Chapter D

Newton's Laws and Applications

Historical Context

Aristotle  384-322 BC
Y Rest is the natural state. The problem of physics was to explain why a body had a velocity.

It is a matterof commonexperiencehataftergiving abodya push,it will eventuallyslow to a stop. Whenabodyis pushedt is given
animpetus;it continuego moveuntil it losesthatimpetus. This notionis now knownasincorrect.

Aristotle was a philosopherand physicswas, for him, just natural philosophy. This perspectiveled to the de-emphasiof
experiment. Physicswasa subjectonethinks aboutandwrites about,but therewasno needto testideaswith experiment. The history
of scienceis filled with mistakes,what madeAristotle's mistakesso seriouswasthatin de-emphasizingxperimentno one found his
errorsfor almost2000years.

As an exampleof the absurdityof Aristoteleanphysics,Aristotle claimedthat heavierbodiesfall fasterthatlighter ones. This
seemasntuitive atfirst; a brick falls fasterthana feather. But hetook it a stepfurtherby sayingthattherateis in proportion to abody's
mass. This was a precisemathematicaktatementand verifying it was as simple as droppingtwo objectsof different mass. It is
remarkablehatfor almost2000yearsno onethoughtof performingthatexperimento testAristotle'shypothesis.

Galileo Galilei 1564-1642

Galileowasthe onewho finally performedthe free-fall experimenimentionedabove. He observedhatbodiesof differentmass
fall with the sameacceleration.In fact, mostof the earliermaterialon kinematicsof free fall andprojectilesis dueto Galileo. Galileo
realizedthata featherfell slowerthanahammerbecaus®f someextraforcethatwe now know asfriction.

Y Motion with constant velocity is the natural state. The problem of physics was to explain what
caused changes in velocity, or what caused acceleration.

The reasorwhy a body, whengiven a pushon a horizontalsurface slowsto a stopis dueto friction. One cancreatemotionwith less
friction andcanimaginemotionwithout any friction. In thatcasethe bodywill continueto moveindefinitely. Naturally bodiesmove
with constanwelocity unlesssomenetforce causest to haveanacceleration.

Galileo wasa transitionalfigure. He demonstratedhe inadequacyof Aristoteleanphysics. He alsoaskedthe right questions
The problemof understandingnotionwasno longerto explainwhy abody movesbutto explainwhatcausedhangesn the motion.

Isaac Newton 1642-1727

Newton grew in a Galileanworld; the fallacies and misconceptionf Aristoteleanphysicswere no longer a part of one's
education. Galileohadproperlyposedthe problem:What causescceleration.Newtonwasthe remarkablegeniuscapableof providing
theanswer.He summarizedlynamicsn termsof threelaws.

It would be hard to overstatethe historical significanceof Newton. In addition to fundamentallyaltering later intellectua
developmentshe hada profoundinfluenceon the practicalaspectof commonlife; thetechnologicakxplosionleadingto the Industrial
Revolutionis directly relatedto his clearexpositionof the scienceof mechanics.
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Newton's First Law

Newtonwith his first law summarizedvhat Galileo had done. The ideais that motion with a constantvelocity is the natura
state.

Y An object at rest tends to stay at rest. An object in uniform linear motion tends to maintain that
motion. The word "tends" should be takes to mean: unless acted upon a net force.

The first sentencesoundsmore Aristotelianthan Galilean. Uniform linear motionimplies motionin a straightline at a constantspeed
thatis: constanwelocity. Restshouldonly beviewedasa specialcaseof constantvelocity; it is aconstantero velocity.

A forceis anythingthatpusheor pulls on anobject. We will seethatforcesarevectors.

False Forces

Recallthata frameof referencas somecoordinatesystemusedto studymotion. In anacceleratedrame,for exampleinsidean
acceleratingar, onefeelsone'sself pushedoppositethe directionof acceleration.Whenmovingin acarin a straightline andbraking,
the accelerations backwardandonefeelsa falseforce pushingforward. Whenturningto theleft, the accelerations to theleft andthe
falseforceis to theright. Generally,jn anyacceleratedramethereis afalseforce oppositethe acceleration.

