Contents

PETaCE i e e e e ee s s e xi
ADOUE ThE AUTIOT ooii et ettt e et e et st et e e s be e s ems s beenas XV
ADOUL THE COVET L.ttt e et e st e s b e e e eae s e e oo e ssee s r e eabasasa s et ensanseabnesseen e srcnis xvil
ACKNOWIBAZEIMEIIES .ottt b s s bttt s et ar et e Xix
CHAPTER 1 Introduction t0 e-DeSiZN ...cccovvriimiemremirmrimnimeerarnsmsme v snesvnns 1
ToT IROAUCTION e eteue et ce et et ev et etk e et e e s s et e et s enensess seesessesensesgsremenbesensesna 2

1.2 The e-Design Paradigiml .......oooiieiieiiiiesciceeiee et st st 5

1.3 Virttal PrOtotYPINg .....coovoveiieiies e ccniecini et sisn e e v ers e sne e ceerrinanees 7

1.3.1 Parameterized CAD Product Model ... 7

1.3.2 Product Performance ANalySis ......ccocivoviiiiiioriciceeseiies e e seee s ensenas 11

1.3.3 Product Virtual Manufacturing.........coooooeeiiiii s 13

1.3.4 Tool INTEEFATION <.oocoiiiirt e sttt srne e cie et e ey s es e eas e eee e 14

1.3.5 Design Decision MaKing .........ccccooiiiiiiniiiiiicieectiisie e 15

1.4 Physical PrOtOLYPING .....ovovceirnisriccieiinies e eb e 19

1.4.1 Rapid Prototyping.....cccvvveeeioiciiiees et sme e e 19

1.4.2 CNC MAChIMINE ..o ettt ee et e e e e sbs b e 22

1.5 Example: Simple Airplane Engine ... 23

1.6 Example: High-Mobility Multipurpose Wheeled Vehicle............ccocoeiiniee, 27

1.7 SUIMINATY ...ttt e et bt e r e st e e s 36

Questions and EXETITISES .coocooiviii et cre e er e e e ea e eenens 36

RETEIONCES ..ottt et e 36

SOUTCRS ...ttt e e e et c e e e v s e emc et e et e e e e s ee e e e e eae s emenae et et e b S e e 38

CHAPTER 2  Virtual Machining.........cccccemeenmninnene rresemeenaen e 39
2.1 INErOTUCTION. .. c.eiteieis ettt s e e e e s 41

