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8.01 Physics I: Classical Mechanics, Fall 1999
Transcript — Lecture 8

Today we're going to talk about friction, something...
HOm nay ching ta sé thao luan vé lwc ma sat, mot khai niém....

[students murmuring]

Please, | have a terrible cold.

Vang, toi m&i bi mot tran bénh cdm khuiing khiép

My voice is down.

Giong cUa t6i tat han.

Help me to get through this with my voice—

Hay giap t6i hoan thanh bai hoc nay véi cai giong nhu thé nay cua toi - -

thank you.

Céam on.

We're going to talk about friction which we have never dealt with.

Chung ta sé thao luan vé lyc ma séat, cai ma tir trwée gio ching ta chwa hé noi téi.
Friction is a tricky thing, not as easy as you may think.

Lwc ma sat 1a mot khai niém rat tinh t&, co 18 khéng dé nhw ching ta tivng nghf.

| have an object on a horizontal surface.
Toi c6 mot vat nam trén mot mat phang ngang.

The object has a mass, m, gravitational force, mg.
Vat c6 khoi lwgng m, trong lwc tac dung 1én né la mg
This is the y direction.

Pay la huong y.

This could be the x direction.

bay sé la hwéng x
There must be a force pushing upwards from the surface to cancel out mg because there's no
acceleration in the y direction.
Phai c6 mot Iwc tlr bé mat day |1én phia trén dé triét tiéu mg vi khong c6 gia t6c theo huwéng y.
We normally call that the "normal force" because it's normal to this surface and it must be the
same as mg.
Théng thuwong ching ta goi né la phan lwc, né vudng goéc véi bé mat va trong trwdng hop nay néd
phai cé do Ién bang mg.
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Otherwise there would be an acceleration in the y direction.
Néu khong nhw vay sé c6 gia toc theo huéng y.

Now | am going to push on this object with a force—

Bay gi¥ tdi s& ddy vat nay bang mot luc - -

force Walter Lewin.
Lwc Walter Lewin.
And we know that the object in the beginning will not start accelerating.
Va ching ta biét rang vat s& bat dau chuyén dong.
Why is that? That's only possible because there is a frictional force which adjusts itself to exactly
counter my force.
Tai sao? D6 chi cé thé la do cé lwc ma sat tw diéu chinh d€ chdng lai mot cach chinh xac véi lwc clia
toi.
| push harder and harder and harder and there comes a time that | win and the object begins to
accelerate.
Téi cang ddy manh va manh hon va manh hon thi luc ma sét sé xudét hién vao ltc ma téi thing va vat
thé bat dau chuyén dong.
It means that the frictional force--

which is growing all the time as | push harder--

C6 nghta la lwc ma séat tang lién tuc trong sudt qua trinh téi day manh hon.



reaches a maximum value which it cannot exceed.
Pat dén gia tri cwe dai ma n6 khong thé vrot qua.

And that maximum value that the friction can achieve—

Va gia tri cwc dai ma lwc ma séat co thé dat duwoc - -

this is an experimental fact—

bay la moét di kién thuc nghiém - -

is what's called the friction coefficient mu which has no dimension, times this normal force.
bang hé s6 ma sat mu khéng cé don vi, nhan v&i phan luc nay.

We make a distinction between static friction coefficients and kinetic.

Chung ta can phan biét gitra hé s6 ma sat tinh va hé s6 ma sat dong.

This is to break it loose, to get it going.
Cai nay lam cho vat lung lay, dé vat bat dau chuyén dong.

This is to keep it going when it already has a certain velocity.
Cai nay gilr cho vat chuyén dong khi vat da c6 van tdc nhat dinh nao dé .

The static is always larger than the kinetic for reasons that are quite obvious.

Hé s6 ma sat tinh ludn luén I&n hon hé s6 ma sat dong la diéu hoan toan hién nhién.
It's a little harder to break it loose.

Can phai day hoi manh hon dé vat lung lai.

Once it's going, it's easier to keep it going.
Mot khi vat da chuyén dong, s& dé dé duy tri chuyén déng do6 hon.

It is fairly easy to measure a friction coefficient by putting an object on an incline and by changing
the angle of the incline, increasing it.

Viéc do hé s6 ma sat kha dé bang cach dat vat tr &n mdt mat phang nghiéng va thay déi géc nghiéng,
sé lam né tang.

This is the angle alpha.
Pay la goc alpha.

You increase it to the point that the objects start to slide down.

Ban tang né cho dén khi vat bat dau trwot xuéng phia duéi.

Here is the object.

DPay la vat thé.

This is the gravitational force, mg which | will decompose in two forces: one in the y direction—
Pay la trong lwc, mg tdi sé phan tich n6é thanh hai thanh phan: mét thanh phan theo huéngy - -
which | always choose perpendicular to the surface—

T6i ludn ludn chon né vudng géc véi bé mat - -



and another one in an x direction.
Va thanh phan con lai theo huwéng x.

You are free to choose this plus or this plus.
Ban duoc ty do chon cai nay la cdng hoac cai nay la cong.

I will now choose this the plus direction.
Bay gi0 t6i sé chon day la huwéng cong.

| am going to decompose them, so | have one component here and this component equals mg
times the cosine of alpha.

Toi s& phan tich chang, vi vay tdi c6 mot thanh phan & day va thanh phan nay bdng mg nhan cos
alpha.

And | have a component in the x direction which is mg sine alpha.
Va téi ¢ thanh phan theo huwéng x bang mg sin alpha.

There is no acceleration in the y direction, so | can be sure that the surface pushes back with a
normal force, N and that normal force N must be exactly mg cosine alpha because those are the
only two forces in the y direction.

Khéng c6 gia tdc theo hwdng y, vi vay tdi cé thé chac chén réng bé mat ddy lai vdi phan lwc, N va
phan lwc N d6 phai dang bang mg cos alpha vi day |a hai luc theo hwéng y.

And there is no acceleration in the y direction so this one must be mg cosine alpha.

Va khéng co6 gia téc theo huéng y vi vay cai nay phai dang bang mg cos alpha.

Now this object wants to slide downhill.

Bay gio, vat thé nay mudn treot xuéng déc.

Friction prevents it from doing so so there's going to be a frictional force in this direction.
Lwc ma sat ngan can né lam nhw vay vi vay sé co6 luvc ma sat theo huwéng nay.



And as | increase the tilt this frictional force will get larger and larger and larger and then there
comes a time that the object will start to slide.

