assembly and production lines of
today's automobile industry. To safely use robots, the operator often operates them
behind fences, a segregation that has led to high maintenance costs in and ineffective
floor usage (Jimmerson et al. 2012, 95-96). Meanwhile, around a third of all industrial
workers are experiencing health problems, derived from insufficient ergonomic
solutions in the assembly lines (Cherubini et. al., 2016). The aptitudes needed to
conduct all tasks of an industrial workstation consists of both repetitive and precise
sections while also requires custom and interactive parts. The two latter aptitudes
challenges today's robotic solutions and increases the costs significantly. Humans are,
on the other hand, excellent at detecting inconsistencies and adapting to unexpected
changes during production but can be inflicted when performing excessive and
repetitive tasks, that with time can damage the human body.
A human-robot collaboration, that will be referred further on as the collaboration, could
therefore result in a less expensive solution (than a workstation only consisting of
robots), more effective than a workstation that only consists of humans and reduce the
number of un-ergonomic tasks for the operators (Michalos et al., 2015, 248-253). The
thesis objective is to find solutions for the workstations arrangement and setup with the
focus on safety and the ergonomic standards.
1.1 Presentation of the Research Group
The project is part of a research group whose aim is to develop actions in order to create
a simulation tool. The research group is the Virtual Verification of Human Robot
Collaboration, their objective is to develop a demonstrator simulation tool for the
industry to be able to evaluate a human-robot collaboration at an early stage of the
design process of a new workstation.
The partners in the research group are academic institutions, Chalmers University of
Technology, Fraunhofer-Chalmers Centre (FCC), and the University of Skövde. The
industrial partners are from the vehicle industry in Sweden; Volvo Group Trucks
Technology, GKN Aerospace Engine Systems Sweden, Scania CV, and Volvo Car
Group. The research groups objective is to perform actions needed in the creation of
simulation tools that facilitate efficiency and valid simulation of collaboration.
1.2 Presentation of the Use Case
A use case has been presented by one of the research group's partner companies from
the vehicle industry, to validate if a scenario with a human-robot collaboration is
possible. The vehicle industry will further on in this report be referred to as the industry.
The use case is based on an existing workstation in the production line of a motor
assembly. The existing workstation has one operator that must perform all tasks on its
own, including placement of all parts and use of power tools continuously, these tasks
have the risk of leading to musculoskeletal disorders, which is why the industry is urged
to improve the station. The workstation is described in detailed in section 3.4.
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1.3 Aim of the Study
The aim of the project is to investigate the possibility of implementing a collaboration
in an industrial workstation. The project's objectives are to focus on the optimization of
a station whilst ensuring the wellbeing and safety of the operators.
The resultant scenarios should be compared through simulations and evaluated
physically through a prototype of the optimized workstation.
1.3.1 Research Questions
• What measurements are needed to ensure a safe collaboration?
•

How can efficiency be improved in a workstation with a collaboration?

•

Can a collaborative workstation be designed solely with a simulation?

1.4 Limitations
The limitations provided from the industry:
- The brand of robot is already defined for the collaboration as Universal Robot,
which only offers 3 different types of robotic arms to choose from.
-

The use case is based on an existing workstation, having a defined input and
output to continue with the production flow.

-

The software required for the simulations of the collaborative workstation is IPS
IMMA, a software underdevelopment that might not provide all the data
required.

Furthermore, the project team has set up the following limitations that should be
considered throughout the project:
- The safety standards required for the use of a robot in the assembly floor will
give boundaries to the forces and speeds that the robot may use during the
collaboration.
-

In order to do a physical mock-up of the workstation the project requires some
knowledge on robot programing and access to a lab.

-

All individual components have undergone a risk assessment, the risk
assessment conducted in this project will therefore be for the whole workstation.

-

The project will only conduct a general risk assessment, the industry will later
conduct a detailed risk assessment if needed.

Workstation limitations from the use case observation:
- The automated carrier does not stop in exact same location at all times.
-

The path of the carriers must be free of tools.

-

Space is needed in the workstation area for multiple trolleys with new parts, in
case new parts arrive too early, also space for empty trolleys most be considered.
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Other aspects that should be considered during the project are:
- Environmental impact
-

Safety

-

Operators well-being

-

Efficiency of the station

1.5 Individual Responsibility and Efforts During the Project
For the development of this project the students have made a project contract presented
in the Appendix 1 of this report. In which it is states the general agreements and
expectations of the group members, as well as the task distribution.
1.6 Study Environment
During the project a robot laboratory has been used to setup the prototype of the
workstation.

2 METHOD
The general methodology will be based on a research approach from Thiel (2014),
where qualitative and quantitative data will be studied to reach a final conclusion. The
final concept of the workstation will be determined by adapting Ullman’s (2016) design
process to find a variety of concepts, investigate different possibilities and compare
them. Finally, the optimization of the final concept will be evaluated. The design
process is divided into four main parts; Project Definition, Product Definition,
Conceptual Design and Concept Evaluation, the three latter parts will be further
explained in this chapter.
2.1 Product Definition
The product definition phase, shown in figure 2.1, focus on understanding the root
problem and understanding the industry's and stakeholders’ requirements, and possible
risks concerning the workstation. The phase also includes understanding the standards
required for the project, the projects background, and the original use case.

Figure 2.1 Methodology of the Product Definition.
2.1.1 Observations
Requirements can be found when observing how a product, or as in this case a
workstation, is used by an operator. This is to better understand how a product is used
and also what kind of problems exist in the current solution. The observations are also
can also show misuse and the domino effect of these (Ullman 2016, 153). An
3

observation is normally used as a base in a risk assessment and will be the primary
method to understand the original design and use case.
2.2 Conceptual Design
The Conceptual Design phase (shown in figure 2.2) focuses on generating concepts and
the aim is to create one concept to further develop during the last phase.

