Pictures show a spool with a force F applied to it.
The spool rolls without slipping.

- F
Case A Case B. Case C
(the direction of friction
F depends on the ratio
of the raddi)
Case D Case E

The red arrow shows the direction of the force of friction.



Example

s

Does the sphere on the incline roll up the incline
or down?

1.Up

2. Down é~ Wil

3. It can be both

I. Let’s assume it rolle incline. v ‘/ “

[
show linear velocity of the sphere \) }
show angular velocity of the sphere
2) N
does the sphere accelerate or decelerate?
show angular acceleration

is angular acceleration consistent with the net torque acting on the sphere?









A Race: Sliding and Rolling Down a Ramp

We have a solid sphere and a block of the same
mass.

If we release them from rest at the top of an
incline, and the sphere is rolling with no slipping, and the
block is sliding with no friction; which object will win the
race.

A) The sphere
B) The block

C) Two-way tie



A Race: Sliding and Rolling Down a Ramp

We have a solid sphere and a block of the

I ‘ SAIMC Mass.

If we release them from rest at the top of an
incline, and the sphere 1s rolling with no slipping, and the
block 1s sliding with no friction; which object will win the
race.

B) The block

We can say that the mertia of the sphere 1s grater then
inertia of the block, because the sphere 1s rotation 1n
addition to its translational motion.

“More 1nertia” => longer time!




A Race: Rolling Down a Ramp

We have three objects of the same mass and radius; a solid
disk, a ring, and a solid sphere.

The moments of 1nertia:
Tyig = {1/23mR? Ling = MR” Lypere = {2/53mR”

If we release them from rest at the top of an incline, which
object will win the race (assume no slipping)?

(In the picture the radii are different for a visibility)

0 A) The sphere

i B) The ring

C) The disk
D) Three-way tie




A Race: Rolling Down a Ramp (Sim 1)

We have three objects of the same mass and radius; a solid
disk, a ring, and a solid sphere.

The moments of 1nertia:

[t we release them from rest at the top of an incline, which
object will win the race (assume no slipping).

Time: 1

‘ “More 1nertia” => longer time!

A) The sphere wins (the disk 1s next; the ring comes last)




A Race: Rolling Down a Ramp (solution)

Let's take an object with a mass M and a radius R, and a
moment of inertia of cMR”.

— 2 2 _ 2
Idisk - {ﬁ}mR 109 mR Ispere — {ZLS}I’I’IR
Hence;
Caisk = 1/ 2, Cring =1 Cspere — 2/5

(for the sliding block C = 0; no ration!)

Fn

Let’s solve the same problem by
the means of the Newton’s
second law.




The free-body diagram of the object shows three forces.
Newton’s second law for forces:
>F =ma 1\/3 haytq &

The x-components 1s:

mgsin(0) - fy;=ma (1)
Newton’s second law for rotation is: 21 = la
Let’s chose the axis of ration at the center of the object.
The only force which has the non-zero torque is friction.
fR=Ia (2)
And we can write two more connections:
[=CmR? a=oaR (3)



Combining the equations (1), (2) and (3),

we can solve them for the acceleration and find:

g sin(0)
1 +C

a:

For the motion with a constant acceleration from rest:
S = Wat?

Three objects cover the same distance S, hence the object
with the largest acceleration (i.e. the smallest C) reaches the
end of the distance the first.

Cl = t|

” =

(“smaller inertia” => smaller time!)




Kinetic Energy
When and object is in a translational motion only:

K =% mv’

When and object is in a rotational motion only:

K =% I’

When and object is rolling:

K=%mv + ¥%lon

N

as the result of static
friction acting on the
rolling object!



Conservation of Energy

Ui+Ki+“<nc:Uf+Kf

Includes TWO works from static friction and = 0 (no slipping)!
K=%mv? ifthe object is moving but not rotating.

K=%In> when an object is only spinning.

