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Abstract 

Collaborative robots have many advantages and have proven to be useful, although there are still cur-
rently very few actual implementations of collaborative robots on the industrial shop-floors. One major 
reason for this is the high safety requirements within the industry and the difficulties to fulfil current 
safety regulations when using collaborative robots. The purpose of this thesis is to identify the most 
important safety aspects in collaborative robot applications and to discuss how different solutions can 
aid in fulfilling current safety regulations. In order to fulfil the purpose, a physical demonstrator will be 
developed in collaboration with Volvo Cars Engine that can be used for evaluation and testing. To in-
vestigate what the general opinion of the automotive industries thoughts are on collaborative robots, 
a questionnaire based survey was conducted with 143 participants. The survey result show that the 
majority thinks that collaborative robots can benefit them in their own work, and that assembly- and 
material handling tasks is well suited applications for collaborative robots. The literature review of the 
thesis project is focused on collaborative robot safety peripherals for minimizing injury by collisions, but 
also to investigate other related work with collaborative robots. Input from the survey and the litera-
ture review clarifies the problem at hand and tentative idea of a physical demonstrator is suggested. 
The demonstrator which resembles an industrial assembly station with bolt tightening, has been cre-
ated using a light weight structure UR10 robot from Universal Robots. Together with the operator, a 
work sequences was proposed for both the human and the robot, and once implemented, three op-
tional scenarios where recorded for evaluation. By observing the recordings it is identified that a seam-
less workflow can be achieved even though the robot and human works in the same area and on the 
same work piece. Other benefits include improved ergonomics and reduction of operator physical fa-
tigue. To evaluate the demonstrator further, experiments with test- and control groups were proposed 
as future work. 
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1 Introduction 
This chapter introduces the problem to be investigated in the thesis, together with purpose, goals and 
limitations. 

1.1 Problem description 
The manufacturing processes in the automotive industry are today highly automated, especially for 
processes where heavy lifting and precision is required, such as the assembly of car bodies. However, 
there are still tasks that are far less automated, in particular the assembly of engine features. This is 
mainly due to the high complexity of the assembly tasks for an engine and the limited flexibility that 
comes with automation. Collaborative robots is a new technology that offers flexibility and precision 
for manual tasks that previously has been difficult to automate. Collaborative robots provide new op-
portunities to automate in areas with a high degree of manual labor. These robots can in a safe way 
work and collaborate with operators. 

Although collaborative robots have many advantages and have proven to be useful, there are currently 
very few actual implementations of collaborative robots on the industrial shop-floors. One major rea-
son for this is the high safety requirements within the industry and the difficulties to fulfil current 
safety regulations when using collaborative robots. This thesis investigates important safety aspects 
when implementing collaborative robots with the aim to contribute to an increased use of collabora-
tive robots within the automotive industry and to increase the current body of knowledge on the topic.  

To ensure the industrial relevance of the results of the thesis, the work is carried out in close collabo-
ration with the automotive company Volvo Cars Engine (VCE) in Skövde. VCE is currently investigating 
how collaborative robots might be used in future engine assembly tasks. An initial project at VCE, with 
the aim of identifying areas production/assembly areas where open automation can be used to 
streamline production and removing unergonomic tasks, has identified three areas as well as some 
additional assembly tasks where collaborative robots could be used to assist and help assembly oper-
ators. However, these areas need further investigation to know more specific what tasks can be exe-
cuted in collaboration with an assembly operator and a robot. Also, VCE also need the solution to 
implement to fulfill the machine directive 2006/42/EC and adhere to current safety regulations.  

1.2 Purpose 
The purpose of this thesis is to identify the most important safety aspects in collaborative robot appli-
cations and to discuss how different solutions can aid in fulfilling current safety regulations. In order 
to fulfil the purpose, a physical demonstrator will be developed in collaboration with VCE that can be 
used for evaluation and testing.  

1.3  Objectives 
The thesis work is divided into the following six objectives: 

• Perform a literature review on Collaborative Robots and safe Human-Robot Collaboration 
(HRC) within manufacturing industry. 
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• Investigate the interest and possible benefits of using collaborative robots for manufacturing 
industry. 

• Identify which tasks that can be executed using human-robot collaboration based on literature 
reviews, a survey and observations. 

• Develop a physical demonstrator that can be used for testing and evaluation of collaborative 
robots. 

• Implement and evaluate a realistic scenario (work task) in the demonstrator. 
• Perform a safety analysis of the implemented scenario and suggest important safety measures. 

1.4 Scope and delimitation 
Focus will lie on benefits from a production line point of view, and safety which include collision de-
tection and deliberate contact between the human and the robot in an HRC environment. While there 
certainly are cognitive issues related to Human Robot Interaction, aspects that will be considered in 
this project will be mainly of physical nature.  

Collision avoidance systems, e.g. artificial vision systems and motion capture systems, and safety re-
garding traditional industrial robot work cell, e.g. fences and warning signals, will not be included in 
this project. 
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2 Frame of reference 
The frame of reference for this thesis project will be presented in this chapter and is illustrated in figure 
2. Industrial Robotics will be presented at a broad level followed by Human-Robot collaboration. Hu-
man-Robot Collaboration applications and safety, which are focused on in the project, are described 
briefly and will be investigated more deeply in the literature review.  

 

 

Figure 1. The frame of reference for the project. 

2.1 Industrial robotics 
Industrial robot as defined by ISO 8373:2012:  

An automatically controlled, reprogrammable, multipurpose manipulator programmable 
in three or more axes, which can be either fixed in place or mobile for use in industrial 
automation applications.  

Industrial robots are the largest commercial application of robotics technology today in the world. 
According to IFR (2017), in 2016 sale values reached a peak of US$13.1 billion, but it is estimated to be 
three times as high since these figures generally do not include the cost of software, peripherals and 
system engineering. In automotive assembly robots are considered a cornerstone of today’s competi-
tive manufacturing. Still there are challenges unsolved to meet changing consumer behavior. The 
range of feasible application could increase significantly with easier installation to integrate with other 
manufacturing processes, or programming with adaptive sensing technology. Further challenge in-
volves the integration of robots for fenceless production with human robot collaboration. In general, 
a robot workcell consist of a robot or robots with controllers, tools, sensors, safety devices, conveyors 
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or other material transfer components for moving parts. The cost for a complete robot workcell is 
typically four to five times the cost of the robots alone, but through increased robot functionality and 
artificial intelligence, these costs might get drastically reduced. Most robot applications are secured 
with safety barriers keeping people at distance, however, improved safety standards have allowed 
direct HRC, enabling workers and robots to share the same space. (Siciliano & Khatib, 2008). 