Figure 2.2 Illustrates the conceptual design process, including
the methods that are used in order to obtain the final concept(s).
By using a range of different methods and techniques found in the literature and with
help of the IPS IMMA software simulations, the three winning concepts from two
categories Collaboration Sequence and Robot Location will together generate the final
concepts (Ullman 2016, 195-200).
2.2.1 Brainstorming
Brainstorming is the collective name of various types of methods within a concept
generation family. The method’s basic objective is to generate as many ideas as possible
with no limitations or judgment from any participator. It is also important to document
all ideas and help each other to generate more by inspiring the members with the
previously generated ideas.
In this report, the method has been adapted to facilitate the brainstorming for two
persons at a distance. By establishing three keywords that each will be the focus for
each brainstorming session. Each session will take 2 minutes each and generate one new
keyword. During the brainstorming session, there was non-verbal communication, nor
any criticize of anything written by the other member (Ullman, 2016: 195-196).
2.2.2 Finding ideas on the Web and Journals
Finding ideas of not finally developed ideas and existing products is one way of
understanding how other designers or product developers have solved similar ideas. By
understanding the functions that need to be solved, undeveloped ideas can be found and
may help to generate new ideas (Ullman, 2016, 197).
2.2.3 Experts
When generating ideas, it is important for all participators to understand the target area.
The collaboration is a relatively new field with much information only obtained by
experts (Ullman, 2016: 199).
4

2.3 Concept Evaluation
Concept Evaluation is the final part where the goal is to produce the best concept and
further develop it into a fully functional and complete workstation. The selected
concept, from the conceptual design, will go through a detailed screening where it will
be compared, calculated and evaluated in order to select the final concept. Focus will be
directed to refine it as much as possible.

Figure 2.3 Illustration of the Concept Evaluation methodology
2.3.2 RULA
RULA stands for Rapid Upper Limb Assessment and it provides a general overview of
a particular postures ergonomic effect on the upper body, specifically on the arms,
wrists, neck, and trunk. The assessment only evaluates both arms if both limbs are in the
same position and in case that one side differs from the other, the side with the highest
score is used for the evaluation. By evaluating specific parts of the upper body, such as
posture, neck, arm and wrist positions and combining the results with a RULA
worksheet (shown in Appendix 3) a final score is obtained. The final score is evaluated
in the following way:
• 1-2 = acceptable posture if it is not maintained or repeated for long periods.
•

3-4 = further investigation needed, and changes may be required

•

5-6 = investigation and change are required soon

•

7 = immediate investigation and change

In this report three studies will be performed and evaluated with RULA, one for the
original workstation and two for the final workstation. For the original workstation the
action frames from the observation study will be evaluated and each action will be
given a RULA score, the assessments will start from the placement of the ladder frame
until the end of the workstation when the operator presses the button when the tasks are
concluded. For the second study RULA scores will be obtained from the simulated
collaborative workstation in the IPS IMMA software. The third study will be with the
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physical prototype and recording test persons with the XSENS motion capture system,
the data will be processed through IPS IMMA to obtain RULA scores.
The three obtained scores from the studies, will be compared between each other in
order to determine if the proposed final workstation has less injury risk and the physical
prototype results will be used to verify the validity of the simulation.
Later on, a comparison between ergonomic evaluations will be made to determine if the
collaborative workstation has less ergonomic risks than the existing workstation without
the robot.
2.3.1 Risk Assessment
To achieve the product definition, a detailed risk assessment will be conducted in the
following scenarios, during the correct and incorrect use of the workstation.
The risk assessment will later be used to compare and ensure that the final product
meets the requirements and standards. The definition of safety and how the results from
the risk assessment can be interpreted are explained further in chapter 3.5.
The risk assessment is divided in a risk analysis (step 1-3) and a risk evaluation (Step 4)
all illustrated in figure 2.4.

Figure 2.4 Illustrates all the steps in the risk assessment
The assessment has the following steps:
- Step 1: Establish the machines limitations; This includes all the risks that could
occur whilst properly using the machine, but also the risks that can occur when
not using the machine and the risks when wrongfully using the machine,
throughout its lifetime. A safety area around the machine whilst service is also
established and the machines lifespan, service occasions and the environment
are described.
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-

Step 2: A risk identification is created; All reasonable risks during
transportations, startup, use and decommissioning are determined in this step.

-

Step 3: A risk estimation is conducted of all the identified risks in step 2. The
estimation is determined by the risks severity and the probability of it
happening.

-

Step 4 determines if the machine needs a risk reduction and if this is needed
steps 1-3 are repeated until all risk (as possible) are reduced. If not all the risks
are eliminated, the machine can be equipped with safety protection and/or
information about the hazards to reduce the risks of possible dangerous
situations.

The full risk reduction process from the ISO 12100:2010 is shown in Appendix 4.

3 THEORETICAL FRAMEWORK
A summary of all literature, standards, and directives used in the project are presented
in this theoretical framework. The original workstation, the observations, and analysis
of the workstation are also presented, together with relevant background information.
3.1 Literature Study and State-of-the-Art
Robotic systems have been in use as part of the assembly process to enhance more
efficient production, but it has been noted that full automation of a factory can be costly
and hard to maintain, especially with the continuous change in assembly tasks due to
product variability and process improvements (Krüger et al., 2009).
Considering the complexity of assembly systems in the industry, there has been an
interest in developing workstations in which the flexibility and ability to solve problems
of a worker is required to interact with the efficiency and power of a robot (Cherubini et
al., 2016), to provide better quality products. This has started different tendencies of
collaborations, on one hand, there have been adaptation to existing industrial robots to
be able to have closer interaction with the operators by adding security mechanisms and
sensors to ensure the control of speed and power of the robot while the operator is close
(Faber et al., 2015). Other ways to have an interaction between the operators and an
existing robot has been through manual control of the robot which in some cases have
led to creating devices that help handle the robot in a safe manner, by allowing the
operators to guide the movements (Ore, 2015).
Some of the limitations while using industrial robots are that the full capacity of the
robot is not being used due to regulations of speed and power. Furthermore,
programming this type of robots can become complex and are limited in their flexibility
when modifications need to be made.
Due to all the considerations that must be made in order to implement a collaboration
with an industrial robot, there has been another tendency which is the design and
creation of collaborative robots that are designed to interact with the operators without
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having fenced in between. This type of robots not only are designed with built-in
sensors to limit speed and power but are also being constructed with materials and
shapes to prevent injuries, by avoiding sharp edges and smooth movements.
Some of the most common collaborative robots with a payload of more than 6kg in the
industry are: Universal Robots UR10, KUKA LBR iiwa 14, Stäubli Tx2-60, Yaskawa
Motoman HC10, MABI Speedy 10. These robots are designed for different industrial
environments but having the safety of the workers as a priority, therefore they all have
different characteristics that facilitate the interaction with the operator in the same
working environment.
3.2 Relevant Provisions from the Swedish Work Environment Authority
The authority The Swedish Work Environment Authority (SWEA) obtains the task to
inform and uphold the laws of the work environment for all corporations in Sweden.
The provisions and general recommendations that SWEA has collected are called
Swedish Work Environment Authority’s Statute Book (AFS) and are binding rules for
all Swedish corporations. All provisions used in this report are shortly summarized in
this section and will be used to conduct some crucial methods, including a risk
assessment of the final concept.
3.2.1 AFS 2012:2 Ergonomics for the prevention of Musculoskeletal Disorders
The purpose of AFS 2012:2 is to customize assignments and workplaces to minimize
the risk of musculoskeletal disorders. The provision stresses the importance of
ergonomic awareness in work assignments and the work environment, including
movements, postures, and workspace design. Furthermore, it advocates the importance
of changes in tasks, such as manual handling and repetitive work, that minimized the
risk of potential injuries (AFS 2012:2, 5, 19-21). In order to assess the risks of injuries
in the three areas, the following colour classification system has been developed:
• Red area = unsuitable
•

