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Abstract 

This PhD study aimed to address the sustainability issues of the 

robotic systems from the environmental and social aspects.  During the 

research, three approaches were developed: the first one an online 

programming-free model-driven system that utilises web-based 

distributed human-robot collaboration architecture to perform distant 

assembly operations. It uses a robot-mounted camera to capture the 

silhouettes of the components from different angles. Then the system 

analyses those silhouettes and constructs the corresponding 3D models. 

Using the 3D models together with the model of a robotic assembly cell, 

the system guides a distant human operator to assemble the real 

components in the actual robotic cell. To satisfy the safety aspect of the 

human-robot collaboration, a second approach has been developed for 

effective online collision avoidance in an augmented environment, where 

virtual three-dimensional (3D) models of robots and real images of 

human operators from depth cameras are used for monitoring and 

collision detection. A prototype system is developed and linked to 

industrial robot controllers for adaptive robot control, without the need of 

programming by the operators. The result of collision detection reveals 

four safety strategies: the system can alert an operator, stop a robot, move 

away the robot, or modify the robot’s trajectory away from an 

approaching operator. These strategies can be activated based on the 

operator’s location with respect to the robot. The case study of the 

research further discusses the possibility of implementing the developed 

method in realistic applications, for example, collaboration between 

robots and humans in an assembly line. 

To tackle the energy aspect of the sustainability for the human-robot 

production environment, a third approach has been developed which 

aims to minimise the robot energy consumption during assembly. Given a 

trajectory and based on the inverse kinematics and dynamics of a robot, a 

set of attainable configurations for the robot can be determined, perused 

by calculating the suitable forces and torques on the joints and links of 

the robot. The energy consumption is then calculated for each 

configuration and based on the assigned trajectory. The ones with the 

lowest energy consumption are selected. 
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Sammanfattning 

Denna Doktorsstudie syftade till att studera frågan om 

robotsystemems hållbarhet från miljömässiga och sociala aspekter. Under 

forskningen har tre metoder utvecklats: en online programmeringsfri och 

människa-robot-system som nyttjar en webb-baserad arkitektur för att 

utföra distans-montering. Det utvecklade systemet använder en 

industrirobot att montera komponenter okända i förväg. Den använder 

en robot- monterad kamera för att fånga silhuetter av de komponenterna 

från olika vinklar. Då systemet analyserat dessa silhuetter och 

konstrueras motsvarande 3D-modell. Med användning av de 3D-

modeller tillsammans med en modell av en robotmonteringscell, styrs 

systemet en fjärran mänsklig operatör för att montera de verkliga 

komponenterna i själva robotcellen. Resultaten visar att det utvecklade 

systemet kan konstruera de 3D-modeller och montera dem inom en 

lämplig tidsram. 

För att tillfredsställa säkerhetsaspekterna av människa-robot 

samarbetet har en andra metod utvecklats, med effektiv 

kollisionsdetektering där virtuella tredimensionella (3D) modeller av 

robotar och verkliga bilder av mänskliga operatörer från stereoskopiska 

kameror för övervakning och kollisionsdetektering. Ett prototypsystem 

utvecklas och kopplas till industriella robot-regulatorer för adaptiv 

robotstyrning, utan behov av programmering av operatörerna. Resultatet 

av kollisioner avslöjar fyra säkerhetsstrategier: systemet kan varna en 

operatör, stoppa en robot, flytta bort roboten, eller ändra robotens bana 

från en annalkande operatör. Dessa strategier kan aktiveras baserat på 

operatörens placering med avseende på roboten. Fallstudien av 

forskningen diskuterar vidare möjligheten att genomföra den utvecklade 

metoden i realistiska tillämpningar. 

Att ta itu med energiaspekten av hållbarheten för människa-robot 

produktionsmiljön, har en tredje metod utvecklats som syftar till att 

minimera robotens energiförbrukningen under monteringen. Givet en 

rörelsebana och baserat på omvänd kinematik och dynamik för roboten, 

kan en uppsättning av uppnåeliga konfigurationer bestämmas, genom att 

beräkna lämpliga krafter och moment på lederna och länkar av roboten. 

Energiförbrukningen beräknas därefter för varje konfiguration och 

baserat på den tilldelade banan. De med den lägsta energiförbrukningen 

väljs.
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movements. In many cases, it does not take into consideration the 

dynamic features. Therefore, reducing energy consumption is still a 

challenging task and it involves studying the robot's kinematic and 

dynamic models together with application requirements. This research 

aims to minimise the robot energy consumption during assembly. Given a 

trajectory and based on the inverse kinematics and dynamics of a robot, a 

set of attainable configurations for the robot can be determined, perused 

by calculating the suitable forces and torques on the joints and links of 

the robot. The energy consumption is then calculated for each 

configuration and based on the assigned trajectory. The ones with the 

lowest energy consumption are selected. Given that the energy-efficient 

robot configurations lead to reduced overall energy consumption, this 

approach becomes instrumental and can be embedded in energy-efficient 

robotic assembly. 
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system is developed to support ubiquitous manufacturing, which provides 

a service pool maintaining physical facilities in terms of manufacturing 

services. The proposed framework and mechanisms are evaluated by both 

machining and robotics applications. In practice, it is possible to establish 

an integrated manufacturing environment across multiple levels with the 

support of manufacturing Cloud and function blocks. It provides a 

flexible architecture as well as ubiquitous and integrated methodologies 

for the Cloud manufacturing system. 

 



 XIII 

 

Contents 

ABSTRACT .......................................................................................................................I 

KEYWORDS .................................................................................................................................. II 

SAMMANFATTNING ................................................................................................. III 

ACKNOWLEDGEMENTS ............................................................................................ V 

LIST OF AUTHOR’S RELEVANT PUBLICATIONS .............................................. IX 

JOURNAL PAPERS ....................................................................................................................... IX 
CONFERENCE PROCEEDINGS ................................................................................................... IX 
OTHER PUBLICATIONS ............................................................................................................. IX 

SUMMARY OF APPENDED PAPERS ...................................................................... XI 

CONTENTS ................................................................................................................. XIII 

LIST OF FIGURES ..................................................................................................... XVI 

LIST OF TABLES ....................................................................................................... XIX 

CHAPTER 1: INTRODUCTION ................................................................................. 3 

1.1. BACKGROUND .................................................................................................................... 3 
1.2. THE SCOPE OF THE RESEARCH......................................................................................... 5 
1.3. RESEARCH QUESTIONS ..................................................................................................... 6 

1.3.1.  Primary research questions ..........................................................................6 
1.3.2.  Secondary research questions .....................................................................6 

1.4. METHODS SELECTION ....................................................................................................... 6 
1.5. ORGANISATION OF THE DISSERTATION ......................................................................... 7 

CHAPTER 2: RELATED WORK .............................................................................. 11 

2.1. HUMAN-ROBOT COLLABORATION ................................................................................. 11 
2.1.1.  Human-robot local collaboration (HRLC) ........................................... 11 
2.1.2.  Human-robot remote collaboration (HRRC) ...................................... 16 

2.2. ROBOT ENERGY EFFICIENCY .......................................................................................... 18 

CHAPTER 3: HUMAN-ROBOT COLLABORATION ........................................... 23 

3.1. REMOTE HUMAN-ROBOT COLLABORATION ................................................................. 23 
3.1.1.  System development ..................................................................................... 23 



XIV    

 
 

3.1.2.  Methodology .................................................................................................... 25 
3.1.2.1.  Capturing snapshots ................................................................................. 25 
3.1.2.2.  Converting to grayscale ........................................................................... 25 
3.1.2.3.  Adjusting brightness and contrast ..................................................... 25 
3.1.2.4.  Gaussian smoothing .................................................................................. 25 
3.1.2.5.  Image thresholding ................................................................................... 26 
3.1.2.6.  Silhouettes labelling .................................................................................. 26 
3.1.2.7.  Camera calibration .................................................................................... 26 
3.1.2.8.  Construction of pillars ............................................................................. 27 
3.1.2.9.  Trimming of pillars.................................................................................... 29 
3.1.2.10. Solid prism representation .................................................................. 30 

3.1.3.  Implementation .............................................................................................. 32 
3.2. LOCAL HUMAN-ROBOT COLLABORATION .................................................................... 32 

3.2.1.  System development ..................................................................................... 32 
3.2.2.  Methodology .................................................................................................... 33 

3.2.2.1.  Kinect sensors calibration ..................................................................... 34 
3.2.2.2.  Depth image capturing ............................................................................ 35 
3.2.2.3.  Depth image processing .......................................................................... 37 
3.2.2.4.  Minimum distance calculation ............................................................. 38 

3.2.3.  Implementation .............................................................................................. 38 

CHAPTER 4: ENERGY MINIMISATION OF ROBOT MOVEMENT ................ 41 

4.1. SYSTEM DEVELOPMENT .................................................................................................. 41 
4.2. METHODOLOGY ............................................................................................................... 42 

4.2.1.  Denavit-Hartenberg (D-H) notation ...................................................... 43 
4.2.2.  Forward kinematics ...................................................................................... 44 
4.2.3.  Inverse kinematics......................................................................................... 44 
4.2.4.  Inverse dynamics ........................................................................................... 46 

4.2.4.1.  Forward recursion ..................................................................................... 46 
4.2.4.2.  Backward recursion .................................................................................. 47 

4.2.5.  Energy consumption ..................................................................................... 47 
4.2.6.  Energy optimisation ..................................................................................... 47 

4.3. IMPLEMENTATION........................................................................................................... 48 

CHAPTER 5: CASE STUDIES AND EXPERIMENTAL RESULTS .................... 49 

5.1. REMOTE HUMAN-ROBOT ASSEMBLY ............................................................................ 49 
5.1.1.  Case study for human-robot remote assembly ................................... 49 
5.1.2.  Results of remote human-robot assembly............................................ 51 

5.2. LOCAL HUMAN-ROBOT COLLABORATIVE ASSEMBLY .................................................. 52 
5.2.1.  Minimum safe distance ................................................................................ 52 
5.2.2.  Safe speed of robot ........................................................................................ 54 
5.2.3.  Safety scenarios for active collision avoidance .................................. 58 
5.2.4.  Collaboration scenarios .............................................................................. 61 
5.2.5.  Results for local human-robot collaboration ..................................... 63 

5.3. ROBOT ENERGY MINIMISATION ..................................................................................... 65 



 XV 

 

5.3.1.  Single trajectory energy minimisation .................................................. 65 
5.3.1.1.  Straight line scenario for weight carrying ......................................65 
5.3.1.2.  Square path scenario for friction-stir welding .............................66 

5.3.2.  3D energy map ................................................................................................ 68 
5.3.3.  Energy measurement in predefined paths ........................................... 69 

CHAPTER 6: CONCLUSIONS AND FUTURE WORK ......................................... 73 

6.1. CONCLUSIONS .................................................................................................................. 73 
6.2. LIMITATIONS OF THE STUDY .......................................................................................... 75 
6.3. FUTURE WORK ................................................................................................................. 75 

BIBLIOGRAPHY ......................................................................................................... 79 

APPENDIX A: MAIN IMPLEMENTATION CLASSES OF THE REMOTE 
HUMAN-ROBOT COLLABORATION ..................................................................... 87 

APPENDIX B: MAIN IMPLEMENTATION CLASSES OF THE LOCAL 
HUMAN-ROBOT COLLABORATION ..................................................................... 91 

APPENDIX C: MAIN IMPLEMENTATION CLASSES OF THE ROBOT 
ENERGY MINIMISATION ......................................................................................... 95 

 

 



XVI    

 
 