2.1.1 Robot kinematics and mechanical structure 
Kinematics refer to the motion of robotic mechanism without regard to the forces and torques that 
cause motion. Mechanical structure and the number of independent axes, which are both highly af-
fecting most of a robots kinematic properties, can be used to categorize robots. A robots mechanical 
structure is composed of rigid bodies called links and these are connected with prismatic-, rotary-, 
spherical- or cylindrical joints. The choice of mechanical structure is commonly due to payload and 
workspace, however, when it comes to reaching inside and around obstacles, an articulated design 
have clear advantages in comparison to other structures. (Siciliano & Khatib, 2008). Figure 2 shows an 
example of an industrial robot with an articulated mechanical structure.  

 

Figure 2, Industrial robot from ABB with an articulated mechanical structure. (Wikimedia commons). 

Other mechanical structure categories include Gantry and SCARA. Gantry’s mechanical structure con-
tains three prismatic joints and its workspace is shaped like a rectangular sphere. SCARA has one pris-
matic- and two to three revolute joints, and therefore its workspace is cylindrically shaped.  (Siciliano 
& Khatib, 2008). 

2.2 Robot applications  
Different type of need to be adapted to different type of industrial operations. Bolmsjö, 2006, catego-
rize robot applications into three main areas: material handling, assembly and process operations. The 
first two mentioned will be presented in this chapter.  

2.2.1 Handling 
Handling is the largest application field in all branches of manufacturing. The design of the gripper and 
associated grasping strategies is central and a major engineering challenge of robotic handling systems. 
Following are examples of current high-potential robot handling usages: 

• Lifting of objects for ergonomic reasons or when load regulation limits are exceeded. 
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• Tending to Computer Numerical Control systems (CNC) for workerless shifts. 

• To ease in tasks that are monotonous and could cause psychological strain 

• For cleanliness reasons or ensuring logistics quality. 

 (Siciliano & Khatib, 2008) 

Generally in industrial practice, one challenge of robot workcell planning is to find a compromise be-
tween variation of workpiece locations and the cost of sensor systems to compensate for these varia-
tions. Grasping randomly ordered parts by a robot has been referred to as bin picking and even though 
researchers have investigated the subject since the mid-1980s, significant numbers of bin picking in-
stallations only recently found its way into manufacturing (Ikeuchi, et al., 1983).  

The geometrical representation of the object is usually pre-known by the system in form of a computer 
aided design i.e. CAD-model (Siciliano & Khatib, 2008).  

2.2.2 Assembly 
In manufacturing, assembly is described as the joining of subsystems (or components) to form systems 
of higher complexity. Assembly processes form up to 80 % of the total cost of manufacturing of a 
product, making it an area where great competitive advantage can be gained (Lohse, et al., 2005). 
Advanced assembly processes are dependent on physical contact between joined workpieces. For this 
operation to be controlled, a robot should offer compliant motion control: a method that modulates 
robot velocity and position based on measured or estimated contact forces or joint torques. Compliant 
motion control is made available by attaching a force-torque sensor to the robot flange.  

2.3 Human-Robot Collaboration (HRC)  
Resent research focus on integrating robots into the collaborative workspace, which is defined by 
ISO/TS 15066:2016 as: 

Space within the operating space where the robot system (including the workpiece) and 
human can perform tasks concurrently during production operation. 

As long as the robot system is purposely designed to performing tasks within the collaborative work-
space, the tasks performed are defined as collaborative operations (ISO/TS_15066:2016, 2016). 

Instead of replacing the human operator, the robot complements human capabilities and provides 
relief of arduous tasks. HRC allows the strengths of robots to be combined with some of the strengths 
of humans. Industrial robots typically have high stamina, high payload and lift capacity, precision and 
repeatability, while the strengths of human workers lie in flexibility, problem solving skills and the abil-
ity to react and adjust to unforeseen events. (Siciliano & Khatib, 2008). 

2.4 Safety standards 
Since robots can be potentially harmful for humans, to fulfill the Machine Directive (2006/42/EC), in-
ternational standards have been developed for designing and implementing safe industrial robot au-
tomation systems. These standards can by classified into type A, B or C. Type A is basic safety standards 
to and is valid for all types of machines. Type B is generic safety standards, valid for a spectrum of 
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machines. Type C is machine safety standards which describe detailed safety requirements for specific 
machines.

ISO 12100 (Type A) 

This standard list general principles of machine 
safety. It defines an iterative risk assessment 
process mandatory for the setup of any robot 
installation, see figure 3. It starts with a func-
tional and geometric design of the machine.  

Second step is where spatial- and usage bound-
aries are defined, e.g., reachable workspace, 
tasks and operator qualifications.  

Next, all tasks which are assessed on its risk, is 
identified. EN ISO 13849-1 defines a method, 
called risk trees. This method is used to esti-
mate risks due to three factors, potential injury 
severity, frequency and exposure to the haz-
ard, and possibility to avoid or limit the hazard. 

Now it has to be decided upon if all hazards 
have been adequately addressed in the ma-
chine design. If not, the machine design is mod-
ified to reduce the specific risk and the risk as-
sessment process is repeated. 

ISO 12100 specifies that risk reduction need to 
be carried out in the following priority order: 

1. Risk reduction through safe design 

2. Risk reduction through safety devices 

3. Risk reduction through information 

 

Figure 3. Simplified iterative risk assessment pro-
cedure.

ISO 13849 and IEC 62061 (Type B) 

Standards governing the design of control systems with safety functions, which include the design of 
software. 

ISO 10218-1/-2 (Type C)  

These are the central safety standards of the robot family. Part 1 defines safety requirements for ro-
bots and it defines four collaborative operations: 

1. Safety-rated monitored stop – The robot stops from moving if a human enters the collabora-
tive workspace and starts to move again once the operator leaves the area. Human and robot 
share the same workspace, but the robot does not move while the human is present. 



Master Degree Project     2018-07-03 
Skövde University 
 
 

 
 
Niklas Land  13 

2. Hand guiding – Robot movements are actively guided by physical contact from the operator. 

3. Speed and separation monitoring – Speed of the robot and distance between the robot and 
the human is actively adjusted to be able to stop any hazardous motions before contact with 
the human occur.  

4. Power and force limiting – Contact force between operator and robot is limited to a safe level. 

ISO 15066:2016 is a supplement to ISO10218-1/-2, and specifies safety requirements for Collaborative 
robots. It clarifies appropriate limit speed values so that force and pressure values doesn’t exceed the 
pain sensitivity threshold in human-robot contacts. The standard categorize the human body into 12 
different areas, where each area is given a maximum permissible pressure per 𝑐𝑐𝑐𝑐2 of contact surface. 
It also defines speed limits for transient contact of different areas, however contact to the head or 
larynx region is not permissible. 

