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ABSTRACT      

All real objects move around their centre of mass, whereas 3D characters are generally animated from 

their pelvis.  Dynamic character movements can be complex to animate realistically as the centre of 

mass changes position with pose.  This leads to complex pelvis trajectories which are not easy to judge 

correctly.  The instantaneous centre of mass has been used infrequently as a control node to allow the 

character to follow a simpler animation path that is divorced from the requirements of the pose.  The 

relationship between the pose and the centre of mass node, or COM node, could be controlled 

automatically.  This type of control, however, is not widely used.  

In this research an automated COM node system is developed using a design science research 

methodology with the goal of establishing the benefits and shortcomings of such systems across a range 

of dynamic animation scenarios. 

This research shows that use of an automated COM node showed the characteristics expected of a 

physically derived motion, assisted with balance and improved editability.  Poses remained fully 

determinate and recallable whether grounded, airborne or switching between the two.  It also 

highlighted potential nonlinearities in the relationship between the pose definition and COM node and 

the need for key frames for the COM node to be generated automatically for grounded movements. 

 



K Pitts The Use of Automated Centre of Mass Nodes for Dynamic Grounded and Airborne Key Frame Animation 4 

 

CONTENTS 

Abstract  .................................................................................................................................................... 3 

Contents .................................................................................................................................................... 4 

Declaration .............................................................................................................................................. 12 

List of Figures .......................................................................................................................................... 13 

List of Tables ............................................................................................................................................ 18 

Abbreviations .......................................................................................................................................... 19 

Glossary  .................................................................................................................................................. 20 

Acknowledgements ................................................................................................................................. 25 

1 Introduction .................................................................................................................................... 26 

1.1 Physics in Character Animation ............................................................................................. 26 

1.2 The Research Question .......................................................................................................... 33 

1.3 Contributions to Knowledge .................................................................................................. 35 

1.4 Thesis Structure ..................................................................................................................... 39 

2 Research Methodology ................................................................................................................... 40 

2.1 Design Science Research ........................................................................................................ 40 

2.1.1 DSR Research Outputs ....................................................................................................... 41 

2.1.2 DSR Research Activities (The DSR Cycle) ........................................................................... 43 

2.1.3 DSR Contributions to Knowledge ...................................................................................... 44 

2.2 The DSR Activities Applied to this Research .......................................................................... 46 

2.2.1 The DSR Cycle .................................................................................................................... 46 

2.2.2 Research Outputs .............................................................................................................. 48 

ς DSR Awareness of Problem Phase ........................................................................................................ 49 

3 The Search for Physically Plausible Animation ............................................................................... 50 

3.1 Motion Capture ..................................................................................................................... 50 

3.2 Motion Synthesis ................................................................................................................... 52 

3.2.1 Physics-Based Character Animation .................................................................................. 53 

3.2.2 Inverse Dynamics Methods ............................................................................................... 57 

3.2.3 Constrained Optimisation Methods .................................................................................. 59 



K Pitts The Use of Automated Centre of Mass Nodes for Dynamic Grounded and Airborne Key Frame Animation 5 

 

3.3 Key Frame Animation ............................................................................................................ 61 

3.3.1 Key Frame Animation Workflow ....................................................................................... 64 

3.3.2 Inverse and Forward Kinematics (IK/FK) ........................................................................... 66 

3.4 Centre of Mass and the Animation of Dynamic Motions ...................................................... 68 

3.4.1 Definition of the Centre of Mass ....................................................................................... 68 

3.4.2 Application of Physical Centre of Mass in Animation ........................................................ 69 

3.4.3 Dumb COM Nodes ............................................................................................................. 73 

3.4.4 Automated COM Nodes .................................................................................................... 75 

3.5 Chapter Summary .................................................................................................................. 79 

ς DSR Suggestion Phase .......................................................................................................................... 81 

4 Operational Context for Using the  Centre of Mass ....................................................................... 82 

4.1 Note on terminology.............................................................................................................. 82 

4.2 Existing Methods of Movement Classification ...................................................................... 83 

4.3 Categorisation of Movements in Path Space ......................................................................... 85 

4.4 COM Motion for a real actor ................................................................................................. 89 

4.4.1 Balance ς Standing Still  ..................................................................................................... 90 

4.4.2 Continuous COM Motion ς Path-Based Movements ........................................................ 92 

4.4.3 Discrete COM Motions ς Pose-Based Movements ........................................................... 96 

4.4.4 Rotation ........................................................................................................................... 103 

4.4.5 Motion Primitives ............................................................................................................ 104 

4.4.6 Summary ......................................................................................................................... 105 

4.5 Applying the COM Motion for a Real Actor to Animation ................................................... 106 

4.5.1 Balance ............................................................................................................................ 107 

4.5.2 Path-based Movements .................................................................................................. 108 

4.5.3 Pose-Based Movements .................................................................................................. 113 

4.5.4 Motion Primitives ς comparing actor motion to character motion ................................ 115 

4.5.5 Path-based or Pose-Based? ............................................................................................. 118 

4.5.6 Applicability to Pelvis-Based or COM Rigs ....................................................................... 120 

4.5.7 Categorising Movement Types ........................................................................................ 121 



K Pitts The Use of Automated Centre of Mass Nodes for Dynamic Grounded and Airborne Key Frame Animation 6 

 

4.5.8 Summary ......................................................................................................................... 123 

4.6 Chapter Summary ................................................................................................................ 123 

5 Fundamental Principles for Automated COM Rigs ....................................................................... 125 

5.1 Genericity of the Automated COM Rig Within this Research .............................................. 125 

5.2 Alternate Methods of Divorcing Animation Elements ......................................................... 127 

5.2.1 Animation Layers ............................................................................................................. 127 

5.2.2 Parenting ......................................................................................................................... 129 

5.3 How should a COM Node Connect to the Rig Hierarchy? ................................................... 131 

5.4 The Effect of Changing Path, Rotation and Pose ................................................................. 133 

5.4.1 COM Node Path and Rotation ......................................................................................... 133 

5.4.2 Pose 136 

5.5 Animator Control over the Pelvis and/or COM Node .......................................................... 139 

5.5.1 Movement ....................................................................................................................... 139 

5.5.2 Rotation in Flight ............................................................................................................. 139 

5.5.3 Rotation when Grounded ................................................................................................ 141 

5.6 Vertical COM Adjustments .................................................................................................. 142 

5.6.1 Height of the COM Node for a Grounded Character ....................................................... 143 

5.7 Chapter Summary ................................................................................................................ 147 

6 Tentative Design of an Automated COM Rig ................................................................................ 149 

6.1 Rig Structure ........................................................................................................................ 149 

6.2 Calculation Methods ............................................................................................................ 150 

6.2.1 Centre of Mass ................................................................................................................ 150 

6.2.2 Pelvis Offset ..................................................................................................................... 153 

6.2.3 Vertical COM Adjustments .............................................................................................. 154 

6.2.4 VCA Calculation and Different User Movement Types .................................................... 157 

6.3 Real-Time Viewport Update ................................................................................................ 162 

6.4 Chapter Summary ................................................................................................................ 164 

ς DSR Development Phase..................................................................................................................... 165 

7 Functional Prototype Development ............................................................................................. 166 



K Pitts The Use of Automated Centre of Mass Nodes for Dynamic Grounded and Airborne Key Frame Animation 7 

 

7.1 To Key Frame or Not To Key Frame? ................................................................................... 166 

7.1.1 Deleting, Moving or Undoing Key Frames ....................................................................... 167 

7.1.2 Tweening Pelvis Offset .................................................................................................... 170 

7.1.3 Non-Keyed Version .......................................................................................................... 171 

7.2 Iteration Step Size ................................................................................................................ 174 

7.3 The Effect of Suspending Post-Drag Iterations on Repeatability ......................................... 176 

7.4 General Pose Repeatability .................................................................................................. 180 

7.5 Individual Axis Recall on Randomly Accessed Frames ......................................................... 186 

7.6 Repeatability of Non-Commutative DoF Changes ............................................................... 190 

7.7 Chapter Summary ................................................................................................................ 194 

8 Vertical COM Adjustments ........................................................................................................... 196 

8.1 Switching between Grounded and Airborne ....................................................................... 196 

8.1.1 Rig Switching Principles ................................................................................................... 197 

8.1.2 Switching an Instantaneous Non-Keyed VCA .................................................................. 199 

8.2 The Effect of VCAs on the Animation Curves ....................................................................... 204 

8.3 Key Framing VCAs on Key Poses Only .................................................................................. 208 

8.3.1 Using an Instantaneous VCA for Breakdown Keys .......................................................... 208 

8.3.2 Disabling VCAs for Breakdown Keys ................................................................................ 213 

8.3.3 Switching from Grounded to Airborne with VCAs Keyed on the COM Node .................. 214 

8.4 Chapter Summary ................................................................................................................ 215 

ς DSR Evaluation ................................................................................................................................... 217 

9 Animation Workflow Evaluation ................................................................................................... 218 

9.1 Animation Examples based on the Four Domains ............................................................... 219 

9.2 Animation Workflow Stages ................................................................................................ 223 

9.3 Evaluation of Outcomes ...................................................................................................... 226 

10 Path-Based Airborne Movement Workflow Evaluation with Rotation  (High-Dive with Pike 

Somersault including Switch from Pose-Based Grounded Take-Off) ...................................... 228 

10.1 Path-Based Airborne Baseline with Pelvis-Led Rig .............................................................. 229 

10.1.1 Animation Production (Unconventional Pose-based approach) ..................................... 229 



K Pitts The Use of Automated Centre of Mass Nodes for Dynamic Grounded and Airborne Key Frame Animation 8 

 

10.1.2 Workflow Outcome (Unconventional Pose-based approach) ......................................... 231 

10.1.3 Animation Production (Path-Based Airborne Approach) ................................................ 232 

10.1.4 Workflow Outcome (Path-Based Airborne Approach) .................................................... 233 

10.1.5 Discussion and the Operational Context ......................................................................... 234 

10.2 Path-Based Airborne Baseline with Dumb COM Node ........................................................ 235 

10.2.1 Animation Production ..................................................................................................... 235 

10.2.2 Workflow Outcome ......................................................................................................... 237 

10.2.3 Discussion ........................................................................................................................ 237 

10.3 Path-Based Airborne Automated COM Node Evaluation .................................................... 241 

10.3.1 Animation Production ..................................................................................................... 241 

10.3.2 Workflow Outcome ......................................................................................................... 242 

10.3.3 Discussion ........................................................................................................................ 244 

10.4 Chapter Summary ................................................................................................................ 246 

11 Pose-Based Grounded Movement Workflow Evaluation with Rotation and Balance (Kung Fu 

Crescent Kick with Spin Build-Up) ........................................................................................... 248 

11.1 Pose-Based Grounded Baseline with a Pelvis-Led Rig ......................................................... 249 

11.1.1 Animation Production ..................................................................................................... 249 

11.1.2 Workflow Outcome ......................................................................................................... 251 

11.1.3 Discussion ........................................................................................................................ 251 

11.2 Analysis of the Centre of Mass During the Crescent Kick .................................................... 253 

11.2.1 Analysis of the Centre of Area for the Kung Fu Crescent Kick Reference Footage.......... 254 

11.2.2 Motion Capture Analysis of an Actor Reproducing the Kung Fu Crescent Kick ............... 256 

11.2.3 Conclusions from the Centre of Mass Analysis of the Kung Fu Crescent Kick ................. 259 

11.3 Pose-Based Grounded Baseline with Dumb COM Node...................................................... 260 

11.3.1 Animation Production ..................................................................................................... 260 

11.3.2 Workflow Outcome ......................................................................................................... 261 

11.3.3 Discussion ........................................................................................................................ 262 

11.4 Pose-Based Grounded Automated COM Node Evaluation .................................................. 264 

11.4.1 Animation Production ..................................................................................................... 264 



K Pitts The Use of Automated Centre of Mass Nodes for Dynamic Grounded and Airborne Key Frame Animation 9 

 

11.4.2 Workflow Outcome ......................................................................................................... 265 

11.4.3 Discussion ........................................................................................................................ 266 

11.5 Chapter Summary ................................................................................................................ 268 

12 Path-Based Grounded Movement Workflow Evaluation with Rotation and Balance (Figure Skating 

Skid Spiral) ............................................................................................................................... 270 

12.1 Path-Based Grounded Baseline with Pelvis-Led Rig ............................................................ 271 

12.1.1 Animation Production ..................................................................................................... 271 

12.1.2 Workflow Outcome ......................................................................................................... 274 

12.1.3 Discussion ........................................................................................................................ 275 

12.2 Path-Based Grounded Automated COM Node Evaluation .................................................. 276 

12.2.1 Animation Production ..................................................................................................... 276 

12.2.2 Workflow Outcome ......................................................................................................... 278 

12.2.3 Discussion ........................................................................................................................ 279 

12.3 Chapter Summary ................................................................................................................ 282 

ς DSR Conclusions: Emergent Design Theory ........................................................................................ 283 

13 Conclusions ................................................................................................................................... 284 

13.1 Research Summary .............................................................................................................. 284 

13.2 Contributions to Knowledge ................................................................................................ 287 

13.2.1 The use of a Design Science Research Methodology in Animation ................................. 287 

13.2.2 Expository Instantiation (DSR Artefact) ........................................................................... 288 

Contribution: An Automated COM Rig Prototype ........................................................................ 288 

13.2.3 Purpose & Scope ............................................................................................................. 289 

Contribution: The Need for Automated COM Rigs ....................................................................... 289 