List of Figures 

Figure 1 Different aspects of sustainable manufacturing ............................ 4 
Figure 2 Levels of safety in human-robot shared environment .................. 5 
Figure 3 Organisation of the dissertation .................................................... 8 
Figure 4 Example of conventional industrial setup ....................................15 
Figure 5 From static to dynamic robotic safety installations .................... 16 
Figure 6 Human-robot remote collaboration ............................................ 18 
Figure 7 Energy based selection of robot trajectory .................................. 21 
Figure 8 System overview for remote human-robot collaborative 

assembly ...................................................................................... 24 
Figure 9 Shape approximation by trimming process ................................ 24 
Figure 10 Parameters and coordinate systems for camera calibration .... 27 
Figure 11 Construction of initial pillars ...................................................... 29 
Figure 12 Example of pillar-trimming process .......................................... 30 
Figure 13 Prism creation with different cut cases ...................................... 31 
Figure 14 Class diagram for remote human-robot collaborative  

assembly ...................................................................................... 32 
Figure 15 Active collision avoidance system .............................................. 33 
Figure 16 Kinect's detection range .............................................................. 34 
Figure 17 Retrieving the depth data from a Kinect sensor ........................ 35 
Figure 18 Stages of depth data processing ................................................. 36 
Figure 19 Class diagram for the active collision avoidance ....................... 39 
Figure 20 Energy minimisation module .................................................... 42 
Figure 21 (A) Robot's frame assignments, (B) D-H parameters. .............. 43 
Figure 22 The first joint angle projection on X-Y plane ............................ 44 
Figure 23 The second and third joint angles’ projection ........................... 45 
Figure 24 Module diagram for energy minimisation ................................ 48 
Figure 25 Results of case study for 3D modelling and remote 

assembly ...................................................................................... 50 
Figure 26 Comparison of computation time of the processing steps ........51 
Figure 27 Modelling errors vs. number of snapshots processed ...............51 
Figure 28 Parameters used for determining the minimum 

safe distance ................................................................................ 52 



 XVII 

 

Figure 29 Parameters used for calculating the robot's safe speed ........... 54 
Figure 30 Levels of danger for the operator's body regions ..................... 55 
Figure 31 Maximum permissible pressures applied on human body ...... 56 
Figure 32 Maximum permissible forces applied on human body ............ 56 
Figure 33 The effective mass values of the human's body regions  .......... 58 
Figure 34 (A) Collision-free trajectory planner, (B) Trajectory       

modification to avoid collision .................................................. 59 
Figure 35 Modification of movement vector ............................................. 60 
Figure 36 The human-robot safety strategies ............................................. 61 
Figure 37 Case study for human-robot collaboration ............................... 62 
Figure 38 Experimental setup for human-robot collaboration ................ 63 
Figure 39 Experimental setup for velocity measurement ......................... 64 
Figure 40 Results for velocity measurement using Kinect sensor ........... 65 
Figure 41 Energy minimisation results for square shape case study ....... 67 
Figure 42 An energy map in the workspace of an ABB IRB 1600 robot .. 68 
Figure 43 Case study paths for analysing the 3D energy map .................. 69 
Figure 44 The results of the energy optimisation for the case  

study paths ................................................................................. 70 
Figure 45 The measurements on the real robot of the case study paths ... 71 
Figure 46 Cloud-based framework for human-robot collaboration ......... 76 
Figure 47 Cloud-based framework of robot's energy minimisation .......... 77 
Figure 48 MainMenu class ......................................................................... 87 
Figure 49 ImageProcessingUI class ........................................................... 88 
Figure 50 PillarsCreateAndTrim class ....................................................... 89 
Figure 51 Robot class .................................................................................. 89 
Figure 52 ColourAdjustment and BrightnessContrast classes ................. 89 
Figure 53 CameraTransformation class ..................................................... 90 
Figure 54 Coordinates_projection class .................................................... 90 
Figure 55 MainApplication class ................................................................. 91 
Figure 56 Manager class ............................................................................. 92 
Figure 57 Controlling class ......................................................................... 93 
Figure 58 RobotControl class ..................................................................... 93 
Figure 59 Visualization2D and Visualization3D classes ........................... 94 
Figure 60 Wrapper class ............................................................................. 94 
Figure 61 Velocity class ............................................................................... 94 
Figure 62 OnlinePlannerCallable module ................................................. 95 
Figure 63 RobotSpec module ..................................................................... 96 
Figure 64 Trajectory, Target and Path modules ........................................ 96 
Figure 65 EnergyPoint module ................................................................... 97 



XVIII    

 
 

Figure 66 Map3D module ........................................................................... 97 
Figure 67 WorkingEnvelope module .......................................................... 98 
 



 XIX 

 

List of Tables 

Table 1 Relationship between the publications and the research  

questions ........................................................................................... 7 
Table 2 Calibration parameters for the Kinect sensor .............................. 35 
Table 3 Results of straight-line path from the optimisation module ....... 66 
Table 4 Square path scenario results from the optimisation module ...... 66 
Table 5 Square path scenario results from RobotStudio® ........................ 66 
Table 6 The joint values (deg) of the experiment paths with 

corresponding simulated energy consumption ............................ 69 
Table 7 Case study paths energy consumption comparison ...................... 71 
 
  









 

 

 

 

TOWARD A SUSTAINABLE  
HUMAN-ROBOT 
COLLABORATIVE PRODUCTION 
ENVIRONMENT 
  



 

  



 

Chapter 1: Introduction 

This chapter presents the motivations of the research work. The first 

section is a brief description of the research background, followed by the 

second section which defines the research problems. The third section of 

the chapter explains the scientific questions of the research. The scope of 

the research work is reported in the fourth section. Finally, the last 

section highlights the outline of this dissertation.  

1.1. Background 

In order to reduce the poverty level and improve the quality of life, 

several countries have worked actively during the last decades to develop 

and maintain good economies. However, the economic developments 

have led to unnecessary consumption of natural resources, pollution and 

ecological issues [1]. Consequently, many international organisations and 

countries realised the importance of sustainable development and defined 

strategies and policies toward better sustainability. Therefore, it is 

essential for companies situated in those countries to work toward 

greener production and be ready when the regulations are activated.  

The development consists of several aspects; one of the main aspects is 

sustainable manufacturing. One of the clear definitions of the sustainable 

manufacturing is the one from the US Department of Commerce [2] being 

“The creation of manufactured products that use processes that minimise 

negative environmental impacts, conserve energy and natural resources, 

are safe for employees, communities, and consumers and are 

economically sound”. This means that different aspects of manufacturing 

need to be improved and aligned with the objectives of sustainability. A 

good explanation of these aspects is reported in [3] which takes into 
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consideration the three dimensions of sustainability: economy, society 

and environment. Figure 1 illustrates the different aspects of sustainable 

manufacturing. 

 

Figure 1 Different aspects of sustainable manufacturing 

Based on the description of the sustainable manufacturing, the 

following aspects are named to be addressed as part of the objectives of 

this dissertation  work: 

1. Innovation: During the research work, the following innovative 

solutions were developed: 

a. Introduced a 3D model-driven robotic system that allows a 

distant operator to control a robot and perform a remote 

assembly. Using a single camera mounted on the robot’s end 

effector, the system is able to identify unknown objects within the 

robot’s workspace and introduce them automatically to a virtual 

3D environment to facilitate remote assembly operations. The 

system has been implemented on a physical robot and tested with 

basic assembly tasks. 

b. Presented a system to actively detect and avoid any unexpected 

collision between humans and robots to safeguard a collaborative 

environment. The system has been implemented and tested in a 

physical setup. 

c. Introduced an approach to constructing the dynamic model of the 

robot and determining the energy consumption of its movement. 
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The developed approach has been evaluated using experimental 

measurements on the physical robot. 

2. Using energy and resources efficiently: Reducing 

environmental impact and saving resources by minimising energy 

consumption is realised in this research work. A module has thus 

been developed to minimise the energy consumption of robot 

movements by selecting the most energy-efficient robot joints 

configurations.  

3. Good working conditions: Improving the working conditions of 

shop floor operators was one of the main intentions of this research. 

Therefore, the safety aspect was one of the major topics addressed in 

the research. As shown in Figure 2, the highest priority is dedicated to 

the human’s safety. This is achieved by using a set of depth sensors in 

a robotic cell to monitor human operators and control robots to avoid 

any possible collision. 

 

Figure 2 Levels of safety in human-robot shared environment 

1.2. The scope of the research 

The envisioned PhD study shall focus on the human-robot collaborative 

assembly of mechanical components, both on-site and remotely. It should 
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perspectives. The main research objective is to develop safe, energy-

efficient and operator-friendly solutions for human-robot collaborative 

assembly in a dynamic factory environment. 

1.3. Research questions 

The questions that are addressed in this research are explained in the 

following sections:   

1.3.1. Primary research questions 

The primary research questions to be addressed in this study include: 

PRQ 1. How to safely protect humans in a robot-coexisting environment? 

PRQ 2. How to plan and assign assembly tasks to humans and robots 

dynamically? 

PRQ 3. How to control robots and instruct humans during assembly in 

real time? 

PRQ 4. How to generate task-specific control codes without tedious low-

level programming? 

1.3.2. Secondary research questions 

The secondary research questions extend to: 

SRQ 1. How to decide robot trajectory and process parameters that lead 

to better energy efficiency while satisfying assembly quality and 

productivity? 

SRQ 2. How to deal with ad-hoc assembly scenarios remotely where the 

robot is treated as a manipulator? 

SRQ 3. How to calibrate robots adaptively to changes and effectively to 

interruptions? 

During the development of the study the research questions were 

answered and reported in a number of publications. Table 1 links the 

research questions with their relevant papers and dissertation chapters. 

1.4. Methods selection 

In order to carry out the research work, the following approaches are pre-

selected: 

1. Depth images of humans and 3D models of the robotic cell need to be 

used for active collision avoidance, where potential collisions are 

detected in an augmented environment and avoided by active robot 

control automatically. 
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2. Vision cameras need to be installed for automatic robot calibration 

and for remote trouble shooting, whereas remote monitoring and 

remote assembly are facilitated by sensor-driven Java 3D models. 

The standard Web browser is the primary user interface for remote 

assembly. 

3. Ad-hoc components arrived at an assembly cell need to be detected 

by camera images, based on which 3D models can be generated to 

guide remote assembly. In this case, a camera should only be used at 

the initial preparation stage; actual remote assembly is facilitated by 

the 3D models without cameras for better network performance. 

4. A dynamic model of an industrial robot needs to be composed to 

develop an energy minimisation module. To validate and evaluate the 

developed model, measurements and experiments on the physical 

industrial robot must be carried out. 

 

Table 1 Relationship between the publications and the research questions 

Chapter 
Research questions Relevant 

paper Primary Secondary 

 

Chapter 3:  

Human-robot 

collaboration 

PRQ 1  Paper 2 

PRQ 2 SRQ 2 

Paper 3 

Paper 4 

Paper 5 

PRQ 3 SRQ 3 Paper 2 

PRQ 4 

 Paper 2 

Paper 3 

Paper 4 

Paper 5 

Chapter 4: Energy 

minimisation of 

robot movement 

 

SRQ 1 

Paper 1 

Paper 6 

Paper 9 

Chapter 6: 

Conclusions and 

future work 

PRQ 1  Paper 7 

 SRQ 1 
Paper 7 

Paper 8 

1.5. Organisation of the dissertation 

As shown in Figure 1, this dissertation consists of six chapters.  
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Figure 3 Organisation of the dissertation 

Chapter 1 gives an introduction to the research background, 

challenges, as well as the primary and secondary objectives. This chapter 

also highlights the scope of the research work. The literature related to 

Chapter 1: Introduction
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Chapter 4: Robot movement energy minimisation
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Chapter 5: Case studies and experimental results

Paper 2

Paper 3

Paper 4

Paper 5

Paper 1

Paper 6

Paper 9
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the conducted research is reviewed in Chapter 2. Chapter 3 describes two 

approaches developed to facilitate a collaboration between an industrial 

robot and both remote and on-site operators. Chapter 4 explains the 

approaches developed in the research to minimise the energy 

consumption of the robot movement. Case studies and experimental 

results of this research are described in Chapter 5. Finally, discussions 

and conclusions together with the future work needed for expanding the 

research are explained in Chapter 6. 





 

Chapter 2: Related work 

This chapter consists of a literature review of the work related to this PhD 

study. The first section reports the related work in the human-robot 

collaboration field and reviews the different approaches presented by 

other researchers. This section is divided into two subsections: the first 

one reviews the local collaboration between humans and robots; the 

second one goes through the related work in the remote human-robot 

collaboration field. The last section is dedicated to review the literature 

related to the energy efficiency of robots.  

2.1. Human-robot collaboration 

Based on the characterisation scheme proposed by [4], the human robot 

collaboration is focused on level-8 of collaboration between the human 

and the robot. This means that the system will facilitate this collaboration 

automatically by showing the making the decisions needed to avoid 

accidents and warn the operator if it is needed. The operator can observe 

the status of the system during the run time.  

To address the collaboration between humans and robots, two types of 

human operators need to be taken into considerations. The first one is 

remote operators; the second one the local operators on a shop floor. The 

following sections explain the related work along those two directions. 

