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CIRCU
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R M
O

TIO
N

Centripetal force keeps an 
object in circular m

otion.

W
hy D

o O
b

jects M
ove in C

ircles?
1.

Roll a m
arble around the rim

 of a paper plate.
2.

U
sing a pair of scissors, cut a 90º w

edge-
shaped piece from

 the plate.
3.

Roll the m
arble around the rim

 of the m
odi-

fied plate.

A
nalyze and

 C
onclud

e
1.

O
bserving

 D
escribe the m

otion of the m
arble 

before and after a section of the plate w
as 

rem
oved.

2.
Predicting   W

hat could you do to keep the 
m

arble m
oving in a circle?

3.
M

aking G
eneralizations

 W
hat is required to 

keep any object m
oving in a circle?

d
isco

ve
r!

TH
E B

IG
ID

EA

........

10W
hich m

oves faster on a m
erry-g

o-
round

, a horse near the outsid
e 

rail or one near the insid
e rail? 

If you sw
ing

 a tin can at the end
 of a 

string
 in a circle over your head

 and
 the 

string
 b

reaks, d
oes the can fly d

irectly 
outw

ard
, or d

oes it continue its m
otion 

w
ithout chang

ing
 its d

irection? W
hile a 

ham
ster rotates its cag

e ab
out an axis, 

d
oes the ham

ster rotate or d
oes it revolve 

ab
out the sam

e axis? These q
uestions ind

i-
cate the flavor of this chap

ter. W
e b

eg
in b

y 
d

iscussing
 

the 
d

ifference 
b

etw
een 

rotation 
and

 revolution.
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U
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M
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O
b

jectives
•   D

escribe the tw
o types of 

circular m
otion. (10.1)

•  D
escribe the relationship 

am
ong tangential speed, 

rotational speed, and radial 
distance. (10.2)

•  D
escribe the factors that affect 

the centripetal force acting on 
an object. (10.3)

•  Explain the “centrifugal-force 
effect.” (10.4)

•  Explain w
hy centrifugal force 

is not considered a true force. 
(10.5)

This chapter entirely om
its the 

“right hand rule,” where fingers 
of the right hand represent 
the m

otion of a rotating body 
and the thum

b represents the 
positive vector of m

otion. Please 
spare undue em

phasis on this 
m

aterial, which your students 
can get into in a later course.

d
isco

ver!
M

A
TER

IA
LS m

arble, paper 
plate, scissors

EX
PEC

TED O
U

TC
O

M
E Students 

w
ill observe that the m

arble 
m

oves in a circular path along 
the rim

 of the plate.

A
N

A
LY

ZE A
N

D C
O

N
C

LU
D

E

 See Expected O
utcom

e. 
The m

arble m
oves off in a 

straight line w
here the rim

 
is not present.
 A

pply a series of inw
ard 

pushes on the m
arble.

 A
n inw

ard directed force is 
necessary to keep an object 
m

oving in a circle.

1.2.3.
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10.1 R
otation and R

evolution
B

oth the Ferris w
heel show

n in Figure 10.1 and an ice skater doing 
a pirouette turn around an axis. A

n  axis  is the straight line around 
w

hich rotation takes place. 

You rotate about an 
internal axis w

hen 
you spin. You revolve 
around an external axis 
w

hen you circle about 
that axis.

Tw
o types of circular m

otion are rotation and revolution.
W

hen an object turns about an internal axis—
that is, an axis located 

w
ithin the body of the object—

the m
otion is called  rotation,  or 

spin. B
oth the Ferris w

heel and the skater rotate. W
hen an object 

turns about an external axis, the m
otion is called  revolution. 

A
lthough the Ferris w

heel rotates, the riders revolve about its axis.
Earth undergoes both types of rotational m

otion. It revolves 
around the sun once every 365

14  days, 10.1.1 and it rotates around an 
axis passing through its geographical poles once every 24 hours. 10.1.2

CO
N

CEP
T

CH
ECK

......W
hat are tw

o typ
es of circular m

otion?

10.2 R
otational Speed

W
e began this chapter by asking w

hich m
oves faster on a m

erry-
go-round, a horse near the outside rail or one near the inside rail. 
Sim

ilarly, w
hich part of a turntable m

oves faster? O
n the pre-C

D
 

record player show
n in Figure 10.2, w

hich part of the record m
oves 

faster under the stylus—
the outer part w

here the ladybug sits or a 
part near the orange center? If you ask people these questions you’ll 
probably get m

ore than one answ
er, because som

e people w
ill think 

about linear speed w
hile others w

ill think about rotational speed.

!
 FIG

U
RE 10.1

The Ferris w
heel turns 

about an axis.FIG
U

RE 10.2 "
The turntable rotates

around 
its axis w

hile a ladybug sit-
ting at its edge revolves
around the sam

e axis.
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10.1  Rotation and 
Revolution

K
ey Term

s
axis, rotation, revolution 

#
 Teach

in
g

 Tip
 D

istinguish 
betw

een a rotation (spin about 
an axis located w

ithin a body) 
and a revolution (m

ovem
ent 

around an axis outside the body). 
A

 w
heel rotates; its rim

 revolves. 
D

escribe the case of a satellite 
spinning (rotating) w

hile it orbits 
Earth (revolving). 

 A
sk D

oes a tossed football 
rotate or revolve? It rotates. 
D

oes a ball w
hirled overhead 

at the end of a string rotate or 
revolve? It revolves about you.

 
Tw

o types of circular 
m

otion are rotation 
and revolution.

T
e

a
c

h
in

g
 R

e
s

o
u

rc
e

s

• PresentationEX
PRESS

• Interactive Textbook
• Conceptual Physics A

live! 
D

V
D

s Rotation

10.2  Rotational 
Speed

K
ey Term

s
linear speed, tangential speed, 
rotational speed

C
o

m
m

o
n

 M
isco

n
cep

tio
n

s
 Linear speed and rotational speed 
are the sam

e.

 FA
C

T Linear speed is the distance 
m

oved per unit of tim
e w

hile 
rotational speed is the num

ber of 
rotations per unit of tim

e.
The linear speed on a rotating 
surface is the sam

e at all radial 
distances.

 FA
C

T Linear speed varies w
ith 

the distance from
 the axis of 

rotation.

CO
N

CEP
T

CH
ECK

......

CO
N

CEP
T

CH
ECK

......
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Types of Speed   Linear speed,  w
hich w

e sim
ply called speed in 

C
hapter 4, is the distance traveled per unit of tim

e. A
 point on the 

outer edge of a m
erry-go-round or turntable travels a greater dis-

tance in one com
plete rotation than a point near the center. So the 

linear speed is greater on the outer edge of a rotating object than it 
is closer to the axis. T

he speed of som
ething m

oving along a circular 
path can be called  tangential speed  because the direction of m

otion 
is alw

ays tangent to the circle. For circular m
otion, w

e can use the 
term

s linear speed and tangential speed interchangeably.
 R

otational speed  (som
etim

es called angular speed) is the num
-

ber of rotations per unit of tim
e. A

ll parts of the rigid m
erry-go-

round and the turntable rotate about their axis in the sam
e am

ount 
of tim

e. T
hus, all parts have the sam

e rate of rotation, or the sam
e 

num
ber of rotations per unit of tim

e. It is com
m

on to express rota-
tional speed in revolutions per m

inute (R
PM

). 10.2.1 For exam
ple, pho-

nograph turntables that w
ere com

m
on in the past rotate at 33

13  R
PM

. 
A

 ladybug sitting anyw
here on the surface of the turntable in Figure 

10.3 revolves at 33
13  R

PM
.

