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one side of the stage, pull the ball far to one side until the taut rope
brought it just to the end of his nose, and then release it. The mas-
sive ball would swing in a mighty arc across the stage and then
return to stop momentarily just in front of the nose of the station-
ary, unflinching teacher. However, one day after the demonstration
he looked up just in time to see a student at the other side of the
stage push the ball away from his nose as he tried to duplicate the
demonstration. Tell the rest of the story and explain the reason for
the potentially tragic outcome.
Q7.6 Lost Energy? The principle of the conservation of energy
tells us that energy is never lost, but only changes from one form to
another. Yet in many ordinary situations, energy may appear to be
lost. In each case, explain what happens to the “lost” energy. (a) A
box sliding on the floor comes to a halt due to friction. How did
friction take away its kinetic energy, and what happened to that
energy? (b) A car stops when you apply the brakes. What happened
to its kinetic energy? (c) Air resistance uses up some of the original
gravitational potential energy of a falling object. What type of
energy did the “lost” potential energy become? (d) When a return-
ing space shuttle touches down on the runway, it has lost almost all
its kinetic energy and gravitational potential energy. Where did all
that energy go?
Q7.7 Is it possible for a frictional force to increase the mechanical
energy of a system? If so, give examples.
Q7.8 A woman bounces on a trampoline, going a little higher with
each bounce. Explain how she increases the total mechanical
energy.
Q7.9 Fractured Physics. People often call their electric bill a
power bill, yet the quantity on which the bill is based is expressed
in kilowatt-hours. What are people really being billed for?
Q7.10 A rock of mass m and a rock of mass 2m are both released
from rest at the same height and feel no air resistance as they fall.
Which statements about these rocks are true? (There may be more
than one correct choice.) (a) Both have the same initial gravita-
tional potential energy. (b) Both have the same kinetic energy
when they reach the ground. (c) Both reach the ground with the
same speed. (d) When it reaches the ground, the heavier rock has
twice the kinetic energy of the lighter one. (e) When it reaches the
ground, the heavier rock has four times the kinetic energy of the
lighter one.
Q7.11 On a friction-free ice pond, a hockey puck is pressed
against (but not attached to) a fixed ideal spring, compressing the
spring by a distance The maximum energy stored in the spring
is the maximum speed the puck gains after being released is 
and its maximum kinetic energy is Now the puck is pressed 
so it compresses the spring twice as far as before. In this case, 
(a) what is the maximum potential energy stored in the spring (in
terms of ), and (b) what are the puck’s maximum kinetic energy
and speed (in terms of and )?
Q7.12 When people are cold, they often rub their hands together to
warm them up. How does doing this produce heat? Where did the
heat come from?
Q7.13 You often hear it said that most of our energy ultimately
comes from the sun. Trace each of the following energies back to
the sun: (a) the kinetic energy of a jet plane; (b) the potential
energy gained by a mountain climber; (c) the electrical energy
used to run a computer; (d) the electrical energy from a hydroelec-
tric plant.
Q7.14 A box slides down a ramp and work is done on the box by
the forces of gravity and friction. Can the work of each of these
forces be expressed in terms of the change in a potential-energy
function? For each force explain why or why not.
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Q7.15 In physical terms, explain why friction is a nonconservative
force. Does it store energy for future use?
Q7.16 A compressed spring is clamped in its compressed position
and then is dissolved in acid. What becomes of its potential
energy?
Q7.17 Since only changes in potential energy are important in any
problem, a student decides to let the elastic potential energy of a
spring be zero when the spring is stretched a distance The stu-
dent decides, therefore, to let Is this correct?
Explain.
Q7.18 Figure 7.22a shows the potential-energy function for the
force Sketch the potential-energy function for the force

For this force, is a point of equilibrium? Is this
equilibrium stable or unstable? Explain.
Q7.19 Figure 7.22b shows the potential-energy function associ-
ated with the gravitational force between an object and the earth.
Use this graph to explain why objects always fall toward the earth
when they are released.
Q7.20 For a system of two particles we often let the potential
energy for the force between the particles approach zero as the sep-
aration of the particles approaches infinity. If this choice is made,
explain why the potential energy at noninfinite separation is posi-
tive if the particles repel one another and negative if they attract.
Q7.21 Explain why the points and in Fig. 7.23b
are called turning points. How are the values of E and U related at
a turning point?
Q7.22 A particle is in neutral equilibrium if the net force on it is
zero and remains zero if the particle is displaced slightly in any
direction. Sketch the potential-energy function near a point of neu-
tral equilibrium for the case of one-dimensional motion. Give an
example of an object in neutral equilibrium.
Q7.23 The net force on a particle of mass m has the potential-
energy function graphed in Fig. 7.24a. If the total energy is 
graph the speed of the particle versus its position x. At what
value of x is the speed greatest? Sketch versus x if the total
energy is 
Q7.24 The potential-energy function for a force is 
where is a positive constant. What is the direction of ?

EXERCISES
Section 7.1 Gravitational Potential Energy
7.1 . In one day, a 75-kg mountain climber ascends from the
1500-m level on a vertical cliff to the top at 2400 m. The next day,
she descends from the top to the base of the cliff, which is at an
elevation of 1350 m. What is her change in gravitational potential
energy (a) on the first day and (b) on the second day?
7.2 . BIO How High Can We Jump? The maximum height a
typical human can jump from a crouched start is about 60 cm. 
By how much does the gravitational potential energy increase for
a 72-kg person in such a jump? Where does this energy come
from?
7.3 .. CP A 120-kg mail bag hangs by a vertical rope 3.5 m long.
A postal worker then displaces the bag to a position 2.0 m side-
ways from its original position, always keeping the rope taut. 
(a) What horizontal force is necessary to hold the bag in the new
position? (b) As the bag is moved to this position, how much work
is done (i) by the rope and (ii) by the worker?
7.4 .. BIO Food Calories. The food calorie, equal to 4186 J, 
is a measure of how much energy is released when food is metabo-
lized by the body. A certain brand of fruit-and-cereal bar contains
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140 food calories per bar. (a) If a 65-kg hiker eats one of these bars,
how high a mountain must he climb to “work off” the calories,
assuming that all the food energy goes only into increasing gravi-
tational potential energy? (b) If, as is typical, only 20% of the food
calories go into mechanical energy, what would be the answer to
part (a)? (Note: In this and all other problems, we are assuming
that 100% of the food calories that are eaten are absorbed and used
by the body. This is actually not true. A person’s “metabolic effi-
ciency” is the percentage of calories eaten that are actually used;
the rest are eliminated by the body. Metabolic efficiency varies
considerably from person to person.)
7.5 . A baseball is thrown from the roof of a 22.0-m-tall building
with an initial velocity of magnitude and directed at an
angle of above the horizontal. (a) What is the speed of the
ball just before it strikes the ground? Use energy methods and
ignore air resistance. (b) What is the answer for part (a) if the ini-
tial velocity is at an angle of below the horizontal? (c) If the
effects of air resistance are included, will part (a) or (b) give the
higher speed?
7.6 .. A crate of mass M starts from rest at the top of a frictionless
ramp inclined at an angle above the horizontal. Find its speed at
the bottom of the ramp, a distance d from where it started. Do this
in two ways: (a) Take the level at which the potential energy is
zero to be at the bottom of the ramp with y positive upward. 
(b) Take the zero level for potential energy to be at the top of the
ramp with y positive upward. (c) Why did the normal force not
enter into your solution?
7.7 .. BIO Human Energy vs. Insect Energy. For its size, the
common flea is one of the most accomplished jumpers in the animal
world. A 2.0-mm-long, 0.50-mg critter can reach a height of 20 cm
in a single leap. (a) Neglecting air drag, what is the takeoff speed of
such a flea? (b) Calculate the kinetic energy of this flea at takeoff
and its kinetic energy per kilogram of mass. (c) If a 65-kg, 2.0-m-
tall human could jump to the same height compared with his length
as the flea jumps compared with its length, how high could the
human jump, and what takeoff speed would he need? (d) In fact,
most humans can jump no more than 60 cm from a crouched start.
What is the kinetic energy per kilogram of mass at takeoff for such
a 65-kg person? (e) Where does the flea store the energy that allows
it to make such a sudden leap?
7.8 .. An empty crate is given an initial push down a ramp, start-
ing with speed and reaches the bottom with speed and kinetic
energy K. Some books are now placed in the crate, so that the total
mass is quadrupled. The coefficient of kinetic friction is constant
and air resistance is negligible. Starting again with at the top of
the ramp, what are the speed and kinetic energy at the bottom?
Explain the reasoning behind your answers.
7.9 .. CP A small rock with
mass 0.20 kg is released from rest
at point A, which is at the top
edge of a large, hemispherical 
bowl with radius 
(Fig. E7.9). Assume that the size
of the rock is small compared to
R, so that the rock can be treated
as a particle, and assume that the rock slides rather than rolls. The
work done by friction on the rock when it moves from point A to
point B at the bottom of the bowl has magnitude 0.22 J. 
(a) Between points A and B, how much work is done on the rock by
(i) the normal force and (ii) gravity? (b) What is the speed of the
rock as it reaches point B? (c) Of the three forces acting on the rock
as it slides down the bowl, which (if any) are constant and which
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are not? Explain. (d) Just as the rock reaches point B, what is the
normal force on it due to the bottom of the bowl?
7.10 .. BIO Bone Fractures. The maximum energy that a bone
can absorb without breaking depends on its characteristics, such as
its cross-sectional area and its elasticity. For healthy human leg
bones of approximately 6.0 cm2 cross-sectional area, this energy
has been experimentally measured to be about 200 J. (a) From
approximately what maximum height could a 60-kg person jump
and land rigidly upright on both feet without breaking his legs? 
(b) You are probably surprised at how small the answer to part 
(a) is. People obviously jump from much greater heights without
breaking their legs. How can that be? What else absorbs the energy
when they jump from greater heights? (Hint: How did the person
in part (a) land? How do people normally land when they jump
from greater heights?) (c) In light of your answers to parts (a) and
(b), what might be some of the reasons that older people are much
more prone than younger ones to bone fractures from simple falls
(such as a fall in the shower)?
7.11 .. You are testing a new amusement park roller coaster with
an empty car of mass 120 kg. One part of the track is a vertical
loop with radius 12.0 m. At the bottom of the loop (point A) the car
has speed and at the top of the loop (point B) it has speed

As the car rolls from point A to point B, how much work
is done by friction?
7.12 . Tarzan and Jane. Tarzan, in one tree, sights Jane in
another tree. He grabs the end of a vine with length 20 m that makes
an angle of with the vertical, steps off his tree limb, and swings
down and then up to Jane’s open arms. When he arrives, his vine
makes an angle of with the vertical. Determine whether he
gives her a tender embrace or knocks her off her limb by calculat-
ing Tarzan’s speed just before he reaches Jane. You can ignore air
resistance and the mass of the vine.
7.13 .. CP A 10.0-kg microwave oven is pushed 8.00 m up the
sloping surface of a loading ramp inclined at an angle of 
above the horizontal, by a constant force with a magnitude 110 N
and acting parallel to the ramp. The coefficient of kinetic friction
between the oven and the ramp is 0.250. (a) What is the work done
on the oven by the force ? (b) What is the work done on the oven
by the friction force? (c) Compute the increase in potential energy
for the oven. (d) Use your answers to parts (a), (b), and (c) to calcu-
late the increase in the oven’s kinetic energy. (e) Use to
calculate the acceleration of the oven. Assuming that the oven is ini-
tially at rest, use the acceleration to calculate the oven’s speed after
traveling 8.00 m. From this, compute the increase in the oven’s
kinetic energy, and compare it to the answer you got in part (d).

Section 7.2 Elastic Potential Energy
7.14 .. An ideal spring of negligible mass is 12.00 cm long when
nothing is attached to it. When you hang a 3.15-kg weight from it,
you measure its length to be 13.40 cm. If you wanted to store 10.0 J
of potential energy in this spring, what would be its total length?
Assume that it continues to obey Hooke’s law.
7.15 .. A force of 800 N stretches a certain spring a distance of
0.200 m. (a) What is the potential energy of the spring when it is
stretched 0.200 m? (b) What is its potential energy when it is com-
pressed 5.00 cm?
7.16 . BIO Tendons. Tendons are strong elastic fibers that
attach muscles to bones. To a reasonable approximation, they obey
Hooke’s law. In laboratory tests on a particular tendon, it was
found that, when a 250-g object was hung from it, the tendon
stretched 1.23 cm. (a) Find the force constant of this tendon in

. (b) Because of its thickness, the maximum tension this N>m
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tendon can support without rupturing is 138 N. By how much can
the tendon stretch without rupturing, and how much energy is
stored in it at that point?
7.17 . A spring stores potential energy when it is compressed a
distance from its uncompressed length. (a) In terms of how
much energy does it store when it is compressed (i) twice as much
and (ii) half as much? (b) In terms of how much must it be com-
pressed from its uncompressed length to store (i) twice as much
energy and (ii) half as much energy?
7.18 . A slingshot will shoot a 10-g pebble 22.0 m straight up. (a)
How much potential energy is stored in the slingshot’s rubber
band? (b) With the same potential energy stored in the rubber
band, how high can the slingshot shoot a 25-g pebble? (c) What
physical effects did you ignore in solving this problem?
7.19 .. A spring of negligible mass has force constant 

(a) How far must the spring be compressed for 
of potential energy to be stored in it? (b) You place the spring ver-
tically with one end on the floor. You then drop a 1.20-kg book
onto it from a height of 0.80 m above the top of the spring. Find
the maximum distance the spring will be compressed.
7.20 . A 1.20-kg piece of cheese is placed on a vertical spring of
negligible mass and force constant that is com-
pressed 15.0 cm. When the spring is released, how high does the
cheese rise from this initial position? (The cheese and the spring
are not attached.)
7.21 .. Consider the glider of Example 7.7 (Section 7.2) and 
Fig. 7.16. As in the example, the glider is released from rest with
the spring stretched 0.100 m. What is the displacement x of the
glider from its equilibrium position when its speed is 
(You should get more than one answer. Explain why.)
7.22 .. Consider the glider of Example 7.7 (Section 7.2) and 
Fig. 7.16. (a) As in the example, the glider is released from rest
with the spring stretched 0.100 m. What is the speed of the glider
when it returns to (b) What must the initial displacement of
the glider be if its maximum speed in the subsequent motion is to
be
7.23 .. A 2.50-kg mass is pushed against a horizontal spring of
force constant on a frictionless air table. The spring is
attached to the tabletop, and the mass is not attached to the spring
in any way. When the spring has been compressed enough to store
11.5 J of potential energy in it, the mass is suddenly released from
rest. (a) Find the greatest speed the mass reaches. When does this
occur? (b) What is the greatest acceleration of the mass, and when
does it occur?
7.24 .. (a) For the elevator of Example 7.9 (Section 7.2), what is
the speed of the elevator after it has moved downward 1.00 m from
point 1 in Fig. 7.17? (b) When the elevator is 1.00 m below point 1
in Fig. 7.17, what is its acceleration?
7.25 .. You are asked to design a spring that will give a 1160-kg
satellite a speed of relative to an orbiting space shuttle.
Your spring is to give the satellite a maximum acceleration of
5.00g. The spring’s mass, the recoil kinetic energy of the shuttle,
and changes in gravitational potential energy will all be negligible.
(a) What must the force constant of the spring be? (b) What dis-
tance must the spring be compressed?
7.26 .. A 2.50-kg block on a horizontal floor is attached to a hor-
izontal spring that is initially compressed 0.0300 m. The spring 
has force constant . The coefficient of kinetic friction
between the floor and the block is . The block and
spring are released from rest and the block slides along the floor.
What is the speed of the block when it has moved a distance of
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0.0200 m from its initial position? (At this point the spring is com-
pressed 0.0100 m.)

Section 7.3 Conservative and Nonconservative Forces
7.27 . A 10.0-kg box is pulled by a horizontal wire in a circle on a
rough horizontal surface for which the coefficient of kinetic fric-
tion is 0.250. Calculate the work done by friction during one com-
plete circular trip if the radius is (a) 2.00 m and (b) 4.00 m. (c) On
the basis of the results you just obtained, would you say that fric-
tion is a conservative or nonconservative force? Explain.
7.28 . A 75-kg roofer climbs a vertical 7.0-m ladder to the flat
roof of a house. He then walks 12 m on the roof, climbs down
another vertical 7.0-m ladder, and finally walks on the ground back
to his starting point. How much work is done on him by gravity 
(a) as he climbs up; (b) as he climbs down; (c) as he walks on the
roof and on the ground? (d) What is the total work done on him by
gravity during this round trip? (e) On the basis of your answer to
part (d), would you say that gravity is a conservative or nonconser-
vative force? Explain.
7.29 . A 0.60-kg book slides on a horizontal table. The kinetic fric-
tion force on the book has magnitude 1.2 N. (a) How much work is
done on the book by friction during a displacement of 3.0 m to the
left? (b) The book now slides 3.0 m to the right, returning to its
starting point. During this second 3.0-m displacement, how much
work is done on the book by friction? (c) What is the total work
done on the book by friction during the complete round trip? (d) On
the basis of your answer to part (c), would you say that the friction
force is conservative or nonconservative? Explain.
7.30 .. CALC In an experiment, one of the forces exerted on a 
proton is where (a) How much work
does do when the proton moves along the straight-line path from
the point to the point (b) Along the
straight-line path from the point to the point

(c) Along the straight-line path from the point
to the point (d) Is the force conserva-

tive? Explain. If is conservative, what is the potential-energy func-
tion for it? Let when 
7.31 . You and three friends stand
at the corners of a square whose
sides are 8.0 m long in the middle
of the gym floor, as shown in
Fig. E7.31. You take your physics
book and push it from one person
to the other. The book has a mass of
1.5 kg, and the coefficient of kinetic
friction between the book and the
floor is (a) The book
slides from you to Beth and then from Beth to Carlos, along the lines
connecting these people. What is the work done by friction during
this displacement? (b) You slide the book from you to Carlos along
the diagonal of the square. What is the work done by friction during
this displacement? (c) You slide the book to Kim, who then slides it
back to you. What is the total work done by friction during this
motion of the book? (d) Is the friction force on the book conservative
or nonconservative? Explain.
7.32 . While a roofer is working on a roof that slants at 36° above
the horizontal, he accidentally nudges his 85.0-N toolbox, causing
it to start sliding downward, starting from rest. If it starts 4.25 m
from the lower edge of the roof, how fast will the toolbox be mov-
ing just as it reaches the edge of the roof if the kinetic friction force
on it is 22.0 N?
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7.43 . A block with mass 0.50 kg is forced against a horizontal
spring of negligible mass, compressing the spring a distance of
0.20 m (Fig. P7.43). When released, the block moves on a horizon-
tal tabletop for 1.00 m before coming to rest. The spring constant k
is What is the coefficient of kinetic friction between
the block and the tabletop?

7.44 . On a horizontal surface, a crate with mass 50.0 kg is placed
against a spring that stores 360 J of energy. The spring is released,
and the crate slides 5.60 m before coming to rest. What is the
speed of the crate when it is 2.00 m from its initial position?

mk100 N>m.

7.37 .. CALC A small block with mass 0.0400 kg is moving in the
xy-plane. The net force on the block is described by the potential-
energy function . What
are the magnitude and direction of the acceleration of the block
when it is at the point , ?

Section 7.5 Energy Diagrams
7.38 . A marble moves along the
x-axis. The potential-energy func-
tion is shown in Fig. E7.38. (a) At
which of the labeled x-coordinates
is the force on the marble zero? 
(b) Which of the labeled x-coordi-
nates is a position of stable equi-
librium? (c) Which of the labeled
x-coordinates is a position of
unstable equilibrium?
7.39 . CALC The potential energy of two atoms in a diatomic mole-
cule is approximated by where r is the spac-
ing between atoms and a and b are positive constants. (a) Find the
force on one atom as a function of r. Draw two graphs: one of

versus r and one of versus r. (b) Find the equilibrium dis-
tance between the two atoms. Is this equilibrium stable? (c) Suppose
the distance between the two atoms is equal to the equilibrium dis-
tance found in part (b). What minimum energy must be added to the
molecule to dissociate it—that is, to separate the two atoms to an
infinite distance apart? This is called the dissociation energy of the
molecule. (d) For the molecule CO, the equilibrium distance between
the carbon and oxygen atoms is and the dissocia-
tion energy is per molecule. Find the values of the
constants a and b.

PROBLEMS
7.40 .. Two blocks with different masses are attached to either
end of a light rope that passes over a light, frictionless pulley sus-
pended from the ceiling. The masses are released from rest, and
the more massive one starts to descend. After this block has
descended 1.20 m, its speed is If the total mass of the
two blocks is 15.0 kg, what is the mass of each block?

3.00 m>s.

1.54 * 10-18 J
1.13 * 10-10 m

F1r2U1r2 F1r2 U1r2 = a>r 12 - b>r 6,

y = 0.600 mx = 0.300 m

U1x, y2 = 15.80 J>m22x2 - 13.60 J>m32y3
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7.33 .. A 62.0-kg skier is moving at on a frictionless,
horizontal, snow-covered plateau when she encounters a rough
patch 3.50 m long. The coefficient of kinetic friction between this
patch and her skis is 0.300. After crossing the rough patch and
returning to friction-free snow, she skis down an icy, frictionless
hill 2.50 m high. (a) How fast is the skier moving when she gets to
the bottom of the hill? (b) How much internal energy was gener-
ated in crossing the rough patch?

Section 7.4 Force and Potential Energy
7.34 .. CALC The potential energy of a pair of hydrogen atoms
separated by a large distance x is given by where

is a positive constant. What is the force that one atom exerts on
the other? Is this force attractive or repulsive?
7.35 .. CALC A force parallel to the x-axis acts on a particle mov-
ing along the x-axis. This force produces potential energy 
given by where What is the force
(magnitude and direction) when the particle is at 
7.36 .. CALC An object moving in the xy-plane is acted on by a
conservative force described by the potential-energy function 

where is a positive constant. Derive
an expression for the force expressed in terms of the unit vectors 
and .!n

ın
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6.50 m>s 7.41 ... At a construction site, a 65.0-kg bucket of concrete hangs
from a light (but strong) cable that passes over a light, friction-free
pulley and is connected to an 80.0-kg box on a horizontal roof
(Fig. P7.41). The cable pulls horizontally on the box, and a 
50.0-kg bag of gravel rests on top of the box. The coefficients of
friction between the box and roof are shown. (a) Find the friction
force on the bag of gravel and on the box. (b) Suddenly a worker
picks up the bag of gravel. Use energy conservation to find 
the speed of the bucket after it has descended 2.00 m from rest.
(You can check your answer by solving this problem using 
Newton’s laws.)
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ms 5 0.700

Box

Gravel
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mk 5 0.400

Figure P7.41

7.42 . A 2.00-kg block is pushed against a spring with negligible
mass and force constant compressing it 0.220 m.
When the block is released, it moves along a frictionless, hori-
zontal surface and then up a frictionless incline with slope 
(Fig. P7.42). (a) What is the speed of the block as it slides along
the horizontal surface after having left the spring? (b) How far
does the block travel up the incline before starting to slide back
down?
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region, the stone travels 100 m and then runs into a very long, light
spring with force constant The coefficients of kinetic
and static friction between the stone and the horizontal ground are
0.20 and 0.80, respectively. (a) What is the speed of the stone when
it reaches point B? (b) How far will the stone compress the spring?
(c) Will the stone move again after it has been stopped by the
spring?
7.50 .. CP A 2.8-kg block
slides over the smooth, icy hill
shown in Fig. P7.50. The top of
the hill is horizontal and 70 m
higher than its base. What mini-
mum speed must the block have
at the base of the hill in order
for it to pass over the pit at the
far side of the hill?
7.51 ... Bungee Jump. A bungee cord is 30.0 m long and,
when stretched a distance x, it exerts a restoring force of magnitude
kx. Your father-in-law (mass 95.0 kg) stands on a platform 45.0 m
above the ground, and one end of the cord is tied securely to his
ankle and the other end to the platform. You have promised him that
when he steps off the platform he will fall a maximum distance of
only 41.0 m before the cord stops him. You had several bungee
cords to select from, and you tested them by stretching them out,
tying one end to a tree, and pulling on the other end with a force of
380.0 N. When you do this, what distance will the bungee cord that
you should select have stretched?
7.52 .. Ski Jump Ramp. You are designing a ski jump ramp for
the next Winter Olympics. You need to calculate the vertical height h
from the starting gate to the bottom of the ramp. The skiers push off
hard with their ski poles at the start, just above the starting gate, so
they typically have a speed of as they reach the gate. For
safety, the skiers should have a speed no higher than when
they reach the bottom of the ramp. You determine that for a 85.0-kg
skier with good form, friction and air resistance will do total work of
magnitude 4000 J on him during his run down the ramp. What is the
maximum height h for which the maximum safe speed will not be
exceeded?
7.53 ... The Great Sandini is a 60-kg circus performer who is
shot from a cannon (actually a spring gun). You don’t find many
men of his caliber, so you help him design a new gun. This new
gun has a very large spring with a very small mass and a force con-
stant of that he will compress with a force of 4400 N.
The inside of the gun barrel is coated with Teflon, so the average
friction force will be only 40 N during the 4.0 m he moves in 
the barrel. At what speed will he emerge from the end of the barrel,
2.5 m above his initial rest position?
7.54 ... You are designing a delivery ramp for crates containing
exercise equipment. The 1470-N crates will move at at the
top of a ramp that slopes downward at The ramp exerts a
550-N kinetic friction force on each crate, and the maximum static
friction force also has this value. Each crate will compress a spring
at the bottom of the ramp and will come to rest after traveling a
total distance of 8.0 m along the ramp. Once stopped, a crate must
not rebound back up the ramp. Calculate the force constant of the
spring that will be needed in order to meet the design criteria.
7.55 .. A system of two paint buckets connected by a lightweight
rope is released from rest with the 12.0-kg bucket 2.00 m above
the floor (Fig. P7.55). Use the principle of conservation of energy
to find the speed with which this bucket strikes the floor. You can
ignore friction and the mass of the pulley.