13.2.4 Constructs........................................................................................................................ 289 

Contribution: An Operational Context for Automated COM Rigs ................................................ 289 

Contribution: Nomenclature ........................................................................................................ 290 

13.2.5 Abstraction and Generalisation (DSR Models) ................................................................ 292 

Contribution: Three Fundamental Properties of Movement ....................................................... 292 

Contribution: The Fundamental Principles of Automated COM Rigs ........................................... 292 



K Pitts The Use of Automated Centre of Mass Nodes for Dynamic Grounded and Airborne Key Frame Animation 10 

 

Contribution: Pose Determinacy .................................................................................................. 293 

Contribution: Pelvis Offset Nonlinearity ....................................................................................... 294 

13.2.6 Knowledge of Form and Function (DSR Methods) .......................................................... 294 

Contribution: Functional Operation of an Automated COM Rig .................................................. 294 

Contribution: Animator Approach to Using an Automated COM Rig ........................................... 295 

Contribution: Two Types of Vertical COM Adjustments ............................................................... 295 

Contribution: VCA Key Frames...................................................................................................... 295 

Contribution: Iterative Solution for Grounded Poses ................................................................... 295 

Contribution: Iteration Step Size .................................................................................................. 296 

13.2.7 Evaluation and Validation Propositions .......................................................................... 296 

Contribution: There is No Advantage in Using a Dumb COM Rig for Grounded Poses ................ 296 

Contribution: Understanding of Physics Required of an Animator .............................................. 296 

13.3 Recommendations for Future Work .................................................................................... 297 

13.3.1 Nonlinear Relationship between COM Node and Pelvis Positions .................................. 297 

13.3.2 Extending the Animation Domain Space ......................................................................... 298 

13.3.3 Making an Informed Judgement About When to Use Post-Drag Iterations ................... 299 

13.3.4 Alternate VCA Algorithms ............................................................................................... 300 

13.3.5 Perceived Orbital Motion and Camera Angle .................................................................. 300 

13.4 Closing Remarks ................................................................................................................... 301 

References ............................................................................................................................................. 302 

Appendix A: MAXScripts ........................................................................................................................ 311 

A1: Centre of Mass Script for a Mesh ........................................................................................ 311 

A2: Post-Animation Pelvis Offset ............................................................................................... 311 

Appendix B:  Rig Test Results ................................................................................................................ 313 

B1: Iterations ............................................................................................................................. 313 

B2: The Effect of Suspending Post-Drag Iterations on Repeatability ......................................... 317 

B3: Does Rotational Non-Commutativity Produce Positional Errors? ....................................... 322 

B4: General Repeatability .......................................................................................................... 326 

B5: Tween Repeatability ............................................................................................................ 331 



K Pitts The Use of Automated Centre of Mass Nodes for Dynamic Grounded and Airborne Key Frame Animation 11 

 

B6: The Effect of Breakdown VCAs on COM Node Height ......................................................... 337 

Appendix C:  Prototype History ............................................................................................................. 339 

Appendix D: Post-Animation Proof of Concept ..................................................................................... 340 

Appendix E:  Research Ethics Checklist ................................................................................................. 343 

 



K Pitts The Use of Automated Centre of Mass Nodes for Dynamic Grounded and Airborne Key Frame Animation 12 

 

DECLARATION 

Whilst registered as a candidate for the above degree, I have not been registered for any other research 

award.  The results and conclusions embodied in this thesis are the work of the named candidate and 

have not been submitted for any other academic award. 

 

Word Count:  90,688*  

*excluding table of contents, list of figures, list of tables, bibliography and results appendices  



K Pitts The Use of Automated Centre of Mass Nodes for Dynamic Grounded and Airborne Key Frame Animation 13 

 

LIST OF FIGURES 

Figure 1:  Hammer rotating about its centre of mass 28 

Figure 2: Trajectories for standing and pike jumps 29 

Figure 3: Comparison animations with different centres of rotation 30 

Figure 4: Pelvis trajectory orbiting the COM in a pike somersault 31 

Figure 5: Design science research process model ς DSR cycle 43 

Figure 6: DSR knowledge contribution framework 45 

Figure 7: Motion capture example from the game 'Uncharted 2: Among Thieves' 51 

Figure 8:  Ray Winstone motion captured in Beowulf 51 

Figure 9: Motion synthesis used to animate athletes 54 

Figure 10: A machine learning approach to physics-based motion synthesis 55 

Figure 11:  NaturalMotion's Endorphin 55 

Figure 12: Supernatural jump generated using controlled external force 56 

Figure 13: Using inverse dynamics to make a character jump 57 

Figure 14: Luxo Lamp animated using spacetime constraints 59 

CƛƎǳǊŜ мрΥ ! ƪŜȅ ŦǊŀƳŜ ŎƘŀǊŀŎǘŜǊ ǊƛƎΤ Ψ¢ŜƧƻΩ 61 

Figure 16: Trajectories for Forward and Inverse Kinematics 66 

Figure 17:  Unity's Mecanim characters retargeted from the COM 69 

Figure 18: The COM trajectory of a 3D character 70 

CƛƎǳǊŜ мфΥ ±ƛǎǳŀƭƛǎƛƴƎ ǘƘŜ ŎƘŀǊŀŎǘŜǊΩǎ COM trajectory and suggesting alternatives 71 

Figure 20: Cascadeur with ballistic trajectories, fixed interpolation areas highlighted green 71 

Figure 21: Dumb COM node 73 

Figure 22: Rubber-banding the COM; 3ds Max Biped 74 

Figure 23: The effect of balance factor; 3ds Max Biped 75 

Figure 24: Human posture optimisation using physically based COM 76 

Figure 25: JACK then and now 76 

Figure 26: Physics mode in Cascadeur; a visual representation of mass property metadata 77 

Figure 27: Rigging for flight ς geometrically derived automated COM node 79 



K Pitts The Use of Automated Centre of Mass Nodes for Dynamic Grounded and Airborne Key Frame Animation 14 

 

Figure 28:  Verticality of y axis maintained on a sloping surface 85 

Figure 29:  Rotation axes 86 

Figure 30: Centre of mass and the support polygon when standing 89 

Figure 31:  Bending over and balance on one leg 90 

Figure 32: The lateral force perceived by a passenger on a curve 94 

Figure 33:  Parabolic trajectory derived from horizontal and vertical components 95 

Figure 34: Locomotion mechanisms (a) inverted pendulum, (b) energy absorb / release 97 

Figure 35:  Lateral movement of the centre of gravity when walking 98 

Figure 36: Balance, centre of gravity (mass) and the support polygon 107 

Figure 37:  Ballistic phase of a key framed jump 110 

Figure 38: Zero-G dance sequence in Wall-E 112 

Figure 39: Periodic motions for an animated walk cycle 116 

Figure 40: Visual representation of the operational context for this research 122 

Figure 41:  Modifying a pose-based movement with layers 128 

Figure 42:  Character animated in the parent space of a moving object 129 

Figure 43: Parent space for COM node, IK targets and pelvis 132 

Figure 44:  Path and rotation for grounded path-based movement 134 

Figure 45: Action of an automated COM node in flight requires only a single pelvis offset 136 

Figure 46: Action of an automated COM node grounded produces an iterative loop 137 

Figure 47:  Rotation of the pelvis node for an automated COM rig in flight 139 

Figure 48: Key frames for rotated pelvis for an automated COM rig in flight 140 

Figure 49:  Rotating the COM node or pelvis when grounded 141 

Figure 50:  Pelvis remains level after Vertical COM Adjustment 143 

Figure 51:  Options for VCA height adjustment 144 

Figure 52: Pepe rigged with a CATRig 149 

Figure 53:  Tetrahedrons method of calculating COM 151 

Figure 54: Volume of a Tetrahedron 152 

Figure 55:  Vertical COM Adjustment with Pelvis Rotation vs. COM Node Rotation 156 



K Pitts The Use of Automated Centre of Mass Nodes for Dynamic Grounded and Airborne Key Frame Animation 15 

 

Figure 56:  Effect of VCA on COM node height changes by the animator 157 

Figure 57:  Vertical COM Adjustments (VCAs) for pelvis offset and COM node rotation 158 

Figure 58:  Calculation of the rotation VCA in one rotation axis 159 

Figure 59:  Update problem when dragging the gizmo 162 

Figure 60:  Reference key frames used to visualise key framing issues 167 

Figure 61:  Deleting a key frame on the initial prototype 168 

Figure 62:  Breakdown keys with associated pelvis and COM node key frames 169 

Figure 63:  Rib cage rotation with and without pelvis tweening 170 

Figure 64:  Use of COMRig_Subcontrol layer for instantaneous Vertical COM Adjustments 172 

Figure 65:  Curves without and with VCAs for a crouching pose 173 

Figure 66:  Pelvis offset iterations 174 

Figure 67: Frequency graph of positional error from suspended post-drag iterations 178 

Figure 68:  Frequency graph of positional error at different step sizes 179 

Figure 69:  Repeatability test screenshot 180 

Figure 70:  Repeatability error for ribcage rotations 181 

Figure 71:  Positional error due to alternating ribcage rotations 182 

Figure 72:  Extended cumulative error test (y-axis) 183 

Figure 73:  Repeatability troubleshooting tests 184 

Figure 74:  Cumulative ribcage rotation error 184 

Figure 75:  Tween repeatability error for vertical COM node movements 187 

Figure 76:  Alternating tween repeatability test 188 

Figure 77:  Directionality results on alternating tween repeatability test 188 

Figure 78:  Tween repeatability accuracy 189 

Figure 79:  Poses created by rotation of the pelvis in two different axes 190 

Figure 80:  Three rotation combinations to get to the same pose 191 

Figure 81:  Complete set of poses generated and resulting marker positions for pelvis and COM 
node 192 

Figure 82:  Limb rigging setup for FK / IK switching 197 

Figure 83:  Timing for becoming airborne during a jump 198 



K Pitts The Use of Automated Centre of Mass Nodes for Dynamic Grounded and Airborne Key Frame Animation 16 

 

Figure 84:  Switching between grounded and airborne whilst crouching 200 

Figure 85:  Switching between grounded and airborne using secondary key framed VCA layer 201 

Figure 86:  Simple key framed somersault for testing the grounded/airborne switch 202 

Figure 87:  Animation curves for a standing somersault with grounded / airborne switch 202 

Figure 88:  VCA animation layer with key framed COM node position 204 

Figure 89:  Key framed COM node height vs. actual COM node height ς crouch 204 

Figure 90:  VCA accounts for entire COM node height change 205 

Figure 91: Key framed COM node height vs. actual COM node height - bending over 205 

Figure 92:  Curves for the pose used in Figure 90 and Figure 91 207 

Figure 93:  Blocking mode vs. breakdown mode 208 

Figure 94:  Proper use of blocking and breakdown modes 209 

Figure 95:  The effect of breakdown VCAs on COM node height during timeline recall 210 

Figure 96:  Pose recall error using breakdown mode for VCAs 211 

Figure 97:  The effect of using zero VCAs in breakdown mode 213 

Figure 98:  Recall values pre- and post-switch for keyed VCAs 214 

Figure 99:  High-dive with pike somersault ς Jian Yang 228 

Figure 100: Key poses for the high dive animation 230 

Figure 101:  Floating effect during high dive animation (pelvis-led rig) 233 

Figure 102: Initial comparison between pelvis-led and dumb COM rigs for the high dive animation
 238 

Figure 103: Comparison of pelvis orbits for a pike somersault 238 

Figure 104:  Dumb COM and character COM trajectories during high dive animation 239 

Figure 105: Comparison between pelvis-led, dumb COM and automated COM rigs for high dive 
animation 243 

Figure 106:  The hovering pelvis effect in the high dive animation 244 

Figure 107:  Hovering pelvis trajectory with dumb COM and automated COM rigs 245 

Figure 108:  High dive animation path changed retrospectively 246 

Figure 109:  Kung Fu crescent kick ς c/o Sifu Karl Romain 248 

Figure 110: Key poses for crescent kick animation 250 



K Pitts The Use of Automated Centre of Mass Nodes for Dynamic Grounded and Airborne Key Frame Animation 17 

 

Figure 111:  Pelvis and COM curves for crescent kick (pelvis-led rig) 252 

Figure 112: Horizontal centre of area position from Kung Fu reference footage 254 

Figure 113: Horizontal position of centre of area on specific frames 255 

Figure 114: Plotting of mocap centre of volume for crescent kick 256 

Figure 115:  Motion capture of a crescent kick 257 

Figure 116:  Animation curves for the centroid - mocap crescent kick 258 

Figure 117:  Forward (y-axis) travel of centroid - mocap crescent kick 258 

Figure 118:  Interaction of COM node and character COM through the kicking motion 262 

Figure 119:  Top-down view showing orbit of character COM relative to the dumb COM Node 263 

Figure 120:  Balance with momentum in the automated COM crescent kick animation 265 

Figure 121:  Correcting the balance at the peak of the kick 265 

Figure 122:  Pelvis and COM animation curves for automated COM crescent kick animation 266 

Figure 123:  Trajectory comparison for pelvis-led and automated COM crescent kick animations 266 

Figure 124:  Curve comparisons between pelvis-led and automated COM crescent kick animations
 267 

Figure 125:  Figure skating skid spiral ς Joshua Farris 270 

Figure 126:  Layout for the path-based figure skating animation 271 

Figure 127:  Key poses for figure skating animation 272 

Figure 128:  Balancing each key pose after blocking for the pelvis-led figure skating animation 274 