A
t an am

usem
ent park, 

you and a friend sit on a 
large rotating disk. You sit 
at the edge and have a 
rotational speed of 4 RPM

 
and a linear speed of 
6 m

/s. Your friend sits 
halfw

ay to the center. 
W

hat is her rotational 
speed? W

hat is her linear 
speed?
Answ

er: 10.2.1

th
in

k
!

W
e use the sym

bol 
~ to m

ean directly
proportional.

Tangential and Rotational Speed  Tangential speed and rota-
tional speed are related. H

ave you ever ridden on a giant rotating 
platform

 in an am
usem

ent park? T
he faster it turns, the faster your 

tangential speed is. Tangential speed is directly proportional to the 
rotational speed and the radial distance from

 the axis of rotation. So 
w

e state
10.2.2

Tangential speed
�

radial distance
�

rotational speed

In sym
bol form

,
 

  
 

v
�

r/
w

here v is tangential speed and /
 (pronounced oh M

AY guh) is rota-
tional speed. You m

ove faster if the rate of rotation increases (bigger 
/

). You also m
ove faster if you are farther from

 the axis (bigger r).

FIG
U

RE 10.3 !
A

ll parts of the turntable 
rotate at the sam

e rota-
tional speed. a. A

 point 
farther aw

ay from
 the 

center travels a longer 
path in the sam

e tim
e 

and therefore has a 
greater tangential speed. 
b. A

 ladybug sitting 
tw

ice as far from
 the cen-

ter m
oves tw

ice as fast.
a

b
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!
 Teach

in
g

 Tip
 D

istinguish 
betw

een rotational speed and 
linear speed by describing the 
exam

ples of riding at different 
radial positions on a m

erry-go-
round. W

hen the linear speed 
is tangent to a curved path, w

e 
speak of tangential speed.

!
 Teach

in
g

 Tip
 Com

pare 
the speeds of the coins to the 
speeds of different parts of an 
old phonograph record beneath 
the stylus. Linear velocity 
that is perpendicular to the 
radial direction is the sam

e as 
tangential velocity (v 5

 rv
). G

ive 
exam

ples such as being able to 
see detail on the hub cap of a 
m

oving car w
hile not seeing 

sim
ilar detail on the tire.

 A
sk If a m

eter stick 
supported at the 0-cm

 m
ark 

sw
ings like a pendulum

 from
 

your fingers, how
 fast at any 

given m
om

ent is the 100-cm
 

m
ark m

oving com
pared to the 

50-cm
 m

ark? The 100-cm
 m

ark 
is tw

ice as far from
 the center of 

rotation as the 50-cm
 m

ark and 
thus has tw

ice the linear speed.

Place tw
o coins on the top of a 

turntable, one near the center 
and the other near the edge. 
Rotate the turntable and 
show

 that the outer coin has 
a greater linear speed. Explain 
that both coins have the 
sam

e rotational speed—
they 

undergo the sam
e num

ber of 
revolutions per second. (O

r, 
stick tw

o pieces of clay to the 
turntable, one near the center 
and one near the edge. Place 
pencils upright in the clay and 
let the turntable rotate. The 
different tangential speeds 
w

ill be evident.)

D
e
m

o
n

stra
tio

n
D

e
m

o
n

stra
tio

n

Place tw
o coins on the top of a 

turntable, one near the center 
and the other near the edge. 
Rotate the turntable and 
show

 that the outer coin has 
a greater linear speed. Explain 
that both coins have the 
sam

e rotational speed—
they 

undergo the sam
e num

ber of 
revolutions per second. (O

r, 
stick tw

o pieces of clay to the 
turntable, one near the center 
and one near the edge. Place 
pencils upright in the clay and 
let the turntable rotate. The 
different tangential speeds 
w

ill be evident.)

D
e
m

o
n

stra
tio

n
D

e
m

o
n

stra
tio

n
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A
t the axis of the rotating platform

, you have no tangential speed, 
but you do have rotational speed. You rotate in one place. A

s you 
m

ove aw
ay from

 the center, your tangential speed increases w
hile 

your rotational speed stays the sam
e. M

ove out tw
ice as far from

 the 
center, and you have tw

ice the tangential speed. T
his is true for the 

ladybugs in Figure 10.3. M
ove out three tim

es as far, and you have 
three tim

es as m
uch tangential speed.

To sum
m

arize: In any rigidly rotating system
, all parts have the 

sam
e rotational speed. H

ow
ever, the linear or tangential speed can 

vary. 
Tangential speed depends on rotational speed and the dis-

tance from
 the axis of rotation.

Railroad Train W
heels  W

hy does a m
oving freight train stay on 

the tracks? M
ost people assum

e that flanges at the edge of the w
heel 

prevent the w
heels from

 rolling off the tracks. H
ow

ever, these flanges 
are only in use in em

ergency situations or w
hen they follow

 slots 
that sw

itch the train from
 one set of tracks to another. So how

 do the 
w

heels of a train stay on the tracks? T
hey stay on the tracks because 

their rim
s are slightly tapered. 

A
 curved path occurs w

hen a tapered cup rolls, as show
n in 

Figure 10.4. T
he w

ider part of the cup travels a greater distance per 
revolution. A

s illustrated in Figure 10.5, if you fasten a pair of cups 
together at their w

ide ends and roll the pair along a pair of parallel 
tracks, the cups w

ill rem
ain on the track and center them

selves w
hen-

ever they roll off center. T
his occurs because w

hen the pair rolls to 
the left of center, for exam

ple, the w
ider part of the left cup rides on 

the left track w
hile the narrow

 part of the right cup rides on the right 
track. T

his steers the pair tow
ard the center. If it “overshoots” tow

ard 
the right, the process repeats, this tim

e tow
ard the left, as the w

heels 
tend to center them

selves.

H
ow

 D
oes Linear Sp

eed
 D

ep
end

 
on R

ad
ius?

1.
Roll a cylindrical can across a table. 
N

ote the path the rolling can takes.
2.

N
ow

 roll an ordinary tapered drinking 
cup on the table. D

oes the cup roll 
straight or does it curve? 

3.
D

oes the w
ide end of the cup cover 

m
ore distance as it rotates?

4.
Think

 Is the linear speed of the w
ide end of the tapered cup 

greater than the linear speed of the narrow
 end?

d
isco

ve
r!

FIG
U

RE 10.5 !
A

 pair of cups fastened 
together w

ill stay on the 
tracks as they roll. 

FIG
U

RE 10.4 !
A

 tapered cup rolls in a 
curve because the w

ide part 
of the cup rolls faster than 
the narrow

 part.
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d
isco

ver!
M

A
TER

IA
LS cylindrical can

EX
PEC

TED O
U

TC
O

M
E The 

tapered cup w
ill follow

 a 
curved path as it rolls. 

TH
IN

K The w
ide end of the 

cup covers m
ore distance as 

it rotates so its linear speed is 
greater. Linear speed depends 
on radius. 

Y
ou can sim

ulate the action 
of railroad w

heels on tracks 
w

ith a pair of foam
 cups. Tape 

them
 together at their w

ide 
ends. Roll them

 along a pair 
of parallel m

eter sticks, or 
ideally along a curved track.  
Y

ou can also connect a pair 
of tapered rubber stoppers 
w

ith a dow
el or glass tube. 

Interest is perked w
ith such a 

dem
onstration!

