
KinematicsandDynamicsofMechanisms

Kinematicsofmechanismsisconcernedwiththemotionofthepartswithoutconsideringhow

theinfluencingfactors(forceandmass)affectthemotion.Therefore,kinematicsdealswiththe

fundamentalconceptsofspaceandtimeandthequantitiesvelocityandaccelerationderived

therefrom.

Kineticsdealswithactionofforcesonbodies.Thisiswherethetheeffectsofgravitycomeinto

play.

Dynamicsisthecombinationofkinematicsandkinetics.

Dynamicsofmechanismsconcernstheforcesthatactontheparts--bothbalancedand

unbalancedforces,takingintoaccountthemassesandaccelerationsofthepartsaswellasthe

externalforces.

Links,FramesandKinematicChains

Alinkisdefinedasarigidbodyhavingtwoormorepairingelementswhichconnectittoother

bodiesforthepurposeoftransmittingforceormotion(Ham etal.58).

Ineverymachine,atleastonelinkeitheroccupiesafixedpositionrelativetotheearthorcarries

themachineasawholealongwithitduringmotion.Thislinkistheframeofthemachineandis

calledthefixedlink.

Thecombinationoflinksandpairswithoutafixedlinkisnotamechanism butakinematic

chainSkeletonOutli

Forthepurposeofkinematicanalysis,amechanism mayberepresentedinanabbreviated,or

skeleton,form calledtheskeletonoutlineofthemechanism.Theskeletonoutlinegivesallthe

geometricalinformationnecessaryfordeterminingtherelativemotionsofthelinks.InFigure3-

1,theskeletonoutlinehasbeendrawnfortheengineshowninFigure2-1.Thisskeleton

containsallnecessaryinformationtodeterminetherelativemotionsofthemainlinks,namely,

thelengthABofthecrank;thelengthBCoftheconnectingrod;Athelocationoftheaxisofthe

mainbearing;andthepathACofpointC,whichrepresentsthewrist-pinaxis.

Pairs,HigherPairs,LowerPairsandLinkages



Apairisajointbetweenthesurfacesoftworigidbodiesthatkeepsthem incontactand

relativelymovable.Forexample,inFigure3-2,adoorjointedtotheframewithhingesmakes

revolutejoint(pinjoint),allowingthedoortobeturnedarounditsaxis.Figure3-2bandcshow

skeletonsofarevolutejoint.Figure3-2bisusedwhenbothlinksjoinedbythepaircanturn.

Figure3-2cisusedwhenoneofthelinkjointedbythepairistheframe.

Figure3-2Revolutepair

InFigure3-3aasashwindowcanbetranslatedrelativetothesash.Thiskindofrelativemotion

iscalledaprismaticpair.Itsskeletonoutlinesareshowninb,candd.canddareusedwhen

oneofthelinksistheframe.

BasicKinematicsofConstrainedRigidBodies

4.1DegreesofFreedom ofaRigidBody

4.1.1DegreesofFreedom ofaRigidBodyinaPlane

Thedegreesoffreedom (DOF)ofarigidbodyisdefinedasthenumberofindependent

movementsithas.Figure4-1showsarigidbodyinaplane.TodeterminetheDOFofthisbody

wemustconsiderhowmanydistinctwaysthebarcanbemoved.Inatwodimensionalplane

suchasthiscomputerscreen,thereare3DOF.Thebarcanbetranslatedalongthexaxis,

translatedalongtheyaxis,androtatedaboutitscentroid.

Figure4-1Degreesoffreedom ofarigidbodyinaplane

4.1.2DegreesofFreedom ofaRigidBodyinSpace

Anunrestrainedrigidbodyinspacehassixdegreesoffreedom:threetranslatingmotionsalong

thex,yandzaxesandthreerotarymotionsaroundthex,yandzaxesrespectively.

Figure4-2Degreesoffreedom ofarigidbodyinspace

4.2KinematicConstraints

Twoormorerigidbodiesinspacearecollectivelycalledarigidbodysystem.Wecanhinderthe



motionoftheseindependentrigidbodieswithkinematicconstraints.Kinematicconstraintsare

constraintsbetweenrigidbodiesthatresultinthedecreaseofthedegreesoffreedom ofrigid

bodysystem.

Theterm kinematicpairsactuallyreferstokinematicconstraintsbetweenrigidbodies.The

kinematicpairsaredividedintolowerpairsandhigherpairs,dependingonhowthetwobodies

areincontact.

4.2.1LowerPairsinPlanarMechanisms

Therearetwokindsoflowerpairsinplanarmechanisms:revolutepairsandprismaticpairs.

Arigidbodyinaplanehasonlythreeindependentmotions--twotranslationalandonerotary--

sointroducingeitherarevolutepairoraprismaticpairbetweentworigidbodiesremovestwo

degreesoffreedom.

Figure4-3Aplanarrevolutepair(R-pair)

Figure4-4Aplanarprismaticpair(P-pair)

4.2.2LowerPairsinSpatialMechanisms

Therearesixkindsoflowerpairsunderthecategoryofspatialmechanisms.Thetypesare:

sphericalpair,planepair,cylindricalpair,revolutepair,prismaticpair,andscrewpair.

Figure4-5Asphericalpair(S-pair)

Asphericalpairkeepstwosphericalcenterstogether.Tworigidbodiesconnectedbythis

constraintwillbeabletorotaterelativelyaroundx,yandzaxes,buttherewillbenorelative

translationalonganyoftheseaxes.Therefore,asphericalpairremovesthreedegreesof

freedom inspatialmechanism.DOF=3.



Figure4-6Aplanarpair(E-pair)

Aplanepairkeepsthesurfacesoftworigidbodiestogether.Tovisualizethis,imagineabook

lyingonatablewhereiscanmoveinanydirectionexceptoffthetable.Tworigidbodies

connectedbythiskindofpairwillhavetwoindependenttranslationalmotionsintheplane,and

arotarymotionaroundtheaxisthatisperpendiculartotheplane.Therefore,aplanepair

removesthreedegreesoffreedom inspatialmechanism.Inourexample,thebookwouldnotbe

abletoraiseoffthetableortorotateintothetable.DOF=3.

