DESIGN OF MACHINERY

AN INTRODUCTION TO THE SYNTHESIS AND
ANALYSIS OF MECHANISMS
AND MACHINES

Second Edition



McGraw-Hili Series in Mechanical Engineering

Jack P.Holman, Southern Methodist University
John R. Lloyd, Michigan State University
Consulting Editors

Anderson: Modern Compressible Flow: With Historical Perspective

Arora: Introduction to Optimum Design

Anderson: Computational Fluid Dynamics: The Basics with Applications

BormanlRagland:  Combustion Engineering

Burton: Introduction to Dynamic Systems Analysis

Culp: Principles of Energy Conversion

Dieter: Engineering Design: A Materials and Processing Approach

Doebelin: Engineering Experimentation:  Planning. £-cecution. Reporting

Dreils: Linear Controls Systems Engineering

Edwards and McKee: Fundamentals of Mechanical Component Design

Gebhart: Heat Conduction and Mass Diffusion

Gibson: Principles of Composite Material Mechanics

Hamrock: Fundamentals of Fluid Film Lubricalion

Heywood: Internal Combustion Engine Fundamenrals

Hinze: Turbulence

Holman: Experimental Methods for Engineers

Howell and Buckius: Fundamenrals ofEngiN'ering Thermodynamics

Jaluria: Design and Optimi::.ation of TheTmill Systems

Juvinall: Engineering Considerations of Stress, Strain. and Strength

Kays and Crawford: Com'ectiw Heal and Jlass Transfer

Kelly: Fundamentals of Mechanical \'ibrarions

Kimbrell: Kinematics Analysis and Synthesis

Kreider and Rabl: Heating and Cooling of Buildings

Martin:  Kinematics and Dynamics ofJlachines

Mattingly: Elements of Gas TurbiN! Propulsion

Modest: Radiati‘'e Heat Transfer

Norton: Design of Machinery: .11 Introduction to the Synthesis and Analysis of
Mechanisms and MachiN!s

Oosthuizien and Carscalleo: Compressible Fluid Flow

Phelan: Fundamentals of Mechanical Design

Reddy: An Introduction to the Finite Elemen: Method

Rosenberg and Kamopp: Introduction to Physical Systems Dynamics

Schlichting: Boundary-Layer Theory

Shames: Mechanics of Fluids

Shigley: Kinematic Analysis of Mechanisms

Shigley and Mischke: Mechanical Engineering Design

Shigley and Vicker: Theory of Machines and Mechanisms

Stimer: Design with Microprocessors for Mechanical Engineers

Stoeker and Jones: Refrigeration and Air Conditioning

Turns: An Introduction to Combustion: Concepts and Applications

Ullman: The Mechanical Design Process

Wark: Advanced Thermodynamics for Engineers

White: Viscous Flow

Zeid: CAD/CAM Theory and Practice



AN INTRODUCTION TO THE SYNTHESIS AND
ANALYSIS OF MECHANISMS
AND MACHINES

Secon(i Edition

Robert L. Norton

Worcester Polytechnic Institute

Worcester, Massachusetts

WCB
raw -
g:ic? McGraw-Hill
Boston Burr Ridge, IL Dubuque, IA Madison, WI New York San Francisco St. Louis

Bangkok Bogota Caracas Lisbon London Madrid
Mexico City Milan New Delhi Seoul Singapore Sydney Taipei Toronto



WCB/McGraw-Hill 2

A Division of The McGraw-Hill Companies

DESIGN OF MACHINERY: An Introduction  to the Synthesis and Analysis of
Mechanisms  and Machines

Copyright © 1999 by McGraw-Hill Inc. All rights reserved. Previous edition © 1992. Printed in
the United States of America. Except as permitted under the United States Copyright Act of 1976,
no part of this publication may be reproduced or distributed in any form or by any means, or stored
in a database or retrieval system, without the prior written permission of the publisher.

This book is printed on acid-free paper.
I 234567890 QPFQPF |1 0 9 8

ISBN 0-07-048395-7
ISBN 0-07-913272-3  (set)
ISBN 0-04-847978-9 (CD-ROM)

Vice president and editorial director: Kevin T. Kane
Publisher: 1bomas Casson

Senior sponsoring editor: Debra Riegert
Developmental editor: Holly Stark

Marketing manager: John T. Wannemacher

Project manager: Christina  Thomton- Villagomez
Production supervisor: Michael R. McCormick
Supplement Coordinator: Marc Mattson

Cover Design:  Gino Cieslik
Book design: Wanda Siedlecka
Printer: Quebecor Printing Book Group/Fairfield

Cover photo: Viper cutaway courtesy of the Chrysler Corporation, Auburn Hills, MI.

All text, drawings. and equations in this book were prepared and typeset electronically, by the
author, on a Mocintosh® computer using Freehan~  MathType®, and Pagemaker® desktop
publishing software. The body text was set in Times Roman, and headings set in Avant Garde.
Printer's film color separations were made on a laser typesetter directly from the author's disks.
All clip art illustrations are courtesy of Dubl-Click Software Inc., 22521 Styles St., Woodland
Hills CA 91367. reprinted from their Industrial Revolution and Old Earth Almanac series with
their permission (and with the author's thanks).

Library of Congress Cataloging-in-Publication Data
Norton, Robert L.
Design of machinery: an introduction to the synthesis and analysis of mechanisms
and machines / Robert L. Norton - 2nd ed.
p. cm. --{McGraw-Hill  series in mechanical engineering)
Includes bibliographical references and index.
ISBN 0-07-048395-7

1. Machinery-Design. 2. Machinery, Kinematics. 3. Machinery,
Dynamics of. I. Title. Il. Series.
TJ230.N63 1999 91-7510

621.8'15-dc20

D /AWWW.mNNe.com |


http://www.mhhe.com

ABOUT THE AUTHOR

Robert L. Norton earned undergraduate degrees in both mechanical engineering and in-
dustrial technology at Northeastern University and an MS in engineering design at Tufts
University. He is a registered professional engineer in Massachusetts and New Hamp-
shire. He has extensive industrial experience in engineering design and manufacturing
and many years experience teaching mechanical engineering, engineering design, com-
puter science, and related subjects at Northeastern University, Tufts University, and
Worcester Polytechnic Institute. At Polaroid Corporation for ten years, he designed cam-
eras, related mechanisms, and high-speed automated machinery. He spent three years at
Jet Spray Cooler Inc., Waltham, Mass., designing food-handling machinery and prod-
ucts. For five years he helped develop artificial-heart and noninvasive assisted-circula-
tion (counterpulsation) devices at the Tufts New England Medical Center and Boston
City Hospital. Since leaving industry tojoin academia, he has continued as an indepen-
dent consultant on engineering projects ranging from disposable medical products to
high-speed production machinery. He holds 13 U.S. patents.

Norton has been on the faculty of Worcester Polytechnic Institute since 1981 and is
currently professor of mechanical engineering and head of the design group in that de-
partment. He teaches undergraduate and graduate courses in mechanical engineering
with emphasis on design, kinematics, and dynamics of machinery. He is the author of
numerous technical papers and journal articles covering kinematics, dynamics of machin-
ery, carn design and manufacturing, computers in education, and engineering education
and of the text Machine Design: An Integrated Approach. He is a Fellow of the Ameri-
can Society of Mechanical Engineers and a member of the Society of Automotive Engi-
neers. Rumors about the transplantation of a Pentium microprocessor into his brain are
decidedly untrue (though he could use some additional RAM). As for the unobtainium*
ring, well, that's another story.

* See Index.



Thisbook isdedicated to the memory of my father,
Harry J. Norton, Sr.

who sparked a young boy's interest in engineering;

to the memory of my mother,
Kathryn W Norton

who made it all possible;

to my wife,
Nancy Norton

who provides unflagging patience and supps;

and to my children,
Robert, Mary, and Thomas,

who make it all worthwhile.



CONTENTS

Preface to the Second EditiOn ... XVII
Preface to the First EAItiON ... XIX
PART | KINEMATICS OF MECHANISMS 1
Chapter 1 INroduCtion ... 3
1.0 PUIPOSE e e e s 3
1.1 Kinematics and KinetiCS .......cccooiiiiiiiiiiie s 3
1.2 Mechanisms and MaChiNES ......cccooiiiiiiiiiie e 4
1.3 A Brief History of KinEMALICS  ...occuiiiiiiiieiieie e 5
1.4 Applications  of KINEMALICS  ...cooviiiiiiiiiiiie et 6
1.5 The Design Process ............ PSP P PP PR PPPPONY 7
Design, Invention, CreatiVity ........cccccoeiiiiiiiieeniee e 7

Identification of Need
Background Research

Goal STAtEMENT .....coiiiiiiiiiec e
Performance Specifications
Ideation and Invention ......
Analysis ...
Selection ........
Detailed DEeSION ......ooeiiiiiieiiiiee et
Prototyping and TeStNG ........eeiiiiiiiiiiie et
Production .........cccoviiiiiiennnne
1.6 Other Approaches to Design
Axiomatic Design ..........c.c...
1.7 Multiple SoIUtIONS ..o
1.8 Human Factors Engineering
1.0 The Engineering Report ...............
1.10  UNitS .o RO U PP UPRRUUPIN
1.11  WhHAL'S 10 COME oottt e be e e enes
1.12 References ....occiiiiiiiii
1.13 Bibliography .......ccccciieiin. TP
Chapter 2 Kinematics Fundamentals ... 22
2.0 Introduction ... et ———— R R 22
2.1 Degrees of Fre@dom ... 22
22 Types of Motion ................. e e ettt e e e e — e e s e e e e —aaas 23
2.3 Links, Joints, and Kinematic ChaiNs ........cccccoociiiiiiiiiiiiiiiie i 24
2.4 Determining Degree of Freedom .......cccooiiiiiiiiinniiieeniieene TR 28
Degree of Freedom in Planar Mechanisms ... ... .o o 29
Degree of Freedom in Spatial Mechanisms .. ...... ... ... ... 32
25 Mechanisms and SIUCIUIES  .....cocciiiiiiiiiiiie e 32
2.6 Number Synthesis . R e e 33
2.7 PAratoXeS i e 37
28 Isomers ..., " 38
2.9 Linkage Transformation ... 40
210 Intermittent  Motion .......... e 42

211 INVEISION oottt e e e e nb e e anr e naneas 44



DESIGN OF MACHINERY  CONTENTS

2.12

2.13

2.14
2.15

2.16

2.17
2.18

Chapter

3.0
3.1
3.2
3.3
3.4

3.5

3.6
3.7

3.8

3.9

3.10
3.11
3.12
3.13

Chapter

4.0
4.1
4.2

The Grashof Condition ..........ccceeeenen. 46
Classification of the Fourbar Linkage .

Linkages of More Than FOUr Bars ........ccccoiiiiiiiiiniiie e 52
Geared Fivebar LINKAgES ......c.cooiiiiiiiiiiieiiiee et 52
SIXDAN LINKAGES ....veiiiiieieiiiee ettt et e e nnee s 53
Grashof-type Rotatability Criteria for Higher-order Linkages ................ 53

SPrNGS @S LINKS i . 54

Practical Considerations  .........cccceeee ... 55
Pin Joints versus Slidersand Half Joints ...55
Cantilever versusStraddle MoUNt ...........cccoooiiiiiiiiiiiiiinie e, 57
SOt LINKS oo
Bearing Ratio ................

Linkages versusCans ....

Motor and Drives .............

EIECHIIC MOTEXS ...oeiiiiiiiiiiiiiec e

Air and HYaO0tAC MOEEXS .....oiiiiiieiiiiiee ittt ettt 65
Air and HyC:KOtAC CYilAErS ....eoiiiiiiiiiiee et 65
Solenoids ... 66

REEIENCES oo s 66

ProbIEmS ..o 67

3 Graphical Linkage Synthesis..........cccoooiiiiiiiiiiiiiiiiieniaaeenn, 76

INIFOAUCHION Lo 76

SYNLNESIS .o . 76

Function. Path. and Motion Generation  .........ccccceviiiiiiiiiiiieceeeee 78

IMItiNg  CONAILIONS oo ,80

Dimensional  SYNthESIS ......oiiiiiiies e e yeeiiee e 82
TWO-POSIffon SYNthESIS......ooeiiiiiii e 83
TPYn Synthesis with Specified Moving Pivots ...........ccccoeceeenee 89
1lhree-Position Synthesis with Alternate Moving Pivots ... ... 90

TPYee-PositiorSynthesis with Specified Fixed Pivots .

Position Synthesis for More Than Three Positions ...... .97
Quick-Return  Mechanisms .......cccccceeveiinnnenn. et e e e e ——————aa e .97

Fou'bar QUICK-RELUIM ......ciiiiiiiiiiiie e e 98

ShcbarQuick-Return ..

Coupler Curves 103

Cognates  ............... 112
Parallel Motion ...
Geared Rvebar Cognates of the Fourbar.

Straight-Line  Mechanisms ... Jeeeene e TR " 120
Designing Optimum Straight-Line Fourbar Linkages ..........ccccceviieeene 722

Dwell Mechanisms ............
Single-Dwell Linkages ..
Double-Dwell Linkages

References ...

Bibliography — ......cccceiiieiininen.