2.1.1. Human-robot local collaboration (HRLC) 

A human-robot collaborative setting demands local cooperation between 

both humans and robots. Therefore, the coherent safety of humans in 

such setting is highly important. This consists of contributions from both 

passive collision detection and active collision avoidance to monitor the 

shop floor operators and control the robots in a synchronised means. 
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In recent years, human-robot local collaboration has been reported by 

a number of researchers. [5] and [6] introduced an approach for 

controlling a humanoid robot to perform a cooperation with an operator. 

[7] provided a tool to allocate flexibly shop floor operators and industrial 

robots in a shared assembly setting. [8] presented a simulation based 

optimisation module with multiple objectives to assign and generate 

strategies for human-robot assembly tasks. [9] drew the attention to the 

availability and advantages of using different technologies in human-

robot collaboration environments. The main benefit of using human-

robot collaboration in a shared setup is to combine the reliability of the 

robots with the flexibility of the humans. Nevertheless, such a setup with 

fence-less interaction needs an accurate design to avoid any additional 

stress for the human working in that environment. Therefore, [10] 

intended to develop a suitable hybrid assembly setup by assessing the 

stress level of a human caused by the movement of a proximate robot. 

Moreover, [11] estimated the human's effective state in real time by 

considering the robot movement as an incitement; it is achieved by 

measuring the human biological activities such as heart beats, facial 

expression and perspiration level. In addition, [12] proposed a trust 

measurement scale that can be used for industrial human-robot 

collaboration cases. The study consists of two stages: the first one is to 

acquire a feedback from a number of operators based on a defined 

questionnaire; the participants’ answers were then used in the second 

stage to apply the results using three different industrial robots. 

Furthermore, [13] presented a roadmap that showed the importance of 

the human factor in the collaboration between the human and the robot. 

The research also explained how this factor can affect the level of success 

in establishing the collaboration. The human aspect is also highlighted by 

[14] which aimed to design an optimal human-robot collaborative 

environment. Their approach took into consideration both operational 

time and biomechanical load to define the means of collaborations in an 

industrial case study.  

In addition, [15] presented a theoretical framework to review the effect 

of the human organisational factor in the human-robot collaboration 

setup. It was achieved by introducing a case study to evaluate the level of 

success for the collaboration between the human and the robot. The 

results of the study showed that several human factors (participation, 

communication and management) can play an important role in the 

implementation of the human-robot collaboration. Furthermore, [16] 
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developed a sensor based framework that uses both depth and force 

sensors to control an industrial robot and establish a safe interaction 

between the human and the robot.  

Meanwhile, other researchers focused on using different techniques to 

develop methods for human-robot collaborations. Researchers such as 

[17] used Finite State Automata (FSA) to develop an approach that 

considers the collaboration between multiple operators and multiple 

robots. Another research [18] used physical interaction to define a 

collaboration between the human and the robot. The presented approach 

measured the currents of the robot’s motors and controlled the robot 

accordingly. Other researchers [19] introduced a collaborative robot that 

can interact with the human without the need for additional sensors using 

the counterbalanced mechanism (CBM). In addition, [20] presented an 

augmented reality tool for supporting the human operator in a shared 

assembly environment. The tool uses video and text based visualisations 

to instruct the operator during the assembly process.  

A number of recent researches aimed to develop approaches that can 

perceive and protect humans working with robots in shared 

environments. These approaches are mainly based on two methods: (1) 

constructing a vision based system that can track the human in the 

robotic cell [21] by combining the detection of the human's skin colour 

and its 3D model, and (2) inertial sensor-based approach [22] using 

geometry representation of human operators generated with the help of a 

motion capturing suit. Real-industrial experiments indicate that the latter 

approach may not be considered as a realistic solution as it relies heavily 

on the presence of a set of sensors attached to a specific uniform that the 

operator needs to wear and the drawback of capturing the movement 

around the person wearing the uniform, leaving the neighbouring objects 

undetected. This can create a safety issue as there may be a possibility of 

collision between a moving object and a standing-still operator. This is 

explained in detail together with other sensing methods in the literature 

survey [23]. 

The efficiency of vision based collision detection has been the interest 

for several research groups. For instance, [24] developed a multi-camera 

collision detection system, whereas a high-speed emergency stop was 

utilised in [25] to avoid a collision using a specialised vision chip for 

tracking. In addition, [26] presented a projector-camera based approach. 

It is achieved by identifying a protected zone around the robot and 

defining the boundary of that zone. The reported approach is capable of 
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detecting dynamically and visually any safety interruption. [27] presented 

an approach consisting of a triple stereovision system for capturing the 

motion of a seated operator (upper-body only) by wearing coloured 

markers. However, methods that depend on colour consistency may not 

be suitable in environments with uneven lighting conditions. 

Furthermore, the markers for tracking of moving operators may not be 

clearly visible within the monitored area. Contrary to markers, a ToF 

(time-of-flight) camera was utilised in [28] for collision detection, and an 

approach using 3D depth information was introduced in [29] for the 

same purpose. The usage of laser scanners in these approaches provides 

proper resolution but generates high computational latency, since each 

pixel or row of the captured scene needs to be analysed individually. 

Nonetheless, ToF cameras present high performance solution for depth 

images acquisition, but with incompetent level of pixel resolution (with 

the ability to reach 200 x 200) and with relatively high cost. Recently, 

[30] built a three-dimensional grid to trace foreign objects and recognise 

humans, robots and background using data from 3D imaging sensors. 

Currently, [31] used depth information from single Kinect sensor to 

develop an approach for collision avoidance. 

Moreover, other researchers aimed to integrate different sensing 

techniques to track humans and robots on shop floors like the work 

reported in [32], which developed a collision-free robotic setting by 

combining the outputs of both ultrasonic and infrared proximity sensors. 

In addition, researchers such as [33] introduced a direct interaction 

between the human and the robot by fusing both force/torque sensors 

and vision systems into a hybrid assembly setup. 

At the same time, several commercial systems were presented as safety 

protection solutions. One of the widely accepted choices is SafetyEYE® 

[34], which uses a single stereo image to determine 2½D data of a 

monitored region and detect any interruption of predefined safety zones. 

An emergency stop will be triggered once an operator enters into any of 

the safety zones of the monitored environment. Nevertheless, these safety 

zones are static since they cannot be updated during run time. 

In order to fulfil the market demands for high productivity, several 

companies used a large number of industrial robots in their production 

lines. However, the same companies are faced today with new demands 

for a wide range of products with different specifications. To fulfil these 

new demands, many companies try to increase the adaptability of their 

production lines. This is a challenging task due to the fact that these 
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production lines were designed initially for high productivity. One of the 

most valuable solutions is to establish safe and collaborative 

environments in these production lines. These environments allow the 

operators to work side by side with the robots. With such environments, 

the production lines can combine the high productivity of the industrial 

robots with the high adaptability of the human operators.  

However, the current interaction between a robot and a human in an 

industrial setup is relatively limited. In such setup, the human and the 

robot are working on different tasks, in different time intervals and with 

different resources. Figure 4 shows an example of conventional industrial 

setup with human-robot interaction. 

 

Figure 4 Example of conventional industrial setup 

It is important to sustain a high productivity during human-robot 

collaboration. Therefore, there is a need to adopt a low price and reliable 

online safety systems for effective production lines where shop floor 

operators share the tasks with industrial robots in a collision-free 

fenceless environment. Despite the successes of safety approaches in the 
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In addition, most of the current commercial safety solutions rely on 

defining static regions in the robotic cell with limited possibilities of 

Shop floor 
operatorIndustrial 

robot

Robot’s 
working 

envelope

Industrial 
fence

Laser 
curtains

Interaction 
region

Conveyer 

Raw 
material

Human 
robot 

interaction 
region



16   CHAPTER 2: RELATED WORK 

collaboration. Focusing on finding a solution to the mentioned problem, 

this part of the dissertation presents a novel approach to introducing a 

safe and protected environment for human operators to work locally with 

robots on the shop floor. Its novelty includes: (1) successful recognition of 

any possible collision between the robot’s 3D models and the human’s 

point cloud captured by depth sensors in an augmented-reality 

environment, and (2) active avoidance of any collision through active 

robot control. The developed system can dynamically represent the robot 

with a set of bounding boxes and control the robot accordingly. This 

opens the door to several possibilities of closer collaborations between the 

human and the robot. Figure 5 explains this approach. 

 

Figure 5 From static to dynamic robotic safety installations 

2.1.2. Human-robot remote collaboration (HRRC) 

In recent years, researchers have developed various tools to program, 

monitor and control industrial robots. The aim is to reduce possible robot 

downtime and avoid collisions caused by inaccurate programming, 
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virtual system for modelling and visualising remote industrial sites. The 
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perform industrial collaborative tasks. The results of this research showed 

that the developed approach can be considered as a tool for training the 

novice operators. Additional approach reported by [37] focused on 

developing a multilayer distributed architecture to control remote robots 

and establish a collaborative behaviour among robots and humans driven 

by a set of defined rules. Other research such as [38] indicated the 

possibility of establishing collaboration between a mobile robot and an 

expert operator. The research also showed that the approach can be used 

to perform maintenance and service tasks in industrial settings. 

Other researchers focused on defining a convenient method for remote 

interaction between the human and the robot. For instance, the work 

presented by [39] introduced a cyber hub infrastructure to allow the 

remote operators to command the robot using hand gestures. The 

developed approach showed as well that a group of distributed operators 

can control concurrently several distant robots. Other research groups 

such as [40] investigated the usage of motion and force scaling to 

establish a human robot remote collaborative manipulation based on 

virtual tool dynamics. Another research [41] showed the potential of 

using a master-slave distributed system to remotely control a lightweight 

microsurgery robot. The operator in this case was supported by a 

feedback to simulate the force reflections applied at the end-effector of 

the robot. 

Establishing remote robotic laboratories was the main focus for other 

researchers such as [42]. The latter research focused on developing a 

platform for remote human-machine interaction using simulation based 

cloud server for visualisation. Another example is the approach presented 

by [43] which introduced a collaboration tool to allow learners to access 

to a remote laboratory which consists of robots and automation 

equipment. 

Both laser scanners and vision cameras are common techniques to 

convert unknown objects to virtual 3D models. Modelling objects using 

stereo vision cameras was the main focus for several researchers [44]–

[46], whereas others, including [47] adopted a pre-defined library of 3D 

models to match the real desired objects. However, the stereo vision 

camera-based approach suffers from two drawbacks: (1) the utilised 

equipment is expensive and less compact, and (2) it lacks the ability to 

capture and model complex shapes from fixed single viewpoint due to 

limited visibility. 
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2D vision systems can also be applied to model unknown objects. By 

taking a number of snapshots of an object from different viewpoints, the 

object can be modelled based on analysing the silhouette in each 

snapshot. For example, [47] and [48] focused on modelling the object in 

high accuracy and with details. 

Despite the fact that these approaches were successful in their 

reported applications, they are unable to model multiple objects in a 

single run. Besides, they lack the ability to model objects remotely. 

This part of the research proposes a new approach to constructing 3D 

models of multiple arbitrary objects, simultaneously, based on a set of 

snapshots taken for the objects from different angles. This approach is 

implemented through a system that allows an operator to perform 

assembly operations from a distance. Figure 6 illustrate the concept. 

 

Figure 6 Human-robot remote collaboration 
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energy consumption by almost 50%. Another method presented by 

Weinert et al. [52] focused on the identifying the energy consumption and 

managed to reduce the energy consumption by describing the production 

operations as a set of energy blocks and then determining the energy 

consumed in each block.  

In addition, another research [53] focused on optimising the energy 

consumption by planning the trajectory of the robot based on the 

dynamic model of it. Furthermore, a research presented by [54] 

developed an energy efficient trajectory planner that minimised the 

robot’s mechanical energy consumption using a sequential quadric 

programming solver. Another research [55] took into consideration the 

dynamic model of the robot including friction losses, as well as servo 

motors and inverters losses to plan the trajectory of the robot. Moreover, 

other researchers [56] calculated the energy consumption by taking into 

consideration the actuating energy of the robot and the grasping forces of 

its gripper. Furthermore, the research reported by [57] focused on 

presenting a method to optimise the energy consumption of industrial 

robot with serial or parallel structure. Another work [58] presented a 

literature survey for the analyses of the energy consumption of the 

industrial robots. The survey addresses the different losses that the 

industrial robots suffer from and how it is possible to model 

mathematically these losses and calculate the energy consumption. In 

addition, [59] developed a multi-criteria trajectory planner which takes 

into consideration the energy consumption of the robot. The approach 

took into account avoiding the obstacles around the robot and minimising 

its travelling time. Designing the robot from energy efficiency aspect was 

the focus of [60]. In their approach, a design for five degrees of freedom 

industrial robot arm was presented. The approach considered three 

holistic design criteria with the energy as one of them. 