Whatis the natureof thesefalseforces? The point of thefirst law is thatall bodieswill tendto movewith a constantvelocity.
Whenbrakingin a car,a personin the carwill tendto keepmovingat a constantvelocity but the car slowsaroundhim. Relativeto the
car heis thrownforward. Similarly, whenturningto theleft in a carthe persontendsto continuein a straightline andthe car movesto
theleft.

The Principle of Relativity

The principle of relativity is built in to Newtonianmechanics.lt is a resultof Galileo'sobservation®n motion. This notion of
relativity is known asGalilean Relativity and shouldbe contrastedwvith Special Relativity which wasintroducedby Albert Einsteinin
1905.

Y All inertial frames of reference are equivalent.

Recall that a frame of references somecoordinatesystemusedto study motion. If someongpreferablya passengenhrows a ball
straightupwardin a car movingwith a constantvelocity, it will movein away thatis indistinguishabldrom freefall. To anobserve
on the side of the road the ball would move as a projectile but to both observergshe accelerationvould be the same,a downwarc
acceleratiorof g. If thecaris turning,or acceleratingn anyway, thentherewill befalseforcesandthe motionwill deviatefor freefall.

Y An inertial frame is arest frame or a non-rotating frame moving at a constant velocity with
respect to arest frame.

Basically,aninertial frameis a nonaccelerateftame. The equivalencef inertial framesmeanshatthereis no preferredabsoluterest
frame. Moving with a constantvelocity is indistinguishablefrom being at rest. Supposesomeexperimentis performedin a van
moving at a constantvelocity. (We assumehe roadis assmoothas possible.) The resultof that experimentwill be give the same
resultasif thevanwereatrest.

Y Space and time are absolute in Galilean relativity.

Absolute spacemeansthat spaceis threedimensionaEuclideanspace. The lengthof a meterstick is the sameto all observerandis
independenbf relative motion. Absolutetime implies that the time betweentwo events(two different positionsand two different
times)is the samefor all observers.

Y Einstein's Special Relativity eliminated the notions of absolute space and time.

Although relativity hadbeena well-establishegrinciple of classicalmechanicsit becameclearin the middle of the nineteenttcentury
that the laws of electromagnetismwhich were summarizedby Maxwell's four equations violated this principle. It appearedhat
Maxwell's equationswvere valid in only one absoluterestframe. In 1905 Einsteinrealizedthat Maxwell's equationswere valid in all
framesandhe put relativity backinto fundamentaphysics. To do this howeverhe hadto modify the notionsof absolutespaceandtime
thatwereimplicit in Galileanrelativity.
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Newton's Second Law

One canstatethe secondaw with words,asin the caseof thefirst law, but it just becomesa complicatedsentencelictatinga
simpleequation. It will thenbegivenasanexpression.
The netforcefnet is the vectorsumof all forcesactingon a body. m is the massof the body anda is its acceleration.Newton'sfirst

law maybeviewedasa consequencef thesecond.If Fnet: Othena=0 andthisimpliest is aconstant.

Definition of Mass and Force

The secondaw may be considereda simultaneousiefinition of force andmass. To definea massall we needis a notion of a
reproducibleforce. For exampleconsidera springthatis compressedy a fixed amountto a standarddistance;if that springis then
compressedo thatsamestandarddistancewill producethe sameforce andthisis reproducible.If we call this force Fy thenwe canact

this sameforce on differentmassesng andm, andmeasureheir instantaneouaccelerations.If mg getsanacceleratiorg andm gets
acceleratiorr. We canthenwrite theratio of themassedn termsof theratio of theaccelerations.

Fo=mgag=ma * — = —

To verify thatthis canbe usedasa definition of massimaginegrabbingsomerock and choosingthat asthe standardof mass
call it 1 Rock. If this massis the standardock, mg = 1Rock, thenif the secondmassgetsan acceleratiorthatis 1/2 thatof the rock

thenwe concludethatits massis m = 2 Rockc.

To showhow the secondaw is a definition of force we actdifferentforceson the samemassg.