2.5 Sustainable development 
During the last century, humanity have caused great change on earth. This has led to negative effects 
such as depleted eco systems, climate change and poverty. This trend raise a lot of questions and de-
mands for analyses of fundamental values, human rights and humans attitude against nature. (WWF, 
2008). In 1987, United Nations published the Report: ‘Our common Future’, also known as the Brund-
tland Report, environmental issues and economy are put into relation to one another and sustainable 
development is lifted as a concept (UN, 1987). To analyze new solutions from a sustainable point of 
view, environmental, social and financial aspects have to be considered, see figure 1 (Dahlin, 2014).  

 

Figure 4. For a sustainable development, social, environmental and economic aspects need to be considered. 
(Wikimedia Commons) 

The basic principle for environmental sustainability is to not consume more natural resources than 
the nature can produce. Social sustainability principles lies in the wellbeing of humans and humanity, 
justice, rights, mental and physical needs. Economic sustainability is achieved when assets are used in 
a responsible way. Products and services should be produced in a way so the economic outcome is 
larger than the used resources.  (Dahlin, 2014; KTH, 2017). 

Sustainability aspects with connection to collaborative robots will be discussed in chapter 7. 
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3 Literature review 
In this literature review, the first part focuses on systems that can be used to minimize injury of colli-
sion or deliberate contact between a robot and a human, and the last part of the review will be focused 
on work that show benefits or challenges of collaborative operations. 

Previously existent barriers separate human workers from robots and the traditional safety standards 
clearly states that authorized personnel can only be inside the robot workspace if the robot is in non-
automatic mode. This results in inflexible and non-efficient workspaces, which is problematic since the 
industry demands more and more efficient and flexible manufacturing systems. To be able to share 
work or workspace between robot and human, safety systems need to be introduced which can: quan-
tify level of pain and injury by collision, minimize injury by collisions or deliberate physical contact, or 
avoid collisions between human and robot. (Robla-Gómez, et al., 2017).  

 

Figure 5. A framework for shared Human-Robot work with proposed hardware safety systems. Systems that 
appear in bold is review in this project (Own picture, based on the classification provided by Robla-Gómez, et 

al., 2017) 

3.1 Quantify level of pain and injury by collision 
To imitate relevant human characteristics, a Passive Mechanical Lower Arm (PMLA) was built and pro-
posed to be used to measure human pain during collisions with an industrial robot. Indications of pain 
was evaluated using perceived pain of volunteers and correlated measurements obtained by PMLA. It 
was found that perceived pain correlated well with the impact energy density, which is a function of 
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the impact force, the contact surface and the distance between the end-effector and the center of the 
PMLA. (Povse, et al., 2010).  

3.2 Minimizing injury by collision through Cyber Physical Systems 
The following are technical peripherals that can be used for deliberate contact with the robot or reduce 
harm caused by robot collisions.  

A classification of safety in industrial robot collaborative environment describe a range of Cyber-Phys-
ical System and how they can be used to achieve a more flexible, adaptable, reliable, and high per-
forming production, without compromising safety. Thoben, et al. (2017) defince Cyber Physical Sys-
tems as physical devices that are able to collect-, process- and evaluate data of themselves and their 
surroundings, and communicate with other systems in order to initiate action to achieve their goals 
(Thoben, et al., 2017). However, since theese systems often are interconnected and have the ability to 
make decisions and perform actions, it is important to take into account that these system might be a 
target of cyber attacks. (Robla-Gómez, et al., 2017) . 

Mechanical compliance systems aims to reduce the collision energy, according to Robla-Gómez 
(2017). This can be done by viscoelastic coverings, i.e. applying the robot links with viscoelastic mate-
rial (e.g. rubber). Another type of mechanical compliance system is mechanical absorption elastic sys-
tems. Traditional industrial robots normally introduce stiff actuators with a high impedance for a high 
accuracy and precision. But for collaborative operations a more compliant system is necessary to re-
duce potential impact force, e.g a Variable Impedance Actuator (VIA). Vanderborght (2013) describe 
non-VIA (traditional stiff actuator) is a device able to track a certain trajectory and once a desired po-
sition is reached it will strive to hold this position. A VIA deviates from its set equilibrium position, i.e. 
where the actuator generates zero force and torque, depending on the external forces and the me-
chanical properties of the actuator. The main classes of different VIA are active impedance by control, 
inherent compliance and damping actuators and inertial.  

Light weight structures 

The design of conventional robots is improving for constantly and the mass to payload ratio is increas-
ing. Weight reduction of the robot itself allows reduction of the overall drive system. This in turn lead 
to less drive power consumed. Equation 1 describe the overall energy consumption of a robot system 
which is the sum of the energy consumed by the drive system, the control system and the technological 
peripherals. (Cejka & Cernohorsky, 2016). 

𝑷𝑷𝑹𝑹 = 𝑷𝑷𝑫𝑫 + 𝑷𝑷𝑪𝑪 + 𝑷𝑷𝑷𝑷 

In an energy consumption analysis performed Cejka and Cernohorsky (2016) on a robotic welding work 
cell, it was found that the drive of the system consumed 51 % of the total energy. It is clear that light 
weight robot structures will improve the energy situation in robotic workplaces.  

In case of a collision, from a safety point of view, light weight designs will reduce the impact energy 
density (see section 3.1) in comparison with a more heavy design.  
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Sensorized skin 

For the robot to be able to detect a collision or deliberate contact, and also be able to localize where 
the contact occurs on the robot surface, a sensorized skin was developed and presented in a . A grid 
of nxn capacitive sensors is created and through a quad NAND chip, row-column addressing is imple-
mented.  100 sensors can be scanned continuously with a 1 kHz update rate with a total of 5 interface 
wires. The sensor is constructed from physically resilient materials, but is still soft enough to allow 
energy absorption in case of a collision. (Ulmen & Cutkosky, 2010).  

Recently, O’Neill, et al. (2018), presented a paper describing the development and validation of a flex-
ible sensor skin. This skin which is connected into the control cabinet with 5 interface wires, is made 
of a conductive fabric doped with Carbon Nanotubes. Through a series of experiments the skins char-
acteristics, such as applied force and positioning of applied force, are validated. The skin met the re-
quirements of flexibility and a possible stretch of approximately 150 % and the sensor error stays 
within 2.5 ± 1.5 mm, even during applied stretch. The skin also proved to absorb energy from impacts, 
being resilient with no showed change in electrical properties after repeated testing. The proposed 
calibration procedure provided an accuracy of below one centimeter, which is thought to be sufficient 
for most collaborative operations. In a collaborative control experiment the skin is shown to maintain 
a collaboration force of 10 N and for an emergency stop application the skin is consistently reacting to 
0.5 N applied force.  