Meanwhile other researchers like [61] explained how the dynamic 

behaviour of an industrial robot in assembly settings can affect the energy 

consumption. The energy consumption was analysed using a multi-

domain simulation tool. The study compared the results from the 

simulation with the ones from the real robot to evaluate the accuracy of 

the approach. 

Other researchers such as [62] worked on minimising the energy 

consumption of multiple robots sharing the same environment and with 

multiple tasks. The research indicated the importance of the 

synchronisation of the robots’ operations within a system of multi-robots. 
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Another interesting approach [63] introduced methods to generate a 

collision-free path of a robot with the reduction of energy consumption in 

a simulation environment. Furthermore, another research [64] presented 

a method to determine the excitations of the robot’s motors and 

minimising the electromechanical losses at the same time. Another 

approach [65] investigated the possibilities of minimising the energy 

consumption by optimising the load distribution between two industrial 

robots sharing the same task. 

Several researchers on the other hand examined the possibilities of 

minimising the energy consumption of machine tools. For example, Mori 

et al. [66] demonstrated the ability to reduce the energy consumption by 

adjusting specific cutting conditions as well as controlling the 

acceleration to maintain a proper synchronisation between the spindle 

acceleration and its feed system. This approach provides a useful tool for 

changeable machining operations. Furthermore, the work presented by 

Vijayaraghavana and Dornfeld [67] highlighted the impact of monitoring 

the energy consumption of the machine tools by associating consumed 

energy with performed machining tasks. Behrendt et al. [68] investigated 

the nature of energy consumption in different machine tools and 

evaluated their efficiencies, accompanied by energy demand modelling 

[69]. 

Analysing the robot workspace from the energy perspective was also 

the focus for other researchers. For example, [70] introduced an 

approach to generating an energy map of a robot’s working envelope. The 

map was presented as a set of 3D-grid points that explain the energy 

consumption of the robot’s movement between them.  

Within the assembly domain, many research teams focused their work 

on studying the energy efficiency of industrial robots. Several tools have 

been developed to calculate and analyse the energy consumption of the 

robots. For example, the work presented by Verscheure et al. [71] 

suggested several strategies to efficiently reduce energy consumption in 

robot related applications. Another example is the scheduling method 

presented in [72] which generates multiple energy-optimal robotic 

trajectories using dynamic time scaling. The method showed that it is 

possible to reduce the energy consumption of a multi-robotic system by 

changing the execution time frames of the robot’s paths. Furthermore, 

another research [73] addressed the problem of finding the optimal 

robotic task sequence to reduce the energy consumption. The research 
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introduced an extension for the Travelling Salesman Problem (TSP) to 

handle the multiple degrees of freedom for the industrial robots. 

Despite the significant effort made toward energy-efficient machines 

and machining, successful use of energy during robotic assembly remains 

a challenge and requires further investigations. This is due to the fact that 

kinematic and dynamic features of the robots are governed by robot 

controllers instead of shop floor operators. This part of the dissertation 

introduces an approach to minimising the energy consumption of an 

industrial robot’s movements. It is achieved by developing a module that 

optimises the robot’s joint configuration to follow a certain trajectory 

defined by an operator. The optimisation is based on selecting the most 

energy efficient robot configurations. Figure 7 shows an example of the 

functionality of the developed approach. 

 

Figure 7 Energy based selection of robot trajectory  
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Chapter 3: Human-robot collaboration 

This chapter presents the developed environment of this research, which 

can provide collaborations between humans and robots. The first section 

describes the methodology and system implementation of remote human-

robot collaboration, followed by the system implementation of local 

human-robot collaboration in the second section. 

3.1. Remote human-robot collaboration 

The proposed system demonstrates the ability to identify and model any 

arbitrary incoming objects to be assembled using an industrial robot. The 

new objects are then integrated with the existing 3D model of the robotic 

cell in the structured environment of Wise-ShopFloor [74]–[76], for 3D 

model-based remote assembly. 

3.1.1. System development 

The system consists of four modules: (1) an application server, 

responsible for image processing and 3D modelling; (2) a robot, for 

performing assembly operations; (3) a network camera, for capturing 

silhouettes of unknown/new objects; and (4) a remote operator, for 

monitoring/control of the entire operations of both the camera and the 

robot. The system is connected to a local network and the Internet. Figure 

8 shows the details of the developed system. 

The network camera is mounted near the end effector of the robot. 

First, the robot moves to a position where the camera is facing the objects 

from above to capture a top-view snapshot. The system then constructs 

the primary models of the objects by converting their silhouettes in the 

top-view snapshot to a set of vertical pillars with a default initial height. 

After that, the camera is used to take a sequence of new snapshots of the 

objects from other angles. Projecting the silhouettes of each snapshot 



24   CHAPTER 3: HUMAN-ROBOT COLLABORATION 

back to the 3D space generates a number of trimmed pillars. The 

intersections of these pillars identify the final 3D models of the objects. 

Figure 9 shows the 2D layer of a simplified trimming process of one 

object after the top-view snapshot, where the bounding polygon including 

errors is used to approximate the actual object. 

  

Figure 8 System overview for remote human-robot collaborative assembly 

 

 

Figure 9 Shape approximation by trimming process 
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3.1.2.  Methodology 

Stage 1: Image processing 

Image processing steps are performed to recognise the features of the 

captured objects through their extracted silhouettes. The details of those 

steps are explained below. 

3.1.2.1. Capturing snapshots 

An IP-enabled network camera mounted near the end-effector of the 

robot is used to take a sequence of snapshots. These images are then sent 

to the application server for processing. 

3.1.2.2. Converting to grayscale 

The colour images are converted to grayscale to reduce computational 

complexity, by taking the average value of RGB values of each pixel in the 

images. 

3.1.2.3. Adjusting brightness and contrast 

Finding the right pixel intensity highly relies on the lighting conditions of 

the working environment and the settings of the camera. Therefore, the 

brightness and contrast are adjusted based on the lighting conditions of 

the developed system. 

3.1.2.4. Gaussian smoothing 

A zero mean Gaussian filter is used to remove the noise from the image 

and improve the accuracy of extracted silhouette. It is achieved by 

applying Equation 1, where the output image 𝐻(𝑖, 𝑗) is the convolution of 

the input image 𝑓(𝑖, 𝑗) and the Gaussian mask 𝑔(𝑘, 𝑙). 

𝐻(𝑖, 𝑗) = 𝑓(𝑖, 𝑗) ∗ 𝑔(𝑘, 𝑙) = ∑   ∑ 𝑓(𝑖 − 𝑘, 𝑗 − 𝑙) ∗ 𝑔(𝑘, 𝑙)

(𝑚−1)/2

𝑙=−[(𝑚−1)/2]

(𝑛−1)/2

𝑘=−[(𝑛−1)/2]

 (1) 

The discrete form of convolution is performed which goes through 

each element in the convolution mask and multiply it with the value of 

the corresponding pixel of the input image; the sum of these 

multiplications is assigned to the pixel in the output image. 
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3.1.2.5. Image thresholding 

This process identifies the silhouette pixels in the image by assigning 

certain intensity values to them. It starts by scanning the image pixel by 

pixel while comparing its intensity value with a threshold value. Each 

pixel in the image will have either white or black intensity value 

depending on whether it is higher or lower than the threshold value. 

3.1.2.6. Silhouettes labelling 

This process is to assign a specific label for each silhouette in the image. 

The connected component labelling algorithm [77] is chosen due to its 

efficiency. The process starts by scanning the image pixel by pixel to find 

one that belongs to one of the silhouettes, followed by examining its 

neighbouring pixels. If one or more neighbouring pixels already have a 

label, the algorithm assigns the lowest label to the pixel. Otherwise, a new 

label is assigned. The outcome of labelling operation is a two-dimensional 

array where each element represents a pixel, and each silhouette is 

represented by a unique label. 

Stage 2: 3D modelling 

3.1.2.7. Camera calibration 

The mathematical model of the camera is defined using the pinhole 

camera model [9] due to its acceptable level of approximation. 

Constructing that model requires camera’s calibration to determine its 

parameters and identifies its physical location. The calibration includes: 

(1) focal length, (2) optical centre, (3) radial distortion coefficients, and 

(4) tangential distortion coefficients. Figure 10A illustrates some of the 

parameters. 
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Figure 10 Parameters and coordinate systems for camera calibration 
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snapshot; these silhouettes help the system to construct an initial 

representation of the 3D models. These models are represented by a set of 

pillars in 3D space, each of which corresponds to one pixel with a non-

zero value in the image plane. The construction of the initial pillars is 

accomplished by applying Tsai’s camera model [78], as described in 

Equations 2-6. 

𝑥′ =
𝑥

𝑦
  (2) 

𝑦′ =
𝑦

𝑧
 (3) 

𝑟2 = 𝑥′2 + 𝑦′2 (4) 

𝑥′′ = 𝑥′(1 + 𝑘1𝑟
2 + 𝑘2𝑟

4 + 𝑘3𝑟
6) + 2𝑝1𝑥

′𝑦′ + 𝑝2(𝑟
2 + 2𝑥′2) (5) 

𝑦′′ = 𝑦′(1 + 𝑘1𝑟
2 + 𝑘2𝑟

4 + 𝑘3𝑟
6) + 2𝑝2𝑥

′𝑦′ + 𝑝1(𝑟
2 + 2𝑦′2) (6) 

where k1, k2, k3 are radial distortion coefficients and p1, p2 are 

tangential distortion coefficients. The projected point on the image plane 

represented by UV pixels coordinate is calculated using Equations 7-10. 

𝑓𝑥 = 𝑓 × 𝑠𝑥    (7) 

𝑓𝑦 = 𝑓 × 𝑠𝑦 (8) 

𝑢 = 𝑓𝑥 × 𝑥
′′ + 𝑐𝑥 (9) 

𝑣 = 𝑓𝑦 × 𝑦
′′ + 𝑐𝑦 (10) 

Equations 7 and 8 introduce two different focal length coefficients: fx 

and fy; this is due to the fact that the individual pixels on a typical CCD 

image sensor are rectangles. Therefore, pixel’s dimensions are defined by 

sx and sy. 

Figure 11 illustrates the construction of the pillars. The system 

introduces a temporary height for the pillars to overcome the lack of 

depth information in the top view snapshot. This height is based on the 

maximum height of the objects. The extra length of the pillars will be 

trimmed off later during the process. 
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Figure 11 Construction of initial pillars 
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Figure 12 Example of pillar-trimming process 
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however, can be achieved by creating a solid prism representation for the 

trimmed pillars. 

 

Figure 13 Prism creation with different cut cases 
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surface patch of each prism as its surface normal affects its visibility. As 

shown in Figure 13, three end points in counter clockwise order are used 

to create a surface patch with an outer visibility. Moreover, three cases of 

pillar division (cut) caused by the subsections of pillars are also 

considered during prism creation, as illustrated in Figure 13. 

3.1.3.  Implementation 

The system reported in Section 3.1.1 is developed using Java as a 

programming language. It is achieved by constructing classes to handle 

the functionalities needed for the system. Figure 14 illustrates the 

structure of those classes. The main classes developed for the system are 

highlighted with numbers and described in detail in Appendix A. 

 

Figure 14 Class diagram for remote human-robot collaborative assembly 
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performance and flexibility. An industrial robot, ABB IRB 1600, is 

utilised to construct a physical human-robot collaborative assembly cell 

for testing and verification. A PC of Intel 2.7 GHz Core i7 CPU with 12 GB 

RAM is introduced as a local server responsible for collision avoidance, 

which runs a 64-bit Windows 7 operating system. With the aid of Java 

3D, this collision avoidance server is utilised for image processing and for 

establishing a collision-free environment. Moreover, two Microsoft Kinect 

sensors (depth cameras) are installed to obtain the depth images of 

operators in the robotic cell. The interface with the Kinect sensors is 

implemented with the help of a C++ open source library. 

