
Contents

1 Introduction to Virtual Reality . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 Virtual Reality System . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.1.1 Virtual Environment . . . . . . . . . . . . . . . . . . . . . . . . 4
1.2 Human Factors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2.1 Visual Perception . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.2.2 Aural Perception. . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.2.3 Haptic Perception . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.2.4 Vestibular Perception . . . . . . . . . . . . . . . . . . . . . . . 11

1.3 Virtual Environment Representation and Rendering . . . . . . . . 11
1.3.1 Virtual Environment Representation . . . . . . . . . . . . . 12
1.3.2 Virtual Environment Rendering . . . . . . . . . . . . . . . . 14

1.4 Display Technologies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
1.4.1 Visual Displays . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
1.4.2 Auditory Displays. . . . . . . . . . . . . . . . . . . . . . . . . . 22
1.4.3 Haptic Displays . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
1.4.4 Vestibular Displays. . . . . . . . . . . . . . . . . . . . . . . . . 25

1.5 Input Devices to Virtual Reality System . . . . . . . . . . . . . . . . 25
1.5.1 Pose Measuring Principles . . . . . . . . . . . . . . . . . . . . 26
1.5.2 Tracking of User Pose and Movement . . . . . . . . . . . 28
1.5.3 Physical Input Devices . . . . . . . . . . . . . . . . . . . . . . 29

1.6 Interaction with a Virtual Environment . . . . . . . . . . . . . . . . . 30
1.6.1 Manipulation Within the Virtual Environment . . . . . . 30
1.6.2 Navigation Within the Virtual Environment . . . . . . . . 32
1.6.3 Interaction with Other Users . . . . . . . . . . . . . . . . . . 33

Reference . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2 Introduction to Haptics. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2.1 Definition of Haptics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2.2 Haptic Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.3 Terminology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

v

http://dx.doi.org/10.1007/978-94-007-5718-9_1
http://dx.doi.org/10.1007/978-94-007-5718-9_1
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec1
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec1
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec2
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec2
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec3
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec3
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec4
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec4
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec5
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec5
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec6
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec6
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec7
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec7
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec8
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec8
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec9
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec9
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec14
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec14
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec18
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec18
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec19
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec19
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec20
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec20
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec21
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec21
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec22
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec22
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec23
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec23
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec24
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec24
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec25
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec25
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec26
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec26
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec27
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec27
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec28
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec28
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec29
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec29
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec30
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Sec30
http://dx.doi.org/10.1007/978-94-007-5718-9_1#Bib1
http://dx.doi.org/10.1007/978-94-007-5718-9_2
http://dx.doi.org/10.1007/978-94-007-5718-9_2
http://dx.doi.org/10.1007/978-94-007-5718-9_2#Sec1
http://dx.doi.org/10.1007/978-94-007-5718-9_2#Sec1
http://dx.doi.org/10.1007/978-94-007-5718-9_2#Sec2
http://dx.doi.org/10.1007/978-94-007-5718-9_2#Sec2
http://dx.doi.org/10.1007/978-94-007-5718-9_2#Sec3
http://dx.doi.org/10.1007/978-94-007-5718-9_2#Sec3
http://dx.doi.org/10.1007/978-94-007-5718-9_2#Bib1


3 Human Haptic System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.1 Receptors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.2 Kinesthetic Perception. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.2.1 Kinesthetic Receptors . . . . . . . . . . . . . . . . . . . . . . . 45
3.2.2 Perception of Movements and Position of Limbs . . . . 48
3.2.3 Perception of Force. . . . . . . . . . . . . . . . . . . . . . . . . 49
3.2.4 Perception of Stiffness, Viscosity and Inertia . . . . . . . 49

3.3 Tactile Perception. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
3.4 Human Motor System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.4.1 Dynamic Properties of the Human Arm. . . . . . . . . . . 52
3.4.2 Dynamics of Muscle Activation . . . . . . . . . . . . . . . . 52
3.4.3 Dynamics of Muscle Contraction

and Passive Tissue . . . . . . . . . . . . . . . . . . . . . . . . . 53
3.4.4 Neural Feedback Loop . . . . . . . . . . . . . . . . . . . . . . 53