Va khi téi tang d6 nghiéng lwc ma séat nay sé ngay cang I&n hon va rdi sé dén lic ma vat thé bat
dau truot.

Let us evaluate that very moment that it's just about to break loose.

Hay tinh goc nghiéng ngay lic ma vat thé bt dau chuyén tir trang thai dirng y én sang trang thai
chuyén dong.

I'm applying Newton's Second Law.

Toi sé& ap dung ding luat Il Newton.

In this direction, now, the acceleration is still zero but the frictional force has now just reached the
maximum value—

Bay gi¢, theo hwdng nay, gia téc van con bang 0 nhuwng lwc ma sat da dat dén gia tri cuc dai - -

because | increase alpha—
Vi t6i tang alpha - -

so this component will get larger and this component will get larger.

Vi vay thanh phan nay sé I&én hon va thanh phan nay sé Ién hon.

This component will get larger.

Thanh phan nay sé Ién hon.

This component is still holding its own but then all of a sudden it can't grow any further and it
starts to accelerate.

Than,h phan nay van con gitr nguyén gia tri ciia né nhwng thinh linh né khéng thé tang ntra va
né bat dau gia toc.

So Newton's Second Law tells me that mg sine alpha minus F f maximum at this point is zero.
Vi vay dinh luat Newton Il cho téi biét rang mg sin alpha —F f cuwrc dai tai diém nay bang 0.

And this one is mu static times N, which is mg cosine alpha.

Va céi nay la hé s6 ma sat tinh nuy nhan N, bang mg cos alpha.

This one is mg sine alpha.

Céi nay bang mg sin alpha.

This equals zero.

Céi nay bang 0.

I lose my mg, and you see that mu of s equals the tangent of alpha.

T6i don gidn mg, va ban thay rang nuy s bang tang alpha.

It's that easy to measure.

Cai do6 rat dé do.



So you increase the tilt.

vay ban tang dd nghiéng.
We will do that later until it starts to slip and then at that critical angle that it starts to slip you have
a value for mu of s for the static friction coefficient.
Chung ta sé& lam diéu d6 cho dén khi né bat dau truot va sau do tai goc t&i han ma nd bat dau truot
ban cé mot gia tri nuy s cho hé s6 ma sat tinh.

It is very nonintuitive that this friction coefficient is completely independent of the mass.
Cé mot diéu trdi vi tric giac cla ching ta la hé s6 ma sat nay hoan toan khong phu thuéc
vao khéi lvgng.

The mass has disappeared.

Khoi lvong da bién mat.

Think about it—
Hay nghivé diéu nay - -

it's very nonintuitive.

NGO trai v@i truc giac.
If you double the mass, the angle would be the same given the fact that you have the same kind
of object.

Né&u ban tang gép doi khéi lwong cla vat, géc cling van khéng hé thay déi.
The friction coefficient only depends on the materials that you have the materials that are rubbing
over each other.
Hé s6 ma sat chi phu thudc vao loai vat liéu clia hai bé mat dang co sat nhau.

It's also independent of the surface area that is in contact with this incline which is equally
nonintuitive.

N6 cting khéng phu thudc vao dién tich bé mat tiép xic véi mat phang nghiéng nay, diéu nay
cling trai voi tric giac.

It's very nonintuitive, but we will see that that's quite accurate within the uncertainties that we can
measure it.

NG rét trai voi truc gidc, nhwng ching ta sé thay rang diéu dé hoan toan phi hop voi cac phép do thuc
nghiém (trong pham vi sai s6 clia phép do).



If you have a car and you park your car you throw it on the brakes and you put it at an angle and
you increase the angle of the slope the friction coefficient for rubber on concrete is about one so
the tangent is one, so the angle is about 45 degrees.

Néu ban c6 mot chiéc xe hoi va ban dau xe ban dap phanh va ban dat né trén méat phang nghiéng
v&i géc nao doé va ban tang géc nghiéng hé sé ma sat clia cao su trén bé téng c& 1 vi vay tang bang
1, vi vay goéc khoang 45 do.

So if the road were 45 degrees, the car would start to slide independent of the mass of the car—
vay néu mat duong nghiéng goc 45 do, xe hoi sé& bat dau treot bat ké khéi lwong ctia no 1a bao
nhiéu- -

no matter whether it's a truck or whether it is a small car—

Bat ké doé la xe tai hodc xe hoi nho.

independent of the width of the tires.
Khong phu thudc vao do rong cla lop xe.

It doesn't enter into it even though you may think it does.
N6 khong phu thudc vao nhirng dai lvgng nay mac du c6 thé ban da nght la né phu thude.

They would both start to slide at the same angle given the fact, of course the same road and the
same kind of rubber.
Chuing sé bat dau trurot tai cing goc da biét, tAt nhién phai trén cing doan dwdng va cung loai 18p
Xe.
| first want to show you some of this which is at first very qualitative.
Pau tién tdéi mudn cho ban bi€t mot s6 diéu rat dinh tinh.
| don't want it to become quantitative yet.
T6i chwa mudn né trd thanh dinh lwvong.
The difficulty with these experiments are—
Khoé khan v&i nhirng thi nghiém nay la - -
I'm going to use this plank here—
Toi sé dung tdm van nay & day - -
that the moment that my fingers touch this plank or touch the bottom of any of the objects that I'm
going to slide, then all hell breaks loose.
Luc ma ngdn tay t6i cham tdm van nay hodc cham phia dwdi cta bat ki vat thé nao ma téi dw dinh
cho né trwot thi tinh hinh sé tréd nén toi té.
A little bit of water on the plank would locally make the friction coefficients larger.
Mot it nwée trén tdm van sé lam cho hé s6 ma sat [én hon.
My fingers have chalk on them.
Trén cac ngodn tay cla tdi co phan.

A little bit of chalk on a local place would make the friction coefficient go down.

M6t it phan & noi nao dé sé lam cho hé s6 ma sat giam.



That's why, at this point, we'll keep it a little qualitative.
D6 l1a li do tai sao, tai luc nay, ching ta chi kh&o sat dinh tinh.

The first thing | want to show you is, if | take a rubber puck and | put the rubber puck on this
incline and | have a plastic bin--
Viéc dau tién t6i mudn chi cho ban Ia, néu téi ldy mot qua bong cao su va toi dat qua bong cao su nay
trén mat phéng nghiéng nay va t6i cé mot thung nhua.
this is quite smooth, | put it on here—
Cai nay hoan toan tron, téi dat n6 |én day - -

that it's immediately intuitive that the friction coefficient of this plastic bin will be lower than of the
rubber puck.