Figure4-7Acylindricalpair(C-pair)

Acylindricalpairkeepstwoaxesoftworigidbodiesaligned.Tworigidbodiesthatarepartof

thiskindofsystem willhaveanindependenttranslationalmotionalongtheaxisandarelative

rotarymotionaroundtheaxis.Therefore,acylindricalpairremovesfourdegreesoffreedom

from spatialmechanism.DOF=2.

Figure4-8Arevolutepair(R-pair)

Arevolutepairkeepstheaxesoftworigidbodiestogether.Tworigidbodiesconstrainedbya

revolutepairhaveanindependentrotarymotionaroundtheircommonaxis.Therefore,a

revolutepairremovesfivedegreesoffreedom inspatialmechanism.DOF=1.

Figure4-9Aprismaticpair(P-pair)

Aprismaticpairkeepstwoaxesoftworigidbodiesalignandallownorelativerotation.Two

rigidbodiesconstrainedbythiskindofconstraintwillbeabletohaveanindependent

translationalmotionalongtheaxis.Therefore,aprismaticpairremovesfivedegreesoffreedom

inspatialmechanism.DOF=1.



Figure4-10Ascrewpair(H-pair)

Thescrewpairkeepstwoaxesoftworigidbodiesalignedandallowsarelativescrewmotion.

Tworigidbodiesconstrainedbyascrewpairamotionwhichisacompositionofatranslational

motionalongtheaxisandacorrespondingrotarymotionaroundtheaxis.Therefore,ascrew

pairremovesfivedegreesoffreedom inspatialmechanism.

4.3ConstrainedRigidBodies

Rigidbodiesandkinematicconstraintsarethebasiccomponentsofmechanisms.A

constrainedrigidbodysystem canbeakinematicchain,amechanism,astructure,ornoneof

these.Theinfluenceofkinematicconstraintsinthemotionofrigidbodieshastwointrinsic

aspects,whicharethegeometricalandphysicalaspects.Inotherwords,wecananalyzethe

motionoftheconstrainedrigidbodiesfrom theirgeometricalrelationshipsorusingNewton's

SecondLaw.

Amechanism isaconstrainedrigidbodysystem inwhichoneofthebodiesistheframe.The

degreesoffreedom areimportantwhenconsideringaconstrainedrigidbodysystem thatisa

mechanism.Itislesscrucialwhenthesystem isastructureorwhenitdoesnothavedefinite

motion.

Calculatingthedegreesoffreedom ofarigidbodysystem isstraightforward.Any

unconstrainedrigidbodyhassixdegreesoffreedom inspaceandthreedegreesoffreedom ina

plane.Addingkinematicconstraintsbetweenrigidbodieswillcorrespondinglydecreasethe

degreesoffreedom oftherigidbodysystem.Wewilldiscussmoreonthistopicforplanar

mechanismsinthenextsection.

4.4DegreesofFreedom ofPlanarMechanisms

4.4.1Gruebler'sEquation

Thedefinitionofthedegreesoffreedom ofamechanism isthenumberofindependentrelative

motionsamongtherigidbodies.Forexample,Figure4-11showsseveralcasesofarigidbody

constrainedbydifferentkindsofpairs.



InFigure4-11a,arigidbodyisconstrainedbyarevolutepairwhichallowsonlyrotational

movementaroundanaxis.Ithasonedegreeoffreedom,turningaroundpointA.Thetwolost

degreesoffreedom aretranslationalmovementsalongthexandyaxes.Theonlywaytherigid

bodycanmoveistorotateaboutthefixedpointA.

InFigure4-11b,arigidbodyisconstrainedbyaprismaticpairwhichallowsonlytranslational

motion.Intwodimensions,ithasonedegreeoffreedom,translatingalongthexaxis.Inthis

example,thebodyhaslosttheabilitytorotateaboutanyaxis,anditcannotmovealongthey

axis.

InFigure4-11c,arigidbodyisconstrainedbyahigherpair.Ithastwodegreesoffreedom:

translatingalongthecurvedsurfaceandturningabouttheinstantaneouscontactpoint.

Ingeneral,arigidbodyinaplanehasthreedegreesoffreedom.Kinematicpairsareconstraints

onrigidbodiesthatreducethedegreesoffreedom ofamechanism.Figure4-11showsthe

threekindsofpairsinplanarmechanisms.Thesepairsreducethenumberofthedegreesof

freedom.Ifwecreatealowerpair(Figure4-11a,b),thedegreesoffreedom arereducedto2.

Similarly,ifwecreateahigherpair(Figure4-11c),thedegreesoffreedom arereducedto1.

4.4.2KutzbachCriterion

Thenumberofdegreesoffreedom ofamechanism isalsocalledthemobilityofthedevice.The

mobilityisthenumberofinputparameters(usuallypairvariables)thatmustbeindependently

controlledtobringthedeviceintoaparticularposition.TheKutzbachcriterion,whichissimilar

toGruebler'sequation,calculatesthemobility.

Inordertocontrolamechanism,thenumberofindependentinputmotionsmustequalthe

numberofdegreesoffreedom ofthemechanism.Forexample,thetransom inFigure4-13ahas

asingledegreeoffreedom,soitneedsoneindependentinputmotiontoopenorclosethe

window.Thatis,youjustpushorpullrod3tooperatethewindow.



Toseeanotherexample,themechanism inFigure4-15aalsohas1degreeoffreedom.Ifan

independentinputisappliedtolink1(e.g.,amotorismountedonjointAtodrivelink1),the

mechanism willhavetheaprescribedmotion.