3.5 Special Properties of the Human Haptic System. . . . . . . . . . . 55
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4 Haptic Displays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
4.1 Kinesthetic Haptic Displays . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.1.1 Criteria for Design and Selection
of Haptic Displays . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.1.2 Classification of Haptic Displays . . . . . . . . . . . . . . . 59
4.1.3 Grounded Haptic Displays . . . . . . . . . . . . . . . . . . . . 62
4.1.4 Mobile Haptic Displays . . . . . . . . . . . . . . . . . . . . . . 70

4.2 Tactile Haptic Displays . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

5 Collision Detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
5.1 Collision Detection for Teleoperation . . . . . . . . . . . . . . . . . . 75

5.1.1 Force and Torque Sensors . . . . . . . . . . . . . . . . . . . . 76
5.1.2 Tactile Sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.2 Collision Detection in a Virtual Environment. . . . . . . . . . . . . 77
5.2.1 Representational Models for Virtual Objects . . . . . . . 78
5.2.2 Collision Detection for Polygonal Models . . . . . . . . . 79
5.2.3 Collision Detection Between Simple Geometric

Shapes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

6 Haptic Rendering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
6.1 Modeling of Free Space . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
6.2 Modeling of Object Stiffness . . . . . . . . . . . . . . . . . . . . . . . . 99
6.3 Friction Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

vi Contents

http://dx.doi.org/10.1007/978-94-007-5718-9_3
http://dx.doi.org/10.1007/978-94-007-5718-9_3
http://dx.doi.org/10.1007/978-94-007-5718-9_3#Sec1
http://dx.doi.org/10.1007/978-94-007-5718-9_3#Sec1
http://dx.doi.org/10.1007/978-94-007-5718-9_3#Sec2
http://dx.doi.org/10.1007/978-94-007-5718-9_3#Sec2
http://dx.doi.org/10.1007/978-94-007-5718-9_3#Sec3
http://dx.doi.org/10.1007/978-94-007-5718-9_3#Sec3
http://dx.doi.org/10.1007/978-94-007-5718-9_3#Sec4
http://dx.doi.org/10.1007/978-94-007-5718-9_3#Sec4
http://dx.doi.org/10.1007/978-94-007-5718-9_3#Sec5
http://dx.doi.org/10.1007/978-94-007-5718-9_3#Sec5
http://dx.doi.org/10.1007/978-94-007-5718-9_3#Sec6
http://dx.doi.org/10.1007/978-94-007-5718-9_3#Sec6
http://dx.doi.org/10.1007/978-94-007-5718-9_3#Sec7
http://dx.doi.org/10.1007/978-94-007-5718-9_3#Sec7
http://dx.doi.org/10.1007/978-94-007-5718-9_3#Sec8
http://dx.doi.org/10.1007/978-94-007-5718-9_3#Sec8
http://dx.doi.org/10.1007/978-94-007-5718-9_3#Sec9
http://dx.doi.org/10.1007/978-94-007-5718-9_3#Sec9
http://dx.doi.org/10.1007/978-94-007-5718-9_3#Sec10
http://dx.doi.org/10.1007/978-94-007-5718-9_3#Sec10
http://dx.doi.org/10.1007/978-94-007-5718-9_3#Sec11
http://dx.doi.org/10.1007/978-94-007-5718-9_3#Sec11
http://dx.doi.org/10.1007/978-94-007-5718-9_3#Sec11
http://dx.doi.org/10.1007/978-94-007-5718-9_3#Sec12
http://dx.doi.org/10.1007/978-94-007-5718-9_3#Sec12
http://dx.doi.org/10.1007/978-94-007-5718-9_3#Sec13
http://dx.doi.org/10.1007/978-94-007-5718-9_3#Sec13
http://dx.doi.org/10.1007/978-94-007-5718-9_3#Bib1
http://dx.doi.org/10.1007/978-94-007-5718-9_4
http://dx.doi.org/10.1007/978-94-007-5718-9_4
http://dx.doi.org/10.1007/978-94-007-5718-9_4#Sec1
http://dx.doi.org/10.1007/978-94-007-5718-9_4#Sec1
http://dx.doi.org/10.1007/978-94-007-5718-9_4#Sec2
http://dx.doi.org/10.1007/978-94-007-5718-9_4#Sec2
http://dx.doi.org/10.1007/978-94-007-5718-9_4#Sec2
http://dx.doi.org/10.1007/978-94-007-5718-9_4#Sec5
http://dx.doi.org/10.1007/978-94-007-5718-9_4#Sec5
http://dx.doi.org/10.1007/978-94-007-5718-9_4#Sec6
http://dx.doi.org/10.1007/978-94-007-5718-9_4#Sec6
http://dx.doi.org/10.1007/978-94-007-5718-9_4#Sec9
http://dx.doi.org/10.1007/978-94-007-5718-9_4#Sec9
http://dx.doi.org/10.1007/978-94-007-5718-9_4#Sec10
http://dx.doi.org/10.1007/978-94-007-5718-9_4#Sec10
http://dx.doi.org/10.1007/978-94-007-5718-9_4#Bib1
http://dx.doi.org/10.1007/978-94-007-5718-9_5
http://dx.doi.org/10.1007/978-94-007-5718-9_5
http://dx.doi.org/10.1007/978-94-007-5718-9_5#Sec1
http://dx.doi.org/10.1007/978-94-007-5718-9_5#Sec1
http://dx.doi.org/10.1007/978-94-007-5718-9_5#Sec2
http://dx.doi.org/10.1007/978-94-007-5718-9_5#Sec2
http://dx.doi.org/10.1007/978-94-007-5718-9_5#Sec3
http://dx.doi.org/10.1007/978-94-007-5718-9_5#Sec3
http://dx.doi.org/10.1007/978-94-007-5718-9_5#Sec4
http://dx.doi.org/10.1007/978-94-007-5718-9_5#Sec4
http://dx.doi.org/10.1007/978-94-007-5718-9_5#Sec5
http://dx.doi.org/10.1007/978-94-007-5718-9_5#Sec5
http://dx.doi.org/10.1007/978-94-007-5718-9_5#Sec6
http://dx.doi.org/10.1007/978-94-007-5718-9_5#Sec6
http://dx.doi.org/10.1007/978-94-007-5718-9_5#Sec7
http://dx.doi.org/10.1007/978-94-007-5718-9_5#Sec7
http://dx.doi.org/10.1007/978-94-007-5718-9_5#Sec7
http://dx.doi.org/10.1007/978-94-007-5718-9_5#Bib1
http://dx.doi.org/10.1007/978-94-007-5718-9_6
http://dx.doi.org/10.1007/978-94-007-5718-9_6
http://dx.doi.org/10.1007/978-94-007-5718-9_6#Sec1
http://dx.doi.org/10.1007/978-94-007-5718-9_6#Sec1
http://dx.doi.org/10.1007/978-94-007-5718-9_6#Sec2
http://dx.doi.org/10.1007/978-94-007-5718-9_6#Sec2
http://dx.doi.org/10.1007/978-94-007-5718-9_6#Sec3
http://dx.doi.org/10.1007/978-94-007-5718-9_6#Sec3