Ngay lap ttre trire giac néi lén rang hé sé ma sat clia thing nhua nay sé& nho hon dia cao su.

So when | increase the angle, you expect that first the plastic bin will start to slide and then the
rubber puck.

Vi vay khi t6i tang gbc, ban nght dau tién thung nhwa sé bat dau trvot va sau dé dén dia cao su.
And if | gave you the angles at which that happens you could actually calculate the two values for
the friction coefficient—

Va néu t6i cho ban géc ma céac vat thé bat dau trrgt ban cé thé tinh toan dwoc gia tri clia cac hé so
ma sat - -

which | will not do now, but | will do that later.

Tuy nhién t6i chwa lam diéu dé bay gio ma toi sé lam sau

So all I want you to see—

Vi vay tat ca nhirng gi t6i mudn ban thay - -

| hope—
Toi hivong - -

that this one will go earlier than that one.

Rang céi nay sé di trwdc cai do.



So | am going to increase the tilt... | do it very slowly.
Vi vay t6i sé tang géc nghiéng....t6i lam diéu doé rat cham.
| try not to... rock the boat too much, very slowly.
Toi ¢6 géng khdng xoay chuyén tinh thé qué nhiéu.
We must be approaching the critical angle for the plastic.

Chung ta phai tién dén goc téi han chia nhua.
Boy, it's holding on to itself.
Cac ban, né dang tw gilr no.

There it goes... and the rubber goes a little later.
Pay.....va cao su di sau mot it.

The rubber can be made rough by rubbing it on one side in which case the angle will be even
larger.
Cao su c6 thé dwoc lam nham bang cach cha né & mdt mat trong triedng hop dé goc sé lén hon
| told you that the friction coefficient is independent of the mass of the object.
Toi b&o ban réng hé s6 ma sat khdng phu thudc v ao khdi lwvong vat thé.
| have two identical bins here...
Toi ¢6 hai thung giong hét nhau & day.

well, as far as they can be identical.
0, chiing giéng nhau dén murc c6 thé.

Maybe one at the bottom is a little rougher than the other.
Co6 |é cai phia dwdi hoi nham hon mot it so v&i cai kia.

But in one, I'm going to put 200 grams which is about five times the weight of the bin.
Nhuwng trong mét céi, tdi sé dat 200 g tirc khodng bang 5 1an trong luvong clia thung.

And then, within reason when 1 tilt them, they will go at the same angle because it's independent

of the mass.

Va sau do, theo li luan khi téi nghiéng ching, chdng sé trugt tai cing mot goc vi né khéng phu thudc
vao khéi lvgng.

So let's try that again and see how close they are.
Vi vay hay thtr dieu dé mot lan nira va xem chiing gan nhau nhw thé nao.
It may be off by half a degree or one degree, of course because the plank is not uniform
everywhere.
Cé I€ l1éch khodng ntra dd hodac mot do, tat nhién la vi tdm van khdng dong déu & moi noi.

And now it's 18 degrees...19Q... 20... 20Q...
Va bay gio n6 l1a 18 d9....19.5........ 20......... 20.5.........

21, and the other one is 21.2.
21, va cai con lai la 21.2.

So they almost go at the same time, so you've seen that apparently the mass has very small if
any effect.

Vi vay ching hau nhu chuyén déng cung mét ltc, vay ban thdy rang hinh nhw khéi lvong c6 anh
huwdng rat nho.

Now comes something that | always find very, very nonintuitive and that is surface area.
Bay gio dén mot thir ma toi ludn ludn nhan thay rat, rat khong tric giac va doé la dién tich bé mat.

| have two pieces of wood and they're identical—
T6i c6 hai miéng gd va ching hoan toan giéng nhau - -



whatever that means, "identical"; you can never make them exactly the same in terms of
roughness.

Cho du n6 gidng nhau; ban khdng bao gi& cé thé lam cho chiing ging nhau chinh xac vé
dd nham.

This surface we prepared as well as we prepared this bottom surface.
Chung t6i lam cho bé mat nay giébng nhw bé mat phia duéi nay.

But this bottom surface here is four times smaller in area than this surface area here, the flat part.
Nhuwng & day bé mét phia duéi nay cé dién tich nhé hon 4 1an dién tich bé méat & day, phan phéng.
I'm going to put the flat one here and I'm going to put the same object—

Toi sé dat cai phéng & day va toi sé dat vat giéng nhau - -

but with its small area—

nhwng v&i dién tich bé mat nhd

here.

day



If indeed the friction coefficient is independent of surface area, then when 1 tilt them they should
start to slide roughly at the same angle.

Néu qua thyc hé sd ma sat khong phu thudc v ao dién tich bé mat, thi khi t6i nghiéng chidng chiing
s& bat dau trrot gan nhw cing mot lic.

There we go.
bay.
14 degrees... 16... 18... one goes and the other one follows.
14 do........ 16.....18........ cai nay chuyén dong va céi con lai ciing di theo.

It was in two-tenths of a degree.
béla2/10 cva 1 do.
And the reason why there's always some difference—

Va li do tai sao luén lubén c6 suw khac nhau nao do - -
of course, the plank is not exactly uniform.
Tat nhién, tadm van khéng tuyét déi dong nhat.

I have to be careful that | don't touch the critical surfaces.
T6i phai can than dé khéng cham nhirng bé mét t&i han.
So you have seen difference in friction coefficients and you have seen there's almost no effect on
surface area and there's no effect on the mass.
vay ban da thdy suw khac nhau clia hé s6 ma sat va ban da thay né khong bi anh hwdng béi dién tich bé
mat va khéng bi anh hwéng bai khéi liong.
And that is both very nonintuitive.
Va dé la hai th& rat khdng truwc giac.

