1 Imtroduction. . ............. ... ... . it iiiniiiennn.. 1

1.1 Haptic Interaction Systems . . .. ......... ... ... ..., 1

1.1.1 Human Haptic Perception and Manipulation. . ........ 1

1.1.2 Classification of Haptic Interfaces . . . ... ........... 3

1.1.3 Overview of Haptic Interaction Systems. . ........... 4

1.1.4 Example Applications . ........................ 5

1.2 Haptic Rendering: A Brief History. . . . .................. 6

1.3 6-DoF HapticRendering. ... ............... ... ... ... 8

1.3.1 Penalty-based Approach. . ...................... 9

1.3.2 Constraint-based Approach. . . ................... 11

1.3.3 Impulse-based Approach . ...................... 12

1.4 Fine Manipulation and Its Computational Challenges . . . ... ... 12

1.4.1 Characterization of Fine Manipulation . . ............ 12

1.42 Narrow Space Constraints . ..................... 15

1.4.3 Simulation of Fine Features ... .................. 17

References ... ... ... 0, 17

2 Configuration-based Optimization Approach. .. .............. 21

2.1 Overview of the Approach . . ......................... 21

2.1.1 Problem Formulation. ......................... 21

212 Framework............ ...ttt 23

2.2 Object and Contact Modeling Using Sphere Trees . . ... ... ... 26
2.2.1 Difficulties of Using Polygonal Meshes

toModel Objects. . .. .........co v, 26

2.2.2 Contact Modeling Based on Sphere Trees ........... 30

2.2.3 Construction of Sphere Trees . . .................. 31

23 CollisionResponse. . .. ......... ... i, 33

2.3.1 Non-linear Transform from C-Space
to Cartesian Space. . . ... ....... ... ... 33
2.3.2 Linearized Model of the Non-penetration Constraints. . . . 33

|
- ) . HE
Bibliografische Informationen digitalisiert durch I L
http://d-nb.info/1056836261 BLIOTHE
|



http://d-nb.info/1056836261

Xit

Contents

6.6 User Study and Evaluation Results. . .. .................. 147
6.6.1 Subjective Evaluation Data. . .................... 147
6.6.2 QuantifiedData. . ................... ... ...... 151

6.7 LessonsfromUserSwdy .................. ... ...... 156
6.7.1 Needed Improvement in the Hardware System ........ 156
6.7.2 Needed Improvement in the Software System. ........ 157

6.8 SUMMAIY . . ...ttt it ittt ettt e e 159

References . ........... it 159

7 Conclusions and Fature Work .. ......................... 161



