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11
Forces and Motion:
Dynamics
Forces and Motion:
Dynamics

uni t

In this unit, you will be able to

• analyze the motions of objects in horizontal, vertical, and inclined planes, and predict and

explain the motions by analyzing the forces acting on the objects

• investigate motion in a plane using experiments and/or simulations

• analyze and solve problems involving forces acting on an object in linear, projectile, or

circular motion using vectors, graphs, and free-body diagrams

• analyze ways in which the study of forces relates to the development and use of

technological devices, such as vehicles and sports equipment 

Overall Expectations

Dr. Kimberly Strong

Atmospheric Physicist, University of Toronto

Kimberly Strong became an atmospheric physicist because of

her keen interest in why and how climate change affects the

health of our planet. She is interested in making new dis-

coveries that will better allow scientists to understand and

respond to pressing issues like ozone depletion, atmospheric

pollution, and global warming.

Dr. Strong teaches physics at the University of Toronto and

studies Earth’s atmosphere using specially designed instru-

ments attached to satellites and weather balloons. Her team

deploys huge balloons—as high as 25 stories—equipped with instruments

used to detect gases in the atmosphere. Satellites, with their global view, play

a vital role in helping scientists to monitor environmental changes over time,

and Strong’s knowledge of dynamics and circular motion is used consistently

in her work. Strong and her colleagues also design many of the instruments

that are carried on satellites that orbit Earth.

Atmospheric and space physicists working in companies and universities  build

satellites and instrumentation for environmental monitoring with the support of

the Canadian Space Agency. They also work for organizations such as Environment

Canada interpreting and measuring changes in the atmosphere. This field of

research is highly collaborative and often involves international partnerships.
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chapter

Kinematics

In this chapter,
you will be able to

• analyze and predict in

quantitative terms and

explain the linear motion of

objects in horizontal, vertical,

and inclined planes

• analyze and predict in

quantitative terms and

explain the motion of a

projectile in terms of the

horizontal and vertical

components of its motion

• carry out experiments or

simulations involving objects

moving in two dimensions,

and analyze and display the

data in an appropriate form

• predict the motion of an

object given its initial speed

and direction of motion, and

test the prediction

experimentally 

• design or construct

technological devices based

on the concepts and

principles of projectile

motion

4 Chapter 1 NEL

Engineers who design ski jumps, like the one shown in Figure 1, must decide on the

angles and lengths of various components of the hill, such as the approach slope, the

takeoff angle, and the landing slope. Upon becoming airborne, the jumper follows a

curved path of motion known as a trajectory. One of the things you will discover in this

chapter is how to analyze that trajectory, using physics concepts and equations.

You are likely familiar with concepts and equations for displacement, velocity, and

acceleration in one-dimensional motion. In this chapter, we extend these concepts and

equations to motions in two dimensions.

1. The arrows in Figure 2 represent the initial

velocities of four identical balls released simul-

taneously from the top of a cliff. Air resistance

is negligible. Ball A is dropped. Balls B, C, and

D are thrown with initial velocities of equal

magnitude but at the different angles shown.

(a) In your notebook, use a sketch to predict

the flight path of each ball.

(b) Indicate in what order you think the balls

land. Explain your reasons. 

2. In Figure 3, one canoeist is paddling across a

still lake, while another is paddling across a

flowing river. The two canoeists are equally

strong and the two bodies of water equally

wide. The arrows are all velocity vectors.

(a) Redraw the diagrams in your notebook,

showing the path of each canoe as it travels from one shore to the other. 

(b) If the canoeists set out from the south shores at the same time, who arrives at

the north shore first? Explain.

(c) Use another diagram to show how the canoeist in the river can arrange to arrive

on the north shore directly opposite the starting position on the south shore. Will

the trip across the river take the same time as before? Explain. 

REFLECT on your learning

river

flow of water
direction

aimed

lake

direction

aimed

E

N

Figure 3

The distance across the lake is equal to the distance across the river.

A
B

C

D

Figure 2

Will four balls launched at the same

instant all land at the same time?
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TRYTHIS activity Choose the Winner

Figure 4 shows a device that allows steel ball A to fall straight

downward while projecting steel ball B horizontally outward.

Assume that the balls start moving at the same instant. How do

you think the times they take to hit the floor compare? 

(a) In your notebook, sketch the path of each ball. Predict, with

an explanation, whether the balls land at the same time or

at different times.

(b) Observe a demonstration of the device shown (or of some

alternative setup). Compare the demonstration with your

prediction. If your observations are different from your pre-

dictions, try to resolve the differences.

Observers must remain a safe distance away from

the sides of the device.

Figure 4

This device can project one ball horizontally

while simultaneously allowing a second ball to

fall straight downward.

A B

Figure 1

Physics principles can be used to understand the

motion of a ski jumper. Those same principles can

also be applied to design the ski jump’s approach

and landing slopes.

= 37°

60 m

approach

launch

landing

start of 

flatter slope
u

u
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1.11.1
Speed and Velocity in 

One and Two Dimensions

Visitors to an amusement park, such as the one in Figure 1, experience a variety of

motions. Some people may walk at a constant speed in a straight line. Others, descending

on a vertical drop ride, plummet at a very high speed before slowing down and stopping.

All these people undergo motion in one dimension, or linear motion. Linear motion

can be in the horizontal plane (walking on a straight track on level ground, for example),

in the vertical plane (taking the vertical drop ride), or on an inclined plane (walking up

a ramp). Linear motion can also involve changing direction by 180°, for example, in

going up and then down, or moving east and then west on level ground.

Visitors to an amusement park also experience motion in two and three dimensions.

Riders on a merry-go-round experience two-dimensional motion in the horizontal

plane. Riders on a Ferris wheel experience two-dimensional motion in the vertical plane.

Riders on a roller coaster experience motion in three dimensions: up and down, left and

right, around curves, as well as twisting and rotating.

The study of motion is called kinematics. To begin kinematics, we will explore simple

motions in one and two dimensions, like those in Figure 2. Later, we will apply what

we have learned to more complex types of motion.

Speed and Other Scalar Quantities 
Consider the speed limits posted on roads and highways near where you live. In a school

zone, the limit may be posted as 40 km/h, while 100 km/h may be permitted on a highway.

The unit km/h (kilometres per hour) reminds you that speed is a distance divided by a

time. Speed, distance, and time are examples of scalar quantities, which have magnitude

(or size) but no direction.

In car racing, the starting lineup is determined by qualifying time trials in which the

average speeds of the drivers are compared. Each driver must cover the same distance

around the track, and the driver with the shortest time gets the pole (or first) position.

During some parts of the qualifying trials, other drivers may have achieved a higher

instantaneous speed, or speed at a particular instant. But the winner has the greatest

Figure 1

How many different types of motion

can you identify at this amusement

park?

(a)

start

E

N

(b)

start

E

N

Figure 2

(a) A dog running on level ground

24 m eastward and then 11 m

westward undergoes motion in

one dimension. 

(b) A dog running on level ground

24 m eastward and then 11 m

southward undergoes motion

in two dimensions.

kinematics the study of motion

scalar quantity quantity that has

magnitude but no direction

instantaneous speed speed at a

particular instant
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average speed, or total distance travelled divided by total time of travel. The equation

for average speed is

where d is the total distance travelled in a total time Dt.

Section 1.1

average speed (vav) total distance

of travel divided by total time of

travel

Scalar Quantities 

“Scalar” stems from the Latin

scalae, which means “steps” or

“ladder rungs,” and suggests a

magnitude or value. Scalars can be

positive, zero, or negative.

LEARNING TIP

The Average Speed Equation

In the equation vav 5 }
D

d

t
}, the 

symbol v comes from the word

velocity (a vector quantity) and the

subscript “av” indicates average.

The Greek letter D (delta) denotes

the change in a quantity, in this

case time. The symbol t usually

represents a time at which an

event occurs, and Dt represents

the time between events, or the

elapsed time. 

LEARNING TIP

At the Molson Indy race in Toronto, Ontario, a driver covers a single-lap distance of

2.90 km at an average speed of 1.50 3 102 km/h. Determine 

(a) the average speed in metres per second

(b) the time in seconds to complete the lap

Solution 

(a) To convert units, we multiply by factors that are equivalent to 1. We know that 

1 km 5 1000 m and 1 h 5 3600 s

∴1.50 3 102 km/h 5 1.50 3 102 }
k

h

m
} 3 3 5 41.7 m/s

The average speed is 41.7 m/s. 

(b) vav 5 41.7 m/s

d 5 2.90 km 5 2.90 3 103 m

Dt 5 ?

Rearranging the equation vav 5 }
D

d

t
} to isolate Dt, we have

Dt 5 }
v

d

av
}

5

Dt 5 69.6 s

The time to complete the lap is 69.6 s. (Refer to the Learning Tip, Significant Digits

and Rounding.) 

2.90 3 103 m
}}

41.7 m/s

1 h
}
3600 s

1000 m
}

1 km

SAMPLE problem 1

Practice

Understanding Concepts

1. For each of the following motions, state whether the number of dimensions is

one, two, or three:

(a) A tennis ball falls vertically downward after you release it from rest in your

hand.

(b) A tennis ball falls vertically downward after you release it from rest in your

hand, hits the court, and bounces directly upward.

(c) A basketball flies in a direct arc into the hoop. 

(d) A baseball pitcher tosses a curveball toward the batter. 

(e) A passenger on a Ferris wheel travels in a circle around the centre of the

wheel. 

(f) A roller coaster moves around the track. 

Significant Digits and Rounding

In all sample problems in this

text—take a close look at Sample

Problem 1—the answers have been

rounded off to the appropriate

number of significant digits. Take

special care in answering a ques-

tion with two or more parts. For

example, when working on a two-

part problem, keep the interme-

diate (excess-precision) answer for

part (a) in your calculator so that

you can use it to solve part (b)

without rounding error. Appendix

A reviews the rules for significant

digits and rounding-off.

LEARNING TIP

vav 5 }
D

d

t
}
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vector quantity quantity that has

both magnitude and direction

position (d#$ ) the distance and

direction of an object from a refer-

ence point

displacement (Dd#$ ) change in

position of an object in a given

direction

Figure 3

In moving from position d$1 to d$2, the cyclist undergoes a displacement Dd$ 5 d$2 2 d$1. 

2. Which of the following measurements are scalar quantities?

(a) the force exerted by an elevator cable

(b) the reading on a car’s odometer

(c) the gravitational force of Earth on you

(d) the number of physics students in your class

(e) your age

3. Does a car’s speedometer indicate average speed or instantaneous speed? Is

the indicated quantity a scalar or a vector? Explain.

4. In the Indianapolis 500 auto race, drivers must complete 200 laps of a 4.02-km

(2.50-mile) track. Calculate and compare the average speeds in kilometres per

hour, given the following times for 200 laps: 

(a) 6.69 h (in 1911, the first year of the race)

(b) 3.32 h (in 1965) 

(c) 2.69 h (in 1990, still a record more than a decade later)

5. A swimmer crosses a circular pool of diameter 16 m in 21 s. 

(a) Determine the swimmer’s average speed.

(b) How long would the swimmer take to swim, at the same average speed,

around the edge of the pool? 

6. Determine the total distance travelled in each case:

(a) Sound propagating at 342 m/s crosses a room in 3.54 3 10–2 s. 

(b) Thirty-two scuba divers take turns riding an underwater tricycle at an

average speed of 1.74 km/h for 60.0 h. (Express your answer both in kilome-

tres and in metres.) 

Velocity and Other Vector Quantities 
Many of the quantities we measure involve a direction. A vector quantity is a quantity

with a magnitude and direction. Position, displacement, and velocity are common vector

quantities in kinematics. In this text, we indicate a vector quantity algebraically by a

symbol containing an arrow with the direction stated in square brackets. Examples of

directions and their specifications are east [E], upward [up], downward [down], and

forward [fwd].

Position, d$, is the directed distance of an object from a reference point. Displacement,

Dd$, is the change of position—that is, the final position minus the initial position.

In Figure 3, a cyclist initially located 338 m west of an intersection moves to a new posi-

tion 223 m west of the same intersection.

The Origin of “Vector”

Vector comes from the Latin word

vector, which has as one of its

meanings “carrier”—implying some-

thing being carried from one place

to another in a certain direction. 

In biology, a vector is a carrier of

disease. 

DID YOU KNOW??

d1 = 338 m [W]

∆d = 115 m [E]

d2 = 223 m [W]

reference 

position
E

N

Answers

4. (a) 1.20 3 102 km/h

(b) 2.42 3 102 km/h

(c) 2.99 3 102 km/h

5. (a) 0.76 m/s

(b) 66 s

6. (a) 12.1 m

(b) 104 km; 1.04 3 105 m

The Magnitude of a Vector

The symbol  surrounding a

vector represents the magnitude

of the vector. For example, Dd#$
represents the distance, or mag-

nitude, without indicating the

direction of the displacement;

thus it is a scalar quantity. For

example, if Dd#$ is 15 m [E], then

Dd#$ is 15 m.

LEARNING TIP
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We can determine the cyclist’s displacement as follows:

Dd$ 5 d$2 2 d$1

5 223 m [W] 2 338 m [W]

5 2115 m [W]

Dd$ 5 115 m [E]

The quantities “2115 m [W]” and “115 m [E]” denote the same vector.

A fundamental vector quantity involving position and time is velocity, or rate of

change of position. The velocity at any particular instant is called the instantaneous

velocity, v$. If the velocity is constant (so that the moving body travels at an unchanging

speed in an unchanging direction), the position is said to change uniformly with time,

resulting in uniform motion.

The average velocity, v$av, of a motion is the change of position divided by the time

interval for that change. From this definition, we can write the equation

where Dd$ is the displacement (or change of position) and Dt is the time interval. For

motion with constant velocity, the average velocity is equal to the instantaneous velocity

at any time.

Section 1.1

velocity (v#$) the rate of change of

position

instantaneous velocity velocity at

a particular instant

average velocity (v#$av) change of

position divided by the time interval

for that change

Properties of Vectors

A vector divided by a scalar, as

in the equation v#$av 5 }
D

D

d#

t

$
}, is a

vector. Multiplying a vector by a

scalar also yields a vector.

Appendix A discusses vector

arithmetic. 

LEARNING TIP

The cyclist in Figure 3 takes 25.1 s to cover the displacement of 115 m [E] from d$1 to d$2 . 

(a) Calculate the cyclist’s average velocity.

(b) If the cyclist maintains the same average velocity for 1.00 h, what is the total displacement? 

(c) If the cyclist turns around at d$2 and travels to position d$3 = 565 m [W] in 72.5 s, what

is the average velocity for the entire motion?

Solution 

(a) Dd$ 5 115 m [E]

Dt 5 25.1 s

v$av 5 ?

v$av 5

5 }
11

2

5

5

m

.1 s

[E]
}

v$av 5 4.58 m/s [E]

The cyclist’s average velocity is 4.58 m/s [E]. 

(b) Dt 5 1.00 h 5 3600 s

v$av 5 4.58 m/s [E]

Dd$ 5 ?

Dd$ 5 v#$avDt

5 (4.58 m/s [E])(3600 s)

Dd$ 5 1.65 3 104 m [E] or 16.5 km [E]

The total displacement is 16.5 km [E]. 

Dd#$

}
Dt

SAMPLE problem 2

Comparing Displacements

The displacement from Quebec

City to Montreal is 250 km [41° S

of W]. The displacement from

Baltimore, Maryland, to

Charlottesville, Virginia, is 250 km

[41° S of W]. Since both displace-

ments have the same magnitude

(250 km) and direction [41° S of

W], they are the same vectors.

Vectors with the same magnitude

and direction are identical, even

though their starting positions can

be different. 

DID YOU KNOW??

Unit and Dimensional Analysis 

Unit analysis (using such units as

metres, kilograms, and seconds) or

dimensional analysis (using such

dimensions as length, mass, and

time) can be useful to ensure that

both the left-hand side and the

right-hand side of any equation

have the same units or dimen-

sions. Try this with the equation

used to solve Sample Problem

2(b). If the units or dimensions are

not the same, there must be an

error in the equation. For details,

see Appendix A.

LEARNING TIP

v$av 5
Dd#$

}
Dt
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(c) Dd$ 5 d$3 2 d$1

5 565 m [W] 2 338 m [W]

Dd$ 5 227 m [W]

Dt 5 25.1 s 1 72.5 s 5 97.6 s

v$av 5 ?

v$av 5

5

v$av 5 2.33 m/s [W]

The average velocity is 2.33 m/s [W]. 

(Can you see why this average velocity is so much less than the average velocity in (a)?) 

227 m [W]
}}

97.6 s

Dd#$

}
Dt

Answers

10. (a) 3.0 3 101 km/h

(b) 3.0 3 101 km/h [E]

(c) 0.0 km/h

11. 8.6 m [fwd]

12. 7.6 3 102 h; 32 d

Practice

Understanding Concepts

7. Give specific examples of three different types of vector quantities that you have

experienced today. 

8. (a) Is it possible for the total distance travelled to equal the magnitude of the

displacement? If “no,” why not? If “yes,” give an example.

(b) Is it possible for the total distance travelled to exceed the magnitude of the

displacement? If “no,” why not? If “yes,” give an example.

(c) Is it possible for the magnitude of the displacement to exceed the total dis-

tance travelled? If “no,” why not? If “yes,” give an example.

9. Can the average speed ever equal the magnitude of the average velocity? If “no,”

why not? If “yes,” give an example.

10. A city bus leaves the terminal and travels, with a few stops, along a straight

route that takes it 12 km [E] of its starting position in 24 min. In another 24 min,

the bus turns around and retraces its path to the terminal.

(a) What is the average speed of the bus for the entire route?

(b) Calculate the average velocity of the bus from the terminal to the farthest

position from the terminal.

(c) Find the average velocity of the bus for the entire route.

(d) Why are your answers for (b) and (c) different?

11. A truck driver, reacting quickly to an emergency, applies the brakes. During the

driver’s 0.32 s reaction time, the truck maintains a constant velocity of 27 m/s

[fwd]. What is the displacement of the truck during the time the driver takes to

react?

12. The Arctic tern holds the world record for bird migration distance. The tern

migrates once a year from islands north of the Arctic Circle to the shores of

Antarctica, a displacement of approximately 1.6 3 104 km [S]. (The route, aston-

ishingly, lies mainly over water.) If a tern’s average velocity during this trip is 

21 km/h [S], how long does the journey take? (Answer both in hours and days.)

Applying Inquiry Skills 

13. Small airports use windsocks, like the one in Figure 4. 

(a) Does a windsock indicate a scalar quantity or a vector quantity? What is that

quantity? 

(b) Describe how you would set up an experiment to help you calibrate the

windsock. 

Figure 4

A typical windsock

Other Direction Conventions

In navigation, directions are taken

clockwise from due north. For

example, a direction of 180° is due

south, and a direction of 118° is

equivalent to the direction [28° S 

of E]. In mathematics, angles are

measured counterclockwise from

the positive x-axis. 

DID YOU KNOW??
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Position and Velocity Graphs 
Graphing provides a useful way of studying motion. We begin by studying position-

time and velocity-time graphs for bodies with constant velocity motion.

Consider a marathon runner moving along a straight road with a constant velocity of

5.5 m/s [S] for 3.0 min. At the start of the motion (i.e., at t 5 0), the initial position is

d$ 5 0. The corresponding position-time data are shown in Table 1. The corresponding

position-time graph is shown in Figure 5. Notice that for constant velocity motion, the

position-time graph is a straight line.

Since the line on the position-time graph has a constant slope, we can calculate the slope

since it is the ratio of the change in the quantity on the vertical axis to the corresponding

change in the quantity on the horizontal axis. Thus, the slope of the line on the position-

time graph from t 5 0.0 s to t 5 180 s is 

m 5

5

m 5 5.5 m/s [S]

This value would be the same no matter which part of the line we used to calculate the

slope. It is apparent that for constant velocity motion, the average velocity is equal to the

instantaneous velocity at any particular time and that both are equal to the slope of the

line on the position-time graph.

Figure 6 is the corresponding velocity-time graph of the runner’s motion. A practice

question will ask you to show that the area under the plot (the shaded area) represents

the displacement, in other words, represents Dd#$ over the time interval that the area

covers.

990 m [S] 2 0 m
}}

180 s 2 0 s

Dd#$

}
Dt

1000

800

600

400

200

0 60 120 180

t (s)

d
 (

m
 [

S
])

W

Figure 5

Position-time graph of the runner’s

motion

10

5

0 60 120 180

t (s)

v
 (

m
/s

 [
S

]
)

W

Figure 6

Velocity-time graph of the runner’s

motion

Table 1 Position-Time Data

Time Position

t (s) d$ (m [S])

0 0

60 330

120 660

180 990

Describe the motion represented by the position-time graph shown in Figure 7, and

sketch the corresponding velocity-time graph. 

Solution 

The slope of the line is constant and it is negative. This means that the velocity is constant

in the easterly direction. The initial position is away from the origin and the object is

moving toward the origin. The velocity-time graph can be either negative west or positive

east as shown in Figure 8. 

SAMPLE problem 3

d
 (

m
 [

W
])

t (s)
0

W

Figure 7

Position-time graph

v
 (

m
/s

 [
E

])

t (s)
0

W

Figure 8

Velocity-time graph
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Now let’s turn to graphs of motion with changing instantaneous velocity. This type of

motion, often called nonuniform motion, involves a change of direction, a change of

speed, or both.

Consider, for example, a car starting from rest and speeding up, as in Table 2 and

Figure 9.