D
e
m

o
n

stra
tio

n
D

e
m

o
n

stra
tio

n

The Discover! activity on 
this page nicely leads into a 
fascinating concept—

how the 
tapered wheels of railroad 
cars keep a train on the track. 
This is the m

ost interesting 
consequence of v 5

 rv that I 
know of, and students find the 
concept fascinating!
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174 Train w
heels ride on a pair 

of tracks. For straight-
line m

otion, both tracks 
are the sam

e length. But 
w

hich track is longer for 
a curve, the one on the 
outside or the one on the 
inside of the curve?
Answ

er: 10.2.2

th
in

k
!

T
he w

heels of railroad trains are sim
ilarly tapered, as show

n in 
Figure 10.6. T

his tapered shape is essential on the curves of railroad 
tracks. O

n any curve, the distance along the outer part is longer than 
the distance along the inner part, as illustrated in Figure 10.3a. So 
w

henever a vehicle follow
s a curve, its outer w

heels travel faster than 
its inner w

heels. For an autom
obile, this is no problem

 because the 
w

heels roll independent of each other. For a train, how
ever, pairs of 

w
heels are firm

ly connected like the pair of fastened cups, so they 
rotate together. O

pposite w
heels have the sam

e R
PM

 at any tim
e. B

ut 
due to the slightly tapered rim

 of the w
heel, w

hen a train rounds a 
curve, w

heels on the outer track ride on the w
ider part of the tapered 

rim
s (and cover a greater distance in the sam

e tim
e) w

hile opposite 
w

heels ride on their narrow
er parts (covering a sm

aller distance in 
the sam

e tim
e). T

his is illustrated in Figure 10.7. In this w
ay, the 

w
heels have different linear speeds for the sam

e rotational speed. T
his 

is
v

�
r/

 in action! C
an you see that if the w

heels w
ere not tapered, 

scraping w
ould occur and the w

heels w
ould squeal w

hen a train 
rounded a curve on the tracks?

CO
N

CEP
T

CH
ECK

......W
hat is the relationship

 am
ong

 tang
ential sp

eed
, 

rotational sp
eed

, and
 rad

ial d
istance?

FIG
U

RE 10.7 !
W

hen a train rounds a curve, the w
heels have differ-

ent linear speeds for the sam
e rotational speed.

FIG
U

RE 10.6 "
The tapered shape of railroad train w

heels 
(show

n exaggerated here) is essential on 
the curves of railroad tracks.
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#
 Teach

in
g

 Tip
 Tell students 

that a m
oving train som

etim
es 

sw
ays side-to-side as it rolls 

along the track. These are the 
corrective m

otions that keep it 
on the track.

 
Tangential speed 
depends on 

rotational speed and the distance 
from

 the axis of rotation.

T
e

a
c

h
in

g
 R

e
s

o
u

rc
e

s

•  Reading and Study 
W

orkbook 
• Laboratory M

anual 34
• PresentationEX

PRESS
• Interactive Textbook
• N

ext-Tim
e Q

uestion 10-1

C
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N
C
EP

T
CH
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C
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C
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T
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10.3 C
entripetal Force

Velocity involves both speed and direction. W
hen an object m

oves in a 
circle, even at constant speed, the object still undergoes an acceleration 
because its direction is changing. T

his change in direction is due to a 
net force (otherw

ise the object w
ould continue to go in a straight line).

A
ny object m

oving in a circle undergoes an acceleration that is 
directed to the center of the circle—

a centripetal acceleration. 10.3.1

C
entripetal m

eans “tow
ard the center.” C

orrespondingly, the force 
directed tow

ard a fixed center that causes an object to follow
 a cir-

cular path is called a  centripetal force.  T
he force you feel from

 the 
w

all w
hile on a rotating carnival centrifuge is a centripetal force. It 

forces you into a circular path. If it ceased to act, you’d m
ove in a 

straight line, in accord w
ith the law

 of inertia.

Ex
am

ples of Centripetal Forces
If you w

hirl a tin can on the 
end of a string, as show

n in Figure 10.8, you find you m
ust keep pull-

ing on the string—
exerting a centripetal force. T

he string transm
its 

the centripetal force, pulling the can from
 a straight-line path into a 

circular path. C
entripetal forces can be exerted in a variety of w

ays. T
he 

“string” that holds the m
oon on its alm

ost circular path, for exam
ple, 

is gravity. Electrical forces provide the centripetal force acting betw
een 

an orbiting electron and the atom
ic nucleus in an atom

. A
nything that 

m
oves in a circular path is acted on by a centripetal force.

C
entripetal force is not a basic force of nature, but is sim

ply the 
label given to any force, w

hether string tension, gravitation, electrical 
force, or w

hatever, that is directed tow
ard a fixed center. If the m

otion 
is circular and executed at constant speed, this force acts at right 
angles (perpendicular) to the path of the m

oving object.
W

hen an autom
obile rounds a corner, for exam

ple, friction 
betw

een the tires and the road provides the centripetal force that 
holds the car in a curved path. T

his is illustrated in Figure 10.9a. If 
friction is insufficient (due to an oily surface, gravel, etc.), the tires 
slide sidew

ays and the car fails to m
ake the curve. A

s show
n in 

Figure 10.9b, the car tends to skid tangentially off the road.

FIG
U

RE 10.8 !
The force exerted on a 
w

hirling can is tow
ard the 

center. N
o outw

ard force 
acts on the can.

"
 FIG

U
RE 10.9

C
entripetal force holds a 

car in a curved path.
a. For the car to go around 
a curve, there m

ust be suffi-
cient friction to provide the 
required centripetal force. 
b. If the force of friction is 
not great enough, skidding 
occurs.

For:
Visit:
W

eb Code:
 –

Links on centripetal force
 

w
w

w.SciLinks.org
 

 
csn 
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10.3  Centripetal 
Force

K
ey Term

centripetal force

#
 Teach

in
g

 Tip
 D

efine 
centripetal force as any force 
that causes a body to m

ove in 
a circular path—

or in part of a 
circular path, such as rounding a 
corner w

hile riding a bicycle.

#
 Teach

in
g

 Tip
 W

hirl a tin can 
securely fastened at the end of a 
string above your head. Expand 
on the idea that a centripetal 
force is exerted on the w

hirling 
can at the end of the string. 
The string pulls radially inw

ard 
on the can, and the can pulls 
outw

ard on the string—
so there 

is an outw
ard-acting force on the 

string. Stress that this outw
ard 

force does not act on the can. 
O

nly an inw
ard force acts on the 

can. A
sk A

 m
otorcycle runs on 

the inside of a bow
l-shaped 

track.

Is the force that holds the 
m

otorcycle in a circular path an 
inw

ard- or outw
ard-directed 

force? It is an inw
ard-directed 

force—
a centripetal force. A

n 
outw

ard-directed force acts on 
the inner w

all, w
hich m

ay bulge 
as a result, but no outw

ard-
directed force acts on the 
m

otorcycle.
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C
entripetal force plays the m

ain role in the operation of a cen-
trifuge, w

hich you m
ay use in a biology lab to separate particles in 

a liquid. A
 household exam

ple is the spinning tub in an autom
atic 

w
asher like the one show

n in Figure 10.10. In its spin cycle, the tub 
rotates at high speed and the tub’s w

all produces a centripetal force 
on the w

et clothes, forcing them
 into a circular path. T

he holes in the 
tub’s w

all prevent the tub from
 exerting the sam

e force on the w
ater 

in the clothes. T
he w

ater escapes tangentially out the holes. Strictly 
speaking, the clothes are forced aw

ay from
 the w

ater; the w
ater is not 

forced aw
ay from

 the clothes. T
hink about that.

