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Abstract

A simulation has a very important role in robotics. This research project was focused 

to develop an efficient universal n link serial link manipulator simulator which can be 

interacted through graphical user interface with zero code environment using object orient 

language of Visual C++.

This simulator support to wide range of robotics manipulators and computes 

manipulator links motions under the influence of external forces and internal configuration 

with sufficient efficiency and allow user interaction.

\

11



Acknowledgments

It is a great pleasure for me to acknowledge the people who have helped and 

inspired me during my development.

I would like to begin by expressing my gratitude to my thesis supervisor and 

advisor, Dr.Rohan Munasinghe for his invaluable guidance and help during the course of 

my MSc. this research project. This work would not have been completed without his 

insights and open door policies.

I am particularly grateful to Lasantha and Banneheka for the many hours of 

discussion and assistance. The joint research was very important experience for me.

My thanks also go out to everyone who played a part in the development and testing 

which was used extensively in this report.

I would like to thank Nikolai Teofilov who developed the NT Graphics library.

I would also like to thank my parents and specially to my wife Sangeetha for their 

understanding and patience during the completion of this report.

Ill



LIST OF FIGURES

Figure I: Viewing Coordinate System

Figure 2- Link i in motion

Figure 3- Centrifugal effect

Figure 4- Coriolis effect

Figure 5: Manipulator Schematic Diagram

Figure 6: Manipulator Input Panel

Figure 7: Manipulator Main user Interface

Figure 8: 2D Graphics Viewer

Figure 9: Link Property Editor

Figure 10: Trajectory Plan Editor

Figure 11: Puma 560 robot [ 18]

Figure 12:6 DOF PUMA 560 configure on Simulator 

Figure 13(a): Configured external force on end effector 

Figure 13(b): Configured external external torque on end effector 

Figure 14 (a): Position and Orientation definition at time 0.0 sec. 

Figure 14 (b) : Position and Orientation definition at time 0.5 sec. 

Figure 14 (c): Position and Orientation definition at time 1.0 sec. 

Figure 14 (d): Position and Orientation definition at time 1.5 sec. 

Figure 14 (e): Position and Orientation definition at time 2.0 sec. 

Figure 14 (f): Position and Orientation definition at time 3.0 sec. 

Figure 15 (a): Manipulator Orientation at time 0.0 sec.

Figure 15 (b): Manipulator Orientation at time 0.5 sec

Figure 15 (c): Manipulator Orientation at time 1.0 sec

Figure 15 (d): Manipulator Orientation at time 1.5 sec

Figure 15 (e): Manipulator Orientation at time 2.0 sec

Figure 15 (f): Manipulator Orientation at time 3.0 sec

Figure 16 (a): Link 1 Joint Position

Figure 16 (b): Link 2 Joint Position

Figure 16 (c): Link 3 Joint Position

Figure 16 (d): Link 4 Joint Position

Figure 16 (e): Link 5 Joint Position

Figure 16 (f): Link 6 Joint Position

8
11
13
13
18
20
21
22
23
23
24
25
25
25
27
27
27
27
27
27
28
28
28
28
28
28
30
30
30
30
30
30

IV

• <•
■'I



Figure 17 (a): Link 1 Joint Velocity 

Figure 17 (b): Link 2 Joint Velocity 

Figure 17 (c): Link 3 Joint Velocity 

Figure 17 (d): Link 4 Joint Velocity 

Figure 17 (e): Link 5Joint Velocity

Figure 17 (f)‘ Link 6 Joint Velocity

Figure 18 (a): Link 1 Joint Acceleration

Figure 18 (b): Link 2 Joint Acceleration

Figure 18 (c): Link 3 Joint Acceleration

Figure 18 (d): Link 4 Joint Acceleration

Figure 18 (e): Link 5 Joint Acceleration

Figure 18 (0: Link 6 Joint Acceleration

Figure 19 (a): Link 1 Torque due to Centrifugal and Corriolis

Figure 19 (b):Link 2 Torque due to Centrifugal and Corriolis

Figure 19 (c):Link 3 Torque due to Centrifugal and Corriolis

Figure 19 (d):Link 4 Torque due to Centrifugal and Corriolis

Figure 19 (e):Link 5 Torque due to Centrifugal and Corriolis

Figure 19 (f):Link 6 Torque due to Centrifugal and Corriolis

Figure 20 (a): Link 1 Torque due to Gravity

Figure 20 (b): Link 2 Torque due to Gravity

Figure 20 (c): Link 3 Torque due to Gravity

Figure 20 (c’): Link 3 Torque due to Gravity

Figure 20 (d): Link 4 Torque due to Gravity

Figure 20 (e): Link 5 Torque due to Gravity

Figure 20 (f): Link 6 Torque due to Gravity

Figure 21 (a): Link 1 Torque due to External Load

Figure 21 (b): Link 2 Torque due to External Load

Figure 21 (c): Link 3 Torque due to External Load

Figure 21 (d): Link 4 Torque due to External Load

Figure 21 (e): Link 5 Torque due to External Load

Figure 21 (f): Link 6 Torque due to External Load

Figure 22 (a): Link 1 Total Torque

Figure 22 (b):Link 2 Total Torque

31
31
31
31
31

31
32
32
32
32
32
32
33
33
33
33
33
33
34
34
34
34
34
34
34
35
35
35
35
35
35
36
36

V



36Figure 22 (c): Link 3 Total Torque 

Figure 22 (d):Link 4 Total Torque 

Figure 22 (e):Link 5 Total Torque 

Figure 22 (f)*Link 6 Total Torque

36

36

36

VI



LIST OF TABLES

Table 1: Computational costs for the inverse dynamics for Lagrangian and Recursive 10 

Newton Euler Methods 

Table 2: D-H parameters of PUMA 560 [ 18]

Table 3: Joint variables choose at via points 

Table 4: Generated via points

Table 5 : Computed results at initial state for each joint.