Since the slope of the line on the position-time graph is gradually increasing, the

velocity is also gradually increasing. To find the slope of a curved line at a particular

instant, we draw a straight line touching—but not cutting—the curve at that point. This

straight line is called a tangent to the curve. The slope of the tangent to a curve on a

position-time graph is the instantaneous velocity.

Figure 10 shows the tangent drawn at 2.0 s for the motion of the car. The broken lines

in the diagram show the average velocities between t 5 2.0 s and later times. For example,

from t 5 2.0 s to t 5 8.0 s, Dt 5 6.0 s and the average velocity is the slope of line A.

From t 5 2.0 s to t 5 6.0 s, Dt 5 4.0 s and the average velocity is the slope of line B, and

so on. Notice that as Dt becomes smaller, the slopes of the lines get closer to the slope of

the tangent at t 5 2.0 s (i.e., they get closer to the instantaneous velocity, v$). Thus, we can

define the instantaneous velocity as

80

60

40

20

0 2.0 4.0 6.0

t (s)

d
 (

m
 [

fw
d

])
W

8.0

A

B

C

tangent at t = 2.0 s

Figure 10

The slopes of lines A, B, and C represent the average velocities

at times beyond 2.0 s. As these times become smaller, the

slopes get closer to the slope of the tangent at t 5 2.0 s.
tangent a straight line that touches

a curve at a single point and has the

same slope as the curve at that

point

Table 2 Position-Time Data

Time Position

t (s) d$ (m [fwd])

0 0

2.0 4.0

4.0 16

6.0 36

8.0 64

80

60

40

20

0 2.0 4.0 6.0

t (s)

d
 (

m
 [

fw
d

])
W

8.0

Figure 9

Position-time graph for changing

instantaneous velocity. The average

velocity between any two times can

be found by applying the equation 

v$av 5 , but a different approach 

must be used to find the instanta-

neous velocity.

Dd#$
}
Dt

TRYTHIS activity Graphing Linear Motion

Sketch the position-time and velocity-time graphs that you think correspond to each of

the following situations. After discussing your graphs with your group, use a motion

sensor connected to graphing software to check your predictions. Comment on the accu-

racy of your predictions. 

(a) A person walks away from the sensor at a constant velocity for 5 or 6 steps. 

(b) A person walks directly toward the sensor at a constant velocity from a distance of

about 4.0 m. 

(c) A person walks directly toward the sensor at a constant velocity from 3.0 m away. The

person stops for a few seconds. Finally, the person walks directly back toward the

origin at a constant, but slower velocity. 

(d) A person walks halfway from the origin directly toward the sensor at a high constant

velocity, stops briefly, walks the rest of the way at a low constant velocity, and then

returns at a high constant velocity to the origin. 

Calculus Notation

In the notation used in calculus,

the “D” symbols are replaced 

by “d” symbols to represent

infinitesimal or very small 

quantities. Thus, the equation

for instantaneous velocity is

v#$ 5 . 
dd#$
}
dt

LEARNING TIP

v$ 5 lim
Dt→0

Dd#$
}
Dt
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Figure 11 is the position-time graph for a golf ball rolling along a straight trough which

slopes downward from east to west. We arbitrarily choose one-dimensional coordinates

on which the origin is at the western end of the trough.

(a) Describe the motion.

(b) Calculate the instantaneous velocity at t 5 3.0 s.

(c) Determine the average velocity between 3.0 s and 6.0 s.

Solution 

(a) The slope is zero at t 5 0.0 s, then it becomes negative. Thus, the velocity starts off at

zero and gradually increases in magnitude in the westerly direction. (Negative east is

equivalent to positive west.) The object starts at a position east of the reference point

or origin and then moves westward arriving at the origin 6.0 s later. 

(b) The instantaneous velocity at t 5 3.0 s is the slope of the tangent at that instant. Thus, 

v$ 5 slope 5 m 5

5 }
0.0

8.

m

0 s

2

2

24

0.

m

0 s

[E]
}

5 23.0 m/s [E]

v$ 5 3.0 m/s [W]

The instantaneous velocity at 3.0 s is approximately 3.0 m/s [W]. 

(This answer is approximate because of the uncertainty of drawing the tangent.) 

(c) We apply the equation for average velocity: 

v$av 5

5

5 25.0 m/s [E]

v$av 5 5.0 m/s [W]

The average velocity between 3.0 s and 6.0 s is 5.0 m/s [W]. 

0.0 m 2 15 m [E]
}}

6.0 s 2 3.0 s

Dd#$
}
Dt

Dd#$
}
Dt

SAMPLE problem 4

The Image of a Tangent Line

A plane mirror can be used to

draw a tangent to a curved line.

Place the mirror as perpendicular

as possible to the line at the point

desired. Adjust the angle of the

mirror so that the real curve

merges smoothly with its image in

the mirror, which allows the mirror

to be perpendicular to the curved

line at that point. Draw a line per-

pendicular to the mirror to obtain

the tangent to the curve. 

LEARNING TIP

30

20

10

0 2.0 4.0 6.0

t (s)

d
 (

m
 [

E
])

W

8.0

tangent at t = 3.0 s

Figure 11

Position-time graph for Sample

Problem 4

Practice

Understanding Concepts

14. Describe the motion depicted in each of the graphs in Figure 12.

t (s)

d
 (

m
 [

N
])

W 0

t (s)

d
 (

m
 [

u
p

])
W

0 t (s)

d
 (

m
 [

W
])

W

0

Figure 12

(a) (b) (c)

Limitations of Calculator Use

Calculators provide answers very

quickly, but you should always

think about the answers they pro-

vide. Inverse trig functions, such

as sin21, cos21, and tan21, provide

an example of the limitations of

calculator use. In the range of 0° to

360°, there are two angles with the

same sine, cosine, or tangent. For

example, sin 85° 5 sin 95° 5

0.966, and cos 30° 5 cos 330° 5

0.866. Thus, you must decide on

how to interpret answers given by

a calculator. 

LEARNING TIP
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15. Use the information on the graphs in Figure 13 to generate the corresponding

velocity-time graphs. 

16. Determine the area between the line and the horizontal axis on the velocity-time

graph in Figure 14. What does that area represent? (Hint: Include units in your

area calculation.)

17. Redraw the position-time graph in Figure 15 in your notebook and determine

the (approximate) instantaneous velocities at t 5 1.0 s, 2.0 s, 3.0 s, 4.0 s, 

and 5.0 s.

30
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0 0.2 0.4 0.6

t (s)

d
 (

m
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E
])

W
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d
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k
m
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W

])
W

2.0
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d
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c
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S
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W

–50

Figure 13

Position-time graphs

(a) (b)

(c)

15
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5

0 0.2

t (s)
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(m
/s
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Figure 14

Velocity-time graph for question 16

Figure 15

Position-time graph for question 17

20
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0

–10
2.0 6.0
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d
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m
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E
])

W

–20

4.0 8.0

Answers

16. 4.5 m [N]

17. 7 m/s [E]; 0 m/s;

7 m/s [W]; 13 m/s [W];

7 m/s [W]

Displacement and Velocity in Two Dimensions 
As you are driving north on a highway in level country, you come to a bridge closed for

repairs. Your destination is across the bridge on the north side of the river. Using a map,

you discover a road that goes eastward, then northward across the river, then westward

to your destination. The concepts of displacement, velocity, and time interval help you

analyze the alternative route as a vector problem in the horizontal plane. You can also ana-

lyze motion in a vertical plane (as when a football moves in the absence of a crosswind)

or in a plane at an angle to the horizontal (such as a ski hill) in the same way.

In the horizontal plane, the four compass points—east, north, west, and south—indi-

cate direction. If the displacement or the velocity is at an angle between any two com-

pass points, the direction must be specified in some unambiguous way. In this text, the

direction of a vector will be indicated using the angle measured from one of the com-

pass points (Figure 16).

The defining equations for displacement (Dd$ 5 d$2 2 d$1), average velocity 1v$av 5 }
D

D

d$

t
}2,

and instantaneous velocity 1v$ 5 lim
Dt→0

}
D

D

d$

t
}2 apply to motion in two dimensions. How-

ever, where the two-dimensional motion analyzed involves more than one displacement,

as shown in Figure 17, Dd$ is the result of successive displacements (Dd$ 5 Dd$1 1

Dd$2 1 …), and is called total displacement.

N

S

W E

41°

22°

15°

AW

BW

CW

directions of vectors:

A [41° W of N]

B [22° N of E]

C [15° W of S]

W
W
W

Figure 16

Notation for specifying the direc-

tions of vectors
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∆d1 W

∆d2 W

∆d3 W

∆dW

Figure 17

The total displacement is the vector

sum of the individual displacements,

Dd$ 5 Dd$1 1 Dd$2 1 Dd$3 . Notice that

the vectors are added head-to-tail,

and the total vector faces from the

initial position to the final position. 

In 4.4 s, a chickadee flies in a horizontal plane from a fence post (P) to a bush (B) and

then to a bird feeder (F), as shown in Figure 18(a). Find the following:

(a) total distance travelled

(b) average speed 

(c) total displacement 

(d) average velocity 

Solution 

(a) The total distance travelled is a scalar quantity.

d 5 22 m + 11 m = 33 m 

(b) d 5 33 m

Dt 5 4.4 s

vav 5 ?

vav 5 }
D

d

t
}

5 }
3

4

3

.4

m

s
}

vav 5 7.5 m/s

The average speed is 7.5 m/s. 

(c) We will use the method of sine and cosine laws to solve this problem. (Alternatively,

we could use the component technique or a vector scale diagram.) We apply the

cosine law to find the magnitude of the displacement, Dd$. From Figure 18(b), the

angle B equals 119°.

Dd$1 5 22 m ]B 5 119°

Dd$2 5 11 m Dd$ 5 ?

Applying the cosine law: 

Dd$2 5 Dd$12 1 Dd$22 2 2Dd$1Dd$2cos B

Dd$2 5 (22 m)2 1 (11 m)2 2 2(22 m)(11 m)(cos 119°)

Dd$ 5 29 m

To determine the direction of the displacement, we use the sine law: 

5

sin P 5

sin P 5 }
(11 m

(2

)(

9

si

m

n

)

119°)
}

]P 5 19°

From the diagram, we see that the direction of the total displacement is 

33° 2 19° 5 14° N of E. Therefore, the total displacement is 29 m [14° N of E].

Dd#$2 sin B
}}

Dd#$

sin B
}
Dd#$

sin P
}
Dd#$2

SAMPLE problem 5

north east

22 m 11 m
28°

33°

P

B

F

east

Figure 18

For Sample Problem 5

(a) The chickadee takes 4.4 s to

complete the motion shown. 

(b) Angle B is found to be 119°.

(a)

28°33°

P

B

F

∆d2W∆d1W

∆dW

] B = 180° − 33° − 28°

] B = 119°

E

N

(b)
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(d) Dd#$ 5 29 m [14° N of E]

Dt 5 4.4 s

v$av 5 ?

v$av 5

5

v$av 5 6.6 m/s [14° N of E]

The average velocity is 6.6 m/s [14° N of E].

29 m [14° N of E]
}}

4.4 s

Dd#$
}
Dt

Adding Vectors

In applying the vector addition

equation (Dd$ 5 Dd$1 1 Dd$2

1 …) to two-dimensional

motion, you can choose to add

the displacement vectors by

whichever of the methods sum-

marized in Appendix A proves

most convenient. The vector

scale “head-to-tail” diagram

method is excellent for visual-

izing and understanding the sit-

uation. However, this method is

not as accurate as other

methods. The component tech-

nique is accurate and can be

used for any number of vectors,

but it can be time-consuming.

The method using the sine and

cosine laws is accurate and

fairly quick to use, but it is lim-

ited to the addition (or subtrac-

tion) of only two vectors. 

LEARNING TIP

Practice

Understanding Concepts

18. Determine the vector sum of the displacements Dd$1 5 2.4 m [32° S of W]; 

Dd$2 5 1.6 m [S]; and Dd$3 = 4.9 m [27° S of E]. 

19. Solve Sample Problem 5 using

(a) a vector scale diagram 

(b) components (referring, if necessary, to Appendix A) 

20. A skater on Ottawa’s Rideau Canal travels in a straight line 8.5 3 102 m [25° N 

of E] and then 5.6 3 102 m in a straight line [21° E of N]. The entire motion takes

4.2 min.

(a) What is the skater’s displacement? 

(b) What are the skater’s average speed and average velocity?

Answers

18. 5.6 m [24° E of S]

20. (a) 1.3 3 103 m [42° N of E]

(b) 5.6 m/s; 5.2 m/s 

[42° N of E]

• A scalar quantity has magnitude but no direction.

• Average speed is the total distance travelled divided by the total time of travel.

• A vector quantity has both magnitude and direction.

• Position is the distance with a direction from some reference point.

• Displacement is the change of position.

• Velocity is the rate of change of position.

• Average velocity is change of position divided by the time interval for that

change.

• Instantaneous velocity is the velocity at a particular instant.

• Instantaneous speed is the magnitude of the instantaneous velocity.

• The slope of the line on a position-time graph indicates the velocity.

• The area under the line on a velocity-time graph indicates the change of position.

• In two-dimensional motion, the average velocity is the total displacement divided

by the time interval for that displacement.

Speed and Velocity in One 

and Two Dimensions 
SUMMARY

Using Scientific Calculators

A warning about using scientific 

calculators: when first turned

on, these calculators usually

express angles in degrees

(DEG). Pushing the appropriate

key (e.g., DRG) will change the

units to radians (RAD) or grads

(GRA, where 90° = 100 grads).

Only degrees will be used in this

text. 

LEARNING TIP
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Section 1.1

Section 1.1 Questions

Understanding Concepts

1. State whether each of the following is a scalar or a vector:

(a) the magnitude of a vector quantity

(b) a component of a vector quantity in some particular

coordinate system

(c) the mass you gained in the past 15 years

(d) the product of a scalar and a vector

(e) the area under the line and above the time axis on a

velocity-time graph

2. Give a specific example for each of the following descrip-

tions of a possible motion:

(a) The velocity is constant.

(b) The speed is constant, but the velocity is constantly

changing. 

(c) The motion is in one dimension, and the total distance

travelled exceeds the magnitude of the displacement.

(d) The motion is in one dimension, the average speed is

greater than zero, and the average velocity is zero.

(e) The motion is in two dimensions, the average speed is

greater than zero, and the average velocity is zero.

3. If two measurements have different dimensions, can they

be added? multiplied? In each case, give an explanation if

“no,” an example if “yes.”

4. Light travels in a vacuum at 3.00 3 108 m/s. Determine the

time in seconds for each of the following:

(a) Light travels from the Sun to Earth. The average radius

of Earth’s orbit around the Sun is 1.49 3 1011 m.

(b) Laser light is sent from Earth, reflects off a mirror on

the Moon, and returns to Earth. The average Earth-

Moon distance is 3.84 3 105 km. 

5. Figure 19 shows the idealized motion of a car.

(a) Determine the average speed between 4.0 s and 8.0 s;

and between 0.0 s and 8.0 s.

(b) Calculate the average velocity between 8.0 s and 9.0 s;

between 12 s and 16 s; and between 0.0 s and 16 s.

(c) Find the instantaneous speed at 6.0 s and 9.0 s.

(d) Calculate the instantaneous velocity at 14 s. 

6. What quantity can be calculated from a position-time

graph to indicate the velocity of an object? How can that

quantity be found if the line on the graph is curved? 

7. Use the information in Figure 20 to generate the corre-

sponding position-time graph, assuming the position at

time t 5 0 is 8.0 m [E].

8. In a total time of 2.0 min, a duck on a pond paddles 22 m

[36° N of E] and then paddles another 65 m [25° E of S].

Determine the duck’s

(a) total distance travelled (c) total displacement

(b) average speed (d) average velocity

Applying Inquiry Skills 

9. (a) Review your work in Practice question 17, and use a

plane mirror to determine how accurately you drew the

tangents used to find the instantaneous velocities. 

(b) Describe how to draw tangents to curved lines as

accurately as possible. 

Making Connections 

10. Research has shown that the average alcohol-free driver

requires about 0.8 s to apply the brakes after seeing an

emergency. Figure 21 shows the approximate reaction

times for drivers who have been drinking beer. Copy Table 3

into your notebook, and use the data from the graph to

determine the reaction distance (i.e., the distance travelled

after seeing the emergency and before applying the brakes).

50

40

30

20

10

0 4.0 8.0 12 16

t (s)

d
 (

m
 [

E
])

W

Figure 19

Position-time graph

4.0

2.0

0 1.0 2.0 3.0

t (s)

4.0 5.0

v
 (

m
/s

 [
E
])

W

Figure 20

Velocity-time

graph

Figure 21

Effect of beer on

reaction times for

drivers

3.0

2.0

1.0

0 1 2 3

Number of Beers

R
e

a
c

ti
o

n
 T

im
e

 (
s
)

4 5

Table 3 Data for Question 10

Speed Reaction Distance

no alcohol 4 bottles 5 bottles

17 m/s (60 km/h) ? ? ?

25 m/s (90 km/h) ? ? ?

33 m/s (120 km/h) ? ? ?
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1.21.2
Acceleration in One 

and Two Dimensions 

Have you noticed that when you are in a car, you have to accelerate

on the ramp of an expressway to merge safely (Figure 1)? Drivers

experience acceleration whenever their vehicles speed up, slow

down, or change directions.

There have been concerns that vehicles using alternative energy

resources may not be able to accelerate as quickly as vehicles pow-

ered by conventional fossil-fuel engines. However, new designs

are helping to dispel that worry. For example, the electric limou-

sine shown in Figure 2 can quickly attain highway speeds.

Figure 1

As they merge onto the main

expressway lanes, cars and motor-

cycles accelerate more easily than

trucks.

Figure 2

This experimental electric limousine, with a

mass of 3.0 3 103 kg, can travel 300 km on an

hour’s charge of its lithium battery.

acceleration ( a#$) rate of change of

velocity

average acceleration (a#$av)

change in velocity divided by the

time interval for that change

instantaneous acceleration

acceleration at a particular instant

The Jerk

Sometimes the instantaneous accel-

eration varies, such as when rockets

are launched into space. The rate of

change of acceleration is known as

the “jerk,” which can be found using 

the relation jerk 5 }
D

D

a$

t
} or by finding 

the slope of the line on an accelera-

tion-time graph. What is the SI unit

of jerk?

DID YOU KNOW?? Acceleration and Average Acceleration 
in One Dimension 
Acceleration is the rate of change of velocity. Since velocity is a vector quantity, accel-

eration is also a vector quantity. Average acceleration, a$av , is the change in velocity

divided by the time interval for that change:

where v$f is the final velocity, v$i is the initial velocity, and Dt is the time interval.

The acceleration at any particular instant, or instantaneous acceleration—but often

just referred to as acceleration—is found by applying the equation:

In other words, as Dt approaches zero, the average acceleration 1}
D

D

v#

t

$
}2 approaches the

instantaneous acceleration.

As you can see from the following sample problems, any unit of velocity divided by

a unit of time is a possible unit of average acceleration and instantaneous acceleration.

a$av 5 5
v#$f 2 v#$i
}

Dt

Dv#$
}
Dt

a$ 5 lim
Dt→0

Dv#$
}
Dt
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Comparing Symbols

We have already been using the

symbols v$av and v$ for average

velocity and instantaneous

velocity. In a parallel way, we use

a$av and a$ for average acceleration

and instantaneous acceleration.

When the acceleration is constant,

the average and instantaneous

accelerations are equal, and the

symbol a$ can be used for both.

LEARNING TIP
A racing car accelerates from rest to 96 km/h [W] in 4.1 s. Determine the average acceler-

ation of the car.

Solution

v$i 5 0.0 km/h

v$f 5 96 km/h [W]

Dt 5 4.1 s

a$av 5 ?

a$av 5

5

a$av 5 23 (km/h)/s [W]

The average acceleration of the car is 23 (km/h)/s [W]. 

96 km/h [W] 2 0.0 km/h
}}}

4.1 s

v#$f 2 v#$i
}

Dt

SAMPLE problem 1

A motorcyclist travelling at 23 m/s [N] applies the brakes, producing an average accelera-

tion of 7.2 m/s2 [S].

(a) What is the motorcyclist’s velocity after 2.5 s? 

(b) Show that the equation you used in (a) is dimensionally correct. 

Solution 

(a) v$i 5 23 m/s [N]

a$av 5 7.2 m/s2 [S] 5 27.2 m/s2 [N]

Dt 5 2.5 s

v$f 5 ?

From the equation a$av 5 ,

v$f 5 v$i 1 a$av Dt

5 23 m/s [N] 1 (27.2 m/s2 [N])(2.5 s)

5 23 m/s [N] 2 18 m/s [N]

v$f 5 5 m/s [N]

The motorcyclist’s final velocity is 5 m/s [N].

(b) We can use a question mark above an equal sign 1 2 to indicate that we are

checking to see if the dimensions on the two sides of the equation are the same. 

v$f v$i 1 a#$av Dt

}
L

T
} }

L

T
} 1 1}

T

L
2
}2T

}
L

T
} }

L

T
} 1 }

L

T
}

The dimension on the left side of the equation is equal to the dimension on the 

right side of the equation.

?
5

?
5

?
5

?
5

v#$f 2 v#$i
}

Dt

SAMPLE problem 2

Positive and Negative

Directions 

In Sample Problem 2, the average

acceleration of 7.2 m/s2 [S] is

equivalent to 27.2 m/s2 [N]. In this

case, the positive direction of the

motion is north: v$i = +23 m/s [N].