Calculating Centripetal Forces
T

he centripetal force on an 
object depends on the object’s tangential speed, its m

ass, and the 
radius of its circular path. G

reater speed and greater m
ass require 

greater centripetal force. Traveling in a circular path w
ith a sm

aller 
radius of curvature requires a greater centripetal force. In equation 
form

, 10.3.2

C
entripetal force

�

F
c

�

m
ass

�
 speed

2

radius of curvature
m

v
2

r

C
entripetal force, F

c , is m
easured in new

tons w
hen m

 is expressed in 
kilogram

s, v in m
eters/second, and r in m

eters.

A
dding Force Vectors  Figure 10.11 is a sketch of a conical pen-

dulum
—

a bob held in a circular path by a string attached above. T
his 

arrangem
ent is called a conical pendulum

 because the string sw
eeps 

out a cone. O
nly tw

o forces act on the bob: m
g, the force due to 

gravity, and tension T
 in the string. B

oth are vectors. Figure 10.12 
show

s vector T
 resolved into tw

o perpendicular com
ponents, T

x  (hori-
zontal), and T

y  (vertical). (W
e show

 these vectors as dashed to distin-
guish them

 from
 the tension vector T

). Interestingly, if vector T
 w

ere 
replaced w

ith forces represented by these com
ponent vectors, the bob 

w
ould behave just as it does w

hen it is supported only by T
. (R

ecall 
from

 C
hapter 5 that resolving a vector into com

ponents is the reverse 
of finding the resultant of a pair of vectors. M

ore on resolving vectors 
is in A

ppendix D
 and in the C

oncept-D
evelopm

ent Practice B
ook.)

Since the bob doesn’t accelerate vertically, the net force in the 
vertical direction is zero. T

herefore the com
ponent T

y  m
ust be equal 

and opposite to m
g. W

hat do w
e know

 about com
ponent T

x ? T
hat’s 

the net force on the bob, the centripetal force! Its m
agnitude is m

v/r
2,

w
here r is the radius of the circular path. N

ote that centripetal force 
lies along the radius of the circle sw

ept out.

M
ixtures are separated 

in a centrifuge accord-
ing to their densities.
That’s how

 cream
 is 

separated from
 m

ilk, 
and lighter plasm

a is 
separated from

 heavier 
blood corpuscles.

FIG
U

RE 10.10 !
The clothes in a w

ashing 
m

achine are forced into 
a circular path, but the 
w

ater is not, and it flies off 
tangentially.
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A
s another exam

ple, consider a vehicle rounding a banked curve, 
as illustrated in Figure 10.13. Suppose its speed is such that the vehi-
cle has no tendency to slide dow

n the curve or up the curve. A
t that 

speed, friction plays no role in keeping the vehicle on the track (inter-
estingly, the angle of banked curves are chosen for zero friction at the 
designated speed). O

nly tw
o forces act on the vehicle, one m

g, and 
the other the norm

al force n
 (the support force of the surface). N

ote 
thatn

 is resolved into n
x  and n

y  com
ponents. A

gain, n
y  is equal and 

opposite to m
g, and n

x  is the centripetal force that keeps the vehicle 
in a circular path.

W
henever you w

ant to identify the centripetal force that acts on 
a circularly m

oving object, it w
ill be the net force that acts exactly 

along the radial direction—
tow

ard the center of the circular path.

CO
N

CEP
T

CH
ECK

......W
hat factors affect the centrip

etal force acting
 on 

an ob
ject?

FIG
U

RE 10.11 !
The string of a conical pen-
dulum

 sw
eeps out a cone.

"
 FIG

U
RE 10.13 

C
entripetal force keeps the 

vehicle in a circular path as 
it rounds a banked curve.

FIG
U

RE 10.12 !
The vector T can be resolved 
into a horizontal (T

x ) com
ponent 

and a vertical (T
y ) com

ponent.
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#
 Teach

in
g

 Tip
 The car in 

Figure 10.13 w
ill successfully go 

around a banked track even if 
the track is 100%

 slippery ice 
(providing the car has the proper 
speed). Calculating this speed is 
an interesting problem

 posed 
in A

ppendix F as the first of the 
problem

s involving trigonom
etry.

 
The centripetal force 

 
on an object depends 

on the object’s tangential speed, 
its m

ass, and the radius of its 
circular path.

T
e

a
c

h
in

g
 R

e
s

o
u

rc
e
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• Reading and Study 
W

orkbook
• Concept-D

evelopm
ent 

Practice Book 10–1
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anual 35
• Transparency 15
• PresentationEX

PRESS
• Interactive Textbook
• N

ext-Tim
e Q

uestions 10-2, 
10-3
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10.4 C
entripetal and C

entrifugal 
Forces

In the preceding exam
ples, circular m

otion is described as being 
caused by a center-directed force. Som

etim
es an outw

ard force is also 
attributed to circular m

otion. T
his apparent outw

ard force on a rotat-
ing or revolving body is called  centrifugal force. C

entrifugal m
eans 

“center-fleeing,” or “aw
ay from

 the center.” In the case of the w
hirling 

can, it is a com
m

on m
isconception to state that a centrifugal force 

pulls outw
ard on the can. If the string holding the w

hirling can breaks, 
as show

n in Figure 10.14, it is often w
rongly stated that centrifugal 

force pulls the can from
 its circular path. B

ut in fact, w
hen the string 

breaks the can goes off in a tangential straight-line path because no
force acts on it. W

e illustrate this further w
ith another exam

ple.
Suppose you are the passenger in a car that suddenly stops short. 

If you’re not w
earing a seat belt you pitch forw

ard tow
ard the dash-

board. W
hen this happens, you don’t say that som

ething forced you 
forw

ard. You know
 that you pitched forw

ard because of the absence
of a force, w

hich a seat belt provides. Sim
ilarly, if you are in a car that 

rounds a sharp corner to the left, you tend to pitch outw
ard against 

the right door. W
hy? N

ot because of som
e outw

ard or centrifugal 
force, but rather because there is no centripetal force holding you in 
circular m

otion. T
he idea that a centrifugal force bangs you against 

the car door is a m
isconception.

So w
hen you sw

ing a tin can in a circular path, as show
n in 

Figure 10.15, there is no
force pulling the can outw

ard. O
nly the force 

from
 the string acts on the can to pull the can inw

ard. T
he outw

ard 
force is on the string, not on the can.

FIG
U

RE 10.14 !
W

hen the string breaks, 
the w

hirling can m
oves 

in a straight line, tangent 
to—

not outw
ard from

 the 
center of—

its circular path.

FIG
U

RE 10.15 !
The only force that is exerted on the w

hirling 
can (neglecting gravity) is directed tow

ard the 
center of circular m

otion. This is a centripetal
force. N

o outw
ard force acts on the can.

If you bang against a 
door (action), the door 
bangs against you 
(reaction).
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10.4  Centripetal 
and Centrifugal 
Forces
K

ey Term
centrifugal force

C
o

m
m

o
n

 M
isco

n
cep

tio
n

s
 Things m

oving in a circular path are 
pulled outw

ard by som
e force. 

FA
C

T The only force that is 
exerted on an object that m

oves 
in a circular path is one directed 
tow

ard the center of circular 
m

otion.
If the string that holds an object 
in a circular path breaks, the 
object w

ill m
ove radially outw

ard.

FA
C

T W
hen the string breaks, the 

object w
ill m

ove in a direction 
tangent to its circular path.