 

Figure 15 Active collision avoidance system 
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by determining the most proximate distance between the robot and 

obstacles (including operators), then active collision avoidance is 

performed. Furthermore, the velocity of the approaching operator is 

calculated to ameliorate the system responsiveness. The following 

sections explain the details of the mechanism for this approach. 

3.2.2.1. Kinect sensors calibration 

The depth vision systems culled in this research are Microsoft Kinect 

sensors (depth cameras) equipped with a spatial resolution of 640×480, 

11-bit depth, and a field of view of 58×40 deg., which can measure the 

depth information from 0.5 to 5.0 m, as described in Figure 16. A 

calibration of the Kinect sensors is needed to determine the distance 

values. It is accomplished by measuring a particular surface from 

different distances. To amend the precision of the distance calculation, 

Equation 11 is implemented for optimising the sensor’s parameters. 

 

Figure 16 Kinect's detection range 
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where n represents the raw 11-bit to describe the distance from the 

Kinect sensor and k1 – k4 are the calibration parameters. The parameters 

are computed after optimisation with their values described in Table 2 

Table 2 Calibration parameters for the Kinect sensor 

Parameter 
Measured value 

Unit 
Kinect sensor 1 Kinect sensor 2 

k1 1.1873 1.18721 rad 

k2 2844.7 2844.1 1/rad 

k3 0.12423 0.1242 m 

k4 0.0045 0.01 m 

 

3.2.2.2. Depth image capturing 

To communicate with the depth sensors and access its raw data (colour, 

depth, etc.), the libfreenect userspace driver for Microsoft Kinect is 

selected and used. The first step is initialising the driver to detect all 

connected Kinect sensors in order to access the depth data, followed by 

the second step of reading the depth streams through a call-back 

function. The third stage is to retrieve the depth frame and then 

processing it pixel by pixel in the final stage, as shown in Figure 17. As 

soon as there is a new depth frame available, a call-back function is 

triggered to copy the data, make pre-processing and pass it to the 

processing stage. 

 

Figure 17 Retrieving the depth data from a Kinect sensor 
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Figure 18 Stages of depth data processing 
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3.2.2.3. Depth image processing 

In this research, 3D models are utilised to represent a well-defined shop-

floor environment. A set of position sensors is linked to the collision 

avoidance system to define the behaviour of the 3D models and monitor 

the shop-floor in real time.  

The present pose of the robot can be introduced and visualised to the 

human-robot shared environment by reading the joint values from the 

position sensors and reflecting those readings on the 3D model of the 

robot. 

Concurrently, the human operator can be represented as point cloud 

with the assistance of the depth images from the Kinect sensors. Three 

Kinect sensors are employed for surveillance of unstructured unknown 

objects in the robotic cell, including mobile operators who lack the 

representation in the 3D space. The concept is illustrated in Figure 15. 

The most proximate distance between the virtual 3D model of the robot 

and camera information about the operator’s location is utilised to detect 

any collision in an augmented environment. This approach helps to 

sustain the rapid processing. An appropriate decision can be made 

assisted by the calculated minimum distance, which leads to efficient 

avoidance of any possible collision. 

The detailed procedures of depth images capturing and analyses are 

described in Figure 18. To maintain the efficiency of the system, using the 

background images captured in the calibration stage, the procedure 

continues by subtracting the background from the depth images. This 

step helps to decrease the processing time. Depth information captured 

for the movement of the robot is subtracted as well from the depth 

information by projecting back the robot model to the depth images. 

Consequently, merely the unknown objects are kept in the captured depth 

information, as shown in Figure 18, where the images in the third row 

depict a human operator as the subject of interest after employing a 

noise-removal filter and connected-component algorithm. Then the noise 

associated with the captured point cloud is eliminated by performing a 

statistical outlier removal filter. 

Identifying the human operator from three cameras is achieved by 

converting the captured images to point clouds represented in the robot 

coordinate system, then fusing them into one point cloud after registering 

the images. The captured point cloud of the human operator is then 

superimposed to the 3D model of the robot to construct an augmented 

environment, helping the system to calculate successfully the minimum 
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distance between the point cloud and the 3D robot model. Figure 18 

additionally shows the outcome of the depth images processing at 

different stages. 

3.2.2.4. Minimum distance calculation 

The point cloud of the human operator contains a considerable amount of 

data, despite the fact that the size of the image data is considerably 

decremented after background removal. Consequently, minimising the 

point cloud representation becomes essential in the implementation, 

which leads to the enhancement of system performance. Minimum 

bounding boxes are selected and assigned to the 3D point clouds to 

improve the calculation of collision detection. A bounding box aligned 

with the axes of the 3D space is introduced in the developed system for 

smooth visualisation and simple representation utilising the two opposite 

corners of a box. 

3.2.3. Implementation 

Using Java as a development tool, the collision avoidance system 

presented in Section 3.2.1 is implemented. Therefore, a set of classes has 

been created to handle the functionalities needed for the system. Figure 

19 shows the relationships among these classes. The main classes 

developed for the system are highlighted with numbers and detailed in 

Appendix B. 
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Figure 19 Class diagram for the active collision avoidance
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Chapter 4: Energy minimisation of robot 
movement 

This chapter consists of the description of the approach to minimise the 

robot’s energy consumption by selecting the most energy-efficient robot 

configurations. It is achieved by constructing the robot’s dynamic model 

and analyse the robot’s trajectory from the energy perspective. The first 

section of the chapter explains the developed system and its components. 

The second section provides a description of the methodology used in the 

development. The last section highlights how the system is implemented. 

4.1. System development 

In order to fulfil the research objective, an optimisation module has been 

developed using MATLAB®. As shown in Figure 20, this module aims to 

solve five tasks: ❶ to affiliate the predefined trajectory of a robot’s TCP 

(tool centre point) with its velocity and acceleration; ❷ to solve the 

inverse kinematics of the trajectory and determine the robot’s joint 

configurations; ❸ to calculate both the forward and backward recursions 

of the robot model, the results of which are used for solving the inverse 

dynamics of the robot trajectory; ❹ to determine the energy consumption 

for each joint configuration; and ❺ to select the robot’s optimal joint 

configuration based on the calculated values of energy consumption. 

Here, each joint configuration represents one set of joint angles to place 

the TCP in the defined position and orientation along the trajectory. 
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Figure 20 Energy minimisation module 
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particular. After analysing the force and torque on each joint, the most 

energy-efficient joint configuration of the robot is determined. As an 

example, an ABB IRB 1600 industrial robot is chosen for explanations 

below. 

4.2.1. Denavit-Hartenberg (D-H) notation 

By implementing the D-H notation, the kinematic coefficients are 

identified and the joint frames of the robot are defined. The notation 

assigns frames at the joints of the robot from its base to end-effector. The 

z-axes of these frames are aligned with the joints’ rotation axes, as shown 

in Figure 21. For simplification, frames 4-6 are placed at the robot wrist 

with the same origin. 

 

Figure 21 (A) Robot's frame assignments, (B) D-H parameters. 
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4.2.2. Forward kinematics 

The forward kinematics of the robot is calculated by multiplying the 

transformation matrices of the robot joints as clarified in Equation 12 to 

define the pose of the robot’s end-effector with respect to its base. 

𝐓(𝜃1…𝜃6)TCP
0 = 𝐓(𝜃1).1

0 𝐓(𝜃2).2
1 𝐓(𝜃3).3

2 𝐓(𝜃4).4
3 𝐓(𝜃5).5

4 𝐓(𝜃6).6
5 𝐓TCP

6  =  [ 𝐑TCP
0 𝐏
0 1

] (12) 

where, T j
i is the transformation matrix between link i and j, TTCP

6  is that 

between TCP and joint 6, RTCP
0  and P  are the rotation matrix and 

translation vector, respectively. 

4.2.3. Inverse kinematics 

Based on the kinematic features of the robot, the first three joints control 

the end-effector’s position and the last three joints control its orientation. 

The process is started first by solving the configuration of the first joint 

𝜃1 in Equation 13. It is accomplished by considering that 𝜃1 changes the 

position of robot’s wrist in the X-Y plane as illustrated in Figure 22. 

𝜃1 = {
𝑎𝑡𝑎𝑛2 (𝑃𝑦𝑤, 𝑃𝑥𝑤)

      𝑎𝑡𝑎𝑛2 (−𝑃𝑦𝑤 , −𝑃𝑥𝑤)
 (13) 

 

Figure 22 The first joint angle projection on X-Y plane 
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Figure 23 The second and third joint angles’ projection 

𝑐𝑜𝑠𝜃3 =  −
𝑑2
2 + (𝑎2 + 𝑎3)

2 − [(𝑃𝑧𝑤 − 𝑑1)
2 + 𝑟2]

2(𝑎2 + 𝑎3)𝑑2
 (14) 

𝑟 = √(𝑃𝑥𝑤 − 𝑎1𝑐𝑜𝑠𝜃1)
2 + (𝑃𝑦𝑤 − 𝑎1𝑠𝑖𝑛𝜃1)

2
 (15) 

𝜃3 = {
𝑎𝑡𝑎𝑛2 (+√1 − 𝑐𝑜𝑠2𝜃3, 𝑐𝑜𝑠𝜃3)

𝑎𝑡𝑎𝑛2 (−√1 − 𝑐𝑜𝑠2𝜃3, 𝑐𝑜𝑠𝜃3)
 (16) 

The calculations then continue by finding joint2 value 𝜃2  using 

Equation 17. 

𝜃2 = 𝑎𝑡𝑎𝑛
𝑃𝑧𝑤 − 𝑑1

𝑟
− 𝑎𝑡𝑎𝑛

(𝑎2 + 𝑎3)𝑠𝑖𝑛𝜃3
𝑑2 + (𝑎2 + 𝑎3)𝑐𝑜𝑠𝜃3

 (17) 

The orientation of the robot wrist against the base is then determined 

by using Equation 18. The rotation matrix of the rest of the joints can be 

calculated by Equation 19. 

𝑅𝑤
0 = 𝑅 (𝜃1, 𝜃2, 𝜃3). 𝑅4

3 (𝜃4 = 0)3
0  (18) 

𝑅𝑧𝑥𝑧(𝜃4, 𝜃5, 𝜃6) = 𝑅𝑊
0 . 𝑅𝑇𝐶𝑃

0 . 𝑅𝑇 = [

𝑟11 𝑟12 𝑟13
𝑟21 𝑟22 𝑟23
𝑟31 𝑟32 𝑟33

]𝑇𝐶𝑃
6  (19) 

The configurations of the last three joints can be computed in 

Equations 20-25 using Euler angles: 𝛼, 𝛽, and 𝛾. 
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𝛽 =

{
 
 

 
 𝑎𝑡𝑎𝑛2(+√𝑟31

2 + 𝑟32
2 , 𝑟33)

𝑎𝑡𝑎𝑛2(−√𝑟31
2 + 𝑟32

2 , 𝑟33)

 (20) 

𝛼 = 𝑎𝑡𝑎𝑛2(
𝑟13
𝑠𝑖𝑛𝛽

, −
𝑟23
𝑠𝑖𝑛𝛽

) (21) 

𝛾 = 𝑎𝑡𝑎𝑛2(
𝑟31
𝑠𝑖𝑛𝛽

, −
𝑟32
𝑠𝑖𝑛𝛽

) (22) 

𝜃4 = 𝛼 (23) 

𝜃5 = −𝛽 (24) 

𝜃6 = 𝛾 (25) 

4.2.4. Inverse dynamics 

Recursive Newton-Euler Algorithm (RNEA) [80] is adopted in this 

research for its reliable results. The first step is to calculate the inertial 

tensor matrices of the robot using the 3D model of the robot together 

with SolidWorks® software.  

The procedure of solving the inverse dynamics is divided into two 

steps: forward and backward recursions as explained below. 

4.2.4.1. Forward recursion 

Starting from the first robot link to the last one, the algorithm determines 

the linear and angular motions of each link of the robot. Since the robot 

will start from a standstill state, the initial values initial values of 

velocities and accelerations are set to zeros. Consequently, the angular 

velocity 𝜔𝑖  and acceleration 𝛼𝑖  of link 𝑖 are calculated together with the 

linear accelerations 𝑎𝑖 and 𝑎𝑐𝑖  of link 𝑖, using Equations 26-29. 