Figure 129:  Trajectory plots for the pelvis-led figure skating animation 275 

Figure 130:  Top view of pelvis-led figure skating animation 275 

Figure 131:  Pose and trajectory reference for the layout stage of the automated COM figure 
skating animation 276 

Figure 132:  Automated COM node moved radially inwards around corners during figure skating 
animation 277 

Figure 133:  Character temporal offset due to pelvis offset during figure skating animation 278 

Figure 134:  Figure skating animation trajectory comparison, pelvis-led vs. automated COM 279 

Figure 135:  Figure skating animation trajectories in perspective view 280 

Figure 136:  CATRig setup with dumb COM node 340 

Figure 137:  Standing pike jump animation 341 



K Pitts The Use of Automated Centre of Mass Nodes for Dynamic Grounded and Airborne Key Frame Animation 18 

 

Figure 138:  Post-animation offset 341 

Figure 139:  Post-animation offset curves 341 

 

LIST OF TABLES 

Table 1: Design science research outputs 41 

Table 2:  The profile of a design theory 42 

Table 3: The Twelve Principles of Animation 63 

Table 4:  Grounded motions categorised by COM path axis 87 

Table 5:  Airborne motions categorised by COM path axis 88 

Table 6:  Path-based and pose-based grounded motions categorised by COM axis 121 

Table 7:  Path-based and pose-based airborne motions categorised by COM axis 121 

Table 8:  The six principles of automated COM rigs 147 

Table 9:  Pelvis offset and vertical COM adjustment logic for first prototype 161 

Table 10:  Rotation combinations that produce the same poses (rib cage) 192 

Table 11:  Key properties of concern for animation evaluation within the operational context 220 



K Pitts The Use of Automated Centre of Mass Nodes for Dynamic Grounded and Airborne Key Frame Animation 19 

 

ABBREVIATIONS  

The following abbreviations are used in this document: 
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GLOSSARY 

[*  Asterisks indicate nomenclature defined as part of this research] 

Actor Used to distinguish a real being from an animated being (see also 

character) 

Actor COM*  The physical centre of mass of a real actor, implies the inclusion of 

elements of different density (Section 4.1) 

Automated COM node*  An extra node used as the root of the character rig, that uses an 

algorithm to control its relationship to its child elements ς typically 

the pelvis (see also dumb COM node) (Section 1.1) 

Automated COM rig*  A character rig using an automated COM node 

Character Used to distinguish an animated being from a real being (see also 

actor) 

Character COM*  The calculated centre of mass of an animated character, implies the 

result of an algorithm, whether the centroid of the character mesh (as 

is the case in this research) or otherwise (Section 4.1) 

Circumscription The feedback process in a DSR project that reveals specific 

knowledge. 

COG node Commonly used term for a node at the root of the character rig that 

controls the global position of a character during animation (as 

distinct from the TRS node).  COG referring to Centre of Gravity is a 

misnomer in this case. 

COM node*  A general term for a rig node used to represent the centre of mass 

(see dumb COM node and automated COM node) (Section 1.1) 
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COM rig*  A character rig using either an automated COM node or a dumb COM 

node 

Degree of Freedom 
(DoF) 

A parameter that uniquely controls one aspect of the character rig.  A 

ball joint such as the hip typically has 3 DoFs corresponding to the 3 

rotational axes.  The root of a character rig would typically have 6 

DoFs, 3 rotational DoFs and 3 translational DoFs 

Design Science Research 
(DSR) 

A research methodology that uses the act of design as a way of 

generating contributions to knowledge (Vaishnavi & Kuechler, 2004) 

DSR artefact A specific artefact designed to address questions or problems relating 

to a DSR project 

DSR construct a conceptualization used to describe problems within the domain and 

ǘƻ ǎǇŜŎƛŦȅ ǘƘŜƛǊ ǎƻƭǳǘƛƻƴǎΦΩ within DSR projects (March & Smith, 1995) 

DSR cycle The DSR process model, similar to the standard design cycle but 

includes the flow of knowledge that leads to the final contribution of 

the research project 

DSR method ΨΧŀ ǎŜǘ ƻŦ ǎǘŜǇǎ όŀƴ ŀƭƎƻǊƛǘƘƳ ƻǊ ƎǳƛŘŜƭƛƴŜύ ǳǎŜŘ ǘƻ ǇŜǊŦƻǊƳ ŀ ǘŀǎƪΩ 

within DSR projects (March & Smith, 1995) 

DSR model ΨΧŀ ǎŜǘ ƻŦ ǇǊƻǇƻǎƛǘƛƻƴǎ ƻǊ ǎǘŀǘŜƳŜƴǘǎ ŜȄǇǊŜǎǎƛƴƎ ǊŜƭŀǘƛƻƴǎƘƛǇǎ ŀƳƻƴƎ 

ŎƻƴǎǘǊǳŎǘǎΩ within a DSR project (March & Smith, 1995) 

Dumb COM node*  A COG node being specifically used to control the rest of the rig from 

an offset position, especially the centre of mass of the character (see 

also automated COM node) (Section 1.1) 

Dumb COM rig*  A character rig using a dumb COM node 
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Emergent design theory The main research output from a DSR project, ΨΧŀ ƳŜǘŀǇƘƻǊƛŎŀƭ 

understanding of how the artefact supports or controls the 

phenomenon of ƛƴǘŜǊŜǎǘΩ όtǳǊŀƻΣ нллнύ 

Forward dynamics In a physics simulation, deriving the position and rotation of an object 

from the forces and torques acting on it (see also inverse dynamics) 

Forward Kinematics (FK) Posing a limb by rotating its joints (see also Inverse Kinematics) 

Gizmo A 3D manipulator tool for translating, rotating or scaling a virtual 

object by dragging the mouse cursor 

Inverse dynamics In a physics simulation, deriving force and torque (i.e. positional and 

rotational acceleration) for an object based on its key framed position 

and rotation (see also forward dynamics) 

Inverse Kinematics (IK) Posing a limb by specifying the world-space position of its end 

effector and inferring a suitable set of joint angles by optimisation 

(see also Forward Kinematics) 

Motion ¦ǎŜŘ ǎǇŜŎƛŦƛŎŀƭƭȅ ƛƴ ǘƘƛǎ ǘƘŜǎƛǎ ŦƻǊ ƛƴŦŜǊǊŜŘ ŀŎǘƛƻƴΣ ŜΦƎΦ ΨǘƘŜ Ƴƻǘƛƻƴ ƻŦ 

ŀƴ ŀŎǘƻǊΩǎ /haΩΦ  όǎŜŜ ŀƭǎƻ ǘǊŀƧŜŎǘƻǊȅύ 

Motion primitives*  Distinct mechanisms which govern the form of an actorΩǎ COM 

trajectory; inertial, ballistic, orbital and SLIP (Section 4.4.5) 

Motion synthesis Generating autonomous motion of a character based on motion 

capture examples (example-based) or simulated with the laws of 

physics (physics-based). 
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Movement ¦ǎŜŘ ǎǇŜŎƛŦƛŎŀƭƭȅ ƛƴ ǘƘƛǎ ǘƘŜǎƛǎ ŦƻǊ ŀƴ ƛƴǘŜƴŘŜŘ ŀŎǘƛƻƴΣ ŜΦƎΦ Ψŀƴ 

animator defines the movement of a chŀǊŀŎǘŜǊΩǎ ŦƻƻǘΩ όǎŜŜ ŀƭǎƻ ǇŀǘƘύΦ 

Also, an intentional sequence of poses of a character or an actor, for 

example a jump. 

Offset threshold*  The minimum pelvis offset required to instigate a post-drag iteration 

for refining grounded poses, based on the modulus of the pelvis 

offset vector (Section 6.2.2) 

Path Used specifically in this thesis for the track of an object defined by an 

animator or the iƴǘŜƴǘƛƻƴŀƭ ƳƻǾŜƳŜƴǘ ƻŦ ŀƴ ŀŎǘƻǊΣ ŜΦƎΦ ΨǘƘŜ ǇŀǘƘ 

ŦƻƭƭƻǿŜŘ ōȅ ǘƘŜ ŎƘŀǊŀŎǘŜǊΩǎ ŦƻƻǘΩΦ  όǎŜŜ ŀƭǎƻ ƳƻǾŜƳŜƴǘύ 

Path space A coordinate system for defining motion along a path  

In this research it is defined as x is along the path, y is vertical, and z is 

horizontal lateral 

Path-based movement*  A movement where the path is defined in the layout stage and the 

poses in the blocking stage, characterised by smooth COM motion 

ŀƴŘ ǘƘŜ ƳƛƴƛƳŀƭ ŜŦŦŜŎǘ ǘƘŀǘ ŀƴ ŀŎǘƻǊΩǎ ǇƻǎŜ Ƙŀǎ ƻƴ ǘƘŜ Ƴƻǘƛƻƴ 

(Section 4.4.2) 

Pelvis offset*  !ƴ ƻŦŦǎŜǘ ǾŜŎǘƻǊ ŀǇǇƭƛŜŘ ǘƻ ǘƘŜ ǇŜƭǾƛǎ ƴƻŘŜ ǘƻ ŀƭƛƎƴ ǘƘŜ ŎƘŀǊŀŎǘŜǊΩǎ 

COM to the COM node position.  The same as the vector difference 

between the COM ƴƻŘŜ Ǉƻǎƛǘƛƻƴ ŀƴŘ ǘƘŜ ŎƘŀǊŀŎǘŜǊΩǎ ŎǳǊǊŜƴǘ ŎŜƴǘǊŜ ƻŦ 

mass for the pose (Section 1.1) 

Pelvis-led rig*  A character rig with no COM node, implies a conventional rig 

(Section 1.1) 

Physics-based animation The use of the laws of physics to create movement in animated 

objects 
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Pose space Used specifically in this research to represent the coordinate space 

provided by the COM node in which the pelvis (and hence the pose) is 

offset. 

Pose-based movement*  A movement where the path and the poses are defined together 

during the blocking stage.  These movements can produce a 

continuous COM motion (e.g. when walking) but typically produce 

complex trajectories where pose changes are rapid and varied 

(Section 4.4.3) 

Post-drag iterations*  Refinement of grounded poses by repeated application of pelvis 

offset and Vertical COM Adjustments until the pelvis offset is below 

the offset threshold.  Executed after each manipulation of the 

ŎƘŀǊŀŎǘŜǊΩǎ ǇƻǎŜ ōȅ ŘǊŀƎƎƛƴƎ ǘƘŜ ƎƛȊƳƻΦ  (The term is also used any 

time the pose requires refinement e.g. after an undo) (Section 5.4.2) 

SLIP motion A type of motion derived from a Spring-Loaded Inverted Pendulum 

arrangement whereby energy is absorbed and released by a 

grounded leg while travelling.  (Dickinson et al., 2000) 

Trajectory Used specifically in this thesis for the track of an object created by an 

ƛƴŦŜǊǊŜŘ ŀŎǘƛƻƴΣ ŜΦƎΦ ΨǘƘŜ ǘǊŀƧŜŎǘƻǊȅ ƻŦ ŀƴ ŀŎǘƻǊΩǎ COMΩ όsee also 

motion) 

TRS node A node in a character rig that is parent to the entire character 

including all IK targets and other world space elements, used to 

position the character in space, and rotate and scale it prior to 

animation. 

Vertical COM 
Adjustment (VCA) *  

A vertical adjustment made to the COM node, so it matches the 

height of the character COM for grounded poses.  In this research, 

this results in the pelvis remaining level during pose creation 

(Section 5.6.1) 
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1 INTRODUCTION 

1.1 PHYSICS IN CHARACTER ANIMATION 

Traditionally, character animators have animated complex and dynamic motions by eye, often using 

reference material such as videos to assist in achieving a physically plausible solution.  This is a time-

consuming process and is more difficult for characters of unusual proportions, or for motions where 

reference is not available (e.g. dangerous or superhuman actions).  ²ŀƭǘ 5ƛǎƴŜȅ ŎŀƭƭŜŘ ǘƘƛǎ ǘƘŜ άǇƭŀǳǎƛōƭŜ 

ƛƳǇƻǎǎƛōƭŜέ ό²ƛƭƭƛŀƳǎ, 2009), and some understanding of the physics behind the movement can assist 

animators (Shapiro & Lee, 2011).  This is equally true for 3D computer animation as it is for traditional 

2D animation.   

It is commonplace to use a computer to simulate a physical motion for animation such as a window 

shattering, or a car crashing.  Algorithms to simulate physical phenomena have existed for many years 

and there has been work in simulating humans and animals in an effort to make the animation of 

complex moves easier.  This can include dangerous motions (NaturalMotion, 2002) but is still mostly 

limited to physically possible actions (i.e. no superhuman feats).  A further disadvantage is that this 

method takes too much control away from the animator meaning the motions can lack personality, 

intent or emphasis.  The term, physically plausible animation, is distinct from physically correct 

animation in that it suggests that even physically impossible movements should look correct. 