Thus, a positive southward accel-

eration is equivalent to a negative

northward acceleration, and both

represent slowing down. Slowing

down is sometimes called deceler-

ation, but in this text we will use

the term “negative acceleration.”

This helps to avoid possible sign

errors when using equations. 

LEARNING TIP
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Graphing Motion with Constant Acceleration 
A speedboat accelerates uniformly from rest for 8.0 s, with a displacement of 128 m [E]

over that time interval. Table 1 contains the position-time data from the starting posi-

tion. Figure 3 is the corresponding position-time graph.

Practice

Understanding Concepts

1. Which of the following can be used as units of acceleration?

(a) (km/s)/h (b) mm?s22 (c) Mm/min2 (d) km/h2 (e) km/min/min

2. (a) Is it possible to have an eastward velocity with a westward acceleration? 

If “no,” explain why not. If “yes,” give an example. 

(b) Is it possible to have acceleration when the velocity is zero? If “no,” explain

why not. If “yes,” give an example. 

3. A flock of robins is migrating southward. Describe the flock’s motion at instants

when its acceleration is (a) positive, (b) negative, and (c) zero. Take the south-

ward direction as positive.

4. A track runner, starting from rest, reaches a velocity of 9.3 m/s [fwd] in 3.9 s.

Determine the runner’s average acceleration.

5. The Renault Espace is a production car that can go from rest to 26.7 m/s with an

incredibly large average acceleration of magnitude 9.52 m/s2. 

(a) How long does the Espace take to achieve its speed of 26.7 m/s? 

(b) What is this speed in kilometres per hour? 

(c) Show that the equation you applied in (a) is dimensionally correct. 

6. The fastest of all fishes is the sailfish. If a sailfish accelerates at a rate of

14 (km/h)/s [fwd] for 4.7 s from its initial velocity of 42 km/h [fwd], what is its

final velocity?

7. An arrow strikes a target in an archery tournament. The arrow undergoes an

average acceleration of 1.37 3 103 m/s2 [W] in 3.12 3 1022 s, then stops.

Determine the velocity of the arrow when it hits the target.

Answers

4. 2.4 m/s2 [fwd]

5. (a) 2.80 s 

(b) 96.1 km/h

6. 108 km/h [fwd]

7. 42.8 m/s [E]

Table 1 Position-Time Data

t (s) d#$ (m [E])

0 0

2.0 8.0

4.0 32

6.0 72

8.0 128

80

60

40

20

0 2.0 4.0 6.0

t (s)

d
 (

m
 [

E
])

W

8.0

140

120

100

tangent at

t = 7.0 s

tangent at

t = 5.0 s

tangent at

t = 3.0 s

tangent at

t = 1.0 s

Figure 3

On this position-time graph of the

boat’s motion, the tangents at four

different instants yield the instanta-

neous velocities at those instants.

(The slope calculations are not

shown here.)
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Recall from Section 1.1 that the slope of the line at a particular instant on a position-

time graph yields the instantaneous velocity. Since the slope continuously changes, sev-

eral values are needed to determine how the velocity changes with time. One way to

find the slope is to apply the “tangent technique” in which tangents to the curve are

drawn at several instants and their slopes are calculated. Table 2 shows the instanta-

neous velocities as determined from the slopes; Figure 4 shows the corresponding

velocity-time graph.

Section 1.2

40

30

20

10

v
 (

m
/s

 [
E
])

W

t (s)

0 2.0 4.0 6.0 8.0

12

8

4

0 2.0 4.0 6.0

t (s)

a
 (

m
/s

2
 [

E
])

W

8.0

Figure 4

The velocity-time graph of motion with constant accelera-

tion is a straight line. How would you find the instantaneous

acceleration, average acceleration, and displacement of the

boat from this graph?

Figure 5

The acceleration-time graph of motion with constant accel-

eration is a straight horizontal line. How would you find the

change in velocity over a given time interval from this

graph?

Table 2 Velocity-Time Data

t (s) v#$ (m/s [E])

0 0

1.0 4.0

3.0 12

5.0 20

7.0 28

The acceleration can be determined from the slope of the line on the velocity-time 

graph, which is }
D

D

v$

t
}. In this example, the slope, and thus the acceleration, is 4.0 m/s2 [E].

Figure 5 is the corresponding acceleration-time graph.

What additional information can we determine from the velocity-time and acceler-

ation-time graphs? As you discovered earlier, the area under the line on a velocity-time

graph indicates the change in position (or the displacement) over the time interval for

which the area is found. Similarly, the area under the line on an acceleration-time graph

indicates the change in velocity over the time interval for which the area is calculated.
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Figure 6 is the acceleration-time graph of a car accelerating through its first three gears.

Assume that the initial velocity is zero. 

(a) Use the information in the graph to determine the final velocity in each gear. Draw

the corresponding velocity-time graph.

(b) From the velocity-time graph, determine the car’s displacement from its initial posi-

tion after 5.0 s. 

Solution 

(a) The area beneath each segment of the acceleration-time plot is the change in

velocity during that time interval.

A1 5 a$1Dt1 A2 5 a$2Dt2

5 (4.0 m/s2 [S])(3.0 s) 5 (3.0 m/s2 [S])(2.0 s)

A1 5 12 m/s [S] A2 5 6.0 m/s [S]

A3 5 a$3Dt3 Atotal 5 A1 1 A2 1 A3

5 (1.5 m/s2 [S])(4.0 s) 5 12 m/s 1 6.0 m/s 1 6.0 m/s

A3 5 6.0 m/s [S] Atotal 5 24 m/s

The initial velocity is v$1 = 0.0 m/s. The final velocity in first gear is v$2 = 12 m/s [S], in

second gear is v$3 = 18 m/s [S], and in third gear is v$4 = 24 m/s [S]. 

Figure 7 is the corresponding velocity-time graph. 

SAMPLE problem 3

4

3

2

1

0 2 4 6

t (s)

a
 (

m
/s

2
 [

S
])

W

8 97531

A1

A2

A3

Dt3

a1$

a3$

a2$

Dt1

Dt2

Figure 6

Acceleration-time graph 
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0 2 4 6
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v
 (

m
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 [
S

])
W

Dt1 Dt3Dt2

Wv1

Wv2

Wv3

Wv4

Figure 7

Velocity-time graph
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initial push 

on cart

motion 

sensor

(b) The area beneath each line on the velocity-time graph yields the change in position

during that time interval.

A4 5 }
1

2
} 1v$2 2 v$12 (Dt1)

5 }
1

2
} (12 m/s [S]) (3.0 s)

A4 5 18 m [S]

A5 5 1v$22(Dt2) 1 }
1

2
} 1v$3 2 v$22(Dt2)

5 (12 m/s [S]) (2.0 s) 1 }
1

2
} (18 m/s [S] 2 12 m/s [S]) (2.0 s)

A5 5 30 m [S]

(Area A5 could also be found by using the equation for the area of a trapezoid.)

The car’s displacement after 5.0 s is 18 m [S] 1 30 m [S] 5 48 m [S]. 

TRYTHIS activity
Graphing Motion with

Acceleration

The cart in Figure 8 is given a brief push so that it rolls up an inclined plane, stops, then

rolls back toward the bottom of the plane. A motion sensor is located at the bottom of the

plane to plot position-time, velocity-time, and acceleration-time graphs. For the motion

that occurs after the pushing force is no longer in contact with the cart, sketch the shapes

of the d$-t, v$-t, and a$-t graphs for these situations:

(a) upward is positive 

(b) downward is positive 

Observe the motion and the corresponding graphs, and compare your predictions to the

actual results. 

Catch the cart on its downward motion before it reaches the motion

sensor. 

Figure 8

A motion sensor allows you to check predicted graphs.

Practice

Understanding Concepts

8. Describe how to determine

(a) average acceleration from a velocity-time graph

(b) change in velocity from an acceleration-time graph

9. Describe the motion depicted in each graph in Figure 9. Figure 9

For question 9
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10. Table 3 summarizes observations of a crawling baby experiencing constant accelera-

tion over several successive 2.0-s intervals.

(a) Draw a velocity-time graph for this motion.

(b) Use the information on your velocity-time graph to draw the corresponding

acceleration-time graph.

11. Figure 10 is the acceleration-time graph of a football lineman being pushed, from an

initial velocity of zero, by other players. Draw the corresponding velocity-time graph. 

12. Determine the car’s displacement after 9.0 s from the velocity-time graph in 

Figure 7. 

Making Connections 

13. The acceleration-time graphs in Figures 6, 9(b), and 10 represent idealized situa-

tions of constant acceleration.

(a) What does “idealized” mean here?

(b) Suggest one advantage of presenting idealized, rather than real-life, examples in

a text of fundamental physics theory.  

(c) Redraw the graph in Figure 6 to suggest more accurately the real-life motion of

an accelerating car. 

14. Explore the capabilities of graphing tools in acceleration problems. You may have

access to a graphing calculator and graphing software in such scientific packages as

IDL®, Maple®, or Mathematica®. Your school may have a planimeter, a mechanical

instrument for finding the area of paper under a plotted curve. You could begin by

checking the answers to Sample Problem 3.

Table 3 Data for Question 10

t (s) 0.0 2.0 4.0 6.0 8.0 10 12

v$ (cm/s [E]) 10 15 20 15 10 5.0 0.0

1.5

0.5

–0.5

0

1.0 2.0

t (s)

a
 (

m
/s

2
 [

E
])

W –1.0

1.0

–1.5

3.0 4.0
Figure 10

Acceleration-time graph

Solving Constant Acceleration Problems 

The defining equation for average acceleration, a$av 5 , does not include 

displacement. You have seen that displacement can be found by determining the area under

the line on a velocity-time graph. We can combine this observation with the defining equa-

tion for average acceleration to derive other equations useful in analyzing motion with

constant acceleration. Remember that when the acceleration is constant, a$ 5 a$av , so we

use the symbol a$ to represent the acceleration.

Figure 11 shows a velocity-time graph of constant acceleration with initial velocity v$i.

The area beneath the line is the area of a trapezoid, Dd#$ 5 }
1

2
}(v$f 1 v$i)Dt. This equation,

without the variable a$, can be combined with the defining equation for average accel-

eration to derive three other equations, each of which involves four of the five possible

variables that are associated with constant acceleration.

For example, to derive the equation in which Dt is eliminated, we omit the vector

notation; this allows us to avoid the mathematical problem that would occur if we mul-

v#$f 2 v#$i
}

Dt

t

v

vf

vi

∆t

W

W

W

0

Figure 11

The shape of the figure under the

line on this graph is a trapezoid, so

the area under the line is the

product of the average length of the 

two parallel sides, }
v#$i 1

2

v#$f
}, and the 

perpendicular distance between

them, Dt.

Answer

12. 132 m [S]
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tiplied two vectors. We can now rearrange the defining equation to get Dt, which we can

substitute to solve for Dd:

a 5

Dt 5 }
vf 2

a

vi
}

Dd 5 }
1

2
} (vf 1 vi )Dt

5 }
1

2
} (vf 1 vi )1}

vf 2

a

vi
}2

Dd 5 }
vf

2

2

2

a

vi
2

}

2aDd 5 vf
2 2 vi

2

Therefore vf
2 5 vi

2 1 2aDd .

In a similar way, substitution can be used to derive the final two equations in which

v$f and v$i are eliminated. The resulting five equations for constant acceleration are pre-

sented in Table 4. Applying dimensional analysis or unit analysis to the equations will

allow you to check that the derivations and/or substitutions are valid.

vf 2 vi
}

Dt

Section 1.2

Table 4 Constant Acceleration Equations for Uniformly Accelerated Motion 

Variables Involved General Equation Variable Eliminated

a$, v$f, v$i, Dt a$ 5 }
v#$f

D

2

t

v#$i
} Dd$

Dd$, v$i, a$, Dt Dd$ 5 v$iDt 1 }
1

2
} a$ (Dt )2 v$f

Dd$, v$i, v$f, Dt Dd$ 5 v$avDt a$

or

Dd$ 5 }
1

2
} (v$i 1 v$f)Dt

v$f, v$i, a$, Dd$ vf
2 5 vi

2 1 2aDd Dt

Dd$, v$f, Dt, a$ Dd$ 5 v$fDt 2 }
1

2
} a$ (Dt )2 v$i

A motorcyclist, travelling initially at 12 m/s [W], changes gears and speeds up for 3.5 s

with a constant acceleration of 5.1 m/s2 [W]. What is the motorcyclist’s displacement over

this time interval?

Solution 

v$i 5 12 m/s [W] Dt 5 3.5 s

a$ 5 5.1 m/s2 [W] Dd$ 5 ?

Dd$ 5 v$iDt 1 }
1

2
}a$(Dt)2

5 (12 m/s [W])(3.5 s) 1 }
1

2
} (5.1 m/s2 [W])(3.5 s)2

Dd$ 5 73 m [W]

The motorcyclist’s displacement is 73 m [W]. 

SAMPLE problem 4



A rocket launched vertically from rest reaches a velocity of 6.3 3 102 m/s [up] at an alti-

tude of 4.7 km above the launch pad. Determine the rocket’s acceleration, which is

assumed constant, during this motion. 

Solution 

v$i 5 0 m/s Dd$ 5 4.7 km [up] 5 4.7 3 103 m [up]

v$f 5 6.3 3 102 m/s [up] a$ 5 ?

We choose [up] as the positive direction. Since Dt is not given, we will use the equation

vf
2 5 vi

2 1 2aDd

vf
2 5 2aDd

a 5 }
2

v

D

f
2

d
}

5

a 5 42 m/s2

Since a is positive, the acceleration is 42 m/s2 [up]. 

(6.3 3 102 m/s)2

}}
2(4.7 3 103 m)

SAMPLE problem 5
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A curling rock sliding on ice undergoes a constant acceleration of 5.1 cm/s2 [E] as it

travels 28 m [W] from its initial position before coming to rest. Determine (a) the initial

velocity and (b) the time of travel. 

Solution

Figure 12 shows that the acceleration is opposite in direction to the motion of the rock

and that the positive direction is chosen to be west. 

(a) Dd$ 5 28 m [W] a$ 5 5.1 cm/s2 [E] 5 0.051 m/s2 [E] 5 20.051 m/s2 [W]

v$f 5 0 m/s Dt 5 ?

v$i 5 ?

vf
2 5 vi

2 1 2aDd

0 5 vi
2 1 2aDd

vi
2 5 22aDd

vi 5 6Ï22aDdw

5 6Ï22(20w.051 mw/s2)(28w m)w

vi 5 61.7 m/s

The initial velocity is vi 5 1.7 m/s [W].

SAMPLE problem 6

v f = 0 a = 5.1 cm/s2 [E] + direction

d = 28 m [W]∆

v i = ?

Figure 12

The situation for Sample Problem 6
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(b) Any of the constant acceleration equations can be used to solve for Dt. 

a$ 5 }
v$f

D

2

t

v$i
}

Dt 5 }
v#$f 2

a#$

v#$i
}

5

Dt 5 33 s

The time interval over which the curling rock slows down and stops is 33 s.

0 2 1.7 m/s [W]
}}
20.051 m/s2 [W]

Practice

Understanding Concepts

15. You know the initial velocity, the displacement, and the time interval for a certain

constant acceleration motion. Which of the five standard equations would you

use to find (a) acceleration and (b) final velocity?

16. Show that the constant acceleration equation from which Dt has been elimi-

nated is dimensionally correct. 

17. Rearrange the constant acceleration equation from which average acceleration

has been eliminated to isolate (a) Dt and (b) v$f.

18. Starting with the defining equation for constant acceleration and the equation

for displacement in terms of average velocity, derive the constant acceleration

equation

(a) from which final velocity has been eliminated

(b) from which initial velocity has been eliminated 

19. A badminton shuttle, or “birdie,” is struck, giving it a horizontal velocity of

73 m/s [W]. Air resistance causes a constant acceleration of 18 m/s2 [E].

Determine its velocity after 1.6 s. 

20. A baseball travelling horizontally at 41 m/s [S] is hit by a baseball bat, causing its

velocity to become 47 m/s [N]. The ball is in contact with the bat for 1.9 ms, and

undergoes constant acceleration during this interval. What is that acceleration? 

21. Upon leaving the starting block, a sprinter undergoes a constant acceleration of

2.3 m/s2 [fwd] for 3.6 s. Determine the sprinter’s (a) displacement and (b) final

velocity.

22. An electron travelling at 7.72 3 107 m/s [E] enters a force field that reduces its

velocity to 2.46 3 107 m/s [E]. The acceleration is constant. The displacement

during the acceleration is 0.478 m [E]. Determine

(a) the electron’s acceleration

(b) the time interval over which the acceleration occurs

Applying Inquiry Skills 

23. Describe how you would perform an experiment to determine the acceleration

of a book sliding to a stop on a lab bench or the floor. Which variables will you

measure and how will you calculate the acceleration? If possible, perform the

experiment.

Making Connections 

24. Reaction time can be crucial in avoiding a car accident. You are driving at 

75.0 km/h [N] when you notice a stalled vehicle 48.0 m directly ahead of you.

You apply the brakes, coming to a stop just in time to avoid a collision. Your

brakes provided a constant acceleration of 4.80 m/s2 [S]. What was your reac-

tion time?

Answers

19. 44 m/s [W]

20. 4.6 3 104 m/s2 [N]

21. (a) 15 m [fwd]

(b) 8.3 m/s [fwd]

22. (a) 5.60 3 1015 m/s2 [W]

(b) 9.39 3 1029 s

24. 0.13 s
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Acceleration in Two Dimensions 
Acceleration in two dimensions occurs when the velocity of an object moving in a plane

undergoes a change in magnitude, or a change in direction, or a simultaneous change in

both magnitude and direction. In Figure 13, a parks worker is pushing a lawn mower on

a level lawn at a constant speed of 1.8 m/s around a kidney-shaped flowerbed. Is the

mower accelerating? Yes: the mower’s velocity keeps changing in direction, even though

it does not change in magnitude.

The equation for average acceleration introduced for one-dimensional motion also

applies to two-dimensional motion. Thus,

a$av 5 }
D

D

v#

t

$
} 5 }

v#$f

D

2

t

v#$i
}

It is important to remember that v#$f 2 v#$i is a vector subtraction. The equation can also

be applied to the components of vectors. Thus,

where, for example, vfy represents the y-component of the final velocity.

vB = 1.8 m/s [15° E of N]

vA = 1.8 m/s [27° S of E]

E

N

direction of

mower

A
B

Figure 13

As the lawn mower follows the edge

of the flowerbed at constant speed,

it is accelerating: its direction of

motion keeps changing.

The lawn mower in Figure 13 takes 4.5 s to travel from A to B. What is its average 

acceleration? 

Solution 

v$A 5 1.8 m/s [27° S of E] Dt 5 4.5 s

v$B 5 1.8 m/s [15° E of N] a$av 5 ?

We begin by finding Dv$, which is needed in the equation for average acceleration. In this

case, we choose to work with vector components, although other methods could be used

(such as the sine and cosine laws). The vector subtraction, Dv$ 5 v$B 1 (2v$A) , is shown in

Figure 14. Taking components: 

Dvx 5 vBx 1 (2vAx )

5 vB sin v 1 (2vA cos b )

5 1.8 m/s (sin 15°) 2 1.8 m/s (cos 27°)

Dvx 5 21.1 m/s

SAMPLE problem 7

−vAW−vAy

vAx

vB

vBx

vBy

β

E

N

u
W

+x

+y

Figure 14

Determining the direction of the

change in the velocity vector

aav,x 5 }
D

D

v

t
x

} 5 }
vfx

D

2

t

vix
} and aav,y 5 5

vfy 2 viy
}

Dt

Dvy
}
Dt
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and

Dvy 5 vBy 1 (2vAy )

5 vB cos v 1 (2vA sin b )

5 1.8 m/s (cos 15°) 1 1.8 m/s (sin 27°)

Dvy 5 12.6 m/s

Using the law of Pythagoras, 

Dv$2 5 Dvx2 1 Dvy2

Dv$2 5 (1.1 m/s)2 1 (2.6 m/s)2

Dv$ 5 2.8 m/s

We now find the direction of the vector as shown in Figure 15: 

f 5 tan21 }
2

1

.

.

6

1 m

m

/

/

s

s
}

f 5 24°

The direction is [24° W of N]. 

To calculate the average acceleration: 

a$av 5

5

a$av 5 0.62 m/s2 [24° W of N]

The average acceleration is 0.62 m/s2 [24° W of N]. 

2.8 m/s [24° W of N]
}}}

4.5 s

Dv#$
}
Dt

Practice

Understanding Concepts

25. A car with a velocity of 25 m/s [E] changes its velocity to 25 m/s [S] in 15 s.

Calculate the car’s average acceleration.

26. A watercraft with an initial velocity of 6.4 m/s [E] undergoes an average acceler-

ation of 2.0 m/s2 [S] for 2.5 s. What is the final velocity of the watercraft?

27. A hockey puck rebounds from a board as shown in Figure 16. The puck is in

contact with the board for 2.5 ms. Determine the average acceleration of the

puck over the interval.

28. A passenger in a hot-air balloon throws a ball with an initial unknown velocity.

The ball accelerates at 9.8 m/s2 [down] for 2.0 s, at which time its instantaneous

velocity is 24 m/s [45° below the horizontal]. Determine the ball’s initial velocity. 