22.0°.
1.8 m>s

1100 N>m

30.0 m>s2.0 m>s

2.00 N>m.
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7.45 .. A 350-kg roller coaster starts from rest at point A and
slides down the frictionless loop-the-loop shown in Fig. P7.45. 
(a) How fast is this roller coaster moving at point B? (b) How hard
does it press against the track at point B?

7.46 .. CP Riding a Loop-the-
Loop. A car in an amusement
park ride rolls without friction
around the track shown in Fig.
P7.46. It starts from rest at point
A at a height h above the bottom
of the loop. Treat the car as a par-
ticle. (a) What is the minimum
value of h (in terms of R) such that the car moves around the loop
without falling off at the top (point B)? (b) If and

compute the speed, radial acceleration, and tangential
acceleration of the passengers when the car is at point C, which is
at the end of a horizontal diameter. Show these acceleration com-
ponents in a diagram, approximately to scale.
7.47 .. A 2.0-kg piece of wood
slides on the surface shown in 
Fig. P7.47. The curved sides are
perfectly smooth, but the rough
horizontal bottom is 30 m long
and has a kinetic friction coeffi-
cient of 0.20 with the wood. The piece of wood starts from rest 
4.0 m above the rough bottom. (a) Where will this wood eventu-
ally come to rest? (b) For the motion from the initial release until
the piece of wood comes to rest, what is the total amount of work
done by friction?
7.48 .. Up and Down the Hill. A 28-kg rock approaches the
foot of a hill with a speed of This hill slopes upward at a
constant angle of above the horizontal. The coefficients of
static and kinetic friction between the hill and the rock are 0.75 and
0.20, respectively. (a) Use energy conservation to find the maxi-
mum height above the foot of the hill reached by the rock. (b) Will
the rock remain at rest at its highest point, or will it slide back
down the hill? (c) If the rock does slide back down, find its speed
when it returns to the bottom of the hill.
7.49 .. A 15.0-kg stone slides
down a snow-covered hill 
(Fig. P7.49), leaving point A with
a speed of There is no
friction on the hill between points
A and B, but there is friction on the
level ground at the bottom of 
the hill, between B and the wall.
After entering the rough horizontal

10.0 m>s.

40.0°
15 m>s.

R = 20.0 m,
h = 3.50R

25.0 m
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B

3.00 m
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h
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B

A
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120 m

70 m

40 m

50 m

Figure P7.50



t x y

0 0 0
3.05 s 70.2 m 53.6 m 0
6.59 s 124.4 m 0

(a) How much work was done by the air on the baseball as it
moved from its initial position to its maximum height? (b) How
much work was done by the air on the baseball as it moved from
its maximum height back to the starting elevation? (c) Explain
why the magnitude of the answer in part (b) is smaller than the
magnitude of the answer in part (a).
7.61 .. Down the Pole. A fireman of mass m slides a distance d
down a pole. He starts from rest. He moves as fast at the bottom as if
he had stepped off a platform a distance above the ground and
descended with negligible air resistance. (a) What average friction
force did the fireman exert on the pole? Does your answer make sense
in the special cases of and (b) Find a numerical value
for the average friction force a 75-kg fireman exerts, for 
and (c) In terms of g, h, and d, what is the speed of the
fireman when he is a distance y above the bottom of the pole?
7.62 .. A 60.0-kg skier starts from rest at the top of a ski slope
65.0 m high. (a) If frictional forces do of work on her as
she descends, how fast is she going at the bottom of the slope? 
(b) Now moving horizontally, the skier crosses a patch of soft
snow, where If the patch is 82.0 m wide and the aver-
age force of air resistance on the skier is 160 N, how fast is she
going after crossing the patch? (c) The skier hits a snowdrift and
penetrates 2.5 m into it before coming to a stop. What is the aver-
age force exerted on her by the snowdrift as it stops her?
7.63 . CP A skier starts at
the top of a very large, fric-
tionless snowball, with a
very small initial speed, and
skis straight down the side
(Fig. P7.63). At what point
does she lose contact with
the snowball and fly off at a
tangent? That is, at the
instant she loses contact with
the snowball, what angle 
does a radial line from the
center of the snowball to the
skier make with the vertical?
7.64 .. A ball is thrown upward with an initial velocity of 
at an angle of 60.0° above the horizontal. Use energy conservation
to find the ball’s greatest height above the ground.
7.65 .. In a truck-loading station at a post office, a small 0.200-kg
package is released from rest at point A on a track that is one-
quarter of a circle with radius 1.60 m (Fig. P7.65). The size of the
package is much less than 1.60 m, so the package can be treated as
a particle. It slides down the track and reaches point B with a speed
of From point B, it slides on a level surface a distance of4.80 m>s.

15 m>s
a

mk = 0.20.

-10.5 kJ

h = 1.0 m.
d = 2.5 m

h = 0?h = d

h … d

-28.7 m>s11.9 m>s18.6 m>s 40.0 m>s30.0 m>s vyvx
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12.0 kg

4.0 kg

2.00 m

Figure P7.55

7.56 .. A 1500-kg rocket is
to be launched with an initial
upward speed of 
In order to assist its engines,
the engineers will start it
from rest on a ramp that
rises 53° above the horizon-
tal (Fig. P7.56). At the bot-
tom, the ramp turns upward
and launches the rocket ver-
tically. The engines provide
a constant forward thrust of
2000 N, and friction with
the ramp surface is a constant 500 N. How far from the base of the
ramp should the rocket start, as measured along the surface of the
ramp?
7.57 . Legal Physics. In an auto accident, a car hit a pedestrian
and the driver then slammed on the brakes to stop the car. During
the subsequent trial, the driver’s lawyer claimed that he was obey-
ing the posted speed limit, but that the legal speed was too
high to allow him to see and react to the pedestrian in time. You
have been called in as the state’s expert witness. Your investigation
of the accident found that the skid marks made while the brakes
were applied were 280 ft long, and the tread on the tires produced a
coefficient of kinetic friction of 0.30 with the road. (a) In your 
testimony in court, will you say that the driver was obeying the
posted speed? You must be able to back up your conclusion with
clear reasoning because one of the lawyers will surely cross-
examine you. (b) If the driver’s speeding ticket were $10 for each
mile per hour he was driving above the posted speed limit, would
he have to pay a fine? If so, how much would it be?
7.58 ... A wooden rod of negligible mass and length 80.0 cm is
pivoted about a horizontal axis through its center. A white rat with
mass 0.500 kg clings to one end of the stick, and a mouse with
mass 0.200 kg clings to the other end. The system is released from
rest with the rod horizontal. If the animals can manage to hold on,
what are their speeds as the rod swings through a vertical position?
7.59 .. CP A 0.300-kg potato is tied to a string with length 2.50 m,
and the other end of the string is tied to a rigid support. The potato
is held straight out horizontally from the point of support, with the
string pulled taut, and is then released. (a) What is the speed of the
potato at the lowest point of its motion? (b) What is the tension in
the string at this point?
7.60 .. These data are from a computer simulation for a batted
baseball with mass 0.145 kg, including air resistance:

35-mph

50.0 m>s.

Rocket is
launched
upward.

Rocket starts
       here.

53°

Figure P7.56

a

Figure P7.63

m 5 0.200 kg

B C

A

3.00 m

R 5 1.60 m

Figure P7.65



7.69 .. A 0.150-kg block of ice is placed against a horizontal,
compressed spring mounted on a horizontal tabletop that is 1.20 m
above the floor. The spring has force constant and is
initially compressed 0.045 m. The mass of the spring is negligible.
The spring is released, and the block slides along the table, goes
off the edge, and travels to the floor. If there is negligible friction
between the block of ice and the tabletop, what is the speed of the
block of ice when it reaches the floor?
7.70 .. A 3.00-kg block is con-
nected to two ideal horizon-
tal springs having force constants

and
(Fig. P7.70). The

system is initially in equilibrium on a horizontal, frictionless
surface. The block is now pushed 15.0 cm to the right and released

20.0 N>cm
k2 =k1 = 25.0 N>cm

1900 N>m
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3.00 m to point C, where it comes to rest. (a) What is the coeffi-
cient of kinetic friction on the horizontal surface? (b) How much
work is done on the package by friction as it slides down the circu-
lar arc from A to B?
7.66 ... A truck with mass m has a brake failure while going
down an icy mountain road of constant downward slope angle 
(Fig. P7.66). Initially the truck is moving downhill at speed 
After careening downhill a distance L with negligible friction, the
truck driver steers the runaway vehicle onto a runaway truck ramp
of constant upward slope angle The truck ramp has a soft sand
surface for which the coefficient of rolling friction is What is
the distance that the truck moves up the ramp before coming to a
halt? Solve using energy methods.

mr.
b.

v0.
a

from rest. (a) What is the maximum speed of the block? Where in
the motion does the maximum speed occur? (b) What is the maxi-
mum compression of spring 1?
7.71 .. An experimental apparatus with mass m is placed on a
vertical spring of negligible mass and pushed down until the spring
is compressed a distance x. The apparatus is then released and
reaches its maximum height at a distance h above the point where
it is released. The apparatus is not attached to the spring, and at its
maximum height it is no longer in contact with the spring. The
maximum magnitude of acceleration the apparatus can have with-
out being damaged is a, where (a) What should the force
constant of the spring be? (b) What distance x must the spring be
compressed initially?
7.72 .. If a fish is attached to a vertical spring and slowly lowered 
to its equilibrium position, it is found to stretch the spring by an
amount d. If the same fish is attached to the end of the unstretched
spring and then allowed to fall from rest, through what maximum dis-
tance does it stretch the spring? (Hint: Calculate the force constant of
the spring in terms of the distance d and the mass m of the fish.)
7.73 ... CALC A 3.00-kg fish is attached to the lower end of a ver-
tical spring that has negligible mass and force constant .
The spring initially is neither stretched nor compressed. The fish is
released from rest. (a) What is its speed after it has descended
0.0500 m from its initial position? (b) What is the maximum speed
of the fish as it descends?
7.74 .. A basket of negligible weight hangs from a vertical spring
scale of force constant . (a) If you suddenly put a 3.0-kg
adobe brick in the basket, find the maximum distance that the
spring will stretch. (b) If, instead, you release the brick from 1.0 m
above the basket, by how much will the spring stretch at its maxi-
mum elongation?
7.75 . A 0.500-kg block, attached to a spring with length 0.60 m
and force constant is at rest with the back of the block
at point A on a frictionless, horizontal air table (Fig. P7.75). The
mass of the spring is negligible. You move the block to the right
along the surface by pulling with a constant 20.0-N horizontal
force. (a) What is the block’s speed when the back of the block
reaches point B, which is 0.25 m to the right of point A? (b) When
the back of the block reaches point B, you let go of the block. In
the subsequent motion, how close does the block get to the wall
where the left end of the spring is attached?

40.0 N>m,

1500 N>m

900 N>m

a 7 g.

7.67 .. CALC A certain spring is found not to obey Hooke’s law; it
exerts a restoring force if it is stretched or
compressed, where and The mass
of the spring is negligible. (a) Calculate the potential-energy func-
tion for this spring. Let when (b) An object with
mass 0.900 kg on a frictionless, horizontal surface is attached to this
spring, pulled a distance 1.00 m to the right (the ) to
stretch the spring, and released. What is the speed of the object when
it is 0.50 m to the right of the equilibrium position?
7.68 .. CP A sled with rider having a combined mass of 125 kg
travels over the perfectly smooth icy hill shown in Fig. 7.68. How
far does the sled land from the foot of the cliff?

x = 0

+x-direction

x = 0.U = 0U1x2 b = 18.0 N>m2.a = 60.0 N>mFx1x2 = -ax - bx2

Distance 5 ?LIcy road

Ski’sVan Lines

Truck ramp

v0

ba

Figure P7.66

11.0 m Cliff

22.5 m/s

Figure P7.68

k1 k2

Figure P7.70

k 5 40.0 N/m m 5 0.500 kg

F 5 20.0 N

0.60 m 0.25 m

A B

Figure P7.75

7.76 .. Fraternity Physics. The brothers of Iota Eta Pi frater-
nity build a platform, supported at all four corners by vertical
springs, in the basement of their frat house. A brave fraternity
brother wearing a football helmet stands in the middle of the plat-
form; his weight compresses the springs by 0.18 m. Then four of
his fraternity brothers, pushing down at the corners of the plat-
form, compress the springs another 0.53 m until the top of the
brave brother’s helmet is 0.90 m below the basement ceiling. They
then simultaneously release the platform. You can ignore the
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masses of the springs and platform. (a) When the dust clears, the
fraternity asks you to calculate their fraternity brother’s speed just
before his helmet hit the flimsy ceiling. (b) Without the ceiling,
how high would he have gone? (c) In discussing their probation,
the dean of students suggests that the next time they try this, they
do it outdoors on another planet. Would the answer to part (b) be
the same if this stunt were performed on a planet with a different
value of g? Assume that the fraternity brothers push the platform
down 0.53 m as before. Explain your reasoning.
7.77 ... CP A small block with mass 0.0500 kg slides in a verti-
cal circle of radius on the inside of a circular track.
There is no friction between the track and the block. At the bot-
tom of the block’s path, the normal force the track exerts on the
block has magnitude 3.40 N. What is the magnitude of the nor-
mal force that the track exerts on the block when it is at the top of
its path?
7.78 ... CP A small block with mass 0.0400 kg slides in a ver-
tical circle of radius on the inside of a circular
track. During one of the revolutions of the block, when the block
is at the bottom of its path, point A, the magnitude of the normal
force exerted on the block by the track has magnitude 3.95 N. In
this same revolution, when the block reaches the top of its 
path, point B, the magnitude of the normal force exerted on the
block has magnitude 0.680 N. How much work was done on the
block by friction during the motion of the block from point A to
point B?
7.79 .. A hydroelectric dam holds back a lake of surface area

that has vertical sides below the water level. The
water level in the lake is 150 m above the base of the dam. When the
water passes through turbines at the base of the dam, its mechanical
energy is converted to electrical energy with 90% efficiency. (a) If
gravitational potential energy is taken to be zero at the base of the
dam, how much energy is stored in the top meter of the water in the
lake? The density of water is (b) What volume of water
must pass through the dam to produce 1000 kilowatt-hours of
electrical energy? What distance does the level of water in the lake
fall when this much water passes through the dam?
7.80 .. CALC How much total energy is stored in the lake in 
Problem 7.79? As in that problem, take the gravitational potential
energy to be zero at the base of the dam. Express your answer in
joules and in kilowatt-hours. (Hint: Break the lake up into infini-
tesimal horizontal layers of thickness dy, and integrate to find the
total potential energy.)
7.81 ... A wooden block with mass 1.50 kg is placed against a com-
pressed spring at the bottom of an incline of slope (point A).
When the spring is released, it projects the block up the incline. At
point B, a distance of 6.00 m up the incline from A, the block is
moving up the incline at and is no longer in contact with
the spring. The coefficient of kinetic friction between the block
and the incline is The mass of the spring is negligible.
Calculate the amount of potential energy that was initially stored
in the spring.
7.82 .. CP Pendulum. A small rock with mass 0.12 kg is fas-
tened to a massless string with length 0.80 m to form a pendulum.
The pendulum is swinging so as to make a maximum angle of 
with the vertical. Air resistance is negligible. (a) What is the speed
of the rock when the string passes through the vertical position?
(b) What is the tension in the string when it makes an angle of 
with the vertical? (c) What is the tension in the string as it passes
through the vertical?
7.83 ... CALC A cutting tool under microprocessor control has
several forces acting on it. One force is a force inF
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the negative y-direction whose magnitude depends on the posi-
tion of the tool. The constant is Consider the
displacement of the tool from the origin to the point 

(a) Calculate the work done on the tool by if this
displacement is along the straight line that connects these
two points. (b) Calculate the work done on the tool by if the
tool is first moved out along the x-axis to the point

and then moved parallel to the y-axis to the
point (c) Compare the work done by 
along these two paths. Is conservative or nonconservative?
Explain.
7.84 . CALC (a) Is the force where C is a negative 
constant with units of conservative or nonconservative?
Justify your answer. (b) Is the force where C is a nega-
tive constant with units of conservative or nonconservative?
Justify your answer.
7.85 .. CALC An object has several forces acting on it. One force
is a force in the x-direction whose magnitude depends
on the position of the object. (See Problem 6.98.) The constant is

The object moves along the following path: (1) It
starts at the origin and moves along the y-axis to the point 

(2) it moves parallel to the x-axis to the point
(3) it moves parallel to the y-axis to the

point (4) it moves parallel to the x-axis back to
the origin. (a) Sketch this path in the xy-plane. (b) Calculate the work
done on the object by for each leg of the path and for the complete
round trip. (c) Is conservative or nonconservative? Explain.
7.86 . A particle moves along
the x-axis while acted on by a
single conservative force paral-
lel to the x-axis. The force corre-
sponds to the potential-energy
function graphed in Fig. P7.86.
The particle is released from rest
at point A. (a) What is the direc-
tion of the force on the particle
when it is at point A? (b) At point B? (c) At what value of x is the
kinetic energy of the particle a maximum? (d) What is the force on
the particle when it is at point C? (e) What is the largest value of x
reached by the particle during its motion? (f) What value or values
of x correspond to points of stable equilibrium? (g) Of unstable
equilibrium?

CHALLENGE PROBLEM
7.87 ... CALC A proton with mass m moves in one dimension.
The potential-energy function is where 
and are positive constants. The proton is released from rest at

(a) Show that can be written as 

Graph . Calculate and thereby locate the point on
the graph. (b) Calculate the speed of the proton as a function
of position. Graph and give a qualitative description of the
motion. (c) For what value of x is the speed of the proton a maxi-
mum? What is the value of that maximum speed? (d) What is 
the force on the proton at the point in part (c)? (e) Let the proton be
released instead at Locate the point on the graph of

Calculate and give a qualitative description of the
motion. (f) For each release point what are
the maximum and minimum values of x reached during the motion?
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Q8.10 Since for a particle the kinetic energy is given by 
and the momentum by it is easy to show that

How, then, is it possible to have an event during
which the total momentum of the system is constant but the total
kinetic energy changes?
Q8.11 In each of Examples 8.10, 8.11, and 8.12 (Section 8.4), ver-
ify that the relative velocity vector of the two bodies has the same
magnitude before and after the collision. In each case what hap-
pens to the direction of the relative velocity vector?
Q8.12 A glass dropped on the floor is more likely to break if the
floor is concrete than if it is wood. Why? (Refer to Fig. 8.3b.)
Q8.13 In Fig. 8.22b, the kinetic energy of the Ping-Pong ball is
larger after its interaction with the bowling ball than before. From
where does the extra energy come? Describe the event in terms of
conservation of energy.
Q8.14 A machine gun is fired at a steel plate. Is the average force
on the plate from the bullet impact greater if the bullets bounce off
or if they are squashed and stick to the plate? Explain.
Q8.15 A net force of 4 N acts on an object initially at rest for 0.25 s
and gives it a final speed of How could a net force of 2 N
produce the same final speed?
Q8.16 A net force with x-component acts on an object from
time to time The x-component of the momentum of the object
is the same at as it is at but is not zero at all times between

and What can you say about the graph of versus t?
Q8.17 A tennis player hits a tennis ball with a racket. Consider the
system made up of the ball and the racket. Is the total momentum
of the system the same just before and just after the hit? Is the total
momentum just after the hit the same as 2 s later, when the ball is
in midair at the high point of its trajectory? Explain any differ-
ences between the two cases.
Q8.18 In Example 8.4 (Section 8.2), consider the system consist-
ing of the rifle plus the bullet. What is the speed of the system’s
center of mass after the rifle is fired? Explain.
Q8.19 An egg is released from rest from the roof of a building and
falls to the ground. As the egg falls, what happens to the momen-
tum of the system of the egg plus the earth?
Q8.20 A woman stands in the middle of a perfectly smooth, fric-
tionless, frozen lake. She can set herself in motion by throwing
things, but suppose she has nothing to throw. Can she propel her-
self to shore without throwing anything?
Q8.21 In a zero-gravity environment, can a rocket-propelled space-
ship ever attain a speed greater than the relative speed with which
the burnt fuel is exhausted?
Q8.22 When an object breaks into two pieces (explosion, radioac-
tive decay, recoil, etc.), the lighter fragment gets more kinetic energy
than the heavier one. This is a consequence of momentum conserva-
tion, but can you also explain it using Newton’s laws of motion?
Q8.23 An apple falls from a tree and feels no air resistance. As it is
falling, which of these statements about it are true? (a) Only its
momentum is conserved; (b) only its mechanical energy is con-
served, (c) both its momentum and its mechanical energy are con-
served, (d) its kinetic energy is conserved.
Q8.24 Two pieces of clay collide and stick together. During the
collision, which of these statements are true? (a) Only the momen-
tum of the clay is conserved, (b) only the mechanical energy of the
clay is conserved, (c) both the momentum and the mechanical
energy of the clay are conserved, (d) the kinetic energy of the clay
is conserved.
Q8.25 Two marbles are pressed together with a light ideal spring
between them, but they are not attached to the spring in any way.

gFxt2.t1

gFxt2,t1

t2.t1

gFx

5 m>s.

K = p2>2m.
pS ! mvS,

K = 1
2 mv2 They are then released on a frictionless horizontal table and soon

move free of the spring. As the marbles are moving away from each
other, which of these statements about them are true? (a) Only the
momentum of the marbles is conserved, (b) only the mechanical
energy of the marbles is conserved, (c) both the momentum and
the mechanical energy of the marbles are conserved, (d) the kinetic
energy of the marbles is conserved.
Q8.26 A very heavy SUV collides head-on with a very light com-
pact car. Which of these statements about the collision are correct?
(a) The amount of kinetic energy lost by the SUV is equal to the
amount of kinetic energy gained by the compact, (b) the amount of
momentum lost by the SUV is equal to the amount of momentum
gained by the compact, (c) the compact feels a considerably
greater force during the collision than the SUV does, (d) both cars
lose the same amount of kinetic energy.

EXERCISES
Section 8.1 Momentum and Impulse
8.1 . (a) What is the magnitude of the momentum of a 10,000-kg
truck whose speed is (b) What speed would a 2000-kg
SUV have to attain in order to have (i) the same momentum? 
(ii) the same kinetic energy?
8.2 . In a certain men’s track and field event, the shotput has 
a mass of 7.30 kg and is released with a speed of at 
40.0° above the horizontal over a man’s straight left leg. What are
the initial horizontal and vertical components of the momentum of
this shotput?
8.3 .. (a) Show that the kinetic energy K and the momentum
magnitude p of a particle with mass m are related by 
(b) A 0.040-kg cardinal (Richmondena cardinalis) and a 0.145-kg
baseball have the same kinetic energy. Which has the greater mag-
nitude of momentum? What is the ratio of the cardinal’s magnitude
of momentum to the baseball’s? (c) A 700-N man and a 450-N
woman have the same momentum. Who has the greater kinetic
energy? What is the ratio of the man’s kinetic energy to that of the
woman?
8.4 . Two vehicles are approaching an intersection. One is a 2500-kg
pickup traveling at from east to west (the !x-direction),
and the other is a 1500-kg sedan going from south to north (the

(a) Find the x- and y-components of the
net momentum of this system. (b) What are the magnitude and
direction of the net momentum?
8.5 . One 110-kg football lineman is running to the right at

while another 125-kg lineman is running directly toward
him at What are (a) the magnitude and direction of the net
momentum of these two athletes, and (b) their total kinetic energy?
8.6 .. BIO Biomechanics. The mass of a regulation tennis ball
is 57 g (although it can vary slightly), and tests have shown that
the ball is in contact with the tennis racket for 30 ms. (This number
can also vary, depending on the racket and swing.) We shall assume
a 30.0-ms contact time for this exercise. The fastest-known served
tennis ball was served by “Big Bill” Tilden in 1931, and its speed
was measured to be (a) What impulse and what force
did Big Bill exert on the tennis ball in his record serve? (b) If Big
Bill’s opponent returned his serve with a speed of what
force and what impulse did he exert on the ball, assuming only
horizontal motion?
8.7 . Force of a Golf Swing. A 0.0450-kg golf ball initially at
rest is given a speed of when a club strikes. If the club
and ball are in contact for 2.00 ms, what average force acts on the

25.0 m>s
55 m>s,

73.14 m>s .

2.60 m>s.
2.75 m>s
+y-direction) at 23.0 m>s.

14.0 m>s

K = p2>2m.