Yellow area = evaluate more closely

•

Green area = acceptable (AFS 2012:2, 34-36)

The workstations should, according to the provision, benefit the human body's natural
positions and avoid as many tasks as possible that could damage the body, some of the
actions that should be avoided are for instance:
- Recurrent bending and/or twisting of the torso
-

Repetitive work, and instead favor variation of assignments

-

Tasks where the hands are either below knee high or above shoulder height

In order to design a workstation, the risks for damage or injuries must be minimized by
designing with adequate space for the task to be performed and with awareness of
making the workstation reachable and safe. The task should also be able to be
conducted with a suitable posture. Information, in form of images, on how to conduct a
task in the most beneficial way should be displayed for all personnel performing the
task or assignment (AFS 2012:2, 9-10).
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3.2.2 AFS 2006:4 Use of work equipment
This regulation contains guidelines of the use of work equipment and general advice on
how the application of the regulations should be applied. The regulation is divided into
five main areas; Investigation and risk assessment, Measures to be taken, Follow-up,
Products stipulations, and Stipulation concerning use. The latter includes ergonomic
aspects, information to employees, work equipment involving specific risks, and
maintenance and inspection. Some of the aspects that must be considered are:
- Information and safety precautions for all operating modes must be displayed in
a clear and way (AFS 2006:4, 10)
-

The equipment must be intentionally started by the operator with a dedicated
device for this purpose (AFS 2006:4, 10-11)

-

All workstations must have their individual device that stops all work equipment
and eliminate eventual risks (AFS 2006:4, 11)

-

The action of stopping the work equipment is prioritized and must be overruled,
by for instance resetting the emergency stop, in order to start the equipment
again (AFS 2006:4, 11)

-

Work equipment that moves in correlation of a or more persons must provide all
necessary features in order to eliminate eventual risks (AFS 2006:4, 14)

-

All work equipment has to be restrained in such way that it cannot move
unintentionally or have a risk of injuring the operator (AFS 2006:4, 18)

3.2.3 AFS 2006:6 Use of lifting devices and lifting accessories
AFS 2006:6 provisions are based on the same structure as AFS 2006:4 and includes a
risk assessment of lifting devices, stipulations of both products and use, remedial
measures and follow-up. The risk assessment is focused on detecting the risks while
operating lifting devices and accessories (AFS 2006:6, 6). A couple of the mainly
assessed areas in the risk assessment are:
- Access to danger zones (AFS 2006:6, 6)
- The practical and theoretical knowledge possessed by the employees (AFS
2006:6, 6)
-

Servicing and assembly work (AFS 2006:6, 6)

-

Use and selection of lifting accessories (AFS 2006:6, 6)

-

Securing of load, load coupling and manual load control (AFS 2006:6, 6)

-

Coincident work zones and use of several lifting devices for lifting a common
load (AFS 2006:6, 6)

-

Life expectancy and maintenance of lifting devices and lifting accessories (AFS
2006:6, 6)

Other important aspects that the provision addresses are:
- All loads must be secured and restrained in a way that prevents accidental
movement while transferred by the lifting device (AFS 2006:6, 8)
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-

Overload protection should activate safety functions prior to eventual risks (AFS
2006:6, 8)

-

Different lifting accessories should be selected depending on the use, some of
the areas to reflect upon are; Load to be handled, grip points to be used,
environment conditions, the way the load is strapped or slunged (AFS 2006:6, 9)

-

The load must not be able to be lift in a dangerous way (AFS 2006:6, 10)

3.2.4 AFS 2009:2 Workplace Design
The workplace consists of many factors, the lighting, the height and overall spaces of
the workstation must all be designed in a way that facilitates the operator’s tasks. The
regulations in 2009:2 are created to regulate the workplaces in the construction and
heavy engineering industry and the extractive industry. According to the regulation the
workplace area must be designed in a way that regards the operators working within the
area. All parts within the workstation must therefore be accessible and easy to clean and
maintain. The placement of all parts within the area should be placed in such manner
that minimize the risks of accidents and negative effects on the operator’s general
wellbeing.
3.3 ISO Standards
The International Organization for Standards (ISO) is an international framework that
specializes in the development of standards and regulations.
Since the workstation includes robotic parts the standards used in this report are all from
the framework of international machine safety standards, except the ISO TS
15066:2016 that is part of the safety requirement for collaborations.
The machine safety standards are categorized into A, B, and C standards. A-standards
are basic safety standards that establish the fundamental regulations for all machines.
The A-standard used in this report is ISO 12100:2010. B-standards are general
regulations that focus on the safety aspects or safety procedures that can be
implemented in various types of machinery. C-standards are designed uniquely for one
type or group of machinery that is considered being of higher risk, e.g. robots. This type
of standards are safety-focused and contains detailed safety measures. ISO 102181:2011, ISO 10218-2:2011 and ISO 13482:2014 are all type C-standards.
The C-standards overrules the regulations of the previously mentioned standards,
meaning that the regulations in the C-standards are the ones to follow if a contradiction
between the standards transpires.
The following standards will be further introduced in the coming chapter; 12100:2010,
Safety of machinery, ISO 10218-1:2011, Robots and Robotic Devices, ISO 102182:2011, Robots and Robotic Devices, and ISO TS 15066:2016 Robots and robotic
devices. The standard ISO 13482:2014, Robots and robotic devices – Safety
requirements for personal care robots focuses on rules that apply only for robots that are
used for personal care, therefore it is not relevant information for a collaborative
workstation since it is in a different environment.
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ISO 12100:2010, Safety of machinery – General principles for design – Risk assessment
and risk reduction
ISO 12100:2010 is an International A-standard, created to give designers all the tools to
design safe machinery. The standard contains the information on how to conduct a risk
assessment and how to reduce risks. It is created to design machinery with reduced
possibilities to hurt or cause other accidents during usage, maintenance, service,
transport, and end of life handling (ISO, 2010).
ISO 10218-1:2011, Robots and Robotic Devices-Safety Requirements for Industrial
Robots-Part 1: Robots
The ISO 10218-1:2011 is a C-standard for industrial robotic devices. The standard
specifies how a robot should operate whilst cooperating with a human in a collaborative
operation. It also specifies different limitations depending on how the collaboration is
designed. The first part of the ISO 10218 only affects the robot itself (ISO, 2011).
ISO 10218-2:2011, Robots and robotic devices – Safety requirements for industrial
robots – Part 2: Safety of Robot integration
All safety requirements for an integration of a human-robot collaboration is defined in
the second part of the ISO 10218. The standard treats the robot system/cell and
application that is specified in the first part of the standard. The collaborations general
hazards and how to reduce these are also part of the standard (ISO, 2011).
ISO TS 15066:2016 Robots and robotic devices: Collaborative robots
The ISO TS 15066:2916 is a supplementing standard and is dependent on the use of
robots meeting the requirements to the previously mentioned standards ISO 102181:2011 and 10218-2:2011. It specifies safety requirements for a collaborative
workspace.
The main factors that should be taken in account when designing the cell layout and
working environment are:
- Delimitation of the workspace in three dimensions.
-

