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2.52.5
Inertial and Noninertial 

Frames of Reference 

Imagine that you are travelling on a bus at a constant speed along a straight, smooth

road. If you place a ball on the floor of the bus, it stays at rest relative to you and the

bus, just as it would if you placed it on the classroom floor (Figure 1). Initially, the ball

is stationary and it remains that way because there is no net force acting on it. However,

if the bus driver suddenly applies the brakes, the ball appears to accelerate forward rel-

ative to the bus, even though there is still no net force acting on it. (There is no force actu-

ally pushing the ball forward.) 

Relative to your classroom, or relative to a bus travelling at a constant velocity, the ball

stays at rest if there is no net force acting on it; in other words, the ball obeys Newton’s

first law of motion, the law of inertia. Therefore, we call your classroom or the bus

moving at a constant velocity an inertial frame of reference. A frame of reference

(defined in Chapter 1) is an object, such as a room, a bus, or even an atom, relative to

which the positions, velocities, accelerations, etc., of other objects can be measured.

An inertial frame of reference is a frame in which the law of inertia and other physics

laws are valid. Any frame moving at a constant velocity relative to the first frame is also

an inertial frame.

When the brakes are applied to the bus, the bus undergoes acceleration. Thus, it is a

noninertial frame of reference, one in which the law of inertia does not hold. Although

the ball accelerates toward the front of the bus when the brakes are applied, there is no

net force causing that acceleration. The reason there appears to be a net force on the

ball is that we are observing the motion from the accelerated frame of reference inside

the bus (a noninertial frame). The situation is much easier to explain if we consider it

from an inertial frame, such as the road. Relative to the road, when the brakes are applied

to the bus, the ball tends to continue to move forward at a constant velocity, as explained

by the law of inertia. Since the bus is slowing down and the ball is not, the ball acceler-

ates toward the front, relative to the bus (Figure 2).

vball

vbus

Figure 1

The bus and the ball move at a

constant velocity. Relative to the

bus, the ball is at rest.

inertial frame of reference a

frame in which the law of inertia 

is valid

noninertial frame of reference a

frame in which the law of inertia is

not valid

abus

vball

vbus

Figure 2

When the brakes are applied, the

bus slows down, but the ball tends

to continue moving forward at a

constant velocity relative to the

ground. Thus, relative to the bus, the

ball accelerates forward.



Dynamics 109NEL

Section 2.5

fictitious force an invented force

used to explain motion in an accel-

erating frame of reference

A teacher suspends a small rubber stopper from the roof of a bus, as in Figure 3(a) from

the chapter opener. The suspending cord makes an angle of 8.5° from the vertical as the

bus is accelerating forward. Determine the magnitude of the acceleration of the bus. 

Solution 

To solve this problem, we will look at the situation from Earth’s frame of reference

because it is an inertial frame. We begin by drawing the system diagram and the FBD in

that frame, as shown in Figure 4. 

Fictitious Forces

Fictitious forces are sometimes

called pseudoforces or inertial

forces. Fictitious forces are not

needed in an inertial frame of

reference.

LEARNING TIP

θ

direction of

acceleration

ceiling

rubber stopper
Figure 4

(a) System diagram of improvised

rubber-stopper accelerometer

(b) FBD of accelerometer bob

FT

Fg

+x

+yθ
FT cosθ

FT sinθ

(a) (b)

Draw an FBD for the ball shown in (a) Figure 1 and (b) Figure 2. Indicate the fictitious

force in (b) relative to the frame of reference of the bus. 

Solution 

Figure 3 shows the required diagrams. We use the symbol F#$ fict to represent the 

fictitious force.

Fg

FN

(direction of 

the velocity)

+x
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FN

(direction of

the apparent

acceleration)

+x

+y

(a) (b)

Figure 3

(a) The FBD in a fixed frame of ref-

erence. The 1x direction is

chosen to be the direction of

the velocity. 

(b) The FBD in the accelerating

frame of reference. The 1x

direction is chosen to be the

direction of the apparent accel-

eration due to the fictitious

force F#$ fict relative to the frame

of reference of the bus.

To explain the ball’s observed motion in the bus, we have to invent a force toward the

front of the bus. This fictitious force is an invented force that we can use to explain

observed motion in an accelerating frame of reference. In the case of the ball, the ficti-

tious force is in the opposite direction to the acceleration of the noninertial frame itself.

SAMPLE problem 1

SAMPLE problem 2



We have so far considered inertial and noninertial frames of reference for linear

motion. Comparing these frames of reference when the acceleration involves changing

direction, such as when you are in a car following a curve on a highway, is presented in

Chapter 3.

The Validity of Physics Laws

All the laws of physics are valid

in any inertial frame of refer-

ence, whether it is your class-

room, a bus moving at a

constant velocity, or Canada.

There is no single frame that is

better than others. However, the

velocity of an object in one

frame may be different than the

velocity of the same object in

another frame. For example, if

you are riding a bicycle and

holding a ball in your hand, the

velocity of the ball in your frame

of reference is zero, but it is not

zero relative to the road. It is

evident that without a frame of

reference, it would be impos-

sible to measure such quantities

as velocity and position.

LEARNING TIP

Practice

Understanding Concepts

1. You push an air-hockey puck along a surface with negligible friction while riding in a

truck as it moves at a constant velocity in Earth’s frame of reference. What do you

observe? Why? 

2. You are in a school bus initially travelling at a constant velocity of 12 m/s [E]. You

gently place a tennis ball in the aisle beside your seat. 

(a) What happens to the ball’s motion? Why? 

(b) Draw an FBD of the ball in the frame of reference of the road, and an FBD of the

ball in the frame of reference of the bus. 

(c) The bus driver presses down on the accelerator pedal, causing the bus to accel-

erate forward with a constant acceleration. Describe the ball’s motion. 

(d) Draw an FBD and explain the ball’s motion in (c) from the frame of reference of

the road, and from your frame of reference in the bus. Indicate which frame is

noninertial, labelling any fictitious forces. 

3. A rubber stopper of mass 25 g is suspended by string from the handrail of a subway

car travelling directly westward. As the subway train nears a station, it begins to slow

down, causing the stopper and string to hang at an angle of 13° from the vertical. 

(a) What is the acceleration of the train? Is it necessary to know the mass of the

stopper? Why or why not? 

(b) Determine the magnitude of the tension in the string. Is it necessary to know the

mass of the stopper? Why or why not?

Answers

3. (a) 2.3 m/s2 [E]

(b) 0.25 N
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It is the horizontal component of the tension that causes the acceleration. Since both it

and the horizontal acceleration are unknowns, we must use two equations. We start with

the vertical components: 

oFy 5 may 5 0

FT cos v 2 Fg 5 0

FT cos v 5 Fg where Fg 5 mg

FT 5 }
c

m

os

g

v
}

This expression for F T can now be substituted into the equation for the horizontal 

components:

oFx 5 max

FT sin v 5 max

ax 5 (FT)1}si

m

n v
}2

5 1}c
m

os

g

v
}21}si

m

n v
}2

5 g 1}c
s

o

in

s

v

v
}2

5 g tan v

5 (9.8 m/s2)(tan 8.5°)

ax 5 1.5 m/s2

The magnitude of the acceleration is 1.5 m/s2. 
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• An inertial frame of reference is one in which the law of inertia (Newton’s first

law of motion) holds.

• An accelerating frame of reference is a noninertial frame where the law of inertia

does not hold.

• In a noninertial frame of reference, fictitious forces are often invented to account

for observations.

Inertial and Noninertial Frames 

of Reference 
SUMMARY

Section 2.5 Questions

Understanding Concepts

1. What phrases can you think of that mean the same as

“noninertial frame of reference”? 

2. You are a passenger in a vehicle heading north. You are

holding a horizontal accelerometer like the one shown in

Figure 5. 

(a) How will you hold the accelerometer so that it can

indicate the acceleration? 

(b) Describe what happens to the beads in the accelerom-

eter when the vehicle

(i) is at rest 

(ii) is accelerating northward 

(iii) is moving with a constant velocity 

(iv) begins to slow down while moving northward 

(c) Draw an FBD of the beads for an instant at which the

vehicle is travelling with a constant acceleration north-

ward, from the frame of reference of the road. 

(d) Repeat (c) from your frame of reference in the vehicle. 

(e) If the beads are at an angle of 11° from the vertical,

what is the magnitude of the acceleration of the

vehicle? 

(f) Determine the magnitude of the normal force acting

on the middle bead, which has a mass of 2.2 g. 

Applying Inquiry Skills 

3. An ornament hangs from the interior rear-view mirror of

your car. You plan to use this ornament as a pendulum-

style accelerometer to determine the acceleration of the car

as it is speeding up in a straight line. 

(a) Draw a system diagram, an FBD of the ornament from

the frame of reference of the road, and an FBD of the

ornament from the frame of reference of the car. 

(b) Describe how you would determine the acceleration,

indicating what measurement(s) you would take and

what calculations you would perform. Explain your

calculations by referring to one of the two FBDs from

part (a). 

Making Connections 

4. You are a passenger in a car stopped at an intersection.

Although the stoplight is red and the driver’s foot is still

firmly on the brake, you suddenly feel as if the car is

moving backward.

(a) Explain your feeling. (Hint: Think about the motion of

the car next to you.)

(b) How could the sensation you feel be applied to the

design of an amusement ride in which the riders

remain stationary, but have the sensations of motion? 
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Figure 5

A typical horizontal

accelerometer
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Key Expectations 

• define and describe the concepts and units related to

the study of forces (e.g., inertial and noninertial

frames of reference) (2.1, 2.2, 2.4, 2.5) 

• distinguish between accelerating (noninertial) and

nonaccelerating (inertial) frames of reference; predict

velocity and acceleration in various situations (2.5) 

• determine the net force acting on an object and the

resulting acceleration by analyzing experimental data

using vectors, graphs, trigonometry, and the resolution

of vectors into components (2.2, 2.4) 

• analyze and predict, in quantitative terms, and explain

the acceleration of objects in one and two dimensions

(2.2, 2.3, 2.4, 2.5) 

• analyze the principles of the forces that cause accelera-

tion and describe how the motion of human beings,

objects, and vehicles can be influenced by modifying

such factors as air pressure and frictional forces (e.g.,

analyze the physics of throwing a baseball; analyze the

frictional forces acting on objects and explain how the

control of these forces has been used to modify the

design of objects) (2.2, 2.3, 2.4) 

Key Terms 
force

force of gravity

normal force

tension 

friction 

static friction 

kinetic friction 

air resistance 

free-body diagram (FBD) 

net force

dynamics

Newton’s first law of motion 

inertia 

equilibrium (of forces) 

Newton’s second law of motion 

weight 

force field 

gravitational field strength 

Newton’s third law of motion 

coefficients of friction (static and kinetic)

fluid 

viscosity 

laminar flow 

turbulence 

streamlining 

Bernoulli’s principle 

inertial frame of reference 

noninertial frame of reference 

fictitious force 

Key Equations 

• a#$ 5 (2.2)

• F#$g 5 mg#$ (2.2)

• oFx 5 max (2.2)

• oFy 5 may (2.2)

• Ff 5 mFN (2.4)

• mS 5 }
FS

F

,m

N

ax
} (2.4)

• mK 5 }
F

F

N

K
} (2.4)

oF#$
}
m

MAKE a summary

Draw a large diagram of a snow-covered hill shaped like the

one shown in Figure 1. On one side of the hill, a child is

pulling on a rope attached to a sleigh with the rope parallel

to the hillside. On the other side of the hill, the child is on

the sleigh and moving down the hill (not shown in the dia-

gram). There is friction between the snow and the sleigh. At

point E near the bottom of the hill, the sleigh stops when it

hits a snowbank, and the child falls forward into the snow.

Draw FBDs, as appropriate, of the child, the sleigh, or the

child-sleigh system at each of the five points A through E.

Show all the forces and components of forces. Add any

notes that will help you summarize the key expectations, key

terms, and key equations presented in this chapter. 

A

B

C

D E

Figure 1

You can use a diagram of a snow-covered hill to summarize

the concepts presented in this chapter.
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Write numbers 1 to 11 in your notebook. Indicate beside

each number whether the corresponding statement is true

(T) or false (F). If it is false, write a corrected version, cor-

recting just the part of the statement that is printed in

italics. Assume air resistance to be negligible in each case. 

1. When a ball is rising upward after you toss it verti-

cally, the net force on the ball is equal to the force of

gravity on the ball.

2. You pull horizontally on a rope, attached firmly to a

hook on the wall, with a force of magnitude 16 N. If

you pull horizontally with a force of the same magni-

tude on a string held firmly by a friend, the magnitude

of the tension in the string is 32 N.

3. A grocery cart, at rest on a level floor, experiences a

normal force of magnitude 155 N. You push on the

cart handle with a force directed at an angle of 25°

below the horizontal. The magnitude of the normal

force is now less than 155 N.

4. Snow conditions are identical throughout the ski

valley in Figure 1. The coefficient of kinetic friction

between a skier’s skis and the snow is 0.18 when the

skier is travelling down the one side of the valley. As

the skier moves up the other side of the valley, the

coefficient of kinetic friction exceeds 0.18 because

gravity is acting against the skier’s motion.

5. It is impossible for an object to be travelling eastward

while experiencing a westward net force.

6. It is possible for the sum of three vector forces of equal

magnitude to be zero.

7. Static friction is always greater than kinetic friction.

8. One possible SI unit of weight is the kilogram.

9. When you are standing at rest on the floor, there are

two action-reaction pairs of forces involved.

10. Viscosity and air resistance are both types of friction

involving fluids.

11. Fictitious forces must be invented to explain observa-

tions whenever the chosen frame of reference is in

motion.

Unit 1

Write numbers 12 to 21 in your notebook. Beside each

number, write the letter corresponding to the best choice. 

12. A person of mass 65 kg is ascending on an escalator at

a constant velocity of 2.5 m/s [22° above the hori-

zontal]. The magnitude of the net force acting on the

person is

(a) 0 N

(b) 6.4 3 102 N

(c) 5.9 3 102 N

(d) 2.4 3 102 N

(e) 1.6 3 102 N 

13. On a windy day, a quarterback throws a football into

the wind. After the football has left the quarterback’s

hand and is moving through the air, the correct list of

the force(s) acting on the football is 

(a) a force from the throw and the downward force

of gravity 

(b) a force from the throw, a force exerted by the air,

and the downward force of gravity

(c) a force exerted by the air and a force from the

throw 

(d) a force exerted by the air and the downward force

of gravity 

(e) the downward force of gravity 

14. A skier of mass m is sliding down a snowy slope that

is inclined at an angle f above the horizontal. The

magnitude of the normal force on the skier is 

(a) mg tan f

(b) mg cos f

(c) mg sin f

(d) mg

(e) zero 

15. A soft-drink can is resting on a table. If Earth’s force

of gravity on the can is the action force, the reaction

force is

(a) an upward normal force exerted by the table on

the can 

(b) a downward gravitational force exerted by Earth

on the table 

(c) a downward normal force exerted on the table by

the can 

(d) an upward force of gravity on Earth by the can 

(e) none of these 

Figure 1

NEL An interactive version of the quiz is available online.

GO www.science.nelson.com
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16. The coefficients of friction between a box of mass

9.5 kg and the horizontal floor beneath it are 

mS 5 0.65 and mK 5 0.49. The box is stationary.

The magnitude of the minimum horizontal force

that would suffice to set the box into motion is

(a) 93 N

(b) 61 N

(c) 46 N

(d) 6.2 N

(e) 4.7 N 

For questions 17 to 21, refer to Figure 2.

17. During the time interval that the spring acts on the

double cart, the force exerted by the double cart on

the single cart is

(a) 2.0 N [W]

(b) 0.0 N

(c) 2.0 N [E]

(d) 4.0 N [W]

(e) 4.0 N [E] 

18. During the spring interaction, the net force acting on

the single cart is 

(a) 4.0 N [W]

(b) 2.0 N [W]

(c) 2.0 N [E]

(d) 4.0 N [W]

(e) zero

19. During the interaction, the acceleration of the double

cart is

(a) 0.33 m/s2 [E]

(b) 1.0 m/s2 [E]

(c) 3.0 m/s2 [E]

(d) 0.50 m/s2 [E]

(e) 2.0 m/s2 [E] 

20. The velocity of the double cart exactly 0.20 s after the

compression spring is released is

(a) 0.25 cm/s [E]

(b) 1.0 cm/s [E]

(c) 4.0 cm/s [E]

(d) zero

(e) less than 0.25 cm/s [E], but greater than zero 

21. After the spring interaction is complete and the carts

are separated, the net force acting on the single cart is

(a) 19.6 N [down]

(b) 2.0 N [W]

(c) 19.6 N [up]

(d) the vector sum of 19.6 N [down] and 2.0 N [W]

(e) zero 

Figure 2

For questions 17 to 21. Two dynamics carts, one a single cart of

mass 1.0 kg, the other a double cart of mass 2.0 kg, each with

essentially frictionless wheels, are in contact and at rest. The

compression spring on the single cart is suddenly released,

causing the cart to exert an average force of 2.0 N [E] on the

double cart for 0.50 s.

single cart
compression

spring

exploder piston

double

cart

W E

An interactive version of the quiz is available online.

GO www.science.nelson.com
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Understanding Concepts 
1. Why must an object at rest have either no force or a

minimum of two forces acting on it? 

2. Whiplash injuries are common in automobile acci-

dents where the victim’s car is struck from behind.

Explain how such accidents illustrate Newton’s laws

of motion, and how the laws can be applied in the

development of safer car seat designs.

3. If you get to your feet in a canoe and move toward

the front, the canoe moves in the opposite direction.

Explain why.

4. How would you determine the mass of an object in

interstellar space, where the force of gravity

approaches zero? 

5. In a disaster film, an elevator full of people falls freely

when the cable snaps. The film depicts the people

pressed upward against the ceiling. Is this good

physics? Why or why not? 

6. In the amusement park ride in Figure 1, cars and pas-

sengers slide down the incline before going around

vertical loops. The incline is at an angle of 36° to the

horizontal. If friction is negligible, what is the magni-

tude of the acceleration of the cars down the incline? 

7. Two veggieburger patties, in contact with each other,

are being pushed across a grill. The masses of the

burgers are 113 g and 139 g. Friction is negligible. The

applied horizontal force of magnitude 5.38 3 1022 N is

exerted on the more massive burger. Determine (a)

the magnitude of the acceleration of the two-burger

system, and (b) the magnitude of the force exerted by

each of the two burgers on the other.

Unit 1

8. Three blocks, of masses m1 5 26 kg, m2 5 38 kg, and

m3 5 41 kg, are connected by two strings over two

pulleys, as in Figure 2. Friction is negligible.

Determine (a) the magnitude of the acceleration of

the blocks, and (b) the magnitude of the tension in

each of the two strings.

9. A mountain climber of mass 67.5 kg is using a rope to

hang horizontally against a vertical cliff, as in Figure 3.

The tension in the rope is 729 N [27.0° below the hor-

izontal]. Determine the force exerted by the cliff on

the climber’s feet.

10. A child is pulling a wagon of mass 7.38 kg up a hill

inclined at an angle of 14.3° to the horizontal. The

child applies a force parallel to the hill. The accelera-

tion of the wagon is 6.45 cm/s2 up the hill. Friction is

negligible. Determine the magnitude of (a) the force

applied by the child, and (b) the normal force on the

wagon.

11. Which is more likely to break when loaded with wet

laundry—a clothesline with a significant sag, or a

clothesline with almost no sag? Use diagrams to

explain why.

12. In most sports, athletic shoes should have a high coef-

ficient of friction, so that the person wearing the shoe

can stop and turn quickly. In which sports would this

be a disadvantage? 

Figure 1

m1 m3

m2

Figure 2

27.0°

Figure 3

Chapter 2 REVIEW
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13. Why do people take very short steps on slippery 

surfaces? 

14. A student is pushing horizontally on a table (m 5

16 kg) to move it across a horizontal floor. The coeffi-

cient of kinetic friction between the table and the

floor is 0.61.

(a) Determine the magnitude of the applied force

needed to keep the table moving at constant

velocity.

(b) If the applied force were 109 N and the table were

to start from rest, how long would the table take

to travel 75 cm? 

15. A rope exerts a force of magnitude 21 N, at an angle

31° above the horizontal, on a box at rest on a hori-

zontal floor. The coefficients of friction between the

box and the floor are mS 5 0.55 and mK 5 0.50. The

box remains at rest. Determine the smallest possible

mass of the box.

16. A skier on a slope inclined at 4.7° to the horizontal

pushes on ski poles and starts down the slope. The

initial speed is 2.7 m/s. The coefficient of kinetic fric-

tion between skis and snow is 0.11. Determine how

far the skier will slide before coming to rest.

17. A passenger is standing without slipping in a for-

ward-accelerating train. The coefficient of static fric-

tion between feet and floor is 0.47.

(a) Draw an FBD for the passenger in Earth’s frame

of reference.

(b) Draw an FBD for the passenger in the train’s

frame of reference.

(c) Determine the maximum required acceleration

of the train relative to the track if the passenger is

not to slip.

18. You throw a baseball eastward. The ball has a fast clock-

wise spin when viewed from above. In which direction

does the ball tend to swerve? Show your reasoning.

19. It takes 30.0 s to fill a 2.00-L container with water

from a hose with constant radius 1.00 cm. The hose is

held horizontally. Determine the speed of the water

being ejected from the hose.

Applying Inquiry Skills
20. A varying net force is applied to a loaded wagon.

Table 1 gives the resulting accelerations. Plot a graph

of the data. Use the information on the graph to

determine the mass of the wagon.

21. The apparatus in Figure 4 determines the coefficient

of static friction between two surfaces. The force

sensor measures the minimum horizontal force, F#$app ,

needed to prevent the object from sliding down the

vertical slope.

(a) Draw an FBD of the object against the wall. Use

this FBD to derive an expression for the coeffi-

cient of static friction in terms of m, g, and F#$app .

(b) Design and carry out an investigation to deter-

mine the coefficient of static friction between two

appropriate surfaces. Use the technique sketched

in Figure 4 and two other techniques. Compare

the results, describing the advantages and disad-

vantages of each technique.

22. Obtain a piece of paper about 10 cm by 20 cm and

fold it into the shape of an airplane wing, as in

Figure 5(a). Tape the ends together. Hold the middle

of the wing with a pencil, as in Figure 5(b), blowing

across the wing as indicated. Repeat the procedure

for the situation shown in Figure 5(c). Explain what

you observe.

Making Connections 
23. High-speed movies reveal that the time interval

during which a golf club is in contact with a golf ball

is typically 1.0 ms, and that the speed of the ball when

it leaves the club is about 65 m/s. The mass of a golf

ball is 45 g.

horizontal

force

force sensor

wall

block

Figure 4

Table 1 Data for Question 20

Net Force 

(N [fwd]) 0 10.0 20.0 30.0 40.0 50.0

Acceleration 

(m/s2 [fwd]) 0 0.370 0.741 1.11 1.48 1.85
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Unit 1

parallel to the plates. The electric force is zero outside

ABCD. The mass of an electron is 9.11 3 10231 kg.

The gravitational force can be neglected during the

short time interval an electron travels to the fluores-

cent screen, S. Determine how far an electron is below

the axis of entry when it hits the screen.

27. Tarzan (m 5 100 kg) holds one end of an ideal vine

(infinitely strong, completely flexible, but having zero

mass). The vine runs horizontally to the edge of a cliff,

then vertically to where Jane (m 5 50 kg) is hanging

on, above a river filled with hungry crocodiles. A

sudden sleet storm has removed all friction. Assuming

that Tarzan hangs on, what is his acceleration toward

the cliff edge?

28. Two blocks are in contact on a frictionless table. A

horizontal force is applied to one block as shown in

Figure 7. If m1 5 2.0 kg, m2 5 1.0 kg, and F#$ 5 3.0 N,

find the force of contact between the two blocks.

29. A 2.0-kg chicken rests at point C on a slack clothes-

line ACB as shown in Figure 8. C represents chicken,

not centre—real problems don’t have to be symmet-

rical, you know! CA and CB slope up from the hori-

zontal at 30° and 45°, respectively. What minimum

breaking strength must the line have to ensure the

continuing support of the bird?

(a) Determine the magnitude of the average force

exerted by the club on the ball. (For this calcula-

tion, you can neglect the force of gravity.)

(b) Why is it reasonable to neglect the force of

gravity in calculating the average force exerted by

the club? 

(c) What does the term “high-speed movies” mean? 

Extension 
24. You are a gymnast of mass 72 kg, initially hanging at

rest from a bar. You let go of the bar and fall vertically

92 cm to the floor below. Upon landing, you bend

your knees, bringing yourself to rest over a distance of

35 cm. The floor exerts a constant force on your body

as you slow down. Determine (a) your speed at

impact, and (b) the magnitude of the force the floor

exerts on you as you slow down.

25. A box of mass m 5 22 kg is at rest on a ramp inclined

at 45° to the horizontal. The coefficients of friction

between the box and the ramp are mS 5 0.78 and

mK 5 0.65.

(a) Determine the magnitude of the largest force that

can be applied upward, parallel to the ramp, if

the box is to remain at rest.

(b) Determine the magnitude of the smallest force that

can be applied onto the top of the box, perpendi-

cular to the ramp, if the box is to remain at rest.