𝜔𝑖 = 𝐑𝑇 . 𝜔𝑖−1 + 𝑧𝑖𝑖
𝑖−1 . �̇�𝑖 (26) 

𝛼𝑖 = 𝐑𝑇 . 𝛼𝑖−1 + 𝑧𝑖𝑖
𝑖−1 . �̈�𝑖 +𝜔𝑖 × 𝑧𝑖 . �̇�𝑖 (27) 

𝑎𝑖 = 𝐑𝑇 . 𝑎𝑖−1 + �̇�𝑖 + 𝑟𝑖−1,𝑖 + 𝜔𝑖 × (𝜔𝑖 × 𝑟𝑖−1,𝑖) 𝑖
𝑖−1  (28) 

𝑎𝑐𝑖 = 𝐑𝑖
𝑖−1 . 𝑎𝑖−1 + �̇�𝑖 × 𝑟𝑖−1,𝑐𝑖 +𝜔𝑖(𝜔𝑖 × 𝑟𝑖−1,𝑐𝑖) (29) 
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4.2.4.2. Backward recursion 

The process continues by obtaining the force and torque that affect the 

movement of each joint. The calculation begins with the last link and ends 

with the base of the robot. Using the angular velocity and acceleration 

values calculated in the previous step, the gravity vector 𝑔0 is represented 

in a frame for each link in Equation 30. 

𝑔𝑖 = 𝐑𝑇 . 𝑔0𝑖
0  (30) 

The force 𝑓𝑖+1 and torque 𝜏𝑖 of link 𝑖 are calculated using Equations 31-

32. At the same time, the external force 𝑓N+1 and torque 𝜏N+1 applied to 

the robot’s end-effector are considered implicitly. The mechanical loses 

are modelled through Coulomb and viscous friction with respective 

coefficients 𝜏𝑐𝑖  and 𝜏𝑣𝑖. 

𝑓𝑖 = 𝐑𝑖+1
𝑖 ∙ 𝑓𝑖+1 +𝑚𝑖(𝑎𝑐𝑖 − 𝑔𝑖) (31) 

𝜏𝑖 = 𝐑𝑖+1
𝑖 ∙ 𝜏𝑖+1 − 𝑓𝑖 × 𝑟𝑖−1,𝑐𝑖 + 𝐑𝑖+1

𝑖 ∙ 𝑓𝑖+1 × 𝑟𝑖,𝑐𝑖 + 𝜔𝑖 × (𝐼𝑖 ∙ 𝜔𝑖) + 𝐼𝑖 ∙ 𝑎𝑖 + 𝜏𝑐𝑖𝑠𝑖𝑔𝑛(�̇�𝑖). 𝑧𝑖 + 𝜏𝑣𝑖�̇�𝑖. 𝑧𝑖  (32) 

4.2.5. Energy consumption 

First, the power consumed at each joint in a certain time interval 𝑘 is 

calculated. Then, the power consumptions of all joints are accumulated to 

get the total power consumption of the robot, as described in Equations 

33 and 34. 

𝑃𝑖(𝑘) = (𝜏𝑖(𝑘) ∙ �̇�𝑖(𝑘)) (33) 

𝑃(𝑘) =∑𝑃𝑖(𝑘)

𝑛

𝑖=1

 (34) 

The process continues by computing the energy consumption in 

Equation 35, where 𝑑𝑡𝑘 is the time duration of the robot path. 

𝐸 = ∫ 𝑃(𝑡)𝑑𝑡 ≅ ∑𝑃(𝑘). 𝑑𝑡𝑘

𝑀

𝑘=0

𝑡𝑀

𝑡0

 (35) 

4.2.6. Energy optimisation 

Energy optimisation is performed as a final step to select the most 

energy-efficient robot configuration from the calculated configurations to 

perform the assembly tasks. 
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4.3. Implementation 

A set of modules in Matlab® have been created to handle the 

functionalities needed for the system. Figure 24 shows the relationships 

among these modules. The main modules developed for the system are 

highlighted with numbers and detailed in Appendix C. 

 

Figure 24 Module diagram for energy minimisation 
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Chapter 5: Case studies and experimental 
results  

This chapter describes the validation experiments and testing results of 

the developed system. The first section handles the case studies used to 

evaluate the remote human-robot collaborative assembly. The second 

section clarifies the case studies and results used to evaluate the 

functionalities of the local human-robot collaborative assembly. The 

evaluation is based on the risk assessments reported by the ISO safety 

standard. The last section explains the experimental results of the energy 

minimisation module. 

5.1. Remote human-robot assembly 

The remote assembly modules and functions are implemented in Java 

and integrated to the Wise-ShopFloor. The application server utilised in 

the approach runs on a computer with Intel Core i5 2.8 GHz processor 

and 4 GB RAM running on Windows Vista Home Basics operating 

system. 

5.1.1. Case study for human-robot remote assembly 

Four basic objects are selected for a case study to assess the practicality of 

the developed system. Figure 25 explains the experimental results of the 

main stages of the image processing and 3D model generation. 

In this case study, seven snapshots were taken for 3D models 

generation. Increasing the number of snapshots from difference angles 

could improve the quality of the generated 3D models. However, the 

processing time would be longer. 
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Figure 25 Results of case study for 3D modelling and remote assembly 

To evaluate the developed system, a hypothetic scenario is envisioned. 

A remote operator “assembles” the models one on top of another to create 

a stack using a 3D robot model. Concurrently, the real robot moves the 

actual objects accordingly. During the assembly, the needed control 

commands are transmitted from the virtual robot to the real robot, 

automatically without the need for additional robot programming. 

Additional features have been developed to improve the cycle time of 

the assembly operations by introducing vision-based tools to pick and 

place the objects. By analysing the top view snapshot, the system is able 

to calculate the centres of gravity of the objects and generate the suitable 

robot trajectories for pick-and-place. 

 

❶ Initially no 3D models

❸ During trimming process ❹ Three modelled parts

❺ During remote assembly ❻ Final assemblled parts

❷ Construction of pillars 
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5.1.2. Results of remote human-robot assembly 

The system has been verified for ten times and the average computation 

time for each processing step was computed. Figure 26 shows the 

percentage of the processing time of each step with respect to the total 

time required to perform the image processing. It is found that although 

the system can process an image in ±4 sec, the silhouette labelling 

consumes 36.4% of the total processing time. This high processing 

percentage is due to the nature of the labelling algorithm that scans the 

image pixel by pixel and examines the neighbouring pixels of each pixel. 

 

Figure 26 Comparison of computation time of the processing steps 

 

Figure 27 Modelling errors vs. number of snapshots processed 
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To perform the 3D modelling, seven snapshots were taken. The results 

of the pillar trimming in each snapshot are recorded. Figure 27 shows the 

difference between the actual pillar height of an object and that of its 3D 

model after processing each snapshot. The accuracy of pillar trimming is 

quite high as the error converges quickly to a small value after snapshot 7 

in about 24 sec. 

5.2. Local human-robot collaborative assembly 

5.2.1. Minimum safe distance 

It is clear to see that that distance between the human and the robot in a 

shared environment is the key factor that describes the level of 

collaboration between them. On the other hand, working in close 

proximity with the robot increases the probabilities of having collisions 

leading to serious injuries. Therefore, the challenge is to develop a system 

that can provide a safe and collaborative environment for the operator 

and the robot. 

To control the robot effectively, it is important to determine the safe 

distance between the human and the robot. This distance is the key factor 

for selecting the suitable safety strategy for the developed system and 

controlling the robot properly. As Figure 28 illustrates, different aspects 

affect the calculation of the safe distance; the first one is the approaching 

speed of the human operator, the second is the response time of the 

control system. Based on ISO 13855:2010 standard [81], Equation 36 

explains how the safe distance can be calculated. 

 

Figure 28 Parameters used for determining the minimum safe distance 

Ds = the minimum safe distance
K = human approaching speed
Td = safety decision-making time
Ts = Robot stopping time

K

Td Ts

Ds 

Monitored zone

Approaching operator
Industrial robot



 53 

 

𝐷𝑠 = (𝐾 × (𝑇𝑑 + 𝑇𝑠)) + 𝐶 (36) 

where: 

Ds = the minimum safe distance, in millimetres (mm)  

K = the maximum speed in which the human can approach the 

robot, in millimetres per second (mm/s) 

Td = the time between detecting the distance and issuing a control 

command, in seconds (s)  

Ts = the response time of the robot, which is the time required for 

the robotic system to react, in seconds (s) 

C = a parameter used to adjust the proximity between the human 

and the robot based on the level of collaboration, the value should be 

equal of greater that zero, in millimetres (mm) 

By examining the distance formula, it is found that the distance relies on 

the following factors: 

1. The approaching speed of the operator toward the robot (K); the 

following are the typical types of approaches considered in the 

formula:  

a. The operator approaching the robot by walking, the speed of the 

walking varies from one person to another. Therefore, it depends 

on different factors such as age, body type, physical condition and 

personality. To fulfil the safety aspect, the maximum walking 

speed needs to be considered. 

b. The movement of the human’s upper extremity; this relies on the 

physical features of the human arms. Therefore, the maximum 

movement needs to be considered. 

2. The maximum response time of the detection system (Td). This 

represents the time between detecting a human by the Kinect sensors 

and the generation of proper robot control commands. This can be 

decomposed into two portions: the first is the maximum processing 

time of calculating the closest distance between the human and the 

robot, and the second is the maximum decision-making time for the 

collision avoidance system. 

3. The stopping time of the robot (Ts). This represents the maximum 

time between issuing the control command from the collision 

avoidance system and having the physical response from the robot. 

In addition, it is realised that other abnormal approaches such as 

running, jumping and falling are not considered in the formula. To 
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handle these scenarios, two additional approaches need to be 

followed: 

a. A set of clear warnings and safety instructions must be in place 

where the operator can see before approaching the robot. 

b. Hard-wired sensing devices need to be installed to detect this 

kind of behaviours and react immediately by stopping the robot 

completely. 

5.2.2. Safe speed of robot 

Controlling the robot speed is the first step in initiating a collaborative 

environment which allows the operator working side by side with the 

robot and share tasks and resources together. To facilitate this, the robot 

speed needs to be reduced to an acceptable safety level. This reduction 

needs to take into consideration the several human and robot parameters 

that are highlighted in Figure 29. 

 

Figure 29 Parameters used for calculating the robot's safe speed 

Based on ISO/TS 15066:2016 [82] standard, the maximum 

permissible robot speed is then calculated using Equation 37. 

𝑉𝑚𝑎𝑥 =
𝑝𝑚𝑎𝑥 ∗ 𝐴

√(
1
𝑚𝐻

+
1
𝑚𝑅
)−1 ∗ 𝑘

 
(37) 

 

where: 

Human hand

Robot gripper

A

Vmax

mH

mR

Legend
A ------------------ area of contact between robot and body region
mH ------------------------------ effective mass of human body region
mR -------------------------------------------------effective mass of robot

Vmax -- maximum speed between robot and human body region

Workpiece
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mH = the effective mass of the operator’s body region, in kilograms 

Kg. 

mR = the effective mass of the robot, in kilograms Kg. 

Pmax = the maximum permissible pressure value, in Newton per 

centimetre2 N/cm2. 

k = the effective spring constant, in Newton per millimetre N/mm. 

 

It is clear to see that different aspects affect the speed calculation. The 

following is a description of these aspects:  

1. The human biomechanical limits: Several approaches [83]–[85] 

have been reported to analyse and assess the limits of the different 

parts of the human body. These studies focused on addressing the 

potential injuries caused by external object colliding with the human 

body in different regions. In addition, the limits for permissible forces 

and pressures applied to those regions are identified. The results of 

these studies were also highlighted in the recent guidance from 

ISO/TS 15066:2016 [82].  

Based on these studies, the different regions of the operator’s body 

have been examined and ranked based on the level of danger in 

collision. Figure 30 shows the operator body model with the level of 

danger for each part. 

 

Figure 30 Levels of danger for the operator's body regions 
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Figure 31 Maximum permissible pressures applied on human body 

 

Figure 32 Maximum permissible forces applied on human body 
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Furthermore, the permissible pressures applied to different parts of 

the human body are determined. Figure 31 explains the maximum 

permissible pressures applied on different regions of the body. 

In addition, Figure 32 shows the limitations of the forces that can be 

applied on the human body. 