Liu and tƻǇƻǾƛŏ suggested,  

Ψ/ƻƳǇǳǘƛƴƎ ǘƘŜ ŎƻǊǊŜŎǘ ŘȅƴŀƳƛŎǎ ǊŜǉǳƛǊŜǎ ŀƴ ŜȄǘŜƴǎƛǾŜ ƳŀǘƘŜƳŀǘƛŎŀƭ infrastructure 

that often hinders artistic expressiveness.  On the other hand, granting more control 

to animators provides greater expressive freedom often at the cost of realism because 

ǘƘŜ ōǳǊŘŜƴ ƻŦ ōŜƛƴƎ ǇƘȅǎƛŎŀƭƭȅ ŎƻǊǊŜŎǘ Ŧŀƭƭǎ ƛƴǘƻ ǘƘŜ ŀƴƛƳŀǘƻǊǎΩ ƘŀƴŘǎΦΩ  

(Liu & tƻǇƻǾƛŏΣ нллнύ 

Currently 3D computer generated (CG) character animation is usually achieved using one of three 

available techniques:  

Motion capture: Recording the 3D motion of an actor (usually with cameras or inertial 

sensors) 

Key frame animation: Creating an animation by manually posing a character at specific time 

intervals 

Motion synthesis: Creating automated human motion either by simulation (physics-

based) or using variations of captured motion (example-based) 
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All three techniques are based on a computer-generated model of a character, manipulated using an 

internal articulated skeleton.  The skeleton is a hierarchical structure and movement of the bones (often 

called joints) directly controls the movement of the character model.  Each joint can be rotated in up to 

three axes and the root of the hierarchy (usually the pelvis) can additionally be translated in each of 

three directions.  The rotational and translational modes available are known as degrees of freedom 

(DoF).   

The current state of the art in industry is that animations that aim to look realistic are created using 

motion capture (ubiquitous in games ŀƴŘ ΨƭƛǾŜ ŀŎǘƛƻƴΩ ƳƻǾƛŜǎ), whilst animations that are exaggerated 

and characterful (such as Pixar films) are created using key frame animation (Pluralsight, 2014).  Key 

frame animation however still requires a level of realism, often for physically impossible movements, 

and the onus for producing this lies entirely with the skill and experience of the animator.   

Whilst never becoming a mainstream method, many attempts have been made over the history of 

computer animation to control a character using torques and forces instead of key frames because, as 

Wilhelms (1987) asserts, that is how motion is generated in the real world (Section 3.2). 

In Geijtenbeek and PronostΩǎ ǎǘŀǘŜ-of-the-ŀǊǘ ǊŜǾƛŜǿΣ ΨInteractive Character Animation using Simulated 

tƘȅǎƛŎǎΩ (Geijtenbeek & Pronost, 2012), they summarise several issues common to physics-based motion 

synthesis:  

ǒ Lack of controllability due to the global position and orientation of a character being controlled 

indirectly through the forces in its muscles 

ǒ Incorporating style into the motion is difficult using physics alone and can interfere with basic 

tasks such as balance 

ǒ Implementation of a physics-based character framework is multidisciplinary and time 

consuming  

ǒ Due to the increased complexity of a physics simulation, physics-based characters cannot 

generally be processed in real-time 

Likewise, van Welbergen et al. draw the same conclusions in their state-of-the-ŀǊǘ ǊŜǇƻǊǘΣ άwŜŀƭ ¢ƛƳŜ 

Animation of Virtual Humans: A Trade-ƻŦŦ ōŜǘǿŜŜƴ bŀǘǳǊŀƭƴŜǎǎ ŀƴŘ /ƻƴǘǊƻƭέΥ 

ΨWhile physical simulation provides physically correct motion, this alone is often not 

enough for motion to be natural.Ω (van Welbergen et al., 2010) 

Over and above these problems, physics-based methods all suffer from the inability to create physically 

impossible motion.  This is an issue for animators as it is, of course, desirable in some circumstances for 

an animatƻǊ ǘƻ ŎǊŜŀǘŜ ǎǳŎƘ ƳƻǾŜƳŜƴǘǎΦ  ¢Ƙƛǎ ǎƘƻǳƭŘ ōŜ ŎƻƴǎƛŘŜǊŜŘ ǇŀǊǘ ƻŦ ǘƘŜ ŀƴƛƳŀǘƻǊΩǎ ŎǊŜŀǘƛǾŜ 

licence (e.g. an animated superhero avoiding a punch by performing a back flip with quadruple twist).   
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While physics-based character animation is yet to be fully integrated into a key frame pipeline, some 

physical principles already inform key frame animation principles.  Section 3.2.2 discusses how some of 

the Twelve Principles of Animation (Thomas and Johnston, 1981) such as anticipation, follow-through, 

squash and stretch are representative of physical principles.  Although not included in Thomas and 

WƻƘƴǎǘƻƴΩǎ ōƻƻƪΣ /entre of Mass is another. 

Centre of mass (a.k.a. centre of gravity) is a widely taught topic in animation.  In 2D animation, Webster 

(2005) discusses shifting centre of gravity during lifting and pulling and Garcia (2015) explains the use of 

centre of gravity for balanced poses, holding heavy objects and, briefly, parabolic trajectories for 

dynamic objects.  TƘŜ ǘŜǊƳǎ ΨŎŜƴǘǊŜ ƻŦ ƳŀǎǎΩ ƻǊ ΨŎŜƴǘǊŜ ƻŦ ƎǊŀǾƛǘȅΩ are less commonly used in 2D and 

tend to be more dominant in 3D animation sources (White and Disney, 2006; Roberts, 2007; Ratner, 

2009; Doble, 2011; Maestri, 2013).  In all these cases, and throughout animation, the main recognition 

of centre of mass is during balance and lifting.  Its consideration in more dynamic movements is less 

commonly documented. 

 

Figure 1:  Hammer rotating about its centre of mass 
!ŘŀǇǘŜŘ ŦǊƻƳ όhΩ/ƻƴƴƻǊΣ нлнм) 

In the simple animation training exercise of a bouncing ball, the animator can easily define the path of 

the ball either by modifying its motion path directly in the viewport or by changing the position vs. time 

ƎǊŀǇƘǎ ƛƴ ŀ ƎǊŀǇƘ ŜŘƛǘƻǊΦ  ¢ƘŜ ŎŀǎŜ ƻŦ ǘƘŜ ōƻǳƴŎƛƴƎ ōŀƭƭ ƛǎ ǇŀǊǘƛŎǳƭŀǊƭȅ Ŝŀǎȅ ǘƻ ŀƴƛƳŀǘŜ ōŜŎŀǳǎŜ ǘƘŜ ōŀƭƭΩǎ 

centre of mass (COM) remains at the centre (Roberts, 2007).  Rotation of the ball can be animated 

independently of the path as the rotation takes place around the COM.  A more complex shape such as 

a hammer (Figure 1) is just as easy to animate provided its pivot point (i.e. the centre of rotation for the 

object) is coincident with its COM.   

The trajectory and centre of rotation of all real objects in free flight are defined by the centre of mass 

of the object.  This is also true of characters; however, characters are animated from their root node 

(typically the pelvis).  When the pelvis is in a different place to the centre of mass of the character, a 

character that is animated from the pelvis must follow a more complex path that is more difficult to 

animate.   
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Figure 2: Trajectories for standing and pike jumps  
(adapted from Fédération Internationale de Gymnastique, 2018) 
 

In a vertical standing jump, this offset is minimal because an actorΩǎ COM and their pelvis both follow a 

vertical trajectory.  In a more complex move, this is not the case.  During a vertical standing jump with 

pike (Figure 2), where an actor points their toes and reaches their arms forward to touch them, the 

position of their COM moves away from their pelvis.  Their COM follows a vertical trajectory as for any 

vertical jump, but the pelvis moves horizontally backwards during the pike.  On an animated character, 

the horizontal offset between the COM and the pelvis must be key framed by the animator, and is thus 

dependent on their skill, and understanding of physics. 

In compound movements, like a pike somersault, the animator must consider further physical 

complexities.  Oba (2010) identifies a case study where an animator was animating a falling character 

doing a pike somersault (Figure 3 below).  During the somersault, Oba identifies that the character 

should rotate about its centre of mass (Figure 3A).  Rotating around the root (or pelvis) produces an 

unnatural motion (Figure 3B). 

In any dynamic motion, the animator (either consciously or subconsciously) must imagine the 

instantaneous location of the ŎƘŀǊŀŎǘŜǊΩǎ COM and build the rest of the motion around it.  When 

animating a character doing a pike somersault, the pelvis must be key frame animated by eye in a 

circular fashion around the ŎƘŀǊŀŎǘŜǊΩǎ COM (see Figure 4 below).   
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Figure 3: Comparison animations with different centres of rotation  
A: centred on the COM B: centred on the root/pelvis  (Oba, 2010) 
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Figure 4: Pelvis trajectory orbiting the COM in a pike somersault  
(adapted from Oba, 2010) 
 

The angle of rotation of the pelvis about the COM can only be directly key framed if the character rig 

has some representation of the COM.  In rigs where the root node is the pelvis (i.e. pelvis-led rigs), 

aƴƛƳŀǘƛƻƴ ƻŦ ǘƘŜ ǇŜƭǾƛǎΩ ƻǊōƛǘŀƭ path must be defined using world-space Cartesian coordinates only.  This 

can mean such a move has to be key framed on every (or every other) frame to ensure the movement 

looks smooth; a process which is difficult for most animators and which even an experienced animator 

will find time consuming. 

When animating a bouncing ball, the animator effectively has control over the centre of mass of the ball 

because the pivot point of the ball is set at the centre and never changes.  Although both ball and 

character rotate around their centre of mass, animation of characters doing complex motions such as 

somersaults is not as easy as a bouncing ball rotating because there is generally no way of directly 

controlling the path of the centre of mass. 

As the motion of the ball is derived from the centre of mass, the COM represents the simplest 

ŀƴƛƳŀǘŀōƭŜ ǇŀǘƘ ŦƻǊ ǘƘŜ ōŀƭƭΩǎ ƳƻǾŜƳŜƴǘΦ  ¢ƘŜ ōŀƭƭΩǎ /ha path, COM rotation and ΨposeΩ (imagine the 

ball squashing for example) can be divorced into separate acts of animation because the ball is animated 

from its COM.  The rotation of the ball can be animated independently of its COM path.  The same is 

ǘǊǳŜ ƻŦ ǘƘŜ ōŀƭƭΩǎ ǇƻǎŜΣ ǘƘŜ ǎǉǳŀǎƘ ŎƻǳƭŘ ōŜ ŀƴƛƳŀǘŜŘ ƛƴdependently of the path and the rotation. 

In examples such as an ice skater spinning or a diver doing a somersault, their COM trajectory and COM 

rotation would be fairly continuously defined through the entire movement, but their pose could change 

several times, being defined discretely.  This is not always the case, for example during dance or a 

tumbling actΣ ŀƴ ŀŎǘƻǊΩǎ Ǌƻǘŀǘƛƻƴ ŀƴŘ ǘǊŀƧŜŎǘƻǊȅ can be rapidly changing and therefore defined discretely. 
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This suggests that pose is distinct from the COM trajectory and COM rotation, but the three form 

separate fundamental properties to any movement.  By defining these fundamental properties 

separately in an animation, it should allow the animator to use the simplest definition of any movement.  

Because character animation is driven from the pelvis and not the centre of mass, any initial definition 

of the pelvis animation path (Figure 3B) will need to be modified retrospectively based on any pose 

adjustment or rotation of the character to produce the correct, more complex, path (Figure 3A).  

Animation of the pose and the path are interdependent.  This makes the animation, and any subsequent 

edits to the pose or path, more difficult. 

Use of a rig with the main control node at the centre of mass, instead of the pelvis, would give the 

animator direct control of the character in the same way they have control over the bouncing ball.  In 

the case of the ball, the centre of mass remains at the centre of the ball, however for a character, the 

centre of mass is defined by the pose of the character and can be at positions both inside and outside 

ǘƘŜ ŎƘŀǊŀŎǘŜǊΩǎ ƳŜǎƘ. 

Some rigs give the animator an additional node in the rig which represents the ŎƘŀǊŀŎǘŜǊΩǎ COM, 

allowing them to animate in a more physically informed manner.  By providing a separate control for 

the ŎƘŀǊŀŎǘŜǊΩǎ path, that is not required for the pose definition, the pose and path are divorced; the 

animator can animate the COM node to create the path and then offset the pelvis by eye to make the 

pose look right.  Sometimes called figure relative controls (Allen & Murdock, 2008), these nodes can be 

either dumb or automated. 

Dumb COM nodes Node is positioned manually by the animator 

Automated COM nodes  Node derives its position as a function of rig data  

(either positional data or mass data) 

 

Dumb COM nodes (Athias, 2013; Montgomery, 2012) are relatively common, but far from ubiquitous, 

in character rigs (Section 3.4.3).  In these cases, the COM node, not the pelvis, is used as the root of the 

skeleton hierarchy to allow its movement to be defined in Cartesian XYZ space.   

It is a short logical step then to automatically control the offset between the pelvis and the COM node 

(Section 3.4.4).  Such an offset can be controlled based on the centre of mass of the character or on 

other geometric approximations.  This option is only available to animators in a few niche tools (Phillips 

& Badler, 1988; Boulic, Mas & Thalmann, 1996; Allen & Murdock, 2008; Nekki, 2019).  These niche tools 

all have different implementations and levels of access to the COM node, and none has the simplicity of 

the dumb COM node that would allow animators to control an animated character with the same ease 

as the ΨŎƭŀǎǎƛŎΩ animated ball example. 
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1.2 THE RESEARCH QUESTION 

Of the examples of automated COM nodes above, the only one that gives direct access to the COM node 

during animation is Allen & Murdock (2008) in their book about rigging in Maya, ΨBody LanguageΩ.  They 

show a rig that is suitable for ΨflightΩ (or any airborne animation) but then revert to a more conventional 

character rig for all other animations. 

bŜƪƪƛ DŀƳŜǎΩ /ŀǎŎŀŘŜǳǊ ǎƻŦǘǿŀǊŜ όbŜƪƪƛΣ нлмфύ is also primarily concerned with airborne movement.  It 

does allow the animator to animate the COM node but only applies physically correct motion post-

animation.  Phillips and Badler (1988) and Boulic, Mas and Thalmann (1996) use the ŎƘŀǊŀŎǘŜǊΩǎ COM 

only as a constraint for a pose optimisation algorithm based on balance for static character poses. 