F a
Fo=mgag and F=mga » —=—
Fo 2

Newton's Third Law

Newton'sthird law is crucialfor properunderstandingf force.

Y If E21 is the force of body 1 on body 2 and Elz is the force of 2 on 1, then E21 =- E12-

This is often statedin the languageof action-reactiorpairs:to everyactionthereis an equalandoppositereaction. Equalandopposite
meanghatonevectoris the negativeof the other.

At first glancethe third law is counterintuitive. Whena small car getsin a collision with a largetruck the force of thetruck on
the caris the same,in magnitude asthat of the car on the truck. The sameforce on a smallermasshasa largereffect, meaningthat
sinceF = ma the accelerations larger. For anextremeexample the gravitationalforce of the Earthon a personis equalin magnitude

to theforceof the persornon the Earth. Sincethe massof the Earthis much largerthe acceleratiorof the Earthis negligible.
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Tension, Normal Forces and Surface Friction

Supposéden peoplepull on aropein atug-of-war. Eachpersoncanpull with aforce of Fy. Supposdive pull on onesideanc
five pull onthe other. Thetotal force pulling in eitherdirectionis 5 Fy, which is thenthe tensionin the rope. Supposénsteadall ten
pull onthe samesideagainstatree. Theforce pulling, andthusthetension,is now 10F. In this secondcasetheropepulls onthetree
with theT = 10F( andby thethird law the treepulls backwith the sameforce. It is thenequivalento anotherten pulling on the other
side. At anypositionP in arope,theleft partof the rope pulls to the left with aforce T andthe right part pulls to the right with aforce
of T. A springscalethatstretcheslike afish scale readsthistensionforcein arope.

Forcesbetweensurfacedreakup into two componentsperpendiculato a surfaceis the normalforce and parallelto a surface
arefriction forces. Theword normalmeansperpendicular.Whena personstandson a floor he pushesiown onthefloor with anorma
force N equalto hisweight. Thefloor thenpushesyp onthe personwith the samemagnitudeforce. Supposeénsteadthata persorleans
againstawall. The personpushesnto thewall with normalforce of N andthewall pushesackon the personwith the samemagnitude
normalforce. Friction forcesalsobreakup into equalandoppositepairs. Whenan objectslidesto a reston a floor, the floor pushe:
backwardon the objectwith a force known as kinetic friction; the objectthen exertsa forward friction force on the floor. Whena
walking personpushesackwardon thefloor with astatic friction force,thefloor pushedorwardwith the sameforce.

Applying the Second Law

Free-body Diagrams

The left handside of the secondaw, Fnet, is the vectorsumof all forcesactingon a body. To helpwith this we draw a free-

body diagram;this is a vector diagramshowingall forcesactingon the body. To draw a free-bodydiagramwe mustinclude contac
forcesandaction-at-a-distancirces.

Y Include all contact forces.

Contactforces are due to all thingsin contactwith the body. Imagine a surfacearoundthe body; the contactforces are due to
everythingpiercingthat surface. If somethings standingon a floor or leaningagainsta wall thenwe draw the correspondingnormal
forcesandperhapdriction forces. Air is in contactwith abodyandits effects,if theyneedto beconsideredwill becontactforces.

Y Include field forces

The forces that can act on a body without touchingit are the field forces. Theseare the fundamentalforces of nature:gravity,
electromagnetisimthe weak nuclearforce andthe strongnuclearforce. The two nuclearforcesact only over shortdistancesand, for
purposesof classicalmechanicscanbe neglected. It shouldbe pointedout that the electromagneti@and weak nuclearforcesare no
longer consideredseparatdorces;in 1968 the Electroweakunification was publishedand it was experimentallyverified in the early
eighties.

In Newton'stime theseforceswere considerechction-at-a-distancehatis distantobjectsdirectly interacting. This Newtoniannotion
implies an instantaneouiteractionover arbitrarily large distances. We now understandnteractionin termsof the notion of a field.
The ideaiis this: Particlescreatefields, fields propagateat a finite speedby dynamicalrules and then fields exert forces on other
particles.

Y Accelerations do not belong in free-body diagrams.