Figure3-3Prismaticpair

Generally,therearetwokindsofpairsinmechanisms,lowerpairsandhigherpairs.What

differentiatesthem isthetypeofcontactbetweenthetwobodiesofthepair.Surface-contact

pairsarecalledlowerpairs.Inplanar(2D)mechanisms,therearetwosubcategoriesoflower

pairs--revolutepairsandprismaticpairs,asshowninFigures3-2and3-3,respectively.Point-,

line-,orcurve-contactpairsarecalledhigherpairs.Figure3-4showssomeexamplesofhigher

pairsMechanismscomposedofrigidbodiesandlowerpairsarecalledlinkages.

Figure3-4Higherpairs

3.6KinematicAnalysisandSynthesis

Inkinematicanalysis,aparticulargivenmechanism isinvestigatedbasedonthemechanism

geometryplusotherknowncharacteristics(suchasinputangularvelocity,angularacceleration,

etc.).Kinematicsynthesis,ontheotherhand,istheprocessofdesigningamechanism to

accomplishadesiredtask.Here,bothchoosingthetypesaswellasthedimensionsofthenew

mechanism canbepartofkinematicsynthesis

5.1Introduction

5.1.1WhatareLinkageMechanisms?

Haveyoueverwonderedwhatkindofmechanism causesthewindshieldwiperonthefront

widowofcartooscillate(Figure5-1a)?Themechanism,showninFigure5-1b,transformsthe

rotarymotionofthemotorintoanoscillatingmotionofthewindshieldwiper.

Figure5-1Windshieldwiper

Let'smakeasimplemechanism withsimilarbehavior.Takesomecardboardandmakefour

stripsasshowninFigure5-2a.



Take4pinsandassemblethem asshowninFigure5-2b.

Now,holdthe6in.stripsoitcan'tmoveandturnthe3in.strip.Youwillseethatthe4in.strip

oscillates.

Figure5-2Do-it-yourselffourbarlinkagemechanism

Thefourbarlinkageisthesimplestandoftentimes,themostusefulmechanism.Aswe

mentionedbefore,amechanism composedofrigidbodiesandlowerpairsiscalledalinkage

(Hunt78).Inplanarmechanisms,thereareonlytwokindsoflowerpairs---revolutepairsand

prismaticpairs.

Thesimplestclosed-looplinkageisthefourbarlinkagewhichhasfourmembers,threemoving

links,onefixedlinkandfourpinjoints.Alinkagethathasatleastonefixedlinkisamechanism.

ThefollowingexampleofafourbarlinkagewascreatedinSimDesigninsimdesign/fourbar.sim

Figure5-3FourbarlinkageinSimDesign

Thismechanism hasthreemovinglinks.Twoofthelinksarepinnedtotheframewhichisnot

showninthispicture.InSimDesign,linkscanbenailedtothebackgroundtherebymakingthem

intotheframe.

HowmanyDOFdoesthismechanism have?Ifwewantittohavejustone,wecanimposeone

constraintonthelinkageanditwillhaveadefinitemotion.Thefourbarlinkageisthesimplest

andthemostusefulmechanism.

Reminder:Amechanism iscomposedofrigidbodiesandlowerpairscalledlinkages(Hunt78).

Inplanarmechanismsthereareonlytwokindsoflowerpairs:turningpairsandprismaticpairs.



5.1.2FunctionsofLinkages

Thefunctionofalinkmechanism istoproducerotating,oscillating,orreciprocatingmotion

from therotationofacrankorviceversa(Ham etal.58).Statedmorespecificallylinkagesmay

beusedtoconvert:

Continuousrotationintocontinuousrotation,withaconstantorvariableangularvelocityratio.

Continuousrotationintooscillationorreciprocation(orthereverse),withaconstantorvariable

velocityratio.

Oscillationintooscillation,orreciprocationintoreciprocation,withaconstantorvariable

velocityratio.

Linkageshavemanydifferentfunctions,whichcanbeclassifiedaccordingontheprimarygoal

ofthemechanism:

Functiongeneration:therelativemotionbetweenthelinksconnectedtotheframe,

Pathgeneration:thepathofatracerpoint,or

Motiongeneration:themotionofthecouplerlink.

5.2FourLinkMechanisms

Oneofthesimplestexamplesofaconstrainedlinkageisthefour-linkmechanism.Avarietyof

usefulmechanismscanbeformedfrom afour-linkmechanism throughslightvariations,such

aschangingthecharacterofthepairs,proportionsoflinks,etc.Furthermore,manycomplexlink

mechanismsarecombinationsoftwoormoresuchmechanisms.Themajorityoffour-link

mechanismsfallintooneofthefollowingtwoclasses:

thefour-barlinkagemechanism,and

theslider-crankmechanism.

5.2.1Examples

Parallelogram Mechanism

Inaparallelogram four-barlinkage,theorientationofthecouplerdoesnotchangeduringthe

motion.Thefigureillustratesaloader.Obvioulsythebehaviorofmaintainingparallelism is

importantinaloader.Thebucketshouldnotrotateasitisraisedandlowered.The

correspondingSimDesignfileissimdesign/loader.sim.



Figure5-4Frontloadermechanism

Slider-CrankMechanism

Thefour-barmechanism hassomespecialconfigurationscreatedbymakingoneormorelinks

infiniteinlength.Theslider-crank(orcrankandslider)mechanism shownbelowisafour-bar

linkagewiththesliderreplacinganinfinitelylongoutputlink.ThecorrespondingSimDesignfile

issimdesign/slider.crank.sim.

Figure5-5CrankandSliderMechanism

Thisconfigurationtranslatesarotationalmotionintoatranslationalone.Mostmechanismsare

drivenbymotors,andslider-cranksareoftenusedtotransform rotarymotionintolinearmotion.

CrankandPiston

Youcanalsousethesliderastheinputlinkandthecrankastheoutputlink.Inthiscase,the

mechanism transferstranslationalmotionintorotarymotion.Thepistonsandcrankinan

internalcombustionengineareanexampleofthistypeofmechanism.Thecorresponding

SimDesignfileissimdesign/combustion.sim.

Figure5-6CrankandPiston

Youmightwonderwhythereisanothersliderandalinkontheleft.Thismechanism hastwo

deadpoints.Thesliderandlinkonthelefthelpthemechanism toovercomethesedeadpoints.