While it seems clear that the centre of mass can play a part in the animation of dynamic airborne 

movements or is used in balance, there seems to be no examples of an automated COM rig which does 

both.  The above examples suggest that animating with the ŎƘŀǊŀŎǘŜǊΩǎ COM for balance (i.e. a grounded 

character) is more complex and requires an optimisation process (see Section 5.4.2). 

This raises some interesting questions, such as does this optimisation process preclude animation via 

the COM node?  This research aims to establish what factors limit the use of automated COM rigs in 

grounded animation scenarios and whether these preclude its use for airborne movement. 

Cascadeur (Nekki, 2019) is based on the premise that the use of the centre of mass during animation of 

dynamic airborne movements is beneficial to realistic motion, which is also supported by the work of 

Oba (2010).  So, the potential benefits of a COM node for airborne animations seem well supported.  

There may however be less obvious limiting factors when animating airborne movements using a COM 

node.  Moreover, it is also important to confirm any benefits to weigh against any limiting factors for 

grounded animations.   

This leads to the following research question: 

 

What are the benefits and operational issues when using an automated COM rig for 

dynamic airborne and grounded key frame animation? 

 

A simple testing regime for the existing automated COM rigs in different animation scenarios is not 

sufficient to answer this question, as the results would be subjective and borne out of the practice of a 

small sample of animators.  Establishing generalised benefits and issues of automated COM rigs across 

a wide range of scenarios would come from extended experience in the field with many animators and 
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different automated COM rigs.  This is possible from a theoretical point of view, but the practicalities of 

converting commercial organisations to a new rig and new way of animating, without knowing if it would 

be successful, would not be practical from an experimental perspective.  In addition, a testing regime 

could never preclude exceptional cases which may have specific operational issues.   

The largest problem with that approach though, is that no suitable contemporary automated COM rig 

has been found that could answer this question either practically or through user experience interviews.  

Thus, in order to complete such an approach a bespoke automated COM rig would have to be 

developed. 

Therefore, this research must develop a bespoke automated COM rig.  Through the act of developing 

the rig, it is possible to understand at a more fundamental level than post-hoc interviews, the causes of 

any limiting factors and any benefits of an automated COM rig.  The development process would not 

ŀƛƳ ǘƻ ǇǊƻŘǳŎŜ ǘƘŜ ΨǇŜǊŦŜŎǘΩ ŀǳǘƻƳŀǘŜŘ /hM rig but would be driven by the need to understand the 

benefits and constraints on an animation production workflow. 

Another advantage of conducting the research in this way, rather than relying on real-world user 

experience (sparse as it is), is that the conditions under which the rig is developed and tested can be 

controlled.  This allows more rigorous comparison to established approaches, with no COM node or 

dumb COM nodes, ǘƘŀƴ ǿƻǳƭŘ ōŜ ǇƻǎǎƛōƭŜ Ψƛƴ ǘƘŜ ǿƛƭŘΩΦ  ¢ƻ ǘƘƛǎ ŜƴŘΣ an operational context framework 

for automated COM rigs also needs to be developed.  This operational context will allow the 

development of the automated COM rig to be driven predominantly by theory, supported by small 

practical tests specific to each development iteration.   

For this research to have practical benefits in the animation production process, it cannot rely wholly 

on development, so the final conclusions will include an element of practical workflow evaluation.  The 

animation exercises used for the final evaluation will be defined within the same operational context 

with the aim allowing the resulting benefits and constraints to be interpreted across categories of 

animations rather than just the specific examples evaluated. 
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1.3 CONTRIBUTIONS TO KNOWLEDGE 

In answer to the research question above, this research will show there are three key benefits and two 

key operational issues with the automated COM rig when used for dynamic airborne and grounded 

animations, which contribute to knowledge. 

BENEFITS 

1. Both airborne and grounded dynamic animations made with an automated COM node will 

show the characteristics expected of physically derived motion (Sections 10.4, 11.5, 12.3).  

2. An automated COM node will ŀƭƭƻǿ ŦƻǊ ǘƘŜ ǊŜǘǊƻǎǇŜŎǘƛǾŜ ƳƻŘƛŦƛŎŀǘƛƻƴ ƻŦ ŜƛǘƘŜǊ ǘƘŜ ŎƘŀǊŀŎǘŜǊΩǎ 

path, rotation or pose independently (Section 10.3.3).  

3. CƻǊ ƎǊƻǳƴŘŜŘ ƳƻǾŜƳŜƴǘǎΣ ǘƘŜ ǇƻǎŜ Ŏŀƴ ōŜ ŀŘƧǳǎǘŜŘ ƛƴŘŜǇŜƴŘŜƴǘƭȅ ƻŦ ǘƘŜ ŎƘŀǊŀŎǘŜǊΩǎ ōŀƭŀƴŎŜ 

(Section 11.4.2). 

OPERATIONAL ISSUES 

1. For grounded movements, the relationship between the COM node position and the pelvis 

position will be nonlinear (Section 8.2). 

2. In this research, allowing the COM node to rise and fall as required by the pose, will create 

extra key frames which will increase the interdependency between ŀ ŎƘŀǊŀŎǘŜǊΩǎ path, rotation 

and pose (Section 8.3). 

 

This research, in answering the above question, will use a Design Science Research (DSR) methodology 

to produce further contributions to knowledge.  The use of DSR outside information systems research 

is atypical, however despite being a different field, it will be shown to produce generalisable research 

knowledge and all the expected DSR research outputs and as such is a contribution to the 

methodological approach. 

The DSR methodology produces specific outputs in the form of components of an emergent design 

theory (Section 2.1.1).  The following contributions are grouped by component. 

ü EXPOSITORY INSTANTIATION 

In DSR, the artefact being researched forms part of the contribution to knowledge, which for this 

research will be an automated COM rig (Section 6.1). 

ü PURPOSE & SCOPE 

This research will show as a contribution to knowledge that an automated COM rig provides a successful 

solution to making physically plausible dynamic airborne movements (Section 10.4) and grounded 

movements (Sections 11.5 and 12.3).   
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ü CONSTRUCTS 

Through analysis of different movement types and their effect on the centre of mass of a real actor 

(Section 4.4), a generalistic operational context framework ǊŜƭŀǘƛƴƎ ǘƘŜ Ƴƻǘƛƻƴ ƻŦ ŀ ŎƘŀǊŀŎǘŜǊΩǎ COM to 

the animation workflow (Section 4.5) for different types of movement will be developed as a 

contribution to knowledge.  It will define four movement domains, path-based (grounded and airborne) 

and pose-based (grounded and airborne), depending on when, in the key frame animation workflow the 

ƳƻǾŜƳŜƴǘΩǎ ǇŀǘƘ ŀƴŘ Ǌƻǘŀǘƛƻƴ ŀǊŜ ŀƴƛƳŀǘŜŘ ό{ŜŎǘƛƻƴ 4.6). 

Additionally, the new nomenclature will be defined for this research thus providing a further 

contribution (see Glossary section). 

ü ABSTRACTION AND GENERALISATION 

As a unique contribution to animation, this research will identify three fundamental properties of any 

real-world movement ς COM trajectory, COM rotation and pose, that in principle can all be treated 

separately (Section 1.1).   

Also, six fundamental principles for the operation and functionality of automated COM rigs will be 

derived from specific operational considerations of a character with an automated COM node 

(Chapter 5). 

1. The COM node and any other world-space nodes such as IK targets must operate in the same 

ŎƻƻǊŘƛƴŀǘŜ ǎǇŀŎŜΦ  ¢ƘŜ ǇŜƭǾƛǎΣ ŀƴŘ ōȅ ŀǎǎƻŎƛŀǘƛƻƴΣ ǘƘŜ ǘƻǊǎƻ ŀƴŘ ŀƴȅ CY ƭƛƳōǎΣ ƻǇŜǊŀǘŜ ƛƴ ΨǇƻǎŜ 

ǎǇŀŎŜΩΣ ǿƘƛŎƘ ƛǎ ŘŜŦƛƴŜŘ ōȅ ǘƘŜ /ha node.  (Section 5.3) 

2. The three properties of any movement ς COM node trajectory, COM node rotation and pose ς 

can all be treated separately only in situations where all parts of the character move together.  

(Section 5.4.1) 

3. The pelvis must offset by an amount equal and opposite to the vector difference between the 

COM node position and the character COM position.  (Section 5.4.2) 

4. Grounded poses require an iterative approach as the pose changes when the pelvis is offset.  

(Section 5.4.2) 

5. The COM node must be the main control node for the character and the pelvis offset must be 

controlled algorithmically.  (Section 5.5) 

6. For grounded poses, vertical adjustments must be made to the COM node to match the height 

of the COM node to the height of the character COM.  (Section 5.6) 

 
As a further generalistic conclusion, this research will also show that poses created with an automated 

COM rig are determinate (i.e. fully defined and repeatable) (Section 7.7), and describe three corollaries 

to this (also contributions): 
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1. Any pose that is achievable on a pelvis-led rig will still be achievable on an automated COM rig 

(Section 7.7) 

2. Even small pose changes such as those made during the curves and polish stages of the key 

frame workflow will result in a movement of the pelvis (Section 7.4). 

3. There is no requirement to key frame whether the pose was created as grounded or airborne 

(Section 8.3.3) 

 
This research will also show that the relationship between the COM and pelvis positions is nonlinear for 

grounded poses (Section 8.2). 

ü KNOWLEDGE OF FORM AND FUNCTION 

As a contribution to animation practice, the operation of an automated COM rig will be established as 

follows (Section 5.7).  The animator must ŎƻƴǘǊƻƭ ǘƘŜ ŎƘŀǊŀŎǘŜǊΩǎ path and rotation using the COM node.  

The pelvis must be continuously offset from the COM node to ensure the centre of mass of any pose is 

coincident to the COM node.   

A further, minor, contribution will be that the pelvis offset must be calculated for every instantaneous 

step change in the viewport (Section 6.3) followed, for grounded poses, by an iterative refinement of 

the pose (Section 6.2.2).  Further contributions linked to that will be that a simple iterative method is 

adequate and sufficient for this refinement (Section 6.4), and the refinement phase can be omitted 

altogether if the calculation is fast enough (Section 7.2).  Single step pose changes such as pose recall 

from the timeline, importing pose definitions or undoing would still require iterative refinement. 

CǊƻƳ ŀƴ ŀƴƛƳŀǘƻǊΩǎ Ǉƻƛƴǘ ƻŦ ǾƛŜǿΣ much of the animation workflow will be familiar (Section 11.5).  This 

research will contribute a method for grounded poses whereby the balance should be defined before 

the pose using the automated COM node, and refined if necessary only after the entire pose is created 

(Section 12.2.2).   

Where the COM node should rise and fall to match the pose, this research will show that there are two 

adjustments required: one which counters the pelvis offset; and one to counter any height changes as 

the pelvis orbits around the COM node when it is rotated (Section 6.2.4).  This will lead to a further 

minor contribution, that these vertical adjustments must form part of the pose definition (unlike the 

pelvis offset which must be algorithmically controlled) (Section 8.3). 

ü EVALUATION AND VALIDATION PROPOSITIONS 

This research will show that that dumb COM rigs will infer similar advantages to automated COM rigs 

for airborne movements, albeit less accurately (Section 10.3.3).  However, an animator must use a dumb 

COM node in a specific procedural manner to benefit for grounded poses (Section 11.3.2). 
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This research will also show that an automated COM rig does not override the existing animation toolset, 

suggesting an animator using an automated COM rig would be expected to be equally successful when 

compared to a pelvis-led rig (Section 11.2.3). 
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1.4 THESIS STRUCTURE 

This research is based on the Design Science Research (DSR) methodology (Chapter 2) and is structured 

according to the phases of the DSR cycle.  Each of the phases of the DSR cycle is marked by a title page 

which delineates the relevant chapters. 

ü THE AWARENESS OF PROBLEM  

Following on from the introduction in this chapter, Chapter 3 explores in detail the different ways in 

which creating physically plausible animation can be and has been approached including Motion 

Capture (3.1), Motion Synthesis (3.2) and Key Frame Animation (3.3).  Finally, it explains the importance 

of the centre of mass in animation (3.4), existing centre of mass tools (3.4.2), and the use of COM nodes 

(3.4.3 and 3.4.4). 

ü SUGGESTION 

An operational context for the use of such rigs in a range of animation scenarios based on the physics 

of the COM and animation workflow was devised (Chapter 4).  Within the operational context, the 

principles of operation of an automated COM rig are established conceptually (Chapter 5) and practically 

(Chapter 6). 

ü DEVELOPMENT 

The prototype automated COM rig is developed through several iterations by subjecting it to a series of 

functional tests which focus mainly on repeatability (Chapter 7) and the requirement on the COM node 

to be at a suitable height for the pose (Chapter 8).  These chapters are non-chronological, based on 

concept instead of iteration number. 

ü EVALUATION 

The main workflow evaluation requirements and potential benefits of the automated COM rig are 

explored through animation workflow evaluations based on the operational context.  Chapter 9 defines 

the evaluations derived from the operational context, and Chapters 10, 11 and 12 present practical 

examples for each evaluation using the automated COM rig compared to a baseline workflow control 

established with a comparative conventional rig. 