Considerations for the flow circulation; of the workspace, the access and
clearance

-

Cognitive and biomechanical ergonomic considerations for the operator while
interacting with the robot.

-

Definition of workstation limitations (access and restrictions)

-

Transitions (time limits)

When a collaborative workstation will be in use certain descriptions and definitions
must be clarified and backed up with risk assessments. It is important to define the
operations that the robot will in the workspace, also the definition of the collaborative
system should be explained in detail, as well as the workplace and task divisions. When
thought of as a system the interactions and tasks to be developed by all the actors of the
station should have force and power limitations for all interactions, these limitations
should be based on the ones presented in Appendix 11 where it can be observed that
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depending on the type of possible contact between the robot and a section of the
operator body is the amount of force that could be applied.
To control the interactions and narrow down the possibility of collision, preventive
measures should be considered like enabling devices and emergency stop functions.
3.4 Presentation of the Original Workstation
The original workstation is designed for a motor assembly and is shown in figure 3.1. It
consists of the following parts:
- Two stands for workstation controllers and tools
-

One automated carrier for the motor

-

One movable trolley

Furthermore, the controls are fixed in a set position and two different types of
mechanical tools (a single nut runner and a double nut runner) are fixed in the ceiling
with springs, but at a small distance for the operator to reach when needed.
The workstation area also contains a path for the automated carrier to localize inside the
area, the path for the carriers should be free from permanent tools.

Figure 3.1 Overview of the workstation
The assembly starts when the incoming carrier, with the motor that will be assembled,
automatically guides itself into its place inside the workstation area.
When the carrier is in position, the operator can move the trolley to its place so that the
ladder cover can be installed on the motor. The movable trolley contains a new ladder
cover and new parts for the motor.
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When the assembly has been accomplished the carrier continues into the next
workstation, leaving room for a new carrier to arrive and the operator can give a clear
signal for the next carrier to proceed to its place.
The following parts, shown in figure 3.2, are assembled in the workstation:
• Ladder frame (1)
•

24 screws (2)

•

C-hose (3)

•

L-hose (4)

•

Tube (5)

•

Ventilation part (6)

Figure 3.2 Illustrates all parts used in the motor assembly
The assembly
When the operator has moved the trolley into place and placed the ladder frame into
position the assembly of the motor is the following:
1. Place the two first screws on the trolleys side
2. Pick up the C-hose and place it in the bigger holes, closest to the trolley
3. Place all remaining screws except the two screws nearest the single bigger hole
on the carrier’s side
4. Pick up paper from the trolley and bring it over to the carrier side to scan the
paper into the computer system
5. Bring down the double nut runner and proceed to screw down the first three sets
of screws, starting from the carrier’s side
6. Let go of the nut runner (that springs back into original place)
7. Pick up the L-hose and place it on the single bigger hole on the carrier side
8. Pick up two screws and place them on the ladder frame to attach the ‘L’ hose
9. Bring down the double nut runner and proceed to fasten the remaining screws
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10. Pick up the tube and ventilation part on the trolleys side
11. Bring them over to the carrier side and lube the tube on both sides
12. Fasten the two parts together and fasten the newly assembled part onto the motor
13. Bring down the single nut runner and fasten two screws on the ventilation part
14. Scan the paper on the carrier side and press the button to confirm that the motor
is ready for transport
3.5 Definition of Safety
When removing fences and barriers between robots and humans and integrating them in
each other’s workspace there needs to be ways for the robot to adapt to its surroundings.
All robot collaborations need to be safe for the operator(s) and other humans that are
within the robot’s range (Jimmerson et. al., 2012, 95). However, it is important to note
that technology in newly developed robotic solutions are constantly improving and
together with new and upcoming standards and requirements the assurance of safety in
new robotic solutions are increasingly better (Bogue, 2017, 400).
In order to assess if the workstation is safe, a safety measurement or risk level (HRN) is
produced for every possible scenario. The calculation of HRN is shown below in
formula (3.1),
𝐿𝑂 × 𝐹𝐸 × 𝐷𝐻𝑃 × 𝑁𝑃 = 𝐻𝑅𝑁
(3.1)
where LO stands for Likelihood of Occurrence, FE for Frequency of Exposure, DPH for
Degree of Possible Harm and NP for Number of Persons at risk (TÜV SÜD Product
Service, 2015, 13-14). The HRN score can be in one of the following three riskcategories:
- Negligible, if the score is between 0-5
-