6.4 Dynamics of Virtual Environments . . . . . . . . . . . . . . . . . . . . 104
6.4.1 Equations of Motion . . . . . . . . . . . . . . . . . . . . . . . . 105
6.4.2 Mass, Center of Mass and Moment of Inertia . . . . . . 107
6.4.3 Linear and Angular Momentum . . . . . . . . . . . . . . . . 108
6.4.4 Forces and Torques Acting on a Rigid Body . . . . . . . 109
6.4.5 Computation of Object Motion. . . . . . . . . . . . . . . . . 113

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

7 Control of Haptic Interfaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
7.1 Open-Loop Impedance Control. . . . . . . . . . . . . . . . . . . . . . . 121
7.2 Closed-Loop Impedance Control . . . . . . . . . . . . . . . . . . . . . 124
7.3 Closed-Loop Admittance Control . . . . . . . . . . . . . . . . . . . . . 126
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

8 Stability Analysis of Haptic Interfaces . . . . . . . . . . . . . . . . . . . . . 131
8.1 Active Behavior of a Virtual Spring . . . . . . . . . . . . . . . . . . . 131
8.2 Two-Port Model of Haptic Interaction. . . . . . . . . . . . . . . . . . 133
8.3 Stability and Passivity of Haptic Interaction . . . . . . . . . . . . . 135
8.4 Haptic Interface Transparency and Z-Width. . . . . . . . . . . . . . 137
8.5 Virtual Coupling. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

8.5.1 Impedance Display . . . . . . . . . . . . . . . . . . . . . . . . . 140
8.5.2 Admittance Display . . . . . . . . . . . . . . . . . . . . . . . . 145