Problems ..o

PrOJECES oot

4 POSItIONANAIYSIS ...oviiiiiiiiiiee e 144

Introduction  .............. . . .. 144

CoOrdinate  SYSLEMS  ...iiiiie e eiiie e eiies geeeeaireeasee e e e sbeeeasbeeeaabeeeaanreeaanes 146

Position and Displacement ... 147
POSItION ..o 747

DISPIACEMENT ...t ba e 747



CONTENTS

4.3

4.4
4.5

4.6
4.7
4.8

4.9
4.10

4.11
4.12
4.13

4.14
4.15

Chapter

5.0
5.1
5.2
5.3
5.4
5.5
5.6
5.7
5.8
5.9
5.10
511
5.12
5.13

5.14
5.15

Chapter

6.0
6.1
6.2

Translation, Rotation, and Complex Motion .....ccccceiiiiiiiiieiiiiee e 149
TransIatioN ........ccoooiiiiiiii
Rotation ............

Complex Motion ..
Theorems ......cccoceiiiiiiii

Graphical  Position Analysis Of LINKAQES .......ccccceviiiiiiiieiiiiie e

Algebraic  Position Analysis of Linkages ........ccccccooiiiiiiiiiiiiee e,
Vector Loop Representation of LiNKages ..........ccccceveiiieiiniieeiniiieennnns
Complex NUMDErS aS VECIOIS ......ccccoiiiieeiiiiieeiiiieeiiee e siree e e
The Vector Loop Equation for a Fourbar Linkage ....

The Fourbar Slider-Crank  Position Solution .........cccccciiiiiiiiiiniienee,

An Inverted Slider-Crank Position Solution ..........cccccoovviiiiiiiniiiiien.

Linkages of More Than Four Bars ........ccccccoiiiiiiiieiiiiee e
The Geared Fivebar LINKage .........cccccoiiiiiiiiiiiiiiiieeeeee e
SIXDAN LINKAGES ....eeieieiieeeiiiee ettt

Position of Any Point on a LiNKage .........ccocoieiiiiieiiiieeeeeeee e 168

Transmission ANgles .....ccoceviieinniiieeiniieenns 169
Extreme Values of the TransmissionAngle .

Toggle POSItIONS ....coooiiiiiiiieeeee e, 171

Circuits and Branches in LiNKAgeS .......cccccciiiiiiiiiiiniiie e 173

Newton-Raphson Solution Method  ....coooiiiii 174
One-Dimensional Root-Finding (Newton's Method) .........ccccocoeveiieen. 774
Multidimensional Root-Finding (Newton-Raphson Method) ............... 776
Newton-Raphson Solution for the Fourbar Linkage ................. L 177
Equation SOIVErS........cocceiiiiiiiiiiee e .. 178

References .............. 178

Problems ... 178

5 Analytical Linkage Synthesis..........cccccconiiiiiiiiiiinccnne, 188

INrOAUCHION e 188

Types of Kinematic SYNtheSIS ......coociiiiiiiiiiiiiie e 188

Precision  POINES .......ocoiiiiiiiiiicc . 189

Two-Position Motion Generation by Analytical Synthesis .................... 189

Comparison  of Analytical and Graphical Two-Position Synthesis ..... 196

Simultaneous  Equation  SOIUtION  ....cooiiiiiiiiiieee e

Three-Position Motion Generation by Analytical Synthesis
Comparison  of Analytical and Graphical Three-Position Synthesis ... 206

Synthesis for a Specified Fixed Pivot Location ...........cccccoeiiiiieiniinenns 211
Center-Point  and Circle-Point  Circles ........ccccccoiviiiiiiiiiiicieee, 217
Four- and Five-Position Analytical Synthesis ........cccccoiiiiiiiiiiiiniiiiennnn. 219
Analytical ~ Synthesis of a Path Generator with Prescribed Timing ..... 220
Analytical Synthesis of a Fourbar Function Generator ... 220
Other Linkage Synthesis MethodsS ... 224
Precision Point Methods ............ccociiiiiiiiiii e 226
CouplerCuNe Equation Methods . . 227
Optimization Methods .................... .. 227
References ... 230
Problems ... et 232
6 VeloCity ANAlYSIS ......covvviiiiiiic e 241
INtroduction ... et 241
Definition  of VeloCity .......cccocoeeiiiiiiiiiieiiiieees ettt s 241

Graphical  VeloCity ANAIYSIS  ..ooooviiiiiieeiiie e 244




DESIGN OF MACHINERY  CONTENTS

6.3
6.4

6.5

6.6
6.7

6.8
6.9
6.10
6.11

Chapter

7.0
7.1
7.2
7.3

7.4
7.5
7.6
7.7
7.8
7.9
7.10

Chapter

8.0
8.1

8.2
8.3

8.4
8.5

Instant Centers 0f VEIOCItY  ...oocviiiiiiiiiiiice e 249
Velocity Analysis with Instant Centers .........cccccoveiiiiiiniienicneenece 256
Angular Velocity Raffo .......cccoeiiiiiiiiiiii 257
Mechanical Advantage ... ... 259
Using Instant Centers in Unkage Design ..... .. 267
(075 011 0T [T S USSR P PP VRPPPPPPPN 263
A 'UNKJIESS-UNKAGE ..oiiiiiiiieiiiie ettt see et 266

CUSPS oo

VelOCity  Of SHP eviiiiiiiieiie e 267
Analytical ~ Solutions for Velocity AnalySisS .......ccccoveiiiiiniiiiieniieiieneeens 271
The Fotlbar  Pin-Jointed UnKage .........ccccooeiiiiiiiiiiiniieecseeee e 277

The Fotlbar  Slider-Crank

The Fotlbar Inverted Slider-Crank ........cccccoovvriiiniiniieneeiieene e 276
Velocity Analysis of the Geared Fivebar Linkage ........cccooiiieiiiinennnns 278
Velocity of Any Point on a LinKage ......cccccoiiiniiiiiciiicnccece e 279
2 (=] (=] (o= R RRRPS 280
ProBIEIMS ..o e 281
7 Acceleration ANAlYSIS ..o 300
L1 o (U T 1 o] o ISR UURSOTSRN 300
Definition of Acceleration  .............. 300
Graphical  Acceleration Analysis ... 303
Analytical ~ Solutions for Acceleration  AnalySiS .......ccccocveviieniiiiiiiinineennn 308

The Fourbar Pin-Jointed LiNK&GE ........ccccceviviiiiiiiicnieeic e 308

The Fourbar SHAer-Crank .........c.ccouiiiiiiiiiieec e 377

Coriolis Acceleration .

The Fourbar Inverted Slider-Crank ........cccccoovvviienieniieneeieeneeeesenn 375
Acceleration ~ Analysis of the Geared Fivebar Linkage .............c........ 319
Acceleration of any Point on a Linkage .......c.cccceiiiiiiiiiieniineenees 320
Human Tolerance of Acceleration ... e 322
JErK e . 324
Linkages Of N BarS ......cociiiiiiiiiiiee e 327
2 (=] (=] (o= R RRSTRN 327
ProbIEMS ..o e 327
8  CaM DESION ..eiiiiiiiiiiiie e
g o (U T 1 o] o TSRS TRR
Cam Terminology  ..............

Type of Follower Motion ..

Type of Joint Closure .......

Type of Follower ............

Type of Cam .....cccccevvvrneennn

Type of Motion Constraints .... .

Type of MOtioN Program .........cccooeeiiiiiiiiiieeeesee e
SV A J DIAQIAMS  coviiuiieiiieieieiesese st see et ste et ste st sseseeseeresteseeseenseneas
Double-Dwell  Cam Design-Choosing S V A J Functions

The Fundamental LawofCamDesign  ....ccccocvviieniiiiieniccee e

Simple Harmonic Motion (SHM) ......coooiiiiiiiiiiiiiieceec e

Cycloidal Displacement .

Combined FUNCHONS .....cooiiiieiiiiie st e e
Single-Dwell Cam Design-Choosing S V A J Functions
Polynomial = FUNCHIONS  ...oiiiiiiiiiic e

Double-Dwell Applications of Polynomials .........c.ccccocvviiiicniicncnnnn.

Single-Dwell Applications of Polynomials .........cccccceniiiiiiiniiincnieenn,



8.6

8.7

8.8

8.9

8.10
8.11
8.12

Chapter

9.0
9.1
9.2

9.3
9.4

9.5
9.6

9.7

9.8

9.9

9.10

Critical Path Motion = (CPM) ...oociiiiiiiiieieec e 385
Polynomials Used for Critical Path Motion .
Half-Period Harmonic Family FUNCtioNS ..........c.cccocveviiiiieniennne. . 393

Sizing the Com-Pressure Angle and Radius of Curvature ...............
PressureAngle-Roller  FOIOWENS .........coceeiiiiiiiiiiciiici e
Choosing a Prime Circle RadiUS .........cc.ccoeviiiiiiiiciiienii e
Overturning Moment-Flat-Faced Follower ..
Radius of Curvature-Roller  Follower .............
Radius of Curvature-Flat-Faced  Follower . .

Com Manufacturing Considerations  .....cccccocieiiiiii e
Geometric GENETatiON .......ccciiiiieiiieiie ittt
Manual or NC Machining to Cam Coordinates (Plunge-Cutting) ..... 413
Continuous Numerical Control with Linear Interpolation .
Continuous Numerical Control with Circular Interpolation ... .
Analog DUPlCAtION  .....oiiiiiiiiiic e
Actual Cam Performance Compared to Theoretical Performance. 418

Practical Design Considerations  ........cccccocviiiiiiieniieniie e 421
Translating or Oscillating Follower? ..
Force- or Form-Closed? ...............
Radial or AXial Cam? ......ooiiiiiiiiee e
Roller or Flat-Faced FOlOWEr? ........cccooiiiiiiiiiiieiceee e 423
ToDwell or Not to Dwell? ........... .
ToGriNd Or NOt t0 GHNA? ...eeiiiiiieiiie e 424
TolLubricate or Not to Lubricate? .........cccoceiiiiiiiiiiiiiniieeccecee e 424

REFEIENCES it 424

Problems ... e ,... 425

PIOJECES ot 429

L I CTCT- | g I =11 o [T 432

INIFOAUCHION 1ot 432
ROIING CYINAEIS ..o 433
The Fundamental Law Of Gearing ......cccccoviiiiiiiieniiieiiciieesee e 434
Thelnvolute TOOth FOIM ......ociiiiiiiiiiic e
PresSsureANGIE .......oooiiiiiii e
Changing Center Distance . .
BackIash ........oooiiiiii
Gear Tooth Nomenclature 440
Interference  and UNndercutting  .......ccocoeeiiiiiiciiiiiee e 442
Unequal-Addendum  Tooth FOrMS ........ccceviiiiiiiiiiiiiiiiecce e 444
CoNtACt  RALIO ...oiiiiiiiiiiiiii et 444
GAI TYPES oo 447
Spur, Helical, and Herringbone Gears ... oo, 447
Worms and WOIM GEAIS ......c.ecveeiiieiiieiieeee ettt 448
Rack and PiNiON ........ooiiiiiiiiiiieic e 448
Bevel and Hypoid GEarS .........cccccoviiiiiiiiiiiiieciee e 449
NONCIFCUIAT GEAIS .....eiiiiiiiiiiiieiecete ettt 450
Belt and Chain Drives ....450
Simple  Gear TraINS .....occciiiiiiiiiieeee e e 452
Compound  Gear TrAINS . ..cciciiiiieiieiiie sttt 453
Design of Compound  TraiNS........ccccocuiiiieiiieiie e 454
Design of Reverted Compound TrainS........ccoeceeiieniienieeiienieeseesneen 456
An Algorithm for the Design of Compound Gear Trains..
Epicyclic or Planetary Gear Trains .......cccccciiiiiiiiiniiiniieneceiee e 462
The Tabular Method .........ccccoceenieinene
The Formula Method ... ....ccccociiiiiiii e 469
Efficiency Of Gear TraiNs .....cccciiiiiiiiieiec e 470




DESIGN OF MACHINERY  CONTENTS

Q.11 TIONSITUSSIONS ©.vveeeiiets e ereveesseaee e srr st bbb bbb 474
Q.12 DIFEIENTIALS «oveivviieiie ittt e 477
D13 REFEIENCES oottt e 479
T4 PIODIEINIS ..ttt 479
PART Il DYNAMICS OF MACHINERY ..cevcemmanmenmmssssensssssssssssanirasaneesmmennenannes 489
Chapter 10 Dynamics Fundamentals ...........ccoiiiiiniiiininnnininenes 491
1O.0  INITOAUCTION oottt 491
10.1  Newton’s Laws of MOtON ... 491
10.2  DyNAmiC MOAEIS .......civiiiiinie i 492
TO.3  IMIGSS ooveeeeeee et eee it et et ettt e et s 492
10.4 Mass Moment and Center of Gravity ... 493
10.5 Mass Moment of Inertia (Second Moment of Mass) ... 495
10.6 Parallel Axis Theorem (Transfer TREOreM) ..o 497
10.7  Radius Of GYIAHON ..o s
10.8 Center of Percussion
10.9 Lumped Parameter Dynamic MOdeIs ... 500
Spring Constant 500
Damping .....c.ccoecviiiniiiiii
10.10  EQuivalent SYSTEMS ..o
COMBINING DOMPETS ....ocucviviiivinsiiiiisii i
Combining SPHNGS ..ccoiviivimiicecis
Combining MQSSEs ........ccccoviviaracinniiininen,
Lever and Gear Ratios
10.1T  SOIHON METNOGS «1vviveciiiiii i
10.12 The Principle of d’Alembert ... 513
10.13  Energy Methods—Virtual WOrK ... 515
TO.TA  REIEIENCES . ..iivveii ittt ettt 517
10.15  PrODIEIMIS ...ttt ettt e 518
Chapter 11 Dynamic Force AnQlysis ..., 521
T1.0  INTTOAUCTION Looviiii e b
11.1  Newtonian Solution Method
11.2  Single Link in Pure ROTAHON ..o
11.3  Force Analysis of a Threebar Crank-Slide LINkage ... 525
11.4 Force Analysis of a Fourbar LInKage ..o 531
11.5 Force Analysis of a Fourbar Slider-Crank Linkage ... 538
11.6 Force Analysis of the Inverfed Slider-Crank ... 541
11.7 Force Analysis—Linkages with More Than Four Bars..............en 543
11.8  Shaking Forces and Shaking TOrQUE ... 544
11.9  Program FOURBAR ........cuiiieeieititsisiint b b 545
11.10  Linkage Force Analysis by Energy Methods.........coinnn 545
11.11  Controlling Inputf Torque—Flywheels ... 548
11.12 A Linkage Force Transmission INAEX ..., 554
11.13  Practical Considerations ..., 556
T1.14  REFEIEICES ..ot eieee ettt et 557
11,15 PrODIEIMIS coveeiti ittt ettt e 557
11,16 PIOJECTS vttt b 567



