Contents

I 11 oo (3 Tox o] o 1SR 1
1.1 DYNAMICS oottt b ettt 1
1.2 Formulation of Dynamic ANaLYSIS .......cccevriiiiieiiienieeeeee e 3

1.2.1 DAE VS. ODE......iiiiiiiciieeee ettt 4
1.2.2 Recursive FOrmuUIAtIONS ..........ccooviiriiiie e 6
1.2.3 Velocity transformation methods..........c.ccooviveiiiienniineisc e 7
1.3 Balancing of MeChaniSMS..........ccceiiiriiiniriisiees e s 10

2 Dynamics of Open-1oop Systems.......ccoceeveveevennenieneereeeeee 11
2.1 Kinematic Constraints in Serial SYStEMS .......ccccovviiiiriiiiieieieeseee 11
2.2 Kinematic Constraints in Tree-type SYSemMS ........ccccoevereieneneneneeenienn 16
2.3 EqUuations Of MOLION. ........ccoiiiiiiiiice e 19
2.4 Constraint Wrench for Serial SYyStems ..........ccccovvviviiiiieicic e, 22
2.5 Constraint Wrench in Tree-type SYStemMS.......cccccvvieieevereereiese e, 25
2.6 Algorithm for Constraint Wrenches.........cccocvveivcieiicic e 26
2.7 APPLICALIONS ... 29

2.7.1 TWO-IINK MaNIPUIALOT . ......veiiviiicieiieeiesie e 29
2.7.2 FOUN TINK GFIPPET vt 32
2.7.3 TWO SIX-1INK MaNiPUIALOrS ........coveiereiriesie s 37
2.8 SUMIMAIY ..ttt sttt ettt e st b e sbe e sbeebeeneeeneesnee e 40

3 Dynamics of Closed-100p SysStems........cccccvevevceeveeieceese e 45

3.1 EqUuations Of IMOLION.........cceiiiiiiiic e 45
3.1.1 SPANNING trEE....cvievieietesie ettt re e e 46
3.1.2 Determinate and indeterminate SUDSYStEMS ........cccovvveriernrieiearennean, 48
3.1.3 The DeNOC matrices for the spanning tree .........ccccvvcvvvevrecveeennn, 49
3.1.4 Constrained equations of motion for a subsystem...........ccccccvvennnne. 49
3.1.5 Constrained equations of motion for the spanning tree..................... 52

3.2 Algorithm for Constraint Wrenches...........ccovvreiiineiiincsescces 52

3.3 Four-bar mechaniSm..........ccoooiiii i 55
3.3.1 EQUations Of MOLION ......coueiiiiiiiieiieeeee e 56
3.3.2 NUMErical EXaMPIE ......eeiiiiieiieeteeee e 60

3.4 Carpet Scrapping MacChine..........ccceiiiiiiiie e 63
341 SUDSYSIEM T ..o 66
3.4.2 SUDSYSTEM | ..vieiecicse e 69

3.4.3 SUDSYSTEM ... 71



xiv  Contents

3.4.4 NUmMerical eXamPIe ........cocviiiiiieiiiee e 72

3.4.5 Computation effiCIBNCY ......coviieiriiee e 76

3.5 Spatial RSSR MeChaniSm ..........cccccoiiiiiiiiiiieieie e 76
3.5.1 Subsystem appProach.........ccccuieeirieieieiese e 78

3.5.2 NUmMerical €XamPIE .......ccoviiiieiiiieiee e 83

3.5.3 Computation effiCIeNCY .......ccccvriiiiiiiiiec e 86

3.6 SUMMAIY ..ot 86
4 Equimomental SYStEMS......ccvcveveeiecie e 87
4.1 Equimomental Systems for Planar Motion ..o 87
4.1.1 Two point-mass Model ..o 89

4.1.2 Three point-mass MOGEl..........cccciriiiiieiiie e 90

4.2 Equimomental Systems for Spatial MOtion ...........ccocovviveieieiensieieceen, 93

5 Balancing of Planar Mechanisms.........ccccceeeveeieneenenieseeee 99
5.1 Balancing of Shaking Force and Shaking Moment...............ccoooeviivinenin, 100
5.1.1 Equimomental system in optimization..........c.ccooeeeerenenesenenennens 101

5.2 Balancing Problem FOrmulation ..o 102
5.2.1 EQUations Of MOTION .......coviiiiiiiiece e 102

5.2.2 Equations of motion for a point-mass SyStem .........cccccevevverniiennnns 106

5.2.3 Shaking force and shaking MOmMeNt ...........cccecevvieiine e e, 110

5.2.4 Optimality CrIteriON.....ccciviiveii e 112

5.2.5 Mass redistribution method..........cccoooeriiiiniie, 113

5.2.6 Counterweighting Method.........ccccceevvieviiieie s 114

5.3 Hoeken’s Four-bar MeChaniSm ..........ccoeveiriiineiesceseeees 118
5.3.1 Balancing of shaking force ..........ccoooeiiniiiiiieece 119

5.3.2 Optimization of shaking force and shaking moment....................... 121

5.4 Carpet Scrapping Mechanism .........cccoeiiiiieniee e 130
5.5 SUMMAIY .ottt 135

6 Balancing of Spatial Mechanisms...........ccccceeeveieninenenennnns 137
6.1 Balancing Problem FOrmulation ...........cccccovvviveiierencne i 138
6.1.1 Dynamic equations 0f MOtioN ........ccovevveieicne e 138

6.1.2 Shaking force and shaking moment ............c.ccovvviiiininciicne 141

6.1.3 Optimization Problem ... 142

6.2 Spatial RSSR MeChaniSm ..........ccccoiiiiiiiiiiee e 147
5.3 SUMIMAIY ...ttt ettt sttt e b e e snnesbeenneens 157
APPENIX A oo 159
APPENAIX B e 163
REFEI ENCES ... e 165