8.6 Haptic Interface Stability with Compensation Filter . . . . . . . . 150
8.6.1 Model of Haptic Interaction . . . . . . . . . . . . . . . . . . . 150
8.6.2 Design of Compensation Filter . . . . . . . . . . . . . . . . . 152
8.6.3 Influence of Human Arm Stiffness on Stability . . . . . 154
8.6.4 Compensation Filter and Input/Loop-Shaping

Technique . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
8.7 Passivity of Haptic Interface . . . . . . . . . . . . . . . . . . . . . . . . 156

8.7.1 Passivity Observer . . . . . . . . . . . . . . . . . . . . . . . . . 156
8.7.2 Passivity Controller. . . . . . . . . . . . . . . . . . . . . . . . . 157

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

9 Teleoperation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
9.1 Two-Port Model of Teleoperation. . . . . . . . . . . . . . . . . . . . . 162
9.2 Teleoperation Systems. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
9.3 Four-Channel Control Architecture . . . . . . . . . . . . . . . . . . . . 167
9.4 Two-Channel Control Architectures . . . . . . . . . . . . . . . . . . . 170
9.5 Passivity of a Teleoperation System . . . . . . . . . . . . . . . . . . . 174
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178

10 Virtual Fixtures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179
10.1 Types of Virtual Fixtures. . . . . . . . . . . . . . . . . . . . . . . . . . . 180

