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Rotation of a
Rigid Body

12.1 Rotational Motion

1. Can the following be reasonably modeled as rigid bodies? Answer Yes or No.

a. A car wheel and tire. Yes.
b. A person. S I\{ o
¢. A yo-yo. o ,y&%.
d. A bowl of Jello. Ne.

2. The following figures show a wheel rolling on a ramp. Determine the signs (+ or —) of the wheel’s
angular velocity and angular acceleration.

3. Aball is rolling back and forth inside a bowl. The figure shows the
ball at extreme left edge of the ball’s motion as it changes direction.

a. At this point, is w positive, negative, or zero?. O
b. At this point, is « positive, negative, or zero? -

4. Point B on a rotating wheel is twice as far from the axle as point A.

a. Is wg equal to %wA, w,, or 2w, ? Explain,

CA)B:: (‘}F\ — C!S
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b. Is vy equal to %VA, V4, OF 2v,? Explain.

Ve = 2V,

V=W where Wg= W, bur Yg = AN
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5. A wheel rolls to the left along a horizontal surface, up a
ramp, then continues along the upper horizontal surface.
Draw graphs for the wheel’s angular velocity w and
angular acceleration « a as a function of time.

et

6. A wheel rolls to the right along the surface shown. Draw
graphs for the wheel’s angular velocity w and angular
acceleration « until the wheel reaches its highest point
on the right side.
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12.2 Rotation about the Center of Mass

7. Is the center of mass of this dumbbell at point 1, 2, or 37 Explain.

Point+ 3. The 3@‘\@:‘@5 are e same

Shze | buy '#Q/\e., Sreel ﬁ?\’\i{% S Moce.
C\%s& OJ\c) EN Luxs Qjﬁ%m‘\”ef oS h,

8. Mark the center of mass of this object with an X.
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12.3 Rotational Energy

12.4 Calculating Moment of Inertia

9. The figure shows four equal-mass bars rotating about their center. Rank in order, from largest to
smallest, their rotational kinetic energies K, to K,,.
w(,/3\

AN 20\

TE &

1 2 3 \ 4

Order: K Kg > K > Kz
Explanatlon

K= ‘;Z‘ILQZ" where I”“"LML here so K"{éjwz“
2, 2 N _ z 2
Ky Lo O %‘&L>W”“Kg éKs‘(%n>(Z%\§\f<s

4

Ky (2L)* (Ke) = L,

10. Two solid spheres have the same mass. Sphere B has twice the rotational kinetic energy of sphere A.

2L,

a. What is the ratlo RB/R A of thelr radu‘?

is\n«ce, K: ';:lw 0_\,\,} IQ(MQ wel\\om‘éi, KO( Rz

Sc Q\S —
R TN, T2

b. Would your answer change if both spheres were hollow? Explain.

No. Pts, Eev\qi os ﬁﬁi&\ Soheces ore the Sema
type (Ley b btk Wollow o laoth =t ) the prefackors

T am c.Q_,&
c. Would your answer change if A were sohd and B were hollow? Explain.

Yes,. I, :wmt@m b:ﬁ;I *:*:*mQ%

seolid \m&\m

7;;,, Pmﬁm boeg Ao nob C Oume gj .

11. Which has more kinetic energy: a particle of mass M rotating with angular velocity w in a circle of
radlus R ora sphere of mass M and radlus R spmmng at angular velocity ? Explain.

"mc& “P\«ew &.@v‘*@"sé‘\,&, has a. \c\vaw berma st Qg etk (s
L\&s MO k\\xe:’r-\c GRS \ ( R 2.
- — 4 (£ L
particle (m ) ( 3 Sphere; hollouw
- 2 -
TC e ‘SF\“QS“Q” REN :’m\zsj) r*e,%,\a.u. = WHA\ :g:-
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12. The moment of inertia of a uniform rod about an axis through its center is 7 ML2. The moment of
inertia about an axis at one end is %MLZ. Explain why the moment of inertia is larger about the end than

about the center.