2.2 NC Part PrOZIAMITIE .o.coveurieiiet it eerieeescnteterecessecnmensssesaes s esensssa e snesvaresrescnrens 42

2.2.1 Basics of NC Machines ... 42

2.2.2 Basic Concept of Part Programming ... 46

2.2.3 Computer-Assisted Part Programming.........cccvviviieeesvsienmiosceessesinsnn: 48

224 CAD/CAM Approach.......cciiiiciinmcciies v, 51

2.3 Virtual Machining SIMULALIONS ....ocoeeieveriereeece e e e es st 51

2.3.1 Basic Machining Simulations.......cccooveiirnninene e 52

2.3.2 Advanced Machining Simulations ... 56

2.3.3 Turning SIMulations ... s 61

2.4 Practical Aspects in CNC Machining ........ccoceomrieiineenentr et e 62

2.4.1 Jigs and FIXIUTES coove i e 63

2.4.2 Cutters and Machining Parameters ... 64

2.4.3 Setting a CNC SEQUEIICE .....ociiiiiie it et et 67



viii Contents

2.5

2.6

2.7

CHAPTER 3
3.1
3.2
3.3

3.4
3.5

CHAPTER 4
4.1
4.2

4.3

4.4

Commercial Machining Simulation Software...........cccocvrii 69
2.5.1 General-Purpose Machining Software ... 69
2.5.2 Special-Purpose Machining Software ... 70
Case Swudy and Tutorial Examples ..o 72
2.6.1 €88 STUAY oo 72
2.6.2 Tutorial Examples.........ii i e 76
SUTTITIALY 1evvevtceiceaeerereereceesensse et essasemense e s o srea sesteasseesesese st esssesm e e esesemeenssmeeenconenss 80
Questions and EXEICISES .....oooviiiieiieiee et e 81
RETEIEIICES o ettt e e a e 83
Appendix A Sample Address Codes ... 84
Appendix B Sample G- and M-Codes ..., 83
Appendix C HAAS MINi-Mill ..., 86
Toolpath Generation..........cccccccoviv i e 95
TRETOBUCTION ..ot et bbb e 96
Inclined Flat SUFACE ..o e e 98
RUled SUMTACE ..oooiiieiic e et et e e 105
3.3.1 5-Axis Mill with Ball-Nose CUtter ... 106
3.3.2 3-Axis Mill with Flat-End Cutter......ccooiiiiiicee i 115
3.3.3 3-Axis Mill with Ball-Nose CULlEr ...ooocven i s enesanenes 118
3.3.4 4-Axis Mill with Flat-End CUtter. ..o 122
Cylindrical Surface of Bézier Curve ... 124
SUITITIATY -1ttt ec e c e e ettt sbe b bt e b et s et a st e nh s s e snias 128
Questions and EXETCISES .cooooiiiiiieeiiie e s 128
R OTEIICES ovivtiite e cr e e et a et e e e e et e e s e ene e b et 131
Sheet Metal Forming Simulation.........coccoomvmnnnceian 133
TREEOAUCTION 1.ttt et et 135
Fundamentals of Sheet Metal FOrming. ... 137
4.2.1 Sheet FOrming ProCesses. ..ot ceeecsseeae e seen e 137
4.2.2 Plane Stress and Material Properties ..., 140
42,3 YiIeld CHLETIA .. ooivveieeiicieeieiei ettt s e 146
4.2.4 Forming Limit Diagram .....cccccoiioeiiiiiii e 150
4.2.5 Springback Analysis.........ccooiiiiiiiiii 151
4.2.6 Numerical Implementations ... e e eeesieee e 156
Process Planning and Tooling Design.........ccociiiiiiiiiciiccces e 159
4.3.1 One-Step Simulation for Formability Study ... 160
4.3.2 DHE DIESIEM coviie et e e 162
4.3.3 Incremental Forming Analysis.........ccooiiiiii e 167
4.3.4 Springback Analysis and Die Compensation............ccccoeiiiiinninninn, 169
Commercial Forming Simulation Software ..o 173
4.4.1 Overview of Simulation Software.........ocovrvv oo 173
4.4.2 HyperFOrmM. .o 175