15.0 m>s
12.0 m>s?
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ball? Is the effect of the ball’s weight during the time of contact
significant? Why or why not?
8.8 . Force of a Baseball Swing. A baseball has mass 0.145 kg.
(a) If the velocity of a pitched ball has a magnitude of 
and the batted ball’s velocity is in the opposite direction,
find the magnitude of the change in momentum of the ball and of
the impulse applied to it by the bat. (b) If the ball remains in con-
tact with the bat for 2.00 ms, find the magnitude of the average
force applied by the bat.
8.9 . A 0.160-kg hockey puck is moving on an icy, frictionless,
horizontal surface. At the puck is moving to the right at

(a) Calculate the velocity of the puck (magnitude and
direction) after a force of 25.0 N directed to the right has been
applied for 0.050 s. (b) If, instead, a force of 12.0 N directed to the
left is applied from to what is the final velocity
of the puck?
8.10 . An engine of the orbital maneuvering system (OMS) on a
space shuttle exerts a force of for 3.90 s, exhausting
a negligible mass of fuel relative to the 95,000-kg mass of the
shuttle. (a) What is the impulse of the force for this 3.90 s? (b)
What is the shuttle’s change in momentum from this impulse? 
(c) What is the shuttle’s change in velocity from this impulse? 
(d) Why can’t we find the resulting change in the kinetic energy of
the shuttle?
8.11 . CALC At time a 2150-kg rocket in outer space fires
an engine that exerts an increasing force on it in the 
This force obeys the equation where t is time, and has a
magnitude of 781.25 N when (a) Find the SI value of
the constant A, including its units. (b) What impulse does the
engine exert on the rocket during the 1.50-s interval starting 2.00 s
after the engine is fired? (c) By how much does the rocket’s veloc-
ity change during this interval?
8.12 .. A bat strikes a 0.145-kg baseball. Just before impact, the
ball is traveling horizontally to the right at and it leaves
the bat traveling to the left at an angle of above horizontal with
a speed of If the ball and bat are in contact for 1.75 ms,
find the horizontal and vertical components of the average force on
the ball.
8.13 . A 2.00-kg stone is sliding
to the right on a frictionless hori-
zontal surface at when
it is suddenly struck by an object
that exerts a large horizontal
force on it for a short period of
time. The graph in Fig. E8.13
shows the magnitude of this force
as a function of time. (a) What
impulse does this force exert on
the stone? (b) Just after the force stops acting, find the magnitude
and direction of the stone’s velocity if the force acts (i) to the right
or (ii) to the left.
8.14 .. BIO Bone Fracture. Experimental tests have shown
that bone will rupture if it is subjected to a force density of

. Suppose a 70.0-kg person carelessly roller-
skates into an overhead metal beam that hits his forehead and com-
pletely stops his forward motion. If the area of contact with the
person’s forehead is what is the greatest speed with which
he can hit the wall without breaking any bone if his head is in con-
tact with the beam for 10.0 ms?
8.15 .. To warm up for a match, a tennis player hits the 57.0-g
ball vertically with her racket. If the ball is stationary just

1.5 cm2,

1.03 * 108 N>m2

5.00 m>s
65.0 m>s.

30°
50.0 m>s,

t = 1.25 s.
Fx = At 2,

+x-direction.
t = 0,

!n126,700 N2
t = 0.050 s,t = 0

3.00 m>s.
t = 0,

55.0 m>s 45.0 m>s
before it is hit and goes 5.50 m high, what impulse did she
impart to it?
8.16 .. CALC Starting at , a horizontal net force 

is applied to a box that
has an initial momentum 

. What is the momentum of the box at ?

Section 8.2 Conservation of Momentum
8.17 .. The expanding gases that leave the muzzle of a rifle also
contribute to the recoil. A .30-caliber bullet has mass 0.00720 kg
and a speed of relative to the muzzle when fired from a
rifle that has mass 2.80 kg. The loosely held rifle recoils at a speed
of relative to the earth. Find the momentum of the pro-
pellant gases in a coordinate system attached to the earth as they
leave the muzzle of the rifle.
8.18 . A 68.5-kg astronaut is doing a repair in space on the orbit-
ing space station. She throws a 2.25-kg tool away from her at

relative to the space station. With what speed and in
what direction will she begin to move?
8.19 . BIO Animal Propulsion. Squids and octopuses propel
themselves by expelling water. They do this by keeping water in a
cavity and then suddenly contracting the cavity to force out the
water through an opening. A 6.50-kg squid (including the water in
the cavity) at rest suddenly sees a dangerous predator. (a) If the
squid has 1.75 kg of water in its cavity, at what speed must it
expel this water to suddenly achieve a speed of to
escape the predator? Neglect any drag effects of the surrounding
water. (b) How much kinetic energy does the squid create by this
maneuver?
8.20 .. You are standing on a sheet of ice that covers the football
stadium parking lot in Buffalo; there is negligible friction between
your feet and the ice. A friend throws you a 0.400-kg ball that is
traveling horizontally at Your mass is 70.0 kg. (a) If you
catch the ball, with what speed do you and the ball move after-
ward? (b) If the ball hits you and bounces off your chest, so after-
ward it is moving horizontally at in the opposite direction,
what is your speed after the collision?
8.21 .. On a frictionless, horizontal air table, puck A (with mass
0.250 kg) is moving toward puck B (with mass 0.350 kg), which is
initially at rest. After the collision, puck A has a velocity of

to the left, and puck B has a velocity of to
the right. (a) What was the speed of puck A before the collision?
(b) Calculate the change in the total kinetic energy of the system
that occurs during the collision.
8.22 .. When cars are equipped with flexible bumpers, they will
bounce off each other during low-speed collisions, thus causing
less damage. In one such accident, a 1750-kg car traveling to the
right at collides with a 1450-kg car going to the left at

Measurements show that the heavier car’s speed just
after the collision was in its original direction. You can
ignore any road friction during the collision. (a) What was the
speed of the lighter car just after the collision? (b) Calculate the
change in the combined kinetic energy of the two-car system dur-
ing this collision.
8.23 .. Two identical 1.50-kg masses are pressed against oppo-
site ends of a light spring of force constant compress-
ing the spring by 20.0 cm from its normal length. Find the speed of
each mass when it has moved free of the spring on a frictionless
horizontal table.
8.24 . Block A in Fig. E8.24 has mass 1.00 kg, and block B has
mass 3.00 kg. The blocks are forced together, compressing a spring

1.75 N>cm,

0.250 m>s1.10 m>s.
1.50 m>s

0.650 m>s0.120 m>s
8.0 m>s

10.0 m>s.

2.50 m>s

3.20 m>s
1.85 m>s 601 m>s

t = 2.00 s!nm>s2 " 14.00 kg #ınpS ! 1-3.00 kg # m>s2!n" 1-0.450 N>s22t2ın10.280 N>s2t F
S

!t = 0

F (kN)

t (ms)

2.50

O 15.0 16.0

Figure E8.13
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S between them; then the system is released from rest on a level,
frictionless surface. The spring, which has negligible mass, is not
fastened to either block and drops to the surface after it has
expanded. Block B acquires a speed of (a) What is the
final speed of block A? (b) How much potential energy was stored
in the compressed spring?

1.20 m>s.

which was initially at rest, trav-
els at 45.0° to the original direc-
tion of A (Fig. E8.31). (a) Find
the speed of each asteroid after
the collision. (b) What fraction
of the original kinetic energy of
asteroid A dissipates during this
collision?

Section 8.3 Momentum Conservation and Collisions
8.32 . Two skaters collide and grab on to each other on friction-
less ice. One of them, of mass 70.0 kg, is moving to the right at

while the other, of mass 65.0 kg, is moving to the left at
What are the magnitude and direction of the velocity of

these skaters just after they collide?
8.33 .. A 15.0-kg fish swimming at suddenly gobbles
up a 4.50-kg fish that is initially stationary. Neglect any drag
effects of the water. (a) Find the speed of the large fish just after it
eats the small one. (b) How much mechanical energy was dissi-
pated during this meal?
8.34 . Two fun-loving otters are sliding toward each other on a
muddy (and hence frictionless) horizontal surface. One of them, of
mass 7.50 kg, is sliding to the left at while the other, of
mass 5.75 kg, is slipping to the right at They hold fast to
each other after they collide. (a) Find the magnitude and direction
of the velocity of these free-spirited otters right after they collide.
(b) How much mechanical energy dissipates during this play?
8.35 . Deep Impact Mission. In July 2005, NASA’s “Deep
Impact” mission crashed a 372-kg probe directly onto the surface
of the comet Tempel 1, hitting the surface at The
original speed of the comet at that time was about 
and its mass was estimated to be in the range 

Use the smallest value of the estimated mass. (a) What
change in the comet’s velocity did this collision produce? Would
this change be noticeable? (b) Suppose this comet were to hit the
earth and fuse with it. By how much would it change our planet’s
velocity? Would this change be noticeable? (The mass of the earth
is )
8.36 . A 1050-kg sports car is moving westbound at on
a level road when it collides with a 6320-kg truck driving east on the
same road at The two vehicles remain locked together
after the collision. (a) What is the velocity (magnitude and direction)
of the two vehicles just after the collision? (b) At what speed should
the truck have been moving so that it and the car are both stopped in
the collision? (c) Find the change in kinetic energy of the system of
two vehicles for the situations of part (a) and part (b). For which sit-
uation is the change in kinetic energy greater in magnitude?
8.37 .. On a very muddy football field, a 110-kg linebacker tack-
les an 85-kg halfback. Immediately before the collision, the line-
backer is slipping with a velocity of north and the halfback
is sliding with a velocity of east. What is the velocity
(magnitude and direction) at which the two players move together
immediately after the collision?
8.38 .. Accident Analysis. Two cars collide at an intersection.
Car A, with a mass of 2000 kg, is going from west to east, while
car B, of mass 1500 kg, is going from north to south at As
a result of this collision, the two cars become enmeshed and move
as one afterward. In your role as an expert witness, you inspect the
scene and determine that, after the collision, the enmeshed cars
moved at an angle of 65° south of east from the point of impact. 

15 m>s .

7.2 m>s8.8 m>s

10.0 m>s.

15.0 m>s5.97 * 1024 kg.

1014 kg.
10.10 - 2.52 *

40,000 km>h,
37,000 km>h.

6.00 m>s.
5.00 m>s,

1.10 m>s2.50 m>s.
2.00 m>s,

mA " 1.00 kg mB " 3.00 kg
S

8.25 .. A hunter on a frozen, essentially frictionless pond uses a
rifle that shoots 4.20-g bullets at The mass of the hunter
(including his gun) is 72.5 kg, and the hunter holds tight to the gun
after firing it. Find the recoil velocity of the hunter if he fires the
rifle (a) horizontally and (b) at 56.0° above the horizontal.
8.26 . An atomic nucleus suddenly bursts apart (fissions) into
two pieces. Piece A, of mass travels off to the left with speed

Piece B, of mass travels off to the right with speed 
(a) Use conservation of momentum to solve for in terms of 

and (b) Use the results of part (a) to show that
where and are the kinetic energies of the

two pieces.
8.27 .. Two ice skaters, Daniel (mass 65.0 kg) and Rebecca
(mass 45.0 kg), are practicing. Daniel stops to tie his shoelace and,
while at rest, is struck by Rebecca, who is moving at 
before she collides with him. After the collision, Rebecca has a
velocity of magnitude at an angle of from her
initial direction. Both skaters move on the frictionless, horizon-
tal surface of the rink. (a) What are the magnitude and direction
of Daniel’s velocity after the collision? (b) What is the change 
in total kinetic energy of the two skaters as a result of the 
collision?
8.28 .. You are standing on a large sheet of frictionless ice and
holding a large rock. In order to get off the ice, you throw the rock
so it has velocity relative to the earth at an angle of 
above the horizontal. If your mass is 70.0 kg and the rock’s mass is
15.0 kg, what is your speed after you throw the rock? (See Discus-
sion Question Q8.7.)
8.29 . Changing Mass. An open-topped freight car with mass
24,000 kg is coasting without friction along a level track. It is rain-
ing very hard, and the rain is falling vertically downward. Origi-
nally, the car is empty and moving with a speed of (a)
What is the speed of the car after it has collected 3000 kg of rain-
water? (b) Since the rain is falling downward, how is it able to
affect the horizontal motion of the car?
8.30 . An astronaut in space cannot use a conventional means,
such as a scale or balance, to determine the mass of an object. But
she does have devices to measure distance and time accurately.
She knows her own mass is 78.4 kg, but she is unsure of the mass
of a large gas canister in the airless rocket. When this canister is
approaching her at she pushes against it, which slows it
down to (but does not reverse it) and gives her a speed of

What is the mass of this canister?
8.31 .. Asteroid Collision. Two asteroids of equal mass in the
asteroid belt between Mars and Jupiter collide with a glancing
blow. Asteroid A, which was initially traveling at is
deflected 30.0° from its original direction, while asteroid B,
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1.20 m>s 3.50 m>s,

4.00 m>s.
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A
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Figure E8.31
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(a) How fast were the enmeshed cars moving just after the colli-
sion? (b) How fast was car A going just before the collision?
8.39 . Two cars, one a compact with mass 1200 kg and the other
a large gas-guzzler with mass 3000 kg, collide head-on at typical
freeway speeds. (a) Which car has a greater magnitude of momen-
tum change? Which car has a greater velocity change? (b) If the
larger car changes its velocity by calculate the change in the
velocity of the small car in terms of (c) Which car’s occupants
would you expect to sustain greater injuries? Explain.
8.40 .. BIO Bird Defense. To protect their young in the nest,
peregrine falcons will fly into birds of prey (such as ravens) at high
speed. In one such episode, a 600-g falcon flying at hit a
1.50-kg raven flying at The falcon hit the raven at right
angles to its original path and bounced back at (These fig-
ures were estimated by the author as he watched this attack occur
in northern New Mexico.) (a) By what angle did the falcon change
the raven’s direction of motion? (b) What was the raven’s speed
right after the collision?
8.41 . At the intersection of
Texas Avenue and University
Drive, a yellow subcompact car
with mass 950 kg traveling east
on University collides with a red
pickup truck with mass 1900 kg
that is traveling north on Texas
and has run a red light (Fig.
E8.41). The two vehicles stick
together as a result of the colli-
sion, and the wreckage slides at

in the direction 
east of north. Calculate the
speed of each vehicle before the collision. The collision occurs
during a heavy rainstorm; you can ignore friction forces between
the vehicles and the wet road.
8.42 .. A 5.00-g bullet is fired horizontally into a 1.20-kg
wooden block resting on a horizontal surface. The coefficient of
kinetic friction between block and surface is 0.20. The bullet
remains embedded in the block, which is observed to slide 0.230 m
along the surface before stopping. What was the initial speed of the
bullet?
8.43 .. A Ballistic Pendulum. A 12.0-g rifle bullet is fired with
a speed of into a ballistic pendulum with mass 6.00 kg,
suspended from a cord 70.0 cm long (see Example 8.8 in Section
8.3). Compute (a) the vertical height through which the pendulum
rises, (b) the initial kinetic energy of the bullet, and (c) the kinetic
energy of the bullet and pendulum immediately after the bullet
becomes embedded in the pendulum.
8.44 .. Combining Conservation Laws. A 15.0-kg block is
attached to a very light horizontal spring of force constant

and is resting on a frictionless horizontal table. 
(Fig. E8.44). Suddenly it is struck by a 3.00-kg stone traveling hor-
izontally at to the right, whereupon the stone rebounds at

horizontally to the left. Find the maximum distance that
the block will compress the spring after the collision.
2.00 m>s 8.00 m>s500.0 N>m

380 m>s

24.0°16.0 m>s

5.0 m>s.
9.0 m>s.

20.0 m>s
¢v.

¢v,

8.45 .. CP A 5.00-kg ornament is hanging by a 1.50-m wire
when it is suddenly hit by a 3.00-kg missile traveling horizontally
at The missile embeds itself in the ornament during the
collision. What is the tension in the wire immediately after the
collision?

Section 8.4 Elastic Collisions
8.46 .. A 0.150-kg glider is moving to the right on a frictionless,
horizontal air track with a speed of It has a head-on col-
lision with a 0.300-kg glider that is moving to the left with a speed
of Find the final velocity (magnitude and direction) of
each glider if the collision is elastic.
8.47 .. Blocks A (mass 2.00 kg) and B (mass 10.00 kg) move on
a frictionless, horizontal surface. Initially, block B is at rest and
block A is moving toward it at The blocks are equipped
with ideal spring bumpers, as in Example 8.10 (Section 8.4). The
collision is head-on, so all motion before and after the collision is
along a straight line. (a) Find the maximum energy stored in the
spring bumpers and the velocity of each block at that time. (b) Find
the velocity of each block after they have moved apart.
8.48 . A 10.0-g marble slides
to the left with a velocity of
magnitude on the
frictionless, horizontal sur-
face of an icy New York side-
walk and has a head-on,
elastic collision with a larger
30.0-g marble sliding to the
right with a velocity of mag-
nitude (Fig. E8.48). (a) Find the velocity of each mar-
ble (magnitude and direction) after the collision. (Since the
collision is head-on, all the motion is along a line.) (b) Calculate
the change in momentum (that is, the momentum after the collision
minus the momentum before the collision) for each marble. Com-
pare the values you get for each marble. (c) Calculate the change
in kinetic energy (that is, the kinetic energy after the collision
minus the kinetic energy before the collision) for each marble.
Compare the values you get for each marble.
8.49 .. Moderators. Canadian nuclear reactors use heavy water
moderators in which elastic collisions occur between the neutrons
and deuterons of mass 2.0 u (see Example 8.11 in Section 8.4). 
(a) What is the speed of a neutron, expressed as a fraction of its origi-
nal speed, after a head-on, elastic collision with a deuteron that is ini-
tially at rest? (b) What is its kinetic energy, expressed as a fraction of
its original kinetic energy? (c) How many such successive collisions
will reduce the speed of a neutron to of its original value?
8.50 .. You are at the controls of a particle accelerator, sending a
beam of protons (mass m) at a gas target of an
unknown element. Your detector tells you that some protons
bounce straight back after a collision with one of the nuclei of the
unknown element. All such protons rebound with a speed of

Assume that the initial speed of the target
nucleus is negligible and the collision is elastic. (a) Find the mass
of one nucleus of the unknown element. Express your answer in
terms of the proton mass m. (b) What is the speed of the unknown
nucleus immediately after such a collision?

Section 8.5 Center of Mass
8.51 . Three odd-shaped blocks of chocolate have the following
masses and center-of-mass coordinates: (1) 0.300 kg, 10.200 m,
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1.50 * 107 m>s 1>59,000

0.200 m>s

0.400 m>s

2.00 m>s.
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(2) 0.400 kg, (3) 0.200 kg,
Find the coordinates of the center of mass

of the system of three chocolate blocks.
8.52 . Find the position of the center of mass of the system of the
sun and Jupiter. (Since Jupiter is more massive than the rest of the
planets combined, this is essentially the position of the center of
mass of the solar system.) Does the center of mass lie inside or out-
side the sun? Use the data in Appendix F.
8.53 .. Pluto and Charon. Pluto’s diameter is approximately
2370 km, and the diameter of its satellite Charon is 1250 km.
Although the distance varies, they are often about 19,700 km apart,
center to center. Assuming that both Pluto and Charon have the same
composition and hence the same average density, find the location of
the center of mass of this system relative to the center of Pluto.
8.54 . A 1200-kg station wagon is moving along a straight highway
at Another car, with mass 1800 kg and speed 
has its center of mass 40.0 m ahead of the center of mass of the sta-
tion wagon (Fig. E8.54). (a) Find the position of the center of mass of
the system consisting of the two automobiles. (b) Find the magnitude
of the total momentum of the system from the given data. (c) Find the
speed of the center of mass of the system. (d) Find the total momen-
tum of the system, using the speed of the center of mass. Compare
your result with that of part (b).

20.0 m>s,12.0 m>s.

1-0.300 m, 0.600 m2. 10.100 m, -0.400 m2;0.300 m2; 8.59 . CALC A radio-controlled model airplane has a momentum
given by 

. What are the x-, y-, and z-components of the net force on
the airplane?
8.60 .. BIO Changing Your Center of Mass. To keep the cal-
culations fairly simple, but still reasonable, we shall model a human
leg that is 92.0 cm long (measured from the hip joint) by assuming
that the upper leg and the lower leg (which includes the foot) have
equal lengths and that each of them is uniform. For a 70.0-kg per-
son, the mass of the upper leg would be 8.60 kg, while that of the
lower leg (including the foot) would be 5.25 kg. Find the location
of the center of mass of this leg, relative to the hip joint, if it is 
(a) stretched out horizontally and (b) bent at the knee to form a
right angle with the upper leg remaining horizontal.

Section 8.6 Rocket Propulsion
8.61 .. A 70-kg astronaut floating in space in a 110-kg MMU
(manned maneuvering unit) experiences an acceleration of

when he fires one of the MMU’s thrusters. (a) If the
speed of the escaping gas relative to the astronaut is 
how much gas is used by the thruster in 5.0 s? (b) What is the
thrust of the thruster?
8.62 . A small rocket burns 0.0500 kg of fuel per second, ejecting
it as a gas with a velocity relative to the rocket of magnitude

(a) What is the thrust of the rocket? (b) Would the
rocket operate in outer space where there is no atmosphere? If so,
how would you steer it? Could you brake it?
8.63 . A C6-5 model rocket engine has an impulse of 
while burning 0.0125 kg of propellant in 1.70 s. It has a maximum
thrust of 13.3 N. The initial mass of the engine plus propellant is
0.0258 kg. (a) What fraction of the maximum thrust is the average
thrust? (b) Calculate the relative speed of the exhaust gases,
assuming it is constant. (c) Assuming that the relative speed of the
exhaust gases is constant, find the final speed of the engine if it
was attached to a very light frame and fired from rest in gravity-
free outer space.
8.64 .. Obviously, we can make rockets to go very fast, but what
is a reasonable top speed? Assume that a rocket is fired from rest at
a space station in deep space, where gravity is negligible. (a) If the
rocket ejects gas at a relative speed of and you want the
rocket’s speed eventually to be where c is the speed
of light, what fraction of the initial mass of the rocket and fuel is
not fuel? (b) What is this fraction if the final speed is to be

8.65 .. A single-stage rocket is fired from rest from a deep-space
platform, where gravity is negligible. If the rocket burns its fuel in
50.0 s and the relative speed of the exhaust gas is 
what must the mass ratio be for a final speed of 
(about equal to the orbital speed of an earth satellite)?

PROBLEMS
8.66 .. CP CALC A young girl with mass 40.0 kg is sliding on a
horizontal, frictionless surface with an initial momentum that is
due east and that has magnitude . Starting at , a
net force with magnitude and direction due west
is applied to the girl. (a) At what value of t does the girl have a
westward momentum of magnitude ? (b) How much
work has been done on the girl by the force in the time interval
from to the time calculated in part (a)? (c) What is the
magnitude of the acceleration of the girl at the time calculated in
part (a)?

t = 0

60.0 kg # m>sF = 18.20 N>s2t t = 090.0 kg # m>s

8.00 km>svm0>m vex = 2100 m>s,

3000 m>s?

1.00 * 10-3c,
2000 m>s

10.0 N # s

1600 m>s.

490 m>s,N2

0.029 m>s2

!nm>s22t " 10.25 kg #ın31-0.75 kg # m>s32t 2 + 13.0 kg # m>s24

1200 kg 1800 kg

20.0 m/s12.0 m/s

40.0 m

8.55 . A machine part consists
of a thin, uniform 4.00-kg bar
that is 1.50 m long, hinged per-
pendicular to a similar vertical
bar of mass 3.00 kg and length
1.80 m. The longer bar has a
small but dense 2.00-kg ball at
one end (Fig. E8.55). By what
distance will the center of mass
of this part move horizontally
and vertically if the vertical bar
is pivoted counterclockwise
through 90° to make the entire part horizontal?
8.56 . At one instant, the center of mass of a system of two parti-
cles is located on the x-axis at and has a velocity of

. One of the particles is at the origin. The other particle
has a mass of 0.10 kg and is at rest on the x-axis at 
(a) What is the mass of the particle at the origin? (b) Calculate the
total momentum of this system. (c) What is the velocity of the par-
ticle at the origin?
8.57 .. In Example 8.14 (Section 8.5), Ramon pulls on the rope
to give himself a speed of What is James’s speed?
8.58 . CALC A system consists of two particles. At one par-
ticle is at the origin; the other, which has a mass of 0.50 kg, is on
the y-axis at At the center of mass of the system
is on the y-axis at The velocity of the center of mass is
given by . (a) Find the total mass of the system. 
(b) Find the acceleration of the center of mass at any time t.
(c) Find the net external force acting on the system at t = 3.0 s.

ın10.75 m>s32t 2
y = 2.4 m.

t = 0y = 6.0 m.

t = 0
0.70 m>s.

x = 8.0 m.
ın15.0 m>s2 x = 2.0 m

1.50 m

4.00 kg

3.00 kg

2.00 kg

1.80 m

Hinge

Figure E8.55

Figure E8.54
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8.67 .. A steel ball with mass 40.0 g is dropped from a height of
2.00 m onto a horizontal steel slab. The ball rebounds to a height
of 1.60 m. (a) Calculate the impulse delivered to the ball during
impact. (b) If the ball is in contact with the slab for 2.00 ms, find
the average force on the ball during impact.
8.68 . In a volcanic eruption, a 2400-kg boulder is thrown verti-
cally upward into the air. At its highest point, it suddenly explodes
(due to trapped gases) into two fragments, one being three times the
mass of the other. The lighter fragment starts out with only horizon-
tal velocity and lands 318 m directly north of the point of the explo-
sion. Where will the other fragment land? Neglect any air resistance.
8.69 .. Just before it is struck by a racket, a tennis ball weighing
0.560 N has a velocity of . During the
3.00 ms that the racket and ball are in contact, the net force on the
ball is constant and equal to . (a) What are
the x- and y-components of the impulse of the net force applied to
the ball? (b) What are the x- and y-components of the final velocity
of the ball?
8.70 . Three identical pucks on a horizontal air table have
repelling magnets. They are held together and then released simul-
taneously. Each has the same speed at any instant. One puck moves
due west. What is the direction of the velocity of each of the other
two pucks?
8.71 .. A 1500-kg blue convertible is traveling south, and a 2000-kg
red SUV is traveling west. If the total momentum of the system
consisting of the two cars is directed at west
of south, what is the speed of each vehicle?
8.72 .. A railroad handcar is moving along straight, frictionless
tracks with negligible air resistance. In the following cases, the car
initially has a total mass (car and contents) of 200 kg and is travel-
ing east with a velocity of magnitude Find the final
velocity of the car in each case, assuming that the handcar does not
leave the tracks. (a) A 25.0-kg mass is thrown sideways out of the
car with a velocity of magnitude relative to the car’s ini-
tial velocity. (b) A 25.0-kg mass is thrown backward out of the car
with a velocity of relative to the initial motion of the car.
(c) A 25.0-kg mass is thrown into the car with a velocity of

relative to the ground and opposite in direction to the ini-
tial velocity of the car.
8.73 . Spheres A B and C

are approaching the origin as they slide on a fric-
tionless air table (Fig. P8.73). The initial velocities of A and B are
given in the figure. All three spheres arrive at the origin at the same
time and stick together. (a) What must the x- and y-components of
the initial velocity of C be if all three objects are to end up moving
at in the after the collision? (b) If C has the
velocity found in part (a), what is the change in the kinetic energy
of the system of three spheres as a result of the collision?