Low, significant, if the score is between 5-50

-

High, if the score is between 50-500

-

Unacceptable, if the score is over 500

It is important to note that the risk assessment always is ongoing and must be
continuous repeated and evaluated (Procter Machine Safety, 2018).
3.6 Ergonomics
The well-being of the workers has become a central aspect for the industry, increasing
the regulations to promote safer and cleaner environments. Technology has also played
its part with advanced tools that facilitate the tasks without compromising the workers’
health. But in order to ensure this, different ergonomic assessments should be made.
All the tasks that the worker will do should be analyzed to notice the biomechanical
loads that will be present. This, along with the time and the amount of repetitions can
determine an ergonomic assessment which can help prevent musculoskeletal problems
or other physical injuries. There are several types of standards used in the industry to
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obtain an ergonomic evaluation, for example: RULA (McAtamney, L., & Corlett, E. N.,
1993), OWAS (Louhevaara, et. al. 1992), REBA (McAtamney, L. & Hignett, S., 2000)
or industry specific standards.
To ensure the well-being of a worker not only the physical aspects should be evaluated,
but also the mental loads that the worker will have during its task performance. An
analysis should be realized as part of the cognitive ergonomic evaluation of the
workstation, which evaluates the environment, the instructions received, and the tasks
being performed (Lee & See, 2004.). Overload of information should have decreased to
prevent the stress of the workers, but also monotonous and repetitive tasks should be
avoided to prevent boredom.
By introducing a collaboration in the assembly lines, the ergonomic problems and
resulted injuries can be minimized for the workers, not only leading to better work
environment and better health but also reduce costs (Cherubini et. al., 2016).
3.7 DHM Software
Considering the constant change in technology and its applications, Digital Human
Modelling (DHM) tools have taken an important role for the industry’s development
process, by allowing visualization and evaluation of concepts at an early stage of the
development process (Ore, 2015). DHM tools are used for analyzing through a
simulation, the interaction of digital humans in virtual environments. The use of these
tools has increased for the design of collaborative workstations since early evaluations
can give feedback of how the collaboration be arranged, to increase efficiency in the
station and prevent risks for the operators. There are several commercial DHM tools
like RAMSIS (Van der Meulen and Seidl, 2007), Jack (Siemens, P. L. M. (2003), which
allow to make ergonomic evaluations, but in some cases require of other software to
interact with CAD and certain environments. Another software was selected since it
allows to work with both robots and humans in the same simulation, IPS software (IPS,
2017) with the robotics module (Bohlin et al., 2014) and the IMMA manikin module
(Högberg et al., 2016).
3.8 Universal Robot
There are many different kinds of collaborative robots in the market, but the one used in
this project is a Universal Robot. The UR robots are often easy to program and change
whilst in the production line. This gives the operator the opportunity to modify the
programs to reach the wanted outcome. The three UR models, UR3 Robot, UR5 Robot
and UR10 Robot are available for selection and are specified in table 3.1 (Universal
Robot, 2018).
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Table 3.1 Selected technical specifications (Universal Robot, 2018)

The full technical specification for all UR models are shown in Appendix 5.

4 RESULTS
The results in this chapter are derived from RULA analysis, risk assessment, time
analysis and simulations created in IPS IMMA software. In order to provide a better
understanding of the final results, three selected design concepts from the Conceptual
Design phase are briefly described before presenting the final results. The engineering
specification, that is the result of the product definition phase, is found in Appendix 2.
Conceptual Design
In order to reach a conclusion on how the collaboration could be implemented the first
thing to decide was which tasks needed to be defined and how they should be divided
between the operator and the robot. The parts that the robot was selected to perform are
shown in Appendix 6. All the results presented in the coming section are results created
and evaluated in the IPS IMMA software.
The different concepts were evaluated with simulations in the software. The three main
concepts, for both the sequence of the collaboration and the robot location, are shown in
Table 4.1 (detailed information for each concept is available in Appendix 7).
For the collaboration sequence the diagrams show the operator tasks marked as H# and
the robot tasks as R#, where the numbers dictate the order in which the tasks should be
accomplished. For the robot location, concept A proposes a floor mount, while concepts
B and C propose ceiling mounts. The third column of the Table 4.1 shows screenshots
from the simulations in which the concepts were tested.
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Table 4.1 Proposals from the conceptual design phase

4.1 Original Workstation
The original workstation was thoroughly observed, and analyzed, in order to understand
the problems that occurred during the workstation's normal usage. The main focus areas
of the analysis were the operator's ergonomic postures and the workstation's efficiency.
4.1.1 Ergonomic Assessment
An ergonomic analysis, in the form of a RULA analysis, is created based on the original
use case. The analysis was created with a RULA spreadsheet (Appendix 3).
Figure 4.1 shows a graph with all the scores obtained through time, the complete results
of the spreadsheet can be found in Appendix 9.

Figure 4.1 RULA scores through time of the original workstation
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4.1.2 Time Analysis
The time analysis was created by observing and documenting all movements during the
tasks performed in the original workstation, the workstation is considered to start from
when the operator picks up the first screw until the operator pushes the final button. The
original workstations time is 144 seconds and all the tasks are presented in chapter 3.4.
The tasks that takes up most of the time are the time spent on handling the double nut
runner, placing the screws, placing of the tube and ventilation part and finally the
handling of the single nut runner. A pie chart was created (Figure 4.2) showing the
distribution of tasks throughout time for the original workstation.
The analysis of the original workstation was made to understand how long every task of
the workstation took. Combined with the RULA analysis both results provided what
parts should be reduced and further analyzed.

Figure 4.2 Distribution of tasks during the original workstation
4.2 Collaborative Workstation
The final concept for the collaborative workstation is presented in this section, including
the combined results from all analyses, simulations, physical prototype and motion
capture recordings.
The information provided from the simulations were used as a base to understand the
robot's behavior and analyze how to proceed.
4.2.1 Robot Location and Settings
The preliminary location selected for the robot was on the ceiling mounted over the
working area. Once this location was tested in a simulation, together with the virtual
humans and the full sequence, it was observed that potential collisions could happen.
Figure 4.3 shows the observations from the simulation, where the preliminary location
of the robot is shown in orange and next to it a proposal for another location for the
robot can be seen.
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Figure 4.3 Robot location where the orange robot represents the
original location and the grey robot the re-evaluated position.
Due to the potential collisions observed, the rearrangement of the robot location was
decided and a change of settings where the robot is rotated 180 degrees from its original
position. The final position of the robot is shown as the grey robot in Figure 4.3.
4.2.2 Collaboration Sequence
The final collaboration sequence is a combination of the most effective sequence and
the sequence desired by the industry. The two sequences are visually presented in figure
4.4, where R stands for robot and H for human. The robot starts after the operator
presses the first button to confirm that the robot should place itself on the starting
position. It will then wait until the screws are in place and start the tightening of screws
in part R1. It will then stop and check, with help of visual sensors, if the screws in the
new part are in position, before continuing to tighten the screws in part R2. If all parts
are in place it continues to tighten the last two screws in part R3 and lastly positioning
itself on the start position.
The human sequence starts with pressing a button to confirm that the robot can locate
itself on the starting position. The operator will then proceed with step H1 and put the
first seven screws into place and then pick up the C-hose from the trolley and placing it
in position H2. Picking up five screws and positioning them in place.
The steps of both parts in the collaboration sequence is the following:
Human sequence
H1: Placement of seven screws