The width of the tires of your car does not matter.
Bé rong clia 16p xe clia xe hoi ban khong la gi ca.
And that... | ask you the question to explain--
varang...... t6i hdi ban mot cau hoi dé gidi thich
in your assignment number three—
trong bai tap 3 - -
why race cars have very wide tires.
Tai sao cac xe dua c6 16p xe rat rong.
There must be a reason for that.
Cé mot Ii gidi cho diéu do.
| want you to think about that.
T6i mudn ban nght vé diéu doé.
There is another way that one can measure the friction coefficient which is way more complicated
and really, that's not the reason why | want you to see it.
Co6 mot cach khac dé do hé s6 ma sat la cach rét phirc tap va thuwe sw, d6 khéng phai la i do tai sao toi
mudn ban thay né.
The reason why | want you to go with me through these arguments is that you begin to see how
subtle and how really difficult friction is.
Li do tai sao t6i muén ban di cting t6i qua nhirng tranh luan nay la ma sat thwc sw khé va tinh té€ nhw thé

nao.
I'm going to put an object now on an incline again, as we did before and instead of having it sit on



its own I'm going to attach to it a string.
Bay gid tdi s& dat vat 1én mat phang nghiéng lan nira, khi ching ta lam diéu nay truéc day chi voi
mot minh né con lic nay téi s& gan n6 véi mot soi day.
So here is that object and here is the string and a pulley and here a string.
Vi vay day la vat thé do6 va day la sgi day va rong roc va & day soi day.
And here is an object mass m2, and this object has mass m1 and the angle here... alpha.
Va day la vat thé khai lwgng m2, va vat nay cé khoéi lwgng ml va goc & day....... alpha.
I'm looking for my green chalk.
To6i sé tim vién phan mau xanh.

| want to use the same color convention.
T6i mudn dung quy wéc mau giéng nhau.

Now let's look at all the forces that we can think of.

Bay gi¢ hdy nhin tat ca cac lwc ma chidng ta cé thé nghi ra.
Here is m1 g.

bay la mig.

Let's decompose that in y and x direction.
Hay phan tich n6é theo huwéng y va x.

And | will call this direction vy, as | always do perpendicular to the surface.
Va téi sé goi hwéng nay la y, nhw t6i luén ludn lam vudng goc v &i bé mat.



So we call this y and | will call this direction now the positive x direction.
Vay chlng ta goi cai nay la y va téi sé goi hwéng nay la hwéng x duong.

You're free to choose it any way you want to.

Ban tw do chon né theo bat cl* cAch nao ma ban muoén.

The force here is m2 g...

& day lyc la m2g........

and now comes a major problem.
Va bay gir dén van dé Ion.
The biggest problem is that you do not know in advance whether this system will start to
accelerate in this direction or whether it will start to accelerate in this direction or whether it will
not accelerate at all—
Van dé I&n nhat ma ban khéng biét |a trong lic chuyén ddng hé nay sé bat dau gia tdc theo hwéng
nay hay né sé béat dau gia téc theo hwéng nay hay né sé& khéng gia téc gi ca - -
it's quite possible.
Diéu do6 hoan toan cé thé chi.
And all these three cases, as you will see have to be dealt with independently.
Va tat ca ba trwong hop nay, nhu ban sé thdy phai duwoc xét mét cach hoan toan doc lap.
You cannot do it with one equation, as you will see.
Ban khong thé lam no6 véi mot phwong trinh, nhw ban sé thay.
Let's first decompose this force as we did before, in the y direction.
bau tién hay phan tich lwc nay nhu ching ta da lam tlr trwéc, theo huwéng y.
So this one equals m1 g cosine alpha and this one, the x component—
Vay céai nay bang mlg cos alpha va cai nay, thanh phan x - -
which is in the minus x direction now—
bay gi¢ theo huwéng trir x - -
equals ml g sine alpha.
Bang m1g sin alpha.
Clearly, this one--
R& rang, cai nay - -
m1l g cosine alpha—
mlg cos alpha - -
we never have to worry about.
Chung ta khéng bao gi® phai lo 1&ng vé no.
There is no acceleration in the y direction so this normal force N will kill this one and this is m1 g
cosine alpha.
Khong c6 gia toc theo huéng y vi vay phan luwc N nay sé triét tiéu cai nay va day la mlg cos alpha.
So you never have to worry about the y direction; we know there's no acceleration.

Vi vay ban khoéng bao gi¢» phai lo 1&ng vé huéng y; ching ta biét khéng co gia téc.

We only deal with forces in the x direction that are of interest.



Chung ta chi quan tam nhirng lwc theo hwéng x.
There is a tension in this string and now comes the problem: | do not know in what direction the
frictional force is.
Cé luc cang trén day nay va bay gio dén van dé: t6i khdng biét lwvc ma sat di theo h wéng nao.
If this object has the tendency to go uphill—

NEu vat nay cé khuynh hwéng [én doc --

which | don't know yet—

cai ma toi chwa biét - -

then the frictional force is in this direction because it opposes always the direction in which the
object wants to go.

Thi Iwc ma séat theo hwéng nay vi né ludn ludn nguoc véi huwéng chuyén déng cua vat.

If, however, this object wants to go in this direction—

Tuy nhién néu vat thé nay muén chuyén déng theo huwéng nay - -

which | do not know—

cai ma téi chwa biét - -

then the frictional force has to be put in this direction.
Thi lwc ma séat phai duwgc dat theo huwdng nay.



And | don't know that.
Va t6i khong biét diéu do.
The only thing | do know is that the maximum value of the friction will be mu static times N, which
is what we had there.
Diéu duy nhat ma toi biét la gia tri cwc dai clla ma sat la nuy tinh nhan N, la nhirng gi ma chiing ta da cé
& do.
Remember, that's the maximum value that the friction can have times ml g cosine alpha.
Hay nh¢ lai, do la gia tri cwe dai ma sy ma sat cé thé c6 nhan mlg cos alpha.
That | know.
Céi ma toi biét.
So now, if I want to deal with this | have to look at three complete different situations: acceleration
in this direction in which the friction is pointing here; acceleration in this direction in which the
friction is pointing there; or no acceleration at all.
Vi vay bay gio néu téi muén xét cai nay tdi phai xét 3 trdng hop hoan toan khac nhau: gia téc theo
hwéng nay trong d6 ma sat sé hwdng dén day; gia toc theo hudng nay trong dé ma sat sé huéng dén
dé; hoac khong gia téc gi ca.
There is also, of course, the tension here...
Tat nhién, cling cé lyc cang & day........
and this tension is exactly the same as that tension.
Va Iwc cang nay ding bang luc cang do.
We discussed that last time.
Chung ta da thao luan diéu nay lan truéec.
I will not go over that because this is an ideal and, of course, an unphysical situation.
T6i sé khong 6n lai diéu dé vi day la trwong hop i twédng, va tat nhién la phi thuc té.
The pulley has no mass the pulley is completely frictionless and the string has no mass—

Rong roc khdong co6 khéi lwgng rong roc hoan toan khéng ma sat va day khoéng co kh éi lwgng

it's a massless string.

N6 la mét day khong co khoi lwong.