CONTENTS

Chapter 12 BalanCing .........cccvieciininmsisns s 570
120 INTrOQUCHON (i e 570
12,1 StAHC BAIANCE ..o s 571
12.2  DYyNAmMIC BAIANCE ..ot e 574
12.3  BalancCing LINKAGES ....viviiiieeeiiiiiie e iien s nvaees e 579

Complete Force Balance of LInkages ..............c.covevviriccnvcciininicne 580
12.4 Effect of Balancing on Shaking and Pin FOrCes ..........cccevviivivenncnnnn. 583
12.5 Effect of Balancing on INPUt TOTQUE ... eninreeenes 585
12.6 Balancing the Shaking Moment in LinNkages.........cccciiciinino 586
12.7  Measuring and Correcting Imbalance ...........ccciicciiiinecinennen, 590
12.8  REEIENCES .iiiiii i e 591
T2.9  PrODIOMS oottt e e e 592

Chapter 13 Engine DyNnamics .......cccciiinnreicmeseinninenccem e 598
13.0  INTTOAUCTION L.oiiiiii e e 598
13,1 ENGINE DESION ..ot 600
13.2  Slider-Crank KINEMATICS .....oovviiiiii s eree s n s 605
13.3 GasForce and GAs TOTQUE .....iicciiiiiiiiniii s scnne s 610
13.4  EQUIVAIENT MUASSES L1iiicuiiiiiriiiiiiiis s iiees s e s ear e s 614
13.5 Inertia and ShAKING FOTCES ...iviiiiiiiiiiiiiir e s 617
13.6 Inertia and ShAKING TOTQUES ......voiviieeiiiiiiiiii e 620
13.7 Total ENGINE TOIQUE ...t e srae s 622
13.8  FIYWRNBEIS oiiiiiiiii e e e 622
13.9 Pin Forces in the Single-Cylinder Engine ..., 623

13.10 Balancing the Single-Cylinder ENQINe .........cccoovivivneniiinirien e 631
13.11  Design Trade-offs and Ratios

Conrod/Crank RQHO ........c.ccccvieeisiciriiiiiiisiirecie e

Bore/Stroke RAtiO ...........ccceccvvivvivnviciiviisiisiisienan,

MATEHQS ........c.cccvviiviiiiiiiiiis i
13.12  BiblIOGraphy ..o
13,13 ProbIems ...
1314 PrOJECTS it e s

Chapter 14 Multicylinder ENQINES .........ccovcvirccimrimercirnseressscrrsnnssseenes 639
T4.0  INTTOAUCTHION oo e 639
14.1  Multicylinder ENgiNg DeSIGNS ....ooovvvviiiiiiniiiniie oo 641
14.2  The Crank Phase DIOQIOM ......covvieeiiiiiiiisin e sie s 644
14.3 Shaking Forces in INliNE ENQINES ... 646
14.4 Inertia Torque in INHNE ENQINES ....veeceiviiiiiir e 649
14.5 Shaking Moment in INNe ENQINES ..o 650
T4.6 EVEN FIFINQ coviiiiii et as et r e eae s

Two-Sfroke Cycle Engine
Four-Stroke Cycle Engine
14.7 Vee Engine Configurations ..........cccoiiiiiiiiiiives e
14.8 Opposed Engine Configurations
14.9 Balancing Multicylinder Engines

Secondary Balance in the Four-Cylinder Inline Engine .............c......... 679
1410 REFEIENCES .iiiiviiii ittt st 682
1411 BiblIOGIrAPNY ..ot 682
14712 PrODIEMS e e 682

TA.13  PIOJECTS Lottt 683



DESIGN OF MACHINERY  CONTENTS

Chapter 15 Com DYNAMICS ....oocoiiiiiiiiiiiiiieee et 685
LS O 1911 (oo L1 T i[o] o RS RPR 685
15.1 Dynamic Force Analysis of the Force-Closed Cam Follower ............. 686

UNdamped RESPONSE, ....ccviiiiieiiiiiieiieeiee ettt st 686

Damped Response
152 RESONANCE ..coiiiiiiiiiiie ettt e ettt e e e e e e et e e e e e nnbeeeas
15.3 Kinetostatic Force Analysis of the Force-Closed Cam-Follower ........ 698
15.4 Kinetostatic Force Analysis of the Form-Closed Cam-Follower. ......... 702
155  Camshaft TOMQUE .....oooviiiiiiiiiiicesee e 706
15.6 Measuring Dynamic Forces and Accelerations ..........c.ccccovvveevineennnn 709
15.7  Practical ConSIErationS .......c.cccceeeiiieeriiieiiieeesiie et sree et e e e 713
15.8  REFEIENCES ....tiiiiiiiiiiiii ettt et et st nae e e 713
15.9  BiblIOQraphy ....ooociiioiiiieiiee e 713
15.10  Problems ......cooiiiiiiiiiiiec e A LD

Chapter 16 ENgineering DeSigN ......cccccoviiiiiiiiiiiiiie e 717
T O 1011 (oo L1 T i o] o PP 717
16.1 A DeSigN Case StUAY .......eeeiiiiiiiiiiieiiiee ettt 718
16.2  ClOSUTE ..ottt ettt ettt e st e e e e e snte e e s nees 723
16.3  REFEIENCES .ooiiiiiiiiiii e 723

Appendix A Computer Programs ......cccccccouiiiiiiiieeereeee e 725
YN R [ 411 To (0o 1T I PSPPSR 725
Al General INfOrmMation ........ccccociiiiiiiniie e L2 T
A2  General Program OpPeration .........cccccoooiemieeriienieenirienee e 727
A3 Program FOURBAR. ...ttt ettt ettt a e e e e e e e e e e s s s ssnnenenenes 735
A4 Program FIVBAR.........cooooiiii e 743
A5 Program SIXBAR.........coiiiiiiiiieaii e 745
A6 Program SLIDER..........coooiiiiiiiiiiiiiee e 749
A7 Program DVNACAM.......oeiiii ettt 751
A8 Program ENGINE.......cooiiiiiiiiiiiiiee e 757
A9  Program MATRIX........ PO PPPPPOPPPPR { o

Appendix B Material PropertieS........cccoccceiiiiiiiieiiiiiiee e 765

Appendix C Geometric Properties .......ccccccovviieeiniieee e, 769

Appendix D SPring DAta ........cccveeeeiiiiiieee e 771

Appendix E Atlas of Geared Fivebar Linkage Coupler Curves..... 775

Appendix F Answers to Selected Problems........cccoocceveiiiiiiiiiiinnnen, 781

Lo [ G e et e teeeeeeeeeieeeeetre—eeeeeaaeeeaa e i ————raraaaaaaaaan 795



PREFACE

to the Second Edition

Why is it we never have time to do
it right the first time, but always
seem to have time to do it over?
ANONYMOUS

The second edition has been revised based on feedback from a large number of users of the
book. In general, the material in many chapters has been updated to reflect the latest research
findings in the literature. Over 250 problem sets have been added, more than doubling the
total number of problems. Some design projects have been added also. All the illustrations
have been redrawn, enhanced, and improved.

Coverage of the design process in Chapter 1has been expanded. The discussions of the
Grashof condition and rotatability criteria in Chapter 2 have been strengthened and that of
electric motors expanded. A section on the optimum design of approximate straight line link-
ages has been added to Chapter 3. A discussion of circuits and branches in linkages and a
section on the Newton-Raphson method of solution have been added to Chapter 4. A discus-
sion of other methods for analytical and computational solutions to the position synthesis
problem has been added to Chapter 5. This reflects the latest publications on this subject and
is accompanied by an extensive bibliography.

The chapters formerly devoted to explanations of the accompanying software (old Chap-
ters 8 and 16) have been eliminated. Instead, a new Appendix A has been added to describe
the programs FOURBARFIVEBARSIXBARSLIDERPYNACAMENGINEand MATRIXhat are
on the attached CD-ROM. These programs have been completely rewritten as Windows ap-
plications and are much improved. A student version of the simulation program Working
Model by Knowledge Revolution, compatible with both Macintosh and Windows computers,
is also included on CD-ROM along with 20 models of mechanisms from the book done in
that package. A user's manual for Working Model is also on the CD-ROM.

Chapter 8 on cam design (formerly 9) has been shortened without reducing the scope of its
coverage. Chapter 9 on gear trains (formerly 10) has been significantly expanded and enhanced,
especially in respect to the design of compound and epicyclic trains and their efficiency. Chapter
100n dynamics fundamentals has been augmented with material formerly in Chapter 17to give a
more coherent treatment of dynamic modeling. Chapter 12 on balancing (formerly 13) has been
expanded to include discussion of moment balancing of linkages.

The author would like to express his appreciation to all the users and reviewers who have
made suggestions for improvement and pointed out errors, especially those who responded to the
survey about the first edition. There are too many to list here, so rather than risk offense by omit-
ting anyone, let me simply extend my sincerest thanks to you all for your efforts.

"1{p6ert. 'J{prton
:Mattapoisett, :Mass.
Stugust: 1997



PREFACE

to the First Edition

When | hear, | forget

When | see, | remember
When | do, | understand
ANCIENT CHINESE PROVERB

This text is intended for the kinematics and dynamics of machinery topics which are of-
ten given as a single course, or two-course sequence, in the junior year of most mechan-
ical engineering programs. The usual prerequisites are first courses in statics, dynamics
and calculus. Usually, the first semester, or portion, is devoted to kinematics, and the sec-
ond to dynamics of machinery. These courses are ideal vehicles for introducing the me-
chanical engineering student to the process of design, since mechanisms tend to be intu-
itive for the typical mechanical engineering student to visualize and create. While this
text attempts to be thorough and complete on the topics of analysis, it also emphasizes
the synthesis and design aspects of the subject to a greater degree than most texts in print
on these subjects. Also, it emphasizes the use of computer-aided engineering as an ap-
proach to the design and analysis of this class of problems by providing software that can
enhance student understanding. While the mathematical level of this text is aimed at sec-
ond- or third-year university students, it is presented de novo and should be understand-
able to the technical school student as well.

Part | of this text is suitable for a one-semester or one-term course in kKinematics.
Part Il is suitable for a one-semester or one-term course in dynamics of machinery. Alter-
natively, both topic areas can be covered in one semester with less emphasis on some of
the topics covered in the text.

The writing and style of presentation in the text is designed to be clear, informal, and
easy to read. Many example problems and solution techniques are presented and spelled
out in detail, both verbally and graphically. All the illustrations are done with computer-
drawing or drafting programs. Some scanned photographic images are also included.
The entire text, including equations and artwork, is printed directly from computer disk
by laser typesetting for maximum clarity and quality. Many suggested readings are pro-
vided in the bibliography. Short problems, and where appropriate, many longer, unstruc-
tured design project assignments are provided at the ends of chapters. These projects
provide an opportunity for the students to do and understand.

The author's approach to these courses and this text is based on over 35 years'
experience in mechanical engineering design, both in industry and as a consultant.
He has taught these subjects since 1967, both in evening school to practicing engi-
neers and in day school to younger students. His approach to the course has evolved
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a great deal in that time, from a traditional approach, emphasizing graphical analysis of
many structured problems, through emphasis on algebraic methods as computers be-
came available, through requiring students to write their own computer programs, to
the current state described above.

The one constant throughout has been the attempt to convey the art of the design pro-
cess to the students in order to prepare them to cope with real engineering problems in
practice. Thus, the author has always promoted design within these courses. Only re-
cently, however, has technology provided a means to more effectively accomplish this
goal, in the form of the graphics microcomputer. This text attempts to be an improve-
ment over those currently available by providing up-to-date methods and techniques for
analysis and synthesis which take full advantage of the graphics microcomputer, and by
emphasizing design as well as analysis. The text also provides a more complete, mod-
em, and thorough treatment of cam design than existing texts in print on the subject.

The author has written several interactive, student-friendly computer programs for
the design and analysis of mechanisms and machines. These programs are designed to
enhance the student's understanding of the basic concepts in these courses while simul-
taneously allowing more comprehensive and realistic problem and project assignments
to be done in the limited time available, than could ever be done with manual solution
techniques, whether graphical or algebraic. Unstructured, realistic design problems which
have many valid solutions are assigned. Synthesis and analysis are equally emphasized.
The analysis methods presented are up to date, using vector equations and matrix tech-
niques wherever applicable. Manual graphical analysis methods are de-emphasized. The
graphics output from the computer programs allows the student to see the results of vari-
ation of parameters rapidly and accurately and reinforces learning.