H6: Placement of ventilation part and tube

H2: C-hose placement

Robot sequence, using SINGLE nut runner
R1: Tightening of seven screws

H3: Placement of five screws

R2: Tightening of seventeen screws

H4: L-hose placement

R3: Tightening of two screws

H5: Placement of ten screws
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Figure 4.4 The final collaboration sequence, where HX stands
for the human sequence and RX for robot sequence
4.2.4 Physical Prototype
A physical prototype was created to test the concepts developed. Due to time limitation
the prototype had to be adjusted. Even though the proposed robot location is mounted
on the ceiling it was not possible to arrange this setting therefore for the prototype the
robot had to be mounted on the floor with a pedestal.
The task for the prototype was to assembly wooden parts and fix them with screws, this
task was based on the user case provided, but some modifications had to be made. To
accomplish the task a collaboration between a human and a robot is required. The robot
being used for the prototype is a UR10 with a torque sensor, a visual sensor and a
gripper. Figure 4.5 shows the resultant physical prototype.

Figure 4.5 Physical prototype of collaborative workstation
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4.2.3 Time Analysis
The final concept's time analysis solely refers to the operator’s active time from the
moment that the operator picks up the first screw until pressing the final button. The
distribution shown in Figure 4.5 is based on the results recorded from the physical
prototype P1 (physical prototype with Person 1) and P2 (physical prototype with Person
2). In figure 4.6 all the results from the collaborative workstations time analysis is
shown. The results in blue represent the operator’s tasks and the orange results
represents the robot’s active time. In both results the darker colours shows the results
from the simulation whilst the lighter colours shows the results from the physical
prototype. Figure 4.7 shows how the time is distributed in-between the tasks based on
the results from the physical prototype.

Figure 4.6 Time analysis based on the simulation and physical prototype

Figure 4.7 Time distribution of tasks throughout the
collaborative workstation
4.2.5 Ergonomic Assessment
The results presented are:
- The predicted result from the collaborative workstation
-

The virtual simulation of the workstation
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-

The physical prototype.

The RULA analysis of the predicted analysis was conducted manually and based on the
use case recording. The rest of the RULA analysis (both for the simulation and for the
physical prototype) were made with the help of the software.
Since all the results presented in this section are based on RULA scores it is important
to consider that the ideal is to have a low score from the ergonomic assessments since
the points are added from wrong postures.
Collaborative Workstation
A prediction was made of how the ergonomic assessment should be with a
collaboration. The prediction is based on the movements from the original workstation,
eliminating the tasks in which the operator was replaced by the robot, resulting in less
time for the workstation. The results from this predictive assessment are shown in
Figure 4.8.

Figure 4.8 Predictive assessment for all tasks of the HumanRobot Collaborative Workstation
The final design and sequence proposed for the human-robot collaboration have been
simulated in IPS IMMA. The simulation included all the tasks performed by the
operator and the robot in the workstation and thus it was possible to obtain an
ergonomic assessment from the software. The ergonomic assessment results obtained
from the simulation are presented in the graph of Figure 4.9.

Figure 4.9 RULA scores from simulated collaborative workstation
In order to verify the results obtained from the simulation, the proposed sequence for
the operator was tested in the prototype workstation and recorded with motion caption
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sensors, which allowed to process the data and export it into IPS IMMA, once the data
was in the software it was possible to make an ergonomic assessment.

Figure 4.10 (left) Motion Capture recording (right) recording
exported in IPS IMMA
In Figure 4.11 and Figure 4.12 the final RULA scores of the motion capture recordings
are shown. The graphs are based on the recordings of test persons P1 and P2. The
complete ergonomic evaluation obtained from IPS IMMA from the motion capture
recordings can be seen in Appendix 8.

Figure 4.11 RULA scores from motion capture recording of P1

Figure 4.12 RULA scores from motion capture recording of P2
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4.2.6 Risk Assessment
The risk assessment of the collaborative workstation is divided into two parts;
Hazardous events (summary shown in Table 4.2) and Hazardous situations/tasks
(summary shown in Table 4.3) during the motor assembly. All parts of the risk
assessment had the following safety measures for consideration: Emergency stop button
connected to safety relay, touch sensors on the robot, and optical sensors on the robot.
The emergency stop is located on the operator’s side, in order to be accessible if needed.
The touch sensors on the robot reacts by stopping by any touch throughout the robot
and/or tool. The optical sensors are located on the robot as an additional safety and
quality measure and is programed to only proceed the operation if the sensors detect
that the previous task has been performed, in this case that a screw has been placed. The
full risk assessment is found in Appendix 10.
Table 4.2 Hazardous tasks during the motor assembly

Table 4.3 Hazardous events during the motor assembly
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5 DISCUSSION
This chapter contains the discussion and comparisons of all the results presented in the
previous section.
The RULA analysis and the time analysis have been conducted in the following matter
depending on the workstation:
- Original workstation, manually performed with RULA spreadsheet and by
analyzing the original use case
-

Predicted collaborative workstation, manually performed
spreadsheet and time analysis based on the original use case

with

RULA

-

Motion capture in collaborative workstation (P1 and P2), calculated through the
IPS IMMA software

-

Simulation of the collaborative workstation, calculated through the IPS IMMA
software