3.3 Operator awareness and induced stress 
The psychological state of the operator is also an important aspect for safe HRC. A paper written by 
Arai, et al. (2010) presents the result of several experiments on mental strain induced on the human 
operator by robot motion. To evaluate different test scenarios, Skin Potential Response (SPR) spikes 
and amplitudes are measured. Following conclusions are drawn from the test results: the velocity of a 
manipulator and the distance between a human and a robot in motion is related to the amount of 
induced stress. Furthermore, if the test subjects are not informed in advance of the manipulator speed, 
the stress levels get significantly higher.  

3.4 HRC homokinetic joint assembly reducing physical strain 
Cherubini, et.al. (2016), presents the result on the development of a HRC cell for homokinetic joint 
assembly. The application require direct physical contact between robot and human, with state of the 
art robotic components like trajectory optimization, admittance control and image processing. The 
author claim that through visual gesture monitoring and intrinsic collision detection, the robot setup 
is compatible with the safety standards, and therefore could be certified.  It is also said that, compared 
to the manual assembly, the collaborative cell both eases the operator load and lowering the risk of 
physical strain. If successfully deployed in the automotive factories, a return on investment is esti-
mated to take one year, based on the reduction of activity limitations and disability.  

3.5 Robots adapting to human fatigue 
Peternel, et al., (2017) propose a novel method for HRC, where the robots behavior is adapted to the 
human motor fatigue. The robot starts out its work as a beginner and observes and learn from the 
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operator. As the human performs the task repeatedly, the robot gradually learns the necessary param-
eters and trajectories for the task. At the same time, the human fatigue level is monitored by the robot, 
and when a predefined threshold is reached, the robot uses its newly learned skills to take over the 
physical demanding aspects of the task. The robots ability to adapt is based on Dynamical Movement 
Primitives, Locally Weighted Regression and Adaptive Frequency Oscillators. By measuring Human 
muscle activity, fatigue is estimated. The method was validated on two cooperative tasks: human-
robot wood sawing and robot-assisted surface polishing. The proposed method could be applied in 
industry to prevent productivity loss and health issues related to physical fatigue. 
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4 Methodology 
The research methodology that has been used in the project is presented in this chapter. The research 
strategies are first described in general, then how they have been used, and lastly what kind of data 
collection methods that have been used.  

4.1 Design and Creation 
Oates (2016) describe Design and creation as a research strategy which involve technical and creative 
development work. The strategy can lead to a tangible artifact rather than abstract theories. Design 
and creation can be used as a sole research strategy, or it can be used alongside with other strategies, 
for example experiments. 

Vaisnavi and Kuechler, 2004, describe ‘Design and Creation’ as an iterative problem solving process 
containing of five steps: 

Problem awareness: The first step is to recognize and as clear as possible defining the prob-
lem at hand. This can be done by studying previous research and literature on the subject.  
Suggestion: A leap from curiosity to suggesting a tentative idea on how the problem can be 
addressed. 
Development: The implementation of the tentative idea. The approach of this is dependent 
on the type of artifact being proposed. 
Evaluation: The developed artifacts strengths and deviations from the expectations is as-
sessed.  
Conclusion: The results are consolidated and gained knowledge is identified. Results that 
cannot yet be explained could be subject for further research. 

 

Figure 6. The projects main strategy will follow the iterative five step process described by Vaisnavi and 
Kuechler, 2004. 
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These steps are not necessarily strictly followed in order. For example, a suggested idea might lead to 
a higher awareness of the nature of the problem, or evaluation of a design might lead to alternative 
suggestions. 

4.2 Surveys 
Surveys as a research strategy is defined by Oates (2016) as obtaining same kind of data from a group 
of people or events, in a standardized way. By looking for patterns in the data collected, it’s possible 
to generalize the data to a larger population, which is why surveys is mostly associated with the philo-
sophical paradigm of positivism. Survey based research is a strategy that is appropriate for quantitative 
rather than qualitative data analysis. The planning and designing of surveys can be broken down into 
the following activities: data requirements, data generation method, sampling frame, sampling tech-
nique, response rate and non- response rate, and sample size. The first activity in the planning process 
is to decide the data requirement, i.e., what data the survey is supposed to generate. The data can 
either be directly related to the research question or indirectly related such as demographic data of 
participants. It’s important to think thoroughly about what data is wished to obtain if using interviews 
or questionnaires, since the opportunity to ask follow up questions rarely arise. Next step is to plan 
which data generation method to be used. The most common data generation method for surveys are 
questionnaires, however other methods like interviews, observations and documents might also be 
used. The normal case is that every survey use only one method for data generation. Third step is to 
specify the sampling frame, which is the population that is appropriate for a particular survey and 
therefore could be chosen as a sample. The sampling frame must be up-to-date, accurate and contain 
the entire suitable population. Fourth is to decide the sampling technique of the survey, which is how 
samples are chosen from the sampling frame. Examples of probability sampling techniques are random 
selection and systematic sampling. Non-probability sampling techniques, like snowball or convenience 
sampling, can be useful if it’s not feasible or necessary to have a representative sample. Snowball sam-
pling is when one representative of the population is selected as a sample. The respondent is then 
asked for suggestions on who can be relevant as next samples for the research. Convenience sampling 
technique is taking samples that are easy to obtain because they are convenient. Using solely this 
technique is considered as poor research, however there can be some element of convenience in com-
bination with other techniques. It´s not uncommon to have a low response rate in relation to number 
of people asked in a survey. Therefore it is important to have a strategy on how to increase the number 
of responses. Explaining the purpose of the survey and meeting target samples face-to-face can be 
influential. A low response rate might lead to a biased final sample, which is why it’s important to 
analyze if the non-responsive group is having effect on the results. The final step in designing and 
planning for a survey is the sample size. A final sample size of less than 30 is not reliable for statistical 
analysis, and if the goal is generalization of a larger population a sample size which provides adequate 
level of confidence and accuracy is necessary.  Advantages of survey-based research include general-
ized conclusions can be drawn, because it provides a wide coverage of people or events. It can also 
provide large quantities of data, relatively cost efficient and in short periods of time.  