77:@,~ r’"&.i\g%“Mg_ﬁw +s _S""‘Mﬁﬁj w'fw'{“%e;, \SP“;Q QC a. vf’aiil FEs 5(“@-&&/”%“3‘”
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“t
’%’{,&w -%’{\Q ("‘ZDQI N{%“Lh w‘}ﬂt‘\e Q%Z{e‘:% %é‘ig@a;vgsi,\ ‘[“}‘%} {;’?AA“;@Q

13. You have two steel spheres. Sphere 2 has three times the radius of sphere 1. By what factor does the
moment of inertia I, of sphere 2 exceed the moment of inertia /, of sphere 1?7

T, e, ()R e
S M,i,ngz ~ F$‘(?KRA~R2~ K, (3{2

T, Zm g - 3 o TT S T L= 243
Fr kT LRI TR OR

L, =2437T,

14. The professor hands you two spheres. They have the same mass, the same radius, and the same exterior
surface. The professor claims that one is a solid sphere and that the other is hollow. Can you determine

Wthh is whichwv'vitvhout gutting them opep? IflsAo,“h/ow‘? If not, why not?

T+ will be ecasier 4o stertd Hho rodadian eC Ahe 60‘?5)
Sphere because the hellow Séﬂxw% Mass s jen@rmf‘\f
cliete EUJQ’QQ) Lorther &Wmf m Tts ceptes The solid 5.'0\«%.:@:
will roll down an “wedine ot a st rate .

15. Rank in order, from largest to smallest, the moments of inertia I, I,, and /; about the midpoint of

the rod.
(:)__ R ( > R -
] ) \
Order: ) :ij :72 - IL Assm, Maeslece ﬁ@@‘,
Explanation: ) \‘
> > Accume o tadron otg C}
T = 2 m /.-@.) = MR 1S F‘%f}a&::}?c:wtw 40 rect .
o = =z
- ; = -
T = Zm (_.@.) -+ m (&> — ZmR
2 7 7)) =
&
T &= M g2 m 2 .
s~ 2 R7+ 2R =mR
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12.5 Torque

16. Five forces are applied to a door. For each, F, + F
determine if the torque about the hinge is S Ty=
positive (+), negative (—), or zero (0). F

17. Six forces, each of magnitude either F or 2F, are applied T 4F
to a door. Rank in order, from largest to smallest, the six

torques T, to 74 about the hinge. Lt LA Lig LB .
Ordor: e > e e o
E r% ’T!i Tz,>7§“fhf>¢; 4 7o
xplanation: b N F
(‘Fg::é‘. 2?) T;:‘;“ Eé;} Fg\hu‘s’”é’ T3 T3
T ~ :
! > (?j\} T‘q - _5_1___ F et LSE T,| 2F 2F |14
T
4 -
2 zf: — )
4 (2%) T, = LFga0=0

18. A bicycle is at rest on a smooth surface. A force is applied to the
bottom pedal as shown. Does the bicycle roll forward (to the right),

backward (to the left), or not at all? Explain.

The. Eicya.b_ will not roll at all.
mué, +he. e:,ff\c:im exerts a *f’ar we. on ’Hwe, reas
W;\ﬁ%{ Fhot will cobate 1 C,,oz:écwiﬁeaw (/as VU4 move
+he. h?ggfd& ‘éﬁwwdfl +he [:Ic,\)clg, dees not move
'F;‘“We:wc/ Eamma "t“’)\e N.Sur%iég_ 1< Sreooth.
‘77; ‘7“”{#& hmﬁjs +o pugj\ &j&}ms% "Hj\e, mmé;@gﬂ
dnd the surdece /’)u;h bacle an +he %wew
+o move “H\ew i:sﬁ}e:.#.rfizﬂ é*‘“w/wﬁ} (/"5'1.: %ﬁw rgﬁ ﬁﬁe«}
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19. Four forces are applied to a rod that can pivot on an axle. /

For each force, (P j——

a. Use a black pen or pencil to draw the line of action.

b. Use a red pen or pencil to draw and label the moment
arm, or state that d = 0.

c. Determine if the torque about the axle is positive (+),
negative (—) or zero (0). Write your answer in the
blank.