26. In the oscilloscope shown in Figure 6, an electron

beam is deflected by an electric force produced by

charged metal plates AD and BC. In the region ABCD,

each electron experiences a uniform downward elec-

tric force of 3.20 3 10215 N. Each electron enters the

electric field along the illustrated axis, halfway

between A and B, with a velocity of 2.25 3 107 m/s

tape

paper

gentle fold

(a)

pencil
air flow

(b)

pencil
air flow

(c)

A

3.0 cm

D
axis screen

S

B C

v

13.0 cm

Figure 6

m1 m2

F

Figure 7

30°

A B 

C 

45°

Figure 8

Figure 5

For question 22

Sir Isaac Newton Contest Question

Sir Isaac Newton Contest Question

Sir Isaac Newton Contest Question
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chapter

Circular Motion

In this chapter,
you will be able to

• define and describe the 

concepts and SI units related

to the dynamics of circular

motion 

• analyze and predict, in 

quantitative terms, and

explain uniform circular

motion in the horizontal and

vertical planes, with refer-

ence to the forces involved 

• distinguish between nonin-

ertial (accelerating) and

inertial (nonaccelerating)

frames of reference, and 

calculate the velocity and

acceleration of objects in

uniform circular motion 

• describe Newton’s law of

universal gravitation and

apply it quantitatively 

• investigate experimentally

and analyze relationships

among variables involved in

uniform circular motion

• describe technological

devices based on concepts

and principles related to 

circular motion

• analyze the forces involved

in circular motion and

describe how the circular

motions of human beings,

objects, and vehicles can be

influenced by modifying 

certain factors

At an amusement park, riders on a Ferris wheel experience circular motion as they move

around the centre point of the ride. Usually their speeds are slow enough that they don’t

feel pushed into their seats. However, on a fast-moving loop-the-loop roller coaster

(Figure 1), riders experience motion on circles of varying radii for brief periods of time,

sometimes feeling large forces pushing on them. Those forces would be even greater

(and much more dangerous) if the loops had constant radii. But the loops have smaller

radii at the top than at the sides, for reasons that you will explore in this chapter.

In this chapter, you will explore circular motion and associated forces in different sit-

uations, answering questions such as:

• What forces are involved when figure skating pairs do the spiral? 

• How could artificial gravity be created on future space flights for humans to

Mars? 

• Why are expressway ramps banked at an angle to the horizontal? 

• What principles explain the operation of a centrifuge? 

This chapter builds on what you learned in Chapters 1 and 2, especially regarding

motion and forces in two dimensions. Your skill in drawing free-body diagrams (FBDs)

and solving problems will be developed further, and you will have opportunities to

investigate the forces and accelerations of circular motion.
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1. Figure 2 shows a truck negotiating a curve, with the path of the truck in the hori-

zontal plane. The curve is banked at an angle f from the horizontal. 

(a) Draw an FBD of the truck. 

(b) What is the magnitude of the normal force acting on the truck? 

(c) In what direction is the net force acting on the truck? 

2. Figure 3 shows a typical student accelerometer, for use as a force meter in analyzing

circular motion. You hold the accelerometer upright at an amusement park, while on

a horizontal ride roating counterclockwise as viewed from above. You are near the

outer edge of the ride, and are at this particular instant facing northward. 

(a) Draw a system diagram of the accelerometer in the (noninertial) reference frame

of your body, and an FBD of the middle bead of the accelerometer in that frame. 

(b) Draw system diagrams of the accelerometer in the reference frame of your body,

showing what would happen to the beads 

(i) if the ride were to rotate faster, with your distance from the centre the same

(ii) if you were closer to the centre at the original rate of the ride’s rotation

3. (a) You are a space-flight architect. What design would you use to create artificial

gravity on interplanetary space flights? 

(b) What designs have authors of science-fiction books and film scripts used? 

REFLECT on your learning
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Figure 1

Although a loop-the-loop roller

coaster looks scary, the forces it

exerts on riders are carefully

controlled.

TRYTHIS activity A Challenge 

The device shown in Figure 4 has one

small marble on either side of the barrier.

Consider, in a brainstorming session with

a small group of your classmates, how

you would get both marbles into the

holes near the top of the curve. Test your

ideas, one at a time, in your group until

you succeed. 

(a) Describe your successful idea. 

(b) Describe at least one other device 

that operates on a similar principle. 

Figure 4

How could you make a similar

device using common materials,

such as beads or marbles?

Figure 2

For question 1

f

beads

Figure 3

For question 2
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3.13.1 Uniform Circular Motion

When figure skating pairs perform the spiral, the woman travels in a circular path around

the man (Figure 1). In doing so, she is constantly changing direction, which means she

is undergoing acceleration. In this section, we will analyze the factors influencing that accel-

eration and relate our analysis to other applications that involve motion in a circular path.

Imagine you have attached a rubber stopper to the end of a string and are whirling the

stopper around your head in a horizontal circle. If both the speed of the stopper 

and the radius of its path remain constant, the stopper has uniform circular motion.

Figure 2 shows the position and velocity vectors at various positions during the motion

of the stopper. Uniform circular motion also occurs if only part of the circle (an arc) is

covered.

122 Chapter 3 NEL

Uniform circular motion occurs for the individual parts of any object spinning at a con-

stant rate, for example, electric fans and motors, lawn mower blades, wheels (from the

point of view of the centre of the wheel), and rotating rides at amusement parks. Circular

or almost circular motion can also occur for objects or particles in orbits around other

objects. For example, to analyze the motion of a planet orbiting the Sun, a satellite

around Earth, or an electron around a nucleus, we make the assumption that the motion

is uniform circular motion even though the paths are often ellipses rather than circles.

As you learned in Chapter 1, an object travelling at a constant speed is undergoing

acceleration if the direction of the velocity is changing. This is certainly true for uni-

form circular motion. The type of acceleration that occurs in uniform circular motion

is called centripetal acceleration.

Centripetal acceleration is an instantaneous acceleration. Investigation 3.1.1 in the

Lab Activities section at the end of this chapter will help you to better understand the

related concepts. In this investigation, you will perform a controlled experiment to

explore the factors that affect centripetal acceleration and the force that causes it.

Figure 1

In performing the spiral, the female

skater undergoes circular motion.

v2
v3

v4

v1

r3

r4 r1

r2

stopper

path of stopper

Figure 2

In uniform circular motion, the speed of the object

remains constant, but the velocity vector changes

because its direction changes. The radius of the

path also remains constant. Notice that the instan-

taneous position vector (also called the radius

vector) is perpendicular to the velocity vector and

the velocity vectors are tangent to the circle.

Practice

Understanding Concepts 

1. (a) What does “uniform” mean in the expression “uniform circular motion”? 

(b) Give some examples of uniform circular motion, other than those in the text.

2. How can a car moving at a constant speed be accelerating at the same time? 

uniform circular motion motion

that occurs when an object has

constant speed and constant radius

centripetal acceleration instanta-

neous acceleration directed toward

the centre of the circle

Analyzing Uniform Circular

Motion (p. 152)

If you are whirling a rubber stopper,

attached to a string, around your

head, the tension in the string (a

force you can measure) keeps the

stopper travelling in a circle. How do

you think the force depends on such

factors as the mass of the stopper,

the frequency with which you are

whirling the stopper, and the dis-

tance between your hand and the

stopper? You will explore these rela-

tionships in a controlled experiment

at the end of this chapter. 

INVESTIGATION 3.1.1
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The Magnitude of Centripetal Acceleration 
We can derive an equation for the magnitude of the centripetal acceleration in terms of

the instantaneous speed and the radius of the circle. Figure 4(a) shows a particle in uni-

form circular motion as it moves from an initial position r#$1 to a subsequent position r#$2;

its corresponding velocities are v#$1 and v#$2. Since we have uniform circular motion,

v#$1 5 v#$2. The change in position is Dr$ and the change in velocity is Dv#$. Both of these

quantities involve a vector subtraction as shown in Figures 4(b) and (c). Both triangles

are isosceles because r#$1 5 r#$2 and v#$1 5 v#$2. Since v#$1 ⊥ r#$1 and v#$2 ⊥ r#$2, the two

triangles are similar. Therefore, the following equation can be written:

5 where v#$ 5 v#$1 5 v#$2 and r#$ = r#$1 = r#$2

or Dv#$ 5

Now, the magnitude of the centripetal acceleration a#$c is 

a#$c 5 lim
Dt→0

}
D

D

v#

t

$
}

v#$ 3 Dr$
}}

r$

Dr#$
}
r$

Dv#$
}
v#$

Section 3.1

The Direction of Centripetal Acceleration 

Recall that the defining equation for instantaneous acceleration is a#$ 5 lim
Dt→0

. To 

apply this equation to uniform circular motion, we draw vector diagrams and perform

vector subtractions. Figure 3 shows what happens to Dv#$ as Dt decreases. As the time

interval approaches zero, the direction of the change of velocity Dv#$ comes closer to

pointing toward the centre of the circle. From the defining equation for instantaneous

acceleration, you can see that the direction of the acceleration is the same as the direc-

tion of the change of velocity. We conclude that the direction of the centripetal accelera-

tion is toward the centre of the circle. Notice that the centripetal acceleration and the

instantaneous velocity are perpendicular to each other.

Dv#$
}
Dt

v2

v1

−v1
∆v

v2

v1

−v1

∆v

v2

v1

−v1

∆v

v2

v1

−v1

∆v

Figure 3

As the time interval between v#$1 and v#$2 is made shorter and shorter, Dv#$ comes closer and closer

to pointing toward the centre of the circle. In the diagram on the far right, Dt is very small and

the Dv#$ vector is nearly perpendicular to the instantaneous velocity vector v#$2.

Practice

Understanding Concepts 

3. A sports car moves through a horizontal circular arc at a constant speed. 

(a) What is the direction of the instantaneous acceleration at every point in the arc?

(b) Draw a sketch showing the directions of the instantaneous velocity and instanta-

neous acceleration at two different positions. 

4. If the direction of an object moving with uniform circular motion is reversed, what

happens to the direction of the centripetal acceleration? 

v2

v1

r2

r1

v

−r1

r1

v

v

∆r

r2

−v1 v1v

v

∆v

v2

Figure 4

Derivation of the equation for the

magnitude of the centripetal 

acceleration 

(a) The position and velocity 

vectors 

(b) The change of position 

(c) The change of velocity

Understanding “Centripetal”

The word “centripetal” was coined

by Sir Isaac Newton, from the Latin

centrum (“centre”) and petere (“to

seek”). Do not confuse centripetal,

or “centre-seeking,” forces with 

centrifugal forces. “Fugal” means

to flee, so centrifugal forces are

“centre-fleeing” forces. 

DID YOU KNOW??

(c)

(b)

(a)
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We can divide both sides of the Dv#$equation by Dt to obtain

}
D

D

v#

t

$
} 5 3 }

D

D

r#

t

$
}

Therefore, a#$c 5 lim
Dt→0 1 3 }

D

D

r#

t

$
}2

Now the magnitude of the instantaneous velocity is 

v#$5 lim
Dt→0

}
D

D

r#

t

$
}

Therefore, a#$c 5 3 v#$

Hence, the magnitude of the centripetal acceleration is

ac 5 }
v

r

2

}

where ac is the centripetal acceleration, v is the speed of the object undergoing uniform

circular motion, and r is the radius of the circle or arc.

The equation ac 5 }
v

r

2

} makes sense because as the speed of an object in circular 

motion increases at a constant radius, the direction of the velocity changes more quickly

requiring a larger acceleration; as the radius becomes larger (at a constant speed), the direc-

tion changes more slowly, meaning a smaller acceleration.

v#$
}
r$

v#$
}
r$

v#$
}
r$

For objects undergoing uniform circular motion, often the speed is not known, but

the radius and the period (the time for one complete trip around the circle) are known.

To determine the centripetal acceleration from this information, we know that the speed

is constant and equals the distance travelled (2pr) divided by the period of revolution

(T):

v 5 }
2

T

pr
}

The Position Vector

In Chapter 1, we used the sym-

bols d#$ for position and Dd#$ for

change of position (displace-

ment). Here we use the symbols

r#$ and Dr#$ for the corresponding

quantities, as a reminder that

our position vector is the radius

vector, equal in magnitude to

the radius of the circle. 

LEARNING TIP

Two Different Accelerations

Remember that centripetal

acceleration is an instantaneous

acceleration. Thus, even if the

magnitude of the velocity is

changing for an object in cir-

cular motion (i.e., the circular

motion is not “uniform” since

the speed is either increasing or

decreasing), the magnitude of

the centripetal acceleration can

still be found using the equation

ac 5 }
v

r

2

}. However, there is also

another acceleration, called the

tangential acceleration, that is par-

allel to the velocity (i.e., tangential

to the circle). This acceleration

changes only the velocity’s mag-

nitude. The centripetal accelera-

tion, which is perpendicular to the

velocity, changes only the

velocity’s direction.

LEARNING TIP

A child on a merry-go-round is 4.4 m from the centre of the ride, travelling at a constant

speed of 1.8 m/s. Determine the magnitude of the child’s centripetal acceleration. 

Solution 

v = 1.8 m/s

r = 4.4 m

ac = ? 

ac 5 }
v

r

2

}

5 }
(1.

4

8

.4

m

m

/s)2

}

ac 5 0.74 m/s2

The child’s centripetal acceleration has a magnitude of 0.74 m/s2. 

SAMPLE problem 1
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Section 3.1

Substituting this expression into the centripetal acceleration equation ac 5 , we

obtain

ac 5 }
4

T

p
2

2r
}

For high rates of revolution, it is common to state the frequency rather than period.

The frequency f is the number of revolutions per second, or the reciprocal of the period.

It is measured in cycles per second or hertz (Hz), but may be stated mathematically as 

s21. Since f = , the equation for centripetal acceleration can be written as:

ac 5 4p2rf 2

We now have three equations for determining the magnitude of the centripetal 

acceleration:

Remember that the direction of the centripetal acceleration is always toward the centre

of the circle.

1
}
T

v2

}
r

ac

v

lettuce

direction

of rotation

E

N

Figure 5

Piece of lettuce undergoing uniform

circular motion for Sample 

Problem 2

Find the magnitude and direction of the centripetal acceleration of a piece of lettuce on

the inside of a rotating salad spinner. The spinner has a diameter of 19.4 cm and is

rotating at 780 rpm (revolutions per minute). The rotation is clockwise as viewed from

above. At the instant of inspection, the lettuce is moving eastward. 

Solution 

f 5 (780 rev/min)(1 min/60 s) = 13 Hz = 13 s21

r 5 }
19.4

2

cm
} 5 9.7 cm 5 9.7 3 1022 m

a#$c 5 ?

ac 5 4p2rf 2

5 4p2(9.7 3 1022 m)(13 s21)2

ac 5 6.5 3 102 m/s2

Figure 5 shows that since the lettuce is moving eastward, the direction of its centripetal

acceleration must be southward (i.e., toward the centre of the circle). The centripetal

acceleration is thus 6.5 3 102 m/s2 [S]. 

SAMPLE problem 2

Determine the frequency and period of rotation of an electric fan if a spot at the end of

one fan blade is 15 cm from the centre and has a centripetal acceleration of magnitude

2.37 3 103 m/s2. 

Solution 

ac 5 2.37 3 103 m/s2 f 5 ?

r 5 15 cm 5 0.15 m T 5 ? 

SAMPLE problem 3

ac 5 }
v

r

2

} 5 5 4p2rf 2
4p2r
}
T 2
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particle

direction

of rotation

0.80 m

E

N

Figure 6

For question 5

ac 5 4p 2r f 2

f 2 5 }
4

a

p

c
2r
}

f 5 6!}
4p

ac
2r
}§

5 6!}2.3

4

7

p

3

2(§0

1

.1

0

5

3

m

m§)

/s2

}§
5 62.0 3 101 s21

f 5 2.0 3 101 Hz (rejecting a negative frequency as meaningless)

The frequency of rotation of the electric fan is 2.0 3 101 Hz. 

T 5 }
1

f
}

5 }
2.0 3

1

101 Hz
}

5 }
2.0 3

1

101 s21
}

T 5 5.0 3 1022 s

The period of rotation of the fan is 5.0 3 1022 s. 

Practice

Understanding Concepts 

5. Figure 6 shows a particle undergoing uniform circular motion at a speed of 4.0 m/s. 

(a) State the direction of the velocity vector, the acceleration vector, and the

radius vector at the instant shown.

(b) Calculate the magnitude of the centripetal acceleration. 

6. You are whirling a ball on the end of a string in a horizontal circle around your head.

What is the effect on the magnitude of the centripetal acceleration of the ball if

(a) the speed of the ball remains constant, but the radius of the circle doubles?

(b) the radius of the circle remains constant, but the speed doubles?

7. At a distance of 25 km from the eye of a hurricane, the wind is moving at 

180 km/h in a circle. What is the magnitude of the centripetal acceleration, in

metres per second squared, of the particles that make up the wind? 

8. Calculate the magnitude of the centripetal acceleration in the following situations:

(a) An electron is moving around a nucleus with a speed of 2.18 3 106 m/s. 

The diameter of the electron’s orbit is 1.06 3 10210 m. 

(b) A cowhand is about to lasso a calf with a rope that is undergoing uniform

circular motion. The time for one complete revolution of the rope is 1.2 s. 

The end of the rope is 4.3 m from the centre of the circle. 

(c) A coin is placed flat on a vinyl record, turning at 33}
1

3
} rpm. The coin is 13 cm

from the centre of the record. 

9. A ball on a string, moving in a horizontal circle of radius 2.0 m, undergoes a

centripetal acceleration of magnitude 15 m/s2. What is the speed of the ball? 

10. Mercury orbits the Sun in an approximately circular path, at an average distance

of 5.79 3 1010 m, with a centripetal acceleration of magnitude 4.0 3 1022 m/s2.

What is its period of revolution around the Sun, in seconds? in “Earth” days? 

Applying Inquiry Skills 

11. Graph the relationship between the magnitude of centripetal acceleration and

(a) the speed of an object in uniform circular motion (with a constant radius) 

(b) the radius of a circle (at a constant speed) 

(c) the radius of rotation (at a constant frequency)

Changing Technologies 

The technology of recorded music

continually changes. A record

turntable rotating at a constant rate

of 33}
1

3
} revolutions per minute (rpm)

has a stylus that moves faster

through the groove near the outside

edge of the record than near the

middle. Thus, the sound information

must be compressed more closely as

the groove gets closer to the centre.

In compact discs, however, the laser

pickup moves at a constant speed

across the information tracks. Since

the information bits are evenly

spaced, the disc must rotate at a

lower frequency as the laser moves

from the centre toward the outside. 

DID YOU KNOW??

Answers

5. (b) 2.0 3 101 m/s2

7. 0.10 m/s2

8. (a) 8.97 3 1022 m/s2

(b) 1.2 3 102 m/s2

(c) 1.6 m/s2

9. 5.5 m/s

10. 7.6 3 106 s or 88 d
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Section 3.1

• Uniform circular motion is motion at a constant speed in a circle or part of a

circle with a constant radius.

• Centripetal acceleration is the acceleration toward the centre of the circular path

of an object travelling in a circle or part of a circle.

• Vector subtractions of position and velocity vectors can be used to derive the

equations for centripetal acceleration.

Uniform Circular MotionSUMMARY

Section 3.1 Questions

Understanding Concepts 

1. Describe examples of uniform circular motion that can

occur

(a) in a kitchen

(b) in a repair workshop 

(c) in situations in which there is less than a complete

circle

2. Two balls at the ends of two strings are moving at the same

speed in horizontal circular paths. One string is three times

as long as the other. Compare the magnitudes of the two

centripetal accelerations. 

3. Calculate the magnitude of the centripetal acceleration in

each of the following situations: 

(a) A satellite is travelling at 7.77 3 103 m/s in a circular

orbit of radius 6.57 3 106 m from the centre of Earth. 

(b) A motorcycle is racing at 25 m/s on a track with a con-

stant radius of curvature of 1.2 3 102 m. 

4. (a) What is the magnitude of centripetal acceleration due

to the daily rotation of an object at Earth’s equator?

The equatorial radius is 6.38 3 106 m. 

(b) How does this acceleration affect a person’s weight at

the equator?

5. Patrons on an amusement park ride called the Rotor stand

with their backs against the wall of a rotating cylinder while

the floor drops away beneath them. To keep from sliding

downward, they require a centripetal acceleration in excess

of about 25 m/s2. The Rotor has a diameter of 5.0 m. What is

the minimum frequency for its rotation? (The vertical force

required to support the rider’s weight is supplied by static

friction with the wall.)

6. A car, travelling at 25 m/s around a circular curve, has a

centripetal acceleration of magnitude 8.3 m/s2. What is the

radius of the curve? 

7. The Moon, which revolves around Earth with a period of

about 27.3 d in a nearly circular orbit, has a centripetal

acceleration of magnitude 2.7 3 1023 m/s2. What is the

average distance from Earth to the Moon? 

Applying Inquiry Skills 

8. You are asked to design a controlled experiment to verify

the mathematical relationships between centripetal accel-

eration and other relevant variables.

(a) Describe how you would conduct the experiment. 

(b) What are the most likely sources of random and sys-

tematic error in your experiment? How does your

experiment help keep these sources of error within

reasonable bounds? 

Making Connections 

9. A biophysicist seeks to separate subcellular particles with

an analytic ultracentrifuge. The biophysicist must determine

the magnitude of the centripetal acceleration provided by

the centrifuge at various speeds and radii. 

(a) Calculate the magnitude of the centripetal acceleration

at 8.4 cm from the centre of the centrifuge when it is

spinning at 6.0 3 104 rpm. Express your answer in

terms of g.

(b) What are some other uses of centrifuges? 
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3.23.2 Analyzing Forces in Circular Motion 

How would you design a highway turn in which northbound traffic would go around a

curve and become westbound, as in Figure 1(a)? Which design shown in Figure 1(b) is

preferable? 

Cars negotiating curves on highways provide an example of circular motion. You

learned in Section 3.1 that an object travelling at a constant speed in a circle or an arc

experiences centripetal acceleration toward the centre of the circle. According to Newton’s

second law of motion, centripetal acceleration is the result of a net force acting in the direc-

tion of the acceleration (toward the centre of the circle) and perpendicular to the instan-

taneous velocity vector.

It is important to note that this net force is no different from other forces that cause

acceleration: it might be gravity, friction, tension, a normal force, or a combination of

two or more forces. For example, if we consider Earth travelling in a circular orbit around

the Sun, the net force is the force of gravity that keeps Earth in its circular path.

We can combine the second-law equation for the magnitude of the net force, SF 5 ma,

with the equation for centripetal acceleration, ac 5 }
v
r

2
} :

oF 5

where oF is the magnitude of the net force that causes the circular motion, m is the

mass of the object in uniform circular motion, v is the speed of the object, and r is the

radius of the circle or arc.

The equations for centripetal acceleration involving the period and frequency of

circular motion can also be combined with the second-law equation. Thus, there are

three common ways of writing the equation:

mv 2

}
r

r

path of vehicles

flat curve

banked
curve

(a) (b)

u

E

N

Figure 1

(a) A car travelling around a curve

undergoes centripetal acceler-

ation since the curve is an arc

with radius r.

(b) Would the best design of a

highway turn have a flat curve

or a banked curve?

The Direction of the Net

Force in Uniform Circular

Motion

Since centripetal acceleration is

directed toward the centre of

the circle, the net force must

also be directed toward the

centre of the circle. This force

can usually be determined by

drawing an FBD of the object in

uniform circular motion. 

LEARNING TIP

oF 5 5 }
4p

T

2

2

mr
} 5 4p2mrf 2

mv2

}
r
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Section 3.2

A car of mass 1.1 3 103 kg negotiates a level curve at a constant speed of 22 m/s. 

The curve has a radius of 85 m, as shown in Figure 2. 

(a) Draw an FBD of the car and name the force that provides the centripetal acceleration. 

(b) Determine the magnitude of the force named in (a) that must be exerted to keep the

car from skidding sideways.

(c) Determine the minimum coefficient of static friction needed to keep the car on the

road. 

Solution 

(a) Figure 3 is the required FBD. The only horizontal force keeping the car going toward

the centre of the arc is the force of static friction (F#$
S ) of the road on the wheels per-

pendicular to the car’s instantaneous velocity. (Notice that the forces parallel to the

car’s instantaneous velocity are not shown in the FBD. These forces act in a plane

perpendicular to the page; they are equal in magnitude, but opposite in direction

because the car is moving at a constant speed.) 

(b) m 5 1.1 3 103 kg

v 5 22 m/s

r 5 85 m

FS 5 ? 

FS 5

5 

FS 5 6.3 3 103 N

The magnitude of the static friction force is 6.3 3 103 N. 

(c) g 5 9.8 N/kg

We know from part (b) that the static friction is 6.3 3 103 N and from Figure 3 that

FN 5 mg. To determine the minimum coefficient of static friction, we use the ratio of

the maximum value of static friction to the normal force: 

mS 5 }
FS

F

,m

N

ax
}

5

mS 5 0.58

The minimum coefficient of static friction needed is 0.58. This value is easily achieved

on paved and concrete highways in dry or rainy weather. However, snow and ice

make the coefficient of static friction less than 0.58, allowing a car travelling at 22 m/s

to slide off the road.

6.3 3 103 N
}}}
(1.1 3 103 kg)(9.8 N/kg)

(1.1 3 103 kg)(22 m/s)2

}}}
85 m

mv 2

}
r

SAMPLE problem 1

85 m

mg

FN

FS +x

+y

Figure 2

The radius of the curve is 85 m.

Figure 3

The FBD of the car on a level curve
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A car of mass 1.1 3 103 kg travels around a frictionless, banked curve of radius 85 m. The

banking is at an angle of 19° to the horizontal, as shown in Figure 4. 

(a) What force provides the centripetal acceleration? 

(b) What constant speed must the car maintain to travel safely around the curve? 

(c) How does the required speed for a more massive vehicle, such as a truck, compare

with the speed required for this car? 

Solution 

(a) From the FBD shown in Figure 5, you can see that the cause of the centripetal accel-

eration, which acts toward the centre of the circle, is the horizontal component of the

normal force, FN sin v. Thus, the horizontal acceleration, ax , is equivalent to the cen-

tripetal acceleration, ac . (Notice that the FBD resembles the FBD of a skier going

downhill, but the analysis is quite different.) 

(b) m 5 1.1 3 103 kg

r 5 85 m

v 5 19°

v 5 ? 

We take the vertical components of the forces: 

oFy 5 0

FN cos v 2 mg 5 0

FN 5

Next, we take the horizontal components of the forces: 

oFx 5 mac

FN sin v 5 mac

sin v 5 mac

mg tan v 5

v2 5 gr tan v

v 5 6Ïgr tanwvw

5 6Ï(9.8 mw/s2)(85w m)(tawn 19°)w

v 5 617 m/s

We choose the positive square root, since v cannot be negative. The speed needed to

travel safely around the frictionless curve is 17 m/s. If the car travels faster than 

17 m/s, it will slide up the banking; if it travels slower than 17 m/s, it will slide downward. 