ü CONCLUSION 

The final conclusions and future research are summarised in Chapter 13.  The resulting contributions to 

knowledge will form a high-level DSR research output known as an emergent design theory.  This forms 

the structure of the conclusions chapter. 
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2 RESEARCH METHODOLOGY 

In Section 1.2, it was established that it will be necessary to develop and iteratively refine the design of 

a bespoke automated COM rig in order to try to establish potential issues and benefits  in the use of 

such COM rigs for dynamic airborne and grounded movements.  This is partly borne out of the lack of 

availability of suitable contemporary rigs but will also allow a more fundamental analysis of any benefits 

or issues that arise in the development process.  ¢Ƙƛǎ ΨǇǊŀŎǘƛŎŀƭΩ ŀǇǇǊƻŀŎƘ ǘƻ ǊŜǎŜŀǊŎƘ ƛǎ ŀƭǎƻ ǊŜŦƭŜŎǘƛǾŜ 

of R&D processes in the animation industry. 

This chapter proposes that the methodology known as Design Science Research (DSR), ǘƘŜ ŀŎǘ ƻŦ ΨǳǎƛƴƎ 

ŘŜǎƛƎƴ ŀǎ ŀ ǊŜǎŜŀǊŎƘ ƳŜǘƘƻŘ ƻǊ ǘŜŎƘƴƛǉǳŜΩ ό±ŀƛǎƘƴŀǾƛ & Kuechler, 2004), is suitable to develop and 

iteratively refine the design of such a rig.  It will be argued that the act of designing a new rig can itself 

reveal new knowledge and the development process can be used as a research methodology.   

Where the goal of development would normally be to make a better artefact, in DSR the goal is to better 

understand potential operational problems, through reflection on possible design decisions.  As such, 

the aim of each iteration will be to generate knowledge rather than to improve the efficacy or usability 

of the rig.   

2.1 DESIGN SCIENCE RESEARCH 

5ŜǎƛƎƴ {ŎƛŜƴŎŜ wŜǎŜŀǊŎƘ ό5{wύ ŜǾƻƭǾŜŘ ƛƴ ǘƘŜ ŜŀǊƭȅ мффлΩǎ όbǳƴŀƳŀƪŜǊ WǊ et al., 1990; Walls et al., 1992) 

within the field of Information Systems.  March and Smith (1995) define the methodology as reconciling 

ΨŘŜǎŎǊƛǇǘƛǾŜ ǊŜǎŜŀǊŎƘΩΣ ǿƘƛŎƘ ŀƛƳǎ ǘƻ ǳƴŘŜǊǎǘŀƴŘ ǘƘŜ ΨƴŀǘǳǊŜ ƻŦ L¢Ω ŀƪƛƴ ǘƻ ƴŀǘǳǊŀƭ ǎŎƛŜƴŎŜ ǊŜǎŜŀǊŎƘΣ ŀƴŘ 

ΨǇǊŜǎŎǊƛǇǘƛǾŜ ǊŜǎŜŀǊŎƘΩΣ ǿƘƛŎƘ ŀƛƳǎ ǘƻ ƛƳprove IT performance and is more akin to a design activity. 

Vaishnavi and Kuechler (2004) note that Design Science Research is distinct from Design Research, as 

the latter ƛǎ ΨǘƘŜ ǎǘǳŘȅ ƻŦ ŘŜǎƛƎƴ ƛǘǎŜƭŦ ŀƴŘ ŘŜǎƛƎƴŜǊǎ ς their methods, cognition and educatioƴΩΦ  ¢ƘŜȅ 

also identify the difference between DSR and a regular design effort by recognising that in conventional 

design, the seeking of new knowledge is often detrimental to the success of the design (i.e.  it is better 

to design from current state-of-practice to reduce the risk of failure). 

The distinctive feature of DSR compared to other research methodologies is the necessary creation 

(design) of an artefact. 

While this thesis does not lie within the field of information systems, the use of DSR can be justified 

provided the requirements of the methodology are met in terms of the activities (Section 2.1.2) within 

it and the types of output (Section 2.1.1) it produces. 
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2.1.1 DSR RESEARCH OUTPUTS 

March & Smith (1995) define four design-related artefacts ς constructs, models, methods and 

instantiations (Table 1 below).  They describe constructs, models and methods as abstract artefacts, 

whilst instantiations are material artefacts.  They emphasise the importance of an instantiation to 

ΨŘŜƳƻƴǎǘǊŀǘŜ ǘƘŜ ŦŜŀǎƛōƛƭƛǘȅ ŀƴŘ ŜŦŦŜŎǘƛǾŜƴŜǎǎ ƻŦ ǘƘŜ models and methods ǘƘŜȅ ŎƻƴǘŀƛƴΦΩ ό²ƛǘƘƛƴ ǘƘƛǎ 

ŘƻŎǳƳŜƴǘΣ ǘƘŜ ǿƻǊŘ ΨŀǊǘŜŦŀŎǘΩ will be taken to mean an instantiation or material artefact.)  

DREPT  

(Design Relevant 

Explanatory / 

Predictive Theory) 

 ΨΧŘŜǎƛƎƴ-ǊŜŀƭƳ ǘƘŜƻǊȅ ǘƘŀǘ ŀǳƎƳŜƴǘǎ ǘƘŜ ΨƘƻǿΩ ǇŀǊǘ ƻŦ ŀ ŘŜǎƛƎƴ 

theory with the explanatory ƛƴŦƻǊƳŀǘƛƻƴ ƻƴ ΨǿƘȅΩ ƻƴŜ ǎƘƻǳƭŘ ǘǊǳǎǘ 

ǘƘŜ ŘŜǎƛƎƴ ŀŎǘƛƻƴ ǘƻ ǿƻǊƪΦΩ ό±ŀƛǎƘƴŀǾƛ & Kuechler, 2004) 

Design Theory ΨΧŀ ǎŜǘ ƻŦ ǇǊŜǎŎǊƛǇǘƛǾŜ ǎǘŀǘŜƳŜƴǘǎ ŀƴŘ ƻǳǘŎƻƳŜ ǎǇŜŎƛŦƛŎŀǘƛƻƴ ŦǊƻƳ 

ǿƘƛŎƘ ƛƳǇƭƛŎŀǘƛƻƴǎ Ŏŀƴ ōŜ ŘǊŀǿƴΩ ό±ŀƛǎƘƴŀǾƛ & Kuechler, 2004) 

Emergent or 

Nascent Theory 

ΨΧŀ ƳŜǘŀǇƘƻǊƛŎŀƭ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ Ƙƻǿ ǘƘŜ ŀǊǘƛŦŀŎǘ ώƛΦŜΦ  

instantiation] supports or controls the phenomenon of ƛƴǘŜǊŜǎǘΩ 

(Purao, 2002)  

Methods ΨΧŀ ǎŜǘ ƻŦ ǎǘŜǇǎ όŀƴ ŀƭƎƻǊƛǘƘƳ ƻǊ ƎǳƛŘŜƭƛƴŜύ ǳǎŜŘ ǘƻ ǇŜǊŦƻǊƳ ŀ ǘŀǎƪΩ 

(March & Smith, 1995) 

Models ΨΧŀ ǎŜǘ ƻŦ ǇǊƻǇƻǎƛǘƛƻƴǎ ƻǊ ǎǘŀǘŜƳŜƴǘǎ ŜȄǇǊŜǎǎƛƴƎ ǊŜƭŀǘƛƻƴǎƘƛǇǎ 

ŀƳƻƴƎ ŎƻƴǎǘǊǳŎǘǎΩ όaŀǊŎƘ & Smith, 1995) 

Constructs ΨΧŦƻǊƳ ǘƘŜ ǾƻŎŀōǳƭŀǊȅ ƻŦ ŀ ŘƻƳŀƛƴΦ  ¢ƘŜȅ ŎƻƴǎǘƛǘǳǘŜ ŀ 

conceptualization used to describe problems within the domain 

and to specify theƛǊ ǎƻƭǳǘƛƻƴǎΦΩ όMarch & Smith, 1995) 

Artefact 

(Instantiation) 

ΨΧǘƘŜ ǊŜŀƭƛȊŀǘƛƻƴ ƻŦ ŀƴ ŀǊǘŜŦŀŎǘ ƛƴ ƛǘǎ ŜƴǾƛǊƻƴƳŜƴǘΦ  Χ  ōƻǘƘ ǎǇŜŎƛŦƛŎ 

information systems and tools that address various aspect of 

ŘŜǎƛƎƴƛƴƎ ƛƴŦƻǊƳŀǘƛƻƴ ǎȅǎǘŜƳǎΩ όMarch & Smith, 1995) 

Table 1: Design science research outputs 
 

Purao (2002) expanded on the initial classification by suggesting ŀ Ψsituated LƳǇƭŜƳŜƴǘŀǘƛƻƴΩ όƛΦŜΦ ŀƴ 

Artefact) was the lesser, if most visible, of the outputs.  He places constructs, models and methods (i.e. 

abstract artefacts), under the heading of operational principles, above the material artefact, before 

suggesting a category of emergent theories (Table 1) that may be embodied in the artefact.  The latter 

was placed above operational principles as the highest goal of DSR.   

Vaishnavi and Kuechler (2004) state that a fully developed theory should be the desired form of 

knowledge from a DSR project but recognise that this may only come after years of effort from a 

ǊŜǎŜŀǊŎƘ ŎƻƳƳǳƴƛǘȅΦ  ¢ƘŜȅ ǳǎŜ ǘƘŜ ǘŜǊƳ ΨƴŀǎŎŜƴǘ ǘƘŜƻǊȅΩ ŦƻǊ tǳǊŀƻΩǎ ΨŜƳŜǊƎŜƴǘ ǘƘŜƻǊȅΩ and call the fully 
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developed theory a design theory to distinguish it from the type of theory developed in natural science 

research stating that: 

ΨLƴ ŘŜǎƛƎƴ ǎŎƛŜƴŎŜ ǊŜǎŜŀǊŎƘ ǘƘŜ ǇƘŜƴƻƳŜƴŀ ƻŦ ƛƴǘŜǊŜǎǘ ŀǊŜ ŎǊŜŀǘŜŘ ŀƴŘ ǎƻ ŘŜǎƛƎƴ 

theories have a different but analogous form to natural scieƴŎŜ ǘƘŜƻǊƛŜǎΩ  

(Vaishnavi & Kuechler, 2004) 

Whereas nascent (emergent) theories and fully developed design theories can be based on tacit 

justificatory knowledge such as experience-based insights and intuitions, Vaishnavi and Kuechler 

develop the idea to a higher level of abstraction with a Design Relevant Explanatory/Predictive Theory 

(DREPT), which uses kernel theories from other fields (e.g. natural science or mathematics) as 

justificatory knowledge (Table 1). 

 

Table 2:  The profile of a design theory 
(Vaishnavi & Keuchler, 2004) 

Vaishnavi and Kuechler (2004) identify six core elements that form the components of any design theory 

(Table 2).  9ŀŎƘ ƻŦ tǳǊŀƻΩǎ operational principles are embedded within this design theory profile, and as 

such, the emergent design theory becomes the prime research output. 

March and Smith, Purao and Vaishnavi and Kuechler all recognise that DSR projects do not necessarily 

produce all forms of output.  (However, all DSR projects must include an artefact.) March and Smith say 

that research can be conducted on any combination of the artefacts (abstract and material) provided 

ΨǘƘŜ ŀǊǘƛŦŀŎǘ Ƙŀǎ ǳǘƛƭƛǘȅ ŦƻǊ ŀƴ ƛƳǇƻǊǘŀƴǘ ǘŀǎƪΩΦ   
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2.1.2 DSR RESEARCH ACTIVITIES (THE DSR CYCLE) 

 

 

Figure 5: Design science research process model ς DSR cycle  
(Vaishnavi & Kuechler, 2004) 
 

Vaishnavi and Kuechler (2004) provide a DSR process model, or DSR Cycle, (Figure 5) that follows a 

similar sequence to a standard design cycle but includes the flow of knowledge that leads to the final 

contribution of the research project.  They note that while the phases of the DSR cycle are similar to a 

design process, the activities within are considerably different.   

The DSR diagram in Figure 5 shows five process steps.  However, this semantically suggests a smooth 

completion of one 'step' before moving to the other, whilst the terminology (adopted through this 

thesis) of ΨphasesΩ is more indicative of a suggested focal activity producing a potentially multi-factored 

circumscription loop, where the knowledge generated may address multiple or different aspects of the 

awareness of problem and suggestion phases.  

Awareness of problem may come from various sources, including industry developments and literature 

reviews, and leads to a proposal for new research. 