4.3 Experiments 
In academic research, according to Oates (2016), an experiment is used to investigate cause and effect 
relationships and is a suitable for collecting quantitative data. The researcher start by developing a 
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theory about a topic that can lead to a hypothesis. A hypothesis is a statement that has not yet been 
empirically tested, but for which tests can be devised that either support or reject the claims. To prove 
or disprove that factor A causes outcome B, an experiment can be designed for empirically testing the 
hypothesis. With exception of factor A, which is thought to cause a particular outcome, all other factors 
are excluded from the study. Even if the outcome of the experiment is as expected, it is considered 
better research to repeat it multiple times to be certain that no contamination is affecting the out-
come. 

An experiment is based on manipulation of independent variable(s) to observe the change of the de-
pendent variable. It’s recommended to use one or at most two independent variables, or the analysis 
will get highly complex. The aim of experiments is to show that only one factor causes an observed 
change, the researcher tries to control all variables. This can be done either all at once, or by doing a 
series of experiments so that the cause of the observed change can be narrowed down to one factor. 
There are several ways of controlling variables that might affect the outcome, i.e., using control groups 
or using random selection of subjects.  

Internal validity is when the results of an experiment are solely due to the manipulation of the inde-
pendent variable. Threats to internal validity can for example be that there is differences between the 
control- and the experimental group. If the experiment takes place over significant amount of time, 
participants might mature or new factors might occur that affect the outcome. Also, an experimenter’s 
way of interacting with participants can unconsciously bias the test result. External validity is obtained 
if the test result is generalizable and not unique to a particular situation. Repeating experiment multi-
ple times in different scenarios, is the best way of demonstrating generalizability. Threats to external 
validity include having to few- or non-representative participants. 

4.4 Choice of strategy and research design 
For this thesis project, ‘Design and Creation’ will be used as a main research strategy. One reason for 
this is that it enables the creation of the physical demonstrator which is the main goal of the project. 
Besides having easy access to equipment, previous work with industrial robots and demonstrators has 
developed fundamental skills in the area. The iterative five step process described by Vaisnavi and 
Kuechler (2004), is well fitted for the problem at hand. For example, a tentative idea on how VCE can 
benefit from collaborative robots, might lead to the development of an artifact which in turn lead to a 
higher degree of problem awareness. Not yet considered challenges and opportunities might reveal 
themselves while reflecting throughout the different process steps.  

Prior to the ‘Design and Creation’, together with the results from the literature review and observa-
tions taken from the automotive production line, a questionnaire based survey will be conducted to 
generate data. This data can be used as a decision tool of what type of HRC-elements that will be 
involved in the collaborative robot demonstrator. The survey can also produce information whether 
people of the automotive industry would feel comfortable and safe working close by, or in interaction 
with, a collaborative robot. Depending on the result of the survey, the data collected could be used as 
a motivation for implementation of collaborative robot applications in the automotive production line.  
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An observations study will be conducted in form of video recordings of performed tasks in the human 
robot workcell.  Different scenarios will be recorded and the video material will be used for evaluation 
and analysis. The final research design is illustrated in figure 7. Initially, an experiment was planned to 
be conducted in order to evaluate the artifact. Due to lack of time, this is instead proposed as future 
work in chapter 9. 

 

Figure 7. An illustration of the research design of the thesis project. 
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5 Survey: The personnel of an automotive manufacturers general view 
on Collaborative Robots 

A survey has been carried out with the purpose to investigate general thoughts on what the personnel 
of an automotive manufacturing company think of Collaborative Robots (CR). The goal of the survey, 
or the data requirement, was to investigate the automotive industries general opinion of CR. This in-
cludes possible uses, benefits and if they would be comfortable working side by side or in interaction 
with collaborative robots. The survey was carried out by a questionnaire, anonymously filled out after 
a 15 minute presentation on the subject.  

All participants of the survey was given information on CR before filling out the survey. This information 
included some differences between classical industrial robots and fenceless CR applications. Chal-
lenges with risk assessment work and safety aspects to consider was also discussed, e.g. Safety-rated 
monitoring and Power/force-limitation. Lastly a demonstration was made with a UR3 robot, which 
contained:  

o How to create a simple UR3 robot program by hand guiding.  
o Stopping a moving robot by applying physical force. 
o Pick-and-place application using Robotique vision camera and gripper. 

5.1 Survey structure 
Data requirement: quantitative datasets containing the general view of the personnel of an automo-
tive manufacturer, on CR. 

Data generation method: self-administrated questionnaire, containing of 5 brief questions. Each ques-
tion was of closed nature, with multiple choices where the participants are instructed to fill in as many 
choices as they feel comply. The questionnaire can be found in appendix 1. 

Sampling frame: the entire population of the automotive company. The sample method was of con-
venient nature, because of a rising opportunity. However, since none of the participants were chosen 
by the researcher, an element of randomness was added to the sample method. Out of a total of 180 
potential questionnaire participants, 143 responded making up to a response rate of nearly 80 %. The 
respondents consisted of 89 % machine operators and 11 % leaders of machine operators. 

5.2 Generated data 
The following data was generated in the survey, the complete datasets can be found in appendix 1. 

Do you think CR could be of use in your work (or the work you lead)? 
 
82 % yes 
6 % no  
12 % inconclusive  
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What do you think are appropriate applications for CR? 
 
75 % assembly work  
60 % process applications  
54 % quality inspection 
76 % material handling  
 
 

What benefits do you think may come out of CR? 
 
87 % ergonomic benefits 
52 % cost reduction 
76 % increased efficiency 
48 % higher quality  
 
 

Would you feel safe working together with a CR? 
 
86 % yes 
1 % no 
13 % inconclusive.  
 

5.3 Survey analysis 
A very high portion feels safe about CR and believes that it could benefit their own work task. Assembly 
and material handling are thought to be most suitable applications for CR, however, process applica-
tions and quality inspection are also strongly believed. Ergonomics and increased efficiency is thought 
to be the main benefits of CR, but support for increased quality and cost reduction is not negligible. 
The conclusion of the survey is that the general population of the automotive company is positive 
regarding a broad variety of CR applications, and that the company is ready to start developing and 
implementing CR in a close future.  

Regarding the use of the survey results for this particular project, there are certainly some interesting 
findings to bring into the Design & Creation phase. Appropriate applications with the highest “survey 
score” was assembly work and material handling, therefore elements of them both can be imple-
mented in the demonstrator. When it comes to evaluating the artifact, factors that got strong support 
in the survey are ergonomics and efficiency, which will be considered for the evaluation phase. 
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6 HRC Demonstrator 
The development work of the demonstrator will follow the iterative five step method proposed by 
Vaisnavi and Kuechler, as described in the Methodology chapter.  

6.1 Problem awareness: Requirements 
The result of the survey implies that appropriate application for collaborative robots could be assembly 
work and material handling. It is also implied that the use of collaborative robots might lead to im-
proved work ergonomics and increased efficiency. With the above input from the survey result and in 
consultation with VCE, the following requirement list was created: 

• The human robot workcell should demonstrate similar work tasks that occur in the automo-
bile production line. 