And | argued last time that therefore the tension here must be the same as the tension there.
Va lan tredc toi da bién luan rang do dé lwc cang & day phai giéng nhw luc cing & do.

We even know the tension.

Tham chi chdng ta biét lwc cang.

I'm going to evaluate, for now only situations that the system is at rest.

Bay gio, t0i sé tinh toan cho truwong hop hé dirng yén.

It's not yet moving.

N6 chwa chuyén dong.

If the system is at rest, T must be m2 g because this object is not being accelerated.



Néu hé dirng yén, T phai bang m2g vi vat nay khéng duoc gia toc.

So we already know that all situations where the system is at rest T must be m2 g—

Vi vay chiing ta da biét rang trong moi tinh huéng khi hé ding yén thi T phai bing m2g - -
that's nonnegotiable.

Biéu dd hién nhién.

It's this T as well as that T.
No6 la T nay cling nhu T do.

Now | have to start splitting in the following situation.
Bay gi® t6i phai bat dau tach trudng hop sau.

My first option is that | make the assumption that the system is just...
TUy chon ban dau cla toi 1a tdi gid str rang hé

just about to start accelerating upwards.

Sé bét dau gia tdc |én trén.

Itisn't doing it yet; it is just about to do that.
N6 chwa lam diéu dé; né chi bat dau lam diéu do.

If that's the case, then | know that the frictional force will be in this direction and it will have
reached the maximum value with the static friction coefficient.

NéEu la nhw vay thi t6i biét rang luvc ma sat sé theo hwéng nay va né dat dén gia tri cwec dai véi hé sé6 ma

sat tinh.
Now | can write down, in the x direction, Newton's Second Law.
Bay gi® t6i co thé viét ra dinh luat Il Newton theo hwéng x.

Now | have T, which is in the positive direction minus m1 g sine alpha minus F f max.
Bay gi0 t6i c6 T, hwédng theo chiéu dwong trir milg sin alpha triv F f max.



That now has to be zero, just at the moment that it is just about to change its mind and start
accelerating.

Bay gi®r cai d6 phai bang 0, ngay tai lic ma né bét dau thay déi y dinh clia né va bat dau gia téc.
Now, | know what T is, that is, m2 g so m2 g equals m1 g sine alpha plus the maximum frictional
force, which is this value.

Bay gid toi biét rang T bang, né 1a m2g vi vy m2g bang m1g sin alpha céng lwc ma sat cy ¢ dai,
bang gié tri nay.

So this is just at the moment that it wants to start sliding.

Vay day dang la lic né bat dau muén trwot.

Therefore, if | make mass m2 a hair larger, just a hair it will go.

Do d6, néu tbi tang khdi lwvong m2 [én mot it, chi mot it théi né sé

bat dau chuyén doéng.

And therefore the moment that | make this a larger sign | know that it's going to accelerate uphill.
Va do d6 lic ma téi tao cho cai nay mot ki hiéu Ién hon t6i biét rdng nd sé gia téc 1én déc.
That's the criterion for going uphill.

Do la diéu kién 1én déc.

Now | look at situation two.
Bay gio xét trwdong hop 2.

Now | make the assumption that the object, still standing still is just about to start accelerating
downbhill.

Bay gi¥ tdi gia str rAng vat thé, van con dirng yén sé bét dau gia tdc theo hudng xudng dudi.
Aha! If that's the case, | know that the maximum force is now pointing upwards—
Aha! Trong tredng hop nay, téi biét rang luc cuc dai dang hwéng l1én trén - -
the same magnitude, but it has now a different direction.
Cung do 1&n, nhwng bay gio c6 hudng khac.
So now | can write down Newton's Second Law.
Vi vay bay gio tbi c6 thé viét ra dinh luat Il Newton.
So the frictional force is now helping T.
Vi vay bay gio lwvc ma sat sé ho tro T.
So now we get T plus F f max minus m1 g sine alpha equals zero.
Vi vay bay gi ching ta c6 T cong F f max trir m1g sin alpha =0.
We know that this is m2 g so m2 g equals m1 g sine alpha minus F f max.
Chung ta biét rdng day la m2g vi vay m2g bang m1g sin alpha trir F f max.
Notice the difference: there's a plus sign here; there's a minus sign here.

Chu y dén su khac nhau: & day c6 mot dau cong; & day cé6 moét dau trir.



This is... the object is still not moving but if | make m2 g a hair less, just a teeny-weeny little less it
Pay la vat van con chwa chuyén dong nhung néu tdi lam m2g nhé hon mat it, chi nhd hon moét it
will definitely start to accelerate downwards.

DUt khoéat sé bat dau gia téc xudng phia d wdi.

So if I make this "smaller than" sign the object will start accelerating downhill.

Vi vay néu t6i ki hiéu cai nay bang ddu nhd hon vat sé bat dau gia téc xudng déc.

This is condition one, this is condition two.

bay la diéu kién 1, day la diéu kién 2.

If the condition is neither one nor two...

Néu ca 1 va 2 déu khong thda man

what do you think will happen then? Very possible that you don't meet any one of these two
conditions.

Ban nghi diéu gi sé& xay ra? Rat co thé ban sé& khong gap bat ctr cai nao trong hai diéu kién
nay.

What do you think will happen?
Ban nght diéu gi sé xay ra?

[class murmurs]

LEWIN: Can't hear you.
Khoéng nghe duworc.

[student replies]

LEWIN: It won't move—

Lewin: n6 khéng chuyén dong - -
ais zero.

a bang 0.



Because this... both cases are going to accelerate so in all other cases, the acceleration equals
zero.

BGi vi cainay........ cd hai trwong hop sé gia tdc vi vay trong tat ca cac trudng hop khéac, gia toc
bang 0.

And the frictional force, in this case will adjust itself just the right way so that Newton's Second
Law in the x direction will give you, for the force, a zero.

Va lyc ma sét, trong truc‘?ng hop nay sé tw diéu chinh sao cho dinh luat Il Newton dbi vé&i luc theo
huéng x sé cho ban, a bang 0

Let us take a very simple example so that you see this at work.
Hay lay vi du rat don gian dé ban thdy dwoc diéu nay dung.
So, we have an example here, and in my example | have m1 equals 1 kilogram, m2 equals 2
kilograms.
Vi vay chiing ta c6 mot vi du & day, va trong vi du cla toi tdi c6 m1 bang 1 kg, m2 bang 2 kg.
Can't make the numbers much simpler.
Khéng thé lam cho nhirng s6 don gian hon nhiéu.
| take alpha equals 30 degrees.
Téi lay alpha bang 30 do.
| take a static friction coefficient which is 0.5 and | take a kinetic friction coefficient which is a little
less, which is 0.4.
T6i cho hé s6 ma sat tinh bang 0.5 va t6i chon hé s ma sat dong hoi nhé hon mét it, bang 0.4.