Suggestion and development ŦƻǊƳ aŀǊŎƘ ϧ {ƳƛǘƘΩǎ build activity.  The suggestion phase is closely linked 

to the awareness of problem phase, complementing the proposal with a tentative design.  The 

development phase involves the production of an artefact using appropriate techniques.   
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¢ƘŜ ǳǎŜ ƻŦ ǘƘŜ ǿƻǊŘ ΨŎƛǊŎǳƳǎŎǊƛǇǘƛƻƴΩ ŀǎ ŦŜŜŘōŀŎƪ ƛƴ ǘƘŜ ŘŜǎƛƎƴ ǇǊƻŎŜǎǎ ƛǎ ōŀǎŜŘ ƻƴ ǘƘŜ ŘŜŦƛƴƛǘƛƻƴ 

according to McCarthy (1981) where  

ΨώŎƛǊŎǳƳǎŎǊƛǇǘƛƻƴϐ ǿƛƭƭ ŀƭƭƻǿ ǳǎ ǘƻ ŎƻƴƧŜŎǘǳǊŜ ǘƘŀǘ ƴƻ ǊŜƭŜǾŀƴǘ ƻōƧŜŎǘǎ ŜȄƛǎǘ ƛƴ ŎŜǊǘŀƛƴ 

categories except those whose existence follows from the statement of the problem 

and common-ǎŜƴǎŜ ƪƴƻǿƭŜŘƎŜΦΩ (McCarthy, 1981) 

In other words, the factors that inform the constraints of the next design iteration are the only relevant 

factors for that iteration.  Vaishnavi and Kuechler describe it as follows,  

Ψ/ƛǊŎǳƳǎŎǊƛǇǘƛƻƴ ƛǎ ŘƛǎŎƻǾŜǊȅ ƻŦ ŎƻƴǎǘǊŀƛƴǘ ƪƴƻǿƭŜŘƎŜ ŀōƻǳǘ ǘƘŜƻǊƛŜǎ Ǝŀƛned through 

detection and analysis of contradictions when things do not work according to the 

ǘƘŜƻǊȅΩΦ  (Vaishnavi & Kuechler, 2004) 

The evaluation phase involves evaluation of the artefact against the criteria set out in the proposal.  It 

also includes MaǊŎƘ ŀƴŘ {ƳƛǘƘΩǎ theorise activity.  Vaishnavi and Kuechler state that: 

Ψ5ŜǾƛŀǘƛƻƴǎ ŦǊƻƳ ŜȄǇŜŎǘŀǘƛƻƴǎΣ ōƻǘƘ ǉǳŀƴǘƛǘŀǘƛǾŜ ŀƴŘ ǉǳŀƭƛǘŀǘƛǾŜΣ ŀǊŜ ŎŀǊŜŦǳƭƭȅ ƴƻǘŜŘ 

and must be tentatively explained.  That is, the evaluation phase contains an analytic 

sub-phase in ǿƘƛŎƘ ƘȅǇƻǘƘŜǎŜǎ ŀǊŜ ƳŀŘŜ ŀōƻǳǘ ǘƘŜ ōŜƘŀǾƛƻǊ ƻŦ ǘƘŜ ŀǊǘƛŦŀŎǘΦΩ  

(Vaishnavi & Kuechler, 2004) 

Because any initial hypotheses from the awareness of problem phase are rarely borne out, it is common 

for DSR projects to iterate at this point, using the updated hypotheses to start the DSR cycle again at the 

suggestion phase.  A new or updated Instantiation would be developed, and the process would continue. 

Circumscription therefore includes the things discovered either through tinkering as each iteration of 

the design is created or through a more formal evaluation of each iteration. 

The final conclusion ǇƘŀǎŜ ƛƴŎƭǳŘŜǎ aŀǊŎƘ ϧ {ƳƛǘƘΩǎ WǳǎǘƛŦȅ ŀŎǘƛǾƛǘȅ ŀǎ ǘƘŜ Ŧƛƴŀƭ ƪƴƻǿƭŜŘƎŜ ƛǎ ƧǳŘƎŜŘ ǘƻ 

be of suitable novelty and interest to satisfy the requirements of a research project.  This can be in the 

form of a design theory and/or identified anomalies that would be the subject of future research. 

2.1.3 DSR CONTRIBUTIONS TO KNOWLEDGE 

Contributions to knowledge from DSR projects fall into either descriptive or prescriptive (or both) 

knowledge types (Gregor & Hevner, 2013).  They describe descriptive ƪƴƻǿƭŜŘƎŜ ŀǎ άǿƘŀǘέ ƪƴƻǿƭŜŘƎŜ 

(usually associated with natural science) and includes observations, measurement, patterns and 

ǘƘŜƻǊƛŜǎΦ  tǊŜǎŎǊƛǇǘƛǾŜ ƪƴƻǿƭŜŘƎŜ ƛǎ άƘƻǿέ ƪƴƻǿƭŜŘƎŜ ŀƴŘ ƛƴŎludes the abstract and material artefacts 

described in Section 1.4.1.  The type of knowledge produced depends in large part on the type of DSR 

project. 



K Pitts The Use of Automated Centre of Mass Nodes for Dynamic Grounded and Airborne Key Frame Animation 45 

 

Gregor and Hevner (2013) present a framework for understanding the impact of knowledge contribution 

from DSR projects based on the relative maturities of the problem and chosen solution (Figure 6, below).  

In this framework, new solutions to new problems are classified as Invention, and new solutions applied 

to existing problems are classified as Improvement.  (Existing solutions applied to existing problems are 

classified as routine design and cannot be considered as research).   

 

Figure 6: DSR knowledge contribution framework  
(Vaishnavi & Kuechler, 2004 ς adapted from Gregor & Hevner, 2013) 
 

Invention projects generally only produce an Artefact but are considered research if they are novel and 

ƛƴǘŜǊŜǎǘƛƴƎΦ  Lƴ ±ŀƛǎƘƴŀǾƛ ŀƴŘ YǳŜŎƘƭŜǊΩǎ 5{w cycle, the iterative development of an artefact can itself 

ǇǊƻŘǳŎŜ ŀ ǳǎŜŦǳƭ ƪƴƻǿƭŜŘƎŜ ŎƻƴǘǊƛōǳǘƛƻƴ όǎŜŜ ǘƘŜ ΨŎƛǊŎǳƳǎŎǊƛǇǘƛƻƴΩ arrows in Figure 5).  Gregor and 

Hevner state that an invention is considered as research when: 

 ΨΧǘƘŜ ǊŜǎǳƭǘ ƛǎ ŀƴ ŀǊǘƛŦŀŎǘ ǘƘŀǘ Ŏŀƴ ōŜ ŀǇǇƭƛŜŘ ŀƴŘ ŜǾŀƭǳŀǘŜŘ ƛƴ ŀ ǊŜŀƭ-world context 

and when new knowledge is contributed to the [Descriptive] and/or [Prescriptive] 

ƪƴƻǿƭŜŘƎŜ ōŀǎŜǎΩ όDǊŜƎƻǊ & Hevner, 2013) 

Once the invention phase has been completed, further (separate) research falls into the improvement 

quadrant and can be expected to produce higher-level outputs including design theories and DREPTs. 

 ΨYƴƻǿƭŜŘƎŜ Ŧƭƻǿǎ ƛƴ ǘƘŜ ƛƴǾŜƴǘƛƻƴ ǉǳŀŘǊŀƴǘ ŀǊŜ ǘȅǇƛŎŀƭƭȅ ŦǊƻƳ ǇǊŜǎŎǊƛǇǘƛǾŜ ǘƻ 

descriptive.  The new artifact is invented and then other researchers see it employed in 

use and begin to formulate descriptive knowledge about its use in context (in a 

ŘƛŦŦŜǊŜƴǘ ǉǳŀŘǊŀƴǘύΦΩ όGregor & Hevner, 2013) 
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As there is no published evidence of automated COM rigs suitable for airborne and grounded key frame 

animation (Section 3.4.4), this research falls into the Invention quadrant, where new problems are 

solved with novel solutions.  As such, one key contribution to knowledge is the production of a character 

rig with an automated COM node (i.e. the artefact).  As stated by Gregor and Hevner (above), the 

character rig could then be applied and evaluated in a real-world context as it transits into the 

adaptation or improvement quadrants.   

The prime goal of the research is to generate an emergent design theory that provides understanding 

behind the benefits and issues when using an automated COM rig for dynamic airborne and grounded 

animation.  The implication therefore is that the character rig will have to be tested and evaluated within 

a context to a subjective level to show some level of efficacy, justify the developmental phases and allow 

future researchers to identify areas of improvement.  By evaluation of each iteration, the development 

of the character rig will thus produce unique knowledge through the process of circumscription.   

2.2 THE DSR ACTIVITIES APPLIED TO THIS RESEARCH 

2.2.1 THE DSR CYCLE 

The DSR cycle has set activities that need to be completed, whilst the choice of method within that is 

dependent on the problem being investigated.  Using the phases of the DSR cycle (Figure 5), this section 

outlines the specific research activities and evaluative methods that will be used at each stage in this 

research.  This provides a conceptual and methodological overview of the process in which knowledge 

will be generated.  (The relevant phase within the DSR cycle is also signposted throughout the thesis 

using header pages for clarity.) 

ü AWARENESS OF PROBLEM 

The use of physics to assist key frame character animation has been a continual goal throughout the 

history of computer animation (Section 3.2).  This includes post-production modifications to  animations 

to create a physically correct movement (Section 3.4.2), and character rigs that use various 

approximations and visualisations to the centre of mass (Section 3.4.4).  Thus, there is existing research 

theory that can be used to establish some aspects of the problem and inform the creation of a tentative 

design in the suggestion phase.  However, as the automated COM rig is a novel approach (outside a few 

bespoke solutions), much of the suggestion phase needs to be derived. 

ü SUGGESTION 

As part of the suggestion phase, an operational context framework will be developed as a DSR construct 

(Chapter 4).  Based on the physical motion of the centre of mass in real scenarios and related to key 

frame animation workflow, the operational context will define the conceptual space in which the 

automated COM rig needs to operate and thus inform the development and the evaluation phases. 
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A detailed understanding of the operational requirements of an automated COM rig will be explored, 

with the aim of defining fundamental principles of operation (Chapter 5).  Following these principles, a 

tentative design for the initial prototype will be instantiated.  The initial prototype, will be built as much 

as possible using existing approaches (Chapter 6), to remove any researcher bias from skill levels in 

rigging or scripting.   

ü DEVELOPMENT 

In the case of the first prototype (i.e. the DSR tentative deign), the goal is to create an operational 

automated COM rig.  Subsequent development iterations would involve modifications or redesigns of 

the prototype rig to address specific gaps in knowledge or conceptual issues with the previous iteration 

that directly inform the intended emergent design theory.  

Within the development process, it is inevitable that changes and fixes will be required for functional 

and operational considerations.  These will be evaluated using simple animations in predefined 

scenarios and by automated tests on aspects such as repeatability.  Such changes create new knowledge 

in a circumscription loop that feeds back into the next development iteration (Chapters 7 and 8).   

Changes that do not relate directly to conceptual issues (e.g. platform specific issues such as limitations 

of the implementation of MAXScript inside 3ds Max), will not be considered as part of the 

circumscription loop.  It is necessary to fix such issues to allow the prototype to function but the 

knowledge they generate does not contribute to the ultimate emergent design theory. 

ü EVALUATION 

Where the development phase is primarily concerned with the creation of knowledge about 

functionality, the evaluation phase must evaluate the prototype in terms of its applicability to the key 

frame animation workflow.  This evaluation will be defined (Chapter 9) in the conceptual space defined 

within the operational context created in Chapter 4. 

A baseline control for specific animation scenarios will be conducted on existing character rigs, one 

pelvis-led rig (i.e. with no COM node) and one dumb COM rig.  These will be used to inform the workflow 

approach for the automated COM rig prototype and to frame the practical outcomes of the evaluation 

(Chapters 10, 11 and 12).   

ü CONCLUSION 

Circumscription knowledge from the development and evaluation phases will form the ultimate 

emergent design theory, thus resulting in conclusions based on the contributions to knowledge from 

each circumscription loop (Chapter 13).  The research outputs defined in Section 2.1.1 form all the 

required elements of the emergent design theory. 
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2.2.2 RESEARCH OUTPUTS 

Section 2.1.1 describes the research outputs from a DSR methodology (Table 1).  Whilst it is beyond the 

scope of this research to produce a fully developed design theory or a DREPT, this research aims to 

produce the following outputs: artefact, construct, models, methods and an emergent design theory.   

The artefact will be an automated COM rig based on the instantaneous centre of mass of the character.  

The rig will have been developed through several iterations, each of which is intended to generate 

specific knowledge.   As such, even the final version of the rig is likely to be specifically created to solve 

a problem.  The resulting will not necessarily be a product that would be useful to animators, as the 

design process is not being used for this purpose but to gain knowledge.  Such developments may be 

pursued post-thesis. 

According to March and Smith (1995), constructs ΨŎƻƴǎǘƛǘǳǘŜ ŀ ŎƻƴŎŜǇǘǳŀƭƛȊŀǘƛƻƴ ǳǎŜŘ ǘƻ ŘŜǎŎǊƛōŜ 

ǇǊƻōƭŜƳǎ ǿƛǘƘƛƴ ǘƘŜ ŘƻƳŀƛƴ ŀƴŘ ǘƻ ǎǇŜŎƛŦȅ ǘƘŜƛǊ ǎƻƭǳǘƛƻƴǎΦΩ  Within this research, the operational 

context will fulfil this role.  Inevitably, there will also be new vocabulary for the methods and models in 

this research which allow problems and solutions to be described, and thus will also form a construct. 

There will be models and methods relating those constructs and linking those constructs to other more 

familiar constructs within the character rig.  An example of a DSR model might be the relationship 

between the centre of mass and the Inverse Kinematic system within the rig, and there would need to 

be methods ŀǎǎƻŎƛŀǘŜŘ ǘƻ Ƙƻǿ ǘƘŀǘ ƛǎ ƘŀƴŘƭŜŘ όōƻǘƘ ǿƛǘƘƛƴ ǘƘŜ ŀƭƎƻǊƛǘƘƳ ŀƴŘ ŦǊƻƳ ŀƴ ŀƴƛƳŀǘƻǊΩǎ 

perspective). 