29. At 3:00 P.M. a truck travelling on a winding highway has a velocity of 82.0 km/h

[38.2° E of N]; at 3:15 P.M., it has a velocity of 82.0 km/h [12.7° S of E]. Assuming

that +x is east and +y is north, determine the x- and y-components of the

average acceleration during this time interval.

Answers

25. 2.4 m/s2 [45° S of W]

26. 8.1 m/s [38° S of E]

27. 7.3 3 103 m/s2 [7.5° N of W]

28. 17 m/s [10° above the 

horizontal]

29. aav,x 5 9.0 3 1023 m/s2; 

aav,y 5 22.5 3 1022 m/s2

vf= 21 m/svi= 26 m/s

22º 22º

W W

E

N

Figure 16

Motion of the puck

∆vx

∆vy∆vW

E

N

f

+x

+y

Figure 15

The velocities and their components

for Sample Problem 7



30 Chapter 1 NEL

• Average acceleration is the average rate of change of velocity.

• Instantaneous acceleration is the acceleration at a particular instant.

• The tangent technique can be used to determine the instantaneous velocity on a

position-time graph of accelerated motion.

• The slope of the line on a velocity-time graph indicates the acceleration.

• The area under the line on an acceleration-time graph indicates the change in

velocity.

• There are five variables involved in the mathematical analysis of motion with

constant acceleration and there are five equations, each of which has four of the

five variables.

• In two-dimensional motion, the average acceleration is found by using the vector

subtraction Dv$ 5 v$f 2 v$i divided by the time interval Dt.

Acceleration in One and 

Two Dimensions 
SUMMARY

Section 1.2 Questions

Understanding Concepts

1. State the condition under which instantaneous acceleration

and average acceleration are equal.

2. Is it possible to have a northward velocity with westward

acceleration? If “no,” explain why not. If “yes,” give an

example. 

3. A supersonic aircraft flying from London, England, to New

York City changes its velocity from 1.65 3 103 km/h [W] to

1.12 3 103 km/h [W] as it prepares for landing. This change

takes 345 s. Determine the average acceleration of the air-

craft (a) in kilometres per hour per second and (b) in

metres per second squared. 

4. (a) Sketch a velocity-time graph, over an interval of 4.0 s,

for a car moving in one dimension with increasing

speed and decreasing acceleration.

(b) Show how to determine the instantaneous acceleration

at t = 2.0 s on this graph. 

5. Table 5 gives position-time data for a person undergoing

constant acceleration from rest.

(a) Draw the corresponding velocity-time and accelera-

tion-time graphs.

(b) Use at least one constant acceleration equation to

check the final calculation of acceleration in (a). 

6. Describe the motion in each graph in Figure 17. 

7. A car, travelling initially at 26 m/s [E], slows down with a

constant average acceleration of magnitude 5.5 m/s2.

Determine its velocity after 2.6 s.

8. The maximum braking acceleration of a certain car is constant

and of magnitude 9.7 m/s2. If the car comes to rest 2.9 s after

the driver applies the brakes, determine its initial speed.
Table 5 Position-Time Data

t (s) 0 0.2 0.4 0.6 0.8

d$ (m [W]) 0 0.26 1.04 2.34 4.16

d W

t 
0

(a)

0 t

vW

(b)

vW

t
0

(c)

Figure 17
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9. Use the information from the velocity-time graph in 

Figure 18 to generate the corresponding position-time 

and acceleration-time graphs. 

10. A ski jumper, starting from rest, skis down a straight slope

for 3.4 s with a constant acceleration of 4.4 m/s2 [fwd]. At

the end of 3.4 s, determine the jumper’s (a) final velocity

and (b) displacement.

11. An electron is accelerated uniformly from rest to a velocity

of 2.0 3 107 m/s [E] over the displacement 0.10 m [E].

(a) What is the (constant) acceleration of the electron?

(b) How long does the electron take to reach its final velocity?

12. During a 29.4-s interval, the velocity of a rocket changes

from 204 m/s [fwd] to 508 m/s [fwd]. Assuming constant

acceleration, determine the displacement of the rocket

during this time interval.

13. A bullet leaves the muzzle of a rifle with a velocity of 4.2 3

102 m/s [fwd]. The rifle barrel is 0.56 m long. The accelera-

tion imparted by the gunpowder gases is uniform as long

as the bullet is in the barrel.

(a) What is the average velocity of the bullet in the barrel? 

(b) Over what time interval does the uniform acceleration

occur? 

14. A car (C) and a van (V) are stopped beside each other at a

red light. When the light turns green, the vehicles accel-

erate with the motion depicted in Figure 19. 

(a) At what instant after the light turns green do C and V

have the same velocity? 

(b) At what instant after the light turns green does V over-

take C? (Hint: Their displacements must be equal at

that instant.) 

(c) Determine the displacement from the intersection

when V overtakes C. 

15. A bird takes 8.5 s to fly from position A to position B along

the path shown in Figure 20. Determine the average

acceleration. 

16. A helicopter travelling horizontally at 155 km/h [E] executes a

gradual turn, and after 56.5 s flies at 118 km/h [S]. What is the

helicopter’s average acceleration in kilometres per hour per

second? 

Applying Inquiry Skills 

17. Predict the average acceleration in each of the following

situations. State what measurements and calculations you

would use to test your predictions.

(a) A bullet travelling with a speed of 175 m/s is brought

to rest by a wooden plank. 

(b) A test car travelling at 88 km/h is brought to rest by a

crash barrier consisting of sand-filled barrels. 

Making Connections 

18. The fastest time for the women’s 100-m dash in a certain

track-and-field competition is 11.0 s, whereas the fastest

time for the four-woman 100-m relay is 42.7 s. Why would it

be wrong to conclude that each of the four women in the

relay can run a 100-m dash in less than 11.0 s? (Hint:

Consider acceleration.)

Figure 20

A B

vB = 7.8 m/s [25° N of E]

vA = 4.4 m/s [31° S of E]

W

W

E

N

20

15

10

5

0 60 120 180

t (s)

v
 (

m
/s

 [
S

])
W

30 90 150

V

C

220

Figure 19

Velocity-time graph of the motions 

of two vehicles

15

10

5

–5

–10

0

4.0 12

t (s)

v
 (

m
/s

 [
W

])
W

–15

8.0

Figure 18
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1.31.3 Acceleration Due to Gravity 

A diver using a 3-m high board enters the water at a speed of about 28 km/h. From the

10-m high board, on the other hand, the speed is about 50 km/h. The farther an object

falls toward Earth’s surface, the faster its landing speed becomes, as long as air resist-

ance remains negligible. The acceleration of an object falling vertically toward Earth’s sur-

face is called the acceleration due to gravity.

Not all objects accelerate at the same rate toward the ground. If you drop a rubber

stopper and a flat piece of paper from the same height at the same instant, the stopper

lands first. However, if you crumple the paper into a tight ball, the paper and the stopper

land at about the same time. If the air resistance is negligible, the acceleration due to

gravity at a particular location is constant, and all dropped objects accelerate downward

at the same rate. An object falling toward Earth with no other force acting on it than

gravity experiences free fall.

In ancient times, people thought that heavier objects fell faster than lighter ones. The

Greek philosopher Aristotle (Figure 1), who was a successful teacher and scientist and

the accepted scientific authority of his day, based his belief on the observation that a

rock falls more quickly than a leaf or a feather. He even “proved” that heavy objects fell

faster than light ones and that a force is necessary for all motion. Physics based on

Aristotle’s ideas was known as “Aristotelian physics.” (After Newton, physics became

known as “Newtonian physics.”) Aristotle’s ideas, including his theory of falling objects,

were accepted for nearly 2000 years.

The renowned Italian scientist Galileo Galilei (Figure 2) discovered that both heavy and

light objects fall toward Earth with the same acceleration if the effect of air resistance is

eliminated. Galileo performed numerous experiments and made many scientific dis-

coveries, some of which led to important inventions, such as the pendulum clock and the

astronomical telescope. Using the telescope, he was able to view sunspots on the Sun’s sur-

face, close-up views of craters on the Moon, the phases of Venus, and some of the larger

moons orbiting Jupiter. His observations supported the view that Earth was not at the

centre of the solar system (geocentric theory); rather, Earth and the other planets orbited

the Sun (heliocentric theory). Church authorities did not accept this theory and Galileo

was placed under house arrest for writing about it. Despite the persecution, Galileo con-

tinued to write about his scientific discoveries, inventions, and theories until he died,

the same year another great scientist, Isaac Newton, was born in England.

Figure 1

Aristotle (384 B.C.–322 B.C.)

Figure 2

Galileo Galilei (1564–1642)

acceleration due to gravity ( g#$)

acceleration of an object falling ver-

tically toward Earth’s surface

free fall the motion of an object

toward Earth with no other force

acting on it than gravity

“Quintessence”

Aristotle and his contemporaries

from Greece classified all matter on

Earth as one of four elements: earth,

air, fire, or water. They also believed

that objects beyond Earth, such as

the stars, were composed of a fifth

element which they called quintes-

sence. This word stems from

“quinte,” meaning fifth, and

“essentia,” meaning essence.

DID YOU KNOW??

Practice

Understanding Concepts

1. Air resistance is not negligible for a skydiver who has jumped out of an airplane and

is falling toward the ground; however, if that same person dives from a diving board

into a swimming pool, air resistance is negligible. Explain the difference. 

2. Explain the disadvantage of using only reasoning rather than experimentation to

determine the dependency of one variable on another. Use an example to illustrate

your answer.

Applying Inquiry Skills 

3. What experimental setup would demonstrate that in the absence of air resistance, a

feather and a coin, released simultaneously, fall toward Earth at the same rate.
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Measuring the Acceleration Due to Gravity 
Various methods are used to measure the acceleration due to gravity experimentally.

For example, a stroboscope flashing at known time intervals records the position of an

object undergoing free fall (Figure 3). To determine the displacement of the object after

each time interval, we measure the photograph with a ruler. We can arrange the kinematics

equation to solve for a#$:

Dd$ 5 v$iDt 1 }
1

2
} a$(Dt)2

If v#$i 5 0, then

a$ 5 }
(

2

D

D

t )

d$

2
}

Whichever method is used to determine the average acceleration of a freely falling

object, the result is found to be constant at any specific location. Near Earth’s surface, to

two significant digits, the acceleration is 9.8 m/s2 [down]. This value is common and

has the symbol g$ , the acceleration due to gravity.

Government standards laboratories such as the Bureau International des Poids et

Mesures (BIPM) in Paris determine the local g$ with high precision. At BIPM, a special

elastic band propels an object upward in a vacuum chamber. Mirrors at the top and

bottom of the object reflect laser beams, permitting such an exact measurement of the

time of flight that the local magnitude of g$ is calculated to seven significant digits.

The magnitude of the acceleration due to gravity varies slightly depending on loca-

tion. In general, the greater the distance from Earth’s centre, the lower the acceleration

due to gravity. The value is slightly lower at the equator than at the North and South

Poles (at the same elevation) because Earth bulges outward slightly at the equator. Also,

the value is slightly lower at higher altitudes than at lower ones. Table 1 lists the value of

g$ at several locations. Notice that the average value is 9.8 m/s2 [down] to two signifi-

cant digits. More details about g$ are presented in Chapters 2 and 3.

Table 1 g#$ at Various Locations on Earth

Location Latitude Altitude (m) g$ (m/s2 [down])

North Pole 90° [N] 0 9.832

Equator 0 0 9.780

Java 6° [S] 7 9.782

Mount Everest 28° [N] 8848 9.765

Denver 40° [N] 1638 9.796

Toronto 44° [N] 162 9.805

London, UK 51° [N] 30 9.823

Washington, D.C. 39° [N] 8 9.801

Brussels 51° [N] 102 9.811

Making Connections 

4. When an astronaut on the Moon dropped a feather and a rock simultaneously from a

height of about 2 m, both objects landed at the same instant. Describe the difference

between the motion of falling objects on the Moon and falling objects on Earth.

Figure 3

The accelerating object is seen in

the photograph each instant that

the strobe light flashes on. The time

interval Dt between strobe flashes

is constant.

Precise Measurements

Knowing the acceleration due to

gravity to seven or more significant

digits is of great interest to certain

professionals. Geophysicists and

geologists can use the information

to determine the structure of

Earth’s interior and near-surface

features, and to help locate areas

with high concentrations of min-

eral and fossil fuel deposits.

Military experts are concerned

with variations in the acceleration

due to gravity in the deployment of

such devices as cruise missiles.

Space scientists use the data to

help calculate the paths of artifi-

cial satellites. 

DID YOU KNOW??
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Case Study Predicting Earthquake

Accelerations 

Case Study

Geologists create models of potential earthquake scenarios to analyze the structure of

Earth’s surface. One such model is the map of ground accelerations in Figure 4. This

particular map shows the Pacific Northwest region near the border between Canada

and the United States. The map shows sideways ground accelerations that may occur

from several earthquakes, each with an estimated recurrence time. The colours indicate

potential sideways accelerations as a percentage of g. For example, the area in red rep-

resents a range of 40% to 60% of g, meaning that the ground would accelerate at approx-

imately 5 m/s2. The accelerations have a 10% chance of being exceeded in 50 years.

(a) Look up the region in a conventional atlas, and write a short scenario for pos-

sible earthquakes in the Pacific Northwest, describing which regions are affected

severely, moderately, slightly, or not at all.

(b) Explain how you used the acceleration map to construct your scenario.

Figure 4

This map of potential ground 

accelerations from earthquakes

covers a large area of the Pacific

Northwest. Since latitudes and 

longitudes are marked, you can

find the corresponding locations

in an atlas.
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Table 2 Position-Time Data

t (s) d#$ (m [down])

0 0

0.200 0.172

0.400 0.688

0.600 1.55

Answers

5. (a) 9.90 m/s [down]; 

35.6 km/h [down]

(b) 14.0 m/s [down]; 

50.4 km/h [down]

7. (a) 8.61 m/s2 [down]

(c) 12.2%

Calculations Involving Free Fall 
During free fall, the vertical acceleration is constant, so the kinematics equations devel-

oped for constant acceleration in Section 1.2 can be applied. However, the equations

can be simplified. Since we are considering vertical motion only, the displacement,

velocity, and acceleration variables will be treated as components; thus, we will replace

the vector quantities Dd$, v$i, v$f , and a$ with their corresponding components: Dy, viy , vfy ,

and ay . When using equations involving components, it is essential to choose which

direction—up or down—is positive and then assign positive or negative signs to the

components appropriately.

Table 3 gives the constant acceleration equations for free-fall motion. Compare this

table with Table 4 in Section 1.2.

Table 3 Constant Acceleration Equations for Free-Fall Motion 

Variables Involved General Equation Variable Eliminated

ay , vfy , viy , Dt ay 5 }
vfy

D

2

t

viy
} Dy

Dy, viy , ay , Dt Dy 5 viy Dt 1 }
1

2
} ay (Dt )2 vfy

Dy, viy , vfy , Dt Dy 5 }
viy 1

2

vfy
}Dt ay

Dy, viy , vfy , ay vfy
2 5 viy

2 1 2ayDy Dt

Dy, vfy , ay , Dt Dy 5 vfyDt 2 }
1

2
} ay (Dt )2 viy

Practice

Understanding Concepts

5. A diver steps off a 10.0-m high diving board with an initial vertical velocity of zero and

experiences an average acceleration of 9.80 m/s2 [down]. Air resistance is negligible.

Determine the diver’s velocity in metres per second and in kilometres per hour, after

falling (a) 5.00 m and (b) 10.0 m.

Applying Inquiry Skills 

6. You drop an eraser from your hand to your desk, a distance that equals your hand span.

(a) Estimate the time interval this motion takes in milliseconds. 

(b) Measure your hand span and calculate the time interval, using the appropriate

constant acceleration equation(s). 

(c) Compare your answers in (a) and (b). Describe ways in which you can improve

your estimation skills.

7. Table 2 gives position-time data for a very light ball dropped vertically from rest. 

(a) Use the final data pair and the appropriate equation for constant acceleration to

determine the acceleration.  

(b) Describe how you would find the acceleration with graphing techniques.

(c) If the value of the acceleration due to gravity in the place where the ball was

dropped is 9.81 m/s2 [down], what is the percentage error of the experimental

value?

(d) Describe reasons why there is a fairly high percentage error in this example. 

Making Connections 

8. Olympic events have been held at locations with very different altitudes. Should

Olympic records for events, such as the shot put, be adjusted for this?

Choosing the Positive Direction

It is important to use consistent

directions with any single motion

question. For an object experiencing

only downward motion, it is conven-

ient to choose downward as posi-

tive. However, if an object is thrown

upward or if it bounces upward after

falling downward, either upward or

downward can be called positive.

The important thing is to define your

choice for the positive y direction

and to use that choice throughout

the entire solution. 

LEARNING TIP
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A ball is thrown with an initial velocity of 8.3 m/s [up]. Air resistance is negligible.

(a) What maximum height above its starting position will the ball reach? 

(b) After what time interval will the ball return to its initial position? 

Solution 

We will use upward as the +y direction for the entire solution. 

(a) We know that vfy 5 0 m/s because at the maximum height required, the ball stops for

an instant before falling downward.

ay 5 2g 5 29.8 m/s2 vfy 5 0 m/s

viy 5 18.3 m/s Dy 5 ?

vfy
2 5 viy

2 1 2ayDy

0 5 viy
2 1 2ayDy

Dy 5 }
2

2

v

a

i

y

y
2

}

5 }
2

2

(2

(8

9

.3

.8

m

m

/

/

s

s

)
2

2

)
}

Dy 5 +3.5 m

The maximum height reached by the ball is 3.5 m above its initial position.

(b) One way to solve this problem is to determine the time interval during which the ball

rises, then double that value to get the total time. We assume that the time for the ball

to fall equals the time for it to rise (a valid assumption if air resistance is neglected). 

ay 5 2g 5 29.8 m/s2 vfy 5 0 m/s

viy 5 +8.3 m/s Dt 5 ?

Dt 5 }
vfy

a

2

y

viy
}

5 }
0

2

2

9.

8

8

.3

m

m

/s

/
2

s
}

Dt 5 0.85 s

total time = 2 3 0.85 s = 1.7 s 

Therefore 1.7 s will elapse before the ball returns to its initial position.

SAMPLE problem 1

Alternative Solutions 

There is often more than one

way of solving problems

involving constant acceleration.

A problem usually begins by

giving three known quantities.

After using one of the five pos-

sible equations to solve for one

unknown quantity, you now

know four quantities. To find the

fifth and final quantity, you can

choose any of the constant

acceleration equations con-

taining the fifth quantity. 

LEARNING TIP

Care with Vectors

Some students think that 

g 5 29.8 m/s2, which is incor-

rect. The symbol g represents

the magnitude of the vector g$,

and the magnitude of a nonzero

vector is always positive. 

LEARNING TIP

An arrow is shot vertically upward beside a building 56 m high. The initial velocity of the

arrow is 37 m/s [up]. Air resistance is negligible. At what times does the arrow pass the

top of the building on its way up and down? 

Solution 

We take the ground as the origin and [up] as the +y direction. 

Dy 5 156 m viy 5 137 m/s

ay 5 2g 5 29.8 m/s2 Dt 5 ?

SAMPLE problem 2
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The equation involving these variables is

Dy 5 viyDt 1 }
1

2
} ay(Dt )2

Since both terms on the right-hand side of the equation are not zero, we must apply the

quadratic formula to solve for Dt. Thus, we substitute the given quantities into the equation: 

+56 m 5 37 m/s Dt 2 4.9 m/s2 (Dt)2

4.9 m/s2 (Dt)2 2 37 m/s Dt + 56 m 5 0

Using the quadratic formula: 

Dt 5 where a 5 4.9 m/s2, b 5 237 m/s, and c 5 56 m

5

Dt 5 5.5 s and 2.1 s

There are two positive roots of the equation, which means that the arrow passes the top

of the building on the way up (at t 5 2.1 s) and again on the way down (at t 5 5.5 s). 

2(237 m/s) 6 Ï(237 mw/s)2 2w 4(4.9wm/s2)(w56 m)w
}}}}}}

2(4.9 m/s2 )

2b 6 Ïb2 2 4wacw
}}

2a

The Quadratic Formula

The quadratic formula is useful for

finding the roots of a quadratic

equation, that is, an equation

involving a squared quantity, such

as Dt2. In the constant accelera-

tion examples, if the equation is

written in the form 

a(Dt)2 1 b(Dt) 1 c 5 0, where 

a Þ 0, its roots are 

Dt 5

A negative root may be physically

meaningful depending on the

details of the problem. 

2b 6 Ïb2 2 4wacw
}}

2a

LEARNING TIP

Practice

Understanding Concepts

9. You throw a ball vertically upward and catch it at the height from which you

released it. Air resistance is negligible. 

(a) Compare the time the ball takes to rise with the time the ball takes to fall.

(b) Compare the initial and final velocities.

(c) What is the instantaneous velocity at the top of the flight?

(d) What is the ball’s acceleration as it is rising? at the top of the flight? as it is

falling?

(e) Sketch the position-time graph, the velocity-time graph, and the accelera-

tion-time graph for the ball’s motion during its flight. Use [up] as the posi-

tive direction.

10. Write all the equations that could be used to solve for the time interval in

Sample Problem 1(b). Choose a different equation and solve for Dt. 

11. Determine the speed at impact in the following situations. Air resistance is 

negligible. 

(a) A seagull drops a shellfish onto a rocky shore from a height of 12.5 m to

crack the shell.

(b) A steel ball is dropped from the Leaning Tower of Pisa, landing 3.37 s later. 