• Elements of interaction between the human and the robot should be demonstrated at a 
higher degree than co-existence.  

• The aim should be to support and ease the human worker, not to replace the human.  
• There should be implemented functionality so that the robot can adapt to the human work 

progress and the human should be able to decide the work pace.  
• Some human work should be optional, i.e. if the human decides to perform certain tasks, the 

robot shouldn’t. In the same way if the human decides to leave out tasks, the robot should 
be able to perform them. 

To minimize the level of induced stress on the operator, findings from the literature review states the 
importance of having a trained operator that is fully aware of every possible action the robot can take. 
With this in mind, the planning and development of the work station and work sequences, has been 
done in cooperation with the operator.  

6.2 Suggestion: Design of the testbed and work sequences 
To demonstrate similar work elements as that of the automobile production line, the work tasks sug-
gested for the human respectively for the robot is shown in table 1. The thread insertion of the bolts 
was planned to be part of the human work sequence, but the bolt tightening was planned as a robot 
task to replace the usage of a manual nut runner, which was identified as a potential task causing 
physical strain on the operator. Material handling was suggested to be performed by both the robot 
and human for a more flexible work cell.  

Table 1. Suggested tasks to be assigned for the human respectively the robot. 

Tasks Performed by 
Human  Robot 

Material handling x x 
Bolt insertion (assembly) x   
Bolt tightening (assembly)  x 
Tool change  x 
Visual inspection   x 
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The robot that was suggested for the demonstrator in the project was of model UR10, from Universal 
Robots (see appendix 2). This model has a light weight structure and has several embedded safety 
functions, e.g. to configure boundaries. Boundaries can be used to create safety planes, which trigger 
a transition into a reduced mode or safety stop if the end-effector crosses the plane. It’s important to 
note that safety planes doesn’t guarantee that the joints and links of the robot won´t operate outside 
of the safety planes (Universal-Robots, 2015). Another safety function is the ability to limit each sepa-
rate joint in rotational range and speed (Universal-Robots, 2015).  In addition, the robot was equipped 
with an RG6 gripper from OnRobot, FT300 force/torque sensor and a wrist vision camera, both from 
Robotique. The gripper enables the robot to be used for material handling and for performing the tool 
change which is necessary for the tightening of the bolts. The force/torque sensor enables compliant 
motion control which will be used for entering the tightening tool (19 mm Allen-head socket) on the 
bolt heads. The force/torque sensor can also be used to minimize the risk for pinching the operator 
with the end effector or with the payload. For the robot to be able to adapt to the human work pro-
gress, the wrist vision camera will be used to scan objects on the testbed. With an inbuilt function of 
the wrist camera, the system can be programmed to easily identify two-dimensional geometrical 
shapes. The suggested ingoing work materials, 12 mm thick wooden boards, 10 pieces of M10 bolts as 
well as the vision marks is shown in figure 8.  

 

Figure 8. Description of ingoing materials and vision marks of the testbed. 

6.2.1 Proposed work sequences 
In this section, suggested work sequences for both the operator and the robot, will be described. The 
labels of all ingoing components and the desired assembly result can be seen in figure 8.  
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The proposed human work sequence begins with the operator deciding on assembling piece B or leav-
ing it in the material area. All optional work tasks left out by the operator is planned to be performed 
by the robot. The operator now picks and assemble piece A. With A and B in place the first 4 bolts can 
be entered. Next step is to decide whether to pick and assemble C or leaving it in the material area. 
With C in place, bolts A2 followed by B2 can be entered. Now, the operator decides upon assembling 
piece D or leaving it in the material area. Finally, with piece D in place the last 4 bolts can be entered 
in the following order: B3, A3, A4 and B4. Figure 9 shows a flowchart of the suggested human work 
sequence. 

 

Figure 9. Flowchart of the human work sequence.  



Master Degree Project     2018-07-03 
Skövde University 
 
 

 
 
Niklas Land  27 

The proposed robot work sequence begins with an attempt to locate piece B in the material area, if 
found it will locate and assemble B, otherwise move to the next step which is waiting for piece A to be 
put in place by the operator. First when piece A is located, the robot is allowed to proceed to the next 
step, which is trying to locate piece C in the material area. If piece C can be located the robot will pick 
and assemble it, otherwise the robot will perform to the next step which is change of tool from gripper 
to bolt tightener. The robot will now try to locate bolt B2 continuously. Once it can locate it, the robot 
will proceed and tighten bolt B1, A1, A2 and B2. Next step is to locate if piece D has been assembled. 
If not, the robot will perform a tool change from tightener to gripper, locate and assemble D before 
performing a last tool change. Lastly, the robot will try to locate bolt B4 continuously and once it can 
locate it the robot will proceed and tighten the last 6 bolts. Figure 10 shows a flowchart of the sug-
gested robot work sequence. 

 

Figure 10. Flowchart of the robots work sequence. 
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6.3 Development: version 1 
The assembly table was created according to the description in figure 8 and the collaborative robot 
was programmed according to the flowchart in figure 10. For increased safety, the operators work area 
was limited to the front of the assembly table, with the robot base located on the other side of the 
table. The collaborative workspace was restricted for the operator and the robot and no one else were 
allowed to be too close to the work cell during execution. Robot poses, velocities and accelerations 
where adapted according to the positions of the operator and no robot poses where allowed in the 
head region of the operator. Figure 11 shows version 1 of the demonstrator. 

 

Figure 11. Version 1 of the demonstrator. Note that before the programming of the robot, the assembly table 
was turned 180 degree to put the operator in a more ergonomic work position. 

6.4 Evaluation: version 1  
Observed test runs of version 1 of the demonstrator show that the work was not evenly divided be-
tween the robot and the operator. It was found that assembling work piece B required a lean over for 
the assembly, which force the operator to be put in a position of bad ergonomics. Another found issue 
was that, even though it succeeded in a few test runs, the gripper accuracy and repeatability was not 
sufficient for picking the Allen head socket to perform the tool change.  

6.5 Development: version 2 
Through observations and in consultation with the operator, a standard operator work sequence was 
proposed (even though all initial options still remained). The reason was to eliminate the unergonomic 
position caused by assembling B and to even out the workload between the operator and the robot. 
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The proposed standard operator work sequence was then to not assemble B and C, but assemble D 
(referred to figure 9). 