10.1.1 Cobots. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

Contents vii

http://dx.doi.org/10.1007/978-94-007-5718-9_6#Sec4
http://dx.doi.org/10.1007/978-94-007-5718-9_6#Sec4
http://dx.doi.org/10.1007/978-94-007-5718-9_6#Sec5
http://dx.doi.org/10.1007/978-94-007-5718-9_6#Sec5
http://dx.doi.org/10.1007/978-94-007-5718-9_6#Sec6
http://dx.doi.org/10.1007/978-94-007-5718-9_6#Sec6
http://dx.doi.org/10.1007/978-94-007-5718-9_6#Sec7
http://dx.doi.org/10.1007/978-94-007-5718-9_6#Sec7
http://dx.doi.org/10.1007/978-94-007-5718-9_6#Sec8
http://dx.doi.org/10.1007/978-94-007-5718-9_6#Sec8
http://dx.doi.org/10.1007/978-94-007-5718-9_6#Sec9
http://dx.doi.org/10.1007/978-94-007-5718-9_6#Sec9
http://dx.doi.org/10.1007/978-94-007-5718-9_6#Bib1
http://dx.doi.org/10.1007/978-94-007-5718-9_7
http://dx.doi.org/10.1007/978-94-007-5718-9_7
http://dx.doi.org/10.1007/978-94-007-5718-9_7#Sec2
http://dx.doi.org/10.1007/978-94-007-5718-9_7#Sec2
http://dx.doi.org/10.1007/978-94-007-5718-9_7#Sec3
http://dx.doi.org/10.1007/978-94-007-5718-9_7#Sec3
http://dx.doi.org/10.1007/978-94-007-5718-9_7#Sec4
http://dx.doi.org/10.1007/978-94-007-5718-9_7#Sec4
http://dx.doi.org/10.1007/978-94-007-5718-9_7#Bib1
http://dx.doi.org/10.1007/978-94-007-5718-9_8
http://dx.doi.org/10.1007/978-94-007-5718-9_8
http://dx.doi.org/10.1007/978-94-007-5718-9_8#Sec1
http://dx.doi.org/10.1007/978-94-007-5718-9_8#Sec1
http://dx.doi.org/10.1007/978-94-007-5718-9_8#Sec2
http://dx.doi.org/10.1007/978-94-007-5718-9_8#Sec2
http://dx.doi.org/10.1007/978-94-007-5718-9_8#Sec3
http://dx.doi.org/10.1007/978-94-007-5718-9_8#Sec3
http://dx.doi.org/10.1007/978-94-007-5718-9_8#Sec4
http://dx.doi.org/10.1007/978-94-007-5718-9_8#Sec4
http://dx.doi.org/10.1007/978-94-007-5718-9_8#Sec5
http://dx.doi.org/10.1007/978-94-007-5718-9_8#Sec5
http://dx.doi.org/10.1007/978-94-007-5718-9_8#Sec6
http://dx.doi.org/10.1007/978-94-007-5718-9_8#Sec6
http://dx.doi.org/10.1007/978-94-007-5718-9_8#Sec7
http://dx.doi.org/10.1007/978-94-007-5718-9_8#Sec7
http://dx.doi.org/10.1007/978-94-007-5718-9_8#Sec8
http://dx.doi.org/10.1007/978-94-007-5718-9_8#Sec8
http://dx.doi.org/10.1007/978-94-007-5718-9_8#Sec9
http://dx.doi.org/10.1007/978-94-007-5718-9_8#Sec9
http://dx.doi.org/10.1007/978-94-007-5718-9_8#Sec10
http://dx.doi.org/10.1007/978-94-007-5718-9_8#Sec10
http://dx.doi.org/10.1007/978-94-007-5718-9_8#Sec11
http://dx.doi.org/10.1007/978-94-007-5718-9_8#Sec11
http://dx.doi.org/10.1007/978-94-007-5718-9_8#Sec12
http://dx.doi.org/10.1007/978-94-007-5718-9_8#Sec12
http://dx.doi.org/10.1007/978-94-007-5718-9_8#Sec12
http://dx.doi.org/10.1007/978-94-007-5718-9_8#Sec13
http://dx.doi.org/10.1007/978-94-007-5718-9_8#Sec13
http://dx.doi.org/10.1007/978-94-007-5718-9_8#Sec14
http://dx.doi.org/10.1007/978-94-007-5718-9_8#Sec14
http://dx.doi.org/10.1007/978-94-007-5718-9_8#Sec15
http://dx.doi.org/10.1007/978-94-007-5718-9_8#Sec15
http://dx.doi.org/10.1007/978-94-007-5718-9_8#Bib1
http://dx.doi.org/10.1007/978-94-007-5718-9_9
http://dx.doi.org/10.1007/978-94-007-5718-9_9
http://dx.doi.org/10.1007/978-94-007-5718-9_9#Sec1
http://dx.doi.org/10.1007/978-94-007-5718-9_9#Sec1
http://dx.doi.org/10.1007/978-94-007-5718-9_9#Sec2
http://dx.doi.org/10.1007/978-94-007-5718-9_9#Sec2
http://dx.doi.org/10.1007/978-94-007-5718-9_9#Sec3
http://dx.doi.org/10.1007/978-94-007-5718-9_9#Sec3
http://dx.doi.org/10.1007/978-94-007-5718-9_9#Sec4
http://dx.doi.org/10.1007/978-94-007-5718-9_9#Sec4
http://dx.doi.org/10.1007/978-94-007-5718-9_9#Sec5
http://dx.doi.org/10.1007/978-94-007-5718-9_9#Sec5
http://dx.doi.org/10.1007/978-94-007-5718-9_9#Bib1
http://dx.doi.org/10.1007/978-94-007-5718-9_10
http://dx.doi.org/10.1007/978-94-007-5718-9_10
http://dx.doi.org/10.1007/978-94-007-5718-9_10#Sec1
http://dx.doi.org/10.1007/978-94-007-5718-9_10#Sec1
http://dx.doi.org/10.1007/978-94-007-5718-9_10#Sec2
http://dx.doi.org/10.1007/978-94-007-5718-9_10#Sec2


10.1.2 Human-Machine Cooperative Systems . . . . . . . . . . . 182
10.2 Guidance Virtual Fixtures . . . . . . . . . . . . . . . . . . . . . . . . . . 183

10.2.1 Tangent and Closest Point on the Curve . . . . . . . . . . 184
10.2.2 Virtual Fixtures Based Control . . . . . . . . . . . . . . . . . 187

10.3 Forbidden-Region Virtual Fixtures . . . . . . . . . . . . . . . . . . . . 191
10.4 Pseudo-Admittance Bilateral Teleoperation . . . . . . . . . . . . . . 194

10.4.1 Impedance Type Master and Impedance
Type Slave . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195

10.4.2 Impedance Type Master and Admittance
Type Slave . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197

10.4.3 Virtual Fixtures with Pseudo-Admittance Control . . . . 198
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199

11 Micro/Nanomanipulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201
11.1 Nanoscale Physics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202

11.1.1 Model of Nanoscale Forces . . . . . . . . . . . . . . . . . . . 203
11.2 Nanomanipulation Systems . . . . . . . . . . . . . . . . . . . . . . . . . 204