 A
sk W

hy can’t the rope in 
Figure 10.15 be horizontal w

hen 
w

hirling the can? V
ectors are 

central to this answ
er. There has 

to be a vertical com
ponent of 

the string tension equal to the 
w

eight of the w
hirling can. A

 
horizontal string has no vertical 
com

ponent!

 "
 Teach

in
g

 Tip
 Review

 
N

ew
ton’s first law

. D
istinguish 

centripetal force as a real, inw
ard 

force, and centrifugal force as a 
fictitious, outw

ard force.

"
 Teach

in
g

 Tip
 Centrifugal 

force is the nam
e given to a 

radially outw
ard-acting force, 

and it is useful only in a rotating 
fram

e of reference. The inw
ard 

push feels like an outw
ard pull 

to the occupants in a rotating 
system

. State how
 it differs 

from
 a real force in that there 

is no interaction—
that is, there 

is no m
ass out there pulling on 

it. W
hereas a real force is an 

interaction betw
een one body 

and another, there is no reaction 
counterpart to the centrifugal 
force that is felt. 
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N
ow

 suppose there is a ladybug inside the w
hirling can, as show

n 
in Figure 10.16. T

he can presses against the bug’s feet and provides 
the centripetal force that holds it in a circular path. T

he ladybug in 
turn presses against the floor of the can. N

eglecting gravity, the only
force exerted on the ladybug is the force of the can on its feet. From

 
our outside stationary fram

e of reference, w
e see there is no centrifu-

gal force exerted on the ladybug. 
T

he “centrifugal-force effect” is 
attributed not to any real force but to inertia—

the tendency of the 
m

oving body to follow
 a straight-line path. 

CO
N

CEP
T

CH
ECK

......W
hat causes the “centrifug

al-force effect”?

10.5 C
entrifugal Force in a R

otating 
R

eference Fram
e

O
ur view

 of nature depends on the fram
e of reference from

 w
hich 

w
e view

 it. For instance, w
hen sitting in a fast-m

oving vehicle, w
e 

have no speed at all relative to the vehicle, but w
e have an appreciable 

speed relative to the reference fram
e of the stationary ground outside. 

From
 one fram

e of reference w
e have speed; from

 another w
e have 

none—
likew

ise w
ith force. R

ecall the ladybug inside the w
hirling can. 

From
 a stationary fram

e of reference outside the w
hirling can, w

e see 
there is no centrifugal force acting on the ladybug inside the w

hirling 
can. H

ow
ever, w

e do see centripetal force acting on the can and the 
ladybug, producing circular m

otion.

W
hy D

oesn’t the W
ater Fall O

ut of the 
B

ucket?
1.

Fill a bucket halfw
ay w

ith w
ater.

2.
Sw

ing the bucket of w
ater in a vertical circle fast 

enough that the w
ater w

on’t fall out at the top.
3.

Think
W

hy does the w
ater stay in the bucket?

d
isco

ve
r!

!
 FIG

U
RE 10.16 

The can provides the 
centripetal force neces-
sary to hold the ladybug 
in a circular path.
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d
isco

ver!
M

A
TER

IA
LS bucket, w

ater

EX
PEC

TED O
U

TC
O

M
E The w

ater 
w

ill not spill at the top w
hen 

the centripetal force is at least 
equal to the w

eight of the 
w

ater.

TH
IN

K A
lthough the w

ater 
doesn’t fall out of the bucket, 
it still falls. The trick is to 
sw

ing the bucket fast enough 
that the bucket falls as fast as 
the w

ater inside falls. Because 
the bucket is revolving, the 
w

ater m
oves tangentially as it 

falls—
and stays in the bucket.

M
any of your students will have 

heard of this dem
onstration, 

but only a few have actually 
seen it done. They will 
particularly enjoy seeing YO

U
 

do it, and the prospect of 
seeing you “all wet!” Don’t sim

ply 
discuss this: DO

 IT!

 
The “centrifugal- 

 
force effect” is 

attributed not to any real force 
but to inertia—

the tendency of 
the m

oving body to follow
 a 

straight-line path.

T
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W
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• Concept-D
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180 A
 heavy iron ball is 

attached by a spring to 
a rotating platform

, as 
show

n in the sketch. Tw
o 

observers, one in the 
rotating fram

e and one 
on the ground at rest, 
observe its m

otion. W
hich 

observer sees the ball 
being pulled outw

ard, 
stretching the spring? 
W

hich observer sees the 
spring pulling the ball into 
circular m

otion?  
Answ

er: 10.5

th
in

k
!

Roller Coaster Designer 
Since 1884, w

hen the first Am
erican roller coaster w

as constructed, 
roller coasters have evolved into thrilling m

achines that rise over 
100 m

eters high and reach speeds of over 150 km
/h. Roller coaster 

designers, or m
echanical design engineers, use the law

s of physics to 
create rides that are both exciting and safe. In particular, designers 
m

ust understand how
 roller coasters can safely navigate tall loops 

w
ithout exerting too m

uch force on the riders. D
esigners of m

odern 
roller coasters first test their designs on com

puters to identify any 
problem

s before construction begins. M
any private com

panies design 
roller coasters for am

usem
ent parks throughout the w

orld.

P
h

y
sics o

n
 th

e
 Jo

b

FIG
U

RE 10.17 !
From

 the reference fram
e of 

the ladybug inside the w
hirl-

ing can, the ladybug feels 
as if she is being held to the 
bottom

 of the can by a force 
that is directed aw

ay from
 

the center of circular m
otion.

B
ut nature seen from

 the reference fram
e of the rotating system

 
is different. In the rotating fram

e of reference of the w
hirling can, 

show
n in Figure 10.17, both centripetal force (supplied by the can) 

and centrifugal force act on the ladybug. To the ladybug, the cen-
trifugal force appears as a force in its ow

n right, as real as the pull of 
gravity. H

ow
ever, if she w

ere to stop rotating, she w
ould feel no such 

force. T
hus, there is a fundam

ental difference betw
een the gravity-like 

centrifugal force and actual gravitational force. G
ravitational force is 

alw
ays an interaction betw

een one m
ass and another. T

he gravity w
e 

feel is due to the interaction betw
een our m

ass and the m
ass of Earth. 

H
ow

ever, in a rotating reference fram
e the centrifugal force has no 

agent such as m
ass—

there is no interaction counterpart. 
C

entrifugal force is an effect of rotation. It is not part of an 
interaction and therefore it cannot be a true force. For this reason, 
physicists refer to centrifugal force as a fictitious force, unlike gravita-
tional, electrom

agnetic, and nuclear forces. N
evertheless, to observ-

ers w
ho are in a rotating system

, centrifugal force is very real. Just as 
gravity is ever present at Earth’s surface, centrifugal force is ever pres-
ent w

ithin a rotating system
.

CO
N

CEP
T

CH
ECK

......W
hy is centrifug

al force not consid
ered

 a true force?
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10.5 Centrifugal 
Force in a Rotating 
Reference Fram

e

 
Centrifugal force is 
an effect of rotation. 

It is not part of an interaction 
and therefore it cannot be a 
true force.

T
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 The water in the swinging 
bucket is analogous to the 
orbiting of a satellite. Both the 
swinging water and a satellite 
are falling. Because of their 
tangential velocities, they fall 
in a curve; just the right speed 
for the water in the bucket, and 
just the right greater speed for 
the space shuttle. Tying these 
related ideas together is good 
teaching!
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Co
n
ce

p
t Su

m
m

a
ry 

•
•
•

•
•

•

•
 

Tw
o types of circular m

otion are rotation 
and revolution.