BlockFeeder

Oneinterestingapplicationofslider-crankistheblockfeeder.TheSimDesignfilecanbefound



insimdesign/block-feeder.sim

Figure5-7BlockFeeder

5.2.2Definitions

Intherangeofplanarmechanisms,thesimplestgroupoflowerpairmechanismsarefourbar

linkages.Afourbarlinkagecomprisesfourbar-shapedlinksandfourturningpairsasshownin

Figure5-8.

Figure5-8Fourbarlinkage

Thelinkoppositetheframeiscalledthecouplerlink,andthelinkswhickarehingedtotheframe

arecalledsidelinks.Alinkwhichisfreetorotatethrough360degreewithrespecttoasecond

linkwillbesaidtorevolverelativetothesecondlink(notnecessarilyaframe).Ifitispossible

forallfourbarstobecomesimultaneouslyaligned,suchastateiscalledachangepoint.

Someimportantconceptsinlinkmechanismsare:

Crank:Asidelinkwhichrevolvesrelativetotheframeiscalledacrank.

Rocker:Anylinkwhichdoesnotrevolveiscalledarocker.

Crank-rockermechanism:Inafourbarlinkage,iftheshortersidelinkrevolvesandtheotherone

rocks(i.e.,oscillates),itiscalledacrank-rockermechanism.

Double-crankmechanism:Inafourbarlinkage,ifbothofthesidelinksrevolve,itiscalleda

double-crankmechanism.

Double-rockermechanism:Inafourbarlinkage,ifbothofthesidelinksrock,itiscalleda

double-rockermechanism.

5.2.3Classification



Beforeclassifyingfour-barlinkages,weneedtointroducesomebasicnomenclature.

Inafour-barlinkage,werefertothelinesegmentbetweenhingesonagivenlinkasabarwhere:

s=lengthofshortestbar

l=lengthoflongestbar

p,q=lengthsofintermediatebar

Grashof'stheorem statesthatafour-barmechanism hasatleastonerevolvinglinkif

s+l<=p+q

(5-1)

andallthreemobilelinkswillrockif

s+l>p+q

(5-2)

Theinequality5-1isGrashof'scriterion.

Allfour-barmechanismsfallintooneofthefourcategorieslistedinTable5-1:

Table5-1ClassificationofFour-BarMechanisms

Case l+svers.p+q ShortestBar Type

1 < FrameDouble-crank

2 < Side Rocker-crank



3 < Coupler Doublrocker

4 = Any Changepoint

5 > Any Double-rocker

From Table5-1wecanseethatforamechanism tohaveacrank,thesum ofthelengthofits

shortestandlongestlinksmustbelessthanorequaltothesum ofthelengthoftheothertwo

links.However,thisconditionisnecessarybutnotsufficient.Mechanismssatisfyingthis

conditionfallintothefollowingthreecategories:

Whentheshortestlinkisasidelink,themechanism isacrank-rockermechanism.Theshortest

linkisthecrankinthemechanism.

Whentheshortestlinkistheframeofthemechanism,themechanism isadouble-crank

mechanism.

Whentheshortestlinkisthecouplerlink,themechanism isadouble-rockermechanism.

5.2.4TransmissionAngle

InFigure5-11,ifABistheinputlink,theforceappliedtotheoutputlink,CD,istransmitted

throughthecouplerlinkBC.(Thatis,pushingonthelinkCDimposesaforceonthelinkAB,

whichistransmittedthroughthelinkBC.)Forsufficientlyslowmotions(negligibleinertia

forces),theforceinthecouplerlinkispuretensionorcompression(negligiblebendingaction)

andisdirectedalongBC.Foragivenforceinthecouplerlink,thetorquetransmittedtothe

outputbar(aboutpointD)ismaximum whentheanglebetweencouplerbarBCandoutputbar

CDis/2.Therefore,angleBCDiscalledtransmissionangle.1Transmissionangle

Whenthetransmissionangledeviatessignificantlyfrom /2,thetorqueontheoutputbar

decreasesandmaynotbesufficienttoovercomethefrictioninthesystem.Forthisreason,the

deviationangle=|/2-|shouldnotbetoogreat.Inpractice,thereisnodefiniteupperlimitfor,

becausetheexistenceoftheinertiaforcesmayeliminatetheundesirableforcerelationships

thatispresentunderstaticconditions.Nevertheless,thefollowingcriterioncanbefollowed.

5.2.5DeadPoint

WhenasidelinksuchasABinFigure5-10,becomesalignedwiththecouplerlinkBC,itcanonly

becompressedorextendedbythecoupler.Inthisconfiguration,atorqueappliedtothelinkon

theotherside,CD,cannotinducerotationinlinkAB.Thislinkisthereforesaidtobeatadead

point(sometimescalledatogglepoint).



Deadpoint

InFigure5-11,ifABisacrank,itcanbecomealignedwithBCinfullextensionalongtheline

AB1C1orinflexionwithAB2foldedoverB2C2.WedenotetheangleADCbyandtheangleDAB

by.Weusethesubscript1todenotetheextendedstateand2todenotetheflexedstateof

linksABandBC.Intheextendedstate,linkCDcannotrotateclockwisewithoutstretchingor

compressingthetheoreticallyrigidlineAC1.Therefore,linkCDcannotmoveintotheforbidden

zonebelowC1D,andmustbeatoneofitstwoextremepositions;inotherwords,linkCDisat

anextremum.Asecondextremum oflinkCDoccurswith=1.

Notethattheextremepositionsofasidelinkoccursimultaneouslywiththedeadpointsofthe

oppositelink.

Insomecases,thedeadpointcanbeusefulfortaskssuchasworkfixturing(Figure5-11).

Workfixturing

Inothercases,deadpointshouldbeandcanbeovercomewiththemomentofinertiaoflinksor

withtheasymmetricaldeploymentofthemechanism (Figure5-12).