The main outcome of the DSR methodology is an emergent design theory that is derived from the above 

so-ŎŀƭƭŜŘ ΨƻǇŜǊŀǘƛƻƴŀƭ ǇǊƛƴŎƛǇƭŜǎΩ όtǳǊŀƻΣ нллнύΦ   
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ς DSR AWARENESS OF PROBLEM PHASE 

 

!ǎ ǇŀǊǘ ƻŦ ǘƘŜ ΨŀǿŀǊŜƴŜǎǎ ƻŦ ǇǊƻōƭŜƳΩ ǇƘŀǎŜ ƛƴ ǘƘŜ 5{w ŎȅŎƭŜΣ the following chapter presents a literature 

review covering the three animation techniques outlined in Section 1.1, motion capture, key frame 

animation and motion synthesis, in terms of their appropriateness to physically plausible animation.   

It also explores the role and the state of the art of the centre of mass as a tool for key frame character 

animation. 
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3 THE SEARCH FOR PHYSICALLY PLAUSIBLE ANIMATION 

!ƴƛƳŀǘƛƻƴ ŎǊƛǘƛŎ ŀƴŘ ƘƛǎǘƻǊƛŀƴΣ /ƘŀǊƭŜǎ {ƻƭƻƳƻƴΣ ǎŀƛŘ ƛƴ Ƙƛǎ ōƻƻƪ άTale as Old as Time: The Art and 

Making of Beauty and the Beastέ, 

ΨSince the earliest days of the art form, humans have been the most difficult 

characters to animate.  The more realistic the human being, the more difficult the 

animation becomes Χ everyone knows how human beings move, and if those 

movements are not rendered accurately, viewers won't believe in the characters.Ω 

(Solomon, 2010) 

Making animation plausible is not just about the viewer believing in the acting of a character, but in the 

way that they move, and the way things move is defined by physics.  The makers of physics-based 

animation software, Cascadeur suggested, 

ΨWhen watching movies or playing video games, sometimes we notice scenes that 

ŘƻƴΩǘ ƭƻƻƪ ǊƛƎƘǘΦ  aƻǎǘ ƻŦ ǘƘŜ ǘƛƳŜΣ ǘƘƻǳƎƘΣ ǿŜ ŎŀƴΩǘ ŜȄǇƭŀƛƴ ǿƘŀǘ ŜȄŀŎǘƭȅ ƛǎ ǿǊƻƴƎΦ  

We might not see the wirework on the actor, for example, but we intuitively know 

ǘƘŀǘ Ƙƛǎ ƳƻǾŜƳŜƴǘ ƛǎ ƴƻǘ Ƙƻǿ ƛǘ ǎƘƻǳƭŘ ōŜΦ Χ hǳǊ ōǊŀƛƴǎ Ŏŀƴ Ŝŀǎƛƭȅ ǊŜŎƻƎƴƛȊŜ 

unrealistic movements.  In other words, we always notice when the animation is 

physically incorrect.Ω  (Cascadeur, 2020) 

3.1 MOTION CAPTURE 

The most successful and significant technique for producing physically plausible animation is motion 

capture.  aƻǘƛƻƴ ŎŀǇǘǳǊŜ ƻǊ ΨƳƻŎŀǇΩ Ƙŀǎ ōŜŜƴ ŀƴ ƻǇǘƛƻƴ ŦƻǊ ŎƘŀǊŀŎǘŜǊ ŀƴƛƳŀǘƛƻƴ ǎƛƴŎŜ ǘƘŜ early 80Ωs 

(Chapman et al., 1982), providing movement data directly from a physical actor and producing 

animation that is a good representation of a realistic movement. 

There is a variety of techniques for capturing the data, but the motion data provided to the animation 

application are presented as a fully specified set of values for all active DOFs through time (often at a 

significantly higher rate than the desired animation frame rate).  However, a motion capture dataset 

can be incomplete (Kay, 2014), as many systems do not record all aǎǇŜŎǘǎ ƻŦ ŀƴ ŀŎǘƻǊΩǎ ōƻŘȅ such as 

fingers or facial animation.  Also, for camera-based mocap systems, there may be times when specific 

markers are not visible, which can lead to errors. 

Motion capture data always need cleaning up.  This is usually to eliminate intersections between body 

parts or to finely adjust the positions of the hands and feet.  Sometimes more serious work is needed to 
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prevent the feet jittering or sliding when in contact with the ground or to fill in gaps where markers 

were occluded or went out of range (Kay, 2016). 

 

Figure 7: Motion capture example from the game 'Uncharted 2: Among Thieves'  
(Naughty Dog, 2009; image from Mocap Club, 2014) 

 

Figure 8:  Ray Winstone motion captured in Beowulf  
(Zemeckis, 2007; image from Reyes, 2015) 

Because motion capture data are recorded from a physical actor, they are physically authentic.  Provided 

the animated character is similar in proportions to the actor and the clean-up is minimal, motion capture 

produces very physically plausible results.  As a result, motion capture is ubiquitous in human-centred 

semi-realistic and realistic games (Figure 7) and for CG characters in live action films. 

The down side of motion capture is its lack of flexibility on two counts.  Firstly, motion capture becomes 

less convincing as the size and proportions of the animated character diverge from the original actor.  

This is because the motion data are implicitly based on the physical characteristics of the original actor 

(Joon et al., 2007).  For example, a character that is more slightly built than the original actor would 
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appear to move too deliberately and slowly, and the motion looks uncanny.  An example of this can be 

seen in the CGI film Beowulf (Zemeckis, 2007) where Ray Winstone who plays the title role is significantly 

stockier than his character (Figure 8).  More extreme changes in proportion would produce even more 

unrealistic results. 

Secondly, motion capture can only produce animations that are within the capability of an actor to 

execute safely.  Exaggerated, dangerous or superhuman animation cannot be produced directly using 

this technique.  The mocap data must be modified to achieve this and the modification of motion 

capture data changes the believability (Joon et al., 2007). 

Motion capture data cannot be modified directly as all the relevant data would have to be adjusted on 

every frame.  Adjustments to the motion capture data are specified using sparsely distributed offset 

values (key frames) on an additional layer of animation.  The final motion is derived by adding the layers 

together (Autodesk, 2016).  Using this method, it is possible to Ψadd emphasis on areas and change poses 

ǘƻ ƎŜǘ ǘƘŜ ǇŜǊŦŜŎǘ ǇŜǊŦƻǊƳŀƴŎŜΩ όtƭǳǊŀƭǎƛƎƘǘΣ нлмпύΦ  Lƴ ǘƘŜƻǊȅΣ ǘƘƛǎ ΨƘȅōǊƛŘΩ ŀƴƛƳŀǘƛƻƴ ǘŜŎƘƴƛǉǳŜ ŀƭƭƻǿǎ 

an animator to modify motion capture data to allow a character to jump over a building for example by 

adding a significant amount of height to the character in the adjustment layer.  However, to make the 

animation flow, the crouch that anticipates the action, the push as the character leaves the ground, and 

the landing would need to be modified in addition to the height of the jump. 

aƻŘƛŦȅƛƴƎ ƳƻŎŀǇ Řŀǘŀ ǘƘŜƴ Ƙŀǎ ǘƘŜ ǎŀƳŜ ǊŜƭƛŀƴŎŜ ƻƴ ŀƴ ŀƴƛƳŀǘƻǊΩǎ perception and skill as key frame 

animation, so most exaggerated or physically impossible animations (or movements that would be 

dangerous for an actor to do) are produced using key frame animation (Pluralsight, 2014). 

3.2 MOTION SYNTHESIS 

Motion synthesis is the field of generating autonomous motion of a character from high-level commands 

ǎǳŎƘ ŀǎ Ψǿŀƭƪ ŦƻǊǿŀǊŘΩ (Arikan, Forsyth & hΩ.ǊƛŜƴΣ нллоύ.  It has a lot in common with robotics but is also 

of interest in game animation where non-playable characters need to be directly controlled using higher-

level algorithms.  Motion synthesis can be based on motion capture examples (example-based) or driven 

by control systems and simulated with the laws of physics (physics-based). 

Emerging from motion capture, example-based motion synthesis used to involve simple modification or 

merging of motion capture data (Lamouret & van de Panne, 1996) due to the limited computing power 

available.  Babadi (2018) explains in the last decade, due to increasing levels of data processing capability 

and machine learning techniques, example-based motion synthesis has evolved.  Motion capture 

databases can be used to train AI algorithms to create realistic looking motion which is reinforced with 

physics-based motion synthesis (Peng et. al., 2018).  Even videos of actor movement can be used to 

generate 3D animated motion (Peng et. al., 2018). 
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Physics-based character animation is a dynamic approach to animation, which has been around since 

the early days of computer animation (e.g. Armstrong & Green, 1985) with the promise of easily creating 

physically plausible or realistic animation.  As well as striving to provide autonomous characters, motion 

synthesis has also been used in attempts to take the burden of plausibility away from the animator 

whilst still allow varying degrees of creative control (Fattal & Lischinski, 2006). 

Geijtenbeek and Pronost (2012) provide a good overview of physics-based motion synthesis methods 

and highlight a Ψresurgence in physics-based character animationΩ ōŜǘǿŜŜƴ нллр ŀƴŘ нлмм ŀŦǘŜǊ ΨȅŜŀǊǎ 

of focus on data-driven animation techniques [i.e. example-based motion synthesis]ΩΦ  This has largely 

reversed since with the aforementioned focus on example-based techniques, but this chronological 

window of exploration into physics-based techniques provides an opportunity to explore the problems 

identified in Section 1.1 (Geijtenbeek & Pronost, 2012; van Welbergen et al., 2010). 

3.2.1 PHYSICS-BASED CHARACTER ANIMATION 

Although physics-based character animation is not widely available in most common 3D animation 

applications, many do have integrated physics simulation engines to allow animators to knock walls 

down, blow leaves around and pour water realistically.  This is known as forward dynamics (Otten, 2003), 

and can involve one-way kinematic interaction with animated characters (e.g. knocking a cup off a 

table).  These animation tools require a different skill set to key frame character animation, relying on 

setting initial conditions, non-renderable deflector objects, and physical properties such as mass and 

friction (which are often set to non-realistic values to achieve the required effect). 

These simple physical simulations can be applied to characters too.  In the game Just Cause 2 (Eidos 

Interactive, 2010), rigid body mechanics are used to animate characters as they hang off moving cars 

and helicopters (Obrien, n.d.) 

By applying a few physical constraints and mass properties to the bones within a character rig, it is 

possible for characters to be simulated too, a technique known as rag-doll simulation (SideFX, 2017).  

However, the animator cannot influence this process with any significance, and it is only suitable for 

animating dead or unconscious bodies (Chandler, 2015).   

Key frame animation and motion capture are both kinematic approaches to animation ς the animation 

is specified in terms of translational or rotational values of each joint at specific times (e.g. the knee joint 

starts at 90 degrees and moves to 45 degrees six frames later).  It does not take any consideration of 

the physical forces that might cause the movement and thus, sets no limit on what the animator can 

produce, allowing them to create any desired movement.  (Although motion capture is implicitly limited 

by the physical ability of the actor and the constraints of the environment.)  
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The physics-based approach defines the movement from the forces and torques acting on each DoF 

over time (e.g. a torque of 6Nm is applied to the knee joint for three frames followed by a torque of -

6Nm).  The animation is created by solving the equations of motion for articulated bodies (Wittenburg, 

1977; Wittenburg, 2008; Featherstone, 2014ύΦ  ¢ƻ ǎƛƳǳƭŀǘŜ ǘƘŜ Ŧƛƴŀƭ Ƴƻǘƛƻƴ ŦǊƻƳ ǘƘŜ ŀƴƛƳŀǘƻǊΩǎ 

specification, the character rig requires extra information such as the mass and moment of inertia of 

each articulated section.   

To animate a living character using dynamic simulation it is not sufficient to apply torques of the correct 

amount to each joint.  Such a system would quickly become unstable due to cumulative inaccuracies in 

the values applied.  There needs to be a controlling element within the system. 

Mitake et al. (2009) use a simple inverted pendulum controller to keep a character upright while leaning 

during acceleration, deceleration and cornering, but generally controllers are applied at the joint level 

of the rig. 

Feedback controllers that adjust the torques to satisfy rotational or positional targets can be applied to 

each joint.  This would normally be achieved using Proportional-Derivative (PD) controllers (Allen et al., 

2007; Faloutsos, van de Panne & Terzopoulos, 2001) and is the technique used in robotics.   

 

Figure 9: Motion synthesis used to animate athletes 
(Hodgins et al., 1995) 
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Figure 10: A machine learning approach to physics-based motion synthesis  
(Geijtenbeek et al., 2013) 

The controllers can either be bespoke, usually designed for one specific motion, such as animating 

athletics (Figure 9) in an exercise inspired by the 1996 Olympics in Atlanta, Georgia (Hodgins et al., 1995), 

ƻǊ ǳǎŜŘ ŀǎ ǇŀǊǘ ƻŦ ŀƴ ƻǇǘƛƳƛǎŀǘƛƻƴ ǘƻ ΨƭŜŀǊƴΩ ŀ ƭƻƻǎŜƭȅ ŘŜŦƛƴŜŘ Ƴƻǘƛƻƴ ό²ŀƴƎ Ŝǘ ŀƭΦ, 2012; Geijtenbeek et 

al., 2013).  This approach has gained precedence more recently due to the reduced amount of 

biomechanical expertise required and the increase in computing power (Figure 10).   

 

Figure 11:  NaturalMotion's Endorphin  
(NaturalMotion, 2003, Image from K-os Blog, 2016) 


































































































































































































































































































































































































































































































































































