•
 

Tangential speed depends on rotational 
speed and the distance from

 the axis of 
rotation.

•
 

T
he centripetal force on an object de-

pends on the object’s tangential speed, its 
m

ass, and the radius of its circular path.

•
 

T
he “centrifugal-force effect” is attributed 

not to any real force but to inertia—
the 

tendency of the m
oving body to follow

 a 
straight-line path.

•
 

C
entrifugal force is an effect of rotation. 

It is not part of an interaction and there-
fore it cannot be a true force.

axis (p. 171)

rotation
 (p. 171)

revolution
 (p. 171)

linear speed (p. 172)

tangential 
speed (p. 172)

rotational 
speed (p. 172)

centripetal 
force (p. 175)

centrifugal 
force (p. 178)

10.2.1 
H

er rotational speed is also 4 R
PM

, and her 
linear speed is 3 m

/s.

10.2.2 
Sim

ilar to Figure 10.3a, the outer track 
is longer—

just as a circle w
ith a greater 

radius has a greater circum
ference.

10.5 
T

he observer in the reference fram
e of the 

rotating platform
 states that centrifugal 

force pulls radially outw
ard on the ball, 

w
hich stretches the spring. T

he observer 
in the rest fram

e states that centripetal 
force supplied by the stretched spring pulls 
the ball into circular m

otion. (O
nly the 

observer in the rest fram
e can identify an 

action–reaction pair of forces; w
here action 

is spring-on-ball, reaction is ball-on-
spring. T

he rotating observer can’t identify 
a reaction counterpart to the centrifugal 
force because there isn’t any.)

th
in

k
!

A
n
sw

e
rs

K
e
y Te

rm
s 

•
•
•

•
•

•
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(continued)
10182

Ch
e
ck

 Co
n
ce

p
ts 

•
•

•
•

•
•

Section 10.1
 1. D

istinguish betw
een a rotation and a 

revolution. 

 2. D
oes a child on a m

erry-go-round revolve 
or rotate around the m

erry-go-round’s axis? 

Section 10.2
 3. D

istinguish betw
een linear speed and rota-

tional speed. 

 4. W
hat is linear speed called w

hen som
ething 

m
oves in a circle? 

 5. A
t a given distance from

 the axis, how
 does 

linear (or tangential) speed change as rota-
tional speed changes? 

 6. A
t a given rotational speed, how

 does linear 
(or tangential) speed change as the distance 
from

 the axis changes? 

 7. W
hen you roll a cylinder across a surface it 

follow
s a straight-line path. A

 tapered cup 
rolled on the sam

e surface follow
s a circular 

path. W
hy? 

Section 10.3
 8. W

hen you w
hirl a can at the end of a string 

in a circular path, w
hat is the direction of 

the force that acts on the can? 

 9. D
oes an inw

ard force or an outw
ard force 

act on the clothes during the spin cycle of 
an autom

atic w
asher? 

Section 10.4
 10. W

hen a car m
akes a turn, do seat belts pro-

vide you w
ith a centripetal force or centrifu-

gal force? 

 11. If the string that holds a w
hirling can in its 

circular path breaks, w
hat causes the can to 

m
ove in a straight-line path—

centripetal 
force, centrifugal force, or a lack of force? 
W

hat law
 of physics supports your answ

er? 

Section 10.5
 12. Identify the action and reaction forces in 

the interaction betw
een the ladybug and the 

w
hirling can in Figure 10.17. 

 13. A
 ladybug in the bottom

 of a w
hirling tin 

can feels a centrifugal force pushing it 
against the bottom

 of the can. Is there an 
outside source of this force? C

an you iden-
tify this as the action force of an action–
reaction pair? If so, w

hat is the reaction 
force? 

 14. W
hy is the centrifugal force the ladybug feels 

in the rotating fram
e called a fictitious force?
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p
ts

 
1. Rotation—

about an axis 
w

ithin the body; revolution—
 

around an axis external to 
the body

 
2. Revolve

 
3. Linear—

distance/tim
e; 

rotational—
angle/tim

e or 
num

ber of rotations/tim
e

 
4. Tangential speed

 
5. D

irectly, v 5
 rv

 
6. D

irectly, v 5
 rv

 
7. O

uter diam
eter has a greater 

linear speed.
 

8. Inw
ard, tow

ard the center of 
the circle

 
9. Inw

ard
 10. Centripetal
 11. Lack of a force; N

ew
ton’s first 

law
—

inertia
 12. Bug on can, can on bug
 13. N

o; no; none
 14. It is not part of an interaction.
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R
ank each of the follow

ing sets of scenarios in 
order of the quantity or property involved. List 
them

 from
 left to right. If scenarios have equal 

rankings, then separate them
 w

ith an equal sign. 
(e.g., A

  =
  B

)

 15. T
hree locations on 

our rotating w
orld 

are show
n. R

ank 
these locations from

 
greatest to least 
for the follow

ing 
quantities.

 
 a.   rotational speed 

about Earth’s polar axis 
 

 b.   tangential speed

 16. B
iker B

ob rides his bicycle inside the rotat-
ing space station at the speeds and direc-
tions given. T

he tangential speed of the 
floor of the station is 10 m

/s clockw
ise.

 
 a.   R

ank his speeds from
 highest to low

est 
relative to the stars.

 
 b.   R

ank the norm
al forces on B

ob from
 

largest to sm
allest.

 17. Inside B
iker B

ob’s space station is a lad-
der that extends from

 the inner surface of 
the rim

 to the central axis. B
ob clim

bs the 
ladder (tow

ard the center). Point A
 is at the 

floor, point B
 is halfw

ay to the center, and 
point C

 is at the central axis.
 

 a.   R
ank the linear speeds of B

ob relative to 
the center of the station, from

 highest to 
low

est. O
r are the speeds the sam

e at all 
parts of the ladder?

 
 b.   R

ank the support forces B
ob experiences 

on the ladder rungs, from
 greatest to 

least. O
r are the support forces the sam

e 
in all locations?

 18. T
he three cups show

n below
 are rolled on a 

level surface. R
ank the cups by the am

ount 
they depart from

 a straight-line path (m
ost 

curved to least curved).

 19. T
hree types of rollers are placed on slightly 

inclined parallel m
eter stick tracks, as show

n 
below

. R
ank the rollers, in term

s of their 
ability to rem

ain stable as they roll, from
 

greatest to least.
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 15.  a. A
 5

 B 5
 C 

b. C, B, A
 16.  a. C, B, A

 
b. C, B, A

 17.  a. A
, B, C 

b. A
, B, C

 18. B, C, A
 19. C, A

, B
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 20. A
 m

eterstick is m
ounted horizontally above 

a turntable as show
n. Identical m

etal w
ash-

ers are hung at the positions show
n. T

he 
turntable and m

eterstick are then spun. 
R

ank from
 greatest to least, the follow

ing 
quantities for the w

ashers.

 
 a.   rotational speed

 
 b.   linear speed

 
 c.   angle the string m

akes w
ith the vertical

 
 d.   inw

ard force on each
 

 e.   outw
ard force on each

 21. A
 ball is sw

ung in a horizontal circle as 
show

n below
. T

he ball sw
ings from

 vari-
ous lengths of rope at the speeds indicated. 
R

ank the tension in the ropes from
 greatest 

to least.