2. The area of contact between the human and the robot: When 

the human and the robot collide with each other, they made contact 

with certain areas of their surfaces. These areas are known as the 

contact areas and they can affect the robot speed control based on the 

scenario of the collision. Therefore, the following cases of collisions 

are considered to determine the value of the area: 

a. If the human and the robot colliding on a single point, then the 

smallest area of contact is selected; whether it is on the surface of 

the operator or the robot. For instance, if the operator’s hand 

collides with the robot, then the contact area of the hand is 

selected. 

b. If the human and the robot colliding on multiple points, then the 

smallest area of contact of these points is considered. 

3. The spring constants of the human body parts: These 

constants have different values for different parts of the operator’s 

body. These values are determined based on the human body feature 

listed in a table in the standard ISO/TS 15066:2016 [82]. 

4. The effective mass of the human body part: Different parts of 

the operator’s body have different effective mass values; these values 

are shown in Figure 33. It is assumed that the operator will be 

standing up during the usual human-robot collaboration. Therefore, 

the thighs, knees and lower legs of the operator handle the impact of 

the operator’s full body and this reflects on the mass values of these 

parts. 

5. The effective mass of the robot: This parameter can be 

determined based on the robot posture and motion using Equation 

38. 

𝑚𝑅 =
𝑀

2
+𝑚𝐿 (38) 

 

where: 
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M = the total mass of the moving parts of the robot  

mL = the effective payload of the robot, which includes both the gripper 

and the workpiece. 

 

Figure 33 The effective mass values of the human's body regions [82] 

5.2.3. Safety scenarios for active collision avoidance 

Two safety cases are introduced to provide a collision-free environment 

during human-robot collaboration. The first one is to stop the movement 

of the robot if operators are perceived in close distance and resume the 

robot motion once the operators walk away. Tasks with limited degrees of 

freedom (for example, inserting operations in assembly) can profit from 

that scenario. The second case shown in Figure 34 (A) is to dynamically 
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0

10

20

30

40

50

60

70

80

O
p

er
at

o
r'

s 
Ef

fe
ct

iv
e 

m
as

s 
 K

g



 59 

 

 

Figure 34 (A) Collision-free trajectory planner, (B) Trajectory modification to avoid collision 

Detecting an obstacle along the planned robot path activates the 

system to step in and adjust dynamically the robot trajectory. Based on 

the calculated distance to the obstacle, the robot trajectory is modified 

during the robot movement. Figure 34 (B) shows the vectors needed for 

controlling dynamically the robot path. Collision vector c is defined as the 

vector from the robot’s end-effector to the nearest obstacle. Then the 

robot’s direction of movement is represented by the vector vc, which can 

be decomposed into a parallel component vc||c and a perpendicular 

component vcc against the collision vector c. The parallel component is 

determined in Equation 39 by calculating the dot product between the 

movement vector and a collision versor pointing to the direction of the 

collision vector. The collision versor represents a unit vector and shares 

the same direction of the collision vector. The perpendicular component 

is then computed using Equations 40 and 41. The parallel component 

representing the motion approaching the obstacle is thus modified to 

prevent any possible collision. The modification is supported by the 

computation of the distance between the obstacle and the robot end-

effector in this case, resulting in a vector va||c. A new vector of modified 

robot motion can then be generated from vcc and va||c as clarified in 

Equation 42. 

𝑉𝑐  ∥  𝐶 = (𝑉𝑐 ∙ �̂�) ∙ �̂� (39) 
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�̂� =
𝐶

|𝐶|
 (40) 

𝑉𝑐  ⊥  𝐶 = 𝑉𝑐 − 𝑉𝑐  ∥ 𝐶 (41) 

𝑉𝑎 = 𝑉𝑎  ∥ 𝐶 + 𝑉𝑐  ⊥ 𝐶 (42) 

Taking distance-to-obstacle ||c|| into consideration, Figure 35 

illustrates the disparity between the parallel component and the 

movement vector. The colour distribution indicates the modified value of 

the parallel component va||c of the collision vector. The line indicated by 

 is the predicted movement toward the obstacle and line  is the 

predicted movement in the opposite direction. Two threshold values dth1 

and dth2 are defined to change the parallel component of the movement 

vector. The latter component remains the same as long as the distance-to-

obstacle ||c|| is greater than dth2. When ||c|| is smaller than dth1, the 

parallel component receives a defined negative value, pointing to the 

opposite direction of the obstacle. In the case that dth1  ||c||  dth2, the 

parallel component is modified linearly as shown in Figure 35 to maintain 

the steadiness of the movement. 

 

Figure 35 Modification of movement vector 

Based on the calculated shortest distance-to-obstacle, one of four 

safety strategies is activated to control the robot. Figure 36 describes four 

cases where the four safety strategies can be utilised:  an audio warning 
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is triggered once an operator enters into the monitored area, and at the 

same time the speed of the robot is decreased to prepare for a full stop;  

a retrievable stop interruption is sent to the robotic system if the human 

enters into a defined hazard zone; however,  when the human continues 

to walk towards the robot (e.g. for inspection, etc.), the robot arm will 

move away automatically to maintain a safe distance from the operator to 

avoid any possibility of collision; and  a modification in the current 

robot trajectory to actively prevent any collision with the operator while 

the robot is moving. Once the operator exits the monitored area, the robot 

(in cases  and ) will proceed the task from where it stopped. Applying 

the four safety strategies ensures a minimum down-time on the robot side 

as it replaces the traditional emergency stops with recoverable temporary 

interruptions. At the same time, the operator is guaranteed to step in and 

out the robotic cell freely and safely, even though the robot is in 

operation, which strengthens the productivity on the human side. As 

expected, the last three safety strategies are especially important for 

operators to perform shared tasks with robots. Switching between the 

three safety strategies is possible at any moment. 

 

Figure 36 The human-robot safety strategies 
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operator during a shared assembly operation. One more collaboration 

case could be that the robot sustains a safe distance from the 

collaborating operator during assembly. For example in Figure 38, the 

robot follows the human hand to facilitate a shared task. The operator’s 

responsibility is to coordinate the robot during the assembly. The 

collision avoidance responsibility is to control the robot at the time of 

picking and delivering assembly parts. Switching between following and 

avoiding behaviours of the robot can be implemented by a simple button 

press or through a voice command; this provides a consistent 

collaboration between the human and the robot. 

 

Figure 37 Case study for human-robot collaboration 
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Figure 38 Experimental setup for human-robot collaboration 

5.2.5.  Results for local human-robot collaboration 

Additional analyses of the developed system indicate possibilities of 

determining the velocity of any foreign object in the robotic cell. The 

calculation of the object’s velocity is based on tracking the object’s 

positions in 3D space with regard to time. To assess the efficiency of the 

velocity calculation, an experimental setup was established by mounting a 

pendulum in the robotic cell and tracks its movement during the steady 

state swinging. Equations 43 and 44 explain the calculation of the 

maximum velocity of the pendulum mathematically. 

The calculation is then compared with actual measured velocity. Figure 

39 shows the pendulum setup in the robotic cell and Figure 40 depicts the 

measured velocity of the pendulum during the experiment. 

𝑃𝐸 + 𝐸𝑘 = 𝑐𝑜𝑛𝑠𝑡 →  𝑚𝑔ℎ +
𝑚𝑣2

2
= 𝑐𝑜𝑛𝑠𝑡 → 𝑚𝑔ℎ𝑚𝑎𝑥 =

𝑚𝑣𝑚𝑎𝑥
2

2
 (43) 

𝑣𝑚𝑎𝑥 = ±√2𝑔ℎ𝑚𝑎𝑥 = ±√2 ∗ 9.80665 𝑚/𝑠
2 ∗ 0.2 𝑚 = ±1.98 𝑚/𝑠 (44) 

where PE is potential energy, Ek is kinetic energy, m is the mass of the 

pendulum, g is the gravity of Earth, h is pendulum position over the 

reference level, hmax is pendulum position at its highest point, v is 

pendulum velocity, vmax is the maximal velocity of the pendulum at its 

lowest point. 
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Figure 39 Experimental setup for velocity measurement  

It is found that the measurement suffers from a degree of uncertainty 

and statistical noise. Therefore, a Kalman filter [86] is implemented to 

reduce the noise. It uses a recursive approach to estimate the object 

velocity based on a series of measurements captured by a Kinect sensor 

over time. Using this filter leads to more accurate results from the 

measurements. 
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Figure 40 Results for velocity measurement using Kinect sensor 

The results show that the system is able to detect the velocity of any 

foreign object and control the robot accordingly. To integrate the results 

of this section with the developed system, additional implementations are 

needed. For instance, detecting the velocity allows the developed system 

to predict the position of the obstacle which can help to handle high-

speed motions of the human and reduce the processing delays. 

Additional results related to the developed active collision avoidance 

system are reported in [87]. 

5.3. Robot energy minimisation 

5.3.1.  Single trajectory energy minimisation 

5.3.1.1. Straight line scenario for weight carrying 

A straight line segment starting at (596, 0, 662) and ending at (596, -211, 

580) was examined as weight carrying movement in assembly operation. 

The performance of the optimisation module was evaluated with and 

without a payload. The evaluation was based on a comparison between 

our optimisation module and robotic simulation software, RobotStudio®. 

Table 3 depicts that the module resulted in a more energy-efficient 

configuration. 
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Table 3 Results of straight-line path from the optimisation module 

Start 
conf. 

Start 
joint values 

End 
conf. 

End joint 
values 

Energy 
consumption [J] Payload 

Module RobotStudio 

(0,0,0,x) 
























0
5.95

0
7.42
13.38
0

 

(-1,0,0,x) 




























52.2
56.72
55.28
6.28
22.27
21.29

 

19.6 28.7 0kg 

27.5 38.4 6kg 

 

5.3.1.2. Square path scenario for friction-stir welding 

The second case study emulates friction-stir welding in a square shape 

path. Similar to the pervious case, the optimisation module was tested 

with and without a payload. The results of energy-optimised path 

following with a payload are shown in Figure 41. 

Tables 4 and 5 summarise the results from the optimisation module 

and the ones from RobotStudio®, respectively. Due to the optimisation of 

robot dynamics in terms of joint configurations, differences in energy 

consumption are clear from the results. 

Table 4 Square path scenario results from the optimisation module 

Joint values at four corners of the square path Energy consumption [J] 

1 2 3 4 
without 
payload 

with 
payload 




























22.08
46.61
30.56
4.49
37.83
21.69

 




























20.27
54.73
32.60
22.54
27.45
26.10

 




























29.59
55.62
45.16
12.63
33.22
35.82

 




























32.88
47.18
43.57
5.17
43.19
30.37

 

68.7 71.3 

Optimal 
configuration 
(-1, 1, 0, x) 

 

Table 5 Square path scenario results from RobotStudio
®
 

Joint configuration 
Energy consumption [J] 

without payload with payload 

(-1, 1, 0, x) 80.5 88.8 

(1, 1, 0, x) 150.0 158.0 

(-1, -1, 1, x) 104.9 112.5 
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Figure 41 Energy minimisation results for square shape case study 
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5.3.2.  3D energy map 

In this case study, the square path was examined at different locations 

within the robot’s workspace. Energy consumption is optimised at each 

location in the workspace. Figure 42 depicts a 3D energy map of the 

robot, where the energy consumptions are represented in colours from 

green to red. Using the energy map as a guide, an engineer can place a 

workpiece in a location of low energy level in a robotic assembly cell. It is 

obvious that the areas in red or close to red should be avoided for energy 

saving. 

 

Figure 42 An energy map in the workspace of an ABB IRB 1600 robot 

X [m]

Z [m]

Y [m]

[J]
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Figure 43 Case study paths for analysing the 3D energy map 

5.3.3. Energy measurement in predefined paths 

A case study emulates assembly task which requires moving the robot in a 

certain trajectory is introduced. As shown in Figure 43, this path is tested 

in two different locations to examine the correctness of using the energy 

map. Two identical paths placed respectively in “green” and “red” zones 

are considered. 

Table 6 describes the robot’s joints values for the first target in the first 

and second path. 

Table 6 The joint values (deg) of the experiment paths with corresponding simulated energy 

consumption 

Path 
Joint 

1 
Joint 

2 
Joint 

3 
Joint 

4 
Joint 

5 
Joint 

6 
Energy [J] 

First  
53 38 -13 30 -91 -139 463 

-126 68 -2 90 149 131 434 

Second  
-6 -9 -29 45 -22 -153 201 

173 110 1 18 121 79 451 

 

 

Second PathFirst Path

Area with 
high energy 

consumption

Area with 
low energy 

consumption

ABB IRB1600 ABB IRB1600
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Figure 44 The results of the energy optimisation for the case study paths 

The case study is introduced to the optimisation module as well as to 

RobotStudio® and the real robot. The results of energy-optimised path 

following are shown in Figure 44. 