The different workstations where analyzed separately in order to give the project team a
better overview of the results in order to compare an analyze them.
In figure 5.1 the results are compared; from the original workstation (colour blue), the
collaborative workstations prediction (gray), the simulation (green) and the motion
capture recording (orange). There is a major improvement in terms of ergonomic
evaluation between the original workstation and the simulated one, also the time for the
operator to finish the tasks is reduced by 38%. The results from the simulation and
estimation of the collaboration both showed that the collaborative workstation would
also be more effective for the operator than the original workstation.
A physical test was required to verify the movements and times for the operator, hence
the motion capture recording. Two test persons with different anthropometry were
recorded, P1 and P2, but when processing the data in the software there were some
problems with P2, causing high RULA scores that were not accurately calculated,
therefore only the data from P1 is used for the comparison table.
From the comparison between the ergonomic results of the simulation and motion
caption recording it can be observed that most of the RULA scores lie in the same
ranges (RULA scores 2-4) except for two moments with high scores in the motion
caption recording, resulting in good accuracy for the validation of the simulation results.
The final concept of the collaborative workstation is a combination the results from the
ergonomic analysis and the time analysis, but also strongly influenced from the
industry’s input. By replacing the tasks related to the double nut runner the highest
RULA scores could be eliminated and vibrations from the nut runner where also
eliminated. The latter would otherwise have been presented as a higher score in the
ergonomics part of the risk assessment.
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Figure 5.1 Comparison of the RULA analysis results
From the time analysis results, presented in the previous chapter, a comparison of time
between the original workstation and the collaborative concept is presented in Figure
5.2 where it can be observed that the cycle time for the operator would be less on a
collaborative workstation (the CW results) than on the original workstation (OW). On
the other hand, when analyzing the cycle times of the robot (presented in orange) there
is large difference between the estimated/simulated robot cycle time and the time
obtained from the physical prototype, being this the larger cycle time.
Two considerations that affect the robot cycle times from must be made:
1. The simulation does not include the scanning time in which the robot must
check if the parts are in place and
2. Due to safety standards the robot cannot run at 100% speed. Being this
potential causes for the difference in results.

Figure 5.2 Time comparison of the time results in the original
workstation and four collaborative workstation times
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6 CONCLUSIONS
From the theoretical framework of this report we can conclude that there are several
standards and considerations that must be taken into consideration when designing a
human-robot collaboration. Two important aspects must be considered are the ones
relevant to the worker and his surroundings which are dictated by the provisions of the
Swedish Work and Environment Authority. And secondly, the aspects that dictate how
the robot should be and how should the interactions be to ensure the safety of the
worker, this is based on ISO standards specific for robots (ISO 10218-1, ISO 10218-2)
and collaborative robots (ISO 15066).
Efficiency is an important topic for the industry, which is why human-robot
collaboration is expected to improve the efficiency of a workstation and thus of the line
of production. From the RULA score results compared in the report it can be seen that
the operator has less repetitive tasks to perform than when the operator works on his
own, which could allow for the operator to have less pressure with regard of cycle times
and focus more on the quality of the assembly or even perform tasks for the next
workstation.
Considering only the cycle times from the simulation for both the operator and the
robot, a collaborative workstation can be more efficient than one without a robot, also
reducing tasks from the operator while decreasing the risk of injury. But, from the
validation of results with the physical prototype, it was observed that the estimated
times for the robot differed from the calculated times in the simulation. This could have
been caused due to the simulation not containing all the specifications from that robot
and safety measure, also the time it takes for a robot to scan with a visual sensor was not
added in the simulation. From this, we can conclude that the simulations simplified the
design process of the workstation since modifications were easy to visualize and test
for, as well as the sequence of the collaboration could be tested and make modifications.
Although the prototype robot time diverged from the simulated robot time the
comparison of time for the operator movements was quite accurate. Therefore, the
simulation software provided with a good base, it was the physical prototype that
demonstrated what was missing, so in order to verify a simulation, the prototype was as
important as the simulation.
The engineering specification, shown in Figure 6.1 illustrates how the final result has
reached the projects previously set criteria. The criteria not reached are the following:
- HRN higher than 5, this criterion has been breached by two events with HRN
50. Both of which are in the case that the operator does not follow the
recommended routines and thereby self-provoked.
-

The new assembly should take less time than the original, the second criteria not
obtained fails to reach its target value with 11 seconds in the best-case scenario.
This value is reached with the robot speed set above the highest recommended
speed limitation and cuts down the original time with speed. However, the final
result of the robot’s sequence with all the robot’s steps throughout the tasks
showed that the final time ends up at 3:35 minutes.
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Table 6.1 The engineering specification with reached criteria

6.1 Recommendation to future activities
Several studies could be made as a follow up of this report.
First of all, with the results obtained it could be interesting to make modifications to
change the final concept now that the physical prototype exists. Also, a study with more
test persons for the physical prototype could lead to a more complete analysis of the
station.
Another interesting study could be to test the workstation with a different type of robot
and also test for the robot to change tools in order to aid the operator more, it could for
instance do tasks such as lifting and transferring objects on the workstation.
6.2 Critical Review
The robotic implementation within what's today considered as human-tasks is a highly
debated topic. The project has taken into consideration the importance of the operator in
the workstation and the operators wellbeing in consideration during the development of
the collaborative workstation.
The original workstation was based on the use case provided from the industry. The use
case was provided in a video with a total of 02:40 minutes and was recorded from one
angle. The operator that conducted all steps in the workstations was around 1,80 meters
and no information about the operator’s previous education was communicated. The
video was taken from one angle, making it hard to see what the operator was doing at
times. Throughout the project there have also been many changes and new details from
the industry. This has led to the scraping of many concepts and ideas and focus change
throughout the project. The information of the possibilities could also have been stated
more clearly. This problem could have been fixed by establishing the customer
requirements from the beginning having all parts involved in the project approve them.
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Finally, the standards needed in order to conduct this project where not all available for
the project members. This led to insufficient knowledge about the standards and how to
properly use them. The templates of the risk assessment where for instance provided
through a company that conducts risk assessments and was based on the ISO
12100:2010 instead of the ISO TS 15066:2016 that would have been preferred.
Ergonomic analysis
For the original workstation the results from the RULA analysis showed that most of
the tasks with high scores from unacceptable postures, were performed when operating
the double nut runner tool. But, it should be considered that the training level of the
operator in terms of ergonomics is unknown and thus could be improved. The results of
the ergonomic analysis should also be able to be conducted with more frames, since
RULA is a static analysis, an assessment had to be made for selected frames during
tasks performed in the workstation.
It would be good to do a more extensive verification with the motion capture recording,
a bigger sample of people to validate the simulation results. Also consider that different
methods of performing a task might apply to people with different anthropometries i.e.
the working area might have to be higher for a taller person than for a shorter one.
Risk assessment
The risk assessment was focused on the overall workstation and not the separate
machines, trolleys or other part of the workstation since all of them are approved
beforehand by the manufacturers. It should be noticed that the none of the project
members had conducted a risk assessment before this project, making it hard for them to
understand and assess the details correctly. Furthermore, the project members had no
experience with the problems that could occur, or in what frequency they could occur,
making the assessment harder to execute. An introduction on how to perform a risk
assessment could also have helped the project in order to conduct a better assessment.
Efficiency Analysis
The time analysis was created in order to understand:
1. How much time each task took the operator
2. How much more efficient the new concept would be
The original time analysis was created by observing the use case and, as stated
previously, there were some parts of the use case that were hard to see due to the angle
of the video. Because of this there were some parts during the use case that had to be
estimated from what could be seen in the use case video.
OSH (occupational health and safety) aspects
One of the mail topics in this report has been the operator’s safety, the aim has been to
not increase the possibility of harm during operating the motor assembly. This has been
achieved by reducing harmful positions and vibrations for the operator.
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APPENDIX I - Team Contract
The team contract is a contract between the team members in order to establish
recognizabilities towards each other throughout the project. The contract has been
created to establish a level of respect and trust between the members.