 22. Paula flies a loop-the-loop m
aneuver at 

constant speed. Tw
o forces act on Paula, the 

force due to gravity and the norm
al force 

of the seat pressing on her (w
hich provides 

the sensation of w
eight). R

ank from
 largest 

to sm
allest the norm

al forces on Paula at 
points A

, B
, and C

.

P
lu

g
 a

n
d
 Ch

u
g
 
•
•

•
•

•
•

T
he equation for centripetal force is show

n below
. 

F
c

�
m

v
2

r

 23. A
 string is used to w

hirl a 2-kg toy in a 
horizontal circle of radius 2.5 m

. Show
 that 

w
hen the toy m

oves at 3 m
/s the tension in 

the string (the centripetal force) is 7.2 N
.

 24. A
 60-kg ice skater m

oving at 5 m
/s grabs a 

6-m
 rope and is sw

ept into a circular path. 
Find the tension in the rope.

 25. A
 2-kg iron ball is sw

ung in a horizontal 
circular path at the end of a 1.6-m

 length of 
rope. A

ssum
e the rope is very nearly hori-

zontal and the ball’s speed is 10 m
/s. C

alcu-
late the tension in the rope.
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 20.  a.  A
 5

 B 5
 C 5

 D
b. D

, C, B, A
 

c.  D
, C, B, A

d. D
, C, B, A

 
e.  N

one on any! (force is only 
inw

ard)
 21. A

, C, B
 22. A

, B, C

P
lu

g
 a

n
d
 Ch

u
g

 23. F 5
 [(2 kg)(3 m

/s) 2]/(2.5 m
) 5

 
7.2 N

 24. F 5
 [(60 kg)(5 m

/s) 2]/(6 m
) 5

 
250 N

 25. F 5
 [(2 kg)(10 m

/s) 2]/(1.6 m
) 5

 
125 N

 26. F 5
 [(70 kg)(3 m

/s) 2]/(2 m
) 5

 
315 N

Th
in

k
 a

n
d
 Ex

p
la

in
 27. Sue’s tires have m

ore 
rotational speed because it 
takes m

ore rotations to cover 
the sam

e distance.
 28. a. The rotational speed v

 for 
the sm

all w
heel is tw

ice that 
for the big w

heel.
b. The tangential speeds of 
both w

heels are equal to the 
speed of the belt.

 29. For the sam
e tw

isting speed v
, 

the greater distance r m
eans 

greater speed v.
 30. M

ore taper m
eans m

ore 
turning ability so m

ore taper is 
needed on sharp curves.

 31. In a direction tangent to 
the m

erry-go-round—
sam

e 
direction you are m

oving 
w

hen you let go
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 26. A
 70-kg person sits on the edge of a hori-

zontal rotating platform
 2 m

 from
 the 

center of the platform
 and has a tangential 

speed of 3 m
/s. C

alculate the force of fric-
tion that keeps the person in place.

Th
in

k
 a

n
d
 Ex

p
la

in
 
•

•
•
•

•
•

 27. D
an and Sue cycle at the sam

e speed. T
he 

tires on D
an’s bike are larger in diam

eter 
than those on Sue’s bike. W

hich w
heels, if 

either, have the greater rotational speed? 

 28. A
 large w

heel is coupled to a w
heel w

ith half 
the diam

eter as show
n. 

 
 a.  H

ow
 does the rotational speed of the 

sm
aller w

heel com
pare w

ith that of the 
larger w

heel? 
 

 b.   H
ow

 do the tangential speeds at the rim
s 

com
pare (assum

ing the belt doesn’t slip)?

 29. U
se the equation v

�
r/

 to explain w
hy the 

end of a fly sw
atter m

oves m
uch faster than 

your w
rist w

hen sw
atting a fly. 

 30. T
he w

heels of railroad trains are tapered, 
a feature especially im

portant on curves. 
For sharp curves, should the w

heels be less 
tapered or m

ore tapered?

 31. If you lose your grip on a rapidly spinning 
m

erry-go-round and fall off, in w
hich 

direction w
ill you fly?

 32. C
onsider the pair of cups taped together 

as show
n. W

ill this design correct its 
m

otion and keep the pair of cups on the 
track? Predict before you try it and see!

 33. W
hich state in the U

nited States has the 
greatest tangential speed as Earth rotates 
around its axis?

 34. T
he speedom

eter in a car is driven by a 
cable connected to the shaft that turns the 
car’s w

heels. W
ill speedom

eter readings be 
m

ore or less than actual speed w
hen the 

car’s w
heels are replaced w

ith sm
aller ones?

 35. K
eeping in m

ind the concept from
 the 

previous question, a taxi driver w
ishes to 

increase his fares by adjusting the size of 
his tires. Should he change to larger tires or 
sm

aller tires?

36. A
 m

otorcyclist is able to ride on the vertical 
w

all of a bow
l-shaped track, as show

n. D
oes 

centripetal force or centrifugal force act on 
the m

otorcycle? D
efend your answ

er.

 37. W
hen a soaring eagle turns during its flight, 

w
hat is the source of the centripetal force 

acting on it?
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 32. N
o; w

hen the outer part of 
the w

heel rides on the track, 
tangential speed is increased. 
This tends to turn the w

heels 
off the track.

 33. H
aw

aii because it is closest 
to the equator. Look at a 
globe from

 the top. W
ithout 

parallax, it looks like a disk. 
H

aw
aii, farther from

 the 
center, has the greatest 
tangential speed as Earth 
rotates. For this reason, 
H

aw
aii is a favored place from

 
w

hich to launch satellites; 
Earth’s speed assists the 
launch.

 34. M
ore; the rim

s of sm
aller 

w
heels don’t m

ove as far per 
rotation, so a car w

ith sm
aller 

w
heels goes slow

er than the 
speedom

eter show
s.

 35. Sm
aller; speedom

eter and 
odom

eter readings w
ill be 

higher.
 36. From

 the vantage point of 
the track, a center-directed 
force (centripetal) acts on the 
m

otorcycle.
 37. The m

otion through the air, 
together w

ith the bank angle 
of the w

ings, produces a 
force of w

hich a com
ponent is 

centripetal.
 38. Y

es, if the horizontal 
com

ponent of norm
al force 

is equal to the centripetal 
force required. A

 banked 
track provides a norm

al force 
on a vehicle. This force has a 
com

ponent along the radial 
(horizontal) direction that 
supplies a centripetal force on 
the vehicle. If it is just right, 
no friction force is needed 
for the vehicle to turn on the 
track.

 39. The horizontal com
ponent of 

the norm
al force supplies the 

centripetal force.
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 38. A
 car resting on a level road has tw

o forces 
acting on it: its w

eight (dow
n) and the nor-

m
al force (up). R

ecall from
 C

hapter 4 that 
the norm

al force is the support force, w
hich 

is alw
ays perpendicular to the supporting 

surface. If the car m
akes a turn on a level 

road, the norm
al force is still straight up. 

Friction betw
een the w

heels and road 
is the only centripetal force providing 
curved m

otion. Suppose the road is banked 
so the norm

al force has a com
ponent that 

provides centripetal force as show
n in the 

sketch. D
o you think the road could be 

banked so that for a given speed and a given 
radius of curvature, a vehicle could m

ake 
the turn w

ithout friction? Explain.

 39. Friction is needed for a car rounding a 
curve. B

ut if the road is banked, friction 
m

ay not be required at all. W
hat, then, 

supplies the needed centripetal force?

 40. U
nder w

hat conditions could a car rem
ain 

on a banked track covered w
ith slippery ice?