Overcomingthedeadpointbyasymmetricaldeployment(Vengine)

5.2.6Slider-CrankMechanism

Theslider-crankmechanism,whichhasawell-knownapplicationinengines,isaspecialcaseof

thecrank-rockermechanism.Noticethatifrocker3inFigure5-13aisverylong,itcanbe

replacedbyablockslidinginacurvedslotorguideasshown.Ifthelengthoftherockeris

infinite,theguideandblockarenolongercurved.Rather,theyareapparentlystraight,asshown

inFigure5-13b,andthelinkagetakestheform oftheordinaryslider-crankmechanism.

Figure5-13Slider-Crankmechanism

5.2.7InversionoftheSlider-CrankMechanism

Inversionisaterm usedinkinematicsforareversalorinterchangeofform orfunctionas

appliedtokinematicchainsandmechanisms.Forexample,takingadifferentlinkasthefixed

link,theslider-crankmechanism showninFigure5-14acanbeinvertedintothemechanisms

showninFigure5-14b,c,andd.Differentexamplescanbefoundintheapplicationofthese

mechanisms.Forexample,themechanism ofthepumpdevicein

Inversionsofthecrank-slidemechanipumpdevice

Keepinmindthattheinversionofamechanism doesnotchangethemotionsofitslinks

relativetoeachotherbutdoeschangetheirabsolutemotions.

Gearsaremachineelementsthattransmitmotionbymeansofsuccessivelyengagingteeth.

Thegearteethactlikesmalllevers.



7.1GearClassification

Gearsmaybeclassifiedaccordingtotherelativepositionoftheaxesofrevolution.Theaxes

maybe

parallel,

intersecting,

neitherparallelnorintersecting.

Hereisabrieflistofthecommonforms.Wewilldiscusseachinmoredetaillater.

Gearsforconnectingparallelshafts

Gearsforconnectingintersectingshafts

Neitherparallelnorintersectingshafts

Gearsforconnectingparallelshafts

Spurgears

Theleftpairofgearsmakesexternalcontact,andtherightpairofgearsmakesinternal

contact

Parallelhelicalgears

Herringbonegears(ordouble-helicalgears)

Rackandpinion(Therackislikeagearwhoseaxisisatinfinity.)

Gearsforconnectingintersectingshafts

Straightbevelgears

Spiralbevelgears

Neitherparallelnorintersectingshafts

LCrossed-helicalgears



Hypoidgears

Worm andwormgear

7.2Gear-ToothAction

7.2.1FundamentalLawofGear-ToothAction

Figure7-2showstwomatinggearteeth,inwhich

7.2.2ConstantVelocityRatio

Foraconstantvelocityratio,thepositionofPshouldremainunchanged.Inthiscase,the

motiontransmissionbetweentwogearsisequivalenttothemotiontransmissionbetweentwo

imaginedsliplesscylinderswithradiusR1andR2ordiameterD1andD2.Wecangettwocircles

whosecentersareatO1andO2,andthroughpitchpointP.Thesetwocirclearetermedpitch

circles.Thevelocityratioisequaltotheinverseratioofthediametersofpitchcircles.Thisis

thefundamentallawofgear-toothaction.

Thefundamentallawofgear-toothactionmaynowalsobestatedasfollow(forgearswith

fixedcenterdistance)(Ham 58):

Thecommonnormaltothetoothprofilesatthepointofcontactmustalwayspassthrougha

fixedpoint(thepitchpoint)onthelineofcenters(togetaconstantvelocityration).

7.2.3ConjugateProfiles

Toobtaintheexpectedvelocityratiooftwotoothprofiles,thenormallineoftheirprofilesmust

passthroughthecorrespondingpitchpoint,whichisdecidedbythevelocityratio.Thetwo

profileswhichsatisfythisrequirementarecalledconjugateprofiles.Sometimes,wesimply

termedthetoothprofileswhichsatisfythefundamentallawofgear-toothactiontheconjugate

profiles.

Althoughmanytoothshapesarepossibleforwhichamatingtoothcouldbedesignedtosatisfy

thefundamentallaw,onlytwoareingeneraluse:thecycloidalandinvoluteprofiles.The

involutehasimportantadvantages--itiseasytomanufactureandthecenterdistancebetween



apairofinvolutegearscanbevariedwithoutchangingthevelocityratio.Thusclosetolerances

betweenshaftlocationsarenotrequiredwhenusingtheinvoluteprofile.Themostcommonly

usedconjugatetoothcurveistheinvolutecurve(Erdman&Sandor84).

7.3InvoluteCurve

Thefollowingexamplesareinvolutespurgears.Weusethewordinvolutebecausethecontour

ofgearteethcurvesinward.Gearshavemanyterminologies,parametersandprinciples.Oneof

theimportantconceptsisthevelocityratio,whichistheratiooftherotaryvelocityofthedriver

geartothatofthedrivengears.

TheSimDesignfileforthesegearsissimdesign/gear15.30.sim.Thenumberofteethinthese

gearsare15and30,respectively.Ifthe15-toothgearisthedrivinggearandthe30-teethgearis

thedrivengear,theirvelocityratiois2.

Otherexamplesofgearsareinsimdesign/gear10.30.sim andsimdesign/gear20.30.sim

7.3.1GenerationoftheInvoluteCurve

Figure7-3Involutecurve

Thecurvemostcommonlyusedforgear-toothprofilesistheinvoluteofacircle.Thisinvolute

curveisthepathtracedbyapointonalineasthelinerollswithoutslippingonthe

circumferenceofacircle.Itmayalsobedefinedasapathtracedbytheendofastringwhichis

originallywrappedonacirclewhenthestringisunwrappedfrom thecircle.Thecirclefrom

whichtheinvoluteisderivediscalledthebasecircle.

InFigure7-3,letlineMNrollinthecounterclockwisedirectiononthecircumferenceofacircle

withoutslipping.WhenthelinehasreachedthepositionM'N',itsoriginalpointoftangentAhas

reachedthepositionK,havingtracedtheinvolutecurveAKduringthemotion.Asthemotion

continues,thepointAwilltracetheinvolutecurveAKC.