Table A1 Shows the team contract established on February 4, 2018
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APPENDIX 2 - Engineering Specification
The engineering specification has been created in order to measure the results with the
expected results. These specifications where set-up with help of the customer’s
requirements and desires, the projects limitations, and the project team’s requirements.

Table B1 The engineering specification
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APPENDIX 3 - RULA Spreadsheet
The RULA spreadsheet has been used to conduct a RULA analysis in the original
workstation and in the collaborative workstation’s predicted results.

Figure C3 McAtamney & Corlett (1993) RULA spreadsheet
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APPENDIX 4 - Risk Reduction process

Figure D1 Schematic representation of risk reduction process
from ISO (2010)
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APPENDIX 5 - Universal Robot Specification
The technical details of Universal Robots 3, 5 and 10.

Figure E1, technical details of UR3
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Figure E2, technical details of UR5
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Figure E3, technical details of UR10
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APPENDIX 6 - Analysis of Original Workstation
The workstations assembly sequence divided into collaboration areas distributed
between human and robot. The tasks were distributed, based on the results from the
original workstations time and ergonomic analyses.
Table F1 Distribution of robot and human tasks
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APPENDIX 7 - Collaborative Path
Concept 1

Figure G1 Collaborative paths in concept 1
Human sequence:
H1: placement of 2 screws
H2: C-hose placement
H3: placement of 11 screws
H4: placement of 3 screws
H5: L-hose placement
H6: placement of 2 screws
H7: placement of 6 screws

Robot sequence using current double
nut runner:
R1: tightening of 3 sets of screws
R2: tightening of 2 sets of screws
R3: tightening of 7 sets of screws

This concept was based on the sequence used in the original use-case, but the sections
where the operator had to tighten the screws were replaced by the robot. In this case the
robot could not start the tightening task until the operator had placed most of the screws
in their location, leaving longer waiting times for both the operator and the robot.
The tool considered for this sequence was the existing double nut runner, Therefore R1,
R2, and R3 have parallel arrows, since the screws on both sides get tightened at the
same time.
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Concept 2

Figure G2 Collaborative paths in concept 2
Human sequence:
H1: placement of 2 screws
H2: placement of 2 screws
H3: C-hose placement
H4: L-hose placement
H5: placement of 2 screws
H6: placement of 16 screws

Robot sequence using current double nut runner:
R1: tightening of 3 sets of screws
R2: tightening of 9 sets of screws

The purpose of this concept was to reduce the waiting times and amount of instructions
for the operator and the robot. For this concept the robot has a waiting time at the
beginning of the cycle while the operator places the first 3 screws. To have the less time
of wait the second instruction for the robot starts on the opposite end, giving time for
the operator to place the screws simultaneously.
This concept is considering the use of the existing double nut runner, allowing the
tightening of 2 screws simultaneously.
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Concept 3

Figure G3 Collaborative paths in concept 3
Human sequence:
H1: placement of 2 screws
H2: C-hose placement
H3: placement of 11 screws
H4: placement of 3 screws
H5: L-hose placement
H6: placement of 8 screws

Robot sequence using SINGLE nut
runner:
R1: tightening of 13 screws
R2: tightening of 11 screws

The concept presented here has the purpose of giving the operator enough time to do
their task without having waiting times. For this concept while the robot is setting up to
start working the operator start the fastest tasks and continues working a circular path. It
is considered for this concept that the tightening tool would be a single nut runner.
The robot does the tasks behind the operator, following a similar path but since it is
using a single nut runner to tighten the screws there is less possibility of collision.
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APPENDIX 8 - Ergonomic results from IPS IMMA, based on
RULA scores
Results from Motion Capture recording of P1 and exported in IPS IMMA:
(the Grand RULA score is ignored since it is taking an average of the worse scores and
not considering the time)

Figure H1 Overall RULA score results for P1 in IPS IMMA

Figure H2 RULA score results through time for P1 in IPS IMMA
Sample of graphs given by IPS IMMA software. The following images are the results
for Group A and Group B through time. It is important to consider that the RULA
scores that were presented in less than half a second are being disregarded from the
assessment since they are glitches caused by the data transfer of the motion capture
system to the IMMA software.

Figure H3 RULA results from Group A trough time

Figure H4 RULA results from Group B trough time
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Results from Motion Capture recording of P2 and exported in IPS IMMA are shown in
Figure H5.

Figure H5 Overall RULA score results for P2 in IPS IMMA

Figure H6 RULA score results through time for P2 in IPS IMMA
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APPENDIX 9 - RULA analysis of Original Workstation
The results from the RULA on the original workstation. All green-marked rows are
solved by the robot in the collaborative workstation. The RULA worksheet in Appendix
3 explains the steps and the results.
Table I1 all RULA analysis of the selected frames, the green
marked areas represent the tasks that the robot performs
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APPENDIX 10 - Risk assessment
The risk assessment is divided into three parts; hazardous events, hazardous
situations/tasks and a general risk assessment evaluating the general risk whilst working
by the collaborative workstation. Table J3 is spread out over pages 49-54. The risk
assessment is based on Procter Machine Safety’s Machinery Risk Assessment
Calculator (Procter Machine Safety, 2018)
All written situations in the three tables have been considered, if a N/A is written, this
means that the particular situation has been ruled out.
Table J1 full table of hazardous events evaluated in the risk
assessment
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Table J2 full table of hazardous situations/tasks evaluated in the
risk assessment
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Table J3 full table of risks evaluated in the risk assessment
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APPENDIX 11 - ISO tables
From ISO 15066:2016 the biomechanical limits dependent on the specific body area
that the robot and the human might be in contact are presented in the following table.
Table K1 Biomechanical limits
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Table K2 continuation of biomechanical limits
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