
Contents

1 Introduction 1
1.1 Automatic and Flexible Manufacturing....................................... 2
1.2 Aim of this Work............................................................................ 4
1.3 Outline of the Thesis...................................................................... 5

2 Mathematical Model of Industrial Robots and Manufacturing Processes 7
2.1 Robot Model................................................................................ 8

2.1.1 Homogeneous Transformations....................................... 8
2.1.2 Forward Kinematics..............................................................10

Augmented Forward Kinematics...........................................10
2.1.3 Manipulator Jacobian........................................................ 12
2.1.4 Inverse Kinematics............................................................. 13
2.1.5 Dynamic Model................................................................ 13

2.2 Manufacturing Process................................................................. 14
2.2.1 Manufacturing Path.......................................................... 15
2.2.2 Process Properties............................................................. 15

3 Flexible Robotic Manufacturing based on User Inputs 19
3.1 Literature Review ......................................................................... 19
3.2 Path Projection and Trajectory Generation.....................................22

3.2.1 Path Projection using Least-Squares Conformal Mapping 22
Segmentation .......................................................................23
Least-Squares Conformal Mapping..................................... 24
2D Path Projection and Inverse Mapping.............................28

3.2.2 Parallel Path Projection........................................................30
3.2.3 Cartesian Robot Trajectory............................................... 31

vii

http://d-nb.info/1356942482


Contents

3.3 Control Concept...............................................................................32
3.3.1 Motion Control......................................................................33

Position Error Dynamics.........................................................34
Orientation Error Dynamics...................................................34

3.3.2 Contact Force Estimation.....................................................34
3.3.3 Hybrid Force/Motion Control .............................................35
3.3.4 Null-Space Controller...........................................................39

3.4 Experimental Results......................................................................40
3.4.1 Experimental Setup.............................................................40

Input Pattern...................................................................... 41
3.4.2 Path Projection................................................................... 41

Parallel Projection Method................................................ 41
Path Projection using Least-Squares Conformal Mapping 43
Properties of Projection Methods........................................44

3.4.3 Optimal Robot Base Placement..........................................45
3.4.4 Drawing Process with Motion Control..................................47

Planned and Executed 3D Paths...........................................47
Position Control Error........................................................... 49
Joint-Space Paths.............................................................. 51

3.4.5 Drawing Process with Hybrid Force/Motion Control ... 53
Planned and Executed 3D Paths...........................................53
Contact Force.......................................................................54
Position Control Error........................................................... 56

3.4.6 Comparison of the Drawing Results....................................56
3.5 Conclusions ................................................................................... 58

4 Optimal TCP and Robot Base Placement 61
4.1 Literature Review ...........................................................................62
4.2 Fast Kinematic Joint-Space Path Planner...................................... 63
4.3 Optimal TCP Placement.................................................................. 66

4.3.1 Set of Paths.............................................................................67
4.3.2 Objective Function and Optimization Criteria.........................67
4.3.3 Optimization Algorithm.........................................................69
4.3.4 Robot Base Placement......................................................... 69

4.4 Simulation Results...........................................................................70
4.4.1 Optimal Robot Base Placement........................................ 71

viii



Contents

4.4.2 Optimal TCP Placement ...................................................... 74
4.5 Conclusions ....................................................................................75

5 Path Planning using Process Properties 79
5.1 Literature Review ...........................................................................80

Sampling-based Path Planners....................................... 81
Optimization-based Path Planners........................................82
Inverse Kinematics and Pathwise Inverse Kinematics ... 83

5.1.1 Comparison and Contribution............................................ 84
5.2 Collision Avoidance........................................................................86
5.3 Optimization-based Path Planning..................................................87

5.3.1 Starting Configurations........................................................88
5.3.2 Optimization Problem...........................................................89
5.3.3 Objective Functions and Constraints ................................. 92

Position Deviation.................................................................92
Orientation Deviation........................................................... 94
Collision Avoidance..............................................................95
Joint Limits and Path Continuity.......................................... 96

5.3.4 Optimal Joint-Space Path..................................................... 97
5.3.5 Trajectory Generation...........................................................98

5.4 Robot Base Placement...................................................................99
5.5 Experimental Results....................................................................100

5.5.1 Drawing Process................................................................. 100
Drawing Process Properties ...............................................101
Experimental Results of the Drawing Process.................. 104

5.5.2 Spraying Process ................................................................110
Spraying Process Properties................................................Ill
Simulation Results of the Spraying Process ......................113

5.6 Conclusions .................................................................................. 116

6 Conclusions and Outlook 119
6.1 Conclusions ...................................................................................119
6.2 Outlook...........................................................................................121

A Industrial Robots 123
A.1 KUKA LBR iiwa 14 R82O................................................................. 123

ix



Contents

A.2 KUKA Cybertech KR8 R162O..........................................................125

B Mathematics of Unit Quaternions 129
B.l Quaternion Product and Time Derivative of Unit Quaternions . . 129
B.2 Time Derivative of Lyapunov Function .........................................130
B.3 Objective Function of Orientation Deviation ...................................131
B.4 Gradients of Unit Quaternions.......................................................133

C Supplementary Material 135

Bibliography 137

x