These computer programs are distributed, on CD-ROM, with this book which also
contains instructions for their use on any IBM compatible, Windows 3.1 or Windows 95/
NT capable computer. The earlier DOS versions of these programs are also included for
those without access to Windows. Programs SLIDERFOURBARFIVEBARand SIXBARan-
alyze the kinematics of those types of linkages. Program FOURBARalso does a complete
dynamic analysis of the fourbar linkage in addition to its kinematics. Program DYNACAM
allows the design and dynamic analysis of cam-follower systems. Program ENGINEan-
alyzes the slider-crank linkage as used in the internal combustion engine and provides a
complete dynamic analysis of single and multicylinder engine configurations, allowing
the mechanical dynamic design of engines to be done. Program MATRIXis a general pur-
pose linear equation system solver. All these programs, except MATRIXprovide dynam-
ic, graphical animation of the designed devices. The reader is strongly urged to make use
of these programs in order to investigate the results of variation of parameters in these ki-
nematic devices. The programs are designed to enhance and augment the text rather than
be a substitute for it. The converse is also true. Many solutions to the book's examples
and to the problem sets are provided on the CD-ROM as files to be read into these pro-
grams. Many of these solutions can be animated on the computer screen for a better dem-
onstration of the concept than is possible on the printed page. The instructor and students
are both encouraged to take advantage of the computer programs provided. Instructions
for their use are in Appendix A.

The author's intention is that synthesis topics be introduced first to allow the
students to work on some simple design tasks early in the term while still mastering
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the analysis topics. Though this is not the "traditional" approach to the teaching of
this material, the author believes that it is a superior method to that of initial concen-
tration on detailed analysis of mechanisms for which the student has no concept of or-
igin or purpose. Chapters 1 and 2 are introductory.  Those instructors wishing to
teach analysis before synthesis can leave Chapters 3 and 5 on linkage synthesis for
later consumption.  Chapters 4, 6, and 7 on position, velocity, and acceleration anal-
ysis are sequential and build upon each other. In fact, some of the problem sets are com-
mon among these three chapters so that students can use their position solutions to find
velocities and then later use both to find the accelerations in the same linkages.

Chapter 8 on cams is more extensive and complete than that of other kinematics texts
and takes a design approach. Chapter 9 on gear trains is introductory. The dynamic force
treatment in Part Il uses matrix methods for the solution of the system simultaneous

equations. Graphical force analysis is not emphasized. Chapter 10 presents an intro-
duction to dynamic systems modelling. Chapter 11 deals with force analysis oflinkag-

es. Balancing of rotating machinery and linkages is covered in Chapter 12. Chapters 13
and 14 use the internal combustion engine as an example to pull together many dynamic
concepts in a design context. Chapter 15 presents an introduction to dynamic systems
modelling and uses the cam-follower system as the example. Chapters 3, 8, 11, 13,
and 14 provide open ended project problems as well as structured problem sets. The
assignment and execution of unstructured project problems can greatly enhance the
student's understanding of the concepts as described by the proverb in the epigraph

to this preface.
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Take to Kinematics. It will repay you. It is
more fecund than geometry;
it adds afourth dimension to space. PART
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KINEMATICS OF
MECHANISMS



ANONYMOUS

1.0 PURPOSE

In this text we will explore the topics of kinematics and dynamics of machinery in re-
spect to the synthesis of mechanisms in order to accomplish desired motions or tasks,
and also the analysis of mechanisms in order to determine their rigid-body dynamic
behavior. These topics are fundamental to the broader subject of machine design. On
the premise that we cannot analyze anything until it has been synthesized into existence,
we will first explore the topic of synthesis of mechanisms.  Then we will investigate
techniques of analysis of mechanisms.  All this will be directed toward developing your
ability to design viable mechanism solutions to real, unstructured engineering problems
by using a design process. We will begin with careful definitions of the terms used in
these topics.

1.1 KINEMATICS AND KINETICS

KINEMATICS The study of motion without regard to forces.
KINETIcs The study of forces on systems in motion.

These two concepts are really not physically separable. We arbitrarily separate them for
instructional reasons in engineering education. It is also valid in engineering design
practice to first consider the desired kinematic motions and their consequences, and then
subsequently investigate the kinetic forces associated with those motions. The student
should realize that the division between kinematics and kinetics is quite arbitrary and
is done largely for convenience. One cannot design most dynamic mechanical systems
without taking both topics into thorough consideration. It is quite logical to consider
them in the order listed since, from Newton's second law, F = ma, one typically needs to
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know the accelerations (a) in order to compute the dynamic forces (F) due to the mo-
tion of the system's mass (m). There are also many situations in which the applied forc-
es are known and the resultant accelerations are to be found.

One principal aim of kinematics is to create (design) the desired motions of the sub-
ject mechanical parts and then mathematically compute the positions, velocities, and ac-
celerations which those motions will create on the parts. Since, for most earthbound
mechanical systems, the mass remains essentially constant with time, defining the accel-
erations as a function of time then also defines the dynamic forces as a function of time.
Stresses, in turn, will be a function of both applied and inertial (ma) forces. Since engi-
neering design is charged with creating systems which will not fail during their expected
service life, the goal is to keep stresses within acceptable limits for the materials chosen
and the environmental conditions encountered. This obviously requires that all system
forces be defined and kept within desired limits. In machinery which moves (the only
interesting kind), the largest forces encountered are often those due to the dynamics of
the machine itself. These dynamic forces are proportional to acceleration, which brings
us back to kinematics, the foundation of mechanical design. Very basic and early deci-
sions in the design process involving kinematic principles can be crucial to the success
of any mechanical design. A design which has poor kinematics will prove troublesome
and perform badly.

1.2 MECHANISMS AND MACHINES

A mechanism is a device which transforms motion to some desirable pattern and typi-
cally develops very low forces and transmits little power. A machine typically contains
mechanisms which are designed to provide significant forces and transmit significant
powerJl] Some examples of common mechanisms are apencil sharpener, acamera shut-
ter, an analog clock, a folding chair, an adjustable desk lamp, and an umbrella. Some
examples of machines which possess motions similar to the mechanisms listed above are
a food blender, a bank vault door, an automobile transmission, a bulldozer, a robot, and
an amusement park ride. There is no clear-cut dividing line between mechanisms and
machines. They differ in degree rather than in kind. If the forces or energy levels within
the device are significant, it is considered a machine; if not, it is considered a mechanism.
A useful working definition of a mechanism is A system of elements arranged to trans-
mit motion in a predetermined fashion. This can be converted to a definition of a ma-
chine by adding the words and energy after motion.

Mechanisms, if lightly loaded and run at slow speeds, can sometimes be treated
strictly as kinematic devices; that is, they can be analyzed kinematically without regard
to forces. Machines (and mechanisms running at higher speeds), on the other hand, must
first be treated as mechanisms, a kinematic analysis of their velocities and accelerations
must be done, and then they must be subsequently analyzed as dynamic systems in which
their static and dynamic forces due to those accelerations are analyzed using the princi-
ples of kinetics. Part | of this text deals with Kinematics of Mechanisms, and Part 1l
with Dynamics of Machinery. The techniques of mechanism synthesis presented in Part
I are applicable to the design of both mechanisms and machines, since in each case some
collection of moveable members must be created to provide and control the desired
motions and geometry.
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13 A BRIEFHISTORY OF KINEMATICS

Machines and mechanisms have been devised by people since the dawn of history. The
ancient Egyptians devised primitive machines to accomplish the building of the pyra-
mids and other monuments. Though the wheel and pulley (on an axle) were not known
to the Old Kingdom Egyptians, they made use of the lever, the inclined plane (or wedge),
and probably the log roller. The origin of the wheel and axle is not definitively known.
Its first appearance seems to have been in Mesopotamia about 3000 to 4000 B.C.

A great deal of design effort was spent from early times on the problem of timekeep-
ing as more sophisticated clockworks were devised. Much early machine design was
directed toward military applications (catapults, wall scaling apparatus, etc.). The term
civil engineering was later coined to differentiate civilian from military applications of
technology. Mechanical engineering had its beginnings in machine design as the in-
ventions of the industrial revolution required more complicated and sophisticated solu-
tions to motion control problems. James Watt (1736-1819) probably deserves the title
of first kinematician for his synthesis of a straight-line linkage (see Figure 3-29a on p.
121) to guide the very long stroke pistons in the then new steam engines. Since the plan-
er was yet to be invented (in 1817), no means then existed to machine a long, straight
guide to serve as a crosshead in the steam engine. Watt was certainly the first on record
to recognize the value of the motions of the coupler link in the fourbar linkage. Oliver
Evans (1755-1819) an early American inventor, also designed a straight-line linkage for
a steam engine. Euler (1707-1783) was a contemporary of Watt, though they apparent-
ly never met. Euler presented an analytical treatment of mechanisms in his Mechanica
sive Motus Scienta Analytice Exposita (1736-1742), which included the concept that pla-
nar motion is composed of two independent components, namely, translation of a point
and rotation of the body about that point. Euler also suggested the separation of the prob-
lem of dynamic analysis into the "geometrical” and the "mechanical” in order to simpli-
fy the determination of the system’'s dynamics. Two of his contemporaries, d' Alembert
and Kant, also proposed similar ideas. This is the origin of our division of the topic into
kinematics and kinetics as described above.

In the early 1800s, L'Ecole Polytechnic in Paris, France, was the repository of engi-
neering expertise. Lagrange and Fourier were among its faculty. One of its founders
was Gaspard Monge (1746-1818), inventor of descriptive geometry (which incidental-
ly was kept as a military secret by the French government for 30 years because of its
value in planning fortifications). Monge created a course in elements of machines and
set about the task of classifying all mechanisms and machines known to mankind! His
colleague, Hachette, completed the work in 1806 and published it as what was probably
the first mechanism text in 1811. Andre Marie Ampere (1775-1836), also a professor
at L'Ecole Polytechnic, set about the formidable task of classifying "all human knowl-
edge.” In his Essai sur la Philosophie des Sciences, he was the first to use the term "ein-
ematique,” from the Greek word for motion,* to describe the study of motion without
regard to forces, and suggested that “this science ought to include all that can be said with
respect to motion in its different kinds, independently of the forces by which it is pro-
duced.” His term was later anglicized to kinematics and germanized to kinematik.

Robert Willis (1800-1875) wrote the text Principles of Mechanism in 1841 while a
professor of natural philosophy at the University of Cambridge, England. He attempted
to systematize the task of mechanism synthesis. He counted five ways of obtaining rel-

* Ampere is quoted as
writing "(The science of

mechanisms)  must
therefore not define a
machine, as has usually
been done, as an instru-
ment by the help of which
the direction and intensity
of a given force can be
altered, but as an
instrument by the help of
which the direction and
velocity of a given motion
can be altered. To this
science .. lhave given the
name Kinematics from
KtVIl<x-motion." in
Maunder, L. (1979).
"Theory and Practice.”
Proc. 5th World Congo on
Theory of Mechanisms and
Machines, Montreal, p. I.
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ative motion between input and output links: rolling contact, sliding contact, linkages,
wrapping connectors (belts, chains), and tackle (rope or chain hoists). Franz Reuleaux
(1829-1905), published Theoretische Kinematik in 1875. Many of his ideas are still cur-
rent and useful. Alexander Kennedy (1847-1928) translated Reuleaux into English in
1876. This text became the foundation of modem kinematics and is still in print! (See
bibliography at end of chapter.) He provided us with the concept of a kinematic pair
(joint), whose shape and interaction define the type of motion transmitted between ele-
ments in the mechanism. Reuleaux defined six basic mechanical components: the link,
the wheel, the cam, the screw, the ratchet, and the belt. He also defined "higher" and
"lower" pairs, higher having line or point contact (as in a roller or ball bearing) and low-
er having surface contact (as in pin joints). Reuleaux is generally considered the father
of modem kinematics and is responsible for the symbolic notation of skeletal, generic
linkages used in all modem kinematics texts.

In this century, prior to World War Il, most theoretical work in kinematics was done
in Europe, especially in Germany. Few research results were available in English. In
the United States, kinematics was largely ignored until the 1940s, when A. E. R. De-
Jonge wrote "What Is Wrong with 'Kinematics' and 'Mechanisms'?,"[2] which called
upon the U.S. mechanical engineering education establishment to pay attention to the Eu-
ropean accomplishments in this field. Since then, much new work has been done, espe-
cially in kinematic synthesis, by American and European engineers and researchers such
as J. Denavit, A. Erdman, F. Freudenstein, A. S. Hall, R. Hartenberg, R. Kaufman,
B. Roth, G. Sandor, andA. Soni, (all of the U.S.) and K. Hain (of Germany). Since the
fall of the "iron curtain” much original work done by Soviet Russian kinematicians has
become available in the United States, such as that by Artobolevsky.[3] Many U.S. re-
searchers have applied the computer to solve previously intractable problems, both of
analysis and synthesis, making practical use of many of the theories of their predeces-
sors.[4] This text will make much use of the availability of computers to allow more ef-
ficient analysis and synthesis of solutions to machine design problems. Several comput-
er programs are included with this book for your use.