The question is now, is it going to be accelerated uphill or accelerated downhill or no acceleration
at all? What it comes down to is that we have to evaluate these three terms.

Bay gi0, cau hai la: né sé duoc gia tdéc Ién déc hay xuéng déc hay khdng gia
toc gi ca? DE hiét cau tra i la gi ching ta phai tinh todan ba s6 hang nay.
Let's first take m2 g—

Pau tién hay tinh m2g - -

m2 g equals 20.
m2g bang 20.

We'll just take, for g, 10—

Chuing ta sé 18y g ding bang 10 - -
that is just easier.

Piéu d6 sé& dé dang hon.

M1 g sine alpha...
M1g sin alpha......

The sine of alphais a half, so that is five.

M1 g sine alpha equals five.

And what is F f maximum? | have to use, for my friction coefficient, .5.

| have to use, for m1, one here, a 10, and have the cosine for 30 degrees.

And what | find--



you have to take my word for it--

that this is about 4.33, and | want to remind you | have used the static friction coefficient.
This is in newtons.

I never put a capital N for newtons because that is very confusing with this normal force.
All my units are always in S.l. units so the force is always in newtons.

Aha! We are well on our way.

Let's first test whether condition one is met.



Is 20 larger than 5 plus 4.33? And the answer is yes, it is.

So we know that it's going to be accelerated uphill.

That is nonnegotiable.

So now | could ask you a simple question: What is the acceleration and what is the tension in the
string? And so you will think "Oh, well, that is within arm's reach." Not quite, because things are

now going to change.

If it is going to be accelerated uphill then at least | know one thing which | am going to put in this
drawing now.

I know that this is the maximum friction possible which now becomes mu kinetic--
because it's going to move--

times m1 times g times cosine alpha.

So that is already one change.

It is moving, so sure, it's going to be accelerated so the frictional force is in this direction, has this
value.

So let's write down now Newton's Second Law in the x direction.

So we have T in the positive direction minus ml g sine alpha
minus this maximum force--

minus mu k ml1 g cosine alpha--

and that, now, according to Newton's Law, must be m1 times a, if a is T acceleration uphill.
One equation with two unknowns.

You don't know a and you don't know T.

Or do you know T? What is T? What is the tension? What is the tension when that thing is being
accelerated uphill? Anyone has the courage to try?

[student responds]

LEWIN: You think "m2 g"--

you couldn't be more wrong.

It's now moving, it's being accelerated.

That means this object is going to be accelerated down and if this force is the same as this it can
never accelerate down.

This T must get smaller.
Remember, an object in an elevator being accelerated down loses weight--

it's losing weight.



This object must be accelerated down.

We have to take that into account.

So the tension, once it starts accelerating, will go down.

So | have the second equation for object number two.

| call this the plus direction, so for object number two | have m2 g minus T equals m2 times a.
It is very important that you see that the tension will change.

Now | have two equations with two unknowns and now | can solve.
It's very easy--

you just add them, and I leave you with that.

I'll just give you the results.

| find that the acceleration, a, equals plus... | think 3.85.

That is correct--

plus 3.85 meters per second squared.

And | find that the tension equals 12.3 newtons.

I want to dwell on this a little bit.

| find, for the acceleration, a plus sign.

Had | found a minus sign, | would...

I'm sure | would have made a mistake.

Why is it mandatory that | find a plus sign? Absolutely mandatory! Who wants to try that one?
Yeah?

[student making explanation]

LEWIN: Yeah, you say...

you say it well.

I would have said it slightly differently.

We know that the acceleration is in this direction.

We derived that.

Therefore the acceleration since | call that the "plus x direction”--

that was my plus sign--



must come out plus.

So if this comes out negative, you've made a mistake.
| also want this number to be less than 20.

If not, I've made a mistake.

Why does that number have to be less than 20?
[student making explanation]

LEWIN: Exactly--

this object is going down. To put it the way we put it last time it lost weight, it's accelerated
downwards.

This Nt g, which is 20, better wins it from T; otherwise it would never be accelerated down.
So this plus sign is a must, and this is a must.

And if you find not a plus sign but a minus sign you have to go back to your calculation because
you've made a mistake.

Now we take the same situation, | leave everything unchanged but | make the second mass, m2,
I make it 0.4 kilograms.

So now all the numbers remain the same that we have there except that m2 g now becomes 4.
Now I'm going to test again.

This m2 g, which is 4--

is that larger than 5 plus the frictional force static, 4.33? The answer is no.

I'm going to test for my second case.

Is m2 g smaller than 5 minus 4.33? The answer is no, so what do we conclude? What must be
our conclusion? Condition one is not met, condition two is not met.

The conclusion is a is zero.

The object will not be accelerated and the frictional force is going to adjust along the x direction
so that the acceleration indeed is zero.

How does the frictional force do that? This is that slope, here is that object.

I will only putin the forces along the x direction.

| don't bother about the y direction.

| know that there is m1 g sine alpha, and that one is 5.

So we have here a component of gravity which is the m1 g sine alpha, and we know that that is 5.

We have it there.



| also know that we have tension here and the tension must be m2 g because the object is not
being accelerated.

We're back where we were.
Number two is not being accelerated.

The tension is 20...
sorry, not 20, what is my m2? The tension is... mg is 4.

Five newtons downhill, four newtons uphill.
What will the friction be, how large, and in what direction? Uphill, how large? One, exactly.
The friction will adjust itself so that there is equilibrium if nothing is going.

All right, I now would like to do a few demonstrations whereby | want you to calculate the friction
coefficients for me.

So we're going to put a particular object on that incline and I'm first going to raise the angle until it
breaks loose.

So you should be able to calculate what the friction coefficient is using the equation tangent alpha
equals mu s.

And the object that | use for that is this... this box.

In this box is a little weight that's not very important.

It makes the whole thing 361 grams.

| want you to know that the weight of this object is 361 grams.

I'll write it down for you here.

So, the mass of the object is 361; I'm sure that the uncertainty is at least 1 gram.
You have to trust me when | give you the angles.

I'm going to increase the incline and there comes a moment that it will start to slide.
I'll give you the angle and | want you to calculate that friction coefficient.