(c) The speed required for a more massive vehicle is the same (17 m/s) because the

mass does not affect the calculations. One way of proving this is to point to our

expression v 2 5 gr tan v: v depends on g, r, and v but is independent of m. 

mv 2

}
r

mg
}
cos v

mg
}
cos v

SAMPLE problem 2

85 m

u

mg

θθ
incline

horizontal
FN sin θ

FN cos θ

+x

+y

FN

Figure 5

The FBD of the car on a banked

curve

Figure 4

The radius of the curve is 85 m.
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A 3.5-kg steel ball in a structural engineering lab swings on the end of a rigid steel rod 

at a constant speed in a vertical circle of radius 1.2 m, at a frequency of 1.0 Hz, as in

Figure 6. Calculate the magnitude of the tension in the rod due to the mass at the top (A)

and the bottom (B) positions. 

Solution 

m = 3.5 kg

r = 1.2 m

f = 1.0 Hz

FT = ? 

In both FBDs in Figure 7, the tension in the rod is directed toward the centre of the circle.

At position A, the weight, mg, of the ball acts together with the tension to cause the cen-

tripetal acceleration. At position B, the tension must be greater than at A because the ten-

sion and the ball’s weight are in opposite directions and the net force must be toward the

centre of the circle. In each case, 1y is the direction in which the centripetal acceleration

is occurring. 

At position A:

oFy 5 mac

FT 1 mg 5 4p2mrf 2

FT 5 4p2mrf 2 2 mg

5 4p2(3.5 kg)(1.2 m)(1.0 Hz)2 2 (3.5 kg)(9.8 N/kg)

FT 5 1.3 3 102 N

When the ball is moving at the top of the circle, the magnitude of the tension is 1.3 3 102 N.

At position B:

oFy 5 mac

FT 2 mg 5 4p2mrf 2

FT 5 4p2mrf 2 1 mg

5 4p2(3.5 kg)(1.2 m)(1.0 Hz)2 1 (3.5 kg)(9.8 N/kg)

FT 5 2.0 3 102 N

When the ball is moving at the bottom of the circle, the magnitude of the tension is 

2.0 3 102 N. 

SAMPLE problem 3
A

B

1.2 m

rod

ball
motion

+y

+y

FT

mg

FT

mg

at A at B

Figure 6

The system diagram for the steel

ball and the rod in Sample 

Problem 3

Figure 7

The FBDs at positions A and B

Case Study The Physics of the Looping

Roller Coaster

Case Study

The first loop-the-loop roller coaster, built in the early part of the 20th century, con-

sisted of a circular loop as illustrated in Figure 8(a). With this design, however, the

coaster had to be so fast that many people were injured on the ride and the design was

soon abandoned.

Today’s looping coasters have a much different design: a curve with a radius that starts

off large, but becomes smaller at the top of the loop. This shape, called a clothoid loop,

is illustrated in Figure 8(b).

r2

height

(b)

r1 

r1 
height

(a)

Figure 8

Two different loop designs used in

roller coasters 

(a) The circular loop used almost a

century ago

(b) The clothoid loop used in today’s

looping coasters
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We can apply physics principles to compare the two designs. We will assume that in

both designs, the magnitude of the normal force felt by a rider of mass m at the top of

the loop is double his or her own weight, mg. (This means that the normal force has a

magnitude of 2mg.) This assumption allows us to calculate how fast each coaster must

travel to achieve the same force on the rider.

Figure 9 shows the FBD of a rider at the top of the loop. The magnitude of the net force

acting on the rider at that instant, SF, can be used to determine an expression for the speed

of the coaster. Note that in this case study, we will use the subscript “old” to represent the

older, circular loop and the subscript “new” to represent the newer, clothoid loop. We will

also estimate that the ratio of the radius in the old design to the radius in the new design

is 2.0 :1.0.

oF 5 mac

FN 1 mg 5

2mg 1 mg 5

3g 5

v2 5 3gr

v 5 Ï3grw (rejecting the negative square root as meaningless)

Next, we find the ratio of the speeds of the two designs required to satisfy these 

conditions:

rold 5 2.0rnew

5 !}
3

3

g

g

r

r

n

o

e

ld

w

}§
5 !}

r

r

n

o

e

ld

w

}§
5 !}

2.

r

0

n

r

e

n

w

ew
}§

5 Ï2.0w

vold 5 1.4vnew

Thus, the speed of the roller coaster of the older design had to be 1.4 times as fast as the

roller coaster of the new design to have the same force act on the riders, even though the

heights of the two loops are equal.

vold
}
vnew

v2

}
r

mv2

}
r

mv2

}
r

FN

mg

+y

Figure 9

The FBD of the rider at the top of a

roller-coaster loop

Practice

Understanding Concepts 

1. (a) Determine the speed required by a coaster that would cause a rider to experi-

ence a normal force of 2mg at the top of a clothoid loop where the radius is 12 m.

Express your answer both in metres per second and in kilometres per hour.

(b) How fast would a coaster on a circular loop of the same height have to travel to

create the same normal force? Express your answer in kilometres per hour.

Answers

1. (a) 19 m/s; 68 km/h

(b) 95 km/h
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So far in our discussion of forces and circular motion, we have seen that centripetal

acceleration can be caused by a variety of forces or combinations of forces: static friction

(in Sample Problem 1); the horizontal component of a normal force (in Sample 

Problem 2); gravity (Earth orbiting the Sun); gravity and a tension force (in 

Sample Problem 3); and gravity and a normal force (in the Case Study). The net force

that causes centripetal acceleration is called the centripetal force. Notice that centripetal

force is not a separate force of nature; rather it is a net force that can be a single force (such

as gravity) or a combination of forces (such as gravity and a normal force).

centripetal force net force that

causes centripetal acceleration

Practice

Understanding Concepts 

2. Draw an FBD of the object in italics, and name the force or forces causing the cen-

tripetal acceleration for each of the following situations:

(a) The Moon is in an approximately circular orbit around Earth. 

(b) An electron travels in a circular orbit around a nucleus in a simplified model of a

hydrogen atom. 

(c) A snowboarder slides over the top of a bump that has the shape of a circular arc. 

3. The orbit of Uranus around the Sun is nearly a circle of radius 2.87 3 1012 m. The

speed of Uranus is approximately constant at 6.80 3 103 m/s. The mass of Uranus is

8.80 3 1025 kg. 

(a) Name the force that causes the centripetal acceleration.

(b) Determine the magnitude of this force. 

(c) Calculate the orbital period of Uranus, both in seconds and in Earth years. 

4. A bird of mass 0.211 kg pulls out of a dive, the bottom of which can be considered to

be a circular arc with a radius of 25.6 m. At the bottom of the arc, the bird’s speed is a

constant 21.7 m/s. Determine the magnitude of the upward lift on the bird’s wings at

the bottom of the arc. 

5. A highway curve in the horizontal plane is banked so that vehicles can proceed safely

even if the road is slippery. Determine the proper banking angle for a car travelling at

97 km/h on a curve of radius 450 m. 

6. A 2.00-kg stone attached to a rope 4.00 m long is whirled in a circle horizontally on a

frictionless surface, completing 5.00 revolutions in 2.00 s. Calculate the magnitude of

tension in the rope. 

7. A plane is flying in a vertical loop of radius 1.50 km. At what speed is the plane flying

at the top of the loop if the vertical force exerted by the air on the plane is zero at this

point? State your answer both in metres per second and in kilometres per hour. 

8. An 82-kg pilot flying a stunt airplane pulls out of a dive at a constant speed of

540 km/h.

(a) What is the minimum radius of the plane’s circular path if the pilot’s acceleration

at the lowest point is not to exceed 7.0g ? 

(b) What force is applied on the pilot by the plane seat at the lowest point in the

pullout? 

Applying Inquiry Skills 

9. You saw in Sample Problem 3 that when an object is kept in circular motion in the

vertical plane by a tension force, the tension needed is greater at the bottom of the

circle than at the top. 

(a) Explain in your own words why this is so. 

(b) Describe how you could safely demonstrate the variation in tension, using a one-

hole rubber stopper and a piece of string. 

Answers

3. (b) 1.42 3 1021 N

(c) 2.65 3 109 s; 84.1 a

4. 5.95 N

5. 9.3°

6. 1.97 3 103 N

7. 121 m/s or 436 km/h

8. (a) 3.3 3 102 m

(b) 6.4 3 103 N
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Making Connections 

10. (a) How do the banking angles for on- and off-ramps of expressways compare with

the banking angles for more gradual highway turns? Why?

(b) Why is the posted speed for a ramp lower than the speed limit on most 

highways? 

11. Railroad tracks are banked at curves to reduce wear and stress on the wheel flanges

and rails, and to prevent the train from tipping over. 

(a) If a set of tracks is banked at an angle of 5.7° from the horizontal and follows a

curve of radius 5.5 3 102 m, what is the ideal speed for a train rounding the

curve? 

(b) How do banked curves on railroads reduce wear and stress?

Rotating Frames of Reference 
We saw in Section 2.5 that an accelerating frame of reference is a noninertial frame in

which Newton’s law of inertia does not hold. Since an object in circular motion is accel-

erating, any motion observed from that object must exhibit properties of a noninertial

frame of reference. Consider, for example, the forces you feel when you are the pas-

senger in a car during a left turn. You feel as if your right shoulder is being pushed

against the passenger-side door. From Earth’s frame of reference (the inertial frame),

this force that you feel can be explained by Newton’s first law of motion: you tend to

maintain your initial velocity (in both magnitude and direction). When the car you are

riding in goes left, you tend to go straight, but the car door pushes on you and causes you

to go in a circular path along with the car. Thus, there is a centripetal force to the left on

your body, as depicted in Figure 10(a). The corresponding FBD (as seen from the side)

is shown in Figure 10(b).

radius

door

passenger

instantaneous

velocity

centre of

curve
force of

door on 

passenger 

actual path

of passenger

mg

FN,vertical

FN,door

+x

+y

Figure 10

(a) The top view of a passenger in

a car from Earth’s frame of ref-

erence as the car makes a left

turn

(b) The side-view FBD of the 

passenger

Answer

11. (a) 23 m/s

(a) (b)

Consider the same situation from the accelerating frame of reference of the car. You

feel as if something is pushing you toward the outside of the circle. This force away from

the centre is a fictitious force called the centrifugal force. This situation, and the cor-

responding FBD involving the centrifugal force, are shown in Figure 11. Since the pas-

senger is stationary (and remains so) in the rotating frame, the sum of the forces in that

frame is zero.

centrifugal force fictitious force in

a rotating (accelerating) frame of

reference
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radius

centre of

curve
force of

door on 

passenger 

centrifugal

force on

passenger

path

of passenger

mg

FN

FN,centrifugal

+x

+y

FN,door

Figure 11

(a) Top view of a passenger from

the car’s frame of reference as

the car makes a left turn

(b) The side-view FBD of the pas-

senger, showing the fictitious

force in the accelerating frame

of reference

A practical application of centrifugal force is the centrifuge, a rapidly-rotating device

used for such applications as separating substances in solution according to their den-

sities and training astronauts. Figure 12 shows some applications of a centrifuge.

Figure 13 shows the operation of a typical centrifuge. Test tubes containing samples

are rotated at high frequencies; some centrifuges have frequencies higher than 1100 Hz.

A dense cell or molecule near the top of a tube at position A tends to continue moving

at a constant speed in a straight line (if we neglect fluid friction due to the surrounding

liquid). This motion carries the cell toward the bottom of the tube at position B. Relative

to the rotating tube, the cell is moving away from the centre of the circle and is settling

out. Relative to Earth’s frame of reference, the cell is following Newton’s first law of

motion as the tube experiences an acceleration toward the centre of the centrifuge.

Another rotating noninertial frame of reference is Earth’s surface. As Earth rotates

daily on its axis, the effects of the centrifugal acceleration on objects at the surface are

very small; nonetheless, they do exist. For example, if you were to drop a ball at the

equator, the ball would fall straight toward Earth’s centre because of the force of gravity.

However, relative to Earth’s rotating frame of reference, there is also a centrifugal force

Figure 12

(a) This centrifuge located at the Manned Spacecraft Center in Huston, Texas, swings a 

three-person gondola to create g-forces experienced by astronauts during liftoff and 

re-entry conditions.

(b) A medical centrifuge used to separate blood for testing purposes

A

B

centre
rotation

 direction

velocity of

particle

Figure 13

As the centrifuge rotates, a particle

at position A tends to continue

moving at a constant velocity, thus

settling to the bottom of the tube.

centrifuge rapidly-rotating device

used for separating substances and

training astronauts

(a) (b)

(a) (b)



directed away from Earth’s centre. (This is Newton’s first law of motion in action; you

feel a similar, though much greater effect when travelling at a high speed over the hill of

a roller coaster track.) Thus, the net force on the ball in Earth’s rotating frame is less

than the force of gravity in a nonrotating frame of reference. This is illustrated in the FBD

of the ball in Figure 14. The acceleration of the ball at the equator is about 0.34% less

than the acceleration due to gravity alone. The magnitude of the centrifugal force is a max-

imum at the equator, and decreases to zero at the Poles.

A detailed analysis of the motion of particles in a rotating frame of reference would

show that another fictitious force is involved. This force, perpendicular to the velocity

of the particle or object in the rotating frame, is called the Coriolis force. It is named

after the French mathematician Gaspard Gustave de Coriolis (1792–1843). Notice that

this fictitious force acts on objects that are in motion relative to the rotating frame.

For most objects moving at Earth’s surface, the effect of the Coriolis force is not notice-

able. However, for objects that move very quickly or for a very long time, the effect is

important. For example, the Coriolis force is responsible for the rotation of many weather

patterns, such as the low-pressure systems that rotate counterclockwise in the Northern

Hemisphere and clockwise in the Southern Hemisphere.
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FW

mg +y

centrifugal

(exaggerated in size)

Figure 14

A ball dropped at the equator expe-

riences not only the force of gravity,

but also a small centrifugal force.

This FBD of the ball is in Earth’s

rotating frame of reference.

TRYTHIS activity The Foucault Pendulum 

In 1851, Jean Foucault, a French physicist, set up a pendulum to illustrate that Earth is a

rotating frame of reference. The Foucault pendulum consists of a heavy bob suspended on

a long wire; Foucault used a 28-kg bob attached to a 67-m wire. However, you can use a

much smaller pendulum with a globe to model a Foucault pendulum. 

(a) How would you use a globe and a simple pendulum to illustrate the behaviour of a

Foucault pendulum swinging at the North Pole, as in Figure 15? Describe what you

would observe at that location.

(b) How does the observed behaviour of a Foucault pendulum at the equator differ from

the observed behaviour at your latitude? 

(c) If possible, set up a demonstration of your answer to (a). Figure 15

A Foucault pendulum at the North

Pole for the Try This Activity

Coriolis force fictitious force that

acts perpendicular to the velocity of

an object in a rotating frame of

reference

Practice

Understanding Concepts 

12. You are standing on a slowly rotating merry-go-round, turning counterclockwise as

viewed from above. Draw an FBD for your body and explain your motion

(a) in Earth’s frame of reference (assumed to have negligible rotation)

(b) in the frame of reference of the merry-go-round

13. When you stand on the merry-go-round in question 12, you hold a string from which

is suspended a rubber stopper of mass 45 g. You are 2.9 m from the centre of the

merry-go-round. You take 4.1 s to complete one revolution. 

(a) Draw a system diagram, showing the situation at the instant you are moving due

east. 

(b) Draw an FBD of the stopper in Earth’s frame of reference for a person looking

eastward from behind you.

(c) Draw an FBD of the stopper in your frame of reference. 

(d) What angle does the string make with the vertical? 

(e) What is the magnitude of the tension in the string? 

14. (a) Show that the acceleration of an object dropped at the equator is about 0.34%

less than the acceleration due to gravity alone.

(b) What is the difference between your weight at the equator (in newtons) and your

weight (from acceleration due to gravity alone)?

Answers

13. (d) 35°

(e) 5.4 3 1022 N
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Shuttle Launches

Tangential centrifugal force assists

in the launching of NASA’s space

shuttles. All shuttles are launched

eastward, in the same direction as

Earth’s rotation. This is really an

application of Newton’s first law

because even before a shuttle is

launched, its speed is the speed of

the ground at that location. Can

you state why Toronto is a less 

satisfactory location for a space

centre than Cape Canaveral, and

Yellowknife still less satisfactory

than Toronto? 

DID YOU KNOW??

Applying Inquiry Skills 

15. You take a horizontal accelerometer (the type with three small beads in transparent

tubing, as in Figure 3 in the introduction to this chapter) onto an amusement-park

ride rotating in the horizontal plane to determine your centripetal acceleration

(Figure 16). The mass of the central bead in the accelerometer is 1.1 g. The ride

rotates clockwise as viewed from above, at a frequency of 0.45 Hz. You are 4.5 m from

the centre. 

(a) How would you hold the accelerometer to obtain the reading? 

(b) What is the magnitude of your centripetal acceleration? 

(c) At what angle from the vertical is the central bead in the accelerometer? 

(d) Determine the magnitude of the normal force exerted by the accelerometer on

the bead. 

Making Connections 

16. Research the origin and design of Foucault pendulums. Where is the Foucault pen-

dulum closest to your home? (Hint: Science centres and university astronomy or

physics departments may have a demonstration pendulum in operation.)

GO www.science.nelson.com

• The net force acting on an object in uniform circular motion acts toward the

centre of the circle. (This force is sometimes called the centripetal force, although

it is always just gravity, the normal force, or another force that you know already.)

• The magnitude of the net force can be calculated by combining Newton’s second-

law equation with the equations for centripetal acceleration.

• The frame of reference of an object moving in a circle is a noninertial frame of

reference.

• Centrifugal force is a fictitious force used to explain the forces observed in a

rotating frame of reference.

• Centrifuges apply the principles of Newton’s first law of motion and centrifugal

force.

• The Coriolis force is a fictitious force used to explain particles moving in a

rotating frame of reference.

Analyzing Forces in Circular MotionSUMMARY

Answers

15. (b) 36 m/s2

(c) 75°

(d) 4.1 3 1022 N

Physics and Military Action

In World War I, during a naval

battle near the Falkland Islands,

British gunners were surprised to

observe their shells landing about

100 m to the left of their targets.

The gun sights had been adjusted

for the Coriolis force at 50° N 

latitude. However, the battle was in

the Southern Hemisphere, where

this force produces a deflection in

the opposite direction. 

DID YOU KNOW??
Figure 16

As this ride begins, it rotates in

the horizontal plane, allowing a

rider to use a horizontal

accelerometer to measure the

acceleration.
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Understanding Concepts 

1. Which of the two designs in Figure 1(b) at the beginning

of this section is better? Why? 

2. A 1.00-kg stone is attached to one end of a 1.00-m string,

of breaking strength 5.00 3 102 N, and is whirled in a hori-

zontal circle on a frictionless tabletop. The other end of the

string is kept fixed. Find the maximum speed the stone can

attain without breaking the string.

3. A 0.20-kg ball on the end of a string is rotated in a hori-

zontal circle of radius 10.0 m. The ball completes 10 rota-

tions in 5.0 s. What is the magnitude of the tension in the

string? 

4. In the Bohr-Rutherford model of the hydrogen atom, the

electron, of mass 9.1 3 10231 kg, revolves around the

nucleus. The radius of the orbit is 5.3 3 10211 m and the

period of revolution of the electron around the nucleus is

1.5 3 10216 s. 

(a) Find the magnitude of the acceleration of the electron. 

(b) Find the magnitude of the electric force acting on the

electron. 

5. A 1.12-m string pendulum has a bob of mass 0.200 kg.

(a) What is the magnitude of the tension in the string

when the pendulum is at rest?

(b) What is the magnitude of the tension at the bottom of

the swing if the pendulum is moving at 1.20 m/s?

6. When you whirl a small rubber stopper on a cord in a ver-

tical circle, you find a critical speed at the top for which the

tension in the cord is zero. At this speed, the force of

gravity on the object is itself sufficient to supply the neces-

sary centripetal force.

(a) How slowly can you swing a 15-g stopper like this so

that it will just follow a circle with a radius of 1.5 m? 

(b) How will your answer change if the mass of the stopper

doubles? 

7. An object of mass 0.030 kg is whirled in a vertical circle of

radius 1.3 m at a constant speed of 6.0 m/s. Calculate the

maximum and minimum tensions in the string. 

8. A child is standing on a slowly rotating ride in a park. The

ride operator makes the statement that in Earth’s frame of

reference, the child remains at the same distance from the

centre of the ride because there is no net force acting on

him. Do you agree with this statement? Explain your

answer. 

Applying Inquiry Skills 

9. You are on a loop-the-loop roller coaster at the inside top

of a loop that has a radius of curvature of 15 m. The force

you feel on your seat is 2.0 times as great as your normal

weight. You are holding a vertical accelerometer, consisting

of a small metal bob attached to a sensitive spring

(Figure 17).

(a) Name the forces that act toward the centre of the

circle. 

(b) Determine the speed of the coaster at the top of the

loop. 

(c) Name the forces contributing to the centripetal force

on the bob of the accelerometer. 

(d) If the accelerometer is calibrated as in Figure 17, what

reading will you observe at the top of the loop? (Hint:

Draw an FBD of the accelerometer bob when it is

inverted in Earth’s frame of reference at the top of the

ride. Assume two significant digits.)

(e) What are the most likely sources of random and sys-

tematic error in trying to use a vertical accelerometer

on a roller coaster? 

Making Connections 

10. Very rapid circular motion, particularly of machinery, pres-

ents a serious safety hazard. Give three examples of such

hazards—one from your home, one from an ordinary car,

and one from the workplace of a friend or family member.

For each hazard, describe the underlying physics and pro-

pose appropriate safety measures. 

11. Centrifuges are used for separating out components in

many mixtures. Describe two applications of centrifuges

from one of the following areas: the clinical analysis of

blood, laboratory investigations of DNA and proteins, the

preparation of dairy products, and sample analyses in

geology. 

Figure 17

This vertical accelerometer is

calibrated in such a way that

when it is at rest, the scale

reads “1g” at the bottom of the

bob.

GO www.science.nelson.com

0 g

1 g

2 g

3 g

4 g
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3.33.3Universal Gravitation 

People have always enjoyed viewing stars and planets on clear, dark nights (Figure 1). It

is not only the beauty and variety of objects in the sky that is so fascinating, but also

the search for answers to questions related to the patterns and motions of those objects.

Until the late 1700s, Jupiter and Saturn were the only outer planets identified in our

solar system because they were visible to the naked eye. Combined with the inner planets

(Mercury, Venus, Earth, and Mars), the solar system was believed to consist of the Sun

and six planets, as well as other smaller bodies such as moons. Then in 1781, British

astronomer William Herschel (1738–1822), after making careful observations on what

other astronomers thought was a star, announced that the “star” appeared to move rel-

ative to the background stars over a long period. This wandering star turned out to be

the seventh planet, which Herschel named Uranus, after the Greek god of the sky and ruler

of the universe. Astronomers studied the motion of Uranus over many years and dis-

covered that its path was not quite as smooth as expected. Some distant hidden object

appeared to be “tugging” on Uranus causing a slightly uneven orbit. Using detailed math-

ematical analysis, they predicted where this hidden object should be, searched for it for

many years, and in 1846 discovered Neptune (Figure 2). Neptune is so far from the Sun

that it takes almost 165 Earth years to complete one orbit; in other words, it will soon

complete its first orbit since being discovered.

The force that keeps the planets in their orbits around the Sun and our Moon in its

orbit around Earth is the same force tugging on Uranus to perturb its motion—the

force of gravity. This force exists everywhere in the universe where matter exists. Sir

Isaac Newton first analyzed the effects of gravity throughout the universe. Neptune was

discovered by applying Newton’s analysis of gravity.

Newton’s Law of Universal Gravitation 
In his Principia, published in 1687, Newton described how he used known data about

objects in the solar system, notably the Moon’s orbit around Earth, to discover the fac-

tors that affect the force of gravity throughout the universe. The relationships involved

are summarized in his law of universal gravitation.

Figure 2

Neptune, the most distant of the

gas giant planets, was named after

the Roman god of water. Although

earthbound telescopes disclose

little detail, photographs taken by

the space probe Voyager 2 in 1989

reveal bright blue and white clouds,

and a dark area that may be a large

storm.

Figure 1

The details of the night sky are

enhanced when the surroundings

are dark and a telescope is used.

The force of gravity has an impor-

tant influence on all the objects in

the universe.

Perturbations 

In physics, a perturbation is a

slight alteration in the action of a

system that is caused by a sec-

ondary influence. Perturbations

occur in the orbits of planets,

moons, comets, and other heav-

enly bodies. When astronomers

analyze the perturbations in the

orbits of heavenly bodies, they

search for the secondary influence

and sometimes discover another

body too small to find by chance. 

LEARNING TIP
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To express this law in equation form, we use the following symbols for the magni-

tudes of the variables involved: FG is the force of gravitational attraction between any two

objects; m1 is the mass of one object; m2 is the mass of a second object; and r is the dis-

tance between the centres of the two objects, which are assumed to be spherical.

Newton discovered the following proportionalities:

If m2 and r are constant, FG ~ m1 (direct variation).

If m1 and r are constant, FG ~ m2 (direct variation).

If m1 and m2 are constant, FG ~ (inverse square variation).

Combining these statements, we obtain a joint variation:

FG ~ }
m

r

1m

2

2
}

Finally, we can write the equation for the law of universal gravitation:

FG 5 }
Gm

r

1

2

m2
}

where G is the universal gravitation constant.

In applying the law of universal gravitation, it is important to consider the following

observations:

• There are two equal, but opposite forces present. For example, Earth pulls on you

and you pull on Earth with a force of equal magnitude.

• For the force of attraction to be noticeable, at least one of the objects must be

very large.

• The inverse square relationship between FG and r means that the force of attrac-

tion diminishes rapidly as the two objects move apart. On the other hand, there

is no value of r, no matter how large, that would reduce the force of attraction to

zero. Every object in the universe exerts a force of attraction on every other

object.

• The equation for the law of universal gravitation applies only to two spherical

objects (such as Earth and the Sun), to two objects whose sizes are much smaller

than their separation distance (for example, you and a friend separated by 

1.0 km), or to a small object and a very large sphere (such as you and Earth).