14  APPLICATIONS OF KINEMATICS

One of the first tasks in solving any machine design problem is to determine the kine-
matic configuration(s) needed to provide the desired motions. Force and stress analyses
typically cannot be done until the kinematic issues have been resolved. This text address-
es the design of kinematic devices such as linkages, cams, and gears. Each of these terms
will be fully defined in succeeding chapters, but it may be useful to show some exam-
ples of kinematic applications in this introductory chapter. You probably have used many
of these systems without giving any thought to their kinematics.

Virtually any machine or device that moves contains one or more kinematic ele-
ments such as linkages, cams, gears, belts, chains. Your bicycle is a simple example of a
kinematic system that contains a chain drive to provide torque multiplication and sim-
ple cable-operated linkages for braking. An automobile contains many more examples
of kinematic devices. Its steering system, wheel suspensions, and piston-engine all con-
tain linkages; the engine's valves are opened by cams; and the transmission is full of
gears. Even the windshield wipers are linkage-driven. Figure I-la shows a spatial link-
age used to control the rear wheel movement of a modem automobile over bumps.
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(@) Spatial linkage rear suspension (b) Utility tractor with backhoe (¢) Linkage-driven exercise mechanism
Courtesy of Daimier Benz Co. Courtesy of John Deere Co. Courtesy of ICON Health & Fitness, Inc.
FIGURE 1-1

Examples of kinematic devices in general use

Construction equipment such as tractors, cranes, and backhoes all use linkages ex-
tensively in their design. Figure 1-1b shows a small backhoe that is a linkage driven by
hydraulic cylinders. Another application using linkages is thatof exercise equipment as
shown in Figure I-le. The examples in Figure 1-1 are all of consumer goods which you
may encounter in your daily travels. Many other kinematic examples occur in the realm
of producer goods-machines  used to make the many consumer products that we use.
You are less likely to encounter these outside of a factory environment. Once you be-
come familiar with the terms and principles of kinematics, you will no longer be able to
look at any machine or product without seeing its kinematic aspects.

15 THEDESIGN PROCESS

Design, Invention, Creativity

These are all familiar terms but may mean different things to different people. These
terms can encompass a wide range of activities from styling the newest look in clothing,
to creating impressive architecture, to engineering a machine for the manufacture of fa-
cial tissues. Engineering design, which we are concerned with here, embodies all three
of these activities as well as many others. The word design is derived from the Latin
designare, which means "to designate, or mark out.” Webster's gives several defini-
tions, the most applicable being "to outline, plot, or plan, as action or work... to con-
ceive, invent- contrive." Engineering design has been defined as "... the process ofap-
plying the various techniques and scientific principles for the purpose of defining a de-
vice, aprocess or a system in sufficient detail to permit its realization ... Design may
be simple or enormously complex, easy or difficult, mathematical or nonmathematical;

it may involve a trivial problem or one of great importance." Design is a universal con-
stituent of engineering practice. But the complexity of engineering subjects usually re-
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1 Identification of

Need

2 Background
Research

oW

Performance
Specifications

5 ideation and
Invention

6 Analysis

7 Selection

8 Detailed Design
9 Prototyping and

Testing

10 Production

Goal Statement

Blank paper syndrome

quires that the student be served with a collection of structured, set-piece problems

designed to elucidate a particular concept or concepts related to the particular topic.
These textbook problems typically take the form of “given A, B, C, and D, find E." Un-
fortunately, real-life engineering problems are almost never so structured. Real design
problems more often take the form of "What we need is aframus to stuff this widget into
that hole within the time allocated to the transfer of this other gizmo." The new engi-
neering graduate will search in vain among his or her textbooks for much guidance to
solve such a problem. This unstructured  problem statement usually leads to what is
commonly called "blank paper syndrome.” Engineers often find themselves staring at
a blank sheet of paper pondering how to begin solving such an ill-defined problem.

Much of engineering education deals with topics of analysis, which means to de-
compose, to take apart, to resolve into its constituent parts. This is quite necessary. The
engineer must know how to analyze systems of various types, mechanical, electrical,
thermal, or fluid. Analysis requires a thorough understanding of both the appropriate
mathematical techniques and the fundamental physics of the system's function. But,
before any system can be analyzed, it must exist, and a blank sheet of paper provides lit-
tle substance for analysis. Thus the first step in any engineering design exercise is that
of synthesis, which means putting together.

The design engineer, in practice, regardless of discipline, continuously faces the
challenge of structuring the unstructured problem. Inevitably, the problem as posed to
the engineer is ill-defined and incomplete. Before any attempt can be made to analyze
the situation he or she must first carefully define the problem, using an engineering ap-
proach, to ensure that any proposed solution will solve the right problem. Many exam-
ples exist of excellent engineering solutions which were ultimately rejected because they
solved the wrong problem, i.e., adifferent one than the client really had.

Much research has been devoted to the definition of various "design processes” in-
tended to provide means to structure the unstructured problem and lead to a viable solu-
tion. Some of these processes present dozens of steps, others only a few. The one pre-
sented in Table 1-1 contains 10 steps and has, in the author's experience, proven success-
ful in over 30 years of practice in engineering design.

ITERATION  Before discussing each of these steps in detail it is necessary to point
out that this is not a process in which one proceeds from step one through ten in a linear
fashion. Rather it is, by its nature, an iterative process in which progress is made halt-
ingly, two steps forward and one step back. Itis inherently circular. To iterate means to
repeat, to return to a previous state. If, for example, your apparently great idea, upon
analysis, turns out to violate the second law of thermodynamics, you can return to the
ideation step and get a better idea! Or, if necessary, you can return to an earlier step in
the process, perhaps the background research, and learn more about the problem. With
the understanding that the actual execution of the process involves iteration, for simplic-
ity, we will now discuss each step in the order listed in Table 1-1.

Identification of Need

This first step is often done for you by someone, boss or client, saying "What we need is

" Typically this statement will be brief and lacking in detail. It will fall far short of
providing you with a structured problem statement. For example, the problem statement
might be "We need a better lawn mower.”
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Background Research

This is the most important phase in the process, and is unfortunately often the most ne-
glected. The term research, used in this context, should not conjure up visions of white-
coated scientists mixing concoctions in test tubes. Rather this is research of a more
mundane sort, gathering background information on the relevant physics, chemistry, or
other aspects of the problem. Also it is desirable to find out if this, or a similar problem,
has been solved before. There is no point in reinventing the wheel. If you are lucky
enough to find a ready-made solution on the market, it will no doubt be more economi-
cal to purchase it than to build your own. Most likely this will not be the case, but you
may learn a great deal about the problem to be solved by investigating the existing "art"
associated with similar technologies and products. The patent literature and technical
publications in the subject area are obvious sources of information and are accessible via
the worldwide web. Clearly, if you find that the solution exists and is covered by a patent
still in force, you have only a few ethical choices: buy the patentee's existing solution,
design something which does not conflict with the patent, or drop the project. It is very
important that sufficient energy and time be expended on this research and preparation
phase of the process in order to avoid the embarrassment of concocting a great solution
to the wrong problem. Most inexperienced (and some experienced) engineers give too
little attention to this phase and jump too quickly into the ideation and invention stage of
the process. This must be avoided! You must discipline yourself to not try to solve the
problem before thoroughly preparing yourself to do so.

Goal Statement

Once the background of the problem area as originally stated is fully understood, you
will be ready to recast that problem into a more coherent goal statement. This new prob-
lem statement should have three characteristics. It should be concise, be general, and be
uncolored by any terms which predict a solution. It should be couched in terms of func-
tional visualization, meaning to visualize itsfunction, rather than any particular embod-
iment. For example, if the original statement of need was "Design a Better Lawn Mow-
er," after research into the myriad of ways to cut grass that have been devised over the
ages, the wise designer might restate the goal as "Design a Means to Shorten Grass."

The original problem statement has a built-in trap in the form of the colored words "lawn
mower." For most people, this phrase will conjure up a vision of something with whir-
ring blades and a noisy engine. For the ideation phase to be most successful, it is neces-
sary to avoid such images and to state the problem generally, clearly, and concisely. As
an exercise, list 10 ways to shorten grass. Most of them would not occur to you had you
been asked for 10 better lawn mower designs. You should use functional visualization

to avoid unnecessarily limiting your creativity!

Performance Specifications'

When the background is understood, and the goal clearly stated, you are ready to formu-
late a set of performance specifications. These should not be design specifications. The
difference is that performance specifications define what the system must do, while de-
sign specifications define how it must do it. At this stage of the design process it is un-
wise to attempt to specify how the goal is to be accomplished. That is left for the ide-
ation phase. The purpose of the performance specifications is to carefully define and

Reinventing the whee

Grass shorteners

* Orson Welles, famous

author and filmmaker, on¢
said, “The enemy of art is
the absence of limitations
We can paraphrase that as
The enemy of design is th
absence of specifications.
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Device to have self-

contained power
supply.

Device to be
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Device to emit < 80
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Device to shorten
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per hour.
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constrain the problem so that it both can be solved and can be shown to have been solved
after the fact. A sample set of performance specifications for our "grass shortener" is
shown in Table 1-2.

Note that these specifications constrain the design without overly restricting the
engineer's design freedom. It would be inappropriate to require a gasoline engine for
specification 1, since other possibilities exist which will provide the desired mobility.
Likewise, to demand stainless steel for all components in specification 2 would be un-
wise, since corrosion resistance can be obtained by other, less-expensive means. In short,
the performance specifications serve to define the problem in as complete and as gener-
al a manner as possible, and they serve as a contractual definition of what is to be ac-
complished. The finished design can be tested for compliance with the specifications.

Ideation and Invention

This step is full of both fun and frustration. This phase is potentially the most satisfying
to most designers, but it is also the most difficult. A great deal of research has been done
to explore the phenomenon of "creativity." It is, most agree, a common human trait. It
is certainly exhibited to a very high degree by all young children. The rate and degree of
development that occurs in the human from birth through the first few years of life cer-
tainly requires some innate creativity. Some have claimed that our methods of Western
education tend to stifle children's natural creativity by encouraging conformity and re-
stricting individuality. From "coloring within the lines" in kindergarten to imitating the
textbook's writing patterns in later grades, individuality is suppressed in favor of a so-
cializing conformity. This is perhaps necessary to avoid anarchy but probably does have
the effect of reducing the individual's ability to think creatively. Some claim that cre-
ativity can be taught, some that it is only inherited. No hard evidence exists for either
theory. It is probably true that one's lost or suppressed creativity can be rekindled. Oth-
er studies suggest that most everyone underutilizes his or her potential creative abilities.
You can enhance your creativity through various techniques.

CREATIVE PROCESS  Many techniques have been developed to enhance or inspire
creative problem solving. In fact, just as design processes have been defined, so has the
creative process shown in Table 1-3. This creative process can be thought of as a subset
of the design process and to exist within it. The ideation and invention step can thus be
broken down into these four substeps.

IDEA GENERATION is the most difficult of these steps. Even very creative people
have difficulty in inventing "on demand." Many techniques have been suggested to
improve the yield of ideas. The most important technique is that of deferred judgment,
which means that your criticality should be temporarily suspended. Do not try to judge
the quality of your ideas at this stage. That will be taken care of later, in the analysis
phase. The goal here is to obtain as large a quantity of potential designs as possible.
Even superficially ridiculous suggestions should be welcomed, as they may trigger new
insights and suggest other more realistic and practical solutions.

BRAINSTORMING is a technique for which some claim great success in generat-
ing creative solutions. This technique requires a group, preferably 6 to 15 people, and
attempts to circumvent the largest barrier to creativity, which isfear of ridicule. Most

people, when in a group, will not suggest their real thoughts on a subject, for fear of be-
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ing laughed at. Brainstorming's rules require that no one is allowed to make fun of or
criticize anyone's suggestions, no matter how ridiculous. One participant acts as "scribe"
and is duty bound to record all suggestions, no matter how apparently silly. When done
properly, this technique can be fun and can sometimes result in a "feeding frenzy" of
ideas which build upon each other. Large quantities of ideas can be generated in a short
time. Judgment on their quality is deferred to a later time.

When working alone, other techniques are necessary. Analogies and inversion are
often useful. Attempt to draw analogies between the problem at hand and other physical
contexts. If it is a mechanical problem, convert it by analogy to a fluid or electrical one.
Inversion turns the problem inside out. For example, consider what you want moved to
be stationary and vice versa. Insights often follow. Another useful aid to creativity is
the use of synonyms. Define the action verb in the problem statement, and then list as
many synonyms for that verb as possible. For example:

Problem statement:  Move this object from point A to point B.

The action verb is "move." Some synonyms are push, pull, slip, slide, shove, throw, eject.
jump, spill.

By whatever means, the aim in this ideation step is to generate a large number of
ideas without particular regard to quality. But, at some point, your "mental well" will go
dry. You will have then reached the step in the creative process called frustration. It is
time to leave the problem and do something else for atime. While your conscious mind
is occupied with other concerns, your subconscious mind will still be hard at work on
the problem. This is the step called incubation. Suddenly, at a quite unexpected time
and place, an idea will pop into your consciousness, and it will seem to be the obvious
and "right" solution to the problem ... Eureka! Most likely, later analysis will discov-
er some flaw in this solution. If so, back up and iterate! More ideation, perhaps more
research, and possibly even a redefinition of the problem may be necessary.

In "Unlocking Human Creativity"[S] Wallen describes three requirements for cre-
ative insight:

¢ Fascination with a problem.
e Saturation with the facts, technical ideas, data, and the background of the problem.
« A period of reorganization.