The free-bodydiagramgivesthe left-handside of the secondaw. Theright-handsideinvolvesthe acceleration.It is importantthatto
notethatm a is notaforce anddoesnot belongin the free-bodydiagram. It is a goodideato drawthe acceleratiomextto the diagram
though. Being systematiowith directions,aswe werein earlierchaptersjs moretroublethanit is worth. The easiestmethodis to
choosehedirectionof theacceleratioraspositive.
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( *: N
i i a=0
| i mg

It follows from the secondaw thatthe normalforce equalsthe gravitationforce on the object,its weight.

One Dimensional Examples
Y A Person Standing on a Floor

Fnet:ma' N - W:O' N=W.
A bathroom-typespringscalereadsthe normalforce. This, in this stationarycasejs justtheweight.
Y Free Fall and Weight

When and objectis in free-fall, the only force acting on a body is its weight. As we establishedn ChapterB it hasa downwarc
acceleratiorof g. Choosingdownwardas positivethe secondaw implies thatthe weight equalsthe masstimesthe acceleratiordueto
gravity.

Fnet=ma s W=mg
This expressiorappliesgenerallyto give theweightof a bodyof massn in a gravitationalfield with acceleratiorg.

Y Elevators and Apparent Weight

, mg

7
N .
N -

Fnet=ma s N-mg=mae+ N=mg+ma

The normalforce here which canstill bereadby a springscale,is calledtheapparentveight.

Two Dimensional Examples

Whengivenatwo dimensionaproblemwe first drawa free-bodydiagram. Thewe resolveall forcesandthe accelerationnto a
coordinatesystemrepresentin@ pair of perpendiculadirections.
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Y Block on a Frictionless Inclined Plane

Considerthe caseof a block sliding down a frictionlessinclined plane. We will, asis the convention alwaysreferto the angle
of anincline asthe angleof the surfacemeasuredrom horizontal. First we draw the free-bodydiagram. The only thing touchingthe
block is the surfaceof theincline. Recallthatsurfaceforcesbreakup into two componentsperpendiculato the surfaceis the normal
force N. The friction forcesare parallelto the surface;sincethereis no friction we havethe normalforce asthe only contactforce.
Thenwe addin the weight m g which acts,of course downward. Note thatthe anglebetweenthe surface'snormalandvertical is the

sameasbetweerthe surfaceandhorizontal.

\q

Sincesurfaceforcessplit naturallyinto paralleland perpendiculacomponentsit is typically bestto choosethe coordinatego
be paralleland perpendiculato the surface. The normalforce is alreadyresolvedalong the perpendiculadirection. Resolvingthe
weightinto parallelandperpendiculacomponentgjives:

W. =mgcosq and Wp=mgsing.
Theacceleratioronly hasa parallelcomponentaindthatis justa. Applying thesecondaw to the paralleldirectionwe get
Fnetp=map * mgsinq=ma * a=gsing.
Solvingthesecondaw in the directionperpendiculato a surfaceniways givesthe normalforce.
Fnet,=ma, » N-mgcosq=0-+ N=mgcosq

If we arejust solving for the acceleratiorthis valueisn't neededwe will seethatin examplesnvolving friction thatthe normalforce
will beof interest.

Y The Accelerating Pendulum as an Accelerometer

When anythinghangsin a carit canbe usedasan accelerometemneaningsomethingthat can measureacceleration.We can
relatethe hangingangle,asmeasuredrom vertical, to the acceleration.Herewe will chooseour perpendiculaaxesto be horizontal(in
the direction of the accelerationand vertical. Note that the forcesdo not balancehere;they shouldnot balancebecausdhereis an
acceleration.

After resolvingthetensioninto horizontalandverticalcomponentswe applythe secondaw to eachdirectionandget:
Fnethor=mangr * Tsing=ma
Fnetver:maver' TCOSq' ngO . TCOSq:mg.

From thesetwo expressionswe can relate the accelerationto the angle. Divide the secondexpressioninto the first and using
tanq = singecosq we get:

a = gtanqg
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Problems with More than One Mass

Newton'ssecondaw appliesto everymassin the universe. When consideringa mechanicgroblemwith multiple massesve
follow theprocedureoutlinedabovefor eachmassithereis a separatdree-bodydiagramfor eachmass.