7.3.2PropertiesofInvoluteCurves

ThedistanceBKisequaltothearcAB,becauselinkMNrollswithoutslippingonthecircle.

Foranyinstant,theinstantaneouscenterofthemotionofthelineisitspointoftangentwiththe

circle.

Note:Wehavenotdefinedtheterm instantaneouscenterpreviously.Theinstantaneouscenter

orinstantcenterisdefinedintwoways(Bradford&Guillet43):

Whentwobodieshaveplanarrelativemotion,theinstantcenterisapointononebodyabout

whichtheotherrotatesattheinstantconsidered.

Whentwobodieshaveplanarrelativemotion,theinstantcenteristhepointatwhichthebodies

arerelativelyatrestattheinstantconsidered.

Thenormalatanypointofaninvoluteistangenttothebasecircle.Becauseoftheproperty(2)

oftheinvolutecurve,themotionofthepointthatistracingtheinvoluteisperpendiculartothe

lineatanyinstant,andhencethecurvetracedwillalsobeperpendiculartothelineatany

instant.

Thereisnoinvolutecurvewithinthebasecircle.

7.4TerminologyforSpurGears

Figure7-4showssomeofthetermsforgears.

Figure7-4SpurGear

Inthefollowingsection,wedefinemanyofthetermsusedintheanalysisofspurgears.Some

oftheterminologyhasbeendefinedpreviouslybutweincludethem hereforcompleteness.

(See(Ham 58)formoredetails.)

Pitchsurface:Thesurfaceoftheimaginaryrollingcylinder(cone,etc.)thatthetoothedgear

maybeconsideredtoreplace.

Pitchcircle:Arightsectionofthepitchsurface.

Addendum circle:Acircleboundingtheendsoftheteeth,inarightsectionofthegear.



Root(ordedendum)circle:Thecircleboundingthespacesbetweentheteeth,inarightsection

ofthegear.

Addendum:Theradialdistancebetweenthepitchcircleandtheaddendum circle.

Dedendum:Theradialdistancebetweenthepitchcircleandtherootcircle.

Clearance:Thedifferencebetweenthededendum ofonegearandtheaddendum ofthemating

gear.

Faceofatooth:Thatpartofthetoothsurfacelyingoutsidethepitchsurface.

Flankofatooth:Thepartofthetoothsurfacelyinginsidethepitchsurface.

Circularthickness(alsocalledthetooththickness):Thethicknessofthetoothmeasuredonthe

pitchcircle.Itisthelengthofanarcandnotthelengthofastraightline.

Toothspace:Thedistancebetweenadjacentteethmeasuredonthepitchcircle.

Backlash:Thedifferencebetweenthecirclethicknessofonegearandthetoothspaceofthe

matinggear.

Circularpitchp:Thewidthofatoothandaspace,measuredonthepitchcircle.

DiametralpitchP:Thenumberofteethofagearperinchofitspitchdiameter.Atoothedgear

musthaveanintegralnumberofteeth.Thecircularpitch,therefore,equalsthepitch

circumferencedividedbythenumberofteeth.Thediametralpitchis,bydefinition,thenumber

ofteethdividedbythepitchdiameter.Thatis,

p=circularpitch

P=diametralpitch

N=numberofteeth

D=pitchdiameter

Thatis,theproductofthediametralpitchandthecircularpitchequals.

Modulem:Pitchdiameterdividedbynumberofteeth.Thepitchdiameterisusuallyspecifiedin

inchesormillimeters;intheformercasethemoduleistheinverseofdiametralpitch.

Fillet:Thesmallradiusthatconnectstheprofileofatoothtotherootcircle.

Pinion:Thesmallerofanypairofmatinggears.Thelargerofthepairiscalledsimplythegear.



Velocityratio:Theratioofthenumberofrevolutionsofthedriving(orinput)geartothenumber

ofrevolutionsofthedriven(oroutput)gear,inaunitoftime.

Pitchpoint:Thepointoftangencyofthepitchcirclesofapairofmatinggears.

Commontangent:Thelinetangenttothepitchcircleatthepitchpoint.

Lineofaction:Alinenormaltoapairofmatingtoothprofilesattheirpointofcontact.

Pathofcontact:Thepathtracedbythecontactpointofapairoftoothprofiles.

Pressureangle:Theanglebetweenthecommonnormalatthepointoftoothcontactandthe

commontangenttothepitchcircles.Itisalsotheanglebetweenthelineofactionandthe

commontangent.

Basecircle:Animaginarycircleusedininvolutegearingtogeneratetheinvolutesthatform the

toothprofiles

OrdinaryGearTrains

Geartrainsconsistoftwoormoregearsforthepurposeoftransmittingmotionfrom oneaxis

toanother.Ordinarygeartrainshaveaxes,relativetotheframe,forallgearscomprisingthe

train.Figure7-6ashowsasimpleordinarytraininwhichthereisonlyonegearforeachaxis.In

Figure7-6bacompoundordinarytrainisseentobeoneinwhichtwoormoregearsmayrotate

aboutasingleaxis.

Figure7-6Ordinarygeartrains

7.6.1VelocityRatio

Weknowthatthevelocityratioofapairofgearsistheinverseproportionofthediametersof

theirpitchcircle,andthediameterofthepitchcircleequalstothenumberofteethdividedby

thediametralpitch.Also,weknowthatitisnecessaryforthetomatinggearstohavethesame

diametralpitchsothattosatisfytheconditionofcorrectmeshing.Thus,weinferthatthe

velocityratioofapairofgearsistheinverseratiooftheirnumberofteeth.

Thetoothnumberinthenumeratorarethoseofthedrivengears,andthetoothnumbersinthe

denominatorbelongtothedrivergears.



Gear2and3bothdriveandare,inturn,driven.Thus,theyarecalledidlergears.Sincetheirtooth

numberscancel,idlergearsdonotaffectthemagnitudeoftheinput-outputratio,buttheydo

changethedirectionsofrotation.Notethedirectionalarrowsinthefigure.Idlergearscanalso

constituteasavingofspaceandmoney(Ifgear1and4meshesdirectlyacrossalongcenter

distance,theirpitchcirclewillbemuchlarger.)