1
}
r2

Caroline Herschel:

An Underrated Astronomer

Uranus was the first planet discov-

ered by telescope. William Herschel,

the astronomer who made the dis-

covery, designed and built his own

instruments with the assistance of

another astronomer, his sister.

Caroline Herschel (1750–1848) spent

long hours grinding and polishing

the concave mirrors used to make

reflecting telescopes. With some of

those telescopes, she made many

discoveries of her own, including

nebulae (clouds of dust or gas in

interstellar space) and comets. She

also helped William develop a math-

ematical approach to astronomy,

and contributed greatly to perma-

nently valuable catalogues of astro-

nomical data. She was the first

woman to be granted a membership

in the Royal Astronomical Society in

London, UK.

DID YOU KNOW?? Newton’s Law of Universal Gravitation

The force of gravitational attraction between any two

objects is directly proportional to the product of the masses

of the objects, and inversely proportional to the square of

the distance between their centres. 

Earth’s gravitational pull on a spacecraft some distance away is 1.2 3 102 N in magnitude.

What will the magnitude of the force of gravity be on a second spacecraft with 1.5 times

the mass of the first spacecraft, at a distance from Earth’s centre that is 0.45 times as

great? 

Solution 

Let mE represent the mass of Earth, and the subscripts 1 and 2 represent the first and

second spacecraft, respectively. 

SAMPLE problem 1
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Section 3.3

Answers

3. 8.0 N

4. 2.3 3 102 N

5. 4.2 m

F1 = 1.2 3 102 N

m2 = 1.5m1

r2 = 0.45r1

F2 = ? 

By ratio and proportion:

}
F

F

2

1

} 5

F2 5 F1 1}
m

r2
2

2
}21}
m

r1
2

1

}2

5 F1 1 21}
m

r1
2

1

}2
5 1.2 3 102 N 1 2

F2 5 8.9 3 102 N

The force of gravity on the spacecraft is 8.9 3 102 N in magnitude. 

1.5
}
(0.45)2

1.5m1
}
(0.45r1 )2

1}Gmr2
E

2

m2
}2

}}

1}Gmr1
E

2

m1
}2

Practice

Understanding Concepts 

1. Relate Newton’s third law of motion to his law of universal gravitation. 

2. What is the direction of the gravitational force of attraction of object A on 

object B? 

3. The magnitude of the force of gravitational attraction between two uniform

spherical masses is 36 N. What would the magnitude of the force be if one mass

were doubled, and the distance between the objects tripled? 

4. Mars has a radius and mass 0.54 and 0.11 times the radius and mass of Earth. 

If the force of gravity on your body is 6.0 3 102 N in magnitude on Earth, what

would it be on Mars? 

5. The magnitude of the force of gravity between two uniform spherical masses is

14 N when their centres are 8.5 m apart. When the distance between the masses

is changed, the force becomes 58 N. How far apart are the centres of the

masses?

Applying Inquiry Skills 

6. Sketch a graph showing the relationship between the magnitude of the gravita-

tional force and the distance separating the centres of two uniform spherical

objects. 

Making Connections 

7. In the past, Pluto has been known as the ninth planet in the solar system.

Recently, however, it has been suggested that Pluto should be classified as 

a body other than a planet. Research and write a brief report on Pluto’s 

discovery, and also the reasons for the recent controversy over Pluto’s planetary

status.

GO www.science.nelson.com
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Figure 3

Cavendish’s experimental setup 

(a) This sketch of the apparatus

appeared in his original paper. The

device is mounted in a large case G,

with outside controls to move the

masses and adjust the horizontal

rod. Scales near the end of the rod

are illuminated by lamps L and

observed through the telescope T.

(b) A simplified view of the apparatus

Determining the Universal Gravitation Constant 
The numerical value of the universal gravitation constant G is extremely small; experi-

mental determination of the value did not occur until more than a century after Newton

formulated his law of universal gravitation. In 1798, British scientist Henry Cavendish

(1731–1810), using the apparatus illustrated in Figure 3, succeeded in measuring the

gravitational attraction between two small spheres that hung on a rod approximately 

2 m long and two larger spheres mounted independently. Using this equipment, he

derived a value of G that is fairly close to today’s accepted value of 6.67 3 10211 N?m2/kg2.

His experiment showed that gravitational force exists even for relatively small objects and,

by establishing the value of the constant of proportionality G, he made it possible to

use the law of universal gravitation in calculations. Cavendish’s experimental determi-

nation of G was a great scientific triumph. Astronomers believe that its magnitude may

influence the rate at which the universe is expanding.

(b)

(a)

Universal Laws 

Newton’s law of universal gravita-

tion was among the first of the “uni-

versal truths,” or laws of nature that

could be applied everywhere.

Scientists in the 18th and 19th cen-

turies introduced an analytical and

scientific approach to searching for

answers to questions in other fields.

By the turn of the 20th century,

however, scientific investigation

showed that nature was not as

exact and predictable as everyone

had believed. For example, as you

will see in Unit 5, the tiny physical

world of the atom does not obey

strict, predictive laws.

DID YOU KNOW??
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Section 3.3

Answers

8. 2.4 3 102 N

9. 4.90 3 102 N

10. 24.8 m/s2

11. (a) 2.95 3 107 m

(b) 2.31 3 107 m

12. 6.8 N

13. (a) 5.98 3 1024 kg

m1 = 3.0 kg

m4 = 1.0 kg

m2 = 1.0 kg

m3 = 4.0 kg

1.0 m

1.0 m

Figure 4

For question 12• Newton’s law of universal gravitation states that the force of gravitational attrac-

tion between any two objects is directly proportional to the product of the

masses of the objects and inversely proportional to the square of the distance

between their centres.

• The universal gravitation constant, G = 6.67 3 10211 N?m2/kg2, was first deter-

mined experimentally by Henry Cavendish in 1798.

• The law of universal gravitation is applied in analyzing the motions of bodies in

the universe, such as planets in the solar system. (This analysis can lead to the

discovery of other celestial bodies.)

Universal GravitationSUMMARY

Determine the magnitude of the force of attraction between two uniform metal balls, of

mass 4.00 kg, used in women’s shot-putting, when the centres are separated by 45.0 cm. 

Solution 

G 5 6.67 3 10211 N?m2/kg2 r 5 0.450 m

m1 5 m2 5 4.00 kg FG 5 ? 

FG 5

5

FG 5 5.27 3 1029 N

The magnitude of the force of attraction is 5.27 3 1029 N, an extremely small value. 

(6.67 3 10211 N?m2/kg2)(4.00 kg)(4.00 kg)
}}}}}

(0.450 m)2

Gm1m2
}
r2

SAMPLE problem 2

Practice

Understanding Concepts 

8. What is the magnitude of the force of gravitational attraction between two 

1.8 3 108-kg spherical oil tanks with their centres 94 m apart? 

9. A 50.0-kg student stands 6.38 3 106 m from Earth’s centre. The mass of Earth is

5.98 3 1024 kg. What is the magnitude of the force of gravity on the student? 

10. Jupiter has a mass of 1.90 3 1027 kg and a radius of 7.15 3 107 m. Calculate the

magnitude of the acceleration due to gravity on Jupiter. 

11. A space vehicle, of mass 555 kg, experiences a gravitational pull from Earth of

255 N. The mass of Earth is 5.98 3 1024 kg. How far is the vehicle (a) from the

centre of Earth and (b) above the surface of Earth?

12. Four masses are located on a plane, as in Figure 4. What is the magnitude of

the net gravitational force on m1 due to the other three masses? 

Making Connections 

13. The mass of Earth can be calculated by applying the fact that an object’s weight

is equal to the force of gravity between Earth and the object. The radius of Earth

is 6.38 3 106 m.

(a) Determine the mass of Earth. 

(b) At what stage in the historical development of science would physicists first

have been able to calculate Earth’s mass accurately? Explain your answer. 

(c) What effect on society is evident now that we accurately know Earth’s mass?
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Section 3.3 Questions

Understanding Concepts 

1. Do you agree with the statement, “There is no location any-

where in the universe where a body can exist with no force

acting on it”? Explain. 

2. The force of attraction between masses m1 and m2 is 26 N

in magnitude. What will the magnitude of the force become

if m2 is tripled, and the distance between m2 and m1 is

halved? 

3. You are an astronaut. At what altitude above the surface of

Earth is your weight one-half your weight on the surface?

Express your answer as a multiple of Earth’s radius rE. 

4. Calculate the magnitude of the gravitational attraction

between a proton of mass 1.67 3 10227 kg and an electron

of mass 9.11 3 10231 kg if they are 5.0 3 10211 m apart (as

they are in a hydrogen atom). 

5. Uniform spheres A, B, and C have the following masses

and centre-to-centre separations: mA 5 55 kg, mB 5 75 kg,

mC 5 95 kg; rAB 5 0.68 m, rBC 5 0.95 m. If the only forces

acting on B are the forces of gravity due to A and C, deter-

mine the net force acting on B with the spheres arranged

as in Figures 5(a) and (b). 

6. At a certain point between Earth and the Moon, the net

gravitational force exerted on an object by Earth and the

Moon is zero. The Earth-Moon centre-to-centre separation

is 3.84 3 105 km. The mass of the Moon is 1.2% the mass of

Earth.

(a) Where is this point located? Are there any other such

points? (Hint: Apply the quadratic formula after setting

up the related equations.) 

(b) What is the physical meaning of the root of the quad-

ratic equation whose value exceeds the Earth-Moon

distance? (An FBD of the object in this circumstance

will enhance your answer.) 

Applying Inquiry Skills 

7. Using Figure 6, you can illustrate what happens to the

magnitude of the gravitational force of attraction on an

object as it recedes from Earth. Make a larger version of the

graph and complete it for the force of gravity acting on you

as you move from the surface of Earth to 7.0 Earth radii

from the centre of Earth. 

Making Connections 

8. A geosynchronous satellite must remain at the same loca-

tion above Earth’s equator as it orbits Earth. 

(a) What period of revolution must a geosynchronous

satellite have? 

(b) Set up an equation to express the distance of the

satellite from the centre of Earth in terms of the uni-

versal gravitation constant, the mass of Earth, and the

period of revolution around Earth. 

(c) Determine the value of the distance required in (b).

(Refer to Appendix C for data.)

(d) Why must the satellite remain in a fixed location 

(relative to an observer on Earth’s surface)? 

(e) Research the implications of having too many geosyn-

chronous satellites in the space available above the

equator. Summarize your findings in a brief report. 

Earth
FG

on You

(N)

Distance from the

Centre of Earth

rE 3rE 5rE 7rE

rE

Figure 6

GO www.science.nelson.com

rAB

A B C

rAC

(a)

rAB

A B

C

rAC

E

N

(b)

Figure 5
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3.43.4Satellites and Space Stations 

A satellite is an object or a body that revolves around another object, which is usually

much larger in mass. Natural satellites include the planets, which revolve around the

Sun, and moons that revolve around the planets, such as Earth’s Moon. Artificial satel-

lites are human-made objects that travel in orbits around Earth or another body in the

solar system.

A common example of an artificial satellite is the network of 24 satellites that make

up the Global Positioning System, or GPS. This system is used to determine the position

of an object on Earth’s surface to within 15 m of its true position. The boat shown in

Figure 1 has a computer-controlled GPS receiver that detects signals from each of three

satellites. These signals help to determine the distance between the boat and the satel-

lite, using the speed of the signal and the time it takes for the signal to reach the boat.

Another example of an artificial satellite is a space station, a spacecraft in which

people live and work. Currently, the only space station in operation is the International

Space Station, or ISS. Like satellites travelling with uniform circular motion, the ISS

travels in an orbit of approximately fixed radius. The ISS is a permanent orbiting labo-

ratory in which research projects, including testing how humans react to space travel, are

conducted. In the future, the knowledge gained from this research will be applied to

design and operate a spacecraft that can transport people great distances to some des-

tination in the solar system, such as Mars.

Satellites in Circular Orbit 
When Isaac Newton developed his idea of universal gravitation, he surmised that the

same force that pulled an apple downward as it fell from a tree was responsible for

keeping the Moon in its orbit around Earth. But there is a big difference: the Moon does

not hit the ground. The Moon travels at the appropriate speed that keeps it at approxi-

mately the same distance, called the orbital radius, from Earth’s centre. As the Moon

circles Earth, it is undergoing constant free fall toward Earth; all artificial satellites 

in circular motion around Earth undergo the same motion. A satellite pulled by the

force of gravity toward Earth follows a curved path. Since Earth’s surface is curved, the

S1 S1 S2 S 1 S2

S 3(a) (b) (c)

Figure 1

GPS satellites can determine the

location of an object, in this case a

boat. 

(a) With one satellite, the location

is known to be somewhere

along the circumference of a

circle. 

(b) With two satellites consulted

simultaneously, the location is

found to be at one of two inter-

section spots. 

(c) With three satellites consulted

simultaneously, the intersection

of three circles gives the exact

location of the boat.

satellite object or body that

revolves around another body

space station an artificial satellite

that can support a human crew and

remains in orbit around Earth for

long periods
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satellite falls downward at the same rate as Earth’s curvature. If the orbiting, free-falling

satellite has the proper speed for its orbital radius as it falls toward Earth, it will never

land (Figure 2).

To analyze the motion of a satellite in uniform circular motion, we combine Newton’s

law of universal gravitation with the equation for centripetal acceleration involving the

satellite’s speed. Using the magnitudes of the forces only, we have:

oF 5 }
Gm

r

S

2

mE
} 5

where G is the universal gravitation constant, mS is the mass of the satellite, mE is the mass

of Earth, v is the speed of the satellite, and r is the distance from the centre of Earth to

the satellite. Solving for the speed of the satellite and using only the positive square root:

v 5 !}
Gm

r

E
}§

This equation indicates that for a satellite to maintain an orbit of radius r, its speed must

be constant. Since the Moon’s orbital radius is approximately constant, its speed is also

approximately constant. A typical artificial satellite with a constant orbital radius is a

geosynchronous satellite used for communication. Such a satellite is placed in a 24-hour

orbit above the equator so that the satellite’s period of revolution coincides with Earth’s

daily period of rotation.

The equations for centripetal acceleration in terms of the orbital period and frequency

can also be applied to analyze the motion of a satellite in uniform circular motion

depending on the information given in a problem.

mSv2

}
r

force of gravity

orbit

radius

Figure 2

A satellite in a circular orbit around

Earth experiences constant free fall

as its path follows the curvature of

Earth’s surface.

Figure 3

The Hubble Space Telescope (HST)

being deployed from the cargo bay

of a space shuttle

The Hubble Space Telescope (HST), shown in Figure 3, follows an essentially circular

orbit, at an average altitude of 598 km above the surface of Earth. 

(a) Determine the speed needed by the HST to maintain its orbit. Express the speed both

in metres per second and in kilometres per hour. 

(b) What is the orbital period of the HST? 

Solution 

(a) G 5 6.67 3 10211 N?m2/kg2 r 5 6.38 3 106 m + 5.98 3 105 m 5 6.98 3 106 m

mE 5 5.98 3 1024 kg v 5 ?

Since gravity causes the centripetal acceleration,

5

Solving for v : 

v 5 !}
Gm

r

E
}§

5 !§§
5 7.56 3 103 m/s

v 5 2.72 3 104 km/h

The required speed of the HST is 7.56 3 103 m/s, or 2.72 3 104 km/h. 

(6.67 3 10211 N?m2/kg2)(5.98 3 1024 kg)
}}}}}

6.98 3 106 m

mSv2

}
r

GmSmE
}

r2

SAMPLE problem 1
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Section 3.4

Analyzing Black Holes 

A black hole is created when a

star, having exhausted the nuclear

fuel from its core, and having a

core mass about twice as great as

the mass of the Sun, collapses. The

gravitational force of a black hole

is so strong that nothing—not even

light—can escape. A black hole is

observed indirectly as material

from a nearby star falls toward it, 

resulting in the emission of X rays,

some of which can be detected on

Earth. Measurements of the mate-

rial in circular motion around a

black hole can reveal the speed of

the material and the distance it is

from the centre of its orbital path.

The equations developed for satel-

lite motion can then be used to

determine the mass of the black

hole. 

DID YOU KNOW??

Answers

1. (b) vM = 1.02 3 103 m/s

2. (a) 7.64 3 103 m/s

(b) 1.56 h

3. r 5 !§
4. (a) 8.64 3 104 s

(b) 3.59 3 104 km

6. (a) 4.8 3 1039 kg

(b) 2.4 3 109 :1

T 2GmE
}

4p2

(b) v 5 2.72 3 104 km/h

d 5 2pr 5 2p(6.98 3 103 km)

T 5 ? 

T 5 }
2p

v

r
}

5

T 5 1.61 h

The orbital period of the HST is 1.61 h.

2p(6.98 3 103 km)
}}}

2.72 3 104 km/h

Practice

Understanding Concepts 

1. (a) As the altitude of an Earth satellite in circular orbit increases, does the

speed of the satellite increase, decrease, or remain the same? Why? 

(b) Check your answer by comparing the speed of the HST (discussed in

Sample Problem 1) with the speed of the Moon. The orbital radius of the

Moon is 3.84 3 105 km. 

2. The ISS follows an orbit that is, on average, 450 km above the surface of Earth.

Determine (a) the speed of ISS and (b) the time for one orbit. 

3. Derive an expression for the radius of a satellite’s orbit around Earth in terms of

the period of revolution, the universal gravitation constant, and Earth’s mass.

4. Satellite-broadcast television is an alternative to cable. A “digital TV” satellite fol-

lows a geosynchronous orbit. 

(a) State the period of revolution of the satellite in seconds. 

(b) Determine the altitude of the orbit above the surface of Earth. 

Applying Inquiry Skills 

5. Sketch graphs showing the relationship between the speed of a satellite in uni-

form circular motion and 

(a) the mass of the body around which the satellite is orbiting

(b) the orbital radius

Making Connections 

6. Astronomers have identified a black hole at the centre of galaxy M87

(Figure 4). From the properties of the light observed, they have measured 

material at a distance of 5.7 3 1017 m from the centre of the black hole, travel-

ling at an estimated speed of 7.5 3 105 m/s. 

Figure 4

This image of the centre of galaxy

M87 was obtained by the HST. The

square identifies the area at the

core of the galaxy where a black

hole is believed to exist.

3
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Apparent Weight and Artificial Gravity 
When you stand on a bathroom scale, you feel a normal force pushing upward on your

body. That normal force makes you aware of your weight, which has a magnitude of

mg. If you were standing on that same scale in an elevator accelerating downward, the

normal force pushing up on you would be less, so the weight you would feel would be

less than mg. This force, called the apparent weight, is the net force exerted on an accel-

erating object in its noninertial frame of reference. If you were standing on that same scale

on a free-falling amusement park ride, there would be no normal force and the scale

would read zero. If you were to travel on the ISS, you would be in constant free fall, so

there would be no normal force acting on you. Figure 5 illustrates these four situations.

scale

FN mg=

scale

FN mg<

a < 9.8 m/s2 [down]

scale

FN = 0

a = 9.8 m/s2 [down]

FN = 0

ac

scale

Figure 5

(a) The reading on a bathroom

scale is equal to the magnitude

of your weight, mg. 

(b) The reading on the bathroom

scale becomes less than mg if

you weigh yourself on an ele-

vator accelerating downward. 

(c) The reading is zero in vertical

free fall at an amusement park. 

(d) An astronaut in orbit is in free

fall, so the reading on the 

scale is zero.

Have you ever noticed how astronauts and other objects in orbiting spacecraft appear

to be floating (Figure 6)? This condition arises as the spacecraft and everything in it

undergo constant free fall. The apparent weight of all the objects is zero. (This condition

of constant free fall has been given various names, including zero gravity, microgravity,

and weightlessness. These terms will be avoided in this text because they are misleading.) 

(a) Determine the mass of this black hole, making the assumption that the

observed material is in a circular orbit.

(b) What is the ratio of the mass of the black hole to the mass of the Sun 

(1.99 3 1030 kg)? What does this ratio suggest about the origin and makeup

of a black hole found at the centre of a galaxy? 

(c) It has been suggested that “dark body” is a better term than “black hole.”

Do you agree? Why or why not? 

apparent weight the net force

exerted on an accelerating object in

a noninertial frame of reference

(a) (b) (c) (d)
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Since humans first became space travellers approximately four decades ago, researchers

have investigated the effects of constant free fall on the human body. The absence of

forces against the muscles causes the muscles to become smaller and the bones to become

brittle as they lose calcium. Excess body fluids gather in the upper regions of the body

causing the heart and blood vessels to swell, making the astronauts’ faces look puffy and

their legs look thinner. This imbalance of fluids also affects the kidneys, resulting in

excess urination.

Today, vigorous exercise programs on space flights help astronauts reduce these neg-

ative effects on their bodies. Even with such precautions, however, the effects of con-

stant free fall would be disastrous over the long periods needed to travel to other parts

of the solar system, such as Mars. The most practical solution to this problem is to design

interplanetary spacecrafts that have artificial gravity, where the apparent weight of an

object is similar to its weight on Earth.

One way to produce artificial gravity during long space flights is to have the spacecraft

constantly rotating (Figure 7). Adjusting the rate of rotation of the spacecraft to the

appropriate frequency allows the astronauts’ apparent weight to equal the magnitude

of their Earth-bound weight.

Physics teachers often use water in a bucket swung quickly (and safely!) in a loop to

simulate artificial gravity. You can perform a similar simulation in Activity 3.4.1 in the

Lab Activities section at the end of this chapter.

Section 3.4

Figure 6

Canadian astronaut Julie Payette in

free fall during duties on the space

shuttle Discovery in 1999.

Simulating Artificial Gravity

(p. 154)

You can use a ball inside a bucket

swung quickly in a vertical circle to

simulate the situation in which an

astronaut moves with uniform cir-

cular motion on the interior wall of a

rotating space station. How does

this model differ from the real-life

rotating space station?

ACTIVITY 3.4.1

FN 

axis of
rotation

Figure 7

Any object on the inside surface of a rotating spacecraft experiences a normal force

toward the centre of the craft. This normal force causes the centripetal acceleration

of the objects in circular motion.

You are an astronaut on a rotating space station. Your station has an inside diameter of

3.0 km. 

(a) Draw a system diagram and an FBD of your body as you stand on the interior surface

of the station.

(b) Determine the speed you need to have if your apparent weight is to be equal in mag-

nitude to your Earth-bound weight. 

(c) Determine your frequency of rotation, both in hertz and in revolutions per minute.

SAMPLE problem 2

artificial gravity situation in which

the apparent weight of an object is

similar to its weight on Earth

Early Space Stations

The former Soviet Union and the

United States operated experi-

mental space stations intermit-

tently from the 1970s onward. The

most famous and long-lasting sta-

tion before the ISS was the Soviet

(later Russian) Mir, launched in

1986 and decommissioned in 2001.

DID YOU KNOW??
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Answers

7. (a) 3.7 3 102 N

(b) 7.3 3 102 N

9. (a) 5.5 3 102 N 

(b) 87%

10. (a) 126 m/s

(b) 80.8 s

Solution 

(a) Figure 8 contains the required diagrams. 

(b) The centripetal acceleration is caused by the normal force of the inside surface of the

station on your body. Your weight on Earth is mg.

r 5 1.5 km 5 1.5 3 103 m

v 5 ? 

oF 5 max

FN 5 mac

FN 5

mg 5

v2 5 gr

v 5 Ïgrw

5 Ï(9.8 mw/s2 )(1.w5 3 10w3 m)w

v 5 1.2 3 102 m/s

Your speed must be 1.2 3 102 m/s. 

(c) v 5 1.2 3 102 m/s

f 5 ? 

v 5 }
2

T

pr
}

f 5 }
1

T
}

v 5 2prf

f 5 }
2p

v

r
}

5 }
2

1

p

.

(

2

1

3

.5 3

10

1

2

0

m

3

/

m

s

)
}

f 5 1.3 3 1022 Hz, or 0.77 rpm

Your frequency of rotation is 1.3 3 1022 Hz, or 0.77 rpm. 

mv2

}
r

mv2

}
r

Practice

Understanding Concepts 

7. Determine the magnitude of the apparent weight of a 56-kg student standing in

an elevator when the elevator is experiencing an acceleration of (a) 3.2 m/s2

downward and (b) 3.2 m/s2 upward.

8. Describe why astronauts appear to float around the ISS even though the gravita-

tional pull exerted on them by Earth is still relatively high. 

9. The ISS travels at an altitude of 450 km above the surface of Earth. 

(a) Determine the magnitude of the gravitational force on a 64-kg astronaut at

that altitude. 

(b) What percentage of the astronaut’s Earth-bound weight is the force in (a)? 

10. A cylindrical spacecraft travelling to Mars has an interior diameter of 3.24 km.

The craft rotates around its axis at the rate required to give astronauts along the

interior wall an apparent weight equal in magnitude to their Earth-bound weight.

Determine (a) the speed of the astronauts relative to the centre of the spacecraft

and (b) the period of rotation of the spacecraft.

(a)

axis of

rotation

+x

FN

(b)

Figure 8

(a) The system diagram of the

astronaut and the space station

for Sample Problem 2

(b) The FBD of the astronaut
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Section 3.4

• Satellites can be natural (such as moons of planets) or artificial (such as the

Hubble Space Telescope).

• The speed of a satellite in uniform circular motion around a central body is a

function of the mass of that central body and the radius of the orbit. The speed is

constant for a given radius.

• Any interplanetary space travel for humans in the future must involve artificial

gravity aboard a spacecraft.

Satellites and Space StationsSUMMARY

Section 3.4 Questions

Understanding Concepts 

1. Describe a situation in which a space station is a satellite

and a situation in which a space station is not a satellite. 

2. Arrange the following satellites in decreasing order of

speed: the Moon, the ISS, a geosynchronous satellite, and a

weather-watch satellite. (Weather-watch satellites are

closer to Earth than the ISS.) 

3. The Moon’s mass is 1.23% of Earth’s mass and its radius is

27.2% of Earth’s radius. Determine the ratio of the speed of

an artificial satellite in orbit around Earth to the speed of a

similar satellite in orbit around the Moon, assuming that the

orbital radii are the same. 

4. Mars travels around the Sun in 1.88 Earth years in an

approximately circular orbit with a radius of 2.28 3 108 km.

Determine (a) the orbital speed of Mars (relative to the

Sun) and (b) the mass of the Sun.