. Draw a force vector at A whose torque about the axle is negative.
. Draw a force vector at B whose torque about the axle is zero.
c. Draw a force vector at C whose torque about the axle is positive.

20.

o e

Axle |@®

L]
C

21. The dumbbells below are all the same size, and the forces all have the same magnitude. Rank in order,
from largest to smallest, the torques 7, 7,, and 73 about the midpoint of the rod.

8 .
7

1 2 3

' Order: Ty > ‘”T"; -

- \ g
Explanation: .~
: DAMME. Mo meat arfvwag

Netr +orgue 'TJ\ o 2% < 90 ° = 7%

Net ¥orgue T, o 2F sin (40-¢) < 2F

™o

2
A - — [ o0 R
MQ% k:cwr(:;u-': ‘¥3 A 2 e (9074 & ) < J)F

‘x : wd ST ( Plo - q‘; } = Rl < 9 Dﬂ+ (/5 }
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12.6 Rotational Dynamics

22. A student gives a quick push to a ball at the end of a massless, rigid rod, privot
causing the ball to rotate clockwise in a horizontal circle. The rod’s pivot R
is frictionless.

a. As the student is pushing, is the torque about the pivot positive,
negative, or zero?

Pusy

Top View

i
i

Megative

b. After the push has ended, does the ball’s angular velocity
1. Steadily increase?

ii. Increase for awhile, then hold steady?

iii. Hold steady? |

iv. Decrease for awhile, then hold steady?

v. Steadily decrease?
Explain the reason for your choice

&
£
i

SE\V*% h{fx‘\k \"’Q%@ L ‘%{x’ QX‘QM %% [aX S iif“tz?zé é‘w&.‘%é’ﬁ
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a»x.g shew 1S Peg o, cw\cl YN0 Qmﬁuﬁ‘%amx L NEA QM sdon OCCwT L,

4

e

c. Right after the push has ended, is the torque positive, negative, or zero? 2Ry D,

23. a. Rank in order, from largest to smallest, the torques 7, to 7, about the center of the wheel.

4 .
2F,

e ’T'Zi >’T - T:g . 'T‘\‘ e
Explanation: ' . e —
XP T=rCFsi® =rFsinido =vrF

= (2,)(2R) o (27), m=(2 Yo, meaf

b Rank in order, from largest to smallest, the angular accelerations o to a,.

S (CQ &}AQV& @-a«ﬁi\ 'T" ek “%Cf“fzu,a& iveta @gf&s&i one j‘wm.

— ] o o
o e & p i Sunce ol
A — 1' @( = @z == **é"ng% Uhee T =mR™ on {':M o
o, = e L 2GF w o 2 fe , & = e by
) Ry T e -, g i Do rcs [T
> .&f%»‘% ?“ b ™ (Zr‘\ |




12-8 cuaprER 12 * Rotation of a Rigid Body

24. The top graph shows the torque on a rotating wheel as a 7 (Nm)
function of time. The wheel’s moment of inertia is 20—
10 kgm?®. Draw graphs of a-versus-f and w-versus-f, ] :
assuming w, = 0. Provide units and appropriate scales 0 ! T v — ()
on the vertical axes. i
-20 1
> TRan o £,
T ™ T, = 2
ret ¥ T _
@ T T T T 1(s)
Lo = W, + oAt i 2 4 6 8
-2
l"aJ
w (=)
L‘ ] k\
o T T T +—1(8)
i 2 4 6 8
- Li 4

25. The wheel turns on a frictionless axle. A string wrapped around the smaller
diameter shaft is tied to a block. The block is released at = 0 s and hits the

ground at f =1,.
a. Draw a graph of w-versus-¢ for the wheel, starting at # = 0 s and continuing to
some time 7 > t;.

w

T H
0 I8

b. Is the magnitude of the block’s downward acceleration greater than g, less than g, or equal to g?
Explain.

Tension tn +Hhe ro pe s nercded Ho create a torgue
+Hhet 31\;*&3 Cu\ju_i&r* o-ccelecation 4o Hhe Shale ond
Wi\%i Tew la’oci(fs down V\)‘Sf‘c) &»Ci’é’iwffm%xﬁﬁ I Q%i
Hn o ﬁ Since Hhe o pes Hension 18 hot Beso.