+x-direction0.50 m>s
(mass 0.050 kg)

(mass 0.030 kg),(mass 0.020 kg),

6.00 m>s 5.00 m>s 2.00 m>s
5.00 m>s.

60.0°7200 kg # m>s

!n" 1110 N2ın-1380 N2 !n# 14.0 m>s2ın120.0 m>s2

8.74 ... You and your friends are doing physics experiments on a
frozen pond that serves as a frictionless, horizontal surface. Sam,
with mass 80.0 kg, is given a push and slides eastward. Abigail,
with mass 50.0 kg, is sent sliding northward. They collide, and
after the collision Sam is moving at north of east with a
speed of and Abigail is moving at south of east
with a speed of (a) What was the speed of each person
before the collision? (b) By how much did the total kinetic energy
of the two people decrease during the collision?
8.75 ... The nucleus of decays radioactively by emitting an
alpha particle (mass kg) with kinetic energy 

as measured in the laboratory reference frame. Assuming
that the Po was initially at rest in this frame, find the recoil velocity
of the nucleus that remains after the decay.
8.76 . CP At a classic auto show, a 840-kg 1955 Nash Metropoli-
tan motors by at followed by a 1620-kg 1957 Packard
Clipper purring past at (a) Which car has the greater
kinetic energy? What is the ratio of the kinetic energy of the Nash
to that of the Packard? (b) Which car has the greater magnitude of
momentum? What is the ratio of the magnitude of momentum of
the Nash to that of the Packard? (c) Let be the net force
required to stop the Nash in time t, and let be the net force
required to stop the Packard in the same time. Which is larger: 
or What is the ratio of these two forces? (d) Now let 
be the net force required to stop the Nash in a distance d, and let 
be the net force required to stop the Packard in the same distance.
Which is larger: or What is the ratio 
8.77 .. CP An 8.00-kg block of wood sits at the edge of a fric-
tionless table, 2.20 m above the floor. A 0.500-kg blob of clay
slides along the length of the table with a speed of ,
strikes the block of wood, and sticks to it. The combined object
leaves the edge of the table and travels to the floor. What hori-
zontal distance has the combined object traveled when it reaches
the floor?
8.78 ... CP A small wooden block with mass 0.800 kg is sus-
pended from the lower end of a light cord that is 1.60 m long. The
block is initially at rest. A bullet with mass 12.0 g is fired at the
block with a horizontal velocity . The bullet strikes the block
and becomes embedded in it. After the collision the combined
object swings on the end of the cord. When the block has risen a
vertical height of 0.800 m, the tension in the cord is 4.80 N. What
was the initial speed of the bullet?
8.79 .. Combining Conservation Laws. A 5.00-kg chunk of
ice is sliding at on the floor of an ice-covered valley
when it collides with and sticks to another 5.00-kg chunk of ice
that is initially at rest. (Fig. P8.79). Since the valley is icy, there is
no friction. After the collision, how high above the valley floor will
the combined chunks go?

12.0 m>sv0

v0

24.0 m>s
FN>FP?FP?FN

FP

FNFN>FPFP?
FN

FP

FN

5.0 m>s.
9.0 m>s,

10-12 J,
1.23 *6.65 * 10-27

214Po

9.00 m>s.
23.0°6.00 m>s 37.0°

60°
O

y

x

B

vB 5 0.50 m/s

vA 5 1.50 m/s
vC

C

A

5.00 kg 5.00 kg12.0 m/s

Figure P8.79Figure P8.73

8.80 .. Automobile Accident Analysis. You are called as an
expert witness to analyze the following auto accident: Car B, of
mass 1900 kg, was stopped at a red light when it was hit from
behind by car A, of mass 1500 kg. The cars locked bumpers during
the collision and slid to a stop with brakes locked on all wheels.
Measurements of the skid marks left by the tires showed them to
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be 7.15 m long. The coefficient of kinetic friction between the tires
and the road was 0.65. (a) What was the speed of car A just before
the collision? (b) If the speed limit was 35 mph, was car A speed-
ing, and if so, by how many miles per hour was it exceeding the
speed limit?
8.81 .. Accident Analysis. A 1500-kg sedan goes through a
wide intersection traveling from north to south when it is hit by a
2200-kg SUV traveling from east to west. The two cars become
enmeshed due to the impact and slide as one thereafter. On-the-
scene measurements show that the coefficient of kinetic friction
between the tires of these cars and the pavement is 0.75, and the
cars slide to a halt at a point 5.39 m west and 6.43 m south of 
the impact point. How fast was each car traveling just before the
collision?
8.82 ... CP A 0.150-kg frame,
when suspended from a coil spring,
stretches the spring 0.070 m. A
0.200-kg lump of putty is dropped
from rest onto the frame from a
height of 30.0 cm (Fig. P8.82). Find
the maximum distance the frame
moves downward from its initial
position.
8.83 . A rifle bullet with mass 8.00 g
strikes and embeds itself in a block
with mass 0.992 kg that rests on a
frictionless, horizontal surface and is
attached to a coil spring (Fig. P8.83).
The impact compresses the spring 15.0 cm. Calibration of the
spring shows that a force of 0.750 N is required to compress the
spring 0.250 cm. (a) Find the magnitude of the block’s velocity
just after impact. (b) What was the initial speed of the bullet?

reaches the villain.) (a) With what speed do the entwined foes start
to slide across the floor? (b) If the coefficient of kinetic friction of
their bodies with the floor is how far do they slide?
8.86 .. CP Two identical masses
are released from rest in a smooth
hemispherical bowl of radius R
from the positions shown in 
Fig. P8.86. You can ignore friction
between the masses and the sur-
face of the bowl. If they stick
together when they collide, how
high above the bottom of the bowl
will the masses go after colliding?
8.87 .. A ball with mass M, moving horizontally at col-
lides elastically with a block with mass that is initially hanging
at rest from the ceiling on the end of a 50.0-cm wire. Find the
maximum angle through which the block swings after it is hit.
8.88 ... CP A 20.00-kg lead sphere is hanging from a hook by a
thin wire 3.50 m long and is free to swing in a complete circle.
Suddenly it is struck horizontally by a 5.00-kg steel dart that
embeds itself in the lead sphere. What must be the minimum initial
speed of the dart so that the combination makes a complete circu-
lar loop after the collision?
8.89 ... CP An 8.00-kg ball, hanging from the ceiling by a light
wire 135 cm long, is struck in an elastic collision by a 2.00-kg ball
moving horizontally at just before the collision. Find the
tension in the wire just after the collision.
8.90 .. A 7.0-kg shell at rest explodes into two fragments, one
with a mass of 2.0 kg and the other with a mass of 5.0 kg. If the
heavier fragment gains 100 J of kinetic energy from the explosion,
how much kinetic energy does the lighter one gain?
8.91 .. A 4.00-g bullet, traveling horizontally with a velocity of
magnitude is fired into a wooden block with mass
0.800 kg, initially at rest on a level surface. The bullet passes
through the block and emerges with its speed reduced to 
The block slides a distance of 45.0 cm along the surface from its
initial position. (a) What is the coefficient of kinetic friction
between block and surface? (b) What is the decrease in kinetic
energy of the bullet? (c) What is the kinetic energy of the block at
the instant after the bullet passes through it?
8.92 .. A 5.00-g bullet is shot through a 1.00-kg wood block sus-
pended on a string 2.00 m long. The center of mass of the block
rises a distance of 0.38 cm. Find the speed of the bullet as it
emerges from the block if its initial speed is 
8.93 .. A neutron with mass m makes a head-on, elastic collision
with a nucleus of mass M, which is initially at rest. (a) Show that if
the neutron’s initial kinetic energy is the kinetic energy that it
loses during the collision is (b) For what
value of M does the incident neutron lose the most energy? (c)
When M has the value calculated in part (b), what is the speed of
the neutron after the collision?
8.94 .. Energy Sharing in Elastic Collisions. A stationary
object with mass is struck head-on by an object with mass 
that is moving initially at speed (a) If the collision is elastic,
what percentage of the original energy does each object have after
the collision? (b) What does your answer in part (a) give for the
special cases (i) and (ii) (c) For what val-
ues, if any, of the mass ratio is the original kinetic energy
shared equally by the two objects after the collision?
8.95 .. CP In a shipping company distribution center, an open
cart of mass 50.0 kg is rolling to the left at a speed of 5.00 m>s

mA>mB

mA = 5mB?mA = mB

v0.
mAmB

4mMK0>1M + m22.
K0,

450 m>s.

190 m>s.

400 m>s,

5.00 m>s

3M
4.00 m>s,

mk = 0.250,

v

15.0 cm

30.0 cm

8.84 .. A Ricocheting Bullet. 0.100-kg stone rests on a fric-
tionless, horizontal surface. A bullet of mass 6.00 g, traveling hori-
zontally at strikes the stone and rebounds horizontally at
right angles to its original direction with a speed of (a)
Compute the magnitude and direction of the velocity of the stone
after it is struck. (b) Is the collision perfectly elastic?
8.85 .. A movie stuntman
(mass 80.0 kg) stands on a win-
dow ledge 5.0 m above the floor
(Fig. P8.85). Grabbing a rope
attached to a chandelier, he
swings down to grapple with
the movie’s villain (mass 70.0
kg), who is standing directly
under the chandelier. (Assume
that the stuntman’s center of
mass moves downward 5.0 m.
He releases the rope just as he

250 m>s.
350 m>s,

R

m 5 80.0 kg

m 5 70.0 kg

5.0 m

Figure P8.86

Figure P8.85

Figure P8.82

Figure P8.83
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and appears as kinetic energy of the proton and electron. The
mass of a proton is 1836 times the mass of an electron. What
fraction of the total energy released goes into the kinetic energy
of the proton?
8.102 .. A (thorium) nucleus at rest decays to a 
(radium) nucleus with the emission of an alpha particle. The total
kinetic energy of the decay fragments is An alpha
particle has 1.76% of the mass of a nucleus. Calculate the
kinetic energy of (a) the recoiling nucleus and (b) the alpha
particle.
8.103 . Antineutrino. In beta decay, a nucleus emits an elec-
tron. A (bismuth) nucleus at rest undergoes beta decay 
to (polonium). Suppose the emitted electron moves to the
right with a momentum of The nu-
cleus, with mass recoils to the left at a speed of

Momentum conservation requires that a second
particle, called an antineutrino, must also be emitted. Calculate the
magnitude and direction of the momentum of the antineutrino 
that is emitted in this decay.
8.104 .. Jonathan and Jane are sitting in a sleigh that is at rest on
frictionless ice. Jonathan’s weight is 800 N, Jane’s weight is 600 N,
and that of the sleigh is 1000 N. They see a poisonous spider on the
floor of the sleigh and immediately jump off. Jonathan jumps to the
left with a velocity of at above the horizontal (rela-
tive to the ice), and Jane jumps to the right at at 
above the horizontal (relative to the ice). Calculate the sleigh’s hor-
izontal velocity (magnitude and direction) after they jump out.
8.105 .. Two friends, Burt and Ernie, are standing at opposite
ends of a uniform log that is floating in a lake. The log is 3.0 m
long and has mass 20.0 kg. Burt has mass 30.0 kg and Ernie has
mass 40.0 kg. Initially the log and the two friends are at rest rela-
tive to the shore. Burt then offers Ernie a cookie, and Ernie walks
to Burt’s end of the log to get it. Relative to the shore, what dis-
tance has the log moved by the time Ernie reaches Burt? Neglect
any horizontal force that the water exerts on the log and assume
that neither Burt nor Ernie falls off the log.
8.106 .. A 45.0-kg woman stands up in a 60.0-kg canoe 5.00 m
long. She walks from a point 1.00 m from one end to a point 1.00 m
from the other end (Fig. P8.106). If you ignore resistance to
motion of the canoe in the water, how far does the canoe move
during this process?

36.9°7.00 m>s30.0°5.00 m>s

103 m>s.1.14 *
3.50 * 10-25 kg,

210Po5.60 * 10-22 kg # m>s.

210Po

210Bi

228Ra

228Ra
6.54 * 10-13 J.

228Ra232Th

(Fig. P8.95). You can ignore
friction between the cart and the
floor. A 15.0-kg package slides
down a chute that is inclined at

from the horizontal and
leaves the end of the chute with
a speed of The pack-
age lands in the cart and they
roll off together. If the lower end
of the chute is a vertical distance
of 4.00 m above the bottom of
the cart, what are (a) the speed of the package just before it lands in
the cart and (b) the final speed of the cart?
8.96 . A blue puck with mass 0.0400 kg, sliding with a velocity
of magnitude on a frictionless, horizontal air table,
makes a perfectly elastic, head-on collision with a red puck with
mass m, initially at rest. After the collision, the velocity of the blue
puck is in the same direction as its initial velocity. Find
(a) the velocity (magnitude and direction) of the red puck after the
collision and (b) the mass m of the red puck.
8.97 ... Jack and Jill are standing on a crate at rest on the friction-
less, horizontal surface of a frozen pond. Jack has mass 75.0 kg, Jill
has mass 45.0 kg, and the crate has mass 15.0 kg. They remember
that they must fetch a pail of water, so each jumps horizontally
from the top of the crate. Just after each jumps, that person is mov-
ing away from the crate with a speed of relative to the
crate. (a) What is the final speed of the crate if both Jack and Jill
jump simultaneously and in the same direction? (Hint: Use an iner-
tial coordinate system attached to the ground.) (b) What is the final
speed of the crate if Jack jumps first and then a few seconds later
Jill jumps in the same direction? (c) What is the final speed of the
crate if Jill jumps first and then Jack, again in the same direction?
8.98 . Suppose you hold a small ball in contact with, and
directly over, the center of a large ball. If you then drop the small
ball a short time after dropping the large ball, the small ball
rebounds with surprising speed. To show the extreme case, ignore
air resistance and suppose the large ball makes an elastic colli-
sion with the floor and then rebounds to make an elastic collision
with the still-descending small ball. Just before the collision
between the two balls, the large ball is moving upward with
velocity and the small ball has velocity (Do you see why?)
Assume the large ball has a much greater mass than the small ball.
(a) What is the velocity of the small ball immediately after its col-
lision with the large ball? (b) From the answer to part (a), what is
the ratio of the small ball’s rebound distance to the distance it fell
before the collision?
8.99 ... Hockey puck B rests on a smooth ice surface and is
struck by a second puck A, which has the same mass. Puck A is ini-
tially traveling at and is deflected from its initial
direction. Assume that the collision is perfectly elastic. Find the
final speed of each puck and the direction of B’s velocity after the
collision.
8.100 ... Energy Sharing. An object with mass m, initially at
rest, explodes into two fragments, one with mass and the other
with mass where (a) If energy Q is released
in the explosion, how much kinetic energy does each fragment
have immediately after the explosion? (b) What percentage of the
total energy released does each fragment get when one fragment
has four times the mass of the other?
8.101 ... Neutron Decay. A neutron at rest decays (breaks
up) to a proton and an electron. Energy is released in the decay

mA + mB = m.mB,
mA

25.0°15.0 m>s

-vS.vS

4.00 m>s

0.050 m>s
0.200 m>s

3.00 m>s.

37°

4.00 m

37°

1.00 m

Start Finish

3.00 m1.00 m

8.107 .. You are standing on a concrete slab that in turn is resting
on a frozen lake. Assume there is no friction between the slab and
the ice. The slab has a weight five times your weight. If you begin
walking forward at relative to the ice, with what speed,
relative to the ice, does the slab move?
8.108 .. CP A 20.0-kg projectile is fired at an angle of 
above the horizontal with a speed of At the highest point80.0 m>s.

60.0°

2.00 m>s

Figure P8.106

Figure P8.95
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of its trajectory, the projectile explodes into two fragments with
equal mass, one of which falls vertically with zero initial speed.
You can ignore air resistance. (a) How far from the point of firing
does the other fragment strike if the terrain is level? (b) How much
energy is released during the explosion?
8.109 ... CP A fireworks rocket is fired vertically upward. At its
maximum height of 80.0 m, it explodes and breaks into two pieces:
one with mass 1.40 kg and the other with mass 0.28 kg. In the
explosion, 860 J of chemical energy is converted to kinetic energy
of the two fragments. (a) What is the speed of each fragment just
after the explosion? (b) It is observed that the two fragments hit the
ground at the same time. What is the distance between the points
on the ground where they land? Assume that the ground is level
and air resistance can be ignored.
8.110 ... A 12.0-kg shell is launched at an angle of above
the horizontal with an initial speed of When it is at its
highest point, the shell explodes into two fragments, one three
times heavier than the other. The two fragments reach the ground
at the same time. Assume that air resistance can be ignored. If the
heavier fragment lands back at the same point from which the shell
was launched, where will the lighter fragment land, and how much
energy was released in the explosion?
8.111 . CP A wagon with two boxes of gold, having total mass
300 kg, is cut loose from the horses by an outlaw when the wagon
is at rest 50 m up a slope (Fig. P8.111). The outlaw plans to
have the wagon roll down the slope and across the level ground,
and then fall into a canyon where his confederates wait. But in a
tree 40 m from the canyon edge wait the Lone Ranger (mass 75.0 kg)
and Tonto (mass 60.0 kg). They drop vertically into the wagon as it
passes beneath them. (a) If they require 5.0 s to grab the gold and
jump out, will they make it before the wagon goes over the edge?
The wagon rolls with negligible friction. (b) When the two heroes
drop into the wagon, is the kinetic energy of the system of the
heroes plus the wagon conserved? If not, does it increase or
decrease, and by how much?

6.0°

150 m>s.
55.0°

You can ignore air resistance. How does your answer compare
with the rocket speed calculated in Example 8.16?
8.113 .. A Multistage Rocket. Suppose the first stage of a two-
stage rocket has total mass 12,000 kg, of which 9000 kg is fuel.
The total mass of the second stage is 1000 kg, of which 700 kg is
fuel. Assume that the relative speed of ejected material is con-
stant, and ignore any effect of gravity. (The effect of gravity is
small during the firing period if the rate of fuel consumption is
large.) (a) Suppose the entire fuel supply carried by the two-stage
rocket is utilized in a single-stage rocket with the same total mass
of 13,000 kg. In terms of what is the speed of the rocket, start-
ing from rest, when its fuel is exhausted? (b) For the two-stage
rocket, what is the speed when the fuel of the first stage is
exhausted if the first stage carries the second stage with it to this
point? This speed then becomes the initial speed of the second
stage. At this point, the second stage separates from the first stage.
(c) What is the final speed of the second stage? (d) What value of

is required to give the second stage of the rocket a speed of

CHALLENGE PROBLEMS
8.114 . CALC A Variable-Mass Raindrop. In a rocket-propul-
sion problem the mass is variable. Another such problem is a rain-
drop falling through a cloud of small water droplets. Some of these
small droplets adhere to the raindrop, thereby increasing its mass
as it falls. The force on the raindrop is 

Suppose the mass of the raindrop depends on the distance x that it
has fallen. Then where k is a constant, and 
This gives, since 

Or, dividing by k,

This is a differential equation that has a solution of the form
where a is the acceleration and is constant. Take the initial

velocity of the raindrop to be zero. (a) Using the proposed solution
for find the acceleration a. (b) Find the distance the raindrop has
fallen in (c) Given that find the mass of
the raindrop at (For many more intriguing aspects of
this problem, see K. S. Krane, American Journal of Physics, Vol. 49
(1981), pp. 113–117.)
8.115 .. CALC In Section 8.5 we calculated the center of mass by
considering objects composed of a finite number of point masses
or objects that, by symmetry, could be represented by a finite num-
ber of point masses. For a solid object whose mass distribution
does not allow for a simple determination of the center of mass by
symmetry, the sums of Eqs. (8.28) must be generalized to integrals

where x and y are the coordinates of the small piece of the object
that has mass dm. The integration is over the whole of the object.
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8.112 .. CALC In Section 8.6, we considered a rocket fired in
outer space where there is no air resistance and where gravity is
negligible. Suppose instead that the rocket is accelerating verti-
cally upward from rest on the earth’s surface. Continue to ignore
air resistance and consider only that part of the motion where the
altitude of the rocket is small so that g may be assumed to be con-
stant. (a) How is Eq. (8.37) modified by the presence of the gravity
force? (b) Derive an expression for the acceleration a of the rocket,
analogous to Eq. (8.39). (c) What is the acceleration of the rocket
in Example 8.15 (Section 8.6) if it is near the earth’s surface rather
than in outer space? You can ignore air resistance. (d) Find the
speed of the rocket in Example 8.16 (Section 8.6) after 90 s if the
rocket is fired from the earth’s surface rather than in outer space.

Figure P8.111
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Chapter Opening Question ?
The two bullets have the same magnitude of momentum 
(the product of mass and speed), but the faster, lightweight bullet
has twice as much kinetic energy Hence, the light-
weight bullet can do twice as much work on the carrot (and twice as
much damage) in the process of coming to a halt (see Section 8.1).

Test Your Understanding Questions
8.1 Answer: (v), (i) and (ii) (tied for second place), (iii) and 
(iv) (tied for third place) We use two interpretations of the
impulse of the net force: (1) the net force multiplied by the time that
the net force acts, and (2) the change in momentum of the particle
on which the net force acts. Which interpretation we use depends
on what information we are given. We take the positive x-direction
to be to the east. (i) The force is not given, so we use interpretation
2:

so the magnitude of the impulse is
(ii) For the same reason as in (i),

we use interpretation 2: 
and the magnitude of

the impulse is again (iii) The final
velocity is not given, so we use interpretation 1:

so the
magnitude of the impulse is (iv) For the same reason
as in (iii), we use interpretation 1: 

so the magnitude of the
impulse is (v) The force is not given, so we use 
interpretation 2: 

so the magnitude of the
impulse is 
8.2 Answers: (a) (b) piece C There are no
external horizontal forces, so the x- and y-components of the total
momentum of the system are both conserved. Both components of
the total momentum are zero before the spring releases, so they
must be zero after the spring releases. Hence,

We are given that 
and You can solve the above equations tovB2y 6 0.vB2x = 0,

vA2y = 0,vA2x 6 0,mA = mB = mC,

Py = 0 = mAvA2y + mBvB2y + mCvC2y

Px = 0 = mAvA2x + mBvB2x + mCvC2x

vC2x 7 0, vC2y 7 0,
50,000 kg # m>s = 50,000 N # s.

-50,000 kg # m>s,11000 kg2125 m>s2 =
1-25 m>s2 -Jx = mv2x - mv1x = 11000 kg220,000 N # s.

1-2000 N2110 s2 = -20,000 N # s,
1gFx2av1t2 - t12 =Jx =

20,000 N # s.
20,000 N # s,Jx = 1gFx2av1t2 - t12 = 12000 N2110 s2 =

25,000 N # s.25,000 kg # m>s =
11000 kg2125 m>s2 = -25,000 kg # m>s,

11000 kg2102 -Jx = mv2x - mv1x=
25,000 kg # m>s = 25,000 N # s.
-25,000 kg # m>s,

= 11000 kg2102 - 11000 kg2125 m>s2 =Jx = mv2x - mv1x

K = 1
2 mv2.

p = mv

show that and so the
velocity components of piece C are both positive. Piece C has
speed which is greater than
the speed of either piece A or piece B.
8.3 Answers: (a) elastic, (b) inelastic, (c) completely inelastic
In each case gravitational potential energy is converted to kinetic
energy as the ball falls, and the collision is between the ball and the
ground. In (a) all of the initial energy is converted back to gravita-
tional potential energy, so no kinetic energy is lost in the bounce
and the collision is elastic. In (b) there is less gravitational poten-
tial energy at the end than at the beginning, so some kinetic energy
was lost in the bounce. Hence the collision is inelastic. In (c) the
ball loses all the kinetic energy it has to give, the ball and the
ground stick together, and the collision is completely inelastic.
8.4 Answer: worse After a collision with a water molecule 
initially at rest, the speed of the neutron is 

of its ini-

tial speed, and its kinetic energy is of the initial
value. Hence a water molecule is a worse moderator than a 
carbon atom, for which the corresponding numbers are and

8.5 Answer: no If gravity is the only force acting on the system
of two fragments, the center of mass will follow the parabolic tra-
jectory of a freely falling object. Once a fragment lands, however,
the ground exerts a normal force on that fragment. Hence the net
force on the system has changed, and the trajectory of the center of
mass changes in response.
8.6 Answers: (a) increasing, (b) decreasing From Eqs. (8.37)
and (8.38), the thrust F is equal to where m is the
rocket’s mass and is its acceleration. Because m decreases
with time, if the thrust F is constant, then the acceleration must
increase with time (the same force acts on a smaller mass); if
the acceleration is constant, then the thrust must decrease
with time (a smaller force is all that’s needed to accelerate a
smaller mass).

Bridging Problem
Answers: (a) to the right (b) Elastic

(c) at °
(d) (e) Inelastic
(f) 1.67 m/s in the positive x-direction

2.31 kg # m>s at 149.6°
-30.41.93 m>s1.00 m>s

dv>dt

dv>dt
m1dv>dt2,

A11
13 B2 = 0.72.

11
13

A17
19 B2 = 0.80

11.0 u + 18 u2 ƒ = 17
19ƒ11.0 u - 18 u2>1mn + mw2 ƒ =

ƒ1mn - mw2>

2vC2x
2 + vC2y

2 = 2vA2x
2 + vB2y

2 ,

vC2y = -vB2y 7 0,vC2x = -vA2x 7 0

Answers

t

y

a x

Figure P8.116Consider a thin rod of length L, mass M, and cross-sectional area A.
Let the origin of the coordinates be at the left end of the rod and
the positive x-axis lie along the rod. (a) If the density of
the object is uniform, perform the integration described above to
show that the x-coordinate of the center of mass of the rod is at its
geometrical center. (b) If the density of the object varies linearly
with x—that is, where is a positive constant—calculate
the x-coordinate of the rod’s center of mass.
8.116 .. CALC Use the methods of Challenge Problem 8.115 to
calculate the x- and y-coordinates of the center of mass of a semi-
circular metal plate with uniform density and thickness t. Let the
radius of the plate be a. The mass of the plate is thus 
Use the coordinate system indicated in Fig. P8.116.