5. Each satellite in the Global Positioning System travels at

1.05 3 104 km/h. Determine, in kilometres, each satellite’s

(a) orbital radius and (b) distance from the surface of Earth.

(Refer to Appendix C for data.)

6. As a spacecraft of diameter 2.8 km approaches Mars, the

astronauts want to experience what their Mars-bound

weight will be. What should (a) the period and (b) the fre-

quency of rotation be to simulate an acceleration due to

gravity of magnitude 3.8 m/s2? 

Applying Inquiry Skills 

7. (a) Choose a toy that involves motion and describe how

you think its operation on the ISS would differ from its

operation on Earth. 

(b) Research which toys have been taken into space for

physics experiments. Describe some results of these

experiments.

Making Connections 

8. Although Earth’s orbit around the Sun is not perfectly cir-

cular, it can still be analyzed by applying the principles and

equations of circular motion. Consider that Earth’s orbital

speed is slightly greater during our winters than during our

summers.

(a) In which month, June or December, is Earth closer to

the Sun?

(b) Does your answer to (a) explain why June in the

Northern Hemisphere is so much warmer than

December? Why or why not?

GO www.science.nelson.com

Applying Inquiry Skills 

11. You are an astronaut on a mission to Mars. You want to determine whether the

frequency of rotation of your spacecraft is providing an apparent weight equal in

magnitude to your Earth-bound weight. What experiment(s) could you perform?

Making Connections 

12. Astronauts on a rotating spacecraft travelling to Mars, like present-day astro-

nauts on the nonrotating ISS, need to minimize problems with muscles, bones,

and body fluids. In what ways would an exercise program for astronauts bound

for Mars resemble, and in what ways would it differ from, an exercise program

for astronauts on the ISS?
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Key Expectations 

• define and describe concepts and SI units related to

the dynamics of circular motion (3.1, 3.2, 3.3, 3.4) 

• analyze and predict, in quantitative terms, and explain

uniform circular motion in the horizontal and vertical

planes with reference to the forces involved (3.2) 

• distinguish between noninertial (accelerating) and

inertial (nonaccelerating) frames of reference, and cal-

culate velocity and acceleration of objects in uniform

circular motion (3.2, 3.4) 

• describe Newton’s law of universal gravitation, apply it

quantitatively, and use it to explain the motion of

planets and satellites (3.3, 3.4) 

• investigate, through experimentation, the relationships

among centripetal acceleration, radius of orbit, and

frequency and period of an object in uniform circular

motion, and analyze the relationships in quantitative

terms (3.1) 

• describe technological devices that are based on the

concepts and principles of circular motion (e.g.,

explain, using scientific concepts and principles, how a

centrifuge separates the components of a mixture and

why the clothoid loop is used in the design of looping

roller coasters) (3.2, 3.4)

• analyze the principles of dynamics and describe, with

reference to these principles, how the motion of

human beings, objects, and vehicles can be influenced

by modifying certain factors (e.g., analyze artificial

gravity in long-range spacecraft) (3.2, 3.4) 

Key Terms 

Key Equations 

• ac 5 5 5 4p2rf 2 (3.1)

• oF 5 5 5 4p2mrf 2 (3.2)

• FG 5 }
Gm

r

1

2

m2
} (3.3)

4p2mr
}
T 2

mv2

}
r

4p2r
}
T 2

v2

}
r

MAKE a summary

Draw and label several FBDs to illustrate the key expecta-

tions, key terms, key equations, concepts, and applications

presented in this chapter. Objects for which you can draw

FBDs include

• a passenger near the outside perimeter of a merry-go-

round (show both the inertial and noninertial frames of

reference)

• a horizontal accelerometer held by a passenger on a

merry-go-round 

• a rubber stopper on the end of a string being twirled in a

vertical circle (draw at least three FBDs) 

• a car travelling around a banked curve as viewed from the

rear of the car

• a geosynchronous satellite in orbit around Earth 

• an astronaut walking along the inside wall of a large

rotating space station 

• a physics student using a vertical accelerometer at var-

ious locations on the ride shown in Figure 1

Figure 1

A vertical accelerometer can

be used to determine the

accelerations experienced by

the riders at various locations

on this coaster.

uniform circular

motion 

centripetal acceleration 

centripetal force 

centrifugal force 

centrifuge 

Coriolis force 

Newton’s law of

universal gravitation 

satellite 

space station 

apparent weight 

artificial gravity 
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Write numbers 1 to 11 in your notebook. Indicate beside

each number whether the corresonding statement is true

(T) or false (F). If it is false, write a corrected version.

1. A body in uniform circular motion experiences

acceleration that is constant in magnitude.

2. Centripetal acceleration is in a direction tangential to

the path of the object in motion.

3. At a constant speed, the centripetal acceleration of an

object in uniform circular motion is inversely propor-

tional to the orbital radius, yet, at a constant period of

revolution, the centripetal acceleration is directly pro-

portional to the orbital radius.

4. The centrifugal force on an object in uniform circular

motion is, as required by Newton’s first law of

motion, directed toward the centre of the circle.

5. Centripetal force is a fundamental force of nature

that applies to all objects, both natural and human-

made, in circular motion.

6. It is possible for static friction to be the sole force

producing centripetal acceleration in a moving

object.

7. The centripetal and centrifugal forces are an action-

reaction pair of forces for an object in uniform cir-

cular motion.

8. Perturbations in the orbits of planets or other heav-

enly bodies can be used to locate additional such

bodies.

9. The magnitude of your weight, as calculated from 

F = mg, yields a much smaller value than the magni-

tude of the force of gravity between you and Earth, as 

calculated from FG 5 }
Gm

r2

mE
}.

10. The International Space Station is an example of an

artificial satellite.

11. As the radius of the orbit of a satellite in uniform cir-

cular motion around a central body increases, the

speed of the satellite decreases.

Write numbers 12 to 23 in your notebook. Beside each

number, write the letter corresponding to the best choice. 

12. You are whirling a rubber stopper of mass m,

attached to a string, in a vertical circle at a high con-

stant speed. At the top of the circle, the net force that

causes acceleration is 

(a) horizontal and greater in magnitude than mg

(b) horizontal and lower in magnitude than mg

(c) vertically downward and greater in magnitude

than mg

Unit 1

(d) vertically downward and lower in magnitude

than mg

(e) vertical and equal in magnitude to mg

13. At the bottom of the circle for this same rubber

stopper, the net force that causes acceleration is

(a) horizontal and greater in magnitude than mg

(b) horizontal and lower in magnitude than mg

(c) vertically upward and greater in magnitude 

than mg

(d) vertically upward and lower in magnitude than mg

(e) vertical and equal in magnitude to mg

14. You now reduce the speed of this stopper, so that the

stopper barely makes it over the top of the circle.

When the stopper is at its highest point, the net force

toward the centre of the circle is 

(a) horizontal, and greater in magnitude than mg

(b) horizontal, and lower in magnitude than mg

(c) vertically downward, and greater in magnitude

than mg

(d) vertically downward, and lower in magnitude

than mg

(e) vertical, and equal in magnitude to mg

15. You are a passenger in a car making a right turn on

level ground. The direction of the instantaneous

velocity is north. The direction of the centrifugal

force you feel is 

(a) west

(b) northwest

(c) north

(d) northeast

(e) east 

16. When the tip of the minute hand on a clock face is

moving past the 4:00 o’clock position, the vector in

Figure 1(a) that gives the direction of the acceleration

of the tip is 

(a) vector 4

(b) vector 7

(c) vector 1

(d) vector 6

(e) vector 10 

17. When the child on the swing in Figure 1(b) reaches

the lowest position on the swing, the vector in 

Figure 1(a) that gives the direction of the centripetal

force is 

(a) vector 4 

(b) vector 10 

(c) vector 12 

(d) vector 6 

(e) vector 8 

NEL An interactive version of the quiz is available online.

GO www.science.nelson.com
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18. In Figure 1(c), the car is travelling at a constant speed

around a banked curve. The direction of the normal

force acting on the car and the direction of the cen-

tripetal acceleration of the car are the same as the

directions, in Figure 1(a), of

(a) vector 12 and vector 6, respectively 

(b) vector 11 and vector 7, respectively

(c) vector 11 and vector 8, respectively

(d) vector 11 and vector 9, respectively

(e) vector 11 and vector 11, respectively

19. At the instant shown in Figure 1(d), the skier is trav-

elling over a frictionless, circular hump. The direction

of the skier’s instantaneous velocity and the direction

of the net force acting on the skier are the same as the

directions, in Figure 1(a), of

(a) vector 9 and vector 9, respectively 

(b) vector 9 and vector 6, respectively

(c) vector 10 and vector 7, respectively

(d) vector 8 and vector 5, respectively

(e) vector 8 and vector 12, respectively

20. Choose the graph in Figure 2 that most accurately

represents the variation in the net force toward the

centre of the circle on an object in uniform circular

motion, as a function of the mass of the object.

21. Choose the graph in Figure 2 that most accurately

represents the variation in the gravitational force of

attraction between two uniform spheres, as a func-

tion of their centre-to-centre separation.

22. Choose the graph in Figure 2 that most accurately

represents the variation in the centripetal acceleration

of an object in uniform circular motion, as a function

of the speed of the object at a constant radius.

23. Choose the graph in Figure 2 that most accurately

represents the variation in the speed of a moon

undergoing uniform circular motion around a planet,

as a function of the mass of the planet.

2

3

4

5
6

7

8

9

10

11
12    

1

(a) (b) (c) (d)

30°

Figure 1

For questions 16 to 19

y

x

(e)

Figure 2

For questions 20 to 23

y

x

(d)

y

x

(c)

y

x

(b)

y

x

(a)

NELAn interactive version of the quiz is available online.

GO www.science.nelson.com



Circular Motion 159

Unit 1

NEL

Understanding Concepts 
1. Is centripetal acceleration an instantaneous accelera-

tion, an average acceleration, both, or neither?

Explain.

2. Do all points along the minute hand of a clock expe-

rience the same centripetal acceleration? Explain.

3. If the speed of a particle in circular motion is

increasing, is the net acceleration of the particle still

directed toward the centre of the circle? Use a dia-

gram to explain your answer.

4. A civil engineer has calculated that the magnitude of

the maximum centripetal acceleration of a car on a

certain horizontal curve is 4.4 m/s2. What is the 

minimum radius of this curve for a car travelling at

25 m/s?

5. For the clock shown in Figure 1, calculate the magni-

tude of the centripetal acceleration of the tip of the

second hand, the minute hand, and the hour hand.

6. A chicken is cooking on the rotating turntable of a

microwave oven. The end of the drumstick, which is

16 cm from the centre of rotation, experiences a cen-

tripetal acceleration of magnitude 0.22 m/s2.

Determine the period of rotation of the plate.

7. For each of the following situations, draw an FBD

and name the force(s) causing the centripetal 

acceleration:

(a) A truck travels, without sliding, around an

unbanked curve on a highway.

(b) A bus travels around a banked curve at the

optimal speed for the banking angle.

(c) A planet travels in an essentially circular orbit

around the Sun.

(d) A communications satellite travels in a circular

orbit around Earth.

8. A wet towel, of mass 0.65 kg, travels in a horizontal

circle of radius 26 cm in the spin cycle of a washing

machine. The frequency of rotation is 4.6 Hz.

(a) Name the force causing the centripetal accelera-

tion. What object exerts that force? 

(b) What is the speed of the towel? 

(c) Determine the magnitude of the centripetal force

on the towel.

9. Neptune travels in a nearly circular orbit, of diameter

9.0 3 1012 m, around the Sun. The mass of Neptune

is 1.0 3 1026 kg. The gravitational force of attraction

between Neptune and the Sun has a magnitude of

6.8 3 1020 N.

(a) What is the speed of Neptune?

(b) Determine Neptune’s period of revolution

around the Sun in Earth years.

10. Points A through E in Figure 2 represent a piece of

cement experiencing centripetal acceleration in the

vertical plane inside a rotating cement mixer. The

mixer itself is in uniform circular motion. For each of

the points A through E, draw an FBD of the piece of

cement at that point, and state what forces cause the

centripetal acceleration.

11. A 45.7-kg boy on a swing moves in a circular arc of

radius 3.80 m. At the lowest position, the child’s

speed reaches 2.78 m/s. Determine the magnitude of

the tension in each of the two vertical support chains.

12. A sport utility vehicle, of mass 2.1 3 103 kg, travels in

the horizontal plane around an unbanked curve of

radius 275 m at a speed of 26 m/s, without sliding.

(a) Determine the minimum coefficient of static

friction between the tires and the road.

(b) How would your answer in (a) be affected if the

mass of the vehicle were greater because of the

presence of heavy cargo?

(c) How would your answer in (a) be affected if the

curve were sharper (i.e., if its radius were

smaller)? 

Chapter 3 REVIEW
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13. A ball, of mass 0.23 kg, is attached securely to a

string, then whirled at a constant speed in a vertical

circle of radius 75 cm.

(a) Draw FBDs of the ball at the top and the bottom

of the circle.

(b) Determine the magnitude of the tension in the

string at the locations in (a) for which the speed

of the ball is 3.6 m/s.

(c) Calculate the minimum speed of the ball at the

top of the path if it is to follow a complete circle.

14. In which of the following situations would it not be

possible to determine the gravitational force of

attraction from the equation FG 5 }
Gm

r

A

2

mB
}, if in 

each case the masses and the radius r are provided? 

(a) Saturn and one of Saturn’s moons 

(b) two friends hugging 

(c) a ball moving in a parabola through the air and

Earth

(d) two textbooks standing together on a bookshelf

15. A spherical meteor approaches Earth from a great

distance. By what factor does the force between Earth

and the meteor increase when the distance between

the centres of the two bodies decreases by a factor 

of 3.9? 

16. At a certain distance above Earth’s surface, the gravi-

tational force on a certain object is only 2.8% of its

value at Earth’s surface. Determine this distance,

expressing it as a multiple of Earth’s radius, rE.

17. Determine the magnitude of the gravitational force

between two bowling balls, each of mass 1.62 kg, if

the centres are separated by 64.5 cm.

18. The orbit of Venus is approximately circular. The

masses of the Sun and Venus are 1.99 3 1030 kg and

4.83 3 1024 kg, respectively. The Sun-Venus distance

is 1.08 3 108 km. Determine the centripetal accelera-

tion of Venus.

19. Given the data in Figure 3, calculate the net gravita-

tional force on the Moon due to the gravitational

forces exerted by Earth and the Sun.

20. The Canadarm2 is the robotic arm, designed and

built in Canada, that services the ISS in its orbit 

4.50 3 102 km above the surface of Earth. Although

the mass of this arm is 1.80 3 103 kg, it can move

masses as large as 1.16 3 105 kg on the ISS.

(a) Determine the magnitude of the force of gravity

acting on the maximum load for the arm.

(b) If the arm had to move such a large mass here on

the surface of Earth, it would break. Why does it

not break in space? 

Applying Inquiry Skills 
21. Suppose that you have determined the results in

Table 1 while performing an investigation. Determine

the new value for the centripetal force.

22. A conical pendulum consists of a mass (the pendulum

bob) that travels in a circle on the end of a string,

tracing out a cone as in Figure 4. For the pendulum

shown, m 5 1.50 kg, L 5 1.15 m, and v 5 27.5°.

(a) Describe how you would investigate what factors

affect the frequency of revolution of the 

pendulum.

(b) Draw an FBD of the bob at the instant shown.

What force causes the centripetal acceleration?

to Earth (5.98 3 1024 kg)

r = 3.84 3 105 km

r = 1.49 3 108 km
to Sun

(1.99 3 1030 kg)Moon

(7.35 3 1022 kg) Figure 3

Table 1 Data for Question 21

Before After

mass 5 1 ball mass 5 3 balls 

radius 5 0.75 m radius 5 1.50 m

frequency 5 1.5 Hz frequency 5 3.0 Hz

centripetal force 5 8.0 units centripetal force 5 ? units 

v

r

L

Figure 4

A conical pendulum
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(c) Calculate the speed of the bob.

(d) Determine the frequency of the bob.

23. How would the device in Figure 4 of the Chapter 3

introductory Try This Activity have to be modified to

make it work aboard the ISS? Explain your answer.

Making Connections 
24. In April 2001, an automobile race on a 2.4-km oval

racetrack in Fort Worth, Texas, was cancelled because

of complaints of danger by the drivers. At the high

speeds involved, the drivers experienced forces nearly

twice as great as the forces on most racetracks. Find

out why the racetrack was so dangerous and why the

race was cancelled. Explain the physics of the situa-

tion, referring to the banking angle of the track and

the net forces on the drivers.

Extension 
25. Obtain the value of g at the surface of Earth using the

motion of the Moon. Assume that the Moon’s period

around Earth is 27 d 8 h and that the radius of its

orbit is 60.1 times the radius (6.38 3 106 m) of Earth.

26. Snoopy, in hot pursuit of the Red Baron, is flying his

vintage warplane in a “loop-the-loop” path. His

instruments tell him that the plane is level (at the

bottom of the loop) and travelling at a speed of

180 km/h. He is sitting on a set of bathroom scales.

He notes that the scales show four times his normal

weight. What is the radius of the loop, in metres? 

27. Your favourite physics teacher who is late for class

attempts to swing from the roof of a 24-m high

building to the bottom of an identical building using

a 24-m rope as shown in Figure 5. She starts from rest

with the rope horizontal, but the rope will break if the

tension force in it is twice the weight of the teacher.

How high is the swinging physicist above level when

the rope breaks? (Hint: Apply the law of conservation

of energy.)

28. A baseball player works out by slugging a baseball in

an Olympic stadium. The ball hangs from a long,

light vertical rod that is free to pivot about its upper

end (P), as shown in Figure 6(a). The ball starts off

with a large horizontal velocity, but the rod pulls it up

in a big vertical circle and it coasts slowly over the top

as shown. If we look at the ball on the way down,

after the rod has swung through 270°, which of the

vector arrows shown in Figure 6(b) gives the correct

direction for the acceleration of the ball? Ignore air

resistance and friction at the pivot.

24 m

rope

teacher

24 m

24 m

Figure 5

down

P

Figure 6

P

ball

start

270º

A

B
C

D

E

(a)

(b)
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Write numbers 1 to 12 in your notebook. Indicate beside

each number whether the corresponding statement is true

(T) or false (F). If it is false, write a corrected version.

For questions 1 to 6, consider a ball of mass m, thrown at an

angle above the horizontal and undergoing projectile motion

under negligible air resistance.

1. The time for the ball to rise equals the time for the

ball to fall to the same horizontal level.

2. The net force on the ball at the top of its flight is zero.

3. The acceleration of the ball on the way up equals the

acceleration on the way down.

4. After leaving your hand and before landing, the speed

of the ball is at a minimum at the top of its trajectory.

5. The magnitude of the horizontal component of the

velocity of the ball just before impact exceeds the

magnitude of the horizontal component of the

velocity just after the ball leaves your hand.

6. The magnitude of the acceleration of the ball at the

top of its trajectory equals the ratio of the weight of

the ball to its mass.

For questions 7 to 12, assume that you are twirling a small

rubber stopper of mass m (at a constant speed v) tied to a

string in a vertical circle as shown in Figure 1.

7. At position 3, the direction of the instantaneous

acceleration is westward and the direction of the

instantaneous velocity is upward.

8. The vector quantity is closest to the instantaneous 

acceleration as the stopper moves from position 6 to

position 1.

9. The magnitude of the tension in the string at 

position 1 exceeds the magnitude of the tension at

position 4 by an amount equal to mg.

10. At position 5, the force that causes the stopper to

accelerate toward the centre of the circle is the sum of

the force of tension in the string and a component of

the force of gravity on the stopper.

Dv#$
}
Dt

11. If you release the ball at the instant it reaches 

position 1, the instantaneous velocity of the stopper

just after the release will have a small upward compo-

nent and a large eastward component.

12. For a constant radius and frequency of revolution of

the stopper, the magnitude of the centripetal accelera-

tion is directly proportional to m.

Write numbers 13 to 24 in your notebook. Beside each

number, write the letter corresponding to the best choice. 

Questions 13 to 18 relate to the situation in Figure 2, in which

a child on a toboggan (a system of total mass m) accelerates

down a hill of length L inclined at an angle v to the horizontal

in a time interval Dt. The +x and +y directions are labelled 

on the diagram. Assume that friction is negligible unless 

indicated.

13. The magnitude of the child’s acceleration down the

hill is

(a) }
sin

g

v
} (c) g sin v (e) g tan v

(b) }
co

g

s v
} (d) g cos v

14. The magnitude of the child’s average velocity is

(a) Ï2gLw (c) Ï2gL sinw vw (e) !}
gL s

2

in§v
}§

(b) !}
g

2

L
}§ (d) ÏgL sinwvw

15. The magnitude of the force exerted by the toboggan

on the hill is 

(a) mg (c) mg sin v (e) 2mg sin v

(b) mg cos v (d) mg tan v

16. If the child starts from rest and accelerates uniformly

down the hill, the time required to reach the bottom

of the hill is 

(a) Lg sin v (c) Ï2Lg sinw vw (e) !}
g s

2

i

L

n v
}§

(b) 2Lg sin v (d) }
g s

2

i

L

n v
}

up

E

1

2

3

4
5

6

direction of

revolution

centre

Figure 1

For questions 7 to 12

+x

+y

u
Figure 2

For questions 13 to 18

NELAn interactive version of the quiz is available online.
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17. If v#$av is the average velocity and v#$ is the instantaneous

velocity, then at the halfway point in the journey

down the hill 

(a) v#$av 5 v#$
(b) v#$av . v#$
(c) v#$av , v#$
(d) v#$avand v#$ can be compared only if we are

given numerical data.

(e) v#$av and v#$ cannot be meaningfully compared, since

the object in question is on an inclined plane .

18. If the situation in Figure 2 is changed so that there is

a coefficient of kinetic friction mK between the

toboggan and the hill, then the magnitude of the

child’s acceleration down the hill is 

(a) g(sin v 2 mK cos v) (d) g(mK cos v 2 sin v)

(b) g(sin v 1 mK cos v) (e) none of these

(c) }
m

g

K

s

c

in

os

v

v
}

19. A car of mass m collides head-on with a truck of mass

5m. If F#$C→T and F#$T→C are the forces respectively

exerted during the collision on the car by the truck

and on the truck by the car, then 

(a) F#$T→C . F#$C→T
(b) F#$T→C , F#$C→T
(c) F#$T→C 5 F#$C→T
(d) F#$T→C 5 0

(e) F#$C→T and F#$T→C cancel because they are in oppo-

site directions

20. A monkey throws a walnut from a tree, giving the

walnut an initial velocity of 2.5 m/s [down]. Air

resistance is negligible. After being released, the

walnut experiences an acceleration of

(a) 9.8 m/s2 [up] 

(b) 9.8 m/s2 [down]

(c) less than 9.8 m/s2 [down]

(d) more than 9.8 m/s2 [down]

(e) zero

21. A rocket of mass m is at a distance 3rE from Earth’s

centre when its engines are fired to move it to a dis-

tance 6rE from Earth’s centre. Upon reaching its desti

nation, its new mass is }
m

2
} since fuel is consumed in 

the burn. The ratio of Earth’s gravitational force on

the rocket at the first location to the gravitational

force on the rocket at the second location is

(a) 8:1 (b) 4:1 (c) 2:1 (d) 1:4 (e) 1:8

Unit 1

22. Which of the following is a list of all the forces that

act on a satellite in circular orbit around Earth?

(a) the force due to the satellite’s motion and the

force of gravity toward Earth 

(b) the force due to the satellite’s motion, the cen-

trifugal force, and the force of gravity toward

Earth

(c) the centrifugal force and the force of gravity

toward Earth

(d) the centripetal force and the force of gravity

toward Earth

(e) the force of gravity toward Earth

23. A stunt airplane flies in a vertical circular loop of

radius r at a constant speed. When the airplane is at

the top of the loop, the pilot experiences an apparent

weight of zero. The speed of the airplane is

(a) 2gr (c) (e) !§
(b) gr (d) Ïgrw

24. A 9.5-kg box is initially stationary on a horizontal

table. The coefficient of kinetic friction between the

table and the box is 0.49. The coefficient of static fric-

tion is 0.65. The magnitude of the minimum force

needed to set the box into motion is

(a) 4.7 N (c) 93 N (e) 46 N 

(b) 6.2 N (d) 61 N

Write the numbers 25 to 40 in your notebook. Beside each

number, place the word, number, phrase, or equation that

completes the sentence(s).

25. State the number of significant digits in each meas-

urement or answer of the operation:

(a) 0.0501 N _______

(b) 3.00 3 105 km/s _______

(c) 25.989 m + 25.98 m + 25.9 m + 25 m _______

(d) 65.98 m 4 11.5 s 4 2.0 s _______

26. Convert the following measurements:

(a) 109 km/h = _______ m/s

(b) 7.16 3 104 km/min = _______ m/s

(c) 3.4 mm/s2 = _______ m/s2

(d) 5.7 cm/(ms)2 = _______ m/s2

(e) 4.62 3 10-3 (km/h)/s = _______ m/s2

27. A windsock indicates _______ .

28. The three principal controls a car has for regulating

acceleration are _______ , _______ , and _______ .

g
}
r

g
}
r

?

?

?
?

?

?

?
?

?

?

? ? ?
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29. You are facing southward when suddenly a snowball

passes in front of your eyes from left to right. The

snowball was thrown from some distance away with

an initial horizontal velocity. The direction of the

instantaneous velocity is now _______ . The direction

of the instantaneous acceleration is now _______ .

30. If the direction of an object undergoing uniform cir-

cular motion is suddenly reversed, the direction of

the centripetal acceleration is _______ .

31. If v#$LM is 26 m/s [71° W of S], then  v#$ML is _______ .

32. _______ 5 v#$CD 1 v#$DE

33. The horizontal acceleration of a projectile is _______ .

34. The acceleration of an object falling (vertically)

through the air at terminal speed is _______ .