The first of these provides the motivation to solve the problem. The second is the back-
ground research step described above. The period of reorganization refers to the frustra-
tion phase when your subconscious works on the problem. Wallen[S] reports that testi-
mony from creative people tells us that in this period of reorganization they have no con-
scious concern with the particular problem and that the moment of insight frequently ap-
pears in the midst of relaxation or sleep. So to enhance your creativity, saturate yourself
in the problem and related background material. Then relax and let your subconscious
do the hard work!

Analysis

Once you are at this stage, you have structured the problem, at least temporarily, and can
now apply more sophisticated analysis techniques to examine the performance of the

Brainstorming

-4

Frustration

Eureka!
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design in the analysis phase of the design process. (Some of these analysis methods will
be discussed in detail in the following chapters.) Further iteration will be required as
problems are discovered from the analysis. Repetition of as many earlier steps in the
design process as necessary must be done to ensure the success of the design.

Selection

When the technical analysis indicates that you have some potentially viable designs, the
best one available must be selected for detailed design, prototyping, and testing. The
selection process usually involves a comparative analysis of the available design solu-
tions. A decision matrix sometimes helps to identify the best solution by forcing you to
consider a variety of factors in a systematic way. A decision matrix for our better grass
shortener is shown in Figure 1-2. Each design occupies a row in the matrix. The col-
umns are assigned categories in which the designs are to be judged, such as cost, ease of
use, efficiency, performance, reliability, and any others you deem appropriate to the par-
ticular problem. Each category is then assigned a weighting factor, which measures its
relative importance. For example, reliability may be a more important criterion to the
user than cost, or vice versa. You as the design engineer have to exercise your judgment
as to the selection and weighting of these categories. The body of the matrix is then filled
with numbers which rank each design on a convenient scale, such as 1to 10, in each of
the categories. Note that this is ultimately a subjective ranking on your part. You must
examine the designs and decide on a score for each. The scores are then multiplied by
the weighting factors (which are usually chosen so as to sum to a convenient number
such as 1) and the products summed for each design. The weighted scores then give a
ranking of designs. Be cautious in applying these results. Remember the source and sub-
jectivity of your scores and the weighting factors! There is a temptation to put more faith
in these results than is justified. After all, they look impressive! They can even be taken
out to several decimal places! (But they shouldn't be.) The real value of a decision

Cost Safety Performance | Reliability RANK
Weighting 35 30 15 20 10
Factor

. 3 6 4 9

Design 1 1.05 1.80 60 1.80 5.3
. 4 2 7 2

Design 2 1.40 60 1.05 40 3.5
. 1 9 4 5

Design 3 35 2.70 .60 1.00 47
. 9 1 6 7

Design 4 3.15 .30 90 1.40 5.8
. 7 4 2 6

Design 5 245 1.20 30 1.20 5.2

FIGURE 1-2

A decision matrix
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matrix is that it breaks the problem into more tractable pieces and forces you to think
about the relative value of each design in many categories. You can then make a more
informed decision as to the "best" design.

Detailed Design

This step usually includes the creation of a complete set of assembly and detail drawings
or computer-aided  design (CAD) part files, for each and every part used in the design.
Each detail drawing must specify all the dimensions and the material specifications nec-
essary to make that part. From these drawings (or CAD files) a prototype test model (or
models) must be constructed for physical testing. Most likely the tests will discover
more flaws, requiring further iteration.

Prototyping and Testing

MODELS  Ultimately, one cannot be sure of the correctness or viability of any design
until it is built and tested. This usually involves the construction of a prototype physical
model. A mathematical model, while very useful, can never be as complete and accu-
rate a representation of the actual physical system as a physical model, due to the need
to make simplifying assumptions. Prototypes are often very expensive but may be the
most economical way to prove a design, short of building the actual, full-scale device.
Prototypes can take many forms, from working scale models to full-size, but simplified,

representations  of the concept. Scale models introduce their own complications in re-
gard to proper scaling of the physical parameters. For example, volume of material var-
ies as the cube of linear dimensions, but surface area varies as the square. Heat transfer
to the environment may be proportional to surface area, while heat generation may be
proportional to volume. So linear scaling of a system, either up or down, may lead to
behavior different from that of the full-scale system. One must exercise caution in scal-
ing physical models. You will find as you begin to design linkage mechanisms that a
simple cardboard model of your chosen link lengths, coupled together with thumbtacks

for pivots, will tell you a great deal about the quality and character of the mechanism's

motions. You should get into the habit of making such simple articulated models for all
your linkage designs.

TESTING  of the model or prototype may range from simply actuating it and ob-
serving its function to attaching extensive instrumentation to accurately measure dis-
placements, velocities, accelerations, forces, temperatures, and other parameters. Tests
may need to be done under controlled environmental conditions such as high or low tem-
perature or humidity. The microcomputer has made it possible to measure many phe-
nomena more accurately and inexpensively than could be done before.

Production

Finally, with enough time, money, and perseverance, the design will be ready for pro-
duction. This might consist of the manufacture of a single final version of the design,
but more likely will mean making thousands or even millions of your widget. The dan-
ger, expense, and embarrassment of finding flaws in your design after making large
quantities of defective devices should inspire you to use the greatest care in the earlier
steps of the design process to ensure that it is properly engineered.
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The design process is widely used in engineering. Engineering is usually defined
in terms of what an engineer does, but engineering can also be defined in terms of how
the engineer does what he or she does. Engineering is as much a method, an approach,
aprocess, a state of mind for problem solving, as it is an activity. The engineering ap-
proach is that of thoroughness, attention to detail, and consideration of all the possibili-
ties. While it may seem a contradiction in terms to emphasize "attention to detail” while
extolling the virtues of open-minded, freewheeling, creative thinking, it is not. The two
activities are not only compatible, they are symbiotic. It ultimately does no good to have
creative, original ideas if you do not, or cannot, carry out the execution of those ideas
and "reduce them to practice." To do this you must discipline yourself to suffer the
nitty-gritty, nettlesome, tiresome details which are so necessary to the completion of any
one phase of the creative design process. For example, to do a creditable job in the de-
sign of anything, you must completely define the problem. If you leave out some detail
of the problem definition, you will end up solving the wrong problem. Likewise, you
must thoroughly research the background information relevant to the problem. You must
exhaustively pursue conceptual potential solutions to your problem. You must then ex-
tensively analyze these concepts for validity. And, finally, you must detail your chosen
design down to the last nut and bolt to be confident it will work. If you wish to be a good
designer and engineer, you must discipline yourself to do things thoroughly and in alog-
ical, orderly manner, even while thinking great creative thoughts and iterating to a solu-
tion. Both attributes, creativity and attention to detail, are necessary for success in engi-
neering design.

1.6 OTHER APPROACHES TO DESIGN

In recent years, an increased effort has been directed toward a better understanding of
design methodology and the design process. Design methodology is the study of the
process of designing. One goal of this research is to define the design process in suffi-
cient detail to allow it to be encoded in a form amenable to execution in a computer, us-
ing "artificial intelligence" (Al).

Dixon[6] defines a design as a state of information which may be in any of several
forms:

words, graphics, electronic data, and/or others. It may be partial or complete. It
ranges from a small amount of highly abstract information early in the design process
to a very large amount of detailed information later in the process sufficient to perform
manufacturing. It may include, but is not limited to, information about size and shape,
function, materials, marketing, simulated performance, manufacturing processes, toler-
ances, and more. Indeed, any and all information relevant to the physical or economic
life of a designed object is part of its design.

He goes on to describe several generalized states of information such as the requirements
state which is analogous to our performance specifications.  Information about the
physical concept is referred to as the conceptual state of information and is analogous to
our ideation phase. His feature configuration and parametric states of information are
similar in concept to our detailed design phase. Dixon then defines a design process as:

The series of activities by which the information about the designed object is changed
from one information state to another.
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Axiomatic Design

N. P. Suh[7] suggests an axiomatic approach to design in which there are four domains:
customer domain, functional domain, physical domain, and the process domain. These
represent arange from "what" to "how," i.e., from a state of defining what the customer
wants through determining the functions required and the needed physical embodiment,
to how a process will achieve the desired end. He defines two axioms that need to be
satisfied to accomplish this:

I Maintain the independence of the functional requirements.
2 Minimize the information content.

The first of these refers to the need to create a complete and nondependent set of perfor-
mance specifications. The second indicates that the best design solution will have the
lowest information content (i.e., the least complexity). Others have earlier referred to
this second idea as KISS, which stands, somewhat crudely, for "keep it simple, stupid."

The implementation of both Dixon's and Suh's approaches to the design process is
somewhat complicated. The interested reader is referred to the literature cited in the bib-
liography to this chapter for more complete information.

1.7 MULTIPLE SOLUTIONS

Note that by the nature of the design process, there is not anyone correct answer or so-
lution to any design problem. Unlike the structured “engineering textbook" problems,
which most students are used to, there is no right answer "in the back of the book" for
any real design problem. * There are as many potential solutions as there are designers
willing to attempt them. Some solutions will be better than others, but many will work.
Some will not! There is no "one right answer" in design engineering, which is what
makes it interesting. The only way to determine the relative merits of various potential
design solutions is by thorough analysis, which usually will include physical testing of
constructed prototypes. Because this is a very expensive process, it is desirable to do as
much analysis on paper, or in the computer, as possible before actually building the de-
vice. Where feasible, mathematical models of the design, or parts of the design, should
be created. These may take many forms, depending on the type of physical system in-
volved. In the design of mechanisms and machines it is usually possible to write the
equations for the rigid-body dynamics of the system, and solve them in "closed form"
with (or without) a computer. Accounting for the elastic deformations of the members
of the mechanism or machine usually requires more complicated approaches using finite
difference techniques or the finite element method (FEM).

1.8 HUMAN FACTORS ENGINEERING

With few exceptions, all machines are designed to be used by humans. Even robots must
be programmed by a human. Human factors engineering is the study of the human-
machine interaction and is defined as an applied science that coordinates the design of
devices, systems, and physical working conditions with the capacities and requirements
of the worker. The machine designer must be aware of this subject and design devices to
"fit the man" rather than expect the man to adapt to fit the machine. The term ergonom-

* A student once
commented that “"Life is an
odd-numbered  problem."
This (slow) author had to
ask for an explanation,
which was: "The answer is
not in the back of the
book."
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ics is synonymous with human factors engineering. We often see reference to the good
or bad ergonomics of an automobile interior or a household appliance. A machine de-
signed with poor ergonomics will be uncomfortable and tiring to use and may even be
dangerous. (Have you programmed your VCR lately, or set its clock?)

There is a wealth of human factors data available in the literature. Some references
are noted in the bibliography. The type of information which might be needed for a
machine design problem ranges from dimensions of the human body and their distribu-
tion among the population by age and gender, to the ability of the human body to with-
stand accelerations in various directions, to typical strengths and force generating abili-
ty in various positions. Obviously, if you are designing a device that will be controlled
by a human (a grass shortener, perhaps), you need to know how much force the user can
exert with hands held in various positions, what the user's reach is, and how much noise
the ears can stand without damage. If your device will carry the user on it, you need data
on the limits of acceleration which the body can tolerate. Data on all these topics exist.
Much of it was developed by the government which regularly tests the ability of military
personnel to withstand extreme environmental conditions. Part of the background re-
search of any machine design problem should include some investigation of human
factors.

1.9 THE ENGINEERING REPORT

Communication of your ideas and results is a very important aspect of engineering.
Many engineering students picture themselves in professional practice spending most of
their time doing calculations of a nature similar to those they have done as students.
Fortunately, this is seldom the case, as it would be very boring. Actually, engineers spend
the largest percentage of their time communicating with others, either orally or in writ-
ing. Engineers write proposals and technical reports, give presentations, and interact
with support personnel and managers. When your design is done, it is usually necessary
to present the results to your client, peers, or employer. The usual form of presentation
is a formal engineering report. Thus, it is very important for the engineering student to
develop his or her communication skills. You may be the cleverest person in the world,
but no one will know that if you cannot communicate your ideas clearly and concisely.
In fact, if you cannot explain what you have done, you probably don't understand it your-
self. To give you some experience in this important skill, the design project assignments
in later chapters are intended to be written up in formal engineering reports. Informa-
tion on the writing of engineering reports can be found in the suggested readings in the
bibliography at the end of this chapter.

1.10 UNITS

There are several systems of units used in engineering. The most common in the United
States are the U.S. foot-pound-second (fps) system, the U.S. inch-pound-second (ips)
system, and the System International (SI). All systems are created from the choice of
three of the quantities in the general expression of Newton's second law

F=Z (1.1a)



where F is force, m is mass, [ is length, and ¢ is time. The units for any three of these
wariables can be chosen and the other is then derived in terms of the chosen units. The
dlree chosen units are called base units, and the remaining one is then a derived unit.

Most of the confusion that surrounds the conversion of computations between ei-
ther one of the U.S. systems and the SI system is due to the fact that the SI system uses a
different set of base units than the U.S. systems. Both U.S. systems choose force, length,
amd time as the base units. Mass is then a derived unit in the U.S. systems, and they are
referred to as gravitational systems because the value of mass is dependent on the local
gravitational constant. The SI system chooses mass, length, and time as the base units
and force is the derived unit. SIis then referred to as an absolute system since the mass
is a base unit whose value is not dependent on local gravity.