12. A steel ball is thrown from the ledge of a tower so that it has an initial velocity of

magnitude 15.0 m/s. The ledge is 15.0 m above the ground. Air resistance is 

negligible. 

(a) What are the total flight time and the speed of impact at the ground if the

initial velocity is upward?

(b) What are these two quantities if the initial velocity is downward? 

(c) Based on your answers to (a) and (b), write a concluding statement. 

13. Show that a free-falling ball dropped vertically from rest travels three times as

far from t 5 1.0 s to t 5 2.0 s as from t 5 0.0 s to t 5 1.0 s. 

14. A baseball pitcher throws a ball vertically upward and catches it at the same

level 4.2 s later. 

(a) With what velocity did the pitcher throw the ball?

(b) How high does the ball rise? 

Answers

11. (a) 15.6 m/s

(b) 33.0 m/s

12. (a) 3.86 s; 22.8 m/s

(b) 0.794 s; 22.8 m/s

14. (a) 21 m/s [up]

(b) 22 m
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Table 4 Data for Question 17

t (s) d#$ (cm [↓]) d#$ (cm [↓])

0 0 0

0.10 4.60 4.85

0.20 18.4 19.4

0.30 41.4 43.6

0.40 73.6 77.6

15. A hot-air balloon is moving with a velocity of 2.1 m/s [up] when the balloonist

drops a ballast (a large mass used for height control) over the edge. The ballast

hits the ground 3.8 s later. 

(a) How high was the balloon when the ballast was released?

(b) What was the velocity of the ballast at impact? 

16. An astronaut drops a camera from rest while exiting a spacecraft on the Moon.

The camera drops 2.3 m [down] in 1.7 s. 

(a) Calculate the acceleration due to gravity on the Moon. 

(b) Determine the ratio of g$Earth to g$Moon.

Applying Inquiry Skills 

17. A 60.0-Hz ticker-tape timer and a photogate timer are used by two different

groups in the lab to determine the acceleration due to gravity of a falling metal

mass. The results of the experiments are shown in Table 4. 

(a) Use the data to determine the acceleration of the metal mass in each trial. 

(b) Calculate the percent difference between the two accelerations. 

(c) Which results are likely attributable to the ticker-tape timer? Explain why

you think so. 

Making Connections 

18. How would your daily life be affected if the acceleration due to gravity were to

increase to twice its present value? Name a few drawbacks and a few advantages. 

Terminal Speed 
The skydiver who exits a flying aircraft (Figure 5) experiences free fall for a short time.

However, as the diver’s speed increases, so does the air resistance. (You know from the

experience of putting your hand out the window of a moving vehicle that air resistance

becomes high at high speeds.) Eventually this resistance becomes so great that it pre-

vents any further acceleration. At this stage, the acceleration is zero and the diver has

reached a constant terminal speed, as depicted in the graph in Figure 6.

The terminal speeds for various objects falling in air are listed in Table 5. An object

with a fairly large mass, such as a human, has a high terminal speed. The terminal speed

is reduced greatly if the surface area increases, as when a skydiver opens a parachute.

vterminal 

v
 (

m
/s

)

initial slope = 9.8 m/s2

0
t (s)

Figure 6

The general shape of a speed-time

graph for a falling object that

reaches terminal speed

Figure 5

A skydiver’s downward acceleration

decreases as the downward velocity

increases because of increasing air

resistance.

terminal speed maximum speed

of a falling object at which point the

speed remains constant and there is

no further acceleration

Answers

15. (a) 63 m

(b) 35 m/s [down]

16. (a) 1.6 m/s2 [down]

(b) 6.1:1

17. (a) 9.20 m/s2 [down]; 

9.70 m/s2 [down]

(b) 5.3%
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Table 5 Approximate Terminal Speeds of Objects Falling in Air

Object Terminal speed

(m/s) (km/h)

human 53 190

human with open parachute 5 to 10 18 to 36

dandelion seed 0.5 1.8

typical dust particle 0.02 0.07

Comparing Terminal Speeds

(p. 58)

Flat-bottom coffee filters fall in a

fairly straight line when dropped

vertically. These filters can be used

to study the relation between the

mass of an object and its terminal

speed. Predict how you think the

terminal speed of a stack of flat

coffee filters depends on its mass—

in other words, on the number of

filters in the stack. 

INVESTIGATION 1.3.1

Climate Changes 

Dust and smoke particles in the

atmosphere can cause climate

changes. This 1980 eruption of

Mount St. Helens expelled 

particles of ash high into the

atmosphere. Because of their low

terminal speed, such particles can

remain suspended for months, or

even years. These particles can be

carried by the prevailing winds all

around the world, reducing the

amount of solar radiation reaching

the ground. The decline in

incoming radiation triggers climate

changes, including a decline in

average temperatures. A similar

effect could be caused by smoke

and ashes from huge fires, such as

major forest fires or fires that

would follow nuclear attacks. 

DID YOU KNOW??Practice

Understanding Concepts

19. What factors affect an object’s terminal speed? How does each factor affect the ter-

minal speed? 

20. Does the concept of terminal speed apply on the Moon? Why or why not? 

21. Sketch a graph of the vertical speed as a function of time for a skydiver who jumps

from an aircraft, reaches terminal speed, opens the parachute, and reaches a new

terminal speed. 

Applying Inquiry Skills 

22. Relief organizations use airplanes to drop packages of supplies in areas inaccessible

by surface transport. A package that hits the ground at a high speed may be damaged. 

(a) Describe several factors to consider in the design of a package to maximize the

chances of a safe landing. 

(b) Describe how you would test your package design. 

Making Connections 

23. There are many well-documented cases of people falling from tremendous heights

without parachutes and surviving. The record is held by a Russian who fell from an

astounding 7500 m. The chances of survival depend on the “deceleration distance” at

the time of landing. Why is a fall from a height of 7500 m no more dangerous than one

from half that height? How can the deceleration distance upon landing be maximized?

• Free fall is the motion of an object falling toward the surface of Earth with no

other force acting on it than gravity.

• The average acceleration due to gravity at Earth’s surface is g$ 5 9.8 m/s2 [down].

• The acceleration due to gravity depends on latitude, altitude, and local effects,

such as the distribution of mineral deposits.

• The constant acceleration equations can be applied to analyze motion in the ver-

tical plane.

• Terminal speed is the maximum speed reached by an object falling in air or other

fluids. When a falling object reaches terminal speed, its downward acceleration

becomes zero and its velocity becomes constant.

Acceleration Due to GravitySUMMARY

Terminal speeds are also important in fluids other than air. Investigation 1.3.1, in the Lab

Activities section at the end of this chapter, looks at the dependence of terminal speed on

the mass of an object.
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Understanding Concepts

1. Describe several different conditions under which air resist-

ance is negligible for a falling object.

2. Compare and contrast Aristotle’s and Galileo’s notions of

falling objects. 

3. Determine the landing speed in both metres per second

and kilometres per hour for the following situations. Neglect

air resistance and assume the object starts from rest.

(a) Divers entertain tourists in Acapulco, Mexico, by diving

from a cliff 36 m above the water.  

(b) A stone falls from a bridge, landing in the water 3.2 s

later. 

4. Two high jumpers, one in Java, the other in London, UK,

each have an initial velocity of 5.112 m/s [up]. Use the data

in Table 1 to calculate, to four significant digits, the heights

each jumper attains. 

5. During the first minute of blastoff, a space shuttle has an

average acceleration of 5g (i.e., five times the magnitude of

the acceleration due to gravity on the surface of Earth).

Calculate the shuttle’s speed in metres per second and

kilometres per hour after 1.0 min. (These values are 

approximate.)

6. A person throws a golf ball vertically upward. The ball

returns to the same level after 2.6 s. 

(a) How long did the ball rise? 

(b) Determine the initial velocity of the ball.

(c) How long would the ball remain in flight on Mars,

where g#$ is 3.7 m/s2 [down], if it were given the same

initial velocity? 

7. In a laboratory experiment, a computer determines that the

time for a falling steel ball to travel the final 0.80 m before

hitting the floor is 0.087 s. With what velocity does the ball

hit the floor? 

8. A stone is thrown vertically with a velocity of 14 m/s [down]

from a bridge. 

(a) How long will the stone take to reach the water 21 m

below? 

(b) Explain the meaning of both roots of the quadratic

equation used to solve this problem. 

9. A tennis ball and a steel ball are dropped from a high

ledge. The tennis ball encounters significant air resistance

and eventually reaches terminal speed. The steel ball

essentially undergoes free fall.

(a) Draw a velocity-time graph comparing the motions of

the two balls. Take the downward direction to be 

positive. 

(b) Repeat (a) with the upward direction positive. 

10. A flowerpot is dropped from the balcony of an apartment,

28.5 m above the ground. At a time of 1.00 s after the pot is

dropped, a ball is thrown vertically downward from the bal-

cony one storey below, 26.0 m above the ground. The initial

velocity of the ball is 12.0 m/s [down]. Does the ball pass

the flowerpot before striking the ground? If so, how far

above the ground are the two objects when the ball passes

the flowerpot? 

11. Based on your estimates, rank the following objects in order

of highest to lowest terminal speed in air: a ping-pong ball,

a basketball, a skydiver in a headfirst plunge, a skydiver in a

spread-eagle plunge, and a grain of pollen.

Applying Inquiry Skills 

12. State the number of significant digits, indicate the possible

error, and calculate the percent possible error for each of

the following measurements: 

(a) 9.809 060 m/s2 (d) 9.801 m/s2

(b) 9.8 m/s2 (e) 9.8 3 1026 m/s2

(c) 9.80 m/s2

13. (a) How could you use a metre stick, together with one or

more of the constant acceleration equations, to deter-

mine your lab partner’s reaction time? Illustrate your

method with an example, including a calculation with

plausible numerical values.

(b) How would talking on a cell phone affect the results of

the reaction time? 

Making Connections 

14. In a group, share responsibility for researching the life and

contributions of Aristotle or Galileo. Share your results with

other groups in your class. 

15. There are two different processes of logical thinking. One is

called deductive reasoning, the other inductive reasoning.

Use a resource, such as a dictionary or an encyclopedia, to

find out more about these types of reasoning. 

(a) Which process did Aristotle and other ancient scien-

tists use? 

(b) Which process did Galileo use? 

(c) Describe other facts you discover about these forms of

reasoning. 

16. Dr. Luis Alvarez has suggested that the extinction of the

dinosaurs and numerous other species 65 million years ago

was caused by severe temperature drops following the

insertion of dust into the atmosphere. The enormous quan-

tities of dust resulted from an asteroid impact in the

Yucatán area of what is now Mexico. Research this topic

and write a brief report on what you discover.

GO www.science.nelson.com
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1.41.4Projectile Motion 

What do the following situations have in common? 

• A monkey jumps from the branch of one tree to the branch of an adjacent tree.

• A snowboarder glides at top speed off the end of a ramp (Figure 1).

• A relief package drops from a low-flying airplane.

In each situation, the body or object moves through the air without a propulsion system

along a two-dimensional curved trajectory (Figure 2(a)). Such an object is called a 

projectile; the motion of a projectile is called projectile motion.

Figure 1

How would you describe the motion

of the snowboarder after leaving the

ramp?

Figure 2

(a) A typical trajectory followed by a projectile. 

(b) The change in velocity between position 1 and position 2 is Dv$ 5 v$2 2 v$1, which is shown

as Dv$ 5 v$2 1 (2v$1). 

If Dv$ is divided by the time Dt required for the motion from position 1 to position 2, the result is

the average acceleration for that time interval.

∆v = v2 + (2v1)

v1

v2

1

2

2v1

W

W

W

W W W

projectile an object that moves

through the air, along a trajectory,

without a propulsion system

Dangerous Projectiles

You may have seen soldiers in the

television news firing their rifles

into the air to celebrate some vic-

tory. The bullets travel as high-

speed projectiles and, despite air

resistance, return to Earth at high

enough speeds to be dangerous.

Reports indicate that from time to

time people are injured by the

returning bullets. 

DID YOU KNOW??

V
e

rt
ic

a
l 
P

o
s
it
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n

Horizontal Position

starting position

A B

Figure 3

Ball B is projected horizontally at the

same instant that ball A is dropped.

Although the path of ball B is longer

than the path of ball A, the balls

land at the same instant.

(a) (b)

It is evident that a projectile is accelerating because the direction of its instantaneous

velocity is continually changing. However, in what direction is that acceleration occur-

ring? Since a$av 5 , a#$av is in the direction of Dv#$. Figure 2(b) shows that the vector  

subtraction Dv$ 5 v$2 2 v$1 yields a vector directed downward, which indicates that the direc-

tion of acceleration is also downward.

In the Try This Activity at the beginning of Chapter 1, you considered two projec-

tiles, balls A and B, which began moving simultaneously. Ball A fell from rest, while ball

B was launched horizontally with an initial velocity. Although, as we show in Figure 3,

B had a longer path than A, the two balls landed simultaneously. The initial horizontal

motion of a projectile like ball B does not affect its vertical acceleration.

Other experiments show the same thing. Figure 4 is a stroboscopic photograph of

two balls released simultaneously. The ball on the right was projected horizontally. The

interval between strobe flashes was constant. A grid has been superimposed on the photo

to facilitate measurement and analysis. In successive equal time intervals, the vertical

components of the displacement increase by the same amount for each ball. Note that

the projected ball travels a constant horizontal displacement in each time interval. The

independent horizontal and vertical motions combine to produce the trajectory.

Dv#$
}
Dt
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If you look carefully at the grid superimposed on the photograph in Figure 4, you

can make the following important conclusions about projectile motion:

• The horizontal component of a projectile’s velocity is constant. (The horizontal

component of acceleration, in other words, is zero.)

• The projectile experiences constant downward acceleration due to gravity.

• The horizontal and vertical motions of a projectile are independent of each

other, except they have a common time.

These conclusions are based on the assumption that air resistance can be neglected, an

assumption we made when we analyzed the acceleration due to gravity in Section 1.3.

If you were performing an experiment to determine whether the concepts about pro-

jectile motion apply to an object on an inclined plane (for example, a puck moving on

an air table set up at an angle to the horizontal), what observations would you expect to

make? How would you analyze the motion of a projectile on an inclined plane to verify

that the horizontal velocity is constant and the vertical acceleration is constant? You will

explore these questions in Investigation 1.4.1 in the Lab Activities section at the end of

this chapter.

Analyzing the Motion of Objects 
Projected Horizontally 
Projectile motion is motion with a constant horizontal velocity combined with a con-

stant vertical acceleration caused by gravity. Since the horizontal and vertical motions

are independent of each other, we can apply independent sets of equations to analyze 

projectile motion. The constant velocity equations from Section 1.1 apply to the hori-

zontal motion, while the constant acceleration equations from Sections 1.2 and 1.3 (with 

g$ 5 9.8 m/s2) apply to the vertical motion.

Figure 5 shows the initial and final velocity vectors for a projectile, with their horizontal

and vertical components. Table 1 summarizes the kinematics equations for both com-

ponents. None of the variables has an arrow over it since these variables represent com-

ponents of vectors, not vectors themselves. For example, vix represents the x-component

(which is not a vector) of the initial velocity and vy represents the y-component (also not

a vector) of the velocity after some time interval Dt. The horizontal displacement, Dx,

is called the horizontal range of the projectile.

Figure 4

These two balls reached the lowest position at the same instant

even though one was projected horizontally. Both balls had an

initial vertical velocity of zero, and both experienced free fall.

viW

vix

viy vfW

vfx = vix 

vfy

Figure 5

(a) At time t 5 0, the initial velocity

of the projectile, v$i , has a hori-

zontal component, vix , and a

vertical component, viy. 

(b) After Dt has elapsed, the 

projectile’s velocity, v$f, has the

same horizontal component

(neglecting air resistance) and a

different vertical component, vfy .

projectile motion motion with a

constant horizontal velocity and a

constant vertical acceleration due to

gravity

horizontal range (Dx) the hori-

zontal displacement of a projectile

Investigating Projectile Motion

(p. 58)

There is more than one way to prove

that the horizontal and vertical com-

ponents of a projectile’s motion are

independent of each other. Describe

two or three ways that you could

use to analyze the motion of the two

balls in Figure 4 to show that the

horizontal motion is independent of

the vertical motion. (Hint: One way

can involve the vector subtraction of

instantaneous velocities.) Then per-

form Investigation 1.4.1 to check

your answers.

INVESTIGATION 1.4.1

(a) (b)
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Table 1 Kinematics Equations for Projectile Motion 

Horizontal (x) The constant velocity 

Motion (zero acceleration) equation vix 5 }
D

D

x

t
}

is written for the 

x-component only.

Vertical (y) The five constant acceleration a
y

5 }

vfy

D

2

t

viy
} or vfy 5 viy 1 a

y
Dt

Motion equations involving the 

acceleration due to gravity Dy 5 viyDt 1 }
1

2
} a

y
(Dt)2

are written for the 

y-component only. The Dy 5 vav,yDt or Dy 5 }
1

2
} (vfy 1 viy)Dt

constant acceleration 

has a magnitude of vfy
2 5 viy

2 1 2a
y
Dy

g$ 5 g 5 9.8 m/s2.

Dy 5 vfyDt 2 }
1

2
} a

y
(Dt)2

vix

a
y
 = g

= 9.8 m/s2

+x

+y

80

20

40

60

0 20 40 60

x (m)

80

y (m)

Figure 6

For Sample Problem 1

(a) Initial conditions

(b) Scale diagram of the motion

(a)

(b)

A ball is thrown off a balcony and has an initial velocity of 18 m/s horizontally.

(a) Determine the position of the ball at t 5 1.0 s, 2.0 s, 3.0 s, and 4.0 s. 

(b) Show these positions on a scale diagram. 

(c) What is the mathematical name of the resulting curve?

Solution 

(a) Let the 1x direction be to the right and the 1y direction be downward (which is con-

venient since there is no upward motion) (see Figure 6(a)). 

Horizontally (constant vix ):

vix 5 18 m/s

Dt 5 1.0 s

Dx 5 ?

Dx 5 vixDt

5 (18 m/s)(1.0 s)

Dx 5 18 m

Table 2 gives the Dx values for Dt 5 1.0 s, 2.0 s, 3.0 s, and 4.0 s.

Vertically (constant a
y
):

viy 5 0 Dt 5 1.0 s

a
y

5 1g 5 9.8 m/s2 Dy 5 ?

Dy 5 viyDt 1 }
1

2
}a

y
(Dt)2

5 }
1

2
}a

y
(Dt)2

5 }
(9.8 m/s

2

2)(1.0 s)2

}

Dy 5 14.9 m

Table 2 gives the Dy values for Dt 5 1.0 s, 2.0 s, 3.0 s, and 4.0 s.

(b) Figure 6(b) shows a scale diagram of the ball’s position at the required times. 

The positions are joined with a smooth curve.

(c) The curved path shown in Figure 6(b) is a parabola.

SAMPLE problem 1

Table 2 Calculated Positions 

at Select Times

t (s) Dx (m) Dy (m)

0.0 0.0 0.0

1.0 18 4.9

2.0 36 20

3.0 54 44

4.0 72 78
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vi 

3.2 m

+y

+x

∆y = 3.2 m

vix

ay = 9.8 m/s2

Figure 7

For Sample Problem 2

(a) The situation

(b) The initial conditions

A child travels down a water slide, leaving it with a velocity of 4.2 m/s horizontally, as in

Figure 7(a). The child then experiences projectile motion, landing in a swimming pool 

3.2 m below the slide.

(a) For how long is the child airborne?

(b) Determine the child’s horizontal displacement while in the air.

(c) Determine the child’s velocity upon entering the water.

Solution 

As shown in Figure 7(b), 1x is to the right and 1y is downward. The initial position is the

position where the child leaves the slide. 

(a) Horizontally (constant vix):

vix 5 4.2 m/s

Dx 5 ?

Dt 5 ?

Vertically (constant a
y
):

viy 5 0 Dy 5 3.2 m

a
y

5 +g 5 9.8 m/s2
vfy 5 ?

Dt 5 ?

The horizontal motion has two unknowns and only one equation Dx 5 vixDt. We can

analyze the vertical motion to determine Dt :

Dy 5 viyDt 1 }
1

2
}a

y
(Dt)2

Dy 5 }
1

2
}a

y
(Dt)2

(Dt)2 5 }
2

a

D

y

y
}

Dt 5 6 !}
2
a

D

y

y
}§

5 6 !}
9

2

.

(

8

3.

m

2

/

m§s2

)
}§

Dt 5 6 0.81 s

Since we are analyzing a trajectory that starts at t 5 0, only the positive root applies.

The child is in the air for 0.81 s.

(b) We can substitute Dt 5 0.81 s into the equation for horizontal motion.

Dx 5 vixDt

5 (4.2 m/s)(0.81 s)

Dx 5 3.4 m

The child reaches the water 3.4 m horizontally from the end of the slide. In other

words, the child’s horizontal displacement is 3.4 m. 