H
H
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12.7 Rotation about a Fixed Axis

26.

27.

A square plate can rotate about an axle through its center. P
Four forces of equal magnitude are applied, one at a time, to /
different points on the plate. The forces turn as the plate rotates, -
maintaining the same orientation with respect to the plate. Rank Fy

in order, from largest to smallest, the angular accelerations / . /

a; to a4 caused by the four forces. Axle

Order:vz%jxeég;)b(}.:c(‘ 5

Explanation:

Bo%\,\ .;L Okv%c] ﬁ ok &i@;\q A
h\r‘\e, 'ﬁ'\mu\ \,\ “%“ﬁﬁi gﬁ:k}éjc; 5\;;@3 o ‘Mfswe&w&' = NN

e

” Y ~
{ %:i — 5{ 2 =0 ;:f . F: &’\a <, ‘H\e: Sﬁwm%eg% Wowmapk OIS,

f 3

A solid cylinder and a cylindrical shell have the same mass,
same radius, and turn on frictionless, horizontal axles. (The
cylindrical shell has light-weight spokes connecting the shell
to the axle.) A rope is wrapped around each cylinder and
tied to a block. The blocks have the same mass and are held
the same height above the ground. Both blocks are released
simultaneously. The ropes do not slip.

Which block hits the ground first? Or is it a tie? Explain.
I'he LB}ML atraclies o Fhe <ol C‘j{z* o hitg fr$§“'
Roth « Vi hnckrs ex perieace He seme unhalonced o e
é wd m%{\ e <o {HJ C&/lf&aj@f ‘\ag < M(/%f“’ TS = ﬁf
Tnerfia So h;"“ k«a& ;@gg recistonce +o i’kﬁff&i‘gw

aee Qe adian ( of = —...'I‘.?:?:.@ .
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28. A metal bar of mass M and length L can rotate in a horizontal

P55 plane about a vertical, frictionless axle through its center.

12T hollow channel down the bar allows compressed air (fed
in at the axle) to spray out of two small holes at the ends of
the bar, as shown. The bar is found to speed up to angular
velocity w in a time interval At, starting from rest. What
force does each escaping jet of air exert on the bar?

a. On the figure, draw vectors to show the forces exerted on
the bar. Then label the moment arms of each force.
b. The forces in your drawing exert a torque about the axles.
Write an expression for each torque, and then add them to get
the net torque. Your expression should be in terms of the unknown force F and “known” quantities

such asM, L, g, etc.
Ner 7 = F.(é‘—’-\-f F(%) - L

BQ%\ e r'? Wwe s j\v& Cowpter ai;e clewi g tota i S,

..L,le

c. What is the moment of inertia of this bar about the axle? e

d. According to Newton’s second law, the torque causes the bar to undergo an angular acceleration.
Use your results from parts b and ¢ to write an expression for the angular acceleration. Simplify the

expression as much as possible.

N
Net 7= T o of = —teb ":L“z - \2F
A1 ‘,‘;W\L ™

e. You can now use rotational kinematics to write an expression for the bar’s angular velocity after time
At has elapsed. Do so.

W= Lo, + At = < At = AZE 44

¥

f. Finally, solve your equation in part e for the unknown force.

m L w ot
12 At

This is now a result you could use with experimental measurements to determine the size of the
force exerted by the gas.

© 2017 Pearson Education.
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12.8 Static Equilibrium

29. A uniform rod pivots about a frictionless, horizontal
axle through its center. It is placed on a stand,
held motionless in the position shown, then gently
released. On the right side of the figure, draw the
final, equilibrium position of the rod. Explain your
reasoning.

ika}, (‘*gcf! ~eraind ok e 4

and Aoe% nok rotalbe Since. %“@ i< o Qﬁi}@lmuﬁf
“é‘@f“? ue. acking on the rod. The ~od's W@/Ejﬁ% acke
ot %{}’\Q Center G{: < ‘““»"k%f:*i“;! ““f&{ ?:)«j whick i aleo the
{Ewszs% so “Hhe Mowmest oret -Cot Wase Qjm% e Bern.