M = 1
2rpa2t.

r

ar = ax,

r = M>V



Q9.18 An elaborate pulley consists
of four identical balls at the ends of
spokes extending out from a rotating
drum (Fig. Q9.18). A box is con-
nected to a light thin rope wound
around the rim of the drum. When it
is released from rest, the box acquires
a speed V after having fallen a
distance d. Now the four balls are
moved inward closer to the drum,
and the box is again released from
rest. After it has fallen a distance d,
will its speed be equal to V, greater
than V, or less than V? Show or
explain why.
Q9.19 You can use any angular measure—radians, degrees, or rev-
olutions—in some of the equations in Chapter 9, but you can use
only radian measure in others. Identify those for which using radi-
ans is necessary and those for which it is not, and in each case give
the reasoning behind your answer.
Q9.20 When calculating the moment of inertia of an object, can
we treat all its mass as if it were concentrated at the center of mass
of the object? Justify your answer.
Q9.21 A wheel is rotating about an axis perpendicular to the plane
of the wheel and passing through the center of the wheel. The
angular speed of the wheel is increasing at a constant rate. Point A
is on the rim of the wheel and point B is midway between the rim and
center of the wheel. For each of the following quantities, is its magni-
tude larger at point A or at point B, or is it the same at both points?
(a) angular speed; (b) tangential speed; (c) angular acceleration;
(d) tangential acceleration; (e) radial acceleration. Justify each of
your answers.
Q9.22 Estimate your own moment of inertia about a vertical axis
through the center of the top of your head when you are standing
up straight with your arms outstretched. Make reasonable approxi-
mations and measure or estimate necessary quantities.

EXERCISES
Section 9.1 Angular Velocity and Acceleration
9.1 . (a) What angle in radians is subtended by an arc 1.50 m long
on the circumference of a circle of radius 2.50 m? What is this
angle in degrees? (b) An arc 14.0 cm long on the circumference of
a circle subtends an angle of What is the radius of the circle?
(c) The angle between two radii of a circle with radius 1.50 m is
0.700 rad. What length of arc is intercepted on the circumference
of the circle by the two radii?
9.2 . An airplane propeller is rotating at 1900 rpm 
(a) Compute the propeller’s angular velocity in (b) How
many seconds does it take for the propeller to turn through 
9.3 . CP CALC The angular velocity of a flywheel obeys the equa-
tion where t is in seconds and A and B are con-
stants having numerical values 2.75 (for A) and 1.50 (for B). (a) What
are the units of A and B if is in (b) What is the angular
acceleration of the wheel at (i) and (ii) 
(c) Through what angle does the flywheel turn during the first 2.00 s?
(Hint: See Section 2.6.)
9.4 .. CALC A fan blade rotates with angular velocity given by

where and 
(a) Calculate the angular acceleration as a function of time. 
(b) Calculate the instantaneous angular acceleration at t = 3.00 saz

b = 0.800 rad>s3.g = 5.00 rad>svz1t2 = g - bt 2,

t = 5.00 s?t = 0.00
rad>s?vz

vz1t2 = A + Bt 2,

35°?
rad>s.
1rev>min2.

128°.
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Q9.6 A flywheel rotates with constant angular velocity. Does a
point on its rim have a tangential acceleration? A radial accelera-
tion? Are these accelerations constant in magnitude? In direction?
In each case give the reasoning behind your answer.
Q9.7 What is the purpose of the spin cycle of a washing machine?
Explain in terms of acceleration components.
Q9.8 Although angular velocity and angular acceleration can be
treated as vectors, the angular displacement despite having a
magnitude and a direction, cannot. This is because does not fol-
low the commutative law of vector addition (Eq. 1.3). Prove this to
yourself in the following way: Lay your physics textbook flat on the
desk in front of you with the cover side up so you can read the writ-
ing on it. Rotate it through 90° about a horizontal axis so that the far-
thest edge comes toward you. Call this angular displacement 
Then rotate it by about a vertical axis so that the left edge
comes toward you. Call this angular displacement The spine of
the book should now face you, with the writing on it oriented so
that you can read it. Now start over again but carry out the two
rotations in the reverse order. Do you get a different result? That is,
does equal Now repeat this experiment but this
time with an angle of rather than Do you think that the
infinitesimal displacement obeys the commutative law of addi-
tion and hence qualifies as a vector? If so, how is the direction of

related to the direction of ?
Q9.9 Can you think of a body that has the same moment of iner-
tia for all possible axes? If so, give an example, and if not,
explain why this is not possible. Can you think of a body that has
the same moment of inertia for all axes passing through a certain
point? If so, give an example and indicate where the point is
located.
Q9.10 To maximize the moment of inertia of a flywheel while
minimizing its weight, what shape and distribution of mass should
it have? Explain.
Q9.11 How might you determine experimentally the moment of
inertia of an irregularly shaped body about a given axis?
Q9.12 A cylindrical body has mass M and radius R. Can the mass
be distributed within the body in such a way that its moment of
inertia about its axis of symmetry is greater than Explain.
Q9.13 Describe how you could use part (b) of Table 9.2 to derive
the result in part (d).
Q9.14 A hollow spherical shell of radius R that is rotating about an
axis through its center has rotational kinetic energy K. If you want
to modify this sphere so that it has three times as much kinetic
energy at the same angular speed while keeping the same mass,
what should be its radius in terms of R?
Q9.15 For the equations for I given in parts (a) and (b) of Table 9.2
to be valid, must the rod have a circular cross section? Is there any
restriction on the size of the cross section for these equations to
apply? Explain.
Q9.16 In part (d) of Table 9.2, the thickness of the plate must be
much less than a for the expression given for I to apply. But in part
(c), the expression given for I applies no matter how thick the plate
is. Explain.
Q9.17 Two identical balls, A and B, are each attached to very
light string, and each string is wrapped around the rim of a fric-
tionless pulley of mass M. The only difference is that the pulley
for ball A is a solid disk, while the one for ball B is a hollow
disk, like part (e) in Table 9.2. If both balls are released from
rest and fall the same distance, which one will have more kinetic
energy, or will they have the same kinetic energy? Explain your
reasoning.

MR2?

V
SdU

S

dU
S

90°.1°
u2 + u1?u1 + u2

u2.
90°

u1.

u
u,

Drum

Box

Figure Q9.18
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and the average angular acceleration for the time interval
to How do these two quantities compare? If they

are different, why are they different?
9.5 .. CALC A child is pushing a merry-go-round. The angle
through which the merry-go-round has turned varies with time
according to where and 

(a) Calculate the angular velocity of the merry-go-
round as a function of time. (b) What is the initial value of the
angular velocity? (c) Calculate the instantaneous value of the
angular velocity at and the average angular velocity

for the time interval to Show that is
not equal to the average of the instantaneous angular velocities at

and and explain why it is not.
9.6 . CALC At the current to a dc electric motor is reversed,
resulting in an angular displacement of the motor shaft given by

(a) At
what time is the angular velocity of the motor shaft zero? 
(b) Calculate the angular acceleration at the instant that the motor
shaft has zero angular velocity. (c) How many revolutions does the
motor shaft turn through between the time when the current is
reversed and the instant when the angular velocity is zero? (d) How
fast was the motor shaft rotating at when the current was
reversed? (e) Calculate the average angular velocity for the time
period from to the time calculated in part (a).
9.7 . CALC The angle through which a disk drive turns is given
by where a, b, and c are constants, t is in
seconds, and is in radians. When and the
angular velocity is and when the angular
acceleration is (a) Find a, b, and c, including their units.
(b) What is the angular acceleration when (c) What
are and the angular velocity when the angular acceleration is

9.8 . A wheel is rotating about an axis that is in the z-direction.
The angular velocity is at increases lin-
early with time, and is at We have taken
counterclockwise rotation to be positive. (a) Is the angular
acceleration during this time interval positive or negative? 
(b) During what time interval is the speed of the wheel increasing?
Decreasing? (c) What is the angular displacement of the wheel at

Section 9.2 Rotation with Constant 
Angular Acceleration
9.9 . A bicycle wheel has an initial angular velocity of 
(a) If its angular acceleration is constant and equal to 
what is its angular velocity at (b) Through what angle
has the wheel turned between and 
9.10 .. An electric fan is turned off, and its angular velocity
decreases uniformly from to in 4.00 s.
(a) Find the angular acceleration in and the number of revo-
lutions made by the motor in the 4.00-s interval. (b) How many
more seconds are required for the fan to come to rest if the angular
acceleration remains constant at the value calculated in part (a)?
9.11 .. The rotating blade of a blender turns with constant angular
acceleration (a) How much time does it take to reach
an angular velocity of starting from rest? (b) Through
how many revolutions does the blade turn in this time interval?
9.12 . (a) Derive Eq. (9.12) by combining Eqs. (9.7) and (9.11) to
eliminate t. (b) The angular velocity of an airplane propeller increases
from to while turning through 7.00 rad.
What is the angular acceleration in rad>s2?

16.0 rad>s12.0 rad>s
36.0 rad>s,

1.50 rad>s2.

rev>s2
200 rev>min500 rev>min

t = 2.50 s?t = 0
t = 2.50 s?

0.300 rad>s2,
1.50 rad>s.

t = 7.00 s?

t = 7.00 s.+8.00 rad>s t = 0,-6.00 rad>svz

3.50 rad>s2?
u

u = p>4 rad?
1.25 rad>s2.

t = 1.50 s,2.00 rad>s,
u = p>4 radt = 0,u

u1t2 = a + bt - ct 3,
u

t = 0

t = 0,

u1t2 = 1250 rad>s2t - 120.0 rad>s22t 2 - 11.50 rad>s32t 3.

t = 0
t = 5.00 s,t = 0

vav-zt = 5.00 s.t = 0vav-z

t = 5.00 svz

0.0120 rad>s3.
b =g = 0.400 rad>su1t2 = gt + bt 3,

t = 3.00 s.t = 0
aav-z 9.13 .. A turntable rotates with a constant angular

acceleration. After 4.00 s it has rotated through an angle of 60.0 rad.
What was the angular velocity of the wheel at the beginning of the
4.00-s interval?
9.14 . A circular saw blade 0.200 m in diameter starts from rest.
In 6.00 s it accelerates with constant angular acceleration to an
angular velocity of Find the angular acceleration and
the angle through which the blade has turned.
9.15 .. A high-speed flywheel in a motor is spinning at 500 rpm
when a power failure suddenly occurs. The flywheel has mass 40.0 kg
and diameter 75.0 cm. The power is off for 30.0 s, and during this
time the flywheel slows due to friction in its axle bearings. During
the time the power is off, the flywheel makes 200 complete revolu-
tions. (a) At what rate is the flywheel spinning when the power
comes back on? (b) How long after the beginning of the power
failure would it have taken the flywheel to stop if the power had
not come back on, and how many revolutions would the wheel
have made during this time?
9.16 .. At a grinding wheel has an angular velocity of

It has a constant angular acceleration of 
until a circuit breaker trips at From then on, it turns
through 432 rad as it coasts to a stop at constant angular accelera-
tion. (a) Through what total angle did the wheel turn between 
and the time it stopped? (b) At what time did it stop? (c) What was
its acceleration as it slowed down?
9.17 .. A safety device brings the blade of a power mower from
an initial angular speed of to rest in 1.00 revolution. At the
same constant acceleration, how many revolutions would it take
the blade to come to rest from an initial angular speed that was
three times as great, 

Section 9.3 Relating Linear and Angular Kinematics
9.18 . In a charming 19th-
century hotel, an old-style
elevator is connected to a coun-
terweight by a cable that passes
over a rotating disk 2.50 m in
diameter (Fig. E9.18). The ele-
vator is raised and lowered by
turning the disk, and the cable
does not slip on the rim of the
disk but turns with it. (a) At how
many rpm must the disk turn to
raise the elevator at 
(b) To start the elevator moving,
it must be accelerated at 
What must be the angular accel-
eration of the disk, in 
(c) Through what angle (in radians and degrees) has the disk
turned when it has raised the elevator 3.25 m between floors?
9.19 . Using astronomical data from Appendix F, along with the fact
that the earth spins on its axis once per day, calculate (a) the earth’s
orbital angular speed (in due to its motion around the sun,
(b) its angular speed (in due to its axial spin, (c) the tangen-
tial speed of the earth around the sun (assuming a circular orbit),
(d) the tangential speed of a point on the earth’s equator due to the
planet’s axial spin, and (e) the radial and tangential acceleration
components of the point in part (d).
9.20 . Compact Disc. A compact disc (CD) stores music in a
coded pattern of tiny pits deep. The pits are arranged in a
track that spirals outward toward the rim of the disc; the inner and

10-7 m

rad>s)
rad>s)

rad>s2?

1
8g.

25.0 cm>s?

v3 = 3v1?
v3

v1

t = 0

t = 2.00 s.
30.0 rad>s224.0 rad>s.

t = 0

140 rad>s.

2.25 rad>s2

Disk

Elevator
Counterweight

Figure E9.18



9.29 . The spin cycles of a washing machine have two angular
speeds, and The internal diameter of
the drum is 0.470 m. (a) What is the ratio of the maximum radial
force on the laundry for the higher angular speed to that for the
lower speed? (b) What is the ratio of the maximum tangential
speed of the laundry for the higher angular speed to that for the
lower speed? (c) Find the laundry’s maximum tangential speed and
the maximum radial acceleration, in terms of g.

Section 9.4 Energy in Rotational Motion
9.30 . Four small spheres, each
of which you can regard as a
point of mass 0.200 kg, are
arranged in a square 0.400 m on a
side and connected by extremely
light rods (Fig. E9.30). Find the
moment of inertia of the system
about an axis (a) through the cen-
ter of the square, perpendicular to
its plane (an axis through point O in the figure); (b) bisecting two
opposite sides of the square (an axis along the line AB in the figure);
(c) that passes through the centers of the upper left and lower right
spheres and through point O.
9.31 . Calculate the moment of inertia of each of the following
uniform objects about the axes indicated. Consult Table 9.2 as
needed. (a) A thin 2.50-kg rod of length 75.0 cm, about an axis per-
pendicular to it and passing through (i) one end and (ii) its center,
and (iii) about an axis parallel to the rod and passing through it. 
(b) A 3.00-kg sphere 38.0 cm in diameter, about an axis through its
center, if the sphere is (i) solid and (ii) a thin-walled hollow shell.
(c) An 8.00-kg cylinder, of length 19.5 cm and diameter 12.0 cm,
about the central axis of the cylinder, if the cylinder is (i) thin-walled
and hollow, and (ii) solid.
9.32 .. Small blocks, each with mass m, are clamped at the ends
and at the center of a rod of length L and negligible mass. Compute
the moment of inertia of the system about an axis perpendicular to
the rod and passing through (a) the center of the rod and (b) a point
one-fourth of the length from one end.
9.33 . A uniform bar has two small balls glued to its ends. The
bar is 2.00 m long and has mass 4.00 kg, while the balls each have
mass 0.500 kg and can be treated as point masses. Find the
moment of inertia of this combination about each of the following
axes: (a) an axis perpendicular to the bar through its center; (b) an
axis perpendicular to the bar through one of the balls; (c) an axis
parallel to the bar through both balls; (d) an axis parallel to the bar
and 0.500 m from it.
9.34 . A uniform disk of radius
R is cut in half so that the
remaining half has mass M (Fig.
E9.34a). (a) What is the moment
of inertia of this half about an
axis perpendicular to its plane
through point A? (b) Why did
your answer in part (a) come out
the same as if this were a com-
plete disk of mass M? (c) What
would be the moment of inertia
of a quarter disk of mass M and
radius R about an axis perpen-
dicular to its plane passing
through point B (Fig. E9.34b)?

640 rev>min.423 rev>min

Exercises 301

outer radii of this spiral are 25.0 mm and 58.0 mm, respectively.
As the disc spins inside a CD player, the track is scanned at a con-
stant linear speed of (a) What is the angular speed of
the CD when the innermost part of the track is scanned? The out-
ermost part of the track? (b) The maximum playing time of a CD
is 74.0 min. What would be the length of the track on such a
maximum-duration CD if it were stretched out in a straight line?
(c) What is the average angular acceleration of a maximum-
duration CD during its 74.0-min playing time? Take the direction
of rotation of the disc to be positive.
9.21 .. A wheel of diameter 40.0 cm starts from rest and rotates
with a constant angular acceleration of At the
instant the wheel has computed its second revolution, compute
the radial acceleration of a point on the rim in two ways: (a)
using the relationship and (b) from the relationship

9.22 .. You are to design a rotating cylindrical axle to lift 800-N
buckets of cement from the ground to a rooftop 78.0 m above
the ground. The buckets will be attached to a hook on the free end
of a cable that wraps around the rim of the axle; as the axle turns,
the buckets will rise. (a) What should the diameter of the axle be in
order to raise the buckets at a steady when it is turning
at 7.5 rpm? (b) If instead the axle must give the buckets an upward
acceleration of what should the angular acceleration
of the axle be?
9.23 . A flywheel with a radius of 0.300 m starts from rest and
accelerates with a constant angular acceleration of 
Compute the magnitude of the tangential acceleration, the radial
acceleration, and the resultant acceleration of a point on its rim 
(a) at the start; (b) after it has turned through (c) after it has
turned through 
9.24 .. An electric turntable 0.750 m in diameter is rotating about
a fixed axis with an initial angular velocity of and a
constant angular acceleration of (a) Compute the
angular velocity of the turntable after 0.200 s. (b) Through how
many revolutions has the turntable spun in this time interval? 
(c) What is the tangential speed of a point on the rim of the
turntable at (d) What is the magnitude of the resultant
acceleration of a point on the rim at 
9.25 .. Centrifuge. An advertisement claims that a centrifuge
takes up only 0.127 m of bench space but can produce a radial accel-
eration of 3000g at Calculate the required radius of
the centrifuge. Is the claim realistic?
9.26 . (a) Derive an equation for the radial acceleration that
includes and but not r. (b) You are designing a merry-go-round
for which a point on the rim will have a radial acceleration of

when the tangential velocity of that point has magnitude
What angular velocity is required to achieve these values?

9.27 . Electric Drill. According to the shop manual, when
drilling a 12.7-mm-diameter hole in wood, plastic, or aluminum, 
a drill should have a speed of For a 12.7-mm-
diameter drill bit turning at a constant find (a) the
maximum linear speed of any part of the bit and (b) the maximum
radial acceleration of any part of the bit.
9.28 . At a point on the rim of a 0.200-m-radius wheel
has a tangential speed of as the wheel slows down with 
a tangential acceleration of constant magnitude 
(a) Calculate the wheel’s constant angular acceleration. (b) Calcu-
late the angular velocities at and (c) Through
what angle did the wheel turn between and 
(d) At what time will the radial acceleration equal g?

t = 3.00 s?t = 0
t = 0.t = 3.00 s

10.0 m>s2.
50.0 m>st = 3.00 s

1250 rev>min,
1250 rev>min.

2.00 m>s.
0.500 m>s2

v,v

5000 rev>min.

t = 0.200 s?
t = 0.200 s?

0.900 rev>s2.
0.250 rev>s120.0°.

60.0°;

0.600 rad>s2.

0.400 m>s2,

2.00 cm>s

arad = v2>r.
arad = v2r

3.00 rad>s2.

1.25 m>s.

0.400 m

B
O

0.200 kg

A

Figure E9.30
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9.35 .. A wagon wheel is con-
structed as shown in Fig. E9.35. The
radius of the wheel is 0.300 m, and
the rim has mass 1.40 kg. Each of the
eight spokes that lie along a diame-
ter and are 0.300 m long has mass
0.280 kg. What is the moment of
inertia of the wheel about an axis
through its center and perpendicular
to the plane of the wheel? (Use the
formulas given in Table 9.2.)
9.36 .. An airplane propeller is
2.08 m in length (from tip to tip) with mass 117 kg and is rotating 
at 2400 rpm about an axis through its center. You can
model the propeller as a slender rod. (a) What is its rotational kinetic
energy? (b) Suppose that, due to weight constraints, you had to
reduce the propeller’s mass to 75.0% of its original mass, but you
still needed to keep the same size and kinetic energy. What would
its angular speed have to be, in rpm?
9.37 .. A compound disk of outside diameter 140.0 cm is made
up of a uniform solid disk of radius 50.0 cm and area density

surrounded by a concentric ring of inner radius 50.0 cm,
outer radius 70.0 cm, and area density Find the
moment of inertia of this object about an axis perpendicular to the
plane of the object and passing through its center.
9.38 . A wheel is turning about an axis through its center with
constant angular acceleration. Starting from rest, at , the
wheel turns through 8.20 revolutions in 12.0 s. At the
kinetic energy of the wheel is 36.0 J. For an axis through its center,
what is the moment of inertia of the wheel?
9.39 . A uniform sphere with mass 28.0 kg and radius 0.380 m is
rotating at constant angular velocity about a stationary axis that
lies along a diameter of the sphere. If the kinetic energy of the
sphere is 176 J, what is the tangential velocity of a point on the rim
of the sphere?
9.40 .. A hollow spherical shell has mass 8.20 kg and radius
0.220 m. It is initially at rest and then rotates about a stationary
axis that lies along a diameter with a constant acceleration of

. What is the kinetic energy of the shell after it has
turned through 6.00 rev?
9.41 . Energy from the Moon? Suppose that some time in the
future we decide to tap the moon’s rotational energy for use on
earth. In additional to the astronomical data in Appendix F, you may
need to know that the moon spins on its axis once every 27.3 days.
Assume that the moon is uniform throughout. (a) How much total
energy could we get from the moon’s rotation? (b) The world
presently uses about of energy per year. If in the
future the world uses five times as much energy yearly, for how
many years would the moon’s rotation provide us energy? In light
of your answer, does this seem like a cost-effective energy source
in which to invest?
9.42 .. You need to design an industrial turntable that is 60.0 cm
in diameter and has a kinetic energy of 0.250 J when turning at
45.0 rpm (a) What must be the moment of inertia of the
turntable about the rotation axis? (b) If your workshop makes this
turntable in the shape of a uniform solid disk, what must be its
mass?
9.43 .. The flywheel of a gasoline engine is required to give up
500 J of kinetic energy while its angular velocity decreases from

to What moment of inertia is required?
9.44 . A light, flexible rope is wrapped several times around a
hollow cylinder, with a weight of 40.0 N and a radius of 0.25 m,

520 rev>min.650 rev>min

1rev>min2.

4.0 * 1020 J

0.890 rad>s2

t = 12.0 s
t = 0

2.00 g>cm2.
3.00 g>cm2

1rev>min2

that rotates without friction about a fixed horizontal axis. The
cylinder is attached to the axle by spokes of a negligible moment
of inertia. The cylinder is initially at rest. The free end of the rope
is pulled with a constant force P for a distance of 5.00 m, at which
point the end of the rope is moving at If the rope does
not slip on the cylinder, what is the value of P?
9.45 .. Energy is to be stored in a 70.0-kg flywheel in the shape
of a uniform solid disk with radius To prevent struc-
tural failure of the flywheel, the maximum allowed radial accelera-
tion of a point on its rim is What is the maximum
kinetic energy that can be stored in the flywheel?
9.46 .. Suppose the solid cylinder in the apparatus described in
Example 9.8 (Section 9.4) is replaced by a thin-walled, hollow
cylinder with the same mass M and radius R. The cylinder is
attached to the axle by spokes of a negligible moment of inertia.
(a) Find the speed of the hanging mass m just as it strikes the floor.
(b) Use energy concepts to explain why the answer to part (a) is
different from the speed found in Example 9.8.
9.47 .. A frictionless pulley
has the shape of a uniform solid
disk of mass 2.50 kg and radius
20.0 cm. A 1.50-kg stone is
attached to a very light wire that
is wrapped around the rim of the
pulley (Fig. E9.47), and the sys-
tem is released from rest. (a) How
far must the stone fall so that the
pulley has 4.50 J of kinetic
energy? (b) What percent of the
total kinetic energy does the pul-
ley have?
9.48 .. A bucket of mass m is
tied to a massless cable that is wrapped around the outer rim of a
frictionless uniform pulley of radius R, similar to the system
shown in Fig. E9.47. In terms of the stated variables, what must be
the moment of inertia of the pulley so that it always has half as
much kinetic energy as the bucket?
9.49 .. CP A thin, light wire
is wrapped around the rim of a
wheel, as shown in Fig. E9.49.
The wheel rotates without fric-
tion about a stationary horizon-
tal axis that passes through the
center of the wheel. The wheel
is a uniform disk with radius

. An object of
mass is sus-
pended from the free end of
the wire. The system is released from rest and the suspended
object descends with constant acceleration. If the suspended
object moves downward a distance of 3.00 m in 2.00 s, what is
the mass of the wheel?
9.50 .. A uniform 2.00-m ladder of mass 9.00 kg is leaning
against a vertical wall while making an angle of 53.0° with the
floor. A worker pushes the ladder up against the wall until it is ver-
tical. What is the increase in the gravitational potential energy of
the ladder?
9.51 .. How I Scales. If we multiply all the design dimen-
sions of an object by a scaling factor its volume and mass will
be multiplied by (a) By what factor will its moment of inertia
be multiplied? (b) If a model has a rotational kinetic
energy of 2.5 J, what will be the kinetic energy for the full-scale

1
48-scale

ƒ3.
ƒ,

m = 4.20 kg
R = 0.280 m

3500 m>s2.

R = 1.20 m.

6.00 m>s.