35. Using L, M, and T for the dimensions of length, mass,

and time, respectively, then

(a) the dimensions of the slope of a line on a

velocity-time graph are _______

(b) the dimensions of the area under the line on an

acceleration-time graph are _______

(c) the dimensions of weight are _______

(d) the dimensions of the universal gravitation con-

stant are _______

(e) the dimensions of gravitational field strength are

_______

(f) the dimensions of a coefficient of static friction

are _______

(g) the dimensions of frequency are _______

(h) the dimensions of the slope of a line on an accel-

eration-force graph are _______

36. The law of inertia is also known as _______ .

37. As the speed of a flowing river increases, the pressure

of the flowing water _______ .

38. An accelerating frame of reference is also known as

_______ . In such a frame, we must invent _______ to

explain an observed acceleration. If the frame is

rotating, the invented force is called _______ .

39. A passenger of mass m is standing on an elevator that

has an acceleration of magnitude a. The normal force

acting on the passenger has a magnitude of _______ if

the acceleration is upward, and _______ if the accelera-

tion is downward.

40. On the surface of the Moon, your _______ would be

the same as on the surface of Earth, but your _______

would be reduced by a factor of _______ .

Write the numbers 41 to 46 in your notebook. Beside each

number, place the letter that matches the best choice. Use

the choices listed below.

(a) directly proportional to 

(b) inversely proportional to 

(c) proportional to the square of

(d) inversely proportional to the square of

(e) proportional to the square root of

(f) inversely proportional to the square root of

(g) independent of

41. For an object moving at a constant velocity, the time

interval needed to cover a certain displacement is

_______ the velocity.

42. When a ball is undergoing projectile motion, the hor-

izontal motion is _______ the vertical motion.

43. For a car that starts from rest and undergoes constant

acceleration, the time interval to cover a certain dis-

placement is _______ the displacement.

44. On the surface of Earth, your weight is _______ the

mass of Earth.

45. For an object that remains stationary on a horizontal

surface, the magnitude of the static friction is _______

the magnitude of the horizontal force applied to the

object.

46. For an object undergoing uniform circular motion

with a constant radius, the magnitude of the cen-

tripetal acceleration is _______ the speed. The force

that causes the centripetal acceleration is _______ the

period of revolution of the object.

?
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Understanding Concepts 
1. Choosing the positive direction of a one-dimensional

motion as south, describe the motion of a runner

with

(a) a positive velocity and a positive acceleration

(b) a positive velocity and a negative acceleration

(c) a negative velocity and a negative acceleration

(d) a negative velocity and a positive acceleration

2. State the conditions under which

(a) average speed exceeds instantaneous speed 

(b) average speed is less than instantaneous speed

(c) average speed equals instantaneous speed

3. Can a component of a vector have a magnitude

greater than the magnitude of the vector? Explain.

4. Describe the motion represented by each graph in

Figure 1.

5. Would a parachute work on the Moon? Explain your

answer.

6. A square is inscribed in a circle as shown in Figure 2.

One person walks from X to Y along the edge of the

square. A second person walks along the circumfer-

ence. Each person reaches B after 48 s. Calculate

(a) each person’s average speed 

(b) each person’s average velocity 

7. Compare the horizontal ranges of projectiles

launched with identical velocities on Earth and on the

Moon.

8. The following objects are dropped from a rooftop: a

pencil, a Ping-Pong ball, a piece of paper, and a

feather. On a single speed-time graph, sketch the

curve for each object, assuming that the objects reach

the ground in the order given.

Unit 1

9. A car of mass 1.2 3 103 kg travels initially at 42 km/h

on the entrance ramp of an expressway, then acceler-

ates uniformly to 105 km/h in 21 s.

(a) How far, in kilometres, does the car travel in this

interval?

(b) Determine the magnitude of the car’s average

acceleration, in kilometres per hour per second.

(c) Calculate the magnitude of the average force

needed to cause this acceleration.

10. A billiard ball travels 0.44 m [S] from its original

position, bounces off another ball and travels 0.88 m

[N], then bounces off the edge of the billiard table,

coming to rest 0.12 m from that edge. The entire

motion is one-dimensional and takes 2.4 s. Calculate 

(a) average speed of the ball

(b) the final position of the ball

(c) the average velocity of the ball

11. A 12-hour clock mounted on a vertical wall has a

second hand with a tip that is 14 cm from the centre

of the clock.

(a) What is the average speed of the tip of the second

hand?

(b) Determine the instantaneous velocity of the tip

when it passes the 6:00 o’clock position and the

10:00 o’clock position.

(c) Find the average velocity of the tip between the

1:00 o’clock position and the 5:00 o’clock 

position.

12. A train is travelling at 23 m/s [E] when it enters a

curved portion of the track and experiences an

average acceleration of 0.15 m/s2 [S] for 95 s.

Determine the velocity of the train after this 

acceleration.

Unit 1 REVIEW
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Figure 2

For question 6
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13. A projectile lands at the same elevation from which it

is launched. At what position(s) in its flight is the

speed of the projectile greatest? least?

14. An inflated balloon is released and immediately

moves eastward. Explain what causes this motion.

15. In running a 100-m sprint in 10 s, an Olympic-class

athlete accelerates to a speed of about 8.0 m/s in the

first 2.0 s. Determine the magnitude of the average

horizontal force on a 63-kg runner during this

interval. What exerts the force? 

16. At a certain distance above the surface of Earth, the

gravitational force on an object is reduced to 18% of

its value at Earth’s surface. Determine this distance

and express it as a multiple of Earth’s radius, rE.

17. A trapeze artist balances in the middle of a tightrope

14.2 m in length. The middle of the rope is 2.3 m

below the two secured ends. If the artist’s weight is 

6.3 3 102 N [down], determine the magnitude of the

tension in the rope.

18. If the speed of a particle in circular motion is

decreasing, is the particle’s acceleration still toward

the centre of the circle? Use a diagram to explain your

answer.

19. The magnitude of the maximum centripetal accelera-

tion of a car on a certain horizontal curve is 

4.49 m/s2. For a car travelling at 22 m/s, determine

the minimum radius of curvature of this curve.

20. Mars travels in a nearly circular orbit of radius 

2.28 3 1011 m around the Sun. The mass of Mars is

6.27 3 1023 kg. The gravitational force of attraction

between Mars and the Sun has a magnitude of

1.63 3 1021 N.

(a) What is the speed of Mars? 

(b) Determine the period of revolution of Mars

around the Sun in Earth years.

21. A ride at an amusement park rotates, with circular

motion, in the vertical plane 72 times during the 

3.0 min of maximum rotation rate. Passengers on the

ride are 6.3 m from the centre of the ride. When

viewed from the side of the ride so that it is rotating

clockwise, determine the instantaneous velocity of a

passenger at the following clock positions:

(a) 3:00 o’clock

(b) 6:00 o’clock

(c) 7:00 o’clock

22. Determine the magnitude of the average acceleration

during the time interval it takes each object described

below to complete half a revolution around the cen-

tral object.

(a) A satellite takes 80.0 min to travel once around

Earth, in an orbit of diameter 1.29 3 104 km.

(b) The Moon travels once around Earth in 2.36 3

106 s, at an average speed of 1.02 km/s.

23. In pairs figure skating, a female of mass 55 kg spirals

in a horizontal circle of radius 1.9 m around a male

skater of mass 88 kg. The frequency of revolution is

0.88 Hz.

(a) Determine the magnitude of the force causing

the female skater to maintain her circular

motion.

(b) What is the magnitude of the horizontal force on

the male skater? 

24. An 18-g rubber stopper is suspended by a 45-cm

string from the rear-view mirror of a car. As the car

accelerates eastward, the string makes an angle of 5.1°

with the vertical.

(a) Draw an FBD of the stopper in Earth’s frame of

reference.

(b) Draw an FBD of the stopper in the car’s frame of

reference.

(c) Determine the acceleration of the car.

25. A homeowner drags a garbage can of mass 27 kg

along a horizontal sidewalk at a constant speed of

1.8 m/s by applying a force of 1.12 3 102 N [27°

above the horizontal]. What is the coefficient of

kinetic friction between the garbage can and the side-

walk? 

26. Box A (m = 2.5 kg) is connected by a rope that passes

over a frictionless pulley to Box B (m = 5.5 kg), as

shown in Figure 3. The coefficient of kinetic friction

between the box and the ramp is 0.54. Determine the

magnitude of the acceleration of the boxes.

25.4˚

A

B

Figure 3

NELAn interactive version of the quiz is available online.
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27. Determine the magnitude of the apparent weight of a

62-kg person in an elevator when the elevator is

(a) accelerating at 2.5 m/s2 [up] 

(b) accelerating at 2.5 m/s2 [down] 

(c) moving with zero acceleration at 2.5 m/s [up]

Applying Inquiry Skills 
28. A Ferris wheel at an amusement park close to your

school somehow falls off its support and rolls along

the ground.

(a) Determine a reasonable estimate of the number

of rotations the wheel would make, travelling in a

straight line, to reach the closest capital city of a

province other than your own. State all your

assumptions and show all your calculations.

(b) If you were at an amusement park, how would

you use indirect measurements to determine the

diameter of a Ferris wheel that cannot be

accessed directly. Show a sample calculation.

29. Assuming that you have an accurate stopwatch,

describe how you could calculate the average acceler-

ation of a car in the distance from the starting posi-

tion to the end of a straight 100-m stretch of track.

30. You are planning a controlled investigation in which

you determine the effect of air resistance on falling

objects.

(a) What objects would you choose to test the effects

of air resistance?

(b) Describe what measurements you would make

and how you would make them.

(c) What safety precautions would you take in con-

ducting your investigation?

31. Draw a sine curve for angles ranging from 0° to 180°.

With reference to this curve, explain why there are

two possible launch angles corresponding to any hor-

izontal range for a projectile, with one exception.

What is that exception? 

32. Steel washers connected by a fishing line to a force

sensor, labelled A in Figure 4, are kept hovering by a

heavy U-shaped magnet suspended from a second

force sensor, B. The force sensors are connected to a

computer such that the force registered by A is nega-

tive and the force registered by B is positive.

(a) If the force registered by A is 20.38 N, what is

the force registered by B? Explain the physics

principle on which your answer is based.

(b) Sketch, on a single force-time graph, the dataset

the computer program would generate as the

force sensor B is slowly raised.

Unit 1

33. An experiment is performed in which a varying net

force is applied to a dynamics cart; the resulting accel-

erations are shown in Table 1. Plot a graph of the data

and use the information on the graph to determine

the object’s mass.

34. After performing an investigation to determine how

the frequency of a rubber stopper in uniform circular

motion in the horizontal plane depends on the mag-

nitude of the tension force acting on the stopper, the

mass of the stopper, and the radius of the circle, you

draw graphs to show the relationships. You are then

asked to draw the corresponding graphs by replacing

the frequency with the period of revolution as the

dependent variable. Draw these graphs.

fishing line

B

A

magnet

steel washers

fishing line

Figure 4

Table 1 Data for Question 33

Net Force Acceleration 

(N [forward]) (m/s2 [forward])

0 0

1.0 0.29

2.0 0.54

3.0 0.83

4.0 1.10

5.0 1.42

6.0 1.69

7.0 1.89
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Making Connections 
35. A pole vault jumper clears the crossbar set at a height

of 6.0 m above the mat.

(a) Determine the time interval for the first 45 cm on

the way down.

(b) Determine the time interval for the last 45 cm

before reaching the mat.

(c) Explain why the jumper appears to be in “slow

motion” near the top of the jump.

36. A swimmer steps off the edge of a diving board and

falls vertically downward into the water. Describe the

velocities and accelerations of the swimmer from the

initial position until impact.

37. If you drop a stone into a deep well and hear a splash

4.68 s after dropping the stone, how far down is the

water level? Neglect air resistance and assume that the

speed of the sound in air is 3.40 3 102 m/s.

38. A certain volleyball player can jump to a vertical

height of 85 cm while spiking the volleyball.

(a) How long is the player in the air? 

(b) What is the player’s vertical take-off speed? 

39. A person’s terminal speed with an open parachute

ranges from 5.0 m/s to 10.0 m/s. You are designing a

training facility in which people practise landing at

the same speeds they would when parachuting. What

range of heights will you specify for the practice plat-

forms? 

40. Explain why an east-to-west trans-Canada airplane

flight generally takes longer than a west-to-east flight.

41. Water moving horizontally at 2.0 m/s spills over a

waterfall and falls 38 m into a pool below. How far

out from the vertical wall of the waterfall could a

walkway be built so that spectators stay dry? 

42. A motorist’s reaction time can be crucial in avoiding

an accident. As you are driving with a velocity of

75.0 km/h [N], you suddenly realize that there is a

stalled vehicle in your lane 48.0 m directly ahead. You

react, applying the brakes to provide an acceleration

of 4.80 m/s2 [S]. If you manage to just avoid a colli-

sion, what is your reaction time? 

43. Figure 5 shows a time-exposure photograph in which

the stars and planets visible appear to be travelling in

circles around a central star (the North Star, Polaris).

(a) Explain the observed motion of the stars and

planets in the photograph. (Include the concepts

related to frames of reference.)

(b) How can you estimate how long the exposure

time was? 

(c) Would people in Australia be able to take this

photograph or a similar one? Explain your

answer.

44. In answering a newspaper reader’s question, “Why

does a shower curtain move inward while water is

spraying downward?” a physicist replies, “The air

being dragged downward by the water must be

replaced by air from somewhere else.”

(a) With reference to the appropriate principle, pro-

vide a more technical explanation to the reader’s

question.

(b) If you were answering the question in a news-

paper article, what other examples or demonstra-

tions could you describe to help the readers

understand the situation? 

Figure 5

The North Star is almost directly above Earth’s North Pole.
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45. In the exciting sport of kite surfing (Figure 6), a spe-

cially designed power kite propels the pilot across the

water on kite boards. The pilot can rise high into the

air for several seconds, performing amazing aerial

stunts. Would you expect the power kite to be

designed to have good streamlining? Explain your

answer.

46. A remote-sensing satellite travels in a circular orbit at

a constant speed of 8.2 3 103 m/s.

(a) What is the speed of the satellite in kilometres

per hour?

(b) Determine the altitude in kilometres of the satel-

lite above Earth’s surface.

(c) What is remote sensing? Give some practical uses

of a remote-sensing satellite.

47. In the future, video games and simulations of sports

activities will become more realistic, as designers

become better able to apply the physics principles

presented in this unit. Describe some ways in which

these games and simulations could become more

realistic.

Unit 1

48. In testing a model of a looping roller coaster, an engi-

neer observes that the current design would result in

a zero normal force acting on the passengers at the

top of the loop.

(a) If the radius of the loop is 2.1 m, what is the

speed of the model coaster at the top of the loop?

(b) Explain why and how the coaster design should

be changed.

49. (a) Why will artificial gravity be needed on a space

mission to Mars by humans? 

(b) Describe how artificial gravity could be created

on such a mission.

Extension 
50. In a basketball game, a ball leaves a player’s hand 6.1 m

downrange from the basket from a height of 1.2 m

below the level of the basket. If the initial velocity of

the ball is 7.8 m [55° above the horizontal] in line

with the basket, will the player score a basket? If not,

by how much will the ball miss the basket?

Figure 6

Kite surfing is a dangerous and physically demanding sport.





22
Energy and
Momentum
Energy and
Momentum

uni t

In this unit, you will be able to

• apply the concepts of work, energy, and momentum, and the laws of conservation of

energy and momentum for objects moving in two dimensions, and explain them in

qualitative and quantitative terms 

• investigate the laws of conservation of momentum and of energy (including elastic and

inelastic collisions) through experiments or simulations, and analyze and solve problems

involving these laws with the aid of vectors, graphs, and free-body diagrams 

• analyze and describe the application of the concepts of energy and momentum to the

design and development of a wide range of collision and impact-absorbing devices used

in everyday life

Overall Expectations

Dr. Judith Irwin

Astrophysicist, Queen’s University

Humans have looked at the night sky for thousands of years,

but the science of astrophysics is a relatively young field.

Today, astrophysicists such as Judith Irwin, carry out detailed

observations, carefully reducing collected data until they can

see some small part of the universe that no one has ever seen

before. This spirit of discovery has led astrophysicists to

examine the extremes of our physical universe, from the least

dense regions in the so-called vacuum of space, to the densest

objects known—black holes. Dr. Irwin’s research involves

understanding the dynamics of gases that are found in interstellar space between

hot stars. Because gases are affected by the dynamics of objects nearby (like a

supernova or an exploding star) the gases are swept up into an expanding shell

around the explosion. Calculating the energy and momentum of this shell pro-

vides information on its evolution as it grows and expands into space.

While astrophysics is exploding with new research, it is still a vast unex-

plored canvas. Unravelling the secrets of celestial objects becomes ever more

possible as technology—including such telescopes as the Very Large Array in

New Mexico, the James Clerk Maxwell Telescope in Hawaii, and the Giant

Metre-wave Radio Telescope in India—becomes more sophisticated and pre-

cise. Dr. Irwin and her Canadian colleagues are involved in several major inter-

national projects involving the “next generation” of telescopes.
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chapter

Work and Energy

In this chapter,
you will be able to

• analyze and explain

situations involving work and

energy 

• define and describe

concepts and units related to

energy 

• analyze situations involving

the concepts of mechanical

energy, thermal energy and

its transfer (heat), and the

law of conservation of

energy 

• design and conduct an

experiment to verify the law

of conservation of energy in

a system involving several

types of energy 

• analyze and describe, using

the law of conservation of

energy, various practical

applications of energy

transformations 

• state Hooke’s law and

analyze it in quantitative

terms 

Springs are used in bed mattresses, armchairs, door-closing units, pens, toys, exercise

equipment, children’s jumpers, trampolines, vehicles, and many other objects. Whenever

a force is applied to a spring, the spring has elastic potential energy that is stored until

the spring returns to its original shape. What forms of energy can be transformed into

elastic potential energy? How can that energy be used for other functions? These are

just a few of the questions you will learn to answer in this chapter.

On most vehicles, springs operate in conjunction with shock absorbers. Both devices

serve to improve the safety and comfort of the occupants (Figure 1). As its name sug-

gests, a shock absorber absorbs some of the shock that occurs when a vehicle encoun-

ters a bump or pothole in the road. As this is happening, energy of motion changes into

elastic potential energy, which in turn changes back into energy of motion and thermal

energy. The energy does not disappear—it simply changes form.

You may recall how energy is changed from one form into another, and how such

energy transformations can be analyzed. In this chapter, you will extend your knowl-

edge to analyze energy transformations in two-dimensional situations.

176 Chapter 4 NEL

1. Some springs are compression springs. Others are extension springs. Explain the 

difference, giving several examples of each. 

2. Although a bouncing ball obeys the law of conservation of energy, it reaches a lower

height with each successive bounce. Explain this apparent discrepancy. 

3. How does a grandfather clock use gravitational potential energy to keep time? 

4. Figure 2 shows identical carts being pushed along a smooth, horizontal surface 

with negligible friction. Force F#$1 has a horizontal component equal in magnitude to

force F#$2.

(a) If both carts are pushed the same distance forward, how does the work done on

cart 1 compare with the work done on cart 2? 

(b) Would your answer to (a) change if the carts were replaced with boxes, assuming

that the coefficient of kinetic friction between each box and the surface were

equal? Explain your answer.

(c) If F#$2 is less than the maximum static friction force between box 2 and the under-

lying surface, how much work does F#$2 do on the box? 

5. The spring in a spring scale stretches when a force is applied to it. Assuming that the

spring does not overstretch, sketch a graph to show how the amount of stretch

depends on the magnitude of the force. 

6. You are designing a shock absorber to be attached to the wheel of a motorcycle.

What design features will you include? (Consider such issues as choice of materials,

internal friction, and dimensions.) 

REFLECT on your learning
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Figure 1

You may have the impression that

well-designed springs and shock

absorbers on vehicles are meant

to provide the smoothest ride pos-

sible, even over a bumpy surface.

However, the design also relates to

safety.

cart 1 cart 2

1F

2F

Figure 2

For question 4. The forces do work

in moving the carts.

TRYTHIS activity Which Ball Wins? 

Figure 3 shows a device with two

tracks that a marble can roll down. In

a small group, discuss which marble,

the one on track X or the one on

track Y, will win the race if the mar-

bles are released simultaneously

from rest at the top of the device. 

(a) Write your prediction and give

reasons. 

(b) What happens to the total

energy of the marbles as they

roll down the ramp?

(c) Observe a demonstration of the

apparatus (or a similar setup).

Compare the observations to 

your predictions, and explain 

any differences.

track X

track Y

Figure 3

Which marble would win the race?
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4.14.1 Work Done by a Constant Force 

In everyday language, the term “work” has a variety of meanings. In physics, however, work

is the energy transferred to an object when a force acting on the object moves it through

a distance. For example, to raise your backpack from the floor to your desk, you must do

work. The work you do in raising the backpack is directly proportional to the magnitude

of the displacement and directly proportional to the magnitude of the applied force.

The force needed to raise the backpack and the displacement of the backpack are in

the same direction. However, this is often not the case, as shown in Figure 1 where the

force is at some angle v to the displacement. The component of the force that is parallel

to the displacement, F cos v, causes the object to undergo the displacement. The resulting

mathematical relationship is the defining equation for work:

W 5 (F cos v)Dd

where W is the work done on an object by a constant force F#$, F is the magnitude of that

force, v is the angle between the force and the displacement, and Dd is the magnitude of

the displacement.

Work is a scalar quantity—it has no direction. Since force is measured in newtons

and displacement in metres, the SI unit for work is the newton metre (N?m). The newton

metre is called a joule (J) after James Prescott Joule (1818–1889), a British physicist who

did pioneering research into the relationship between work and heat. Since the joule is

a derived SI unit, it can be expressed in terms of metres, kilograms, and seconds:

1 J 5 1 kg?m2/s2.

work (W ) the energy transferred to

an object when a force acting on

the object moves it through a 

distance

F

θ

θ

θ

F cos

F sin

+x

+y

d∆
Figure 1

(a) Work can be done by a force that is at an angle

to the displacement. 

(b) The component of the force parallel to the dis-

placement is F cos v.

u

direction of the displacement

F

Scalar Product 

The defining equation for the

work done by a constant force

can be written as the scalar

product, also called the dot

product, of the force vector and

the displacement vector. In this

notation, the equation for work

is W 5 F#$ ?Dd#$. To review the 

properties of scalar products,

refer to Appendix A.

LEARNING TIP

joule (J) SI derived unit for meas-

uring forms of energy and work;

equal to the work done when a

force of 1 N displaces an object 1 m

in the direction of the force

(a) (b) 

An emergency worker applies a force to push a patient horizontally for 2.44 m on a gurney

with nearly frictionless wheels. 

(a) Determine the work done in pushing the gurney if the force applied is horizontal and

of magnitude of 15.5 N. 

(b) Determine the work done if the force, of magnitude 15.5 N, is applied at an angle of

25.3° below the horizontal. 

(c) Describe the difference in the observed motion between (a) and (b). 

SAMPLE problem 1
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In Sample Problem 1, the positive work done caused the speed of the gurney to

increase. However, if the force acting on an object in motion is opposite in direction to

the displacement, we say that negative work is done. If the only force acting on an object

does negative work, the result is a decrease in the speed of the object.

Section 4.1

Figure 2

The system diagram of the snow-

boarder in Sample Problem 2

Figure 3

The FBD of the snowboarder in

Sample Problem 2

direction

of motion

Fg

FK

FN

+x

+y

Solution 

(a) In this case, the force and the displacement are in the same direction. 

F 5 15.5 N 

v 5 0° 

Dd 5 2.44 m 

W 5 ? 

W 5 (F cos v)Dd

5 (15.5 N)(cos 0°)(2.44 m)

5 37.8 N?m

W 5 37.8 J

The work done is 37.8 J. 

(b) v 5 25.3° 

W 5 ? 

W 5 (F cos v)Dd

5 (15.5 N)(cos 25.3°)(2.44 m)

W 5 34.2 J

The work done is 34.2 J. 

(c) Since friction is negligible, the applied force causes an acceleration in the direction of

the horizontal component. The greater amount of work accomplished in (a) must

result in a greater speed after the gurney has moved 2.44 m. (This example relates to

the concept of work changing into kinetic energy, which is presented in Section 4.2.) 

A snowboarder reaches the bottom of a hill, then glides to a stop in 16.4 m along a hori-

zontal surface (Figure 2). The total mass of the board and its rider is 64.2 kg. The coeffi-

cient of kinetic friction between the snowboard and the snow is 0.106. 

(a) Draw an FBD of the snowboarder as the board is gliding to a stop. Determine the

magnitude of the kinetic friction. 

(b) Calculate the work done by friction in bringing the board to a stop. 

Solution 

(a) The FBD of the snowboarder is shown in Figure 3. 

m 5 64.2 kg 

g 5 g#$ = 9.80 N/kg

mK 5 0.106 

F#$N 5 mg#$ because oF#$y 5 may 5 0

FK 5 ? 

SAMPLE problem 2
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In Sample Problem 2, the work done by the kinetic friction is negative. In this case, the

negative work caused a decrease in speed. Can negative work be done in other situa-

tions? Consider the work done in lowering an object at a constant speed.

Using the magnitudes of the forces (as described in Section 2.4): 

FK 5 mK FN

5 ( mK)(mg)

5 (0.106)(64.2 kg)(9.80 N/kg)

FK 5 66.7 N

The magnitude of kinetic friction is 66.7 N. 

(b) FK 5 66.7 N

Dd 5 16.4 m 

v 5 180°

W 5 (FK cos v) Dd

5 (66.7 N)(cos 180°)(16.4 m)

W 5 21.09 3 103 J

The work done by the kinetic friction is 21.09 3 103 J. 

A store employee raises an 8.72-kg case of cola at a constant velocity from the floor to a

shelf 1.72 m above the floor. Later, a customer lowers the case 1.05 m from the shelf to a cart

at a constant velocity. (We can neglect the short periods of acceleration at the beginning

and end of the raising and lowering of the case.) Determine the work done on the case

(a) by the employee as the case rises 

(b) by gravity as the case rises 

(c) by the customer as the case descends 

Solution 

(a) Figure 4(a) shows that the force needed to raise the case at constant velocity is

equal in magnitude to the weight of the case,mg#$. 

v 5 0° g 5 9.80 N/kg W 5 ?

m 5 8.72 kg Dd 5 1.72 m 

W 5 (F cos v)Dd

5 (mg cos v)Dd

5 (8.72 kg)(9.80 N/kg)(cos 0°)(1.72 m)

W 5 1.47 3 102 J

The work done on the case by the employee is 1.47 3 102 J. 