Table 6: Available Variable Types in Linear Algebra Library [11]

Table 7: Major optimization techniques in designing Matrix TCL C++ template class 48 

library

Table 8: support binary operations of newmatl I. a matrix library' in C++

Table 9: support unary operations of newmatl 1. a matrix library in C++

Table 10: Output from TPA and Inverse Dynamic modules 

Table 11: Summery of the meaning of the fields for each kinematic convention used 57 

in MATLAB tool box [21]

Table 12: Link mass values in kg for PUMA 560 [22]

Table 13: Useful tools available corresponded to Manipulator simulator functionality 57 
used in Robotics Toolbox for Matlab Release 8[21]

24

26

26

29

47

49

49

50

57

■

VII

■



Table of Contents

ABSTRACT II
ACKNOWLEDGEMENTS III
LIST OF FIGURES 

LIST OF TABLES
IV

VI

1 Introduction...................................................................................................
1.1 Motivation............................................................................................
1.2 Literature Review.................................................................................
1.3 Available Simulators for Manipulator Dynamics.................................
1.4 Comparison of available tools for manipulator dynamics.....................
1.5 Mathematics Libraries..........................................................................
1.6 3D/2D Graphics...................................................................................

2 The Problem Statement.................................................................................
2.1 Manipulator Dynamics.........................................................................
2.2 Software Development.........................................................................
2.2.1 3D to 2D transformation............................................... .......................

3 Theoretical Development..............................................................................
3.1 Available Approaches to Solve Dynamics Problems............................
3.1.1 Newton-Euler Formulation...................................................................
3.2 Advantages of Recursive Newton Euler Formulation...........................
3.3 Recursive Newton-Euler Algorithms...................................................
3.4 Recursive Newton-Euler Formulation..................................................

4 Proposed Solution.........................................................................................
4.1 Research Objectives.............................................................................
4.2 Methodology........................................................................................
4.3 Dynamics Problem...............................................................................
4.3.1 Torque Due to <7, <7, q and External Torque and Force on Last Link
4.3.2 Torques Due to Gravity........................................................................
4.3.3 Torque Due to Centrifugal and Coriolis [ 1 ].........................................
4.3.4 Joint Torque When Joint Velocity is Zero............................................
4.3.5 Inertia Tensor.......................................................................................
4.3.6 Joint Acceleration.................................................................................

5 Manipulator Simulator Architecture..............................................................
5.1 Functional Specification Overview.......................................................
5.1.1 Link......................................................................................................
5.1.2 Link List...............................................................................................
5.1.3 Manipulator Definition Panel...............................................................
5.1.4 Manipulator Core Components.............................................................
5.1.5 Manipulator Database Access Object (MDBA)...................................
5.1.6 Database................................................................................................
5.1.7 Matrix Output Viewer..........................................................................
5.1.8 Calculation Tool Box...........................................................................
5.1.9 The Graphical User Interface................................................................
5.1.10 3D Graphics Viewer.............................................................................
5.1.11 2D Graphics Output Viewer.................................................................

3
3
3
4
5
5
6
7
7
7
8
9
9
9

10
11
12
13
13
13
14
14
14
15
16
16
17
18
18
19
19
20
20
20
21
21
21
21
22
22

1



5.1.12 Link Properly Editor...............................................................................................
5.1.13 Trajectory Plan Editor............................................................................................

6 Results and Discussion...................................................................................................
6.1 Example Dynamics Simulation for 6 DOF Manipulator.........................................
6.1.1 An illustration with PUMA 560..............................................................................
6.1.2 End Effectors Position and Orientation..................................................................
6.1.3 Graphical View of Manipulator Orientation...........................................................
6.1.4 Simulation of Inverse Dynamic Problem...............................................................
6.1.5 Graphical Representation of Solution for Inverse Dynamic....................................
6.1.5.1 Profiles of Joint Position.........................................................................................
6.1.5.2Profiles of Joint Velocity........................................................................................
6.1.5.3 Pro files of Joint Acceleration.................................................................................
6.1.5.4ProfiIes of Torque due to Centrifugal and Corriolis...............................................
6.1.5.5 Profiles of Torque due to Gravity...........................................................................
6.1.5.6ProfiIes of Torque due to External Load.................................................................
6.1.5.7Total Torque Profiles..............................................................................................

7 Conclusion.......................................................................................................................
8 Future Developments......................................................................................................

8.1 Enhance the Manipulator with Controller Functionality.........................................
8.2 Develop the Manipulator as a Server Component to Access it from Many Remote
Clients......................................................................................................................—.....
8.3 Enhance as a Parallel Manipulator..........................................................................
8.4 Enhance Export and Import Facility.......................................................................
8.5 Implement Manipulator Models Database..............................................................

References:.............................................................................................................................
Appendix A: Source Code of Major Software Components...................................................
Appendix B: Mathematical Operations..................................................................................
Appendix C: Manipulator Simulator Processed Data..............................................................
Appendix D: MATLAB References.......................................................................................
Appendix E: Glossary of Manipulator Terminology...............................................................

22
23
24
24
24
26
28
29
29
30
31
32
33
34
35
36
37
38
38

38
38
39
39
40
43
47
50
57
58

2

I