30. The dumbbell has masses m and 2m. Force fl acts on
mass m in the direction shown. Is there a force F, that 2m _ S
can act on mass 2m such that the dumbbell moves with F
pure translational motion, without any rotation? If so, <
draw F,, making sure that its length shows the
magnitude of F), relative to F. If not, explain why not. F

A‘& C\Fawv\} F;:“ ZF:, T\r:-e Contas og wass ag' “%gxm
dumbell o »:f; of the Wa-y Lo w40 2w, ’T’:\\s ?ve,s

—h

o Movirent arm "‘CQ*‘” F:E 'H\M Yo Fwicee “Hﬂau(‘“ o'{“ F;j
‘}Li\a} RENS Cj; = 2::’2 The Jm‘:”zuseg \sa.,\amu;

ok A - d\F Heow.
ﬁ“;,z(%.)(zﬁ\) 7.

31. Forces F , and F , have the same magnitude and are applied
to the corners of a square plate. Is there a single force F’; that,
if applied to the appropriate point on the plate, will cause the
plate to be in total equilibrium? If so, draw it, making sure it
has the right position, orientation, and length. If not, explain

why not.
T ——
f:\s clrmww) %4&"? e (Q}—tﬁ; } so the

; -Car%g cum o Zo. Leb o= ,Qemt}**\\

of Ha side L e Guven Squsre PE&,&)

‘\q'\m nokie Fhe +orzm%s »Swm 4o  2eco too.
F; =z F where T =F =7

Seg s mo(g)lEner Yew
snd T+ =(2) Fa(2)F = oF N ¢.cw.
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12.9 Rolling Motion

32. A wheel is rolling along a horizontal surface with the
center-of-mass velocity shown. Draw the velocity vector ¥
at points 1 to 4 on the rim of the wheel.

No by o
éa:j‘ ‘ = ‘vff E
v =1V
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12.10 The Vector Description of Rotational Motion

12.11 Angular Momentum

33. For each vector pair A and B shown below, determine if 4 x B points into the page, out of the page, or
is zero.

/| ///

AXB 1o ?03@ AXB C)u-%—a%?eq@: A><B @u‘%‘aCFoje,, A><B

34. Each figure below shows A and A x B. Determine if Bisin the plane of the page or perpendicular to
the page. If Bisin the plane of the page, draw it. If Bis perpendicular to the page, state whether B

points into the page or out of the page.

g\/ . IAXB i faxi
3

m—§~o )&6}4&. § & uk ci M{)O-—jé“, § Take Pcﬁ%

35. Draw the angular velocity vector on each of the rotating wheels.

a.

36. The figures below show a force acting on a particle. For each, draw the torque vector for the torque

about the origin.
* Place the tail of the torque vector at the origin.
* Draw the vector large and straight (use a ruler!) so that its direction is clear. Use dotted lines from

the tip of the vector to the axes to show the plane in which the vector lies.

a. b. z c. z
z . s
F T
_______ i /// ”/ ‘
. H
i 7
| |
T i
1 , F
1 y ' h¢
iy - = c -
— T e Fo :
T g :
x7TTTTTTTT x
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37. The figures below show a particle with velocity V. For each, draw the angular momentum vector L for
the angular momentum relative to the origin. Place the tail of the angular momentum vector at the origin.

a. < b.

&
¢
¥
1/
o
\
\
Is

2y,
i
Yo Yo Y,
m, m, my 3m,

i Order: L3>LL£ ‘>le Lg

‘JI\\
L 3
t'-

Explanation:
t Y
peed X -
Ly=Zom,N

39. Disks 1 and 2 have equal mass. Is the angular
momentum of disk 2 larger than, smaller than,
or equal to the angular momentum of disk 1?
Explain.

L, > Ly (lager 4har )
Lﬁ+m:mg$ML- L:waz

| 2 i i
L ="2_'f"’~(2ﬂ)2‘(—‘£¢&‘ = quwf“—“-f ZLg
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