To address the issue with the insufficient gripper, a new gripper tool was designed using a 3D CAD 
software. The new tool, which was 3D printed in Polylactic Acid (PLA) material, was added to the grip-
per fingers, and had two significant improvements from the initial tool design. First, a flat surface part 
for increased contact surface when gripping the wooden boards. Secondly, it´s design with rounded 
socket enables gripping the Allen head socket with higher accuracy and with more contact surface. See 
appendix 3 for a specification drawing of the tool.  

 

Figure 12. The final version of the demonstrator. 

6.6 Evaluation: version 2 
With a more proper work sequence and a gripper tool with high precision and repeatability, three 
videos of different scenarios were recorded to be used for the final evaluation of the demonstrator: 

1. The first scenario demonstrate the proposed standard operator work sequence. 
2. The second scenario demonstrate an optional work sequence when the operator deviates 

from the standard work sequence and doesn’t assemble work piece D. 
3. The third scenario demonstrate the robot behavior when the operator assemble all work 

pieces and enters all bolts in advance, except for tightening the bolts.  

6.6.1 Identified benefits 
Analysis of the video scenarios show that efficient collaboration between a robot and a human can be 
achieved in the collaborative workspace. The first scenario shows that the operator can work in a more 
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or less seamless work pace, even as the robot operates in parallel, as long as the workload between 
the operator and the robot has been balanced out. Letting the operator perform all the tasks of the 
assembly station would result in a longer cycle time for the assembly application were the operator 
also would need external tools for tightening the bolts. The second scenario, when the robot performs 
a work task that is normally part of the operators work sequence, even though it is not performing as 
fast as the operator, it can help the operator to keep up with cycle times in case of e.g. physical fatigue. 
The third scenario shows that the operator is not fully dependent of the robot, instead the operator 
can prepare all assembly tasks in advance and leave the work station for the robot to complete the 
assembly task, e.g. after the robot has been tending to a second work station or when being main-
tained.  

6.6.2 Ergonomic assessment 
Parallel to this thesis work, an ergonomic assessment has been carried out, in a study by Castro and 
Gonzales (2018), of the demonstrator in this thesis project. With the method Rapid Upper Limb Assess-
ment or RULA, an overview of particular posture ergonomic effects on the upper body can be achieved. 
To compare the results, multiple RULA studies have been carried out, both on the collaborative work 
station and on a real manual workstation containing bolt tightening tasks with a double nut runner. It 
is found that the collaborative workstation gets a better RULA score than the manual work station, 
mainly because the collaborative robot relieve the human from the bolt tightening task. 

6.6.3 Safety risks and proposed safety measures 
As a part of the evaluation, the following safety risks was identified and safety measures were pro-
posed.  

Risk: Operator gets pinched by the tool/table/board pieces/bolts. 

Proposed safety measure:  

• Make sure that all sharp edges of the tool is rounded and that contact surfaces are of ade-
quate size to reduce possible impact force (see section 3.1).  

• If possible, reduce sharp edges of assembly components. 
• With the force functionality provided with the FT300, set low force compliance for the as-

sembly of all components. 

Risk: Robot links/joints/end-effector collides with the operator. 

Proposed safety measure:  

• Classify each robot movement for how close they are operating to different body regions of 
the operator. Then set all velocities, accelerations and force thresholds according to the 
guidelines in ISO/TS 15066:2016.  

• Set the UR embedded joint force sensor functionality as low level as possible, to trigger a 
safety stop in case of a collision. However, the force and torque is highly dependent on 
where the collision occurs on the robot links/joints/end-effectors. For this reason a comple-
mentary safety system needs to be added for assuring a safe work cell.  
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• As a complement to the above joint force sensor functionality, a sensorized skin is proposed 
to be added to cover all links and joints of the robot. This Cyber Physical system will both 
provide the robot with viscoelastic coverings reducing impact force, but mainly it can be pro-
grammed to allow for low force triggering anywhere on the robot surface. Furthermore it 
enables the programming of more complex applications where the operator deliberately 
makes contact with specific areas of the robot links. The technology of viscoelastic covering 
and sensorized skin technology is reviewed in section 3.2. 

• When programming the robot wrist camera, since the camera is mounted in an angle of 30 
degree, it is important to plan the snapshot positions carefully. In this project, since the vi-
sion marks are very distinct and of significant size, the camera has no issues locating them 
even from an angle and from a distance. To keep the end effector on a safe distance of the 
operators head region, the rotation of the robots wrist joint have to be carefully planned, 
since this rotation will decide where the end-effector will point, see figure 13.   

 
Figure 13. When using the wrist camera, the wrist joints rotation must be considered since it has great im-

pact of the position of the end effector. 
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7 Discussion and conclusions 
This chapter presents the most important findings of the thesis, discusses sustainability aspects and 
draws conclusions upon the findings. 

7.1 Discussion 
This thesis work show that a seamless work flow can be achieved in a human-robot collaboration as-
sembly application, and that potential benefits can be achieved in terms of workspace, cycle times and 
ergonomics. The aim has been to support the operator rather than replacing her and the literature 
review shows that certain HRC applications can ease physical fatigue. The evaluation of this project, 
show that the HRC application developed might also be able to be reduce operator fatigue by letting 
the robot perform some of the operator’s tasks. Findings from the literature review show that collab-
orative robots can be used to ease physical fatigue of the operator. In addition, it show the importance 
of having a trained operator that is familiar with the work station and fully aware of the robots behav-
ior to reduce the amount of induced stress.  

By letting the robot and the human share the same workspace, instead of separating them into two or 
more stations, opportunities arise for a more flexible and efficient plant layout. The distances between 
each assembly operations and transportations has the potential to be reduced and the total transpor-
tations inside the assembly line can be shorter. To not have to reconstruct present- or construct new 
buildings, in case of insufficient plant space, collaborative robots might be a solution for an expanding 
highly automated company.  

Assuring human safety is the major issue for holding back close HRC implementation at large scale for 
the industry, but with carefully planned strategies for minimizing injuries of contact or collision avoid-
ance and with safety peripherals as Cyber Physical Systems, these safety concerns can be dealt with. 
Today, Industry 4.0 is changing the industry with Internet of things and systems that communicate 
with each other, which means that cyber threats will likely be an escalating issue. As Cyber Physical 
Systems, e.g. sensorized skin, are able to make their own decisions and initiate action to ensure safety, 
it is important that they first of all are thoroughly programmed and tested, but also be checked for 
security breaches. Relying solely on these systems can have severe consequences if they would be the 
victim of a successful cyber-attack. For example, change of a parameter might increase force instead 
of reducing it in case of a human-robot collision.  