Therearetwowaystodeterminethedirectionoftherotarydirection.Thefirstwayistolabel

arrowsforeachgearasinFigure7-6.Thesecondwayistomultiplemthpowerof"-1"tothe

generalvelocityratio.Wherem isthenumberofpairsofexternalcontactgears(internalcontact

gearpairsdonotchangetherotarydirection).However,thesecondmethodcannotbeapplied

tothespatialgeartrains.

Thus,itisnotdifficulttogetthevelocityratioofthegeartraininFigure7-6b:

(7-16)

7.7Planetarygeartrains

Planetarygeartrains,alsoreferredtoasepicyclicgeartrains,arethoseinwhichoneormore

gearsorbitabout

thecentralaxisofthetrain.Thus,theydifferfrom anordinarytrainbyhavingamovingaxisor

axes.Figure7-8showsabasicarrangementthatisfunctionalbyitselforwhenusedasapartof

amorecomplexsystem.Gear1iscalledasungear,gear2isaplanet,linkHisanarm,or

planetcarrier.

Figure7-8Planetarygeartrains

Figure7-7PlanetarygearsmodeledusingSimDesign

TheSimDesignfileissimdesign/gear.planet.sim.Sincethesungear(thelargestgear)isfixed,

theDOFoftheabovemechanism isone.Whenyoupullthearm ortheplanet,themechanism

hasadefinitemotion.Ifthesungearisn'tfrozen,therelativemotionisdifficulttocontrol.

7.7.1VelocityRatio

Todeterminethevelocityratiooftheplanetarygeartrainsisslightlymorecomplexananalysis



thanthatrequiredforordinarygeartrains.Wewillfollowtheprocedure:

Inverttheplanetarygeartrainmechanism byimaginingtheapplicationarotarymotionwithan

angularvelocityofHtothemechanism.Let'sanalysethemotionbeforeandaftertheinversion

withTable7-3:

Table7-3Inversionofplanetarygeartrains.

Note:Histherotaryvelocityofgeariintheimaginedmechanism.

Noticethatintheimaginedmechanism,thearm Hisstationaryandfunctionsasaframe.No

axisofgearmovesanymore.Hence,theimaginedmechanism isanordinarygeartrain.

Applytheequationofvelocityratiooftheordinarygeartrainstotheimaginedmechanism.We

get

(7-17)

or

(7-18)

7.7.2Example

TaketheplanetarygearingtraininFigure7-8asanexample.SupposeN1=36,N2=18,1=0,2

=30.WhatisthevalueofN?

Module3

Staticanddynamicforce

Mechanismsaredesignedtocarryoutcertaindesiredwork,byproducingthe

specifiedmotionofcertainoutputmember.ltisusuallyrequiredtofindtheforceor

torquetobeappliedonaninputmember,whenoneormoreforcesactoncertain



outputmember(s).Theexternalforcemaybeconstantorvaryingthroughthewhote

cycleofmotion.Calculationofinputforceortorqueoverthecompletecyclewillbe

neededtodeterminethepowerrequirement.Whenthemassesandmomentsofinertia

ofthemembersarenegligible,staticforceanalysismaybecarriedout.Otherwise,

particularlyathighspeeds,significantforcesortorqueswillberequiredtoproducelinear

orangularaccelerationsofthevariousmembers.Thesamewillhavetobeconsideredin

theanalysis.ltisalsorequiredtofindtheforcesatthejointsforproperdesign.These

alsovarydependingupontheposition/configurationinthecycle.

Staticanalysisiscarriedoutbytheusualmethodsofcollinearityofforces,

equilibrium offorces/moments.lnputisdeterminedasthatforceormomenttobring

thesystem toequilibrium.Inthecaseofdynamicsystems,linearaccelerationofeachlink

(CC)andtheangularaccelerationsofthemembersareevaluated.Thecorresponding

forcesandmomentsarecalculated(productofaccelerationandinertia).

D'Alembert'sprincipleisamethodofapplyingfictitiousforces/torquescalled

inertiaforce/torque,equalandoppositetotheforceortorquerequiredtoproduce

accelerationineachmember,soastoproduceastaticconditionwhichiscalleddynamic

equilibrium.Thenthesystem canbetreatedasstatic,whichpermitsapplicationof

techniquesofstaticforceanalysis.Dynamicforceanalysisistheevaluationofinputforcesor

torquesandjointforcesconsideiingmotionofmembers.Evaluationoftheinertiaforce/torque

areexPlainedfirst.Methodsofstaticforceanalysisareexplained.











MODULE4

Frictioneffect

















MODULE5BRAKEANDDYNAMOMETERS

Adynamometerisadeviceusedformeasuringthetorqueandbrakepowerrequiredtooperate

adrivenmachine.

Dynamometerscanbebroadlyclassifiedintotwotypes.Theyare:

PowerAbsorptionDynamometers:PowerAbsorptiondynamometersmeasureandabsorbthe

poweroutputoftheenginetowhichtheyarecoupled.Thepowerabsorbedisusuallydissipated

asheatbysomemeans.

ExamplesofpowerabsorptiondynamometersarePronybrakedynamometer,Ropebrake

dynamometer,Eddycurrentdynamometer,Hydraulicdynamometer,etc.

PowerTransmissionDynamometers:Inpowertransmissiondynamometersthepoweris

transmittedtotheloadcoupledtotheengineafteritisindicatedonsomescale.Thesearealso

calledtorquemeters.

Someofthedifferenttypesofdynamometersarediscussedbelowinbrief.

PronyBrakeDynamometer:

PonyBrakeisoneofthesimplestdynamometersformeasuringpoweroutput(brakepower).It

istoattempttostoptheengineusingabrakeontheflywheelandmeasuretheweightwhichan

arm attachedtothebrakewillsupport,asittriestorotatewiththeflywheel.