2.50-kg
pulley

1.50-kg
stone

Figure E9.47

Figure E9.49

0.600 m

Figure E9.35
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9.63 .. CP A circular saw blade with radius 0.120 m starts from
rest and turns in a vertical plane with a constant angular accelera-
tion of . After the blade has turned through 155 rev, a
small piece of the blade breaks loose from the top of the blade.
After the piece breaks loose, it travels with a velocity that is ini-
tially horizontal and equal to the tangential velocity of the rim of
the blade. The piece travels a vertical distance of 0.820 m to the
floor. How far does the piece travel horizontally, from where it
broke off the blade until it strikes the floor?
9.64 . CALC A roller in a printing press turns through an angle

given by where and
(a) Calculate the angular velocity of the roller

as a function of time. (b) Calculate the angular acceleration of the
roller as a function of time. (c) What is the maximum positive
angular velocity, and at what value of t does it occur?
9.65 .. CP CALC A disk of radius 25.0 cm is free to turn about an
axle perpendicular to it through its center. It has very thin but
strong string wrapped around its rim, and the string is attached to
a ball that is pulled tangentially away from the rim of the disk
(Fig. P9.65). The pull increases in magnitude and produces an
acceleration of the ball that obeys the equation where t
is in seconds and A is a constant. The cylinder starts from rest, and
at the end of the third second, the ball’s acceleration is 
(a) Find A. (b) Express the angular acceleration of the disk as a
function of time. (c) How much time after the disk has begun to
turn does it reach an angular speed of (d) Through
what angle has the disk turned just as it reaches (Hint:
See Section 2.6.)

9.66 .. When a toy car is rapidly scooted across the floor, it stores
energy in a flywheel. The car has mass 0.180 kg, and its flywheel
has moment of inertia The car is 15.0 cm
long. An advertisement claims that the car can travel at a scale
speed of up to . The scale speed is the speed
of the toy car multiplied by the ratio of the length of an actual car
to the length of the toy. Assume a length of 3.0 m for a real car. 
(a) For a scale speed of what is the actual translational
speed of the car? (b) If all the kinetic energy that is initially in the
flywheel is converted to the translational kinetic energy of the toy,
how much energy is originally stored in the flywheel? (c) What ini-
tial angular velocity of the flywheel was needed to store the
amount of energy calculated in part (b)?
9.67 . A classic 1957 Chevrolet Corvette of mass 1240 kg starts
from rest and speeds up with a constant tangential acceleration of

on a circular test track of radius 60.0 m. Treat the car as
a particle. (a) What is its angular acceleration? (b) What is its
angular speed 6.00 s after it starts? (c) What is its radial accelera-
tion at this time? (d) Sketch a view from above showing the circular
track, the car, the velocity vector, and the acceleration component
vectors 6.00 s after the car starts. (e) What are the magnitudes of
the total acceleration and net force for the car at this time? (f) What

2.00 m>s2

700 km>h,

1440 mi>h2700 km>h4.00 * 10-5 kg # m2.

15.0 rad>s?
15.0 rad>s?

1.80 m>s2.

a1t2 = At,

b = 0.500 rad>s3.
g = 3.20 rad>s2u1t2 = gt 2 - bt 3,u1t2

3.00 rev>s2

object of the same material rotating at the same angular
velocity?
9.52 .. A uniform 3.00-kg rope 24.0 m long lies on the ground at
the top of a vertical cliff. A mountain climber at the top lets down
half of it to help his partner climb up the cliff. What was the
change in potential energy of the rope during this maneuver?

Section 9.5 Parallel-Axis Theorem
9.53 .. About what axis will a uniform, balsa-wood sphere have
the same moment of inertia as does a thin-walled, hollow, lead
sphere of the same mass and radius, with the axis along a diameter?
9.54 .. Find the moment of inertia of a hoop (a thin-walled, hol-
low ring) with mass M and radius R about an axis perpendicular to
the hoop’s plane at an edge.
9.55 .. A thin, rectangular sheet of metal has mass M and sides 
of length a and b. Use the parallel-axis theorem to calculate the
moment of inertia of the sheet for an axis that is perpendicular to the
plane of the sheet and that passes through one corner of the sheet.
9.56 . (a) For the thin rectangular plate shown in part (d) of Table
9.2, find the moment of inertia about an axis that lies in the plane
of the plate, passes through the center of the plate, and is parallel to
the axis shown in the figure. (b) Find the moment of inertia of the
plate for an axis that lies in the plane of the plate, passes through
the center of the plate, and is perpendicular to the axis in part (a).
9.57 .. A thin uniform rod of mass M and length L is bent at its
center so that the two segments are now perpendicular to each
other. Find its moment of inertia about an axis perpendicular to its
plane and passing through (a) the point where the two segments
meet and (b) the midpoint of the line connecting its two ends.

Section 9.6 Moment-of-Inertia Calculations
9.58 . CALC Use Eq. (9.20) to calculate the moment of inertia of
a slender, uniform rod with mass M and length L about an axis at
one end, perpendicular to the rod.
9.59 .. CALC Use Eq. (9.20) to calculate the moment of inertia of
a uniform, solid disk with mass M and radius R for an axis perpen-
dicular to the plane of the disk and passing through its center.
9.60 .. CALC A slender rod with length L has a mass per unit
length that varies with distance from the left end, where 
according to where has units of (a) Calcu-
late the total mass of the rod in terms of and L. (b) Use Eq. (9.20)
to calculate the moment of inertia of the rod for an axis at the left
end, perpendicular to the rod. Use the expression you derived in
part (a) to express I in terms of M and L. How does your result
compare to that for a uniform rod? Explain this comparison. 
(c) Repeat part (b) for an axis at the right end of the rod. How do
the results for parts (b) and (c) compare? Explain this result.

PROBLEMS
9.61 . CP CALC A flywheel has angular acceleration 

, where counterclockwise rotation is
positive. (a) If the flywheel is at rest at , what is its angular
velocity at 5.00 s? (b) Through what angle (in radians) does the
flywheel turn in the time interval from to ?
9.62 .. CALC A uniform disk with radius and mass
30.0 kg rotates in a horizontal plane on a frictionless vertical 
axle that passes through the center of the disk. The angle through
which the disk has turned varies with time according to 

. What is the resultant linear
acceleration of a point on the rim of the disk at the instant when the
disk has turned through 0.100 rev?

11.10 rad>s2t + 18.60 rad>s22t 2
u1t2 =

R = 0.400 m
t = 5.00 st = 0

t = 0
8.60 rad>s2 - 12.30 rad>s32t az1t2 =

g
kg>m2.gdm>dx = gx,

x = 0,
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angle do the total acceleration and net force make with the car’s
velocity at this time?
9.68 .. Engineers are designing a
system by which a falling mass m
imparts kinetic energy to a rotat-
ing uniform drum to which it is
attached by thin, very light wire
wrapped around the rim of the
drum (Fig. P9.68). There is no
appreciable friction in the axle of
the drum, and everything starts
from rest. This system is being
tested on earth, but it is to be used
on Mars, where the acceleration
due to gravity is In the
earth tests, when m is set to 15.0 kg
and allowed to fall through 5.00 m, it gives 250.0 J of kinetic
energy to the drum. (a) If the system is operated on Mars, through
what distance would the 15.0-kg mass have to fall to give the same
amount of kinetic energy to the drum? (b) How fast would the
15.0-kg mass be moving on Mars just as the drum gained 250.0 J
of kinetic energy?
9.69 . A vacuum cleaner belt is looped over a shaft of radius 
0.45 cm and a wheel of radius 1.80 cm. The arrangement of the
belt, shaft, and wheel is similar to that of the chain and sprockets in
Fig. Q9.4. The motor turns the shaft at and the moving
belt turns the wheel, which in turn is connected by another shaft to
the roller that beats the dirt out of the rug being vacuumed. Assume
that the belt doesn’t slip on either the shaft or the wheel. (a) What
is the speed of a point on the belt? (b) What is the angular velocity
of the wheel, in 
9.70 .. The motor of a table saw is rotating at A
pulley attached to the motor shaft drives a second pulley of half the
diameter by means of a V-belt. A circular saw blade of diameter
0.208 m is mounted on the same rotating shaft as the second pulley.
(a) The operator is careless and the blade catches and throws back a
small piece of wood. This piece of wood moves with linear speed
equal to the tangential speed of the rim of the blade. What is this
speed? (b) Calculate the radial acceleration of points on the outer
edge of the blade to see why sawdust doesn’t stick to its teeth.
9.71 ... While riding a multispeed bicycle, the rider can select the
radius of the rear sprocket that is fixed to the rear axle. The front
sprocket of a bicycle has radius 12.0 cm. If the angular speed of
the front sprocket is what is the radius of the rear
sprocket for which the tangential speed of a point on the rim of the
rear wheel will be The rear wheel has radius 0.330 m.
9.72 ... A computer disk drive is turned on starting from rest and
has constant angular acceleration. If it took 0.750 s for the drive to
make its second complete revolution, (a) how long did it take to
make the first complete revolution, and (b) what is its angular
acceleration, in 
9.73 . A wheel changes its angular velocity with a constant angu-
lar acceleration while rotating about a fixed axis through its center.
(a) Show that the change in the magnitude of the radial accelera-
tion during any time interval of a point on the wheel is twice the
product of the angular acceleration, the angular displacement, and
the perpendicular distance of the point from the axis. (b) The radial
acceleration of a point on the wheel that is 0.250 m from the axis
changes from to as the wheel rotates through
20.0 rad. Calculate the tangential acceleration of this point. (c) Show
that the change in the wheel’s kinetic energy during any time inter-
val is the product of the moment of inertia about the axis, the angular

85.0 m>s225.0 m>s2

rad>s2?

5.00 m>s?

0.600 rev>s,

3450 rev>min.
rad>s?

60.0 rev>s

3.71 m>s2.

acceleration, and the angular displacement. (d) During the 20.0-rad
angular displacement of part (b), the kinetic energy of the wheel
increases from 20.0 J to 45.0 J. What is the moment of inertia of
the wheel about the rotation axis?
9.74 .. A sphere consists of a solid wooden ball of uniform den-
sity and radius 0.30 m and is covered with a thin coat-
ing of lead foil with area density Calculate the moment
of inertia of this sphere about an axis passing through its center.
9.75 ... It has been argued that power plants should make use of
off-peak hours (such as late at night) to generate mechanical
energy and store it until it is needed during peak load times, such
as the middle of the day. One suggestion has been to store the
energy in large flywheels spinning on nearly frictionless ball bear-
ings. Consider a flywheel made of iron (density in
the shape of a 10.0-cm-thick uniform disk. (a) What would the
diameter of such a disk need to be if it is to store 10.0 megajoules
of kinetic energy when spinning at 90.0 rpm about an axis perpen-
dicular to the disk at its center? (b) What would be the centripetal
acceleration of a point on its rim when spinning at this rate?
9.76 .. While redesigning a rocket engine, you want to reduce its
weight by replacing a solid spherical part with a hollow spherical
shell of the same size. The parts rotate about an axis through their
center. You need to make sure that the new part always has the
same rotational kinetic energy as the original part had at any given
rate of rotation. If the original part had mass M, what must be the
mass of the new part?
9.77 . The earth, which is not a uniform sphere, has a moment of
inertia of about an axis through its north and south
poles. It takes the earth 86,164 s to spin once about this axis. Use
Appendix F to calculate (a) the earth’s kinetic energy due to its
rotation about this axis and (b) the earth’s kinetic energy due to its
orbital motion around the sun. (c) Explain how the value of the
earth’s moment of inertia tells us that the mass of the earth is con-
centrated toward the planet’s center.
9.78 ... A uniform, solid disk with mass m and radius R is pivoted
about a horizontal axis through its center. A small object of the
same mass m is glued to the rim of the disk. If the disk is released
from rest with the small object at the end of a horizontal radius, find
the angular speed when the small object is directly below the axis.
9.79 .. CALC A metal sign for a car dealership is a thin, uniform
right triangle with base length b and height h. The sign has 
mass M. (a) What is the moment of inertia of the sign for rotation
about the side of length h? (b) If and

what is the kinetic energy of the sign when it is rotat-
ing about an axis along the 1.20-m side at 
9.80 .. Measuring I. As an intern with an engineering firm,
you are asked to measure the moment of inertia of a large wheel,
for rotation about an axis through its center. Since you were a good
physics student, you know what to do. You measure the diameter
of the wheel to be 0.740 m and find that it weighs 280 N. You
mount the wheel, using frictionless bearings, on a horizontal axis
through the wheel’s center. You wrap a light rope around the wheel
and hang an 8.00-kg mass from the free end of the rope, as shown
in Fig. 9.17. You release the mass from rest; the mass descends and
the wheel turns as the rope unwinds. You find that the mass has
speed after it has descended 2.00 m. (a) What is the
moment of inertia of the wheel for an axis perpendicular to the
wheel at its center? (b) Your boss tells you that a larger I is needed.
He asks you to design a wheel of the same mass and radius that has

How do you reply?
9.81 .. CP A meter stick with a mass of 0.180 kg is pivoted about
one end so it can rotate without friction about a horizontal axis.

I = 19.0 kg # m2.
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The meter stick is held in a horizontal position and released. As it
swings through the vertical, calculate (a) the change in gravita-
tional potential energy that has occurred; (b) the angular speed of
the stick; (c) the linear speed of the end of the stick opposite the
axis. (d) Compare the answer in part (c) to the speed of a particle
that has fallen 1.00 m, starting from rest.
9.82 .. Exactly one turn of a flexible rope with mass m is wrapped
around a uniform cylinder with mass M and radius R. The cylinder
rotates without friction about a horizontal axle along the cylinder
axis. One end of the rope is attached to the cylinder. The 
cylinder starts with angular speed After one revolution of the
cylinder the rope has unwrapped and, at this instant, hangs vertically
down, tangent to the cylinder. Find the angular speed of the cylin-
der and the linear speed of the lower end of the rope at this time.
You can ignore the thickness of the rope. [Hint: Use Eq. (9.18).]
9.83 . The pulley in Fig. P9.83 has radius R and a moment of
inertia I. The rope does not slip over the pulley, and the pulley
spins on a frictionless axle. The coefficient of kinetic friction
between block A and the tabletop is The system is released
from rest, and block B descends. Block A has mass and block
B has mass Use energy methods to calculate the speed of
block B as a function of the distance d that it has descended.

9.84 .. The pulley in Fig. P9.84
has radius 0.160 m and moment
of inertia The rope
does not slip on the pulley rim.
Use energy methods to calculate
the speed of the 4.00-kg block
just before it strikes the floor.
9.85 .. You hang a thin hoop
with radius R over a nail at the
rim of the hoop. You displace it
to the side (within the plane of
the hoop) through an angle 
from its equilibrium position and
let it go. What is its angular speed when it returns to its equilib-
rium position? [Hint: Use Eq. (9.18).]
9.86 .. A passenger bus in Zurich, Switzerland, derived its
motive power from the energy stored in a large flywheel. The
wheel was brought up to speed periodically, when the bus stopped
at a station, by an electric motor, which could then be attached to
the electric power lines. The flywheel was a solid cylinder with
mass 1000 kg and diameter 1.80 m; its top angular speed was

(a) At this angular speed, what is the kinetic
energy of the flywheel? (b) If the average power required to
operate the bus is how long could it operate
between stops?
9.87 .. Two metal disks, one with radius and mass

and the other with radius and mass
are welded together and mounted on a frictionless

axis through their common center (Fig. P9.87). (a) What is the
M2 = 1.60 kg,

R2 = 5.00 cmM1 = 0.80 kg
R1 = 2.50 cm

1.86 * 104 W,

3000 rev>min.

b
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total moment of inertia of the two disks?
(b) A light string is wrapped around the
edge of the smaller disk, and a 1.50-kg
block is suspended from the free end of
the string. If the block is released from
rest at a distance of 2.00 m above the
floor, what is its speed just before it
strikes the floor? (c) Repeat the calcula-
tion of part (b), this time with the string
wrapped around the edge of the larger
disk. In which case is the final speed of
the block greater? Explain why this is so.
9.88 .. A thin, light wire is wrapped
around the rim of a wheel, as shown in
Fig. E9.49. The wheel rotates about a sta-
tionary horizontal axle that passes through
the center of the wheel. The wheel has radius 0.180 m and moment
of inertia for rotation about the axle of . A small
block with mass 0.340 kg is suspended from the free end of the
wire. When the system is released from rest, the block descends
with constant acceleration. The bearings in the wheel at the axle are
rusty, so friction there does of work as the block descends
3.00 m. What is the magnitude of the angular velocity of the wheel
after the block has descended 3.00 m?
9.89 ... In the system shown in Fig. 9.17, a 12.0-kg mass is
released from rest and falls, causing the uniform 10.0-kg cylinder
of diameter 30.0 cm to turn about a frictionless axle through its
center. How far will the mass have to descend to give the cylinder
480 J of kinetic energy?
9.90 . In Fig. P9.90, the cylinder
and pulley turn without friction
about stationary horizontal axles
that pass through their centers. A
light rope is wrapped around the
cylinder, passes over the pulley,
and has a 3.00-kg box suspended
from its free end. There is no slip-
ping between the rope and the pulley surface. The uniform cylinder
has mass 5.00 kg and radius 40.0 cm. The pulley is a uniform disk
with mass 2.00 kg and radius 20.0 cm. The box is released from rest
and descends as the rope unwraps from the cylinder. Find the speed
of the box when it has fallen 2.50 m.
9.91 .. A thin, flat, uniform disk has mass M and radius R. A cir-
cular hole of radius centered at a point from the disk’s
center, is then punched in the disk. (a) Find the moment of inertia
of the disk with the hole about an axis through the original center
of the disk, perpendicular to the plane of the disk. (Hint: Find the
moment of inertia of the piece
punched from the disk.) (b) Find
the moment of inertia of the disk
with the hole about an axis through
the center of the hole, perpendicular
to the plane of the disk.
9.92 .. BIO Human Rotational
Energy. A dancer is spinning at
72 rpm about an axis through her
center with her arms outstretched,
as shown in Fig. P9.92. From bio-
medical measurements, the typical
distribution of mass in a human
body is as follows:
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Head: 7.0%
Arms: 13% (for both)
Trunk and legs: 80.0%

Suppose you are this dancer. Using this information plus length
measurements on your own body, calculate (a) your moment of
inertia about your spin axis and (b) your rotational kinetic energy.
Use the figures in Table 9.2 to model reasonable approximations
for the pertinent parts of your body.
9.93 .. BIO The Kinetic Energy of Walking. If a person of mass
M simply moved forward with speed V, his kinetic energy would be

However, in addition to possessing a forward motion, vari-
ous parts of his body (such as the arms and legs) undergo rotation.
Therefore, his total kinetic energy is the sum of the energy from his
forward motion plus the rotational kinetic energy of his arms and
legs. The purpose of this problem is to see how much this rotational
motion contributes to the person’s kinetic energy. Biomedical meas-
urements show that the arms and hands together typically make up
13% of a person’s mass, while the legs and feet together account for
37%. For a rough (but reasonable) calculation, we can model the
arms and legs as thin uniform bars pivoting about the shoulder and
hip, respectively. In a brisk walk, the arms and legs each move
through an angle of about (a total of ) from the vertical in
approximately 1 second. We shall assume that they are held straight,
rather than being bent, which is not quite true. Let us consider a 
75-kg person walking at 5.0 km h, having arms 70 cm long and legs
90 cm long. (a) What is the average angular velocity of his arms and
legs? (b) Using the average angular velocity from part (a), calculate
the amount of rotational kinetic energy in this person’s arms and legs
as he walks. (c) What is the total kinetic energy due to both his for-
ward motion and his rotation? (d) What percentage of his kinetic
energy is due to the rotation of his legs and arms?
9.94 .. BIO The Kinetic Energy of Running. Using Problem
9.93 as a guide, apply it to a person running at 12 km h, with his
arms and legs each swinging through in As before,
assume that the arms and legs are kept straight.
9.95 .. Perpendicular-Axis Theorem. Consider a rigid body
that is a thin, plane sheet of arbitrary shape. Take the body to lie in
the xy-plane and let the origin O of coordinates be located at any
point within or outside the body. Let and be the moments of
inertia about the x- and y-axes, and let be the moment of inertia
about an axis through O perpendicular to the plane. (a) By consider-
ing mass elements with coordinates show that

This is called the perpendicular-axis theorem. Note
that point O does not have to be the center of mass. (b) For a thin
washer with mass M and with inner and outer radii and use
the perpendicular-axis theorem to find the moment of inertia about
an axis that is in the plane of the washer and that passes through its
center. You may use the information in Table 9.2. (c) Use the
perpendicular-axis theorem to show that for a thin, square sheet
with mass M and side L, the moment of inertia about any axis in
the plane of the sheet that passes through the center of the sheet is

You may use the information in Table 9.2.
9.96 ... A thin, uniform rod is bent into a square of side length a.
If the total mass is M, find the moment of inertia about an axis
through the center and perpendicular to the plane of the square.
(Hint: Use the parallel-axis theorem.)
9.97 . CALC A cylinder with radius R and mass M has density that
increases linearly with distance r from the cylinder axis, 
where is a positive constant. (a) Calculate the moment of inertia of
the cylinder about a longitudinal axis through its center in terms 
of M and R. (b) Is your answer greater or smaller than the moment

a
r = ar,

1
12ML2.

R2,R1

Ix + Iy = IO.
1x i, yi2,mi

IO

IyIx

1
2 s.!30°
>

>
60°!30°

1
2 MV2.

of inertia of a cylinder of the same mass and radius but of uniform
density? Explain why this result makes qualitative sense.
9.98 .. CALC Neutron Stars and
Supernova Remnants. The Crab
Nebula is a cloud of glowing gas
about 10 light-years across, located
about 6500 light-years from the
earth (Fig. P9.98). It is the rem-
nant of a star that underwent a
supernova explosion, seen on
earth in 1054 A.D. Energy is
released by the Crab Nebula at a
rate of about about

times the rate at which the sun
radiates energy. The Crab Nebula
obtains its energy from the rota-
tional kinetic energy of a rapidly
spinning neutron star at its center.
This object rotates once every 0.0331 s, and this period is increas-
ing by for each second of time that elapses. (a) If
the rate at which energy is lost by the neutron star is equal to the
rate at which energy is released by the nebula, find the moment of
inertia of the neutron star. (b) Theories of supernovae predict that
the neutron star in the Crab Nebula has a mass about 1.4 times that
of the sun. Modeling the neutron star as a solid uniform sphere,
calculate its radius in kilometers. (c) What is the linear speed of a
point on the equator of the neutron star? Compare to the speed of
light. (d) Assume that the neutron star is uniform and calculate its
density. Compare to the density of ordinary rock 
and to the density of an atomic nucleus (about ). Jus-
tify the statement that a neutron star is essentially a large atomic
nucleus.
9.99 .. CALC A sphere with radius has density that
decreases with distance r from the center of the sphere according
to . (a) Calculate
the total mass of the sphere. (b) Calculate the moment of inertia of
the sphere for an axis along a diameter.

CHALLENGE PROBLEMS
9.100 ... CALC Calculate the mo-
ment of inertia of a uniform solid
cone about an axis through its center 
(Fig. P9.100). The cone has mass M
and altitude h. The radius of its circu-
lar base is R.
9.101 ... CALC On a compact disc
(CD), music is coded in a pattern of
tiny pits arranged in a track that spi-
rals outward toward the rim of the
disc. As the disc spins inside a CD
player, the track is scanned at a con-
stant linear speed of 
Because the radius of the track varies as it spirals outward, the
angular speed of the disc must change as the CD is played. (See
Exercise 9.20.) Let’s see what angular acceleration is required to
keep constant. The equation of a spiral is 
where is the radius of the spiral at and is a constant. On
a CD, is the inner radius of the spiral track. If we take the rota-
tion direction of the CD to be positive, must be positive so that r
increases as the disc turns and increases. (a) When the discu

b
r0

bu = 0r0

r1u2 = r0 + bu,v

v = 1.25 m>s.

r = 3.00 * 103 kg>m3 - 19.00 * 103 kg>m42r rR = 0.200 m

1017 kg>m3
13000 kg>m32

4.22 * 10-13 s

105
5 * 1031 W,

Figure P9.98

h

R

Axis

Figure P9.100
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Chapter Opening Question ?
Both segments of the rigid blade have the same angular speed 
From Eqs. (9.13) and (9.15), doubling the distance r for the same

doubles the linear speed and doubles the radial accelera-
tion

Test Your Understanding Questions
9.1 Answers: (a) (i) and (iii), (b) (ii) The rotation is speeding up
when the angular velocity and angular acceleration have the same
sign, and slowing down when they have opposite signs. Hence it is
speeding up for and are both positive and for

and are both negative), but is slowing down
for is positive and is negative . Note that the
body is rotating in one direction for is positive and in
the opposite direction for is negative .
9.2 Answers: (a) (i), (b) (ii) When the disc comes to rest,

From Eq. (9.7), the time when this occurs is
(this is a positive time because 

is negative). If we double the initial angular velocity and also
double the angular acceleration their ratio is unchanged and the
rotation stops in the same amount of time. The angle through
which the disc rotates is given by Eq. (9.10): 

since the final angular velocity is 
The initial angular velocity has been doubled but the time t is
the same, so the angular displacement (and hence the num-
ber of revolutions) has doubled. You can also come to the same
conclusion using Eq. (9.12).

u - u0
v0z

vz = 02.11
2 1v0z + vz2 t = 1

2v0zt
u - u0 =

az,
v0z

az-v0z>azt = 1vz - v0z2>az =
vz = 0.

21vzt 7 4 s
21vzt 6 4 s

2az1vz2 s 6 t 6 4 s
az1vz4 s 6 t 6 6 s

2az1vz0 6 t 6 2 s

arad = v2r.
v = rvv

v.

9.3 Answer: (ii) From Eq. (9.13), To maintain a constant
linear speed the angular speed must decrease as the scanning
head moves outward (greater r).
9.4 Answer: (i) The kinetic energy in the falling block is 1

2 mv2,

vv,
v = rv.