The U.S. foot-pound-second (fps) system requires that all lengths be measured in
feet (ft), forces in pounds (Ib), and time in seconds (sec). Mass is then derived from
Newton’s law as

(1.1b)

and the units are:
Pounds seconds squared per foot (Ib-sec?/ft) = slugs

The U.S. inch-pound-second (ips) system requires that all lengths be measured in
inches (in), forces in pounds (Ib), and time in seconds (sec). Mass is still derived from
Newton’s law, equation 1.1b, but the units are now:

Pounds seconds squared per inch (Ib-sec?/in) = blobs
This mass unit is not slugs! It is worth twelve slugs or one blob.”

Weight is defined as the force exerted on an object by gravity. Probably the most
common units error that students make is to mix up these two unit systems (fps and ips)
when converting weight units (which are pounds force) to mass units. Note that the grav-
itational acceleration constant (g) on earth at sea level is approximately 32.2 feet per
second squared which is equivalent to 386 inches per second squared. The relationship
between mass and weight is:

Mass = weight / gravitational acceleration

(1.2)

m=—
-4

It should be obvious that, if you measure all your lengths in inches and then use

g = 32.2 feet/sec? to compute mass, you will have an error of a factor of 12 in your re-
sults. This is a serious error, large enough to crash the airplane you designed. Even
worse off is the student who neglects to convert weight to mass at all in his calculations.
He will have an error of either 32.2 or 386 in his results. This is enough to sink the ship!

To even further add to the student’s confusion about units is the common use of the
unit of pounds mass (1b,,). This unit is often used in fluid dynamics and thermodynam-
ics and comes about through the use of a slightly different form of Newton’s equation:

* It is unfortunate that the
mass unit in the ips system
has never officially been
given a name such as the
term slug used for mass in
the fps system. The author
boldly suggests (with tongue
only slightly in cheek) that
this unit of mass in the ips
system be called a blob (bl)
to distinguish it more clearly
from the slug (sl), and to
help the student avoid some
of the common units errors
listed above.

Twelve slugs = one blob.

Blob does not sound any
sillier than slug, is easy to
remember, implies mass,
and has a convenient
abbreviation (bl) which is an
anagram for the abbreviation
for pound (Ib). Besides, if
you have ever seen a garden
slug, you know it looks just
like a "little blob."
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F="2 - (1.3)
g

where m =mass in Ibm' a = acceleration and gc =the gravitational constant.

The value of the mass of an object measured in pounds mass (Ilbm) is numerically
equal to its weight in pounds force (Ib/). However the student must remember to divide
the value of min Ibm by gc when substituting into this form of Newton's equation. Thus
the Tom will be divided either by 32.2 or by 386 when calculating the dynamic force. The
result will be the same as when the mass is expressed in either slugs or blobs in the F =
ma form of the equation. Remember that in round numbers at sea level on earth:

I Ibm = lIbf I slug = 32.2 b | blob = 386 Ibf

The Sl system requires that lengths be measured in meters (m), mass in kilograms
(kg), and time in seconds (sec). This is sometimes also referred to as the mks system.
Force is derived from Newton's law, equation 1.1b and the units are:

kilogram-meters  per second? (kg-m/sec?) = newtons

Thus in the SI system there are distinct names for mass and force which helps alle-
viate confusion. When converting between Sl and U.S. systems, be alert to the fact that
mass converts from kilograms (kg) to either slugs (sl) or blobs (bl), and force converts
from newtons (N) to pounds (Ib). The gravitational constant (g) in the SI system is ap-
proximately 9.81 m/sec?.

The principal system of units used in this textbook will be the U.S. ips system. Most
machine design in the United States is still done in this system. Table 1-4 shows some
of the variables used in this text and their units. The inside front cover contains a table
of conversion factors between the U.S, and Sl systems.

The student is cautioned to always check the units in any equation written for a prob-
lem solution, whether in school or in professional practice after graduation. If properly
written, an equation should cancel all units across the equal sign. If it does not, then you
can be absolutely sure it is incorrect. Unfortunately, a unit balance in an equation does
not guarantee that it is correct, as many other errors are possible. Always double-check
your results. You might save a life.

1.11 WHAT'S TO COME

In this text we will explore the topic of machine design in respect to the synthesis of
mechanisms  in order to accomplish desired motions or tasks, and also the analysis of
these mechanisms in order to determine their rigid-body dynamic behavior. On the
premise that we cannot analyze anything until it has been synthesized into existence, we
will first explore the topic of synthesis of mechanisms. Then we will investigate the
analysis of those and other mechanisms for their kinematic behavior. Finally, in Part Il
we will deal with the dynamic analysis of the forces and torques generated by these
moving machines. These topics cover the essence of the early stages of a design project.
Once the kinematics and kinetics of a design have been determined, most of the concep-
tual design will have been accomplished. What then remains is detailed design-sizing
the parts against failure. The topic of detailed design is discussed in other texts such as
reference [8].



INTRODUCTION

Table 1-4  Variables and Units
Base Units in Boldface — Abbreviations in ()

Variable Symbol ips unit fps unit Sl unit
Force F pounds (Ib) pounds (Ib) newtons (N)
Length l inches (in) feet (tt) meters (m)
Time t seconds (sec) seconds (sec) seconds (sec)
Mass " lb-sec? /in(bl)  lb-sec?/ft(s))  kilograms (kg)
Weight 124 pounds (Ib) pounds (Ib) newtons (N)
Velocity v in/sec ft / sec m / sec
Acceleration a in / sec? ft / sec? m / sec?
Jerk j in / sec3 ft / sec® m / secd
Angle 0 degrees (deg) degrees (deg) degrees (deg)
Angle ] radians (rad) radians (rad) radians (rad)
Angular velocity ® rad / sec rad / sec rad / sec
Angular acceleration o rad / sec? rad / sec? rad / sec?
Angular jerk © rad / sec? rad / sec® rad / sec3
Torque T llo—in lo—ft N-m
Mass moment of inertia I Ib-in-sec? lo—ft-sec? N-m-sec?
Energy E in-lb f-lb joules
Power P in-b / sec fi-lb / sec watts
Volume v in3 3 m3
Weight density ¥ o / in3 o / 3 N/m3
Mass density p bl /ind sl / 3 kg / m3
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Chapter

KINEMATICS =
FUNDAMENTALS =

Chance favors the prepared mind
PASTEUR

2.0 INTRODUCTION

This chapter will present definitions of a number of terms and concepts fundamental to
the synthesis and analysis of mechanisms. It will also present some very simple but
powerful analysis tools which are useful in the synthesis of mechanisms.

21 DEGREESOF FREEDOM ( DOF)

Any mechanical system can be classified according to the number of degrees of free-
dom (DOF) which it possesses. The system's DOF is equal to the number of indepen-
dent parameters (measurements) which are needed to uniquely define its position in
space at any instant of time. Note that DOF is defined with respect to a selected frame of
reference. Figure 2-1 shows a pencil lying on a flat piece of paper with an X, y coordi-
nate system added. If we constrain this pencil to always remain in the plane of the pa-
per, three parameters (DOF) are required to completely define the position of the pencil
on the paper, two linear coordinates (x, y) to define the position of anyone point on the
pencil and one angular coordinate (8) to define the angle of the pencil with respect to the
axes. The minimum number of measurements needed to define its position are shown in
the figure as x, y, and 8. This system of the pencil in a plane then has three DOF. Note
that the particular parameters chosen to define its position are not unique. Any alternate
set of three parameters could be used. There is an infinity of sets of parameters possible,
but in this case there must be three parameters per set, such as two lengths and an an-
gie, to define the system's position because a rigid body inplane motion has three DOF.
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Arigid body in a plane has

ree

Now allow the pencil to exist in a three-dimensional world. Hold it above your
desktop and move it about. You now will need six parameters to define its six DOF. One
possible set of parameters which could be used are three lengths, (x,y, z), plus three an-
gles (a, < p). Any rigid body in three-space has six degrees of freedom. Try to identify
these six DOF by moving your pencil or pen with respect to your desktop.

The pencil in these examples represents arigid body, or link, which for purposes of
kinematic analysis we will assume to be incapable of deformation. This is merely a con-
venient fiction to allow us to more easily define the gross motions of the body. We can
later superpose any deformations due to external or inertial loads onto our kinematic
motions to obtain a more complete and accurate picture of the body's behavior. But re-
member, we are typically facing a blank sheet of paper at the beginning stage of the de-
sign process. We cannot determine deformations of abody until we define its size, shape,
material properties, and loadings. Thus, at this stage we will assume, for purposes of
initial kinematic synthesis and analysis, that our kinematic bodies are rigid and
massless.

2.2  TYPESOF MOTION

A rigid body free to move within a reference frame will, in the general case, have com-
plex motion, which is a simultaneous combination of rotation and translation. In
three-dimensional  space, there may be rotation about any axis (any skew axis or one of
the three principal axes) and also simultaneous translation which can be resolved into
components along three axes. In aplane, or two-dimensional space, complex motion be-
comes acombination of simultaneous rotation about one axis (perpendicular to the plane)
and also translation resolved into components along two axes in the plane. For simplic-
ity, we will limit our present discussions to the case of planar (2-0) kinematic systems.
We will define these terms as follows for our purposes, in planar motion:
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Pure rotation

the body possesses one point (center of rotation) which has no motion with respect to the
"stationary" frame of reference. All other points on the body describe arcs about that
center. A reference line drawn on the body through the center changes only its angular
orientation.

Pure translation

all points on the body describe parallel (curvilinear or rectilinear) paths. A reference line
drm\"n on the body changes its linear position but does not change its angular orienta-
tion.

Complex motion

a simultaneous combination of rotation and translation. Any reference line drawn on
the body will change both its linear position and its angular orientation. Points on the
body will travel nonparallel paths, and there will be, at every instant, a center of rota:
tion, which will continuously change location.

Translation and rotation represent independent motions of the body. Each can ex-
ist without the other. If we define a 2-D coordinate system as shown in Figure 2-1, the x
and y terms represent the translation components of motion, and the € term represents
the rotation component.

2.3 LINKS, JOINTS, AND KINEMATIC CHAINS

We will begin our exploration of the kinematics of mechanisms with an investigation of
the subject of linkage design. Linkages are the basic building blocks of all mechanisms.
We will show in later chapters that all common forms of mechanisms (cams, gears, belts,
chains) are in fact variations on a common theme of linkages. Linkages are made up of
links and joints.

A link, as shown in Figure 2-2, is an (assumed) rigid body which possesses at least
two nodes which are points for attachment to other links.

Binary link - one with two nodes.

Ternary link - one with three nodes.

Quaternary link - one with four nodes.
Nodes

Binary link Ternary link Quaternary link
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A joint is a connection between two or more links (at their nodes), which allows
some motion, or potential motion, between the connected links. Joints (also called ki-
nematic pairs) can be classified in several ways:

1 By the type of contact between the elements, line, point, or surface.

2 By the number of degrees of freedom allowed at the joint.

3 By the type of physical closure of the joint: either force or form closed.
4 By the number of links joined (order of the joint).

Reuleaux [1] coined the term lower pair to describe joints with surface contact (as
with a pin surrounded by a hole) and the term higher pair to describe joints with point
or line contact. However, if there is any clearance between pin and hole (as there must
be for motion), so-called surface contact in the pin joint actually becomes line contact,
as the pin contacts only one "side" of the hole. Likewise, ata microscopic level, a block
sliding on a flat surface actually has contact only at discrete points, which are the tops of
the surfaces' asperities. The main practical advantage of lower pairs over higher pairs is
their better ability to trap lubricant between their enveloping surfaces. This is especially
true for the rotating pin joint. The lubricant is more easily squeezed out of a higher pair,
nonenveloping joint. As a result, the pin joint is preferred for low wear and long life,
even over its lower pair cousin, the prismatic or slider joint.

Figure 2-3a shows the six possible lower pairs, their degrees of freedom, and their
one-letter symbols. The revolute (R) and the prismatic (P) pairs are the only lower pairs
usable in a planar mechanism. The screw (H), cylindric (C), spherical, and flat (F) low-
er pairs are all combinations of the revolute and/or prismatic pairs and are used in spatial
(3-D) mechanisms. The Rand P pairs are the basic building blocks of all other pairs
which are combinations of those two as shown in Table 2-1.

A more useful means to classify joints (pairs) is by the number of degrees of free-
dom that they allow between the two elements joined. Figure 2-3 also shows examples
of both one- and two-freedom joints commonly found in planar mechanisms. Figure 2-3b
shows two forms of a planar, one-freedom joint (or pair), namely, a rotating pin joint
(R) and a translating slider joint (P). These are also referred to as full joints (i.e., full =
1DOF) and are lower pairs. The pin joint allows one rotational DOF, and the slider joint
allows one translational DOF between the joined links. These are both contained within
(and each is a limiting case of) another common, one-freedom joint, the screw and nut
(Figure 2-3a). Motion of either the nut or the screw with respect to the other results in
helical motion. If the helix angle is made zero, the nut rotates without advancing and it
becomes the pin joint. If the helix angle is made 90 degrees, the nut will translate along
the axis of the screw, and it becomes the slider joint.

Figure 2-3c shows examples of two-freedom joints (hlgherpairs) which simultaneously
allow two independent, relative motions, namely translation and rotation, between the joined
links. Paradoxically, this two-freedom joint is sometimes referred to as a "*halfjoint,"" with
its two freedoms placed in the denominator. The half joint is also called a roll-slide joint
because it allows both rolling and sliding. A spherical, or ball-and-socket joint (Figure 2-3a),
is an example of a three-freedom joint, which allows three independent angular motions be-
tween the two links joined. This ball joint would typically be used in a three-dimensional
mechanism, one example being the ball joints in an automotive suspension system.