Y Atwood's Machine

An idealpulleyis frictionlessandlight. Theapproximatiorof a pulley beingfrictionlessis oftenappropriate.For a pulley to be
light its massmustbe smallcomparedo the othermassesn the problem. With anideal pulley the tensionis the sameon both sidesof
the pulley.

Atwood'smachineis a standardexample. It consistf two masses; andmo connectedy a stringoveranideal pulley. Here
we takemq < my. It is clearthatmq will accelerateipwardandmy will acceleratelownward. We makethe assumptiorthatthe string
is ideal; this meansthat it hasnegligible massand doesnot stretch. In this case,the ideal string assumptionimplies that whateve
distancenimovesupward,my movesdownward. Sincethe acceleratiors the secondderivativeof the positionwe canthenconclude

thattwo accelerationgareequalin magnitude.

We now apply the secondlaw to eachmass. It is usually easiesto choosethe direction of the acceleratiorto be the positive
direction. Doing thatherewe will chooseup to be positivefor mq anddownfor my. Usingthis conventiorwe get:

Fnetlzmlal o T- myg=mqa
Fnet2:m2“2 . mog- T=moa

In thesetwo expressionshe tensionandacceleratiorare the unknowns. The easiesimethodfor solving for the acceleratioris to add
thetwo expressionsliminatingthetension. This gives:
-m
g= T M ¢
m+my

Y A System of Pulleys

b L

To find the netforcelifting ontheweightlook atall theropespulling upwardon the object. As arule whenpulleysareattachet
to a massalwaysconsiderthe pulleysas part of the massasshown. Therearefive ropesleavingthe object. Assumingall pulleysare
ideal, we getthatthereis atotal force of five T pulling upward.

Frnet=ma s 5T-W=0s T= %
This is an exampleof a mechanicabdvantage.With this pulley arrangemené heavyweight canbe lifted with a force thatis

1/5 the weight of the object. Oneis not getting somethingfor nothinghere. The assumptiorthatthe rope doesn'tstretchimplies that
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lifting theweighta certaindistancanvolvespulling five timesthedistanceon therope.
This is generallythe casewith a mechanicahdvantagendis the basisof simplemachines.Onecandecrease force by acting
overalargerdistance.
Y A Complex Arrangement

Considerthe arrangemenshownbelow. Assumingthe incline is frictionlessandthe pulleysareideal, whatis the acceleratiol
of m1 downtheincline.

The assumptiorthat the string doesnot stretchallows us to relatethe accelerations. Whateverdistancemq slidesdown the
incline, my movesupwardby half thatamount. To seethis noticethatwhenm, movesupwardthat amountcomesout of the strings
twice. It follows thatthe acceleratiorof my is half thatof mq. Sincethe problemasksfor the acceleratiorof mq we will call thata anc
this thengivesa « 2 for the acceleratiorof mo.

nmp

Sincethereis no friction andwe don't needthe normalforce we canavoid the resolutionof forceson m4 perpendiculato the
surface. Thesecondaw appliedto the paralleldirectiongives:

Fret1,p=mayp* migsing- T=mya.
Applying thesecondaw to m» gives:
Fpetp=mag *  2T- mpg=mpas2.
The simplestwayto find « is to eliminating7 by addingthefirst equationto half the second.
_ mysing- my' 2
m +my 4

Forces of Constraint

A force of constraintwill take on whatevervalue is neededto maintainits constraint. Often forces of constraintsatisfy
inequalities. Thesevaguegeneracommentwill becomeclearerasexamplesaregiven.
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Tension and Normal Forces as Constraints

Tensionis aforce of constraint. The constraintassociateavith tensionis the conditionthatthe lengthof the ropestaysconstant
In our exampleswith ropesandtwo massesthis conditionis what relatedthe acceleration®f the masses.In Atwood'smachinethe
string not stretchingmeantthat the two massesnovedthe samedistancejmplying the accelerationsverethe samemagnitude. In the
examplewith two pulleysthe massthat movedtwice the distanceof the otherhadtwice the acceleration. Theseconditionseventually
leadto avaluefor thetensionforces.