PronyBrake

Figure1:PronyBrake

ThePronybrakeshownintheaboveconsistsofawoodenblock,frame,rope,brakeshoesand

flywheel.Itworksontheprincipleofconvertingpowerintoheatbydryfriction.Spring-loaded

boltsareprovidedtoincreasethefrictionbytighteningthewoodenblock.

Thewholeofthepowerabsorbedisconvertedintoheatandhencethistypeofdynamometer

mustthecooled.

Thebrakepowerisgivenbytheformula

BrakePower(bp)=2πNT

WhereT=Weightapplied(W)×distance(l)

RopeBrakeDynamometer:

Theropebrakeasshowninbelowfigureisanotherdeviceformeasuringbrakepowerofan



engine.Itconsistsofsometurnsofropewoundaroundtherotatingdrum attachedtothe

outputshaft.Onesideoftheropeisconnectedtoaspringbalanceandtheothersidetoa

loadingdevice.Thepowerisabsorbedinfrictionbetweentheropeandthedrum.Therefore

drum inropebrakerequirescooling.

Ropebrake

Figure2:RopeBrake

Ropebrakedynamometersarecheapandcanbeconstructedquicklybutbrakepowercan’tbe

measuredaccuratelybecauseofchangeinthefrictioncoefficientoftheropewithachangein

temperature.

Thebrakepowerisgivenbytheformula

BrakePower(bp)=πDN(W −S)

whereDisthebrakedrum diameter,

W istheweightoftheloadand

Sisthespringbalancereading.

BRAKEANDTYPES:

Todaywewilldiscussabouttypesofbrakes.Thebrakeisoneofthemostimportantcontrolling

componentofvehicle.Wehaveheardaboutdrum brakeanddiskbrake.Drum brakeiswidely

usedintheautomobile.Thebrakesarerequiredforstopthevehiclewithinthesmallestpossible

distanceortoslowdownthevehiclewhenweneeded.Withoutthebrakeswecannotcontrolthe

vehiclespeedsoitisthemostimportantsystem inautomobiles.Allbrakesareworkingonsame

principlebyconvertingthekineticenergyofthevehicleintotheheatenergywhichisdissipated

intotheautomobile.Therearetwomostimportantrequirementofbrakesasfollow.

1.Thebrakemustbeenoughstrongtostopthevehiclewithinaminimum distanceinan

emergencywithsafety.Thedrivershouldhavetotalcontrolovervehicleduringemergency



brakingandthevehiclemustnotskid.

2.Withprolongedapplicationofbraketheireffectivenessshouldnotbedecreases.These

characteristicscalledantifadecharacteristics.

Typesofbrakes:

Brakesisoneofthemostimportantelementofautomobile.Therearemanytypesofbrakes

availableinautomobileindustries.Thesesareprimarybrake,Secondarybrakes,vacuum brake,

airbrake,diskbrake,drum brakeetc.Theclassificationofbrakesareasfollow.

Accordingtothepurpose:

1.Primaryorservicebrake:

Thisbrakeisusedwhenthevehicleisinrunningconditiontostoporslowdownthevehicle.

Thisisthemainbrakingsystem,whichissituatedinbothrearandfrontwheelsofthevehicle.

2.Secondarybrakes:

Secondarybrakes,whichisalsoknownasparkingbrakeoremergencybrake,areusedtokeep

thevehiclestationary.Itisgenerallyoperatedbyhand,soalsoknownashandbrake.Themain

functionofthisbrake,istokeepthevehiclestationarywhenitisparked.

Accordingtotheconstruction:

1.Drum brake:

Inthistypeofbrakesadrum isattachedtotheaxlehubwhereasontheaxlecasingismounted

abackplate.Thebackplateismadeofpressedstealsheet.Itprovidesupportfortheexpander,

anchorandbrakeshoes.Italsoprotectthedrum andshoeassemblyfrom mudanddust.Italso

knownasthetorqueplatebecauseitabsorbedthecompletetorquereactionoftheshoe.Two

brakeshoeismountedonbackplatewithfrictionlinnings.Onortworetractorspringareused

tosepratebrakeshoefrom drum whenthebrakesarenotapplied.Thebrakeshoeareanchored

atoneend,whereasontheotherendsforceisappliedbymeansofsomebrakeactuating

mechanism whichforcesthebrakeshoeagainsttherevolvingdrum,sothefrictionforceis

generatedbetweendrum andtheshoeandbrakeapplied.

Anadjusterisalsoprovidedtocompensateforwearoffrictionliningwithuse.Thisbrakesare

widelyusedinmotorcycleandthecars.



2.Diskbrake:

Diskbrakeconsistsofacastirondiscboltedtothewheelhubandastationaryhousingcalled

caliper.Thecaliperisconnectedtosomestationarypartofthevehicleanditcastintwoparts,

eachpartcontainingapiston.Inbetweeneachpistonandthediscthereisafrictionpadheldin

positionbyretainingpins,springsplatesetc.Therearearrangementsinthecaliperforthefluid

toenterorleaveeachhousing.Therepassagesarealsoconnectedtoanotheroneforbleeding.

Eachcylindercontainsarubbersealingringbetweenthecylinderandthepiston.

Whenthebrakesareapplied,hydraulicallyactuatedpistonmovethefrictionpadsintocontact

withthedisc,applyingequalandoppositeforcesonthelater.Onreleasingthebrakes,the

rubbersealingringsactasreturnspringsandretractthepistonsandthefrictionpadsaway

from thedisc.

Accordingtotheactuation:

1.Mechanicalbrakes:

Inthisbrakesthebrakeforceisappliedmechanicallyusedwhereweneededsmallforceto

braking.Thisbrakesareusedinthesmallvehiclesuchasinscooters,bikesetcwheresmall

brakingforceisneeded.

2.Hydraulicbrakes:

Inthehydraulicbrakes,brakeforceisappliedbythehydraulicoil.Itisoneofthemostuseful

andreliablebrakingsystem.Thisbrakesisusedinmostofpassengercars.