TABLE 2-1

The Six Lower Pairs
Name Cont-
(Symbol) ains
Re\zgl)u‘re 1 R
Prisg;;‘:ﬁc 1 p
H%'_i";"' 1 RP
CyI(ig()jric 5 RP
Sph(eS;icol 3 RRR
PIc(:Fr;cr 3 RPP




Revolute (R) joint—1 DOF

Prismatic (P) joint—1 DOF

Cylindric (C) joint—2 DOF

OAG

AQ/&AW‘

Planar (F) joint—3 DOF

(@) The six lower pairs

FIGURE 2-3

Joints (pairs) of various types
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Rotating full pin (R) joint (form closed) Translating full slider (P) joint (form closed)

(b) Fulijoints - 1 DOF (lower pairs)

Link against plane (force closed) Pin in slot (form closed)

() Roll-slide (half or RP) joints - 2 DOF (higher pairs)

ref.

A8,
A8,

First order pin joint - one DOF
(two links joined)

Second order pin joint - two DOF
(three links joined)

(d) The order of a joint is one less than the number of links joined

May roll, slide, or roll-slide, depending on friction

(e) Planar pure-roll (R), pure-siide (P), or roll-slide (RP) joint - 1 or 2 DOF (higher pain



A joint with more than one freedom may also be a higher pair as shown in Figure
2-3c. Full joints (lower pairs) and half joints (higher pairs) are both used in planar (2-D),
~ in spatial (3-D) mechanisms.  Note that if you do not allow the two links in
Hgore 2-3c connected by aroll-slide joint to slide, perhaps by providing a high friction
coefficient between them, you can "lock out" the translating (At) freedom and make it
behave as a full joint. This is then called a pure rolling joint and has rotational freedom
(AD) only. A cornmon example of this type of joint is your automobile tire rolling against
die road, as shown in Figure 2-3e. In normal use there is pure rolling and no sliding at
Ibis joint, unless, of course, you encounter an icy road or become too enthusiastic about
accelerating or cornering. If you lock your brakes on ice, this joint converts to a pure
sliding one like the slider block in Figure 2-3b. Friction determines the actual number
of freedoms at this kind of joint. It can be pure roll, pure slide, or roll-slide.

To visualize the degree of freedom of ajoint in a mechanism, it is helpful to "men-
tally disconnect” the two links which create the joint from the rest of the mechanism.
You can then more easily see how many freedoms the two joined links have with respect
to one another.

Figure 2-3c also shows examples of both form-closed and force-closed joints. A
form-closed joint is kept together or closed by its geometry. A pin in ahole or a slider in
a two-sided slot are form closed. In contrast, a force-closed joint, such as a pin in a
half-bearing or a slider on a surface, requires some external force to keep it together or
closed. This force could be supplied by gravity, a spring, or any external means. There
can be substantial differences in the behavior of a mechanism due to the choice of force
or form closure, as we shall see. The choice should be carefully considered. In linkag-
es, form closure is usually preferred, and it is easy to accomplish. But for cam-follower
systems, force closure is often preferred. This topic will be explored further in later chap-
ters.

Figure 2-3d shows examples of joints of various orders, where order is defined as
the number of links joined minus one. It takes two links to make a single joint; thus the
simplest joint combination of two links has order one. As additional links are placed on
the same joint, the order is increased on a one for one basis. Joint order has significance
in the proper determination of overall degree of freedom for the assembly. We gave def-
initions for a mechanism and a machine in Chapter 1. With the kinematic elements of
links and joints now defined, we can define those devices more carefully based on Reu-
leaux's classifications of the kinematic chain, mechanism, and machine. [1]

A kinematic chain is defined as:

An assemblage of links and joints, interconnected in a way to provide a controlled out-
put motion in response to a supplied input motion.

A mechanism is defined as:

A kinematic chain in which at least one link has been "grounded,” or attached, to the
frame of reference (which itself may be in motion).

A machine is defined as:

A combination of resistant bodies arranged to compel the mechanical forces of nature to
do work accompanied by determinate motions.



DESIGN OF MACHINERY  CHAPTER 2

By Reuleaux's definition [1] a machine is a collection of mechanisms arranged to
transmit forces and do work. He viewed all energy or force transmitting devices as ma-
chines which utilize mechanisms as their building blocks to provide the necessary mo-
tion constraints.

We will now define acrank as a link which makes a complete revolution and is piv-
oted to ground, arocker as a link which has oscillatory (back andforth) rotation and is
pivoted to ground, and a coupler (or connecting rod) which has complex motion and is
not pivoted to ground. Ground is defined as any link or links that are fixed (nonmov-
ing) with respect to the reference frame. Note that the reference frame may in fact itself
be in motion.

24 DETERMINING DEGREEOF FREEDOM

The concept of degree offreedom (DOF) is fundamental to both the synthesis and anal-
ysis of mechanisms. We need to be able to quickly determine the DOF of any collection
of links and joints which may be suggested as a solution to a problem. Degree of free-
dom (also called the mobility M) of a system can be defined as:

Degree of Freedom
the number of inputs which need to be provided in order to create a predictable output;

also:
the number of independent coordinates required to define its position.

At the outset of the design process, some general definition of the desired output
motion is usually available. The number of inputs needed to obtain that output mayor
may not be specified. Cost is the principal constraint here. Each required input will need
some type of actuator, either a human operator or a "slave" in the fonn of a motor, sole-
noid, air cylinder, or other energy conversion device. (These devices are discussed in
Section 2.15.) These multiple input devices will have to have their actions coordinated
by a "controller,” which must have some intelligence. This control is now often provid-
ed by a computer but can also be mechanically programmed into the mechanism design.
There is no requirement that a mechanism have only one DOF, although that is often
desirable for simplicity. Some machines have many DOF. For example, picture the num-
ber of control levers or actuating cylinders on a bulldozer or crane. See Figure I-lb
(p.7).

Kinematic chains or mechanisms may be either open or closed. Figure 2-4 shows
both open and closed mechanisms. A closed mechanism will have no open attachment
points or nodes and may have one or more degrees of freedom. An open mechanism of
more than one link will always have more than one degree of freedom, thus requiring as
many actuators (motors) as it has DOF. A common example of an open mechanism is an
industrial robot. An open kinematic chain of two binary links and one joint is called a
dyad. The sets of links shown in Figure 2-3a and b are dyads.

Reuleaux limited his definitions to closed kinematic chains and to mechanisms hav-
ing only one DOF, which he called constrained. [1] The somewhat broader definitions
above are perhaps better suited to current-day applications. A multi-DOF mechanism,
such as a robot, will be constrained in its motions as long as the necessary number of
inputs are supplied to control all its DOF.
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(@) Open mechanism chain (b) Closed mechanism chain

FIGURE 2-4
[ e T
Mechanism chains

Degree of Freedom in Planar Mechanisms

To determine the overall DOF of any mechanism, we must account for the number of
links and joints, and for the interactions among them. The DOF of any assembly of links
can be predicted from an investigation of the Gruebler condition. [2] Any link in a plane
bas 3 DOF. Therefore, a system of L unconnected links in the same plane will have 3L
DOF, as shown in Figure 2-5a where the two unconnected links have a total of six DOF.
When these links are connected by a full joint in Figure 2-5b, ¥I and ¥2 are combined
as ¥, and Lixl and Lix2 are combined as Lix. This removes two DOF, leaving four DOF.
In Figure 2-5c the half joint removes only one DOF from the system (because a half joint
has two DOF), leaving the system of two links connected by a half joint with a total of
five DOF. In addition, when any link is grounded or attached to the reference frame, all
three of its DOF will be removed. This reasoning leads to Gruebler's equation:

M=3L-2J-3G (2.13)
where: M =degree offreedom or mobility
L = number of links
J = number of joints
G = number of grounded links
Note that in any real mechanism, even if more than one link of the kinematic chain

is grounded, the net effect will be to create one larger, higher-order ground link, as there
can be only one ground plane. Thus G is always one, and Gruebler's equation becomes:

M=3(L-1)-2J (2.1b)

The value of J in equations 2.1a and 2.1b must reflect the value of all joints in the
mechanism. That is, half joints count as 1/2 because they only remove one DOF. It is
Iess confusing if we use Kutzbach’s modification of Gruebler’s equation in this form:

M=3(L-1)-2J,-J, @2.1c)

where: M =degree offreedom or mobility
L = number of links
Jl = number of 1DOF (full) joints
J2 = number of 2 DOF (half) joints
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Ay; Ay,

(@) Two unconnected links
DOF=6

A8,

(b) Connected by a full joint
DOF=4

(©) Connected by a roli-slide (half) joint
DOF=5

FIGURE 2-5
Joints remove degrees of freedo

The value of J1 and Iz in these equations must still be carefully determined to ac-
count for all full, half, and multiple joints in any linkage. Multiple joints count as one
less than the number oflinks joined at that joint and add to the "full" (11) category. The
DOF of any proposed mechanism can be quickly ascertained from this expression before
investing any time in more detailed design. It is interesting to note that this equation has
no information in it about link sizes or shapes, only their quantity. Figure 2-6a shows a
mechanism with one DOF and only full joints in it.

Figure 2-6b shows a structure with zero DOF and which contains both half and mul-
tiple joints. Note the schematic notation used to show the ground link. The ground link
need not be drawn in outline as long as all the grounded joints are identified. Note also
the joints labeled "multiple™ and "half' in Figure 2-6a and b. As an exercise, compute
the DOF of these examples with Kutzbach's equation.
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If the sum of the lengths

of any two links is less than
the length of the third link,

then their interconnection

is impossible.

DESIGN OF MACHINERY  CHAPTER 2

Degree of Freedom in Spatial Mechanisms

The approach used to determine the mobility of a planar mechanism can be easily ex-
tended to three dimensions. Each unconnected link in three-space has 6 DOF, and any
one of the six lower pairs can be used to connect them, as can higher pairs with more
freedom. A one-freedom joint removes 5 DOF, a two-freedom joint removes 4 DOF, etc.
Grounding a link removes 6 DOF. This leads to the Kutzbach mobility equation for spa-
tiallinkages:

M=6(L—1)=5J,-4J,-3J3-2J,—Js 2.2)

where the subscript refers to the number of freedoms of the joint. We will limit our study
to 2-D mechanisms in this text.

2.5 MECHANISMS AND STRUCTURES

The degree of freedom of an assembly of links completely predicts its character. There
are only three possibilities. If the DOF is positive, it will be a mechanism, and the links
will have relative motion. If the DOF is exactly zero, then it will be a structure, and no
motion is possible. If the DOF is negative, then it is apreloaded structure, which means
that no motion is possible and some stresses may also be present at the time of assembly.
Figure 2-7 shows examples of these three cases. One link is grounded in each case.

Figure 2-7a shows four links joined by four full joints which, from the Gruebler
equation, gives one DOF. It will move, and only one input is needed to give predictable
results.

Figure 2-7b shows three links joined by three full joints. It has zero DOF and is thus
a structure.  Note that if the link lengths will allow connection, * all three pins can be
inserted into their respective pairs of link holes (nodes) without straining the structure,
as a position can always be found to allow assembly.

Figure 2-7c shows two links joined by two full joints. It has a DOF of minus one,
making it a preloaded structure.  In order to insert the two pins without straining the
links, the center distances of the holes in both links must be exactly the same. Practical-
ly speaking, it is impossible to make two parts exactly the same. There will always be
some manufacturing error, even if very small. Thus you may have to force the second
pin into place, creating some stress in the links. The structure will then be preloaded.
You have probably met a similar situation in a course in applied mechanics in the form
of an indeterminate beam, one in which there were too many supports or constraints for
the equations available. An indeterminate beam also has negative DOF, while a simply
supported beam has zero DOF.

Both structures and preloaded structures are commonly encountered in engineering.
In fact the true structure of zero DOF is rare in engineering practice. Most buildings,
bridges, and machine frames are preloaded structures, due to the use of welded and riv-
eted joints rather than pin joints. Even simple structures like the chair you are sitting in
are often preloaded. Since our concern here is with mechanisms, we will concentrate on
devices with positive DOF only.
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2.6 NUMBER SYNTHESIS

The term number synthesis has been coined to mean the determination of the number
and order of links and joints necessary toproduce motion of aparticular DOF. Order in
this context refers to the number of nodes perlink, i.e., binary, ternary, quaternary, etc.
The value of number synthesis is to allow the exhaustive determination of all possible
combinations of links which will yield any chosen DOF. This then equips the designer
with a definitive catalog of potential linkages to solve a variety of motion control prob-
lems.

As an example we will now derive all the possible link combinations for one DOF,
including sets of up to eight links, and link orders up to and including hexagonal links.
For simplicity we will assume that the links will be connected with only full rotating
joints. We can later introduce half joints, multiple joints, and sliding joints through link-
age transformation.  First let's look at some interesting attributes of linkages as defined
by the above assumption regarding full joints.

Hypothesis: If all joints are full joints, an odd number of DOFrequires an even number of links
and vice versa.

Proof: Given: All even integers can be denoted by 2m or by 2n, and all odd integers can
be denoted by 2m - | or by 2n - 1, where n and m are any positive integers. The
number of joints must be a positive integer.

Let: L =number of links, J=number of joints, and M = DOF =2m (i.e., all even numbers)

Then: rewriting Gruebler's equation (Equation 2.1b) to solve for J,

3 M
J=2(L-)- ()

Try: Substituting M =2m, and L = 2n (i.e., both any even numbers):

3
J=3n-m-— b
n—m > (b)
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