(c) To find the child’s final velocity, a vector quantity, we must first determine its hori-

zontal and vertical components. The x-component is constant at 4.2 m/s. We find the

y-component as follows:

vfy 5 viy 1 a
y
Dt

5 0 m/s 1 (9.8 m/s2)(0.81 s)

vfy 5 7.9 m/s

SAMPLE problem 2

(a)

(b)
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vf = 8.9 m/s

[62º below the

horizontal]

W

vfx = 4.2 m/s

vfy = 7.9 m/s

+x

+y

u

Figure 8

The solution for part (c) of Sample

Problem 2

∆y = 82 m

viW

a
y = g = 9.8 m/s2

+x

+y

∆x = 96 m

Figure 9

The situation for Sample Problem 3

We now apply the law of Pythagoras and trigonometry to determine the final velocity

as shown in Figure 8. 

vf 5 Ïvfx
2 1wvfy

2w

5 Ï(4.2 mw/s)2 1w (7.9 mw/s)2w

vf 5 8.9 m/s

v 5 tan21

5 tan21

v 5 62°

The final velocity is 8.9 m/s at an angle of 62° below the horizontal. 

7.9 m/s
}
4.2 m/s

vfy
}
vfx

A helicopter, travelling horizontally, is 82 m above the ground. The pilot prepares to

release a relief package intended to land on the ground 96 m horizontally ahead. Air

resistance is negligible. The pilot does not throw the package, but lets it drop. What is the

initial velocity of the package relative to the ground?

Solution 

Figure 9 shows the situation, with the initial position chosen as the point of release, 

1x chosen to the right, and 1y chosen downward. Since the pilot does not throw the

package, the initial horizontal velocity of the package is the same as the horizontal

velocity of the helicopter.

Horizontally (constant vix ):

Dx 5 96 m

Dt 5 ?

vix 5 ?

Vertically (constant a
y
):

viy 5 0 m/s Dy 5 82 m

a
y

5 +g 5 9.8 m/s2 Dt 5 ?

As in Sample Problem 2, we can determine Dt from the equations for vertical motion. 

The appropriate equation is

Dy 5 viyDt 1 }
1

2
}a

y
(Dt)2

Dy 5 }
1

2
}a

y
(Dt)2

(Dt)2 5 }
2

a

D

y

y
}

Dt 5 6 !}
2
a

D

y

y
}§

5 6 !§
Dt 5 4.1 s

2(82 m)
}
9.8 m/s2

SAMPLE problem 3



Analyzing More Complex Projectile Motion
In the projectile problems we have solved so far, the initial velocity was horizontal. The

same kinematics equations can be used to analyze problems where the initial velocity is

at some angle to the horizontal. Since viy Þ 0, you must take care with your choice of pos-

itive and negative directions for the vertical motion. For example, a fly ball in baseball

46 Chapter 1 NEL

Figure 10

When the steel ball is launched

from the ramp and collides with the

target plate, the point of contact is

recorded on the target paper.

Answers

3. (a) 0.395 s

(b) 76.3 cm

(c) 4.33 m/s [63.5° below 

the horizontal]

4. (a) At 3.0 s, Dx 5 24 m, 

Dy 5 44 m, and 

v$ 5 3.0 3 101 m/s 

[75° below the 

horizontal].

(d) 9.8 m/s2 [down]

5. 45 m/s

Since we only consider events after the release of the package at t 5 0, only the positive

root applies.

vix 5 }
D

D

x

t
}

5

vix 5 23 m/s

The initial velocity of the package is 23 m/s [horizontally]. 

96 m
}
4.1 s

Practice

Understanding Concepts

1. Explain why an airplane moving through the air is not an example of projectile

motion.

2. A stone is thrown horizontally under negligible air resistance. What are its ver-

tical acceleration and its horizontal acceleration? 

3. A marble rolls off a table with a velocity of 1.93 m/s [horizontally]. The tabletop is

76.5 cm above the floor. If air resistance is negligible, determine

(a) how long the marble is airborne

(b) the horizontal range 

(c) the velocity at impact

4. A stone is thrown horizontally with an initial speed of 8.0 m/s from a cliff. 

Air resistance is negligible.

(a) Determine the horizontal and vertical components of displacement and

instantaneous velocity at t 5 0.0 s, 1.0 s, 2.0 s, and 3.0 s.

(b) Draw a scale diagram showing the path of the stone. 

(c) Draw the instantaneous velocity vector at each point on your diagram.

(d) Determine the average acceleration between 1.0 s and 2.0 s, and between

2.0 s and 3.0 s. What do you conclude? 

5. A baseball pitcher throws a ball horizontally under negligible air resistance. 

The ball falls 83 cm in travelling 18.4 m to the home plate. Determine the ball’s

initial horizontal speed. 

Applying Inquiry Skills 

6. Figure 10 shows a trajectory apparatus. A vertical target plate allows the hori-

zontal position to be adjusted from one side of the graph paper to the other. 

(a) Describe how this apparatus is used to analyze projectile motion. 

(b) What would you expect to see plotted on graph paper? Draw a diagram. 

If you have access to a trajectory apparatus, use it to check your

prediction. 

Making Connections 

7. When characters in cartoons run off the edge of a cliff, they hang suspended in

the air for a short time before plummeting. If cartoons obeyed the laws of

physics, what would they show instead? 
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Figure 11

(a) The 1y direction is upward. 

(b) The 1y direction is downward.

∆y  > 0
viW

a
y < 0

+x

+y

vix

viy > 0

∆y  < 0
viW

a
y > 0

+x

+y

vix

viy < 0

(Figure 11) has an initial velocity with an upward vertical component. If the 1y direc-

tion is chosen to be upward, then viy is positive, and the vertical acceleration ay is neg-

ative because the gravitational acceleration is downward. Conversely, if the 1y direction

is chosen to be downward, then viy is negative and ay is positive.

(a) (b)

A golfer strikes a golf ball on level ground. The ball leaves the ground with an initial

velocity of 42 m/s [32° above the horizontal]. The initial conditions are shown in Figure 12.

If air resistance is negligible, determine the ball’s

(a) horizontal range (assuming that it lands at the same level from which it started) 

(b) maximum height 

(c) horizontal displacement when it is 15 m above the ground

Solution 

(a) We begin by finding the horizontal and vertical components of the initial velocity. 

vix 5 v$icos v viy 5 v$isin v

5 (42 m/s)(cos 32°) 5 (42 m/s)(sin 32°)

vix 5 36 m/s viy 5 22 m/s

Horizontally (constant vix):

vix 5 36 m/s

Dx 5 ?

Dt 5 ?

Vertically (constant a
y
):

a
y

5 2g 5 29.8 m/s2 Dy 5 0

viy 5 22 m/s Dt 5 ?

vfy 5 222 m/s

Since the horizontal motion has two unknowns and only one equation, we can use

the vertical motion to solve for Dt :

Dy 5 viyDt 1 }
1

2
}a

y
(Dt)2

0 5 22 m/s Dt 2 4.9 m/s2 (Dt)2

0 5 Dt (22 m/s 2 4.9 m/s2 Dt )

SAMPLE problem 4

+x

+y

Wvi= 42 m/s

viy =visin   

W

W

vix =vicos

a
y
 = 2g = 29.8 m/s2

u

u

u

Figure 12

Initial conditions for Sample Problem

4. The golf tee is chosen as the ini-

tial position, and the 1y direction is

chosen as upward.



48 Chapter 1 NEL

Applying Symmetry

The final vertical component of the

velocity (222 m/s) has the same

magnitude as the initial vertical

component, since air resistance is

negligible and the ground is level.

Recall that the same symmetry

occurs for an object thrown

directly upward.

LEARNING TIP

Therefore, the ball was hit at Dt 5 0 and the ball lands at 22 m/s – 4.9 m/s2 Dt 5 0.

Solving for Dt, we find that Dt 5 4.5 s, which we can use to find the horizontal range.

Dx 5 vix Dt

5 (36 m/s)(4.5 s)

Dx 5 1.6 3 102 m

The horizontal range is 1.6 3 102 m. 

(b) To determine the maximum height, we start by noting that at the highest position,

vfy 5 0 m/s. ( This also happens when an object thrown directly upward reaches the

top of its flight.) 

vfy
2 5 viy

2 1 2a
y
Dy

0 5 viy
2 1 2a

y
Dy

Dy 5

5

Dy 5 25 m

The maximum height is 25 m. 

(c) To find the horizontal displacement when Dy 5 15 m, we must find the time interval

Dt between the start of the motion and when Dy 5 15 m. We can apply the quadratic

formula: 

Dy 5 viyDt 1 }
1

2
} a

y
(Dt )2

15 m 5 22 m/s Dt 2 4.9 m/s2 (Dt)2

4.9 m/s2 (Dt)2 2 22 m/s Dt 1 15 m 5 0

Using the quadratic formula,

Dt 5 where a 5 4.9 m/s2, b 5 222 m/s, and c 5 15 m

5

Dt 5 3.7 s or 0.84 s

Thus, the ball is 15 m above the ground twice: when rising and when descending. 

We can determine the corresponding horizontal positions:

Dxup 5 vixDt Dxdown 5 vixDt

5 (36 m/s)(0.84 s) 5 (36 m/s)(3.7 s)

Dxup 5 3.0 3 101 m Dxdown 5 1.3 3 102 m

The horizontal position of the ball is either 3.0 3 101 m or 1.3 3 102 m when it is 15 m

above ground. 

2(222 m/s) 6 Ï(222 mw/s)2 2w 4(4.9wm/s2)(w15 m)w
}}}}}}

2(4.9 m/s2)

2b 6 Ïb
2 2 4wacw

}}
2a

(22 m/s)2

}}
22(29.8 m/s2)

viy
2

}
22a

y
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As you learned in the solution to Sample Problem 4, the range of a projectile can be

found by applying the kinematics equations step by step. We can also derive a general equa-

tion for the horizontal range Dx of a projectile, given the initial velocity and the angle

of launch. What, for example, happens when a projectile lands at the same level from which

it began (Dy 5 0), as shown in Figure 13? For the horizontal range, the motion is found

using the equation Dx 5 vixDt, where the only known variable is vix . To find the other

variable, Dt, we use the vertical motion:

Dy 5 viyDt 1 }
1

2
}a

y
(Dt)2

where Dy 5 0 because we are considering the situation where the final level is the same

as the initial level.

viy 5 vi sin v

a
y

5 2g

0 5 vi sin vDt 2 }
1

2
}g(Dt)2

0 5 Dt1vi sin v 2 }
1

2
}g(Dt)2

Therefore, either Dt 5 0 (on takeoff) or 

vi sin v 2 }
1

2
}gDt 5 0 (on landing).

Solving the latter equation for Dt gives

Dt 5 }
2vi s

g

in v
}

Now we return to the horizontal motion:

Dx 5 vixDt

5 (vi cos v)Dt

5 vi cos v 1 2
Dx 5 }

v

g

i
2

} 2sin v cos v

Since 2sin v cos v 5 sin 2v (as shown in the trigonometric identities in Appendix A), the

horizontal range is 

Dx 5 }
v

g

i
2

} sin 2v

where vi is the magnitude of the initial velocity of a projectile launched at an angle v to

the horizontal. Note that this equation applies only if Dy 5 0.

All of the previous discussion and examples of projectile motion have assumed that

air resistance is negligible. This is close to the true situation in cases involving relatively

dense objects moving at low speeds, such as a shot used in shot put competition. However,

for many situations, air resistance cannot be ignored. When air resistance is considered,

the analysis of projectile motion becomes more complex and is beyond the intention

of this text. The concept of “hang time” in certain sports, especially football, is impor-

tant and is explored in Lab Exercise 1.4.1 in the Lab Activities Section at the end of this

chapter.

2vi sin v
}

g

Section 1.4

+x

+y

Wvi 
viy 

∆ x 

u

vix 

Figure 13

Initial conditions for deriving the

horizontal range of a projectile in

terms of launch angle and initial

velocity

TRYTHIS activity

Comparing Horizontal Range 

As a class or in a large group, set up a table using these titles:

Launch Angle, Time of Flight, Maximum Height, and Horizontal

Range. Complete the table for a projectile that has an initial

velocity of magnitude 25.00 m/s and lands at the same level

from which it was launched. Perform the calculations using four

significant digits, using every third degree from 3° to 87° (i.e., 3°,

6°, 9°, … 81°, 84°, 87°). Write conclusions about maximizing

height and horizontal range.

Hang Time in Football (p. 58)

“Hang time” in sports is the time

interval between the launch of a ball

and the landing or catching of the

ball. In football, when a punt is

needed, the punter tries to maximize

the hang time of the ball to give his

teammates time to race downfield to

tackle the punt receiver. Of course,

at the same time the punter tries to

maximize the horizontal range to

give his team better field position. 

Write your hypothesis and predic-

tions to the following questions, and

then explore these concepts further

by conducting the lab exercise.

(a) What factors affect the hang time

of a punted football? How do

they affect hang time?

(b) What launch angle of a punt

maximizes the hang time of a

football? 

LAB EXERCISE 1.4.1
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Practice

Understanding Concepts

8. A field hockey ball is struck and undergoes projectile motion. Air resistance is negligible.

(a) What is the vertical component of velocity at the top of the flight? 

(b) What is the acceleration at the top of the flight? 

(c) How does the rise time compare to the fall time if the ball lands at the same level

from which it was struck? 

9. A cannon is set at an angle of 45° above the horizontal. A cannonball leaves the

muzzle with a speed of 2.2 3 102 m/s. Air resistance is negligible. Determine the 

cannonball’s

(a) maximum height 

(b) time of flight 

(c) horizontal range (to the same vertical

level) 

(d) velocity at impact

10. A medieval prince trapped in a castle wraps

a message around a rock and throws it from

the top of the castle wall with an initial

velocity of 12 m/s [42° above the horizontal].

The rock lands just on the far side of the

castle’s moat, at a level 9.5 m below the 

initial level (Figure 14). Determine the rock’s

(a) time of flight 

(b) width of the moat 

(c) velocity at impact

42°

moat

v i 

9.5 m

Figure 14

The situation for question 10

• A projectile is an object moving through the air in a curved trajectory with no

propulsion system.

• Projectile motion is motion with a constant horizontal velocity combined with a

constant vertical acceleration.

• The horizontal and vertical motions of a projectile are independent of each other

except they have a common time.

• Projectile motion problems can be solved by applying the constant velocity equa-

tion for the horizontal component of the motion and the constant acceleration

equations for the vertical component of the motion.

Projectile Motion SUMMARY

Answers

9. (a) 1.2 3 103 m

(b) 32 s

(c) 4.9 3 103 m

(d) 2.2 3 102 m/s [45° below

the horizontal]

10. (a) 2.4 s

(b) 22 m

(c) 18 m/s [60° below the 

horizontal]

Section 1.4 Questions

Understanding Concepts

1. What is the vertical acceleration of a projectile on its way

up, at the top of its trajectory, and on its way down? 

2. (a) For a projectile with the launch point lower than the

landing point, in what part of the flight is the magni-

tude of the velocity at a maximum? a minimum?

(b) In what part of the flight is the magnitude of the

velocity at a maximum, and in what part is it at a 

minimum, for a projectile with the launch point higher

than the landing point?  

3. A projectile launched horizontally moves 16 m in the 

horizontal plane while falling 1.5 m in the vertical plane.

Determine the projectile’s initial velocity.

4. A tennis player serves a ball horizontally, giving it a speed

of 24 m/s from a height of 2.5 m. The player is 12 m from

the net. The top of the net is 0.90 m above the court sur-

face. The ball clears the net and lands on the other side. 

Air resistance is negligible. 
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(a) For how long is the ball airborne? 

(b) What is the horizontal displacement? 

(c) What is the velocity at impact?

(d) By what distance does the ball clear the net? 

5. A child throws a ball onto the roof of a house, then catches

it with a baseball glove 1.0 m above the ground, as in

Figure 15. The ball leaves the roof with a speed of 3.2 m/s. 

(a) For how long is the ball airborne after leaving the roof?

(b) What is the horizontal distance from the glove to the

edge of the roof?

(c) What is the velocity of the ball just before it lands in

the glove?

6. For a projectile that lands at the same level from which it

starts, state another launch angle above the horizontal that

would result in the same range as a projectile launched at

an angle of 36°, 16°, and 45.6°. Air resistance is negligible.

7. During World War I, the German army bombarded Paris

with a huge gun referred to, by the Allied Forces, as “Big

Bertha.” Assume that Big Bertha fired shells with an initial

velocity of 1.1 3 103 m/s [45° above the horizontal]. 

(a) How long was each shell airborne, if the launch point

was at the same level as the landing point?

(b) Determine the maximum horizontal range of each shell.

(c) Determine the maximum height of each shell.

8. An astronaut on the Moon, where g$ = 1.6 m/s2, strikes a

golf ball giving the ball a velocity of 32 m/s [35° above the

Moon’s horizontal]. The ball lands in a crater floor that is 

15 m below the level where it was struck. Determine 

(a) the maximum height of the ball

(b) the time of flight of the ball

(c) the horizontal range of the ball

Applying Inquiry Skills 

9. A garden hose is held with its nozzle horizontally above the

ground (Figure 16). The flowing water follows projectile

motion. Given a metre stick and a calculator, describe how

you would determine the speed of the water coming out of

the nozzle. 

10. Describe how you would build and test a device made of

simple, inexpensive materials to demonstrate that two coins

launched simultaneously from the same level, one

launched horizontally and the other dropped vertically, land

at the same instant. 

Making Connections 

11. In real-life situations, projectile motion is often more com-

plex than what has been presented in this section. For

example, to determine the horizontal range of a shot in shot

put competitions, the following equation is used:

Dx 5 Dx1 1 Dx2 1 Dx3

Dx 5 0.30 m 1 1

where 0.30 m is the average distance the athlete’s hand

goes beyond the starting line, vi is the magnitude of the ini-

tial velocity, v is the angle of launch above the horizontal,

Dy is the height above the ground where the shot leaves

the hand, and g is the magnitude of the acceleration due to

gravity (Figure 17). 

(a) Determine the range of a shot released 2.2 m above

the ground with an initial velocity of 13 m/s [42° above

the horizontal]. 

(b) Compare your answer in (a) to the world record for the

shot put (currently about 23.1 m). 

(c) Why do you think the equation given here differs from

the equation for horizontal range derived in this 

section?

vi sin v Ïvi
2 sin2w v 1 w2 gDyw

}}}}
g

2vi
2 sin v cos v

}}
g

33°

6.2 m

Figure 15

Figure 16

Projectile motion in the garden

∆x 

∆x1 ∆x3

∆x2 ∆y

starting line

Figure 17
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1.51.5
Frames of Reference 

and Relative Velocity 

Air shows provide elements of both excitement and danger. When high-speed airplanes

fly in constant formation (Figure 1), observers on the ground see them moving at high

velocity. Seen from the cockpit, however, all the planes appear to have zero velocity.

Observers on the ground are in one frame of reference, while the pilots are in the plane’s

frame of reference. A frame of reference is a coordinate system relative to which motion

is described or observed.

The most common frame of reference that we use as a stationary, or fixed, frame of

reference is Earth or the ground. In the examples of motion presented in the previous

sections, all objects were assumed to be moving relative to the frame of reference of

Earth. Sometimes, however, other frames are chosen for convenience. For example, to ana-

lyze the motion of the planets of the solar system, the Sun’s frame of reference is used.

If we observe a spot near the rim of a rolling wheel, the wheel or the centre of the wheel

is the most convenient frame of reference, as in Figure 2.

The velocity of an object relative to a specific frame of reference is called relative

velocity. We have not used this term previously because we were considering motion

relative to one frame of reference at a time. Now we will explore situations involving at

least two frames of reference. Such situations occur for passengers walking about in a

moving train, for watercraft travelling on a flowing river, and for the Snowbirds or other

aircraft flying when there is wind blowing relative to the ground.

To analyze relative velocity in more than one frame of reference, we use the symbol for

relative velocity, v$, with two subscripts in capital letters. The first subscript represents the

object whose velocity is stated relative to the object represented by the second subscript.

In other words, the second subscript is the frame of reference.

For example, if P is a plane travelling at 490 km/h [W] relative to Earth’s frame of

reference, E, then v$PE 5 490 km/h [W]. If we consider another frame of reference, such

as the wind or air, A, affecting the plane’s motion, then v$PA is the velocity of the plane rel-

ative to the air and v$AE is the velocity of the air relative to Earth. The vectors v$PA and

v$AE are related to v$PE using the following relative velocity equation:

v#$PE 5 v#$PA 1 v#$AE

This equation applies whether the motion is in one, two, or three dimensions. For

example, consider the one-dimensional situation in which the wind and the plane are both

moving eastward. If the plane’s velocity relative to the air is 430 km/h [E], and the air’s

NEL

frame of reference coordinate

system relative to which motion is

observed

Figure 1

The Canadian Forces Snowbirds fly

at velocities of between 400 and 

600 km/h (relative to the ground),

but when they are flying in forma-

tion, as shown here, the velocity of

one plane relative to another is zero. Figure 2

(a) The motion of a spot near the rim of a rolling wheel is simple 

if viewed from the frame of reference of the wheel’s centre. 

(b) The motion of the spot is much more complex when viewed 

from Earth’s frame of reference.

(a) (b)

Viewing the Solar System

It is easy to visualize planets

revolving around the Sun, using the

Sun as the frame of reference.

Ancient astronomers, however, used

Earth’s frame of reference to try to

explain the observed motion of the

planets, but had to invent forces

that do not exist. For example, when

watching the motion of a planet

beyond Earth (such as Mars)

against the background of the stars,

the planet appears to reverse direc-

tion from time to time, much like a

flattened “S” pattern. In fact, the

planet doesn’t reverse directions; it

only appears to do so as Earth,

which is closer to the Sun, catches

up and then passes the planet.