(b) Since the force of gravity is opposite in direction to the displacement, v 5 180°.

W 5 (F cos v)Dd

5 (mg cos v)Dd

5 (8.72 kg)(9.80 N/kg)(cos 180°)(1.72 m)

W 5 21.47 3 102 J

The work done by gravity is 21.47 3 102 J.

+y

Fg

F

d = 1.72 m∆

(a) 

Figure 4

System diagrams and FBDs for

Sample Problem 3

(a) Employee raising a case of cola 

(b) Customer lowering a case of

cola into a cart

SAMPLE problem 3

+y

Fg

F

d = 1.05 m∆

(b)
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Section 4.1

Notice that in Sample Problem 3, the work done on the case by an upward force as the

case rises (at constant velocity) is positive, but the work done by a downward force

(gravity) as the case rises is negative. Likewise, the work done on the case by an upward

force as the case moves downward (at constant velocity) is negative. We can conclude that

the equation W 5 (F cos v)Dd yields positive work when the force and displacement

are in the same direction, and negative work when the force and displacement are in

opposite directions. This conclusion also applies when considering the components of

the forces involved.

Practice

Understanding Concepts 

1. Figure 5 shows a scale diagram of two applied forces, F#$1 and F#$2, acting on a crate

and causing it to move horizontally. Which force does more work on the crate?

Explain your reasoning. 

2. Can the work done by the force of kinetic friction on an object ever be positive? 

If “yes,” give an example. If “no,” explain why not.

3. Can the work done by the force of Earth’s gravity on an object ever be positive? 

If “yes,” give an example. If “no,” explain why not.

4. A 2.75-kg potted plant rests on the floor. Determine the work required to move the

plant at a constant speed

(a) to a shelf 1.37 m above the floor

(b) along the shelf for 1.07 m where the coefficient of kinetic friction is 0.549

5. A loaded grocery cart of mass 24.5 kg is pushed along an aisle by an applied force of

14.2 N [22.5° below the horizontal]. How much work is done by the applied force if the

aisle is 14.8 m long? 

6. A tension force of 12.5 N [19.5° above the horizontal] does 225 J of work in pulling a

toboggan along a smooth, horizontal surface. How far does the toboggan move?

7. Figure 6 is a graph of the net horizontal forces acting on an object as a function of

displacement along a horizontal surface. 

(a) Determine the area under the line up to a displacement of 2.0 m [E]. What does

that area represent? 

(b) Determine the total area up to 6.0 m [E]. 

(c) Describe a physical situation that could result in this graph. 

Applying Inquiry Skills 

8. How would you demonstrate, using a pen and a sheet of paper, that static friction can

do positive work on a pen? 

crate

direction of motion

of crate

scale:  1.0 cm = 5.0 N

F2

F1

Figure 5

For question 1

1.0 2.0 3.0 4.0 5.0 6.0

2.0

4.0

0

–2.0

–4.0

F
 (

N
 [

E
])

d (m [E])

Figure 6

For question 7

(c) Figure 4(b) shows that the force needed to lower the case at constant velocity is

upward while the displacement is downward. 

v 5 180°

Dd 5 1.05 m 

W 5 (F cos v) Dd

5 (mg cos v)Dd

5 (8.72 kg)(9.80 N/kg)(cos 180°)(1.05 m)

W 5 28.97 3 101 J

The work done on the case by the customer is 28.97 3 101 J.

Answers

4. (a) 36.9 J

(b) 15.8 J

5. 194 J

6. 19.1 m

7. (a) 8.0 J

(b) 0.0 J
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Zero Work
If you push against a tree, are you doing work? Since the force you apply does not move

the tree, you do zero work on the tree. Whenever the magnitude of displacement Dd is

zero, the work, W 5 (F cos v)Dd, is also zero. No energy is transferred to the object.

Zero work due to zero displacement is just one way in which no work is done on an

object. Consider a space probe that has travelled beyond the farthest planet in the solar

system and is so far from any noticeable forces that the net force on it is negligible.

Although the probe undergoes a displacement, since the force acting on it is zero the

work done on the probe is zero. In this case, too, no energy is transferred to the object.

Finally, consider the third variable in the work equation, the angle v between the force

and the displacement. When the force and the displacement are perpendicular, cos 90°

is zero. Thus, no work is done by the force on the object, even if the object moves, and

no energy is transferred to the object. This can happen, for example, when you carry a

heavy bag of sand (Figure 7): an upward force is exerted on the bag of sand to keep it from

falling as you move horizontally. The normal force is perpendicular to the displacement,

so the work done by that normal force on the bag of sand is zero. Can you think of other

situations in which the force is perpendicular to the motion? 
Figure 7

As a volunteer carries a heavy

sandbag toward the bank of a

flooding river, the normal force on

the sandbag is upward and the dis-

placement is horizontal.

Practice

Understanding Concepts 

9. Describe four different situations in a physics classroom or laboratory in which the

equation W 5 (F cos v)Dd yields a zero result. 

10. Describe, with the use of diagrams, a situation in which one component of a force does

zero work while the other component does (a) positive work and (b) negative work.

In performing a centripetal-acceleration investigation, you twirl a rubber stopper in a hori-

zontal circle around your head. How much work is done on the stopper by the tension in

the string in half a revolution? 

Solution 

Figure 8(a) shows the situation described. The force causing the centripetal acceleration

is the tension F#$T. This force changes direction continually as the stopper travels in a circle.

However, at any particular instant as shown in Figure 8(b), the instantaneous velocity is

perpendicular to the tension. Consequently, the displacement over a very short time

interval is also at an angle of 90° to the tension force applied by the string to the stopper.

Thus, for any short time interval during the rotation, 

W 5 (F cos v)Dd

5 F(cos 90°)Dd

W 5 0.0 J

Adding the work done over all the short time intervals in half a revolution yields 0.0 J.

Therefore, the work done by the tension on the stopper is zero. 

Using Sample Problem 4 as an example, we conclude that the work done by any cen-

tripetal force acting on an object in circular motion is zero. This applies because the orbit

can be considered to be a series of individual small displacements perpendicular to the

force, even though the force on the object in circular motion continually changes its

direction.

direction of stopper’s motion

path of stopper

(as seen from above)

rubber stopper

centre 

of circle

F T

direction of 

displacement

over a short 

time interval

(Fg is ignored because it

is very small compared to F T.)

v

F T

Figure 8

(a) The situation for Sample

Problem 4 

(b) An instantaneous view of the

force on the stopper, the

velocity, and the direction of a

small displacement

(a)

(b)

SAMPLE problem 4
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Section 4.1

• Work is the energy transferred to an object when a force F#$, acting on the object,

moves it through a distance Dd.

• The SI unit of work is the joule (J).

• If the force causing an object to undergo a displacement is at an angle to the dis-

placement, only the component of the force in the direction of the displacement

does work on the object.

• Under certain conditions, zero work is done on an object even if the object expe-

riences an applied force or is in motion.

Work Done by a Constant ForceSUMMARY

Section 4.1 Questions

Understanding Concepts 

1. In what ways is the everyday usage of the word “work” dif-

ferent from the physics usage? In what ways is it the same? 

2. Is it possible for a centripetal force to do work on an

object? Explain your answer. 

3. Describe why you can get tired pushing on a wall even

though you are not doing work on the wall. 

4. Estimate the work you would do in climbing a vertical

ladder equal in length to the height of your

classroom. 

5. Figure 9 shows a girl and a boy each exerting

a force to move a crate horizontally a distance of 13 m at a

constant speed. The girl’s applied force is 75 N [22° below

the horizontal]. The tension in the rope pulled by the boy is 

75 N [32° above the horizontal]. 

(a) Determine the total work done by the girl and the boy

on the crate. 

(b) How much work is done by the floor on the crate? 

6. A child does 9.65 3 102 J of work in pulling a friend on a

sleigh 45.3 m along a snowy horizontal surface (Figure 10).

The force applied by the child is 24.1 N [parallel to the

handle of the sleigh]. What angle relative to the snowy sur-

face is the handle oriented? 

7. A parent pulls a toboggan with three children at a constant

velocity for 38 m along a horizontal snow-covered trail. The

total mass of the children and the toboggan is 66 kg. The

force the parent exerts is 58 N [18° above the horizontal]. 

(a) Draw an FBD of the toboggan, and determine the

magnitude of the normal force and the coefficient of

kinetic friction. 

(b) Determine the work done on the toboggan by kinetic

friction.  

(c) List three forces, or components of forces, that do zero

work on the toboggan.

(d) How much work does the parent do on the toboggan

in pulling it the first 25 m?

Applying Inquiry Skills 

8. Plot the cosine of an angle as a function of the angle (from

0° to 180°). Describe how the graph indicates when the

work done on an object is positive, negative, or zero. 

Making Connections 

9. Describe the environmental effects that result from work

done by friction. 

Figure 9

Figure 10



184 Chapter 4 NEL

4.24.2
Kinetic Energy and 

the Work-Energy Theorem 

In Section 4.1, we learned how to calculate the amount of work done on an object

when a force acts on the object as it moves through a displacement. But how is the

object different as a result of having work done on it? Consider what happens when a

net force causes a seaplane to accelerate as it covers a certain displacement (Figure 1).

According to the defining equation of work, the total work done on the plane by the net

force is Wtotal 5 (SF)(cos v)Dd. In this case, the work done causes the speed of the

plane to increase, thereby causing the energy of the plane to increase.

Specifically, the plane gains kinetic energy as its speed increases; in simple terms,

kinetic energy is energy of motion. Kinetic energy depends on both the mass and the speed

of the moving object. Since work is energy transferred to an object, if the work results

in an increase in speed, the kinetic energy also increases.

Figure 2 illustrates a situation we will analyze mathematically.

A constant net horizontal force is applied to an object, causing its speed to increase uni-

formly from vi to vf as it moves a distance Dd. The total work done by the net force is 

Wtotal 5 1oF 2(cos v)Dd

Since v 5 0°, then cos v 5 1, and we can simplify the equation:

Wtotal 5 1oF 2Dd

From Newton’s second law of motion,

oF 5 ma

where a is the acceleration. With a constant force, the acceleration is constant. We can

rearrange the equation involving constant acceleration, vf
2 5 vi

2 1 2aDd as

a 5 }
vf

2

2

2

Dd

vi
2

} and substitute for a:

oF 5 m1 2
We now substitute this equation into the equation for total work:

Wtotal 5 m1 2Dd

Wtotal 5 }
1

2
}mvf

2 2 }
1

2
}mvi

2

Our result shows that the total work done on an object equals the change in the quantity

}
1

2
}mv2. We define }

1

2
}mv2 to be the kinetic energy EK of the object.

vf
2 2 vi

2

}
2Dd

vf
2 2 vi

2

}
2Dd

Figure 1

As the propeller of a seaplane exerts

a backward force on the air, the air

exerts a forward force on the 

propeller. This force, applied as the

plane moves forward by a displace-

ment of magnitude Dd, does work

on the plane.

kinetic energy (EK) energy of

motion

v i

m
constant net force, ΣF

v f

m

Figure 2

This situation can be used to derive an equation 

relating work and kinetic energy.
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Section 4.2

where EK is the kinetic energy of the object in joules, m is the mass of the object in kilo-

grams, and v is the speed of the object in metres per second. Note that kinetic energy is

a scalar quantity.

We can summarize the relationship involving the total work and the kinetic energy as

follows:

Wtotal 5 }
1

2
}mvf

2 2 }
1

2
}mvi

2

5 EKf 2 EKi

Wtotal 5 DEK

These relationships are the basis of the work-energy theorem.

Kinetic Energy Equation

EK 5 }
1

2
}mv 2

Work-Energy Theorem

The total work done on an object equals the change in the

object’s kinetic energy, provided there is no change in any

other form of energy (for example, gravitational potential

energy). 

Although this theorem was derived for one-dimensional motion involving a constant

net force, it is also true for motion in two or three dimensions involving varying forces.

It is important to note that a change in the object’s kinetic energy equals the work

done by the net force SF#$, which is the vector sum of all the forces. If the total work is pos-

itive, then the object’s kinetic energy increases. If the total work is negative, then the

object’s kinetic energy decreases.

What total work, in megajoules, is required to cause a cargo plane of mass 4.55 3 105 kg to

increase its speed in level flight from 105 m/s to 185 m/s?

Solution 

m 5 4.55 3 105 kg vf 5 185 m/s 

vi 5 105 m/s Wtotal 5 ? 

Wtotal 5 DEK

5 EKf 2 EKi

5 }
1

2
}mvf

2 2 }
1

2
}mvi

2

5 }
1

2
}m1vf

2 2 vi
22

5 }
1

2
}14.55 3 105 kg21(185 m/s)2 2 (105 m/s)22

5 5.28 3 109 J1}110

M
6 J

J
}2

Wtotal 5 5.28 3 103 MJ

The total work required is 5.28 3 103 MJ. 

Comparing Force and Energy

There is no completely satisfactory

definition of energy. However, the

concept of energy can be more

easily understood by comparing it

with force: force is the agent that

causes change; energy is a

measure of that change. For

example, when a net force causes

the speed of an object to change,

that change is manifested as a

change in the kinetic energy of the

object. Remember that the energy

of an object is a measure of how

much work that object can do. 

LEARNING TIP

SAMPLE problem 1
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A fire truck of mass 1.6 3 104 kg, travelling at some initial speed, has 22.9 MJ of work

done on it, causing its speed to become 11 m/s. Determine the initial speed of the fire

truck. 

Solution 

m 5 1.6 3 104 kg

DEK 5 22.9 MJ 5 22.9 3 106 J  

vf 5 11 m/s 

vi 5 ? 

DEK 5 }
1

2
}m(vf

2 2 vi
2)

2DEK 5 mvf
2 2 mvi

2

mvi
2 5 mvf

2 2 2DEK

vi
2 5 }

mvf
2 2

m

2DEK
}

vi 5 6!}
mvf

2 2

m§ 2DEK
}§

5 6!§§§
vi 5 622 m/s

We choose the positive root because speed is always positive. The initial speed is thus

22 m/s. 

(1.6 3 104 kg)(11 m/s)2 2 2( 22.9 3 106 J)
}}}}}

1.6 3 104 kg

Practice

Understanding Concepts 

1. Could a slow-moving truck have more kinetic energy than a fast-moving car?

Explain your answer. 

2. By what factor does a cyclist’s kinetic energy increase if the cyclist’s speed:

(a) doubles

(b) triples

(c) increases by 37%

3. Calculate your kinetic energy when you are running at your maximum speed. 

4. A 45-g golf ball leaves the tee with a speed of 43 m/s after a golf club strikes it. 

(a) Determine the work done by the club on the ball. 

(b) Determine the magnitude of the average force applied by the club to the

ball, assuming that the force is parallel to the motion of the ball and acts

over a distance of 2.0 cm. 

5. A 27-g arrow is shot horizontally. The bowstring exerts an average force of 75 N

on the arrow over a distance of 78 cm. Determine, using the work-energy 

theorem, the maximum speed reached by the arrow as it leaves the bow. 

6. A deep-space probe of mass 4.55. 3 104 kg is travelling at an initial speed of

1.22 3 104 m/s. The engines of the probe exert a force of magnitude 3.85 3

105 N over 2.45 3 106 m. Determine the probe’s final speed. Assume that the

decrease in mass of the probe (because of fuel being burned) is negligible.

Answers

2. (a) 4

(b) 9

(c) 1.9

4. (a) 42 J

(b) 2.1 3 103 N

5. 66 m/s

6. 1.38 3 104 m/s

SAMPLE problem 2
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7. A delivery person pulls a 20.8-kg box across the floor. The force exerted on the

box is 95.6 N [35.0° above the horizontal]. The force of kinetic friction on the box

has a magnitude of 75.5 N. The box starts from rest. Using the work-energy 

theorem, determine the speed of the box after being dragged 0.750 m.

8. A toboggan is initially moving at a constant velocity along a snowy horizontal

surface where friction is negligible. When a pulling force is applied parallel to

the ground over a certain distance, the kinetic energy increases by 47%. By what

percentage would the kinetic energy have changed if the pulling force had been

at an angle of 38° above the horizontal? 

Applying Inquiry Skills 

9. Use either unit analysis or dimensional analysis to show that kinetic energy and

work are measured in the same units. 

Making Connections 

10. Many satellites move in elliptical orbits (Figure 3). Scientists must understand

the energy changes that a satellite experiences in moving from the farthest posi-

tion A to the nearest position B. A satellite of mass 6.85 3 103 kg has a speed of

2.81 3 103 m/s at position A, and speed of 8.38 3 103 m/s at position B.

Determine the work done by Earth’s gravity as the satellite moves 

(a) from A to B

(b) from B to A

Answers

7. 0.450 m/s

8. 16%

10. (a) 2.13 3 1011 J

(b) 22.13 3 1011 J

elliptical orbit

A BEarth

Figure 3

• Kinetic energy EK is energy of motion. It is a scalar quantity, measured in 

joules (J).

• The work-energy theorem states that the total work done on an object equals the

change in the object’s kinetic energy, provided there is no change in any other

form of energy.

Kinetic Energy and the 

Work-Energy Theorem
SUMMARY
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Section 4.2 Questions

Understanding Concepts 

1. As a net external force acts on a certain object, the speed

of the object doubles, and then doubles again. How does

the work done by the net force in the first doubling com-

pare with the work done in the second doubling? Justify

your answer mathematically. 

2. What is the kinetic energy of a car of mass 1.50 3 103 kg

moving with a velocity of 18.0 m/s [E]?

3. (a) If the velocity of the car in question 2 increases by

15.0%, what is the new kinetic energy of the car?

(b) By what percentage has the kinetic energy of the car

increased? 

(c) How much work was done on the car to increase its

kinetic energy?

4. A 55-kg sprinter has a kinetic energy of 3.3 3 103 J. What is

the sprinter’s speed? 

5. A basketball moving with a speed of 12 m/s has a kinetic

energy of 43 J. What is the mass of the ball? 

6. A plate of mass 0.353 kg falls from rest from a table to the

floor 89.3 cm below. 

(a) What is the work done by gravity on the plate during

the fall?

(b) Use the work-energy theorem to determine the speed

of the plate just before it hits the floor.

7. A 61-kg skier, coasting down a hill that is at an angle of 23°

to the horizontal, experiences a force of kinetic friction of

magnitude 72 N. The skier’s speed is 3.5 m/s near the top of

the slope. Determine the speed after the skier has travelled

62 m downhill. Air resistance is negligible. 

8. An ice skater of mass 55.2 kg falls and slides horizontally

along the ice travelling 4.18 m before stopping. The coeffi-

cient of kinetic friction between the skater and the ice is

0.27. Determine, using the work-energy theorem, the

skater’s speed at the instant the slide begins.

Applying Inquiry Skills 

9. The heaviest trucks in the world travel along relatively flat

roads in Australia. A fully loaded “road-train” (Figure 4)

has a mass of 5.0 3 102 t, while a typical car has a mass of

about 1.2 t. 

(a) Prepare a table to compare the kinetic energies of

these two vehicles travelling at ever-increasing speeds,

up to a maximum of 40.0 m/s. 

(b) Prepare a single graph of kinetic energy as a function

of speed, plotting the data for both vehicles on the

same set of axes.

(c) Based on your calculations and the graph, write con-

clusions about the masses, speeds, and kinetic ener-

gies of moving vehicles.

Making Connections 

10. You may have heard the expression “Speed kills” in discus-

sions of traffic accidents. From a physics perspective, a

better expression might be “Kinetic energy kills.”

(a) When a traffic accident involving at least one moving

vehicle occurs, the initial kinetic energy of the

vehicle(s) must transform into something. Where do

you think the energy goes?

(b) Explain the expression “Kinetic energy kills.”

Figure 4

Australian “road-trains” are massive transport trucks comprised

of three or more trailers hooked up together. The long, flat

desert roads of central Australia make this an ideal form for

transporting goods.
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4.34.3
Gravitational Potential Energy 

at Earth’s Surface 

A roller coaster, like the one in Figure 1, is called a “gravity ride” for a very good reason.

Work is done on the coaster to raise it to the top of the first hill, which is the highest

position in the ride. Once the coaster leaves that position, the only work that keeps the

coaster moving is the work done by gravity. At the highest position, the coaster has the

maximum potential to develop kinetic energy. The coaster has gravitational potential

energy due to its elevation above Earth’s surface.

To analyze gravitational potential energy mathematically, consider a situation in which

a box of groceries is raised by an applied force to rollers at a higher level (Figure 2).

Because gravity acts vertically, we will use Dy rather than Dd for the magnitude of the

displacement. The force applied to the box to raise it is in the same direction as the dis-

placement and has a magnitude equal to mg. The work done by the force on the box is 

W5 (F cos v)Dy

5 mg(cos 0°)Dy

W5 mgDy

At the top of the rollers (the higher position), the box of groceries has gravitational

potential energy relative to all lower positions. In other words, gravitational potential

energy is a relative quantity in which the height of an object above some reference level

must be known. Thus, the work done in increasing the elevation of an object is equal to

the change in the gravitational potential energy:

DEg 5 mgDy

where DEg is the change in gravitational potential energy, in joules; m is the mass, in

kilograms; g is the magnitude of the gravitational field constant in newtons per kilo-

gram or metres per second squared; and Dy is the vertical component of the displace-

ment, in metres.

There are a few important points to remember in using this equation:

• The equation determines the change in gravitational potential energy and does

not determine an absolute value of gravitational potential energy. In practical

problems involving the equation, Earth’s surface is often used as a reference level

of zero gravitational potential energy, although any other convenient arbitrary

level may be chosen.

• The value of Dy is the vertical displacement of the object. This means that the

horizontal path an object follows in changing its vertical height is not significant.

• The equation may only be used when Dy is small enough that g does not vary

appreciably over Dy.

• Values of Dy (and DEg) are positive if the displacement is upward, and negative if

the displacement is downward.

Many of the situations in which this equation is applied involve objects that are

thrown or lifted up away from Earth, or dropped toward Earth. In such cases, kinetic

energy is converted into gravitational potential energy as the object moves upward,

and gravitational potential energy is converted into kinetic energy after the object is

released and falls downward. In both cases, if friction is negligible, the sum total of

kinetic energy and gravitational potential energy remains constant.

Figure 1

In any “gravity ride,” such as this

roller coaster, the first hill is the

highest. Can you explain why?

+y
FA

∆y

Figure 2

Work is done on the box of gro-

ceries to raise it from the floor to the

top of the rollers.

gravitational potential energy

(Eg) the energy due to elevation

above Earth’s surface
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When an object has gravitational potential energy relative to a lower position and the

object is released, the force of gravity does work on the object, giving it kinetic energy,

as specified by the work-energy theorem. For example, if you hold a basketball at shoulder

height and then drop it, the ball has an initial velocity of zero, but a gravitational poten-

tial energy relative to the floor. When you release the ball, the force of gravity does work

on the ball and the gravitational potential energy changes into kinetic energy. As a roller

coaster leaves the highest hill, gravity does work on the coaster and gravitational poten-

tial energy changes into kinetic energy. The kinetic energy provides the coaster with

enough speed to get up the next hill.

A diver, of mass 57.8 kg, climbs up a diving-board ladder and then walks to the edge of

the board. He then steps off the board and falls vertically from rest to the water 3.00 m

below. The situation is shown in Figure 3. Determine the diver’s gravitational potential

energy at the edge of the diving board, relative to the water. 

Solution 

The 1y direction is upward. The reference position ( y 5 0) is the level of the water.

m 5 57.8 kg

g 5 9.80 m/s2

Dy 5 3.00 m

DEg 5 ?

DEg 5 mgDy

5 (57.8 kg)(9.80 m/s2)(3.00 m)

DEg 5 1.70 3 103 J

The diver’s gravitational potential energy relative to the water is 1.70 3 103 J. 

y  = 3.00 m

y  = 0

+y

Figure 3

Choosing the Reference

Position

Gravitational potential energy is

a relative quantity—it is always

measured with respect to some

arbitrary position where y 5 0. 

In many cases, you will have to

choose the reference position. 

It is usually easiest to choose 

y 5 0 to be the lowest possible

position. This ensures that all 

y values and all gravitational

potential energies are positive

(or zero), and therefore easy to

work with. Often it is the change

in gravitational potential energy,

which does not depend on the

choice of y 5 0, that is impor-

tant. Strictly speaking, y is the

height of the centre of mass of

the object.

LEARNING TIP

SAMPLE problem
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Notice that in Sample Problem 1, the diver would have the same gravitational poten-

tial energy relative to the water surface no matter where he stood along the horizontal

diving board. Furthermore, his gravitational potential energy relative to the water sur-

face does not depend on the path he took to reach the higher level. If he had been lifted

by a crane and placed on the diving board, instead of climbing the ladder, his gravita-

tional potential energy relative to the water surface would still be 1.70 3 103 J.

Section 4.3

Practice

Understanding Concepts 

1. You lower your pen vertically by 25 cm, then you raise it vertically by 25 cm. During

this motion, is the total work done by gravity positive, negative, or zero? Explain your

answer. 

2. What, relative to the ground, is the gravitational potential energy of a 62.5-kg visitor

standing at the lookout level of Toronto’s CN Tower, 346 m above the ground?

3. A 58.2-g tennis ball is dropped from rest vertically downward from a height of 1.55 m

above the court surface. 

(a) Determine the gravitational potential energy of the ball relative to the court sur-

face before it is dropped, and as it strikes the court surface.

(b) How much work has the force of gravity done on the ball at the instant the ball

strikes the court surface? 

(c) Relate the work done in (b) to the change in the kinetic energy from the release

point to the court surface. 

4. A 68.5-kg skier rides a 2.56-km ski lift from the base of a mountain to the top. The lift

is at an angle of 13.9° to the horizontal. Determine the skier’s gravitational potential

energy at the top of the mountain relative to the base of the mountain. 

5. A high jumper clears the pole at a height of 2.36 m, then falls safely back to the

ground. The change in the jumper’s gravitational potential energy from the pole to the

ground is 21.65 3 103 J. Determine the jumper’s mass. 

6. On your desk you have N identical coins, each with a mass m. You stack the coins

into a vertical pile to height y. 