Answers

and the kinetic energy in the rotating cylinder is 1
2 Iv2 =

Hence the total kinetic energy of the1
2 A12 mR2 B A vR B2 = 1

4 mv2.

system is of which two-thirds is in the block and one-third is
in the cylinder.
9.5 Answer: (ii) More of the mass of the pool cue is concen-
trated at the thicker end, so the center of mass is closer to that end.
The moment of inertia through a point P at either end is 

the thinner end is farther from the center of mass, 
so the distance d and the moment of inertia are greater for the
thinner end.
9.6 Answer: (iii) Our result from Example 9.10 does not depend
on the cylinder length L. The moment of inertia depends only on
the radial distribution of mass, not on its distribution along the
axis.

Bridging Problem

Answers: (a)

(b)

(c) a = 1L - h2a21 + a2t 4

W = 1
6 M1L2 - 3Lh + 3h22a2t 2

I = cM
L
a x3

3
b dL-h

-h
= 1

3 M1L2 - 3Lh + 3h22

IP

Icm + Md2 ;
IP =

3
4 mv2,

rotates through a small angle the distance scanned along the
track is Using the above expression for integrate
ds to find the total distance s scanned along the track as a function
of the total angle through which the disc has rotated. (b) Since
the track is scanned at a constant linear speed the distance s
found in part (a) is equal to Use this to find as a function of
time. There will be two solutions for choose the positive one,
and explain why this is the solution to choose. (c) Use your expres-

u ;
uvt.
v,

u

r1u2,ds = rdu.
du, sion for to find the angular velocity and the angular accel-

eration as functions of time. Is constant? (d) On a CD, the
inner radius of the track is 25.0 mm, the track radius increases by

per revolution, and the playing time is 74.0 min. Find the
values of and and find the total number of revolutions made
during the playing time. (e) Using your results from parts (c) and
(d), make graphs of (in versus t and in versus
t between and t = 74.0 min.t = 0

rad>s221azrad>s)vz

b,r0

1.55 mm

azaz

vzu1t2
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EXERCISES
Section 10.1 Torque
10.1 . Calculate the torque (magnitude and direction) about point 
O due to the force in each of the cases sketched in Fig. E10.1. In
each case, the force and the rod both lie in the plane of the 
page, the rod has length 4.00 m, and the force has magnitude
F = 10.0 N.

F
S

F
S

(c)

(e)(d) (f)

(a) (b)

O

120.0° F

O

60.0°

2.00 m

F

O
F

O
30.0°

F

O
60.0°

F

O

90.0° F

Figure E10.1

10.2 . Calculate the net torque about point O for the two forces
applied as in Fig. E10.2. The rod and both forces are in the plane of
the page.

F1 5 8.00 NF2 5 12.0 N

O
30.0°

2.00 m 3.00 m

Figure E10.2

10.3 .. A square metal plate 0.180 m on each side is pivoted
about an axis through point O at its center and perpendicular to the
plate (Fig. E10.3). Calculate the net torque about this axis due to
the three forces shown in the figure if the magnitudes of the forces
are and The plate and
all forces are in the plane of the page.

F3 = 14.0 N.F2 = 26.0 N,F1 = 18.0 N,

F2 F1

F3

45°

0.180 m

0.
18

0 
m

O

Figure E10.3

10.5 . One force acting on a machine part is 
The vector from the origin to the point where the force 

is applied is (a) In a sketch,
show and the origin. (b) Use the right-hand rule to determine
the direction of the torque. (c) Calculate the vector torque for an axis
at the origin produced by this force. Verify that the direction of the
torque is the same as you obtained in part (b).
10.6 . A metal bar is in the xy-plane with one end of the bar at the
origin. A force is applied to the bar
at the point . (a) In terms of unit vectors 
and , what is the position vector for the point where the force is
applied? (b) What are the magnitude and direction of the torque
with respect to the origin produced by ?
10.7 . In Fig. E10.7, forces 

and each have magnitude
50 N and act at the same point on
the object. (a) What torque (mag-
nitude and direction) does each of
these forces exert on the object
about point P? (b) What is the
total torque about point P?
10.8 . A machinist is using a
wrench to loosen a nut. The
wrench is 25.0 cm long, and he
exerts a 17.0-N force at the end of
the handle at 37° with the handle
(Fig. E10.8). (a) What torque 
does the machinist exert about 
the center of the nut? (b) What is
the maximum torque he could
exert with this force, and how
should the force be oriented?

Section 10.2 Torque and Angular Acceleration 
for a Rigid Body
10.9 .. The flywheel of an engine has moment of inertia

about its rotation axis. What constant torque is required
to bring it up to an angular speed of in 8.00 s, starting
from rest?
10.10 .. A uniform disk with mass 40.0 kg and radius 0.200 m 
is pivoted at its center about a horizontal, frictionless axle that is
stationary. The disk is initially at rest, and then a constant force

is applied tangent to the rim of the disk. (a) What is
the magnitude of the tangential velocity of a point on the rim of
the disk after the disk has turned through 0.200 revolution? (b) What
is the magnitude a of the resultant acceleration of a point on the
rim of the disk after the disk has turned through 0.200 revolution?
10.11 .. A machine part has the shape of a solid uniform sphere
of mass 225 g and diameter 3.00 cm. It is spinning about a friction-
less axle through its center, but at one point on its equator it is
scraping against metal, resulting in a friction force of 0.0200 N at
that point. (a) Find its angular acceleration. (b) How long will it
take to decrease its rotational speed by 
10.12 . A cord is wrapped around the rim of a solid uniform
wheel 0.250 m in radius and of mass 9.20 kg. A steady horizontal
pull of 40.0 N to the right is exerted on the cord, pulling it off tan-
gentially from the wheel. The wheel is mounted on frictionless
bearings on a horizontal axle through its center. (a) Compute the
angular acceleration of the wheel and the acceleration of the part
of the cord that has already been pulled off the wheel. (b) Find the
magnitude and direction of the force that the axle exerts on the

22.5 rad>s?

v
F = 30.0 N

400 rev>min
2.50 kg # m2
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Figure E10.7

Nut

17.0 N

37°

25.0 cm

Figure E10.8

10.4 . Three forces are applied to a wheel of radius 0.350 m, as
shown in Fig. E10.4. One force is perpendicular to the rim, one is
tangent to it, and the other one makes a 40.0° angle with the
radius. What is the net torque on the wheel due to these three
forces for an axis perpendicular to the wheel and passing through
its center?
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wheel. (c) Which of the answers in parts (a) and (b) would change
if the pull were upward instead of horizontal?
10.13 .. CP A 2.00-kg textbook rests on a frictionless, horizontal
surface. A cord attached to the book passes over a pulley whose
diameter is 0.150 m, to a hanging book with mass 3.00 kg. The sys-
tem is released from rest, and the books are observed to move 1.20 m
in 0.800 s. (a) What is the tension in each part of the cord? (b) What
is the moment of inertia of the pulley about its rotation axis?
10.14 .. CP A stone is suspended from the free end of a wire that
is wrapped around the outer rim of a pulley, similar to what is
shown in Fig. 10.10. The pulley is a uniform disk with mass 10.0 kg
and radius 50.0 cm and turns on frictionless bearings. You measure
that the stone travels 12.6 m in the first 3.00 s starting from rest.
Find (a) the mass of the stone and (b) the tension in the wire.
10.15 . A wheel rotates without friction about a stationary hori-
zontal axis at the center of the wheel. A constant tangential force
equal to 80.0 N is applied to the rim of the wheel. The wheel has
radius 0.120 m. Starting from rest, the wheel has an angular speed
of after 2.00 s. What is the moment of inertia of the
wheel?
10.16 .. CP A 15.0-kg bucket of water is suspended by a very light
rope wrapped around a solid uniform cylinder 0.300 m in diameter
with mass 12.0 kg. The cylinder pivots on a frictionless axle through
its center. The bucket is released from rest at the top of a well and
falls 10.0 m to the water. (a) What is the tension in the rope while the
bucket is falling? (b) With what speed does the bucket strike the
water? (c) What is the time of fall? (d) While the bucket is falling,
what is the force exerted on the cylinder by the axle?
10.17 .. A 12.0-kg box resting on a horizontal, frictionless surface
is attached to a 5.00-kg weight by a thin, light wire that passes over a
frictionless pulley (Fig. E10.17). The pulley has the shape of a uni-
form solid disk of mass 2.00 kg and diameter 0.500 m. After the sys-
tem is released, find (a) the tension in the wire on both sides of the
pulley, (b) the acceleration of the box, and (c) the horizontal and ver-
tical components of the force that the axle exerts on the pulley.

Section 10.3 Rigid-Body Rotation About a Moving Axis
10.18 . BIO Gymnastics. We can roughly model a gymnastic
tumbler as a uniform solid cylinder of mass 75 kg and diameter 1.0 m.
If this tumbler rolls forward at (a) how much total kinetic
energy does he have, and (b) what percent of his total kinetic energy is
rotational?
10.19 . A 2.20-kg hoop 1.20 m in diameter is rolling to the right
without slipping on a horizontal floor at a steady 
(a) How fast is its center moving? (b) What is the total kinetic
energy of the hoop? (c) Find the velocity vector of each of the fol-
lowing points, as viewed by a person at rest on the ground: (i) the
highest point on the hoop; (ii) the lowest point on the hoop; (iii) a
point on the right side of the hoop, midway between the top and
the bottom. (d) Find the velocity vector for each of the points in
part (c), but this time as viewed by someone moving along with
the same velocity as the hoop.

3.00 rad>s.

0.50 rev>s,

12.0 rev>s

10.20 .. A string is wrapped
several times around the rim of a
small hoop with radius 8.00 cm
and mass 0.180 kg. The free end
of the string is held in place and
the hoop is released from rest
(Fig. E10.20). After the hoop has
descended 75.0 cm, calculate (a)
the angular speed of the rotating
hoop and (b) the speed of its 
center.
10.21 . What fraction of the total kinetic energy is rotational for
the following objects rolling without slipping on a horizontal sur-
face? (a) a uniform solid cylinder; (b) a uniform sphere; (c) a thin-
walled, hollow sphere; (d) a hollow cylinder with outer radius R
and inner radius 
10.22 .. A hollow, spherical shell with mass 2.00 kg rolls without
slipping down a slope. (a) Find the acceleration, the friction
force, and the minimum coefficient of friction needed to prevent
slipping. (b) How would your answers to part (a) change if the
mass were doubled to 4.00 kg?
10.23 .. A solid ball is released from rest and slides down a hill-
side that slopes downward at from the horizontal. (a) What
minimum value must the coefficient of static friction between the
hill and ball surfaces have for no slipping to occur? (b) Would the
coefficient of friction calculated in part (a) be sufficient to prevent
a hollow ball (such as a soccer ball) from slipping? Justify your
answer. (c) In part (a), why did we use the coefficient of static fric-
tion and not the coefficient of kinetic friction?
10.24 .. A uniform marble rolls down a symmetrical bowl, start-
ing from rest at the top of the left side. The top of each side is a dis-
tance h above the bottom of the bowl. The left half of the bowl is
rough enough to cause the marble to roll without slipping, but the
right half has no friction because it is coated with oil. (a) How far
up the smooth side will the marble go, measured vertically from the
bottom? (b) How high would the marble go if both sides were as
rough as the left side? (c) How do you account for the fact that the
marble goes higher with friction on the right side than without
friction?
10.25 .. A 392-N wheel comes off a moving truck and rolls with-
out slipping along a highway. At the bottom of a hill it is rotating at

The radius of the wheel is 0.600 m, and its moment of
inertia about its rotation axis is Friction does work on
the wheel as it rolls up the hill to a stop, a height h above the bot-
tom of the hill; this work has absolute value 3500 J. Calculate h.
10.26 .. A Ball Rolling Uphill. A bowling ball rolls without
slipping up a ramp that slopes upward at an angle to the horizontal
(see Example 10.7 in Section 10.3). Treat the ball as a uniform solid
sphere, ignoring the finger holes.
(a) Draw the free-body diagram for
the ball. Explain why the friction
force must be directed uphill. (b)
What is the acceleration of the cen-
ter of mass of the ball? (c) What
minimum coefficient of static fric-
tion is needed to prevent slipping?
10.27 .. A thin, light string is
wrapped around the outer rim of a
uniform hollow cylinder of mass
4.75 kg having inner and outer
radii as shown in Fig. E10.27. The
cylinder is then released from rest.

b

0.800MR2.
25.0 rad>s.

65.0°

38.0°

R>2.

0.0800 m

Figure E10.20

5.00 kg

12.0 kg

Figure E10.17

35.0 cm

20.0 cm

Figure E10.27



Section 10.5 Angular Momentum
10.36 .. A woman with mass 50 kg is standing on the rim of a
large disk that is rotating at about an axis through its
center. The disk has mass 110 kg and radius 4.0 m. Calculate the
magnitude of the total angular momentum of the woman–disk
system. (Assume that you can treat the woman as a point.)
10.37 . A 2.00-kg rock has a
horizontal velocity of magni-
tude when it is at
point P in Fig. E10.37. (a) At
this instant, what are the magni-
tude and direction of its angular
momentum relative to point O?
(b) If the only force acting on
the rock is its weight, what is
the rate of change (magnitude
and direction) of its angular momentum at this instant?
10.38 .. (a) Calculate the magnitude of the angular momentum of
the earth in a circular orbit around the sun. Is it reasonable to
model it as a particle? (b) Calculate the magnitude of the angular
momentum of the earth due to its rotation around an axis through
the north and south poles, modeling it as a uniform sphere. Consult
Appendix E and the astronomical data in Appendix F.
10.39 .. Find the magnitude of the angular momentum of the 
second hand on a clock about an axis through the center of the
clock face. The clock hand has a length of 15.0 cm and a mass of
6.00 g. Take the second hand to be a slender rod rotating with con-
stant angular velocity about one end.
10.40 .. CALC A hollow, thin-walled sphere of mass 12.0 kg and
diameter 48.0 cm is rotating about an axle through its center. The
angle (in radians) through which it turns as a function of time (in
seconds) is given by where A has numerical
value 1.50 and B has numerical value 1.10. (a) What are the units
of the constants A and B? (b) At the time 3.00 s, find (i) the angular
momentum of the sphere and (ii) the net torque on the sphere.

Section 10.6 Conservation of Angular Momentum
10.41 .. Under some circumstances, a star can collapse into an
extremely dense object made mostly of neutrons and called a
neutron star. The density of a neutron star is roughly times as
great as that of ordinary solid matter. Suppose we represent the star
as a uniform, solid, rigid sphere, both before and after the collapse.
The star’s initial radius was (comparable to our
sun); its final radius is 16 km. If the original star rotated once in 30
days, find the angular speed of the neutron star.
10.42 . CP A small block on a
frictionless, horizontal surface
has a mass of 0.0250 kg. It is
attached to a massless cord pass-
ing through a hole in the surface
(Fig. E10.42). The block is origi-
nally revolving at a distance of
0.300 m from the hole with an
angular speed of The
cord is then pulled from below,
shortening the radius of the cir-
cle in which the block revolves
to 0.150 m. Model the block as a particle. (a) Is the angular momen-
tum of the block conserved? Why or why not? (b) What is the new
angular speed? (c) Find the change in kinetic energy of the block.
(d) How much work was done in pulling the cord?

1.75 rad>s.

7.0 * 105 km

1014

u1t2 = At 2 + Bt 4,

12.0 m>s

0.50 rev>s
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Figure E10.42

(a) How far must the cylinder fall before its center is moving at
(b) If you just dropped this cylinder without any string,

how fast would its center be moving when it had fallen the distance
in part (a)? (c) Why do you get two different answers when the cylin-
der falls the same distance in both cases?
10.28 .. A bicycle racer is going downhill at when, to his
horror, one of his 2.25-kg wheels comes off as he is 75.0 m above the
foot of the hill. We can model the wheel as a thin-walled cylinder
85.0 cm in diameter and neglect the small mass of the spokes. 
(a) How fast is the wheel moving when it reaches the foot of the
hill if it rolled without slipping all the way down? (b) How much
total kinetic energy does the wheel have when it reaches the bottom
of the hill?
10.29 .. A size-5 soccer ball of diameter 22.6 cm and mass 426 g
rolls up a hill without slipping, reaching a maximum height of 
5.00 m above the base of the hill. We can model this ball as a
thin-walled hollow sphere. (a) At what rate was it rotating at the
base of the hill? (b) How much rotational kinetic energy did it
have then?

Section 10.4 Work and Power in Rotational Motion
10.30 . An engine delivers 175 hp to an aircraft propeller at

(a) How much torque does the aircraft engine pro-
vide? (b) How much work does the engine do in one revolution of
the propeller?
10.31 . A playground merry-go-round has radius 2.40 m and
moment of inertia about a vertical axle through its center,
and it turns with negligible friction. (a) A child applies an 18.0-N force
tangentially to the edge of the merry-go-round for 15.0 s. If the merry-
go-round is initially at rest, what is its angular speed after this 15.0-s
interval? (b) How much work did the child do on the merry-go-round?
(c) What is the average power supplied by the child?
10.32 .. An electric motor consumes 9.00 kJ of electrical energy in
1.00 min. If one-third of this energy goes into heat and other forms of
internal energy of the motor, with the rest going to the motor output,
how much torque will this engine develop if you run it at 2500 rpm?
10.33 . A 1.50-kg grinding wheel is in the form of a solid cylinder
of radius 0.100 m. (a) What constant torque will bring it from rest
to an angular speed of in 2.5 s? (b) Through what
angle has it turned during that time? (c) Use Eq. (10.21) to calcu-
late the work done by the torque. (d) What is the grinding wheel’s
kinetic energy when it is rotating at Compare your
answer to the result in part (c).
10.34 .. An airplane propeller is 2.08 m in length (from tip to tip)
and has a mass of 117 kg. When the airplane’s engine is first
started, it applies a constant torque of to the propeller,
which starts from rest. (a) What is the angular acceleration of the
propeller? Model the propeller as a slender rod and see Table 9.2.
(b) What is the propeller’s angular speed after making 5.00 revolu-
tions? (c) How much work is done by the engine during the first
5.00 revolutions? (d) What is the average power output of the
engine during the first 5.00 revolutions? (e) What is the instanta-
neous power output of the motor at the instant that the propeller
has turned through 5.00 revolutions?
10.35 . (a) Compute the torque developed by an industrial motor
whose output is 150 kW at an angular speed of 
(b) A drum with negligible mass, 0.400 m in diameter, is attached
to the motor shaft, and the power output of the motor is used to
raise a weight hanging from a rope wrapped around the drum. How
heavy a weight can the motor lift at constant speed? (c) At what
constant speed will the weight rise?

4000 rev>min.

1950 N # m

1200 rev>min?

1200 rev>min

2100 kg # m2

2400 rev>min.

11.0 m>s
6.66 m>s?

36.9°

v 5 12.0 m/s

8.00 m

P

O

Figure E10.37
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10.43 .. The Spinning Figure
Skater. The outstretched hands
and arms of a figure skater
preparing for a spin can be con-
sidered a slender rod pivoting
about an axis through its center
(Fig. E10.43). When the skater’s
hands and arms are brought in
and wrapped around his body to
execute the spin, the hands and
arms can be considered a thin-
walled, hollow cylinder. His hands and arms have a combined mass of
8.0 kg. When outstretched, they span 1.8 m; when wrapped, they form
a cylinder of radius 25 cm. The moment of inertia about the rotation
axis of the remainder of his body is constant and equal to 
If his original angular speed is what is his final angular
speed?
10.44 .. A diver comes off a board with arms straight up and legs
straight down, giving her a moment of inertia about her rotation
axis of She then tucks into a small ball, decreasing this
moment of inertia to While tucked, she makes two
complete revolutions in 1.0 s. If she hadn’t tucked at all, how many
revolutions would she have made in the 1.5 s from board to water?
10.45 .. A large wooden turntable in the shape of a flat uniform
disk has a radius of 2.00 m and a total mass of 120 kg. The
turntable is initially rotating at about a vertical axis
through its center. Suddenly, a 70.0-kg parachutist makes a soft
landing on the turntable at a point near the outer edge. (a) Find the
angular speed of the turntable after the parachutist lands. (Assume
that you can treat the parachutist as a particle.) (b) Compute the
kinetic energy of the system before and after the parachutist lands.
Why are these kinetic energies not equal?
10.46 .. A solid wood door 1.00 m wide and 2.00 m high is
hinged along one side and has a total mass of 40.0 kg. Initially open
and at rest, the door is struck at its center by a handful of sticky mud
with mass 0.500 kg, traveling perpendicular to the door at 
just before impact. Find the final angular speed of the door. Does
the mud make a significant contribution to the moment of inertia?
10.47 .. A small 10.0-g bug stands at one end of a thin uniform
bar that is initially at rest on a smooth horizontal table. The other
end of the bar pivots about a nail driven into the table and can rotate
freely, without friction. The bar has mass 50.0 g and is 100 cm in
length. The bug jumps off in the horizontal direction, perpendicular
to the bar, with a speed of relative to the table. (a) What
is the angular speed of the bar just after the frisky insect leaps? (b)
What is the total kinetic energy of the system just after the bug
leaps? (c) Where does this energy come from?
10.48 .. Asteroid Collision! Suppose that an asteroid traveling
straight toward the center of the earth were to collide with our planet
at the equator and bury itself just below the surface. What would
have to be the mass of this asteroid, in terms of the earth’s mass M,
for the day to become 25.0% longer than it presently is as a result of
the collision? Assume that the asteroid is very small compared to the
earth and that the earth is uniform throughout.
10.49 .. A thin, uniform metal bar, 2.00 m long and weighing
90.0 N, is hanging vertically from the ceiling by a frictionless
pivot. Suddenly it is struck 1.50 m below the ceiling by a small
3.00-kg ball, initially traveling horizontally at The ball
rebounds in the opposite direction with a speed of 
(a) Find the angular speed of the bar just after the collision. 
(b) During the collision, why is the angular momentum conserved
but not the linear momentum?

6.00 m>s.
10.0 m>s.

20.0 cm>s

12.0 m>s

3.00 rad>s
3.6 kg # m2.

18 kg # m2.

0.40 rev>s,
0.40 kg # m2.

10.50 .. A thin uniform rod has a length of 0.500 m and is rotating
in a circle on a frictionless table. The axis of rotation is perpendicular
to the length of the rod at one end and is stationary. The rod has an
angular velocity of and a moment of inertia about the
axis of . A bug initially standing on the rod at
the axis of rotation decides to crawl out to the other end of the rod.
When the bug has reached the end of the rod and sits there, its tan-
gential speed is . The bug can be treated as a point mass.
(a) What is the mass of the rod? (b) What is the mass of the bug?
10.51 .. A uniform, 4.5-kg, square, solid wooden gate 1.5 m on
each side hangs vertically from a frictionless pivot at the center of
its upper edge. A 1.1-kg raven flying horizontally at flies
into this door at its center and bounces back at in the oppo-
site direction. (a) What is the angular speed of the gate just after it
is struck by the unfortunate raven? (b) During the collision, why is
the angular momentum conserved, but not the linear momentum?
10.52 .. Sedna. In November 2003, the now-most-distant-known
object in the solar system was discovered by observation with a tele-
scope on Mt. Palomar. This object, known as Sedna, is approximately
1700 km in diameter, takes about 10,500 years to orbit our sun, and
reaches a maximum speed of . Calculations of its complete
path, based on several measurements of its position, indicate that its
orbit is highly elliptical, varying from 76 AU to 942 AU in its distance
from the sun, where AU is the astronomical unit, which is the average
distance of the earth from the sun (a) What is
Sedna’s minimum speed? (b) At what points in its orbit do its maxi-
mum and minimum speeds occur? (c) What is the ratio of Sedna’s
maximum kinetic energy to its minimum kinetic energy?

Section 10.7 Gyroscopes and Precession
10.53 .. The rotor (flywheel) of a toy gyroscope has mass 0.140
kg. Its moment of inertia about its axis is The
mass of the frame is 0.0250 kg. The gyroscope is supported on a
single pivot (Fig. E10.53) with its center of mass a horizontal dis-
tance of 4.00 cm from the pivot. The gyroscope is precessing in a
horizontal plane at the rate of one revolution in 2.20 s. (a) Find the
upward force exerted by the pivot. (b) Find the angular speed with
which the rotor is spinning about its axis, expressed in 
(c) Copy the diagram and draw vectors to show the angular
momentum of the rotor and the torque acting on it.

10.54 . A Gyroscope on the Moon. A certain gyroscope pre-
cesses at a rate of when used on earth. If it were taken
to a lunar base, where the acceleration due to gravity is 0.165g,
what would be its precession rate?
10.55 . A gyroscope is precessing about a vertical axis. Describe
what happens to the precession angular speed if the following
changes in the variables are made, with all other variables remaining
the same: (a) the angular speed of the spinning flywheel is doubled;
(b) the total weight is doubled; (c) the moment of inertia about the
axis of the spinning flywheel is doubled; (d) the distance from the

0.50 rad>s

rev>min.

1.20 * 10-4 kg # m2.

(1.50 * 108 km).

4.64 km>s

2.0 m>s5.0 m>s
0.160 m>s

3.00 * 10-3 kg # m2
0.400 rad>s

Figure E10.43

4.00 cm

Rotor

Figure E10.53



pivot to the center of gravity is doubled. (e) What happens if all four
of the variables in parts (a) through (d) are doubled?
10.56 . Stabilization of the Hubble Space Telescope. The
Hubble Space Telescope is stabilized to within an angle of about 
2-millionths of a degree by means of a series of gyroscopes that
spin at 19,200 rpm. Although the structure of these gyroscopes is
actually quite complex, we can model each of the gyroscopes as a
thin-walled cylinder of mass 2.0 kg and diameter 5.0 cm, spinning
about its central axis. How large a torque would it take to cause
these gyroscopes to precess through an angle of degree
during a 5.0-hour exposure of a galaxy?