DID YOU KNOW??

relative velocity velocity of an

object relative to a specific frame of

reference
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velocity relative to the ground is 90 km/h [E], then the velocity of the plane relative to

the ground is:

v$PE 5 v$PA 1 v$AE

5 430 km/h [E] 1 90 km/h [E]

v$PE 5 520 km/h [E]

Thus, with a tail wind, the ground speed increases—a logical result. You can easily figure

out that the plane’s ground speed in this example would be only 340 km/h [E] if the

wind were a head wind (i.e., if v$AG = 90 km/h [W]).

Before looking at relative velocities in two dimensions, make sure that you under-

stand the pattern of the subscripts used in any relative velocity equation. As shown in

Figure 3, the left side of the equation has a single relative velocity, while the right side has

the vector addition of two or more relative velocities. Note that the “outside” and the

“inside” subscripts on the right side are in the same order as the subscripts on the left side.

Section 1.5

Wind Directions

By convention, a west wind is a

wind that blows from the west, so

its velocity vector points east (e.g.,

a west wind might be blowing at

45 km/h [E]). A southwest wind

has the direction [45° N of E] or

[45° E of N]. 

DID YOU KNOW??

Navigation Terminology

Air navigators have terms for some

of the key concepts of relative

velocity. Air speed is the speed of a

plane relative to the air. Wind

speed is the speed of the wind rel-

ative to the ground. Ground speed

is the speed of the plane relative

to the ground. The heading is the

direction in which the plane is

aimed. The course, or track, is the

path relative to Earth or the

ground. Marine navigators use

“heading,” “course,” and “track” in

analogous ways. 

DID YOU KNOW??

nPE    =    nPA    +    nAEW WW nCE    =    nCW    +    nWEW WW

nDG    =    nDE    +    nEF    +    nFG  W WW W

Figure 3

The pattern in relative velocity equations

An Olympic canoeist, capable of travelling at a speed of 4.5 m/s in still water, is crossing a

river that is flowing with a velocity of 3.2 m/s [E]. The river is 2.2 3 102 m wide. 

(a) If the canoe is aimed northward, as in Figure 4, what is its velocity relative to the

shore?

(b) How long does the crossing take?

(c) Where is the landing position of the canoe relative to its starting position? 

(d) If the canoe landed directly across from the starting position, at what angle would the

canoe have been aimed?

Solution 

Using the subscripts C for the canoe, S for the shore, and W for the water, the known rela-

tive velocities are:

v$CW 5 4.5 m/s [N]

v$WS 5 3.2 m/s [E]

SAMPLE problem 1

north shore

river

vwsW

vcwW
vcsWu

E

N

Figure 4

The situation

nLO    =    nLM    +    nMN    +    nNO W WW W
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(a) Since the unknown is v$CS, we use the relative velocity equation

v$CS 5 v$CW 1 v$WS

v$CS 5 4.5 m/s [N] 1 3.2 m/s [E]

Applying the law of Pythagoras, we find: 

v$CS 5 Ï(4.5 mw/s)2 1w (3.2 mw/s)2w

v$CS 5 5.5 m/s

Trigonometry gives the angle v in Figure 4: 

v 5 tan21 }
4

3

.

.

5

2 m

m

/

/

s

s
}

v 5 35°

The velocity of the canoe relative to the shore is 5.5 m/s [35° E of N]. 

(b) To determine the time taken to cross the river, we consider only the motion perpendi-

cular to the river. 

Dd$ 5 2.2 3 102 m [N]

v$CW 5 4.5 m/s [N]

Dt 5 ?

From v$CW 5 }
D

D

d$

t
}, we have:

Dt 5 }
v$

D

C

d$

W

}

5 }
2.2

4.

3

5 m

10

/

2

s

m

[N

[

]

N]
}

Dt 5 49 s

The crossing time is 49 s. 

(c) The current carries the canoe eastward (downstream) during the time it takes to

cross the river. The downstream displacement is

Dd$ 5 v$WSDt

5 (3.2 m/s [E])(49 s)

Dd$ 5 1.6 3 102 m [E]

The landing position is 2.2 3 102 m [N] and 1.6 3 102 m [E] of the starting position.

Using the law of Pythagoras and trigonometry, the resultant displacement is 

2.7 3 102 m [36° E of N]. 

(d) The velocity of the canoe relative to the water, v$CW, which has a magnitude of 4.5 m/s,

is the hypotenuse of the triangle in Figure 5. The resultant velocity v$CS must point

directly north for the canoe to land directly north of the starting position. 

north shore

vwsW

vcwW vcsW

E

N

f Figure 5

The solution for part (d)

Alternative Symbols

An alternative method of writing

a relative velocity equation is to

place the subscript for the

observed object before the v$

and the subscript for the frame

of reference after the v$. Using

this method, the equation for

our example of plane and air is 

Pv$E 5 Pv$A 1 Av$E. 

LEARNING TIP
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Section 1.5

The angle in the triangle is

f 5 sin21 }




v#

v#

$

$

C

W

W

S


}

5 sin21 }
4

3

.

.

5

2 m

m

/

/

s

s
}

f 5 45°

The required heading for the canoe is [45° W of N]. 

The air speed of a small plane is 215 km/h. The wind is blowing at 57 km/h from the west.

Determine the velocity of the plane relative to the ground if the pilot keeps the plane

aimed in the direction [34° E of N]. 

Solution 

We use the subscripts P for the plane, E for Earth or the ground, and A for the air. 

v$PA 5 215 km/h [34° E of N]

v$AE 5 57 km/h [E]

v$PE 5 ?

v$PE 5 v$PA 1 v$AE

This vector addition is shown in Figure 6. We will solve this problem by applying the

cosine and sine laws; however, we could also apply a vector scale diagram or components

as described in Appendix A. 

Using the cosine law: 

v$PE2 5 v$PA2 1 v$AE2 2 2v$PAv$AE cos f

5 (215 km/h)2 1 (57 km/h)2 2 2(215 km/h)(57 km/h) cos 124°

v$PE 5 251 km/h

Using the sine law:

}



s

v$

in

AE

v


} 5 }



s

v$

in

PE

f


}

sin v 5

v 5 11°

The direction of v$PE is 34° 1 11° 5 45° E of N. Thus v$PE 5 251 km/h [45° E of N].

57 km/h (sin 124°)
}}

251 km/h

SAMPLE problem 2

vAEW

vPAW

vPEW

34°

f = 90° + 34°

f = 124°

u

f

E

N

Figure 6

Solving Sample Problem 2 using

trigonometry

Sometimes it is helpful to know that the velocity of object X relative to object Y has the

same magnitude as the velocity of Y relative to X, but is opposite in direction: v$XY 5 2v$YX.

Consider, for example, a jogger J running past a person P sitting on a park bench.

If v$JP 5 2.5 m/s [E], then P is viewing J moving eastward at 2.5 m/s. To J, P appears to be

moving at a velocity of 2.5 m/s [W]. Thus v$PJ 5 22.5 m/s [E] 5 2.5 m/s [W]. In the

next Sample Problem, we will use this relationship for performing a vector subtraction.

Subtracting Vectors 

When a relative velocity equation,

such as v$PE 5 v$PA 1 v$AE, is

rearranged to isolate either

v$PA or v$AE, a vector subtraction

must be performed. For example,

v$PA 5 v$PE 2 v$AE is equivalent to

v$PA 5 v$PE 1 (2v$AE). Appendix A

discusses vector arithmetic.

LEARNING TIP
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A helicopter, flying where the average wind velocity is 38 km/h [25° N of E], needs to

achieve a velocity of 91 km/h [17° W of N] relative to the ground to arrive at the destina-

tion on time, as shown in Figure 7. What is the necessary velocity relative to the air? 

Solution 

Using the subscripts H for the helicopter, G for the ground, and A for the air, we have the

following relative velocities:

v$HG 5 91 km/h [17° W of N]

v$AG 5 38 km/h [25° N of E]

v$HA 5 ?

v$HG 5 v$HA 1 v$AG

We rearrange the equation to solve for the unknown:

v$HA 5 v$HG 2 v$AG

v$HA 5 v$HG 1 (2v$AG)   where 2v$AG is 38 km/h [25° S of W]

Figure 8 shows this vector subtraction. By direct measurement on the scale diagram, we

can see that the velocity of the helicopter relative to the air must be 94 km/h [41° W of N].

The same result can be obtained using components or the laws of sines and cosines. 

SAMPLE problem 3

vHG = 91 km/h [17° W of N]W

scale: 1.0 cm = 30 km/h

vAG = 38 km/h [25° N of E]W

E

N

Figure 7

Situation for Sample Problem 3

Practice

Understanding Concepts

1. Something is incorrect in each of the following equations. Rewrite each equation

to show the correction. 

(a) v$LE 5 v$LD 1 v$LE

(b) v$AC 5 v$AB 2 v$BC

(c) v$MN 5 v$NT 1 v$TM (Write down two correct equations.) 

(d) v$LP 5 v$ML 1 v$MN 1 v$NO 1 v$OP

2. A cruise ship is moving with a velocity of 2.8 m/s [fwd] relative to the water. A

group of tourists walks on the deck with a velocity of 1.1 m/s relative to the deck.

Determine their velocity relative to the water if they are walking toward (a) the

bow, (b) the stern, and (c) the starboard. (The bow is the front of a ship, the

stern is the rear, and the starboard is on the right side of the ship as you face

the bow.)

3. The cruise ship in question 2 is travelling with a velocity of 2.8 m/s [N] off the

coast of British Columbia, in a place where the ocean current has a velocity rela-

tive to the coast of 2.4 m/s [N]. Determine the velocity of the group of tourists in

2(c) relative to the coast.

4. A plane, travelling with a velocity relative to the air of 320 km/h [28° S of W],

passes over Winnipeg. The wind velocity is 72 km/h [S]. Determine the displace-

ment of the plane from Winnipeg 2.0 h later.

Making Connections 

5. Airline pilots are often able to use the jet stream to minimize flight times. Find

out more about the importance of the jet stream in aviation. 

2vAGW

vHAW

vHGW

24°
17°

scale: 1.0 cm = 30 km/h

E

N

Figure 8

Solution to Sample Problem 3

Answers

2. (a) 3.9 m/s [fwd]

(b) 1.7 m/s [fwd]

(c) 3.0 m/s [21° right of fwd]

3. 5.3 m/s [12° E of N]

4. 7.2 3 102 km [30° S of W] 

from Winnipeg

GO www.science.nelson.com
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Section 1.5

• A frame of reference is a coordinate system relative to which motion can be

observed.

• Relative velocity is the velocity of an object relative to a specific frame of refer-

ence. (A typical relative velocity equation is v$PE 5 v$PA 1 v$AE , where P is the

observed object and E is the observer or frame of reference.)

Frames of Reference and 

Relative Velocity 
SUMMARY

Section 1.5 Questions

Understanding Concepts

1. Two kayakers can move at the same speed in calm water.

One begins kayaking straight across a river, while the other

kayaks at an angle upstream in the same river to land

straight across from the starting position. Assume the

speed of the kayakers is greater than the speed of the river

current. Which kayaker reaches the far side first? Explain

why. 

2. A helicopter travels with an air speed of 55 m/s. The heli-

copter heads in the direction [35° N of W]. What is its

velocity relative to the ground if the wind velocity is 

(a) 21 m/s [E] and (b) 21 m/s [22° W of N]? 

3. A swimmer who achieves a speed of 0.75 m/s in still water

swims directly across a river 72 m wide. The swimmer lands

on the far shore at a position 54 m downstream from the

starting point. 

(a) Determine the speed of the river current.

(b) Determine the swimmer’s velocity relative to the shore.

(c) Determine the direction the swimmer would have to

aim to land directly across from the starting position.

4. A pilot is required to fly directly from London, UK, to Rome,

Italy in 3.5 h. The displacement is 1.4 3 103 km [43° E of S].

A wind is blowing with a velocity of 75 km/h [E]. Determine

the required velocity of the plane relative to the air.

Applying Inquiry Skills 

5. A physics student on a train estimates the speed of falling

raindrops on the train car’s window. Figure 9 shows the

student’s method of estimating the angle with which the

drops are moving along the window glass. 

(a) Assuming that the raindrops are falling straight down-

ward relative to Earth’s frame of reference, and that the

speed of the train is 64 km/h, determine the vertical

speed of the drops. 

(b) Describe sources of error in carrying out this type of

estimation. 

Making Connections 

6. You have made a video recording of a weather report,

showing a reporter standing in the wind and rain of a hurri-

cane. How could you analyze the video to estimate the

wind speed? Assume that the wind is blowing horizontally,

and that the vertical component of the velocity of the rain-

drops is the same as the vertical component for the rain-

drops in the previous question. 

left hand right hand

direction of train’s motion

Figure 9

Estimating the speed of falling raindrops
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Key Expectations 

• analyze and predict, in quantitative terms, and explain

the linear motion of objects in the horizontal plane,

the vertical plane, and any inclined plane (for example,

a skier accelerating down a hillside) (1.1, 1.2, 1.3, 1.5)

• analyze and predict, in quantitative terms, and explain

the motion of a projectile in terms of the horizontal

and vertical components of its motion (1.4) 

• carry out experiments and/or simulations involving

objects moving in two dimensions, and analyze and dis-

play the data in an appropriate form (1.1, 1.2, 1.3, 1.4) 

• predict the motion of an object given its initial speed and

direction of motion (e.g., terminal speed and projectile

motion) and test the predictions experimentally (1.3, 1.4) 

• describe or construct technological devices that are

based on the concepts and principles related to projec-

tile motion (1.4) 

Key Terms 

Key Equations 

• vav 5 }
D

d

t
} (1.1)

• Dd$ 5 d$2 2 d$1 (1.1)

• v$av 5 }
D

D

d#

t

$

} (1.1)

• v$ 5 lim
Dt→0

}
D

D

d#

t

$

} (1.1)

• Dd$ 5 Dd$1 1 Dd$2 1 … (1.1)

• a$av 5 }
D

D

v#

t

$
} 5 }

v#$f

D

2

t

v#$i
} (1.2)

• a$ 5 lim
Dt→0

}
D

D

v#

t

$
} (1.2)

• Dd$ 5 v$iDt 1 }
1

2
}a$ (Dt)2 (1.2)

• Dd$ 5 v$avDt 5 }
(v$i 1

2

v$f )
} Dt (1.2)

• vf2 5 vi
2 1 2aDd (1.2)

• Dd$ 5 v$fDt 2 }
1

2
}a$ (Dt)2 (1.2)

• aav,x 5 }
D

D

v

t

x
} 5 }

vfx

D

2

t

vix
} (1.2)

• aav,y 5 }

D

D

v

t

y
} 5 }

vfy

D

2

t

viy
} (1.2)

• ay 5 }

vfy

D

2

t

viy
} (1.3)

• Dy 5 viyDt 1 }
1

2
}ay (Dt)

2 (1.3)

• Dy 5 }
(viy1

2

vfy)
} Dt (1.3)

• vfy2 5 viy
2 1 2ay Dy (1.3)

• Dy 5 vfyDt 2 }
1

2
}ay (Dt)

2 (1.3)

• vix 5 }
D

D

x

t
} (1.4)

• v$PE 5 v$PA 1 v$AE (1.5)
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MAKE a summary

Draw a large diagram showing the path of a ball undergoing

projectile motion. Label several positions along the path 

(A, B, C, D, and E), and show as many details of the motion

as you can. For example, indicate the magnitude and direc-

tion (where possible) of the horizontal and vertical compo-

nents of the position, displacement, instantaneous velocity,

and instantaneous acceleration at each position. Show what

happens to those quantities if you assume that air resistance

near the end of the path is no longer negligible. Finally, show

details related to frames of reference (for instance, one

frame of reference could be the playing field and another

could be an athlete running parallel to the ball’s motion just

before catching the ball). In the diagrams and labels, include

as many of the key expectations, key terms, and key equa-

tions from this chapter as you can.

kinematics

scalar quantity

instantaneous speed

average speed

vector quantity

position

displacement 

velocity

instantaneous velocity

average velocity

tangent

acceleration

average acceleration

instantaneous 

acceleration 

acceleration due to 

gravity

free fall

terminal speed

projectile

projectile motion

horizontal range

frame of reference

relative velocity 



Chapter 1 SELF QUIZ

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. 

1. You toss a ball vertically and step aside. The ball rises

and then falls down along the same path and hits the

ground. Since the ball reverses direction, it undergoes

two-dimensional motion.

2. The magnitude of the velocity of that same ball just

before landing is greater than its magnitude of initial

velocity upon leaving your hand.

3. The acceleration of that ball at the top of the flight is

zero.

4. The time for that ball to rise equals the time for it to

fall.

5. A jogger running four laps around a circular track at

4.5 m/s undergoes motion with constant velocity.

6. The slope of the tangent to a curved line on a position-

time graph gives the instantaneous velocity.

7. Megametres per hour per day is a possible unit of

acceleration.

8. The magnitude of the acceleration due to gravity 

at Miami is greater than that at St. John’s,

Newfoundland.

9. The quadratic formula must be used to solve 

problems involving the quadratic equation 

vf
2 5 vi

2 1 2aDd.

10. A model rocket launched in a vacuum chamber at an

angle of 45° above the horizontal, undergoes projec-

tile motion.

11. If v#$AB 5 8.5 m/s [E], then v#$BA 5 –8.5 m/s [W].

Write numbers 12 to 19 in your notebook. Beside each

number, write the letter corresponding to the best choice. 

12. You toss a ball vertically upward from your hand: the

initial position is your hand, and 1y is upward. Of

the position-time graphs shown in Figure 1, which

best represents the relationship?

Unit 1

13. You drop a rubber stopper from your hand: the initial

position is your hand, and 1y is upward. Which

graph in Figure 1 best represents the relationship? 

14. You toss a ball directly upward: the initial position is

your hand, and 1y is downward. Which graph in

Figure 1 best represents the relationship?

15. You release a cart from rest at the top of a ramp: the

initial position is at the top of the ramp, and 1y is up

the ramp. Which graph in Figure 1 best represents

the relationship?

16. A car with an initial velocity of 25 m/s [E] experi-

ences an average acceleration of 2.5 m/s2 [W] for 

2.0 3 101 s. At the end of this interval, the velocity is

(a) 5.0 3 101 m/s [W] (d) 75 m/s [W]

(b) 0.0 m/s (e) 75 m/s [E]

(c) 25 m/s [W]

17. An acceleration has an eastward component of

2.5 m/s2 and a northward component of 6.2 m/s2.

The direction of the acceleration is

(a) [40° E of N] (d) [68° E of N]

(b) [50° E of N] (e) [68° N of E]

(c) [24° E of N]

18. You are a fullback running with an initial velocity of

7.2 m/s [N]. You swerve to avoid a tackle, and after

2.0 s are moving at 7.2 m/s [W]. Your average acceler-

ation over the time interval is

(a) 0 m/s2

(b) 5.1 m/s2 [45° N of W]

(c) 1.0 3 101 m/s2 [45° N of W]

(d) 3.6 m/s2 [S]

(e) 5.1 m/s2 [45° W of S]

19. A tennis ball is thrown into the air with an initial

velocity that has a horizontal component of 5.5 m/s

and a vertical component of 3.7 m/s [up]. If air 

resistance is negligible, the speed of the ball at the top

of the trajectory is

(a) zero (c) 5.5 m/s (e) 9.2 m/s 

(b) 3.7 m/s (d) 6.6 m/s

y

t

(a)

0

y

t

(b)

0 t

(d)y

0

Figure 1

Graphs of vertical position as a function of time for questions 12–15

y

t

(e)

0

y

t

(c)

0

Kinematics 63NEL An interactive version of the quiz is available online.
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Understanding Concepts 
1. (a) In Canada, the speed limit on many highways is

100 km/h. Convert this measurement to metres

per second to three significant digits.

(b) The fastest recorded speed of any animal is the

dive of the peregrine falcon, which can reach

97 m/s. How fast is the dive in kilometres 

per hour?

(c) Suggest a convenient way of converting kilome-

tres per hour to metres per second, and metres

per second to kilometres per hour.

2. For each dimensional operation listed, state the type

of quantity that results (speed, length, etc.).

(a) L 3 T21 (b) 1}
T

L
3
}2 3 T (c) 1}

T

L
2
}2 3 T 3 T 

3. A student reads a test question that asks for a dis-

tance, gives a time interval of 3.2 s and a constant

acceleration of magnitude 5.4 m/s2. Uncertain which

equation applies, the student tries dimensional

analysis and selects the equation d$ 5 a$(Dt)2.

(a) Is the equation dimensionally correct?

(b) Describe the limitation of relying on dimensional

analysis to remember equations.

4. For motion with constant velocity, compare:

(a) instantaneous speed with average speed

(b) instantaneous velocity with average velocity

(c) instantaneous speed with average velocity

5. How can a velocity-time graph be used to determine

(a) displacement and (b) acceleration?

6. Can a component of a vector have a magnitude

greater than the vector’s magnitude? Explain.

7. (a) Can the sum of two vectors of the same magni-

tude be a zero vector? 

(b) Can the sum of two vectors of unequal magni-

tudes be a zero vector? 

(c) Can the sum of three vectors, all of unequal mag-

nitudes, be a zero factor? 

In each case, give an example if “yes,” an explanation

if “no.”

8. A golfer drives a golf ball 214 m [E] off the tee, then

hits it 96 m [28° N of E], and finally putts the ball

12 m [25° S of E]. Determine the displacement from

the tee needed to get a hole-in-one using (a) a vector

scale diagram and (b) components. Compare your

answers.

9. Determine the vector that must be added to the sum

of A$ 1 B$ in Figure 1 to give a resultant displacement

of (a) 0 and (b) 4.0 km [W].