The case study is also introduced to RobotStudio® and the results are 

recorded for later comparison.  

Furthermore, the case study paths are performed on the real robot 

(ABB IRB 1600) to evaluate the accuracy of the optimisation. The results 

are illustrated in Figure 45. 
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Figure 45 The measurements on the real robot of the case study paths 

The measurements are determined using a 3-phase voltage module (NI 

9244) and a current module (NI 9238) from National Instrument™. 

Table 7 summarise the results from the optimisation module and the ones 

from RobotStudio®, respectively. Due to the different placement of the 

path, a difference in energy consumption is clear from the results. These 

results indicate that the energy map presented in Figure 42 is valid and 

can be used for energy optimisation of the robot. 

Table 7 Case study paths energy consumption comparison 

Path 
Energy consumption [J] 

Measured RobotStudio
®
 Optimisation module 

First  635 170 463 

Second  275 60 201 

Second PathFirst Path





 

Chapter 6: Conclusions and future work 

This chapter summarises the conclusions and the future work related to 

the developed approaches in this research. Based on the results in 

Chapter 5, several conclusions have been found. These conclusions are 

reported in the first section of the current chapter. The second section 

identifies the limitations of the current implementation that needs further 

improvements, and states the plans for the future work. 

6.1.  Conclusions 

This PhD study is focused on developing a sustainable and safe human-

robot collaborative production environment. It includes three systems 

that can be deployed on the shop floor to enhance the sustainability of 

production lines from the environmental and societal perspectives. The 

results of the development show that the systems are capable of achieving 

their intended objectives. 

The first system provides a novel approach for the remote operators to 

monitor and control a physical industrial robot in a virtual robotic 

environment. The 3D models of the components to be assembled are 

constructed based on the snapshots of the components captured by a 

robot-mounted IP camera. Due to the real-time network speed constraint, 

the camera cannot be used during assembly – thus this vision-assisted 

and 3D model-based approach. This allows the operator to perform a 

remote assembly tasks using robots located in hazardous sites. A case 

study has been performed for evaluating the performance of the system. 

The experimental results of the case study show that the developed 

system can generate a set of 3D models in about 24 sec based on seven 

snapshots. The efficiency can be improved by parallel image processing 



74   CHAPTER 6: CONCLUSIONS AND FUTURE WORK 

during the travel time when the robot is moving for the next snapshot. 

Additional snapshots can be utilised to improve the modelling accuracy of 

more complex objects. 

The accuracy of a 3D model may be attributed to: (1) camera 

calibration, (2) camera resolution, and (3) the distance between an object 

and the camera. 

The second system is an effective tool for actively avoiding collisions 

between humans and robots, which provides reliable and coherent safety 

protection in a human-robot collaborative environment. The aim of the 

developed system is to enhance the overall performance of the robotic 

system. It is achieved by fusing the 3D models of the robots with the point 

clouds of human operators in an augmented environment using series of 

depth and vision sensors for active collision detection and avoidance. By 

comparing the developed approach with the traditional safety systems, 

two major benefits can be identified: the first one is allowing immersive 

collaboration between humans and robots; the second one is the reduced 

downtime of the robotic cell with the co-existence of humans. This 

approach can detect possible collisions in real-time and actively control 

the robot in one of the four safety modes: alarming the human operator, 

stopping the robot, moving the robot away from the approaching operator 

through recoverable interruptions, or online modification of the robot 

trajectory at runtime. This approach thus provides better adaptability and 

productivity. Furthermore, a local human-robot collaborative scenario 

has been validated for the purpose of enabling the robot to track the 

operator to facilitate a shared assembly task. 

The third system developed in the research is an optimisation module 

that combines the selection of the robot’s energy-efficient configurations 

with the wise usage of robot workspace in the low energy area. The 

optimisation module selects the robot’s joint configurations that consume 

the lowest energy. Given that energy consumption also depends on the 

location of a workpiece in the robot workspace, the concept of energy map 

is proposed and developed to advise shop floor engineers for workpiece 

placement towards low energy consumption. On the other hand, energy 

consumption in robotic assembly is influenced by robot kinematics, 

dynamics, task requirements and the technical features of robots in terms 

of design. Except the last one, the energy behaviours of robots are 

modelled mathematically in this research, which is useful for energy-

efficient robot trajectory planning. 
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6.2. Limitations of the study 

A few limitations were identified during the study and they can be 

summarised in the following points: 

1. Achieving sustainability in manufacturing is a large-scale goal that 

requires joint efforts from researchers around the world. Therefore, 

this research focused particularly on developing solutions to a few 

aspects toward sustainable manufacturing. The developed solutions 

can be integrated with other researcher’s solutions. This will lead to a 

significant enhancement for the sustainability of the robotic system 

in the production line. 

2. The highest percentage of robots usage nowadays is linked with the 

assembly applications. Therefore, the research was aimed to define 

sustainable solutions for robots used mainly in assembly lines. Other 

robotic applications (such as welding or cutting) can be considered in 

the future to further evaluate the developed solutions. 

6.3. Future work 

The future work for the remote assembly system will be centred on the 

following aspects: 

1. Enhancing the accuracy of the assembly operation. 

2. Improving the repeatability of the developed approach. 

3. Extending the developed user interface to include friendlier and more 

interactive components. 

4. Enhancing the efficiency of the developed tool by improving the 

performance and reducing the computational time. 

5. Introducing more complex and realistic case studies to evaluate the 

overall functionalities of the developed system. 

 

The future work for the active collision avoidance system can be 

summarised as follows: 

1. Introducing the safety strategies to assembly planning to match the 

behaviour of the robot with the nature of the planned task. This leads 

to more advanced collaborative assembly between humans and 

robots. 

2. As illustrated in Figure 46, assigning the less time-critical tasks of the 

developed system to high-performance cloud-based resources [88]. 

This can shorten the execution time and improve the scalability of the 

system. 
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On the other hand, the future work of the energy optimisation module 

can be focused on the following aspects: 

1. Improving the modelling of the robot’s dynamic components by 

identifying the technical features of robots such as energy loss in 

motors, gears and couplings. 

2. Performing additional validations for the energy model and the 

optimisation approach. 

3. As shown in Figure 47, allocating the simulation module of the 

implementation to high performance cloud-based resources [88]. 

This can reduce the computational time and improve the 

scalability of the system. 

 

 

Figure 46 Cloud-based framework for human-robot collaboration 
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Figure 47 Cloud-based framework of robot's energy minimisation  
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Appendix A: Main implementation classes of the 
remote human-robot collaboration 

The following are descriptions of the main classes used in the 

implementation of the remote human-robot collaboration: 

1. MainMenu: As presented in Figure 48, this class is the main 

component of the implementation. It is responsible for managing the 

steps of the image processing and 3D modelling by calling the related 

methods one by one. 

 

Figure 48 MainMenu class 

 

2. ImageProcessingUI: As detailed before, the development is based 

on Wise-ShopFloor framework. Therefore, this class is developed for 

constructing a plugin for the user interface of the image processing 

stage. As shown in Figure 49, the class consists of several methods to 

generate the components of the interface and handle the behaviour of 

the mouse. 
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Figure 49 ImageProcessingUI class 

3. PillarsCreateAndTrim: This class is responsible for generating the 

trimming of pillars used in the implementation to construct the 3D 

shapes. As shown in Figure 50, the class has several methods for 

creating, trimming and visualising the pillars. 
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Figure 50 PillarsCreateAndTrim class 

4. Robot: As shown in Figure 51, this class is responsible for 

constructing the 3D environment of the user interface and adding the 

3D model of the robot to it. 

 

Figure 51 Robot class 

5. ColourAdjustment and BrightnessContrast: These classes are 

used for processing the captured snapshots as an initial step to detect 

the unknown objects and extract them later. As illustrated in Figure 

52, the classes have methods to remove noise and adjust the 

parameters of the captured images such as the brightness and 

contrast levels. These parameters can be adjusted both manually 

(through the user interface) or automatically (running in the 

background). 

 

Figure 52 ColourAdjustment and BrightnessContrast classes 
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6. CameraTransformation: The responsibility of this class is to 

handle the transformation of coordinate systems between the robot’s 

base and the camera. It is important for correctly allocating the 

pillars and the generated models in the 3D space. Figure 53 shows the 

class and its methods. 

 

Figure 53 CameraTransformation class 

7. Coordinate_projection: This class is used to project the points 

from the 3D world coordinate system to the image plane. It is 

important for creating and trimming the pillars as well as generating 

3D models. As Figure 54 illustrates, this class takes into account the 

reduction of the optical distortion in the camera’s images. 

 

Figure 54 Coordinates_projection class 
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Appendix B: Main implementation classes of the 
local human-robot collaboration 

The main classes used in the implementation of the local human-robot 

collaboration are the following: 

1. MainApplication: This class is responsible for constructing the 

user interface of the collision avoidance system. As shown in Figure 

55, this class have methods for the interface visualisation. In addition, 

it has methods for the mouse behaviour and the different commands 

that the user can send to the robot. 

 

Figure 55 MainApplication class 

2. Manager: This class is responsible for managing the functionalities 

of the collision avoidance system. The class has several methods for 

controlling the robot and activating the safety strategies. In addition, 
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the class has methods for activating the 2D and 3D visualisations. The 

list of these methods is presented in Figure 56. 

 

Figure 56 Manager class 

3. Controlling: As illustrated in Figure 57, this class is responsible for 

activation and deactivating the connection with the robot to monitor 

and control it. 
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Figure 57 Controlling class 

4. RobotControl: As shown in Figure 58, this class is responsible for 

generating the commands for the robot to move it, stop or control its 

speed. Furthermore, the class handles the communication with the 

robot by sending control messages and receiving the robot’s latest 

status. 

 

Figure 58 RobotControl class 

5. Visualization2D and Visualization3D: As illustrated in Figure 

59, these classes are responsible for maintaining the 2D and 3D 

visualisations of the depth data, the human 3D point cloud and the 

robot’s 3D model. 
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Figure 59 Visualization2D and Visualization3D classes 

6. Wrapper: This class handles the communication between the 

implementation in Java and the one in C++ by translating the data 

coming from the C++ implementation to the Java environment. 

Figure 60 shows the methods used in the class. 

 

Figure 60 Wrapper class 

7. Velocity: As illustrated in Figure 61, this class is used to determine 

the velocity of the human operator using the depth data captured by 

the Kinect sensors. The velocity calculation is needed for controlling 

the safe distance between the human and the robot. 

 

Figure 61 Velocity class 

 



 95 

 

Appendix C: Main implementation classes of the 
robot energy minimisation 

The following are details for the main modules of the implementations of 

the robot energy minimisation: 

1. OnlinePlannerCallable: This module manages the stages of the 

processing of the energy module. As illustrated in Figure 62, it has 

the functions for solving the kinematic and dynamic models of the 

robot. In addition, the module calculates the energy consumptions of 

the robot configuration and selects the lowest one. 

 

Figure 62 OnlinePlannerCallable module 

2. RobotSpec: As shown in Figure 63, this module has a set of 

methods to get the robot mechanical parameters and pass them to the 

other modules upon request. 
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Figure 63 RobotSpec module 

3. Trjectory, Target and Path: These are a set of modules that define 

the parameters for the trajectory and the locations of the targets that 

the robot needs to perform. Figure 64 explains the relationship 

between the modules and their functionalities. 

 

Figure 64 Trajectory, Target and Path modules 
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4. EnergyPoint: As illustrated in Figure 65, this module is used to 

generate the energy points that are consist of the calculated energy 

value and the location of the performed trajectory. This module 

represents the basic unit for constructing the 3D energy map. 

 

Figure 65 EnergyPoint module 

5. Map3D: This module constructs the 3D energy map of the robot. It 

is achieved by determining the energy consumption of robot in 

different locations within a robot’s working envelop. Using the 

calculated energy values, this module generates a colour-based 3D 

map to visualise the robot workspace from the energy perspective. 

Figure 66 illustrates the functions used in the module.  

 

Figure 66 Map3D module 
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6. WorkingEnvelope: This module defines the working envelope of 

the robot which is important to describe the volume of the 3D energy 

map. The functionality of this module is shown in Figure 67. 

 

Figure 67 WorkingEnvelope module 
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