11.2.1 Nanomanipulator . . . . . . . . . . . . . . . . . . . . . . . . . . 204
11.2.2 Actuators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205
11.2.3 Measurement of Interaction Forces . . . . . . . . . . . . . . 206
11.2.4 Model of Contact Dynamics . . . . . . . . . . . . . . . . . . 206

11.3 Control of Scaled Bilateral Teleoperation . . . . . . . . . . . . . . . 207
11.3.1 Dynamic Model . . . . . . . . . . . . . . . . . . . . . . . . . . . 208
11.3.2 Controller Design . . . . . . . . . . . . . . . . . . . . . . . . . . 209

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211

viii Contents

http://dx.doi.org/10.1007/978-94-007-5718-9_10#Sec3
http://dx.doi.org/10.1007/978-94-007-5718-9_10#Sec3
http://dx.doi.org/10.1007/978-94-007-5718-9_10#Sec4
http://dx.doi.org/10.1007/978-94-007-5718-9_10#Sec4
http://dx.doi.org/10.1007/978-94-007-5718-9_10#Sec5
http://dx.doi.org/10.1007/978-94-007-5718-9_10#Sec5
http://dx.doi.org/10.1007/978-94-007-5718-9_10#Sec6
http://dx.doi.org/10.1007/978-94-007-5718-9_10#Sec6
http://dx.doi.org/10.1007/978-94-007-5718-9_10#Sec11
http://dx.doi.org/10.1007/978-94-007-5718-9_10#Sec11
http://dx.doi.org/10.1007/978-94-007-5718-9_10#Sec12
http://dx.doi.org/10.1007/978-94-007-5718-9_10#Sec12
http://dx.doi.org/10.1007/978-94-007-5718-9_10#Sec13
http://dx.doi.org/10.1007/978-94-007-5718-9_10#Sec13
http://dx.doi.org/10.1007/978-94-007-5718-9_10#Sec13
http://dx.doi.org/10.1007/978-94-007-5718-9_10#Sec14
http://dx.doi.org/10.1007/978-94-007-5718-9_10#Sec14
http://dx.doi.org/10.1007/978-94-007-5718-9_10#Sec14
http://dx.doi.org/10.1007/978-94-007-5718-9_10#Sec15
http://dx.doi.org/10.1007/978-94-007-5718-9_10#Sec15
http://dx.doi.org/10.1007/978-94-007-5718-9_10#Bib1
http://dx.doi.org/10.1007/978-94-007-5718-9_11
http://dx.doi.org/10.1007/978-94-007-5718-9_11
http://dx.doi.org/10.1007/978-94-007-5718-9_11#Sec1
http://dx.doi.org/10.1007/978-94-007-5718-9_11#Sec1
http://dx.doi.org/10.1007/978-94-007-5718-9_11#Sec2
http://dx.doi.org/10.1007/978-94-007-5718-9_11#Sec2
http://dx.doi.org/10.1007/978-94-007-5718-9_11#Sec3
http://dx.doi.org/10.1007/978-94-007-5718-9_11#Sec3
http://dx.doi.org/10.1007/978-94-007-5718-9_11#Sec4
http://dx.doi.org/10.1007/978-94-007-5718-9_11#Sec4
http://dx.doi.org/10.1007/978-94-007-5718-9_11#Sec5
http://dx.doi.org/10.1007/978-94-007-5718-9_11#Sec5
http://dx.doi.org/10.1007/978-94-007-5718-9_11#Sec6
http://dx.doi.org/10.1007/978-94-007-5718-9_11#Sec6
http://dx.doi.org/10.1007/978-94-007-5718-9_11#Sec7
http://dx.doi.org/10.1007/978-94-007-5718-9_11#Sec7
http://dx.doi.org/10.1007/978-94-007-5718-9_11#Sec8
http://dx.doi.org/10.1007/978-94-007-5718-9_11#Sec8
http://dx.doi.org/10.1007/978-94-007-5718-9_11#Sec9
http://dx.doi.org/10.1007/978-94-007-5718-9_11#Sec9
http://dx.doi.org/10.1007/978-94-007-5718-9_11#Sec10
http://dx.doi.org/10.1007/978-94-007-5718-9_11#Sec10
http://dx.doi.org/10.1007/978-94-007-5718-9_11#Bib1


http://www.springer.com/978-94-007-5717-2


	Contents