4.4.3 DYNAFOIIL oo i s b 176



4.5

4.6

CHAPTER 5

5.1
5.2

5.3

5.4

5.5

5.6

5.7

CHAPTER 6

6.1
6.2

Contents [}4

0858 STUAIES 1.ttt ettt e en ettt en et et 177
4.5.1 €ore Panel oo e e 179
4.5.2 WHeel FaAlling ..ottt rae et e esae e eae e e e meae e 180
SUIMITIATY 1ttt b e e oot e b b e b s s e e e eba e e c e 187
QuUEStIONS AN FEXEICIBES 1vvriiiiieeeieie oot it r et e s sb e e et s e enrvesss e e s seeerranre s eee 188
R eTEIICRS e e e s 189
Rapid Prototyping.......ccoociieaiimnimi et ss s es s s 191
INErOAUCHION L. e s 193
RP Process and Tutorial EXample. ..ot 194
52,1 General PrOCESS ...coeviriicereerie e e 194
5.2.2 Engine Block EXample. ... 195
Rapid Prototyping SYSIEILS ...ocoiiii e 198
5.3.1 Liquid-Based SYSIEMS .....cccooiieiiieiiiimc it 198
5.3.2 Solid-Based SYSIEINS ...t ceceres s sse st e s 199
5.3.3 Powder-Based SYSIEMIS.......cooivriiiiiic e ernnie s st vran e e 200
Advanced RP SySTeImIS . oo v reeiesi et e et e st see e e a e e ee e s 202
54T SOIAICA .ooieiiii et st 202
5.4.2 Electron Beam Melting ..o 203
5.4.3 Laser Engineered Net Shaping........ooccovvniviieniinicinccniineceeeeeecis 205
5.4.4 Micro-Manufacturing RP Systems. ... iicin e 205
Rapid Prototyping AppliCations .....ceeeiviinoinciiintene e anens 207
5.5.1 Design APPLICALIONS .oovoveremeeeiecinre v ettt eeaean 208
5.5.2 Manufacturing AppliCAtIONS ...ocoirririin ettt 209
5.53.3 Art APPLICALIONS .icviiiiiinirecireie ettt s 209
5.5.4 Medical APpliCAIONS ......ocviiiiiiiie e 211
5.5.5 Biocengineering AppliCations .....oovriiiiiiciri i 216
556 Personal RP ... e bt a—e e TR b L oabaaa e et besrbe b e e s e e aerrrerbereens 219
5577 Other APPLICAIONS.....vviviireieer vttt eeeeeeeseterevaes e e ais 219
Case Study: RP for Complex Assembly ..., 221
5.6.1 Single-Piston ENZINE .....cooivviiiiiinnircimii e ccsinias s ressanees 221
5.60.2 Formula SAE RACECAF ...ccoiiiiiiiiiiiimiie i 223
SUMMATY e e 232
Questions and EXEICISes .......oovviiiciiniiiii it eie e 232
RefeIENCES ittt e e 233
Product Cost Estimating........ccccoveiieiice i 237
INTrOAUCHION ..o e e et e 239
Fundamentals of Cost Analysis....c.oiviiiiiiiic s 242
6.2.1 Elements in the Cost ESIMAte ... 243
6.2.2 TYPE OF COSS curuiiirieieciriete e 244
6.2.3 Overhead COStS. oo it st en 247

6.2.4 Cost-Estimating Techniques ..o 248



X Contents

6.3 Manufacturing Cost Models .. ...ccoiivieoiiieimiis e e ee s esee s ssaa s srsnanseens 252

6.3.1 Manufacturing Cost Elements for In-House Parts...........ocoeiiiiiiiiinnn 253

6.3.2 Machining Cost Model........cooooiiiiiiccce e 254

6.3.3 TInmjection Molding Cost Model.......co 260

6.3.4 Sheet Metal Stamping Cost Model ..., 266

6.3.5 Assembly Cost Model ... 269

6.4 Commercial Software for the Cost Estimate ........cocovoeiiiiion 270

6.4.1 CAD-Based Costing SOftWAre.......ccccovioiiiieiinicn s 270

6.4.2 General-Purpose Costing Software ... 271

6.4.3 Special-Purpose Costing SOftWare ... 273

6.4.4 Web-Based Costing Tools ..ottt 273

B.5  A8E SEUAICS cvvreeeeeoreeere e eeeeesseee st e sees s eesaeeseee et em e e seeam b assssesabeeteareb e anraneeereeenennan 274

6.5.1 Machining Costing Using SolldWorks......c..cooemiinmnrmnciii 274

6.5.2 Sheet Metal Costing Using SoldWorks ... 279

6.5.3 Cost Estimate for a BWMD Using SEER-DFM .......ccccoiiniiininiinn 282

B.8  SUIMIMATY 1.oevreirir et sr st es s ae s bbb b b s bnr b n eSS e bbb bbb 287

Questions and EXETCISEs ..o 288

RETEIEICES ...t e e s e 290

Appendix A Calculations of Material Removed for Standard Features.............. 291

Project S4: Machining Simulation Using CAMWorks....... “ 295
Project P4: Machining Simulation Using Pro/MFG................. S 375
Project M4: Machining Simulation Using Mastercam... . iiemessisssesnsmasimcssmnrisnmsan 471

.......