So we'll do that first...
there we go.

It's now 10 degrees, 11...

12Q, 13...14,15...16 17... 17Q, 18, 19, 19Q, 20--
20 degrees.

It starts to slide at about 20 degrees--

write that down.



Now I'm going to do exactly this experiment: Put a rope over it, with a pulley, and put m2 on this
side.

And now I'm going to load down m2 to the point that it starts to slide uphill.

That should allow you to also calculate the friction coefficient.

You have all the tools for it, because once you know that it is just at the point of breaking and
going uphill you know that that equals sign of that equation holds and so you should be able to
calculate the friction coefficient.

Would you find exactly the same number as you find from this experiment? Not very likely.

You have to think about that for yourself.

Wood has grain, and the grain in this direction could be very different from the grain in this
direction.

But it would be interesting to compare the two numbers to see how much they're off.

So I'm going to put here this rope over here and I'm going to set the angle now at a given value
so this is now not negotiable.

| setit at 20.

| could be off by half a degree.

Again, you see, it wants to go.

You just saw that--

at 20 degrees, it wants to go.

So | prevent it from going and so I'm going to put a little weight on here.
Now there is 100 grams, and.it's not going.

Bay gi¢ & dé c6 100 g, va n6 khong chuyén déng.
It's happy and it's sitting there.

N6 hanh phtc va né dang & yén dé

Ais zero.

A bang 0.

That condition isn't met and this condition isn't met.
Diéu kién do6 khong théa méan va diéu kién nay khéng thda man.

So now you must write down in your notebook that alpha now—
Vi vay bay gi¢ ban phai viét ra trong vé& clia ban géc alpha dé - -
it's an independent experiment—

N6 la mot thi nghiém déc lap - -

equals 20.0, maybe plus or minus 1.



Bang 20.0, c6 1& la cong trir 1.

| think it's about 1 degree accuracy that | can do.
T6i nghT tdi c6 thé chinh xac dén mot do.

Okay, I'm going to load here more weight—
Vang, t6i sé dat thém tai trong Ién day - -

more mass, | should say--

nghta la, khoéi lvgng tang - -



at m2 and I'll give you the numbers and when it breaks loose, you will see it.
Vao m2 va tdi sé cho ban s6 va khi né bat dau chuyén dong, ban sé thdy no.

| will give you the numbers.
Toi sé cho ban s6

Now, | have done this many times, believe me and the breaking point is not always at the same
mass.

A, toi da thwc hién thi nghiém nay nhiéu lan, hay tin t6i va diém t&i han khéng trng véi cling mot
khoi lwgng.

The mass could differ by 20, 25 grams easily.
Khoi lwgng cé thé khac nhau 20, 25 g.

So whatever number we're going to find for m2 | would say you should at least allow an
uncertainty of about something like 25 grams just because I've done it many times...

Vi vay cho du ching ta tim ra m2 bang bao nhiéu t6i khuyén ban it nhat ban nén cho phép
sai s6 khoang 25 g chi b&i vi téi da lam thi nghiém dé nhiéu lan....

and | know it could even be worse at times.
Va t6i biét tham chi doi khi né cé thé té hon.

The humidity could change in the room and that could change the friction coefficient.
DO am c6 thé thay d6i trong phong va diéu do ¢ thé thay d6i hé s6 ma sat.

Okay, we have 100 grams on it...

Vang, ban c6 100 g trén né....

we have 200 grams on it...

ching ta c6 200 g trén no....

250... 260... 270, and it goes at 270.
250....260...270, va n6é chuyén dong tai 270.

Did you see it go? It started to slide at 270.
Ban c6 thdy né chuyén dong khéng? N6 bat dau tr wot tai 270.

So at 270 grams, | met exactly that condition.

Vi vay tai 270g, diéu kién dé duoc théa man chinh xac

It was an equals sign.

N6 la d&u bang.

That should allow you to calculate the static friction coefficient and you'll get a chance to do that
in your third assignment.

Diéu do cho phép ban tinh toan hé sé ma sat tinh va ban sé cé co héi dé lam diéu doé trong bai tap

I&n so 3.

When | had this thing up here, and when | was loading this down making it heavier and heavier, |
hope you realize that at first it wanted to slide in this direction.

Khi téi dat vat nay Ién day, va khi toi dat thém tai trong lam cho n6é nang hon va nang hon, téi hi
vong rang dau tién né mudn truot theo hwédng nay.

So at first the friction was in this direction.



Vi vay dau tién lvc ma sat theo hwéng nay.

As | loaded it down more and more the friction became less and less and less.
Khi tdi dat thém tai trong Ién né lwvc ma sat tré nén nhé va nhé va nhé hon.
There comes even a time that the friction becomes zero.

Tham chi c6 thé dén mét lic ma luwc ma séat bang 0.

| loaded more and more and more.
Toi dat thém tai trong nira va nira va nira.

The friction flips over to the other side.
Lwc ma sat dao chiéu sang phia khac.

The friction grows and grows and grows fights an heroic battle to not make it go uphill loses the
battle at one point, reaches the maximum value.

Lwc ma sat tdng va tang va tang chéng lai mét cach kién cwong dé khéng lam cho né 1én déc thua
tran tai mot diém, dat dén gia tri cwc dai.

I put a little bit more on here and it goes.
To6i dat thém mot it gia trong 1én day va né bat dau chuyén dong.

So this frictional force is really having a rough time starting off in this direction, slowly becoming
less becoming zero, changing direction, reaching the maximum and finally losing the battle.

Vi vay lrc ma sat thue s c6 mot thoi gian bién doi lan ngoan xuét phat theo hwédng nay, cham
cham nhd hon ti€n tdi khéng, déi hwdng, dat dén gia tri cwc dai va cudn cling thua tran.

Friction is often a pain in the neck, as we all know.

Ma séat thuwdng gay ra sw phién todi, nhuw tat ca ching ta déu biét.

Friction causes weatr, it causes tear and it costs fuel.

Ma séat gay ra sir mai mon, va tén nhién liéu.

With a car, there's a lot of friction with the road.

Vé&i xe hoi, c6 nhiéu ma sat véi mat duwong.



You pay for that, and people try to reduce friction with bearings and with lubrication, oil.
Ban phai tén kém cho diéu do, va ngudi ta c6 gidm ma sat bang bac dan va véi chat boi tron, dau.

Water is an amazing lubricant.
Nwé&c la mot chat boi tron dang kinh ngac.