K =% mv’ + % low” when an object is rolling

K =2 Kaobjeets When there are many objects moving



Let’s write the law of
conservation of mechanical

energy. ~
b
L _—"

SR

v It
L

V=it







Conservation of Energy

translatio- mV;, mV] my;
hal motion 2) = 2) + Wnet = o) + mg(hz - hf) + Wrtrans
rotational Iw; wa wa
motion 5 = 5 +W,, = T + Wfr rot
Wﬁ' rot _Wfr trans (no slipping)
mv;  lw; mV} o}
= + +mgh, = + +mgh,
2 2 2 2




Let’s calculate the final speed of a
rolling object (which is released
from rest).

[ = CmR?




Angular Momentum

A spinning object has angular momentum,
represented by L.

Four fast facts about angular momentum

1. L=Iw

2. Angular momentum is a vector, pointing in the
direction of the angular velocity.

3. If there is no net torque acting on a system, the
system's angular momentum is conserved.

4. A net torque produces a change in angular momentum
that 1s equal to the torque multiplied by the time interval
during which the torque was applied.



Angular Momentum of a point-like object
L= pR = Wm V-R

the axis
(A planet, a bullet) (the origin)
-
[ R/the lever arm of
0 the momentum
s B ® 2 omaom W 1 — — —
the object the velocity
(momentum)

From the right triangle: R =/sm0
[ 18 the distance from the object to the axis A v

L = p-/'smnB =mv-/-sinb



Angular momentum

New variable => new name and new notation.

lo =L angular momentum
General form of _ AL N(l=
Newton's Second Law: At é) (' ©
We can rewrite the law 1s the form: é‘ < L4
1At = AL

T At 1s an angular impulse.



Analogies

Second Law 2~F =ma 1= 1o
Momentum p = mv L=Iwo
Impulse FAt TAL
Second Law FnetAt =Ap TnetAt =AL
Area FAt = Ajnder the graph TAt =Aynder the graph
Conservation Fy,;=0 => p =consttng =0 => L = const




Newton's First Law for Rotation

Newton's first law: an object at rest tends to remain at
rest, and an object that is spinning tends to spin with a
constant angular velocity, unless it is acted on by a
nonzero net torque or there is a change in the way

the object's mass is distributed.

Tnet = 0 => L = const

Linitiat = Lfinal



Figure Skater

A spinning figure skater starts spinning with her

4 arms outstretched. When she moves her arms
close to her body,
& B>
N>
| A) She spins faster.
- B) She spins slower.
C) The angular velocity stays the same.



Figure Skater

A spmning figure skater starts spinning with her arms
outstretched. When she moves her arms close to her body,
her moment of inertia decreases 1|

Conserving angular momentum says:

" - L= L
or
LW >
7> <L L o= Ir o¢
<y == of>o05

A) She spins faster.



A person on the rotating stool




A spinning figure skater starts spinning with her
arms outstretched. When she moves her arms
close to her body.

In this case the kinetic energy of the skater increases.

Kizl/zli (1)12 Kle/zlf(l)fz

K; < K¢

The figure skater does work on her arms and hands as she
brings them closer to her body - that's where the extra
energy comes from.



Disks — ring collision
| —~emm—— A ring 1s falling down on the rotating

turntable (a disk).

What is happening to the turntable?

A) It stops

B) It slows down

C) Nothing 1s happening



Disks — ring collision

o A ring 1s falling down on the rotating
turntable (a disk).

e ——y
I

What 1s happening to the turntable?
B) It slows down
According to the law of conservation of angular momentum
L; =L
Lturntable® tumtable-i = (Lturntable T lring)® turntable-f
For this system: when [T => o
(of course, we can drop just a sticky bal on the turntable,

1t 18 going to be the same situation)



An aging star

A star rotates making 50
revolutions a year.

After millions of years of shining
its diameter becomes 50 times
smaller but the mass still 1s almost the same.

What is a new angular velocity of the star?
A) It 1s the same

B) It spins faster

C) It spins slower



An aging star

A star rotates making 50 revolutions a

year.