PROBLEMS
10.57 .. A 50.0-kg grindstone is a solid disk 0.520 m in diameter.
You press an ax down on the rim with a normal force of 160 N 
(Fig. P10.57). The coefficient of kinetic friction between the blade
and the stone is 0.60, and there is a constant friction torque of

between the axle of the stone and its bearings. (a) How
much force must be applied tangentially at the end of a crank handle
0.500 m long to bring the stone from rest to in 9.00 s?
(b) After the grindstone attains an angular speed of 
what tangential force at the end of the handle is needed to maintain a
constant angular speed of (c) How much time does it
take the grindstone to come from to rest if it is acted
on by the axle friction alone?

10.58 .. An experimental bicycle wheel is placed on a test stand
so that it is free to turn on its axle. If a constant net torque of

is applied to the tire for 2.00 s, the angular speed of the
tire increases from 0 to The external torque is then
removed, and the wheel is brought to rest by friction in its bearings
in 125 s. Compute (a) the moment of inertia of the wheel about the
rotation axis; (b) the friction torque; (c) the total number of revolu-
tions made by the wheel in the 125-s time interval.
10.59 ... A grindstone in the shape of a solid disk with diameter
0.520 m and a mass of 50.0 kg is rotating 
at You press an ax against 
the rim with a normal force of 160 N 
(Fig. P10.57), and the grindstone comes to
rest in 7.50 s. Find the coefficient of fric-
tion between the ax and the grindstone.
You can ignore friction in the bearings.
10.60 ... A uniform, 8.40-kg, spherical
shell 50.0 cm in diameter has four small
2.00-kg masses attached to its outer sur-
face and equally spaced around it. This

850 rev>min.

100 rev>min.
7.00 N # m

120 rev>min
120 rev>min?

120 rev>min,
120 rev>min

6.50 N # m

1.0 * 10-6
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m 5 50.0 kg

F 5 160 N

v

Figure P10.57

combination is spinning about an axis running through the center
of the sphere and two of the small masses (Fig. P10.60). What fric-
tion torque is needed to reduce its angular speed from 75.0 rpm to
50.0 rpm in 30.0 s?
10.61 ... A solid uniform cylinder with mass 8.25 kg and diame-
ter 15.0 cm is spinning at 220 rpm on a thin, frictionless axle that
passes along the cylinder axis. You design a simple friction brake
to stop the cylinder by pressing the brake against the outer rim
with a normal force. The coefficient of kinetic friction between the
brake and rim is 0.333. What must the applied normal force be to
bring the cylinder to rest after it has turned through 5.25 revolu-
tions?
10.62 ... A uniform hollow
disk has two pieces of thin, light
wire wrapped around its outer
rim and is supported from the
ceiling (Fig. P10.62). Suddenly
one of the wires breaks, and the
remaining wire does not slip as
the disk rolls down. Use energy
conservation to find the speed
of the center of this disk after it
has fallen a distance of 2.20 m.
10.63 ... A thin, uniform,
3.80-kg bar, 80.0 cm long, has
very small 2.50-kg balls glued
on at either end (Fig. P10.63).
It is supported horizontally by
a thin, horizontal, frictionless
axle passing through its center
and perpendicular to the bar.
Suddenly the right-hand ball becomes detached and falls off, but
the other ball remains glued to the bar. (a) Find the angular acceler-
ation of the bar just after the ball falls off. (b) Will the angular
acceleration remain constant as the bar continues to swing? If not,
will it increase or decrease? (c) Find the angular velocity of the bar
just as it swings through its vertical position.
10.64 ... While exploring a castle, Exena the Exterminator is spot-
ted by a dragon that chases her down a hallway. Exena runs into a
room and attempts to swing the heavy door shut before the dragon
gets her. The door is initially perpendicular to the wall, so it must be
turned through to close. The door is 3.00 m tall and 1.25 m wide,
and it weighs 750 N. You can ignore the friction at the hinges. If
Exena applies a force of 220 N at the edge of the door and perpendi-
cular to it, how much time does it take her to close the door?
10.65 .. CALC You connect a light string to a point on the edge of
a uniform vertical disk with radius R and mass M. The disk is free
to rotate without friction about a stationary horizontal axis through
its center. Initially, the disk is at rest with the string connection at
the highest point on the disk. You pull the string with a constant
horizontal force until the wheel has made exactly one-quarter
revolution about a horizontal axis through its center, and then you
let go. (a) Use Eq. (10.20) to find the work done by the string. (b)
Use Eq. (6.14) to find the work done by the string. Do you obtain
the same result as in part (a)? (c) Find the final angular speed of the
disk. (d) Find the maximum tangential acceleration of a point on
the disk. (e) Find the maximum radial (centripetal) acceleration of
a point on the disk.
10.66 ... Balancing Act. Attached to one end of a long, thin,
uniform rod of length L and mass M is a small blob of clay of the
same mass M. (a) Locate the position of the center of mass of the
system of rod and clay. Note this position on a drawing of the rod.

F
S

90°

Spin axis

Figure P10.60

50.0 cm

30.0
cm

Figure P10.62

Axle (seen end-on)

2.50 kg

Bar

2.50 kg

Figure P10.63
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(b) You carefully balance the rod on a frictionless tabletop so that it
is standing vertically, with the end without the clay touching the
table. If the rod is now tipped so that it is a small angle away
from the vertical, determine its angular acceleration at this instant.
Assume that the end without the clay remains in contact with the
tabletop. (Hint: See Table 9.2.) (c) You again balance the rod on
the frictionless tabletop so that it is standing vertically, but now the
end of the rod with the clay is touching the table. If the rod is again
tipped so that it is a small angle away from the vertical, deter-
mine its angular acceleration at this instant. Assume that the end
with the clay remains in contact with the tabletop. How does this
compare to the angular acceleration in part (b)? (d) A pool cue is a
tapered wooden rod that is thick at one end and thin at the other.
You can easily balance a pool cue vertically on one finger if the
thin end is in contact with your finger; this is quite a bit harder to
do if the thick end is in contact with your finger. Explain why there
is a difference.
10.67 .. Atwood’s Machine. Figure
P10.67 illustrates an Atwood’s machine.
Find the linear accelerations of blocks A
and B, the angular acceleration of the
wheel C, and the tension in each side of
the cord if there is no slipping between the
cord and the surface of the wheel. Let the
masses of blocks A and B be 4.00 kg 
and 2.00 kg, respectively, the moment of
inertia of the wheel about its axis be

and the radius of the wheel
be 0.120 m.
10.68 ... The mechanism shown in Fig.
P10.68 is used to raise a crate of supplies
from a ship’s hold. The crate has total mass

. A rope is wrapped around a wooden
cylinder that turns on a metal
axle. The cylinder has radius

and moment of inertia
about the axle.

The crate is suspended from the
free end of the rope. One end of
the axle pivots on frictionless
bearings; a crank handle is
attached to the other end. When
the crank is turned, the end of
the handle rotates about the axle
in a vertical circle of radius , the cylinder turns, and the crate
is raised. What magnitude of the force applied tangentially to the
rotating crank is required to raise the crate with an acceleration of

(You can ignore the
mass of the rope as well as the
moments of inertia of the axle
and the crank.)
10.69 .. A large 16.0-kg roll of
paper with radius 
rests against the wall and is held
in place by a bracket attached to
a rod through the center of the
roll (Fig. P10.69). The rod turns
without friction in the bracket,
and the moment of inertia of the
paper and rod about the axis is

The other end 
of the bracket is attached by a
0.260 kg # m2.

R = 18.0 cm

1.40 m>s2?

F
S

0.12 m

I = 2.9 kg # m2
0.25 m

50 kg

0.300 kg # m2,

u

u

frictionless hinge to the wall such that the bracket makes an angle
of with the wall. The weight of the bracket is negligible. The
coefficient of kinetic friction between the paper and the wall is

A constant vertical force is applied to the
paper, and the paper unrolls. (a) What is the magnitude of the force
that the rod exerts on the paper as it unrolls? (b) What is the mag-
nitude of the angular acceleration of the roll?
10.70 .. A block with mass

slides down a 
surface inclined to the
horizontal (Fig. P10.70). The
coefficient of kinetic friction is
0.25. A string attached to the
block is wrapped around a fly-
wheel on a fixed axis at O. The
flywheel has mass 25.0 kg and
moment of inertia 
with respect to the axis of rota-
tion. The string pulls without slipping at a perpendicular distance
of 0.200 m from that axis. (a) What is the acceleration of the block
down the plane? (b) What is the tension in the string?
10.71 ... Two metal disks, one with radius and
mass and the other with radius and
mass are welded together and mounted on a fric-
tionless axis through their common center, as in Problem 9.87. 
(a) A light string is wrapped around the edge of the smaller disk,
and a 1.50-kg block is suspended from the free end of the string.
What is the magnitude of the downward acceleration of the block
after it is released? (b) Repeat the calculation of part (a), this time
with the string wrapped around the edge of the larger disk. In
which case is the acceleration of the block greater? Does your
answer make sense?
10.72 .. A lawn roller in the form of a thin-walled, hollow cylin-
der with mass M is pulled horizontally with a constant horizontal
force F applied by a handle attached to the axle. If it rolls without
slipping, find the acceleration and the friction force.
10.73 . Two weights are con-
nected by a very light, flexible
cord that passes over an 80.0-N
frictionless pulley of radius
0.300 m. The pulley is a solid
uniform disk and is supported by
a hook connected to the ceiling
(Fig. P10.73). What force does
the ceiling exert on the hook?
10.74 .. A solid disk is rolling
without slipping on a level sur-
face at a constant speed of

(a) If the disk rolls up
a ramp, how far along the
ramp will it move before it stops? (b) Explain why your answer in
part (a) does not depend on either the mass or the radius of the
disk.
10.75 . The Yo-yo. A yo-yo is made from two uniform disks,
each with mass m and radius R, connected by a light axle of radius
b. A light, thin string is wound several times around the axle and
then held stationary while the yo-yo is released from rest, dropping
as the string unwinds. Find the linear acceleration and angular
acceleration of the yo-yo and the tension in the string.
10.76 .. CP A thin-walled, hollow spherical shell of mass m and
radius r starts from rest and rolls without slipping down the track
shown in Fig. P10.76. Points A and B are on a circular part of the

30.0°
3.60 m>s.

M2 = 1.60 kg,
R2 = 5.00 cmM1 = 0.80 kg
R1 = 2.50 cm

0.500 kg # m2

36.9°
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F = 60.0 Nmk = 0.25.
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F
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track having radius R. The diameter of the shell is very small com-
pared to and R, and the work done by rolling friction is negligi-
ble. (a) What is the minimum height h0 for which this shell will
make a complete loop-the-loop on the circular part of the track?
(b) How hard does the track push on the shell at point B, which is
at the same level as the center of the circle? (c) Suppose that the
track had no friction and the shell was released from the same
height you found in part (a). Would it make a complete loop-
the-loop? How do you know? (d) In part (c), how hard does the
track push on the shell at point A, the top of the circle? How hard
did it push on the shell in part (a)?

10.77 . Starting from rest, a constant force is applied
to the free end of a 50-m cable wrapped around the outer rim of a
uniform solid cylinder, similar to the situation shown in Fig.
10.9(a). The cylinder has mass 4.00 kg and diameter 30.0 cm and
is free to turn about a fixed, frictionless axle through its center. 
(a) How long does it take to unwrap all the cable, and how fast is
the cable moving just as the last bit comes off? (b) Now suppose
that the cylinder is replaced by a uniform hoop, with all other
quantities remaining unchanged. In this case, would the answers in
part (a) be larger or smaller? Explain.
10.78 .. As shown in Fig. E10.20, a string is wrapped several
times around the rim of a small hoop with radius 0.0800 m and
mass 0.180 kg. The free end of the string is pulled upward in just
the right way so that the hoop does not move vertically as the
string unwinds. (a) Find the tension in the string as the string
unwinds. (b) Find the angular acceleration of the hoop as the string
unwinds. (c) Find the upward acceleration of the hand that pulls on
the free end of the string. (d) How would your answers be different
if the hoop were replaced by a solid disk of the same mass and
radius?
10.79 .. A basketball (which can be closely modeled as a hollow
spherical shell) rolls down a mountainside into a valley and then
up the opposite side, starting from rest at a height above the
bottom. In Fig. P10.79, the rough part of the terrain prevents slip-
ping while the smooth part has no friction. (a) How high, in terms
of will the ball go up the other side? (b) Why doesn’t the ball
return to height Has it lost any of its original potential energy?

10.80 . CP A uniform marble rolls without slipping down the
path shown in Fig. P10.80, starting from rest. (a) Find the mini-
mum height h required for the marble not to fall into the pit. 
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(b) The moment of inertia of the
marble depends on its radius.
Explain why the answer to part
(a) does not depend on the
radius of the marble. (c) Solve
part (a) for a block that slides
without friction instead of the
rolling marble. How does the
minimum h in this case compare
to the answer in part (a)?
10.81 .. Rolling Stones. A
solid, uniform, spherical boulder
starts from rest and rolls down a
50.0-m-high hill, as shown in 
Fig. P10.81. The top half of the
hill is rough enough to cause the
boulder to roll without slipping,
but the lower half is covered
with ice and there is no friction.
What is the translational speed
of the boulder when it reaches
the bottom of the hill?
10.82 .. CP A solid uniform
ball rolls without slipping up a
hill, as shown in Fig. P10.82. At
the top of the hill, it is moving
horizontally, and then it goes over
the vertical cliff. (a) How far from
the foot of the cliff does the ball
land, and how fast is it moving
just before it lands? (b) Notice that when the balls lands, it has a
greater translational speed than when it was at the bottom of the hill.
Does this mean that the ball somehow gained energy? Explain!
10.83 .. A 42.0-cm-diameter wheel, consisting of a rim and six
spokes, is constructed from a thin, rigid plastic material having a
linear mass density of This wheel is released from rest
at the top of a hill 58.0 m high. (a) How fast is it rolling when it
reaches the bottom of the hill? (b) How would your answer change
if the linear mass density and the diameter of the wheel were each
doubled?
10.84 .. A child rolls a 0.600-kg basketball up a long ramp. The
basketball can be considered a thin-walled, hollow sphere. When
the child releases the basketball at the bottom of the ramp, it has a
speed of When the ball returns to her after rolling up the
ramp and then rolling back down, it has a speed of 
Assume the work done by friction on the basketball is the same
when the ball moves up or down the ramp and that the basketball
rolls without slipping. Find the maximum vertical height increase
of the ball as it rolls up the ramp.
10.85 .. CP In a lab experiment you let a uniform ball roll down
a curved track. The ball starts from rest and rolls without slipping.
While on the track, the ball descends a vertical distance h. The
lower end of the track is horizontal and extends over the edge of
the lab table; the ball leaves the track traveling horizontally. While
free-falling after leaving the track, the ball moves a horizontal dis-
tance x and a vertical distance y. (a) Calculate x in terms of h and y,
ignoring the work done by friction. (b) Would the answer to part
(a) be any different on the moon? (c) Although you do the experi-
ment very carefully, your measured value of x is consistently a bit
smaller than the value calculated in part (a). Why? (d) What would
x be for the same h and y as in part (a) if you let a silver dollar roll
down the track? You can ignore the work done by friction.
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10.86 .. A uniform drawbridge 8.00 m long is attached to the
roadway by a frictionless hinge at one end, and it can be raised by
a cable attached to the other end. The bridge is at rest, suspended 
at above the horizontal, when the cable suddenly breaks. 
(a) Find the angular acceleration of the drawbridge just after the
cable breaks. (Gravity behaves as though it all acts at the center of
mass.) (b) Could you use the equation to calculate
the angular speed of the drawbridge at a later time? Explain why.
(c) What is the angular speed of the drawbridge as it becomes 
horizontal?
10.87 . A uniform solid cylinder with mass M and radius 2R rests
on a horizontal tabletop. A string is attached by a yoke to a friction-
less axle through the center of the cylinder so that the cylinder can
rotate about the axle. The string runs over a disk-shaped pulley with
mass M and radius R that is mounted on a frictionless axle through its
center. A block of mass M is suspended from the free end of the string
(Fig. P10.87). The string doesn’t slip over the pulley surface, and the
cylinder rolls without slipping on the tabletop. Find the magnitude of
the acceleration of the block after the system is released from rest.

10.88 ... A uniform, 0.0300-kg rod of length 0.400 m rotates in a
horizontal plane about a fixed axis through its center and perpendi-
cular to the rod. Two small rings, each with mass 0.0200 kg, are
mounted so that they can slide along the rod. They are initially
held by catches at positions 0.0500 m on each side of the center of
the rod, and the system is rotating at With no other
changes in the system, the catches are released, and the rings slide
outward along the rod and fly off at the ends. (a) What is the angu-
lar speed of the system at the instant when the rings reach the ends
of the rod? (b) What is the angular speed of the rod after the rings
leave it?
10.89 ... A 5.00-kg ball is dropped from a height of 12.0 m above
one end of a uniform bar that pivots at its center. The bar has mass
8.00 kg and is 4.00 m in length. At the other end of the bar sits
another 5.00-kg ball, unattached to the bar. The dropped ball sticks
to the bar after the collision. How high will the other ball go after
the collision?
10.90 .. Tarzan and Jane in the 21st Century. Tarzan has
foolishly gotten himself into another scrape with the animals and
must be rescued once again by Jane. The 60.0-kg Jane starts from
rest at a height of 5.00 m in the trees and swings down to the ground
using a thin, but very rigid, 30.0-kg vine 8.00 m long. She arrives
just in time to snatch the 72.0-kg Tarzan from the jaws of an angry
hippopotamus. What is Jane’s (and the vine’s) angular speed
(a) just before she grabs Tarzan and (b) just after she grabs him?
(c) How high will Tarzan and Jane go on their first swing after this
daring rescue?
10.91 .. A uniform rod of length L rests on a frictionless horizon-
tal surface. The rod pivots about a fixed frictionless axis at one end.
The rod is initially at rest. A bullet traveling parallel to the horizon-
tal surface and perpendicular to the rod with speed strikes the rod
at its center and becomes embedded in it. The mass of the bullet is

v

30.0 rev>min.

v = v0 + at
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M

M
R
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Figure P10.87

one-fourth the mass of the rod. (a) What is the final angular speed
of the rod? (b) What is the ratio of the kinetic energy of the system
after the collision to the kinetic energy of the bullet before the 
collision?
10.92 .. The solid wood door of a gymnasium is 1.00 m wide
and 2.00 m high, has total mass 35.0 kg, and is hinged along 
one side. The door is open and at rest when a stray basketball
hits the center of the door head-on, applying an average force of
1500 N to the door for 8.00 ms. Find the angular speed of the
door after the impact. [Hint: Integrating Eq. (10.29) yields

The quantity is
called the angular impulse.]
10.93 ... A target in a shooting gallery consists of a vertical square
wooden board, 0.250 m on a side and with mass 0.750 kg, that piv-
ots on a horizontal axis along its top edge. The board is struck face-
on at its center by a bullet with mass 1.90 g that is traveling at

and that remains embedded in the board. (a) What is the
angular speed of the board just after the bullet’s impact? (b) What
maximum height above the equilibrium position does the center of
the board reach before starting to swing down again? (c) What mini-
mum bullet speed would be required for the board to swing all the
way over after impact?
10.94 .. Neutron Star Glitches. Occasionally, a rotating neu-
tron star (see Exercise 10.41) undergoes a sudden and unexpected
speedup called a glitch. One explanation is that a glitch occurs
when the crust of the neutron star settles slightly, decreasing the
moment of inertia about the rotation axis. A neutron star with
angular speed underwent such a glitch in October
1975 that increased its angular speed to where

If the radius of the neutron star before the
glitch was 11 km, by how much did its radius decrease in the star-
quake? Assume that the neutron star is a uniform sphere.
10.95 ... A 500.0-g bird is fly-
ing horizontally at 
not paying much attention,
when it suddenly flies into a sta-
tionary vertical bar, hitting it
25.0 cm below the top (Fig.
P10.95). The bar is uniform,
0.750 m long, has a mass of
1.50 kg, and is hinged at its
base. The collision stuns the
bird so that it just drops to the
ground afterward (but soon
recovers to fly happily away). What is the angular velocity of the
bar (a) just after it is hit by the bird and (b) just as it reaches the
ground?
10.96 ... CP A small block with mass 0.250 kg is attached to a
string passing through a hole in a frictionless, horizontal surface (see
Fig. E10.42). The block is originally revolving in a circle with a
radius of 0.800 m about the hole with a tangential speed of 
The string is then pulled slowly from below, shortening the radius of
the circle in which the block revolves. The breaking strength of the
string is 30.0 N. What is the radius of the circle when the string
breaks?
10.97 . A horizontal plywood disk with mass 7.00 kg and diame-
ter 1.00 m pivots on frictionless bearings about a vertical axis
through its center. You attach a circular model-railroad track of neg-
ligible mass and average diameter 0.95 m to the disk. A 1.20-kg,
battery-driven model train rests on the tracks. To demonstrate con-
servation of angular momentum, you switch on the train’s engine.
The train moves counterclockwise, soon attaining a constant speed

4.00 m>s.

2.25 m>s,

¢v>v0 = 2.01 * 10-6.
v = v0 + ¢v,

v0 = 70.4 rad>s

360 m>s

1 t2
t1 1gtz2dt¢Lz = 1 t2

t1 1gtz2dt = 1gtz2av¢t.

Bird

Hinge

25.0
cm

Figure P10.95
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of relative to the tracks. Find the magnitude and direc-
tion of the angular velocity of the disk relative to the earth.
10.98 . A 55-kg runner runs around the edge of a horizontal
turntable mounted on a vertical, frictionless axis through its center.
The runner’s velocity relative to the earth has magnitude 
The turntable is rotating in the opposite direction with an angular
velocity of magnitude relative to the earth. The radius
of the turntable is 3.0 m, and its moment of inertia about the axis of
rotation is Find the final angular velocity of the system
if the runner comes to rest relative to the turntable. (You can model
the runner as a particle.)
10.99 .. Center of Percussion. A baseball bat rests on a fric-
tionless, horizontal surface. The bat has a length of 0.900 m, a
mass of 0.800 kg, and its center of mass is 0.600 m from the han-
dle end of the bat (Fig. P10.99). The moment of inertia of the bat
about its center of mass is The bat is struck by a
baseball traveling perpendicular to the bat. The impact applies an
impulse at a point a distance x from the handle end of
the bat. What must x be so that the handle end of the bat remains at
rest as the bat begins to move? [Hint: Consider the motion of the
center of mass and the rotation about the center of mass. Find x so
that these two motions combine to give for the end of the
bat just after the collision. Also, note that integration of Eq. (10.29)
gives (see Problem 10.92).] The point on the
bat you have located is called the center of percussion. Hitting a
pitched ball at the center of percussion of the bat minimizes the
“sting” the batter experiences on the hands.

CHALLENGE PROBLEMS
10.100 ... A uniform ball of radius R rolls without slipping
between two rails such that the horizontal distance is d between the
two contact points of the rails to the ball. (a) In a sketch, show that
at any instant Discuss this expression in
the limits and (b) For a uniform ball starting from
rest and descending a vertical distance h while rolling without slip-
ping down a ramp, Replacing the ramp with the
two rails, show that 

vcm = B 10gh

5 + 2>11 - d2>4R22
vcm = 110gh>7.

d = 2R.d = 0
vcm = v2R2 - d2>4.

¢L = 1 t2
t1 1gt2dt

v = 0

J = 1 t2
t1 Fdt

0.0530 kg # m2.

80 kg # m2.

0.20 rad>s 2.8 m>s.

0.600 m>s In each case, the work done by friction has been ignored. (c) Which
speed in part (b) is smaller? Why? Answer in terms of how the loss
of potential energy is shared between the gain in translational and
rotational kinetic energies. (d) For which value of the ratio do
the two expressions for the speed in part (b) differ by 5.0%? By
0.50%?
10.101 ... When an object is rolling without slipping, the
rolling friction force is much less than the friction force when the
object is sliding; a silver dollar will roll on its edge much farther
than it will slide on its flat side (see Section 5.3). When an object
is rolling without slipping on a horizontal surface, we can
approximate the friction force to be zero, so that ax and are
approximately zero and and are approximately constant.
Rolling without slipping means and If an
object is set in motion on a surface without these equalities, slid-
ing (kinetic) friction will act on the object as it slips until rolling
without slipping is established. A solid cylinder with mass M and
radius R, rotating with angular speed about an axis through its
center, is set on a horizontal surface for which the kinetic friction
coefficient is (a) Draw a free-body diagram for the cylinder
on the surface. Think carefully about the direction of the kinetic
friction force on the cylinder. Calculate the accelerations of
the center of mass and of rotation about the center of mass. (b)
The cylinder is initially slipping completely, so initially 
but Rolling without slipping sets in when Cal-
culate the distance the cylinder rolls before slipping stops. (c)
Calculate the work done by the friction force on the cylinder as it
moves from where it was set down to where it begins to roll
without slipping.
10.102 ... A demonstration gyroscope wheel is constructed by
removing the tire from a bicycle wheel 0.650 m in diameter, wrap-
ping lead wire around the rim, and taping it in place. The shaft proj-
ects 0.200 m at each side of the wheel, and a woman holds the ends
of the shaft in her hands. The mass of the system is 8.00 kg; its
entire mass may be assumed to be located at its rim. The shaft is
horizontal, and the wheel is spinning about the shaft at 
Find the magnitude and direction of the force each hand exerts on
the shaft (a) when the shaft is at rest; (b) when the shaft is rotating
in a horizontal plane about its center at (c) when the
shaft is rotating in a horizontal plane about its center at 
(d) At what rate must the shaft rotate in order that it may be sup-
ported at one end only?
10.103 ... CP CALC A block with mass m is revolving with linear
speed in a circle of radius on a frictionless horizontal surface
(see Fig. E10.42). The string is slowly pulled from below until the
radius of the circle in which the block is revolving is reduced to 
(a) Calculate the tension T in the string as a function of r, the 
distance of the block from the hole. Your answer will be in terms of
the initial velocity and the radius (b) Use 
to calculate the work done by when r changes from to .
(c) Compare the results of part (b) to the change in the kinetic
energy of the block.
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