Thetensionforce satisfiesa simpleinequality
T 0.
This is equivalento saying:"You can'tpushwith arope." Notethatnegativetensionsarepossiblefor rigid objects like a stick.

The normalforceis alsoa force of constraint. The constraintis thatthereis no motion throughthe surface. Whena book sits
on atablethe normalforceis the weightof thebook W. If onepushedownon the bookwith aforce F thenthetablepushesip with a
largernormalforce of W + F. Lifting with a smallforce F givesa normalforceof W - F. If thelifting force exceedghe weightthe

normalforcethe bookwill lift; N would haveto be negativeto maintaintheinequality. A surfacecanonly pushawayfrom it
N~ O
A negativenormalforcewould describesuctionof glue.
Becausdhenormalforceis aconstrainit is always foundby solvingthe secondaw perpendiculato the surface.
Fnet, =ma.

Onedoesn'insertavalueof N into aproblem. It is somethingyou calculateusingthe aboveexpression.

Friction Between Surfaces

Therearetwo typesof friction betweernsurfacesstaticandkinetic. Staticfriction is the casewhenthereis no sliding. Kinetic
friction is whenthereis sliding. Thesearevery differentthings. Staticfriction is a force of constraint. Kinetic friction is a dissipative
force.

Static Friction

Staticfriction is a force of constraint;the constraintis thatthereis no sliding. No sliding impliesthatthe acceleration®f the
two surfacesarethesame. Sinceit is a constraintwe alwayssolvefor its valueby using

Fretp=map.
Thereis anupperlimit on staticfriction. The constrainiis thatthe maximumvalueis proportionalto the normalforce.
fse mN
ng is adimensionlessonstantalledthe coefficientof staticfriction; it is a propertyof thetwo surfacesn contact.

Y Stationary Block on an Incline

Fnetp=map ¢ mgsing- fs=0-+ fs=mgsing
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Fnet, =ma, » N-mgcosq=0-+ N =mgcosq
fsoe N « mgsinqo mymgcosqg e tanqo ny
Y Crate on Flat Accelerating Surface
Fpetp=map * fs=ma
Fret ,=ma, » N-mg=0e+ N=mg

fsRMEN ¢ madnmymg e  a?dmyg

Dissipative Friction

Whenmovingwith respecto a surfaceor mediumthereis aresistivefriction forcethatopposesherelativemotion of the object
to the surfaceor medium. If v is the unit vectorin the directionof the relativevelocity of the object(to the surfaceor medium)thenthe
friction forceis oppositethatdirection.

F=-fv

Thevaluesof f for differentcaseswill bediscussedbelow.

Kinetic Friction

Kinetic friction is the dissipativeforce whenthereis sliding betweentwo surfaces. Its direction opposeghe direction of the
sliding. Themagnitudeof theforce of kineticfriction is fixed atthevalue

Jk=nkN.

ni is thecoefficientof kineticfriction. Like thestaticfriction caset is a propertyof thetwo surfaces

Friction in a Medium

When an objectmovesthrougha fluid, a liquid or a gas,it experiences friction force with a magnitudethat varieswith the
speed. Thisis in contrastto kinetic friction which hasa fixed magnitudeandependenof the speed. Therearetwo simplewaysto model
friction in amedium:viscousfriction, whichis proportionalto the speedandquadratiadrag,whichis proportionalto the speedsquared.

Y Viscous Friction
Typically, atlow speedsvhenthefluid flow aroundthe objectis laminar(smooth)thefriction behavessviscousfriction.
f=bv
v is the speedandthe constanb depend®ntheviscosityof thefluid andthe geometryandsurfacetextureof the object.
Y Quadratic Drag
At speeddigherthanwherethefluid flow aroundthe objectbecomedurbulentthefriction forcebecomeguadraticdrag.
f=c y2
Theconstant depend®ntheviscosityof thefluid andthe geometryandsurfacetextureof the object.