 41. A
 racing car on a flat circular track needs 

friction betw
een the tires and the track to 

m
aintain circular m

otion. H
ow

 m
uch m

ore 
friction is required for tw

ice the speed?

 42. C
an an object m

ove along a curved path if 
no force acts on it?

 43. W
hen you are in the front passenger seat of 

a car turning left, you m
ay find that you feel 

pressed against the right door. W
hy do you 

press against the door? W
hy does the door 

press on you? D
oes your explanation involve 

a centrifugal force or N
ew

ton’s law
s?

 44. A
s a car speeds up w

hen rounding a curve, 
does centripetal acceleration also increase? 
U

se an equation to defend your answ
er.

 45. Explain w
hy a centripetal force does not do 

w
ork on a circularly m

oving object.

 46. T
he sketch show

s a coin at the edge of a 
turntable. T

he w
eight of the coin is show

n 
by the vector W

. Tw
o other forces act on the 

coin, the norm
al force and a force of fric-

tion. T
he friction force prevents the coin 

from
 sliding off the edge. D

raw
 in force 

vectors for both of these. 

 47. T
he sketch show

s a conical 
pendulum

. T
he bob sw

ings 
in a circular path. T

he ten-
sion

T
 and w

eight W
 are 

show
n by vectors. D

raw
 a 

parallelogram
 w

ith these 
vectors and show

 that their 
resultant lies in the plane of the circle (recall 
the parallelogram

 rule in C
hapter 5). W

hat 
nam

e do w
e use for this resultant force?

0170_C
P

09_S
E

_C
H

10.indd
186

11/27/07
4:24:04

P
M

0170_C
P

09_S
E

_C
H

10.indd
187

11/27/07
11:59:17

A
M

1
8

6

 40. If the horizontal com
ponent 

of the norm
al force equals 

the centripetal force, then the 
car stays on the banked track 
w

ith no need for friction.
 41. Four tim

es as m
uch, as 

centripetal force varies as 
speed squared.

 42. N
o, because it is accelerated, 

w
hich requires a net force.

 43. By N
ew

ton’s first law
, you 

press against the door due to 
inertia. The door stops you 
w

ith an inw
ard force, and you 

push back in accordance w
ith 

N
ew

ton’s third law
.

 44. Y
es, centripetal acceleration 

increases. From
 F 5

 m
a 5

 
m

v
2/r, a 5

 v
2/r.

 45. W
ork requires a force or 

com
ponent of force in 

the direction of m
otion. 

Since centripetal force is 
perpendicular to m

otion, 
there is no com

ponent of 
force in the direction of 
m

otion and therefore no 
w

ork.
 46. 

 47. 
 

 
 

The resultant force is called 
the centripetal force.
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 48. C
onsider a bicycle that has w

heels w
ith a 

circum
ference of 2 m

. Solve for the linear 
speed of the bicycle w

hen its w
heels rotate 

at 1 revolution per second.

 49. Solve for the tangential speed of a passenger 
on a Ferris w

heel that has a radius of 10 m
 

and rotates once in 30 s.

 50. A
 w

heel of radius r m
eters rolls across a 

floor at 2 rotations per second. B
egin w

ith 
speed =

 distance/tim
e and show

 that the 
speed of the w

heel rolling across the floor is 
4 p

r m
/s.

 51. M
egan rides a horse at the outer edge of a 

m
erry-go-round. She is located 6 m

 from
 

the central axis and is a bit frightened of the 
speed. So her parents place her on a horse 
3 m

 from
 the axis. W

hile on the inner horse, 
how

 w
ill her linear speed com

pare w
ith her 

speed on the outer horse?

 52. Em
ily rides on a horizontal rotating 

platform
 of radius r at an am

usem
ent park 

and m
oves at speed v one-third the w

ay 
from

 the center to the outer edge.
 

 a.   If the rotation rate of the platform
 

rem
ains constant, w

hat w
ill be her linear 

speed w
hen she m

oves to the outer edge?
 

 b.   If Em
ily’s linear speed w

as 1.0 m
/s at 

one-third the radius from
 the center, 

show
 that she w

ould m
ove at 3.0 m

/s at 
the outer edge. 

 53. From
 the equation F

�
m

v
2

r
, calculate the 

tension in a 2-m
 length of string that w

hirls 
a 1-kg m

ass at 2 m
/s in a horizontal circle.

 54. A
nsw

er the previous question for each of 
the follow

ing cases. 
 

 a.   tw
ice the m

ass 
 

 b.   tw
ice the speed

 
 c.   tw

ice the length of string (radial distance) 
 

 d.   tw
ice the m

ass, tw
ice the speed, and tw

ice 
the distance all at the sam

e tim
e

 55. A
 turntable that turns 10 revolutions each 

second is located on top of a m
ountain. 

M
ounted on the turntable is a laser that 

em
its a bright beam

 of light. A
s the turn-

table and laser rotate, the beam
 also rotates 

and sw
eeps across the sky. O

n a dark night 
the beam

 reaches som
e clouds 10 km

 aw
ay. 

 
 a.  H

ow
 fast does the spot of laser light sw

eep 
across the clouds?

 
 b.  H

ow
 fast does the spot of laser light sw

eep 
across clouds that are 20 km

 aw
ay?

 
 c.  A

t w
hat distance w

ill the laser beam
 

sw
eep across the sky at the speed of light 

(300,000 km
/s)? 

 56. H
arry H

otrod rounds a corner in his sports 
car at 50 km

/h. Fortunately, a force of fric-
tion holds him

 on the road. If he rounds the 
corner at tw

ice the speed, how
 m

uch greater 
m

ust the force of friction be to prevent him
 

from
 skidding off the road? (You can solve 

this by using a sim
ple proportion.)

M
ore Problem

-Solving Practice
A

ppendix F
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 48. The bicycle m
oves 2 m

 w
ith 

each rotation, v 5
 d/t 5

 
2 m

/1 s 5
 2 m

/s.
 49. Speed 5

 d/t 5
 2

p
r/t 5

 
2

p
(10 m

)/30 s 5
 2.1 m

/s
 50. Speed 5

 d/t 5
 tw

ice the 
circum

ference/second 5
 

2(2
p

r)/s 5
 4

p
r m

/s
 51. Rotational speed is constant. 

From
 v 5

 rv
, half the r m

eans 
half the speed. So, w

hen she 
is  3 m

 from
 the axis her speed 

is half of w
hat it w

as w
hen 

she w
as 6 m

 from
 the axis.

 52. a. From
 v ,

 r three tim
es r 

m
eans three tim

es v. So she 
travels at speed 3v. 
b. Speed at the edge 5

 3v 5
 

3(1.0 m
/s) 5

 3.0 m
/s

 53. F 5
 m

v
2/r 5

 
[(1 kg)(2 m

/s) 2]/(2 m
) 5

 2 N
 54. a. Tw

ice, 4 N
 

b. Four tim
es, 8 N

 
c. H

alf, 1 N
 

d. Four tim
es, 8 N

 55. a. v 5
 2

p
r/t 5

 
(6.28)(10 km

)/(0.1 s) 5
 628 km

/s 
b. A

t tw
ice the distance, 

speed is tw
ice, or 1256 km

/s. 
c. v 5

 2
p

r/t, r 5
 vt/2

p
 5

 
(300,000 km

/s 3
 0.1 s)/2

p
 5

 
4777 km

 56. Fc  ,
 v

2, so tw
ice the speed 

requires 4 tim
es the 

centripetal force, and 
therefore 4 tim

es the friction 
force.
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