(a) Approximately how much work, in terms of m, g, and y, must you do on the last

coin to raise it from the desk to the top of the pile? 

(b) Approximately how much gravitational potential energy, in terms of m, g, N, and

y, is stored in the entire pile? 

Applying Inquiry Skills 

7. Using unit analysis, express the units of gravitational potential energy in terms of

base SI units. Compare the result to the SI base units of work and kinetic energy.  

Making Connections 

8. A barrel of oil contains about 6.1 3 109 J of chemical potential energy.

(a) Determine to what height above the ground this energy could raise all the stu-

dents in your school. State all your assumptions and show all your calculations. 

(b) How many joules of chemical potential energy are stored in each litre of oil?

(Hint: You will have to determine how many litres there are in a barrel.)

Answers

2. 2.12 3 105 J

3. (a) 0.884 J; 0.0 J

(b) 0.884 J

4. 4.13 3 105 J

5. 71.3 kg

GO www.science.nelson.com
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Case Study

An Environmentally Friendly 

Way of Generating ElectricityCase Study

There are many practical applications of gravitational potential energy. For example,

hydroelectric generating stations take advantage of the gravitational potential energy

of water as it flows or falls from one level to a lower level. At many stations, huge dams

store the water, allowing engineers to control the flow of water through pipes into tur-

bines connected to the generators.

One of the major problems with building large dams is that the local ecology is dras-

tically and permanently affected. Large artificial lakes created by dams flood previously

dry areas, destroying plant life and animal habitat.

Bhutan, located east of Nepal and north of India (see Figure 4), has found a method

of generating hydroelectricity without large dams. This small country, with a land area

only about 85% that of Nova Scotia, is located in the Himalayan Mountain region. It

has very strict environmental laws to protect its great forests, which cover more than

70% of its land. Careful environmental policy is evident in the design of the Chukha

electrical generating station, which generates power at a rate of 360 MW. (By compar-

ison, the two huge Robert Beck generating stations and the adjacent pumping-generating

station at Niagara Falls generate 1800 MW.) The design of this generating station along

the Wong Chu River is called a “run-of-the-river scheme,” as shown in Figure 5. In this

design, a small dam diverts some of the river’s water flow into a large entrance tunnel,

or head race, that is 6.0 km long. This tunnel, drilled through solid granite, is angled

downward to the top of the generating station and takes advantage of the drop in ele-

vation to convert the gravitational potential energy of the water into kinetic energy.

After the water falls through the turbines at the generating station, it flows through an

exit tunnel, or tail race, rejoining the river 1.0 km downstream.

BHUTAN

BANGLADESH

INDIA

TIBET

INDIA

NEPAL

Thimphu
Tongsa

Phuntsholing
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Jongkhar
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Figure 4

Bhutan is a land-locked nation with

many mountain glaciers and rivers.
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full-flowing river

drop in

elevation

diverted

water

full-flowing river

partial-flowing river

dam

generating station

head-race tunnel

granite rock

tail-race tunnel

Figure 5

The basic design of the Chukha generating plant

Only about 5% of the electrical energy generated at the Chukha plant is used in

Bhutan. The remainder is exported to India along 220-V transmission lines.

Practice

Understanding Concepts 

9. (a) Starting with energy from the Sun, list all the energy transformations that occur

in the production of electrical energy at the Chukha plant.

(b) What is a run-of-the-river generating station?

Making Connections 

10. Canada also has run-of-the-river generating stations. Research this way of gener-

ating electricity in Canada. Describe any differences between the Chukha plant and

Canadian designs. 

11. Research more about Bhutan’s generation of electrical energy, from the Internet or

other appropriate publications, and report your findings.

(a) What are the sources of water in Bhutan?

(b) Describe how Bhutan is trying to preserve its environment while adapting to

growing energy needs.

12. Set up a debate in which it is resolved “That Canada should place more emphasis on

developing environmentally friendly ways of generating electrical energy.”

GO www.science.nelson.com

GO www.science.nelson.com



194 Chapter 4 NEL

• Gravitational potential energy is the energy possessed by an object due to its ele-

vation above Earth’s surface. It is a scalar quantity measured in joules (J).

• Gravitational potential energy is always stated relative to a reference level.

• The gravitational potential energy of an object depends on its mass, the gravita-

tional field in which the object is located, and the object’s height above a refer-

ence level.

Gravitational Potential Energy 

at Earth’s Surface
SUMMARY

Section 4.3 Questions

Understanding Concepts 

1. When a construction worker lifts a piece of wood from the

ground, does the wood’s gravitational potential energy

increase or decrease? 

2. An astronaut of mass 63 kg climbs a set of stairs with a

total vertical rise of 3.4 m.

(a) What is the astronaut’s gravitational potential energy,

relative to the bottom of the stairs, if the stairs are

located on Earth?

(b) Repeat (a) if the stairs are located on the Moon where

g 5 1.6 N/kg.

3. A pear of mass 125 g falls from a branch 3.50 m above the

ground. What are the respective gravitational potential

energies of the pear on the branch and on the ground 

(a) relative to the ground

(b) relative to the branch

4. After being hit by a bat, a 0.15-kg baseball reaches a max-

imum height where its gravitational potential energy has

increased by 22J from the point where it was hit. What is the

ball’s maximum height (above the point where it was hit)? 

5. A weightlifter, doing a biceps curl, lifts a 15-kg mass a ver-

tical distance of 66 cm. Acceleration is negligible.

(a) How much work is done by gravity on the mass? 

(b) How much work is done by the weightlifter on the mass? 

(c) By how much does the gravitational potential energy

of the mass increase?

Applying Inquiry Skills 

6. Plot, on a single graph, the gravitational potential energy of

a 60.0-kg astronaut on Earth, on the Moon, and on Mars,

as a function of the vertical elevation above the surface to a

maximum height of 10.0 m. Your graph will have three dis-

tinct lines. (If necessary, refer to Appendix C for planetary

data.) 

Making Connections 

7. Some Canadian hydroelectric generating facilities, similar to

the one in Figure 6, convert the gravitational potential

energy of water behind a dam into electrical energy.

(a) Determine the gravitational potential energy relative to

the turbines of a lake of volume 32.8 km3 with an

average height of 23.1 m above the turbines. ( The den-

sity of the water is 1.00 3 103 kg/m3.) 

(b) Compare your answer in (a) with the annual energy

output of the Chukha plant in Bhutan, which is 

1.14 3 1015 J.

Figure 6

The Revelstoke Dam and Generating Station sits on the

Columbia River in British Columbia, 5 km north of the city of

Revelstoke, B.C.
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4.44.4The Law of Conservation of Energy 

What does a computer have in common with a moving truck? What does the produc-

tion of starlight have in common with a waterfall? In each case, energy is converted from

one form into another form, while following an extremely important law of nature—the

law of conservation of energy.

The law of conservation of energy is an example of a conservation law that applies to

an isolated system, which is a system of particles that is completely isolated from out-

side influences. As the particles of an isolated system move about and interact with one

another, the total energy of the system remains constant with no energy flowing into or

out of the system. An example of an isolated system is the system of your calculator

sliding across your desk after your hand has stopped pushing it. The kinetic energy of the

calculator is converted into other forms of energy, mainly thermal energy, and a small

amount of sound energy as the particles of the desk and calculator rub against each

other.

As far as we know, the law of conservation of energy cannot be violated. It is one of

the fundamental principles in operation in the universe. When applied in physics, the law

provides a very useful tool for analyzing a variety of problems.

As an example, consider a 50.0-kg swimmer falling (from rest) from a 3.00-m diving

board under negligible air resistance. At the diving board, the swimmer has zero kinetic

energy and maximum gravitational potential energy relative to the water surface below.

Together, the kinetic energy and gravitational potential energy make up the swimmer’s

mechanical energy. When the swimmer is falling, the gravitational potential energy is

converted into kinetic energy, but the total amount of mechanical energy remains con-

stant. Table 1 gives sample values for this example.

Table 1 Various Energies of a Falling Swimmer

Height Gravitational Potential Kinetic Energy Total Mechanical

(m) Energy EK (J) Energy

Eg (J) ET 5 Eg 1 EK (J)

3.00 1.47 3 103 0.00 1.47 3 103

2.00 9.80 3 102 4.90 3 102 1.47 3 103

1.00 4.90 3 102 9.80 3 102 1.47 3 103

0.00 0.00 1.47 3 103 1.47 3 103

So far, the only forms of energy we have discussed in detail are gravitational potential

energy and kinetic energy. The sum of these two energies is called the total mechanical

energy ET, where ET 5 Eg 1 EK. We will extend this equation in Section 4.5 to include

other forms of energy, such as elastic potential energy.

Law of Conservation of Energy

For an isolated system, energy can be converted into dif-

ferent forms, but cannot be created or destroyed.

isolated system a system of parti-

cles that is completely isolated from

outside influences

Closed and Open Systems

An isolated system is a closed

system. The opposite of a closed

system is an open system, which

either gains or loses energy to an

outside system. In the situations

analyzed in this text, we will look

only at closed (or isolated) systems

using the law of conservation of

energy.

LEARNING TIP

Energy Conservation

Do not confuse the expressions

“conservation of energy” and

“energy conservation.” Conservation

of energy is a law of nature. Energy

conservation, which refers to the

wise use of energy resources, is

something that we should all 

practise. 

DID YOU KNOW??
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A basketball player makes a free-throw shot at the basket. The basketball leaves the

player’s hand at a speed of 7.2 m/s from a height of 2.21 m above the floor. Determine the

speed of the basketball as it goes through the hoop, 3.05 m above the floor. Figure 1

shows the situation.

Solution 

According to the law of conservation of energy, the total energy of the basketball is con-

stant as it travels through the air. Using the subscript 1 for the release position and 2 for

the position where the basketball goes through the hoop, and taking the heights y1 and y2
relative to the floor,

v1 5 7.2 m/s g 5 9.80 m/s2

y1 5 2.21 m v2 5 ? 

y2 5 3.05 m 

Applying the law of conservation of energy: 

ET1 5 ET2

}
1

2
}mv1

2 1 mgy1 5 }
1

2
}mv2

2 1 mgy2

mv1
2 1 2mgy1 5 mv2

2 1 2mgy2

v1
2 1 2gy1 5 v2

2 1 2gy2

v2
2 5 v1

2 1 2gy1 2 2gy2

v2
2 5 v1

2 1 2g( y1 2 y2)

v2 5 6 Ïv12 1w2g( y1w2 y2)w

5 6 Ï(7.2 m/ws)2 1w2(9.80w m/s2 )w(2.21 mw2 3.0w5 m)w

v2 5 6 5.9 m/s

Only the positive square root applies since speed is always greater than zero. The speed of

the basketball through the hoop is therefore 5.9 m/s. It is logical that this speed is less

than the release speed because the ball is at a higher level; the gravitational potential

energy of the ball is greater while its kinetic energy (and thus its speed) must be less. 

v1  = 7.2 m/s 

y1  = 2.21 m y2  = 3.05 m 

y  = 0

v2  = ?

+y

Figure 1

SAMPLE problem 1

Choosing Reference Levels

In Sample Problem 1, the floor

was used as the reference level.

A different reference level, such

as the release position, would

yield the same final answer.

When you solve a problem

involving gravitational potential

energy, remember to choose a

reference level and use that

level throughout the problem. 

LEARNING TIP
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The direction of the initial velocity and the parabolic path that the basketball follows

are not important in solving Sample Problem 1. The kinetic and potential energies are

scalar quantities, and do not involve a direction.

In general, we consider the work done by the net force as the amount of energy trans-

formed from one form into another. The forms of energy involved depend on the nature

of the net force. However, if the work done by the net force is positive, then the kinetic

energy increases. Similarly, if the work done by the net force is negative, the kinetic

energy decreases.

The law of conservation of energy can be applied to many practical situations. A

common example is found in the operation of a “gravity clock,” like the one in Figure 2.

To explore this application and others, perform Activity 4.4.1 in the Lab Activities sec-

tion at the end of this chapter.

Section 4.4

Figure 2

A gravity clock

Applying the Law of

Conservation of Energy (p. 220)

Gravity clocks tend to be used more

for decoration than for accurate

timekeeping. They do, however, pro-

vide a good example of the applica-

tion of the law of conservation of

energy. Describe what you think are

the energy transformations respon-

sible for the operation of a gravity

clock. 

ACTIVITY 4.4.1

24.5 cm

length = 85.5 cm

Figure 3

For question 7

Practice

Understanding Concepts 

1. A ball has an initial speed of 16 m/s. After a single external force acts on the ball, its

speed is 11 m/s. Has the force done positive or negative work on the ball? Explain. 

2. Two snowboarders start from rest at the same elevation at the top of a straight slope.

They take different routes to the bottom, but end at the same lower elevation. If the

energy lost due to friction and air resistance is identical for both snowboarders, how

do their final speeds compare? Would your answer be different if the slope has dips

and rises, instead of being straight? 

3. Apply energy concepts to determine the maximum speed reached by a roller coaster

at the bottom of the first hill, if the vertical drop from the top of the hill is 59.4 m, and

the speed at the top of the hill is approximately zero. Friction and air resistance are

negligible. Express your answer in metres per second and kilometres per hour. 

4. A skier, moving at 9.7 m/s across the top of a mogul (a large bump), becomes air-

borne, and moves as a projectile under negligible air resistance. The skier lands on

the downward side of the hill at an elevation 4.2 m below the top of the mogul. Use

energy concepts to determine the skier’s speed upon touching the hillside.  

5. The highest waterfall in Canada is the Della Falls in British Columbia, with a change

in elevation of 4.4 3 102 m. When the water has fallen 12% of its way to the bottom,

its speed is 33 m/s. Neglecting air resistance and fluid friction, determine the speed

of the water at the top of the waterfall. 

6. A cyclist reaches the bottom of a gradual hill with a speed of 9.7 m/s—a speed great

enough to coast up and over the next hill, 4.7 m high, without pedalling. Friction and

air resistance are negligible. Find the speed at which the cyclist crests the hill. 

7. A simple pendulum, 85.5 cm long, is held at rest so that its amplitude will be 

24.5 cm as illustrated in Figure 3. Neglecting friction and air resistance, use energy

concepts to determine the maximum speed of the pendulum bob after release.

Applying Inquiry Skills 

8. A 5.00-kg rock is released from rest from a height of 8.00 m above the ground.

Prepare a data table to indicate the kinetic energy, the gravitational potential energy,

and the total mechanical energy of the rock at heights of 8.00 m, 6.00 m, 4.00 m, 

2.00 m, and 0.00 m. Plot a single graph showing all three energies as a function of the

height above the ground. (If possible, use a spreadsheet program to generate the

graph.) 

Making Connections 

9. A wrecking ball used to knock over a wall provides an example of the law of conser-

vation of energy. Describe how a wrecking ball is used and list the energy transfor-

mations that occur in its use.

Answers

3. 34.1 m/s; 123 km/h

4. 13 m/s

5. 5.0 m/s

6. 1.4 m/s

7. 0.838 m/s
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Other Forms of Energy 
Kinetic energy and gravitational potential energy are just two of the many forms of

energy. Table 2 lists several other forms of energy.

As the law of conservation of energy states, energy can be changed from one form to

another. However, the efficiency of conversion is often not 100% because of friction.

Friction causes kinetic energy to transform into thermal energy, or internal energy,

which is associated with the motion of atoms and molecules. For example, picture a

curling rock sliding along the ice in a straight line toward its target, covering a hori-

zontal distance Dd (Figure 4). After the rock has left the player’s hand, the only force

that does work on the rock is the force of kinetic friction, F#$K. (Gravity and the normal

force are both perpendicular to the displacement, and do no work on the rock.) Since

the kinetic friction is in the opposite direction to the displacement, the angle v between

this force and the displacement is 180°. Since cos 180° = 21, the work done by the kinetic

friction is

W5 (FK cos v)Dd

W5 2FKDd

Table 2 Common Forms of Energy 

Form of Energy Comment

electromagnetic • carried by travelling oscillations called electromagnetic 

waves

• includes light energy, radio waves, microwaves, 

infrared waves, ultraviolet waves, X rays, and gamma rays

• travels in a vacuum at 3.00 3 108 m/s, the speed of

light

electrical • results from the passage of electrons, for example, 

along wires in appliances in your home

electric potential • associated with electric force

• changes as charges are moved

gravitational potential • associated with the gravitational force 

• changes as masses are moved relative to each other

chemical potential • stored in the chemical bonds that hold the atoms of

molecules together

nuclear potential • the stored energy in the nucleus of an atom

• converts into other forms by rearranging the particles 

inside a nucleus, by fusing nuclei together (fusion), or

by breaking nuclei apart (fission)

sound • carried by longitudinal waves from molecule to molecule

elastic potential • stored in objects that are stretched or compressed

thermal • associated with the motion of atoms and molecules 

• for a monatomic gas such as helium, it is the total 

kinetic energy of all the atoms

• for more complicated molecules and for atoms in solids, 

it is partly kinetic energy and partly electric potential energy 

• differs from heat, which is the transfer of energy due to 

a difference in temperatures 

initial position final position

d∆FK

Figure 4

As the speed of the curling rock

along the ice decreases, kinetic

energy is transformed into thermal

energy.

thermal energy (Eth) internal

energy associated with the motion

of atoms and molecules
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Since FK and Dd are both positive (being the magnitudes of vectors), the work done

by friction is negative. This means that friction is removing kinetic energy from the

rock. However, because energy is always conserved, the kinetic energy is transformed

into another form, in this case into thermal energy of the rock and the ice. As the rock

slides along the ice, the atoms in the rock and the ice vibrate with increased energy. Both

the rock and the ice warm up, with a small portion of the ice developing a thin layer of

melted water.

Whenever kinetic friction does negative work to slow an object down, the magnitude

of the work equals the thermal energy produced. Since kinetic friction is always oppo-

site to the direction of the displacement, the work done by friction can be written as 

W5 2FKDd

Note that the magnitude of the work done by friction is FKDd. Thus, we can write

Eth = FKDd

where Eth is the thermal energy produced by kinetic friction, in joules; FK is the magnitude

of the kinetic friction, in newtons; and Dd is the magnitude of the displacement, in

metres.

Section 4.4

After leaving a player’s hand, a 19.9-kg curling rock slides in a straight line for 28.8 m,

experiencing friction with a coefficient of kinetic friction of 0.105. The situation is shown in

Figure 5. 

(a) How much thermal energy is produced during the slide? 

(b) Determine, using energy conservation, the rock’s speed just as it left the player’s

hand.

Solution 

(a) mK 5 0.105 FK 5 mKFN

m 5 19.9 kg FN 5 mg

Dd 5 28.8 m Eth 5 ? 

Eth 5 FKDd

5 mKFNDd

5 mKmgDd

5 (0.105)(19.9 kg)(9.80 N/kg)(28.8 m)

Eth 5 5.90 3 102 J

The thermal energy produced is 5.90 3 102 J.

+x
28.8 m

FK = 20.5 N
vi = ? vf = 0

Figure 5

Using components to illustrate the rock’s motion

SAMPLE problem 2
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Answers

11. (a) 22.3 3 102 J

(b) 2.3 3 102 J

12. 0.75 m

13. 1.1 m/s

14. 1.1 m/s

(b) According to the law of conservation of energy, the initial kinetic energy of the rock

must equal the thermal energy produced during the slide, because there is no kinetic

energy remaining at the end of the slide. (Gravitational potential energy is not consid-

ered because the ice surface is level.)

Eth 5 5.90 3 102 J 

vi 5 ? 

EKi 5 Eth

}
m

2

vi
2

} 5 Eth

vi
2 5 }

2

m

Eth
}

vi 5 6 !§
vi 5 67.70 m/s

We choose the positive root because speed is always positive. Thus, the rock’s initial

speed is 7.70 m/s. 

2(5.90 3 102 J)
}}

19.9 kg

Practice

Understanding Concepts 

10. (a) You push this book across a horizontal desk at a constant velocity. You are

supplying some energy to the book. Into what form(s) does this energy go?

(b) You push the same book with a larger force so that the book accelerates.

Into what form(s) does the energy now go? 

11. A force of kinetic friction, of magnitude 67 N, acts on a box as it slides across

the floor. The magnitude of the box’s displacement is 3.5 m. 

(a) What is the work done by friction on the box?

(b) How much thermal energy is produced?

12. A plate produces 0.620 J of thermal energy as it slides across a table. The kinetic

friction force acting on the plate has a magnitude of 0.83 N. How far does the

plate slide?

13. A clerk pushes a filing cabinet of mass 22.0 kg across the floor by exerting a

horizontal force of magnitude 98 N. The magnitude of the force of kinetic friction

acting on the cabinet is 87 N. The cabinet starts from rest. Use the law of con-

servation of energy to determine the speed of the cabinet after it moves 1.2 m. 

14. A pen of mass 0.057 kg slides across a horizontal desk. In sliding 25 cm, its

speed decreases to 5.7 cm/s. The force of kinetic friction exerted on the pen by

the desk has a magnitude of 0.15 N. Apply the law of conservation of energy to

determine the initial speed of the pen.

Applying Inquiry Skills 

15. (a) Describe how you would use the motion of a simple pendulum to verify the

law of conservation of energy. 

(b) Describe sources of random and systematic error in your experiment. 

Making Connections 

16. Most of the thermal energy associated with operating a vehicle is produced by

the combustion of fuel, although some is also produced by friction. Describe

how the circulation systems in a car (the oil circulation system and the water-

cooling system) relate to the thermal energy produced in a moving car. 
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Section 4.4

• The law of conservation of energy states that for an isolated system, energy can

be converted into different forms, but cannot be created or destroyed.

• The work done on a moving object by kinetic friction results in the conversion of

kinetic energy into thermal energy.

• The law of conservation of energy can be applied to solve a great variety of

physics problems.

The Law of Conservation of EnergySUMMARY

Section 4.4 Questions

Understanding Concepts 

1. Why do roller-coaster rides always start by going uphill?

2. You crack an egg and drop the contents of mass 0.052 kg

from rest 11 cm above a frying pan. Determine, relative to

the frying pan ( y 5 0), 

(a) the initial gravitational potential energy of the egg’s

contents 

(b) the final gravitational potential energy of the egg’s

contents 

(c) the change in gravitational potential energy as the

egg’s contents fall

(d) the kinetic energy and the speed of the egg’s contents

just before hitting the pan

3. A child throws a ball, which hits a vertical wall at a height

of 1.2 m above the ball’s release point. The speed of the ball

at impact is 9.9 m/s. What was the initial speed of the ball?

Use conservation of energy and ignore air resistance.

4. A river flows at a speed of 3.74 m/s upstream from a water-

fall of vertical height 8.74 m. During each second, 

7.12 3 104 kg of water pass over the waterfall. 

(a) What is the gravitational potential energy of this mass

of water at the top of the waterfall, relative to the

bottom? 

(b) If there is a complete conversion of gravitational

potential energy into kinetic energy, what is the speed

of the water at the bottom? 

5. An acrobat, starting from rest, swings freely on a trapeze of

length 3.7 m (Figure 6). If the initial angle of the trapeze is

48°, use the law of conservation of energy to determine

(a) the acrobat’s speed at the bottom of the swing 

(b) the maximum height, relative to the initial position, to

which the acrobat can rise

6. A skier of mass 55.0 kg slides down a slope 11.7 m long,

inclined at an angle f to the horizontal. The magnitude of

the kinetic friction is 41.5 N. The skier’s initial speed is 

65.7 cm/s and the speed at the bottom of the slope is 

7.19 m/s. Determine the angle f from the law of conserva-

tion of energy. Air resistance is negligible. 

7. A skateboarder, initially at rest at the top edge of a vertical

ramp half-pipe (Figure 7), travels down the pipe, reaching

a speed of 6.8 m/s at the bottom of the pipe. Friction is

negligible. Use the law of conservation of energy to find the

radius of the half-pipe. 

8. A 55-g chalkboard eraser slides along the ledge at the

bottom of the chalkboard. Its initial speed is 1.9 m/s. After

sliding for 54 cm, it comes to rest.

(a) Calculate, from the law of conservation of energy, the

coefficient of kinetic friction between the eraser and

the ledge. 

(b) Repeat the calculation using kinematics and force

principles. 

(c) Into what form is the kinetic energy converted? 

3.7 m

48°

Figure 6

For question 5

centre

radius

half-pipe
Figure 7

For question 7
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9. Brakes are applied to a car initially travelling at 85 km/h.

The wheels lock and the car skids for 47 m before coming

to a halt. The magnitude of the kinetic friction between the

skidding car and the road is 7.4 3 103 N. 

(a) How much thermal energy is produced during the

skid?

(b) In what form was this thermal energy before the skid?

(c) Use the law of conservation of energy to determine the

mass of the car.

(d) Determine the coefficient of kinetic friction between

the tires and the road. 

10. A box of apples of mass 22 kg slides 2.5 m down a ramp

inclined at 44° to the horizontal. The force of friction on the

box has a magnitude of 79 N. The box starts from rest.

(a) Determine the work done by friction.

(b) Determine the box’s final kinetic energy. (Hint: Use the

law of conservation of energy.) 

(c) Find the thermal energy produced.

Applying Inquiry Skills 

11. The backward-looping roller coaster in Figure 8 accelerates

from the top of the lift by the station, travels through several

vertical loops, and then moves part way up a second lift. At

this stage, the coaster must be pulled up to the top of the

second lift, where it is released to accelerate backward,

returning the riders to the first lift and the station. 

(a) What physics principle(s) would you apply to deter-

mine the amount of thermal energy produced as the

coaster travels from the top of the first lift to the posi-

tion where it starts to be pulled up the second lift?

(b) List the equations you would need to determine the

amount of energy converted into thermal energy for

the situation in (a). 

(c) Describe how you would conduct measurements from

the ground outside the ride to determine an estimate

of the thermal energy mentioned in (a). 

Making Connections 

12. In medieval times, the weapon of choice for military engi-

neers was a trebuchet, a mechanical device that converted

gravitational potential energy of a large rock into kinetic

energy. Figure 9 shows the design of a gravity-powered

trebuchet used to hurl projectiles at castle walls. Find out

more about this device, and explain why it is a good illus-

tration of the law of conservation of energy. 

Figure 8

A reversing ride is easy to analyze to determine energy

losses due to friction.

Figure 9

A medieval trebuchet
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