After millions of years of shining its
diameter becomes 50 times smaller but
the mass still 1s almost the same.

What is a new angular velocity of the star?
Law of conservation of angular momentum  L;=L;
Lstari® star-i = Lstar-fO star-f
Lytar = Ispere = {2/53mR” m=m; R;>Rg
Lstari > Lstar-t =  Ogtari <= Ogtarf

B) It spins faster



A bullet

A 9 gram bullet flying at the speed of 100 m/s missing a
small target having the shortest distance between the target
and the bullet of 10 cm.

Find the angular momentum of the bullet relative to the
target.

1.0.09kg m2/s
2. 0.9 kgm?/s

3- 9 kg mZ/S -\/—) (the origin)
4. 90 kg mz/S /({(/JR{the lever arm of

the momentum

L= p/smb=mv:/sm=wve® — e

— (momentum)




A bullet

A 9 gram bullet flying at the speed of 100 m/s missing a
small target having the shortest distance between the target
and the bullet of 10 cm.

Find the angular momentum of the bullet relative to the
target.
First, let’s have all the wvarnables
y R converted into the Metric System:
-~ m=0.009kg, R=0.1m, v=100m/s

line of the
momentum

L = p/smB=mv-/-snb =mvR =
= 0.009-100-0.1 = 0.09 kgm?/s

The bullet has this angular momentum at any location!



Jumping on a Merrv-Go-Round

Sarah, with mass m and velocity V, runs toward a
playground merry-go-round, which 1s maitially at rest, and
jumps on at its edge. Sarah and the merry-go-round (mass
M, radius R, and I = c¢cMR?) then spin together with a
constant angular velocity o¢. If Sarah's initial velocity 1s
tangent to the circular merry-go-round, what 1s ©¢?

Sarah. . .







_ mv
cMR + mR

Wf

Numerical example:

C— C——

set'ssay: m=25kg;, v = 4m/s; o= Wo"("'iét
N~

M=50kg; R=2m; c¢="(disk) _

750 + 50

If friction results in angular acceleration a =-0.02 rad/s?, how
much time passes until the disk stops?




_ 100
50 + 50

Wy =1 rad/s

If friction results in angular acceleration a = -0.02 rad/s?, how
much time passes until the disk stops?

How many turns does it make before stops?



Analogies

Variable Straight-line Rotational Connection
motion motion
Displacement X 0 = X/t
Velocity \% ® = vr
Acceleration a o = a/r
Action F T T=r1 F sin®
Inertia m I [=cmr
Second Law >F =ma 1=la
Momentum p=myv L=1o L =rmv sinb
Impulse (IT L) Ap = Fnet At AL = Tne At
Kinetic Energy K =% mv* K="%In"
Work W =F d cosb W =1 AO cosO
Power P=F v cosb P=1 o cosb
Area FAt = Aunder the graph TAt =Aynder the graph
Conservation Frnet =0 => p = const Tnee =0 => L =const




Some tips on solving physics problems

1. Read the problem.
2. Read the problem again, slowly, make a picture when reading, reflect in the
picture all the important pieces of information (objects, locations of the objects,
states of the objects, processes, properties of the objects and processes, instants,
distances, variables)
3. Choose the approach you want to try first:

* Newton’s second law for a translational or rotational motion.

* Law of conservation of energy.

* Law of conservation of linear or angular momentum.
4. Write the general equations for the chosen approach.
5. Write the same equations in terms of the variables specific for the problem
(chose the reference frame, the axis of rotation, use specific notations for
masses, forces, distances, times, velocities, accelerations, angles, etc)
6. Think of additional connections, write additional equations (definitions,
kinematical equations for v = const or a = const, connections between linear and
rotational variables, geometrical connections like sin or cos or tan, etc.)
7. Try to solve the system of your equations, treat all the variables as known.
8. If not succeed, go back to the # 4 and try another approach.
9. If not succeed, go back to # 2 and try a better picture.
10. If not succeed, use office hours, talk to a TF or a professor.