Initially, the applied force/torque sensor FT300 was initially thought to be used to tighten the bolts to 
a specific wrist torque, however evaluation showed that this was not appropriate, since the low torque 
precision was not adequate. One advantage of using a double nut runner (as the imitated assembly 
station) instead of a single, is that it provides stability and a greater torque sensitivity. By adding a 
pneumatic or electrical single nut runner as the robot end-effector, a precise torque is thought to be 
achieved as long as the torque is not measured in the joints of the robot. The work pieces used in the 
demonstrator were not particular heavy even though the UR10 can operate with high precision with a 
payload up to 10 kg. By making the work pieces heavier, the ergonomic benefits of implementing a CR 
would be greater. With this in mind the potential harm the increased payload could have caused the 
operator, would be much greater with an increased payload, especially since the robot were not yet 
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equipped with all the peripherals needed to guarantee safety. During all the runs of the demonstrator, 
the researcher observed and was ready to hit the emergency stop at all times.     

7.2 Sustainability aspects 
According to Volvo Car Group (2017), the yearly sale 2017 exceeded 570 thousand sold units. It is clear 
that Volvo´s production, which is highly automated with robotics, has an impact on the world natural 
resources and therefore a great responsibility when it comes to sustainable development. According 
to Cejka and Cernohorsky (2016), the robotic drive system stands for over 50 % of the total power 
consumption of a robotic workcell and since the drive system is highly affected by the robot mass, the 
gradual transition from classic industrial robots to collaborative robots with light weight structures, 
will have a significant impact on the automotive industries power consumption. With the continues 
improvement on mass to payload ratio, for reduced environmental impact, light weight structures 
should not only be considered for collaborative robots, but also for industrial robots working in re-
stricted areas.  

Human wellbeing and health is one of the cornerstones of social sustainability, and the most common 
reason for absence of work in Sweden during 2014 was related to work ergonomics, according to Ar-
betsmiljöverket (2014). This thesis support that collaborative robots can be beneficial in the area of 
reducing physical operator fatigue by providing the operator with options to perform certain tasks or 
leaving them to be performed by the robot.  

7.3 Summarized conclusions 
This thesis identifies and discusses important safety aspects in collaborative robot applications that 
are critical in order to implement collaborative robots on the industrial shop-floors. The thesis also 
discusses and evaluates different solutions for reaching the current safety regulations. A physical de-
monstrator is developed in collaboration with VCE and used for evaluation and testing, in which the 
robot supports the human by visually inspecting and adapts to the human work progress. The demon-
strator is based on existing manual assembly station containing tasks like heavy lifting, bolt insertion 
and the use of a manual nut runner. Evaluation of the demonstrator show that several potential ben-
efits can be achieved if implementing collaborative robots in the automotive assembly line, such as 
ergonomics, space efficiency and reduces cycle times. The performed safety risk analysis, with focus 
on minimizing injury by collision, resulted in suggested safety measures, such as adding Cyber Physical 
Systems and adjusting all robot actions according to the recent safety standards. These measures, if 
made secure from possible cyber-threats, can support the implementation of collaborative robots in 
the automotive assembly, without compromising on safety. 

8 Future work 
The evaluation of the demonstrator was initially planned to be done through an experiment. However, 
due to a pressured timeframe this will be proposed as future work. The experiment was planned to be 
carried out with both a test-and a control group, where the test group would perform the standard 
work sequence with the help from the collaborative robot. As mentioned in the literature review, to 
not compromise safety and reduce the level of stress induced, all members of the test group would 
need special training of the application prior to the experiment. The same task would be performed 
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by the control group, without the help of the robot. As part of to the experiment, stopwatch observa-
tions would provide quantitative dataset which can be easily compared between the both groups of 
the experiment.  
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Appendix 1: Questionnaire and obtained data 

 

 

1.1 1.2 1.3 2.1 2.2 2.3 3.1 3.2 3.3 3.4 4.1 4.2 4.3 4.4 5.1 5.2 5.3
127 102 8 17 96 75 65 96 111 63 97 57 109 1 17

80,3% 6,3% 13,4% 75,6% 59,1% 51,2% 75,6% 87,4% 49,6% 76,4% 44,9% 85,8% 0,8% 13,4%
7 9 15 1 0 11 12 12 13 13 11 12 11 14 1 1

93,8% 6,3% 0,0% 68,8% 75,0% 75,0% 81,3% 81,3% 68,8% 75,0% 68,8% 87,5% 6,3% 6,3%
127 7 9 117 9 17 107 87 77 109 124 74 109 68 123 2 18

88,8% 4,9% 6,3% 81,8% 6,3% 11,9% 74,8% 60,8% 53,8% 76,2% 86,7% 51,7% 76,2% 47,6% 86,0% 1,4% 12,6%

Question 1 Question 2 Question 3 Question 4 Question 5
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Appendix 2: UR10 technical specification 
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Appendix 3: Technical drawing of gripper tool 

 

 

 


	Figures
	1  Introduction
	1.1 Problem description
	1.2 Purpose
	1.3  Objectives
	1.4 Scope and delimitation

	2  Frame of reference
	2.1 Industrial robotics
	2.1.1 Robot kinematics and mechanical structure

	2.2 Robot applications
	2.2.1 Handling
	2.2.2 Assembly

	2.3 Human-Robot Collaboration (HRC)
	2.4 Safety standards
	ISO 12100 (Type A)
	ISO 13849 and IEC 62061 (Type B)
	ISO 10218-1/-2 (Type C)

	2.5 Sustainable development

	3 Literature review
	3.1 Quantify level of pain and injury by collision
	3.2 Minimizing injury by collision through Cyber Physical Systems
	3.3 Operator awareness and induced stress
	3.4 HRC homokinetic joint assembly reducing physical strain
	3.5 Robots adapting to human fatigue

	4  Methodology
	4.1 Design and Creation
	4.2 Surveys
	4.3 Experiments
	4.4 Choice of strategy and research design

	5  Survey: The personnel of an automotive manufacturers general view on Collaborative Robots
	5.1 Survey structure
	5.2 Generated data
	5.3 Survey analysis

	6  HRC Demonstrator
	6.1 Problem awareness: Requirements
	6.2 Suggestion: Design of the testbed and work sequences
	6.2.1 Proposed work sequences

	6.3 Development: version 1
	6.4 Evaluation: version 1
	6.5 Development: version 2
	6.6 Evaluation: version 2
	6.6.1 Identified benefits
	6.6.2 Ergonomic assessment
	6.6.3 Safety risks and proposed safety measures


	7 Discussion and conclusions
	7.1 Discussion
	7.2 Sustainability aspects
	7.3 Summarized conclusions

	8 Future work
	9 References
	Appendix 1: Questionnaire and obtained data
	Appendix 2: UR10 technical specification
	Appendix 3: Technical drawing of gripper tool