If it starts raining and there is a little bit of dust on the road the friction coefficient between your
tires and road can become so low that you begin to hydroplane and that you literally...

[makes whooshing sound]
that your friction coefficient goes almost to zero.
Hé s6 ma sat cla ban gan nhu tién t&i khong.
It happened to me once, and it's no fun.
Diéu do6 da xay ra v@i téi mot lan, va né khéng vui.
It can happen instantaneously particularly when the rain begins--
Diéu do cling xay ra ngay tlrc thi dac biét khi con mwa bat dau - -
in the very early part of the rain when the road is dusty so you get the water with a little bit of dust
mixed.
LGc m&i bat dau mwa khi duwdng ban vi vay dudng cé nwde 1an véi mot it bui.
It's a very dangerous situation.
Diéu do rat nguy hiém.
At home, | have a pan—
O nha, t6i c6 mot céi chao - -

this is my pan at home.
bay la cai chao & nha toi.

Actually | have more than one pan at home, believe me.
Thuc sw toi c6 vai cai chdo nira & nha, hay tin téi.

But this is a very special pan and what is special about it is something that | discovered purely by
accident and | want to share with you this remarkable pan.

Nhuwng day la cai chao dac biét va diéu dac biét vé né ma téi da tinh c& kham pha dwoc va téi mudn
chia sé v&i ban vé cai chao dang cha y nay.

You see, when | rotate this cover there's a lot of friction—

Ban thay chwa, khi téi quay nap cé nhiéu ma sat - -

you can hear it.

Ban c6 thé nghe né.

[metal lid grating]

And it stops.

Va né dirng.



You can hear it, right? And so one evening | was boiling potatoes and | was looking at this pan,
and | walked up to it because | wanted to check the potatoes.

Ban cé thé nghe né, phai khdng? Va vi vay mét budi téi toi dang ludc khoai tay va t6i dang nhin vao
cdi chao, va toi tién dén no6 badi vi téi mudn ki€m tra khoai tay.

And | touched the thing, and there was no friction.
Va t6i cham vao mot thir, va khéng c6 ma sat.

It just went spinning and spinning and spinning.
N6 chi quay va quay va quay.

| couldn't believe my eyes until | realized what is happening.
To6i khong tin vao mat minh cho dén khi téi nhan thay diéu gi dang xay ra.

Water had accumulated in the rim of this pan and the cover was beginning to hydroplane.
[metal lid skimming freely]

I'm putting water in it now.

[metal lid skimming freely, silently]

You almost don't hear it anymore.



Isn't that amazing? Almost frictionless.
So now the water acts like a lubricant.

And you try it with your pan, it won't work because you need just the right shape and you need
the right edge to be able to lubricate it that way.

There are many experiments that are done and many attempts have been made by people to
reduce friction.

You try, if you can, to avoid contact between two surfaces.
That you can do by putting a lubricant in between.

But even better it would be if you could separate the object completely and only have air in
between because air has much less friction than a liquid.

And that's being done with great success.

People use hovercrafts so they blow air out from below so the craft lifts itself up and now it's no
longer in contact with the water.

It's above the water, so if it moves now all it has to overcome is the air friction and that's it and
that helps tremendously.

You will be seeing in this lecture hall many demonstrations that | will be doing in the future with
what | call an "air track." | will show it to you in a minute.

Itis along...

call it a bar, for now.

The cross-section is a triangular shape and there are holes in here, and we blow air out of that.
And on top of that are devices which have been specially designed to perfectly fit this triangle.
And when you start blowing the air they are lifted up, so they float.

And so now when you give them a little tap they can move almost--

not quite, but almost--

without friction.

Here's one... a lot of friction.

Now I'll turn on the air.

[air whooshing]

Look at the difference.

Isn't that amazing? It's floating on its own air cushion.

And if | turn it off...



[air clicks off]
the moment that the air stops, you will see it stops.

So this is the technique that is often used to do demonstrations if you have to do them with a
minimum of friction.

Of course, you could do experiments in the shuttle very well, where you have, again, only air
around you.

But that's, of course, a very expensive way.

In 26.100, we will use the air track when we start colliding objects and try to see what happens
before and after the collision.

There is another device, which is very intriguing and that also acts on the idea that it lifts itself up
as a result of gas which is flowing out.

In this case, it's a container of carbon dioxide...

with carbon dioxide in here, which is solid and there is a small opening here and this is an
extremely well machined flat surface, very flat.

And the whole thing rests on an extremely flat surface.

Because of the room temperature the carbon dioxide will start to evaporate and will start to flow
out.

And therefore under this thing comes a film a very thin layer of carbon dioxide and now you can
move this around in two dimensions.

You are not stuck, like you are there, to one dimension of going back and forth on what we call
the air track.

But now you can move it around over this whole surface.

And that allows you to do very interesting things as | want to show you next.

First make it dark.

FILM NARRATOR: And we've filled that can with dry ice that is, solid carbon dioxide.

Now, you know solid carbon dioxide is very cold.

This white stuff is just frost that's gathered on the outside of the can.

Now, as the can absorbs heat from the room the carbon dioxide evaporates and turns into a gas.
The gas takes up more room than the solid so it has to go somewhere.

It can't come out the top so it comes out a little hole here in the bottom of the disc.

Now, you can't see it coming out the hole, but if | make a flame | think you can see that there's
gas coming out and blowing the flame.



Now if we put the disc--
with its stream of gas coming out the bottom--
down on our table top which is made of a very smooth piece of plate glass...

We can wait a moment while the gas coming out builds up pressure underneath which it has to
do in order to escape.

By now, the disc is floating on this film of escaping gas.
That film is so thin that I'm sure you can't see it from out there.
| can scarcely see a space between the disc and the glass, myself.

But if you'll come and look over my shoulder | think | can show you that there is a space by
slipping underneath the disc this piece of tinfoil | took off a chewing gum wrapper.

Now, we'll slip the tinfoil between the disc and the plate glass top of the table showing that there
is indeed a space, a thin film of gas between the disc and the glass upon which it's resting.

The purpose of this is simply to reduce the friction to a point where we won't have to worry about
it or measure it in our experiments today.

It's fun to play with this thing--

let me show you.

I'll give it a little push, just a little one.

And there it goes, moving sedately, no sign of slowing up.
Come on back.

Same thing in the other direction.

It takes only a very tiny force to start it in motion.
Let me show you that.

[triumphant Spanish; dance music playing]

[music continues throughout rest of film]

LEWIN: So you see, fleas are good for something.
Have a good weekend.

See you Monday.