10. Assume that a displacement vector can be drawn from

a person’s nose to his or her toes. For a town of 2000

people, estimate the resultant displacement vector of

the sum of all the nose-to-toes vectors at (a) 5 P.M. and

(b) 5 A.M. Explain your reasoning.

11. In the Canadian Grand Prix auto race, the drivers

travel a total distance of 304.29 km in 69 laps around

the track. If the fastest lap time is 84.118 s, what is the

average speed for this lap? 

12. According to a drivers’ handbook, your safest separa-

tion distance from the car ahead at a given speed is

the distance you would travel in 2.0 s at that speed.

What is the recommended separation distance

(a) in metres and (b) in car lengths, if your speed is

115 km/h? 

13. An eagle flies at 24 m/s for 1.2 3 103 m, then glides at

18 m/s for 1.2 3 103 m. Determine

(a) the time interval for this motion

(b) the eagle’s average speed during this motion

14. Describe the motion represented by each graph

shown in Figure 2.

15. A firefighter slides 4.5 m down a pole and runs 6.8 m

to a fire truck in 5.0 s. Determine the firefighter’s 

(a) average speed and (b) average velocity.

16. Over a total time of 6.4 s, a field hockey player runs

16 m [35° S of W], then 22 m [15° S of E]. Determine

the player’s (a) resultant displacement and 

(b) average velocity.

N

E

S

38°

19°

A= 5.1 km

B= 6.8 km
Figure 1

t

Wd

0
t

Wv

0

Figure 2

(a) (b)



Kinematics 65NEL

17. The cheetah, perhaps the fastest land animal, can

maintain speeds as high as 100 km/h over short time

intervals. The path of a cheetah chasing its prey at top

speed is illustrated in Figure 3. State the cheetah’s

instantaneous velocity, including the approximate

direction, at positions D, E, and F.

18. A car travelling initially at 42 km/h on the entrance

ramp of an expressway accelerates uniformly to 

105 km/h in 26 s.

(a) How far, in kilometres, does the car travel over

this time interval?

(b) Determine the magnitude of the average acceler-

ation in kilometres per hour per second.

19. In a thrill ride at an amusement park, the cars start

from rest and accelerate rapidly, covering the first 

15 m [fwd] in 1.2 s.

(a) Calculate the average acceleration of the cars.

(b) Determine the velocity of the cars at 1.2 s.

(c) Express the magnitude of the acceleration in

terms of g$.

20. Determine the constant acceleration needed for a

bullet to reach a muzzle velocity of 4.0 3 102 m/s

[fwd], provided friction is zero and the muzzle is 

0.80 m long.

21. A rocket begins its third stage of launch at a velocity

of 2.28 3 102 m/s [fwd]. It undergoes a constant

acceleration of 6.25 3 101 m/s2, while travelling 

1.86 km, all in the same direction. What is the rocket’s

velocity at the end of this motion?

22. In its final trip upstream to its spawning territory, a

salmon jumps to the top of a waterfall 1.9 m high.

What is the minimum vertical velocity needed by the

salmon to reach the top of the waterfall? 

23. A bus travels 2.0 3 102 m with a constant accelera-

tion of magnitude 1.6 m/s2.

(a) How long does the motion take if the magnitude

of the initial velocity is 0.0 m/s? 

Unit 1

(b) How long does the motion take if the magnitude

of the initial velocity is 8.0 m/s in the direction of

the acceleration? 

24. An airplane, travelling initially at 240 m/s [28° S of

E], takes 35 s to change its velocity to 220 m/s [28° E

of S]. What is the average acceleration over this time

interval? 

25. A race car driver wants to attain a velocity of 54 m/s

[N] at the end of a curved stretch of track, experi-

encing an average acceleration of 0.15 m/s2 [S] for

95 s. What is the final velocity?

26. A camera is set up to take photographs of a ball

undergoing vertical motion. The camera is 5.2 m

above the ball launcher, a device that can launch the

ball with an initial velocity 17 m/s [up]. Assuming

that the ball goes straight up and then straight down

past the camera, at what times after the launch will

the ball pass the camera? 

27. Figure 4 shows a velocity-time graph for a squirrel

walking along the top of a fence.

(a) Draw the corresponding acceleration-time graph

of the motion.

(b) Draw the corresponding position-time graph

from 0.0 s to 1.0 s. (Be careful: for the first 0.50 s,

this graph is not a straight line.) 

28. Venus, with an orbit of radius 1.08 3 1011 m, takes

1.94 3 107 s to complete one orbit around the Sun.

(a) What is the average speed in metres per second,

and kilometres per hour?

(b) Determine the magnitude of the average velocity

after it has completed half a revolution around

the Sun.

(c) Determine the magnitude of the average acceler-

ation after it has completed a quarter revolution

around the Sun.

motion

D E
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N

Figure 3
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29. (a) What are the horizontal and vertical components

of the acceleration of a projectile?

(b) How would your answer change if both compo-

nents of the motion experience air resistance?  

30. A child throws a snowball with a horizontal velocity

of 18 m/s directly toward a tree, from a distance of

9.0 m and a height above the ground of 1.5 m.

(a) After what time interval does the snowball hit the

tree?

(b) At what height above the ground will the snow-

ball hit the tree? 

(c) Determine the snowball’s velocity as it strikes the

tree.

31. Determine the initial velocity of a projectile that is

launched horizontally, and falls 1.5 m while moving

16 m horizontally.

32. You are standing in a train moving at constant

velocity relative to Earth’s frame of reference. You

drop a ball to the floor. What is the path of the ball

(a) in your frame of reference and (b) from the frame

of reference of a person standing stationary beside

the train?

33. A plane is travelling with an air speed of 285 km/s

[45° S of E]. A wind is blowing at 75 km/h [22° E 

of N] relative to the ground. Determine the velocity

of the plane relative to the ground.

34. A swimmer who can swim at a speed of 0.80 m/s in

still water heads directly across a river 86 m wide. The

swimmer lands at a position on the far bank 54 m

downstream from the starting point. Determine

(a) the speed of the current

(b) the velocity of the swimmer relative to the shore

(c) the direction of departure that would have taken

the swimmer directly across the river

35. The displacement from London, UK, to Rome is 

1.4 3 103 km [43° E of S]. A wind is blowing with a

velocity of 75 km/h [E]. The pilot wants to fly directly

from London to Rome in 3.5 h. What velocity relative

to the air must the pilot maintain?

36. A football is placed on a line 25 m from the goal post.

The placement kicker kicks the ball directly toward

the post, giving the ball an initial velocity of 21.0 m/s

[47° above the horizontal]. The horizontal bar of the

goal post is 3.0 m above the field. How far above or

below the bar will the ball travel? 

Applying Inquiry Skills 
37. A baseball player wants to measure the initial speed of

a ball when the ball has its maximum horizontal

range.

(a) Describe how this could be done using only a

metre stick or a measuring tape.

(b) Describe sources of random and systematic error

in this activity.

38. You obtain the following data from an experiment

involving motion on an essentially frictionless air

table inclined at an angle to the horizontal:

(a) Determine the angle of incline of the air table.

(b) Determine the magnitude of the acceleration of

an air puck parallel to the incline of the table.

(Hint: Use g$ and the value you found for the

angle of incline.) 

(c) What are the possible sources of random and sys-

tematic error in this experiment?

39. Figure 5 shows a demonstration of projectile motion

that usually warrants applause from the audience.

At the instant a dart is launched at a high velocity, a

target (often a cardboard monkey) drops from a 

uspended position downrange from the launching

device. Show that if the dart is aimed directly at the

target, it will always strike the falling target. (Use a

specific set of numbers.) 

length of air table side 62.0 cm

vertical distance from lab bench to 9.9 cm 

the elevated end of the air table

vertical distance from lab bench 4.3 cm

to the lower end of the air table

direction aimed

dart launcher
path of projectile

target

path of

target

Figure 5

In this “monkey-hunter” demonstration, launching the dart

causes the target to drop. 
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Making Connections 
40. An impatient motorist drives along a city bypass at an

average speed of 125 km/h. The speed limit is 100 km/h.

(a) If the bypass is 17 km long, how many minutes

does the driver save by breaking the speed limit? 

(b) The driver consumes about 20% more fuel at the

higher speed than at the legal limit. Can you sug-

gest a reason? 

41. An electromagnetic signal, travelling at the speed of

light (3.0 3 108 m/s), travels from a ground station

on Earth to a satellite 4.8 3 107 m away. The satellite

receives the signal and, after a delay of 0.55 s, sends a

return signal to Earth.

(a) What is the time interval between the transmis-

sion from the ground station and the reception of

the return signal at the station?

(b) Relate your answer in (a) to the time delays you

observe when live interviews are conducted via

satellite communication on television.

42. Kinematics in two dimensions can be extended to

kinematics in three dimensions. What motion factors

would you expect to analyze in developing a com-

puter model of the three-dimensional motion of

asteroids to predict how close they will come to Earth?

43. A patient with a detached retina is warned by an eye

specialist that any braking acceleration of magnitude

greater than 2g$ risks pulling the retina entirely away

from the sclera. Help the patient decide whether to

play a vigorous racket sport such as tennis. Use esti-

mated values of running speeds and stopping times.

44. Your employer, a medical research facility specializing

in nanotechnology, asks you to develop a microscopic

motion sensor for injection into the human blood-

stream. Velocity readings from the sensor are to be

used to detect the start of blockages in arteries, capil-

laries, and veins.

(a) What physics principles and equations would you

need to consider in brainstorming the design?

(b) Describe one possible design of the device. How,

in your design, are data obtained from the

device? 

45. Figure 6 shows four different patterns of fireworks

explosions. What conditions of the velocity of the

fireworks device at the instant of the explosion could

account for each shape? 
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Extension 
46. A helicopter flies directly toward a vertical cliff. When

the helicopter is 0.70 km from the cliff face, it trans-

mits a sonar signal. It receives the reflected signal 3.4 s

later. If the signal propagates at 3.5 3 102 m/s, what is

the speed of the helicopter? 

47. A truck with one headlight is travelling at a constant

speed of 18 m/s when it passes a stopped police car.

The cruiser sets off in pursuit at a constant accelera-

tion of magnitude 2.2 m/s2.

(a) How far does the cruiser travel before catching

the truck? 

(b) How long does the pursuit last? (Hint: Consider

drawing a graph.) 

48. A car with an initial velocity of 8.0 3 101 km/h [E]

accelerates at the constant rate of 5.0 (km/h)/s,

reaching a final velocity of 1.0 3 102 km/h [45° S 

of E]. Determine (a) the direction of the acceleration

and (b) the time interval.

49. Derive an equation for the horizontal range of a pro-

jectile with a landing point at a different altitude from

its launch point. Write the equation in terms of the

initial velocity, the acceleration due to gravity, the

launch angle, and the vertical component of the 

displacement.

50. A sunbather, drifting downstream on a raft, dives off

the raft just as it passes under a bridge and swims

against the current for 15 min. She then turns and

swims downstream, making the same total effort and

overtaking the raft when it is 1.0 km downstream

from the bridge. What is the speed of the current in

the river?

(a) (b)

(c) (d)

Figure 6

Sir Isaac Newton Contest Question
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chapter

Dynamics

In this chapter,
you will be able to

• define and describe

concepts and units from the

analysis of forces

• distinguish between

accelerating and

nonaccelerating frames of

reference 

• determine the net force

acting on an object and its

resulting acceleration by

analyzing experimental data

using vectors and their

components, graphs, and

trigonometry

• analyze and predict, in

quantitative terms, and

explain the cause of the

acceleration of objects in

one and two dimensions

• analyze the principles of the

forces that cause

acceleration, and describe

how the motion of human

beings, objects, and vehicles

can be influenced by

modifying factors

To climb a vertical formation like the one shown in Figure 1, a rock climber must exert forces

against the rock walls. The walls push back with reaction forces, and it is the upward com-

ponents of those forces that help the climber move upward. In this chapter, you will learn

how to analyze the forces and components of forces for stationary and moving objects.

Forces cause changes in velocity. Thus, what you learned in Chapter 1 will be explored

further to help you understand why objects speed up, slow down, or change directions.

In other words, you will explore the nature of the forces that cause acceleration.

Chapter 2 concludes with a look at motion from different frames of reference. You will

find that Newton’s laws of motion apply in some frames of reference, but not in others.
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1. A dog-sled team is pulling a loaded toboggan

up a snow-covered hill as illustrated in

Figure 2. Each of the four vectors A#$, B#$, C#$, 

and D#$ represents the magnitude and direc-

tion of a force acting on the toboggan.

(a) Name each labelled force. 

(b) Draw a sketch of the toboggan and its

load showing the four forces. Label the

positive x direction parallel to force A#$ and

the positive y direction parallel to force B#$.

Draw in the components of any vector

that is not parallel to either the x or the 

y direction. 

2. A child pushes horizontally against a box, but the box does not move. 

(a) Draw a sketch of the box showing all the forces acting on it. Name each force. 

(b) Determine the vector sum of all the forces acting on the box. Is this sum zero or

nonzero? Give a reason.

3. An athlete is in the middle of a long jump. Draw a vector diagram to show all of the

forces acting on the jumper

(a) assuming that there is no air resistance 

(b) assuming that the jumper is experiencing air resistance due to a head wind 

4. You apply a horizontal force to the side of your physics textbook that is just large

enough to cause the book to move at a slow, constant velocity. How would you have

to change the force to cause two identical books, one on top of the other, to move at

constant velocity? Explain the physics of your answer. 

5. A small rubber stopper is suspended by a string from the inside roof of the school bus

in Figure 3(a). At three different points in the journey, this improvised pendulum-

style accelerometer is in the three orientations I, J, K shown in Figure 3(b).

(a) In which orientation is the accelerometer when the bus is 

(i) accelerating forward from rest

(ii) moving forward at a constant velocity

(iii) braking to a stop while moving to the right 

(b) Draw three vector diagrams for these three cases, showing in each diagram all

the forces acting on the stopper.

REFLECT on your learning

A

B

C

D

u

Figure 2
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Figure 1

This rock climber applies physics princi-

ples to climb upward safely. The force of

static friction between the rock walls and

the climber’s feet and hands helps the

climber control movement. The safety

rope is designed to withstand tension

forces should the climber begin to fall.

TRYTHIS activity Predicting Forces

The spring scales in Figure 4 are attached in various ways to four identical

masses, each of weight 9.8 N. 

(a) Predict the reading on each of the five scales.

(b) Your teacher will set up the masses and scales so that you can check

your predictions. Explain any differences between your predictions and

your observations. 

(c)

9.8 N

P

N

O

9.8 N

(a)

L

9.8 N

(b)

9.8 N

M

Figure 4

Predicting spring scale readings

I J K

direction of motion of bus

(a)

(b)

Figure 3

(a) A pendulum-style accelerometer in a

stationary bus

(b) Three possible orientations of the

accelerometer
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2.12.1 Forces and Free-Body Diagrams 

A force is a push or a pull. Forces act on objects, and can result in the acceleration, com-

pression, stretching, or twisting of objects. Forces can also act to stabilize an object. For

example, when a person fractures a leg, any motion of the leg can hinder the healing of

the bone. To reduce this problem, the leg can be placed in a traction system, like that

shown in Figure 1. A traction system stabilizes the broken limb and prevents unneces-

sary motion of its broken parts.

To analyze the forces that are acting on the leg shown in Figure 1, several background

concepts must be understood. In this section, we will use the following questions to

introduce the concepts:

• What are the main types of forces that you experience in everyday situations

involving objects at rest or in motion, and how are these forces measured? 

• How can you use diagrams to mathematically analyze the forces acting on a body

or an object? 

• What is the net force, or the resultant force, and how can it be calculated? 

Common Forces 
When you hold a textbook in your hand, you feel Earth’s force of gravity pulling down-

ward on the book. The force of gravity is the force of attraction between all objects. It

is an action-at-a-distance force, which means that contact between the objects is not

required. Gravity exists because matter exists. However, the force of gravity is extremely

small unless at least one of the objects is very large. For example, the force of gravity

between a 1.0-kg ball and Earth at Earth’s surface is 9.8 N, but the force of gravity between

two 1.0-kg balls separated by a distance of 1.0 m is only 6.7 3 10211 N, a negligible

amount.

The force of gravity on an object, like a book in your hand, acts downward, toward

Earth’s centre. However, to keep the book stationary in your hand, there must be an

upward force acting on it. That force, called the normal force, is the force perpendi-

cular to the two surfaces in contact. As you can see in Figure 2, the normal force acts ver-

tically upward when the contact surfaces are horizontal.

Another common force, tension, is the force exerted by materials that can be stretched

(e.g., ropes, strings, springs, fibres, cables, and rubber bands). The more the material is

stretched, like the spring scale shown in Figure 3, the greater the tension in the material.

Figure 1

Designing a traction system that

prevents leg motion requires an

understanding of forces and the

components of forces. In this case,

the tibia (small lower leg bone) is

stabilized by the traction cord

attached to a weight and strung

through a pulley system. 

force (F#$) a push or a pull

force of gravity (F#$g) force of

attraction between all objects

normal force (F#$N) force perpendi-

cular to the surfaces of objects in

contact

tension (F#$T) force exerted by

materials, such as ropes, fibres,

springs, and cables, that can be

stretched

normal force

force of 

gravity

Figure 2

For a book held stationary in your

hand, Earth’s force of gravity acts

downward. Your hand exerts a normal

force upward on the book.
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spring under 

tension

tension

force

force of gravity

Figure 3

When an extension spring stretches,

the tension increases to bring the

spring back to its original state. The

greater the downward force of

gravity on the book, the greater the

upward tension in the spring.

9.8 N

Spring scale reads 9.8 N.

single string

frictionless

pulley

Figure 4

Since tension is constant along a single string, the tension in the

horizontal part of this string has the same magnitude as the tension

in the vertical part of the string.

friction (F#$f) force that resists

motion or attempted motion

between objects in contact; acts in

direction opposite to motion or

attempted motion

static friction (F#$S ) force that tends

to prevent a stationary object from

starting to move

kinetic friction (F#$K) force that acts

against an object’s motion

air resistance frictional force 

that opposes an object’s motion

through air

Practice

Understanding Concepts

1. Summarize the common forces by completing a table with the following headings:

Name of Force, Type of Force, and Example in Daily Life. (Indicate either action-at-a-

distance or contact force under Type of Force.) 

2. Refer to the traction system shown in Figure 1. Assuming that the tension in the cord

just above the mass has a magnitude of 18 N, do you expect the tension in the ver-

tical cord above the leg to be less than 18 N, equal to 18 N, or greater than 18 N?

Give your reasons. 

3. Mechanical and structural engineers say, “You can’t push a rope.” Rephrase this

statement using more formal physics terminology. 

An important characteristic of the tension force in a material is that it has the same mag-

nitude everywhere along the length of the material. This is true even if the direction of

the force changes, as when a rope or string hangs over a pulley (Figure 4).

Another common force is friction—the force that resists motion or attempted motion

between objects in contact. Friction always acts in the direction opposite to the direction

of motion. For example, if you exert a force on your textbook causing it to move east-

ward across your desk, the force of friction acting on the book is westward. Static fric-

tion is the force that tends to prevent a stationary object from starting to move. Kinetic

friction is the force that acts against an object’s motion. Air resistance is friction that

involves an object moving through air; it becomes noticeable at high speeds.

Finally, because there are several possible names for various pushes, pulls, thrusts,

and so on, we will use the general term applied force for any contact force that does not

fit any of the previously described categories.

We will use consistent symbols for the common forces as summarized in Table 1.

Notice that because force is a vector quantity, we use an arrow above each symbol.

Table 1 Common Forces

Force Symbol

gravity F#$g

normal F#$N

tension F#$T

friction F#$f

kinetic friction F#$K

static friction F#$S

air resistance F#$air

applied force F#$app
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Drawing Free-Body Diagrams 
A convenient way to analyze situations involving forces is to use diagrams. A free-body

diagram (FBD) is a diagram of a single object that shows only the forces acting on that

object; no other objects are shown in the FBD. The object itself can be represented by a

dot or drawn as a small sketch. The directions and the approximate magnitudes of the

forces are drawn on the diagram as arrows facing away from the object. A coordinate

system is shown in the FBD, with the 1x and 1y directions indicated.

In solving word problems, especially complex ones, it is sometimes helpful to sketch

a diagram of the system, called a system diagram, before drawing an FBD.

free-body diagram (FBD) diagram

of a single object showing all the

forces acting on that object

You toss a ball vertically upward. Draw an FBD of the ball just before it leaves your hand.

Solution 

Only two forces act on the ball (Figure 5). Gravity acts downward. The normal force

applied by your hand (we may call this the applied force, since it comes from you) acts

upward. Since there are no horizontal components of forces in this situation, our FBD

shows a 1y direction, but no 1x direction.

+y

Fg

FN

Figure 5

The FBD of the ball in

Sample Problem 1

Choosing Positive Directions

There is no right or wrong

choice for 1x and 1y directions,

although one choice may be

more convenient than another.

If there is acceleration in an

obvious direction, it is conven-

ient to choose that direction as

positive. The direction of the

other component is then per-

pendicular to that direction. 

LEARNING TIP

A child is pushing with a horizontal force against a chair that remains stationary. Draw a

system diagram of the overall situation and an FBD of the chair. 

Solution

The system diagram in Figure 6(a) shows the four forces acting on the chair: gravity, the

normal force, the applied force (the push delivered by the child), and the force of static

friction. The 1x direction is chosen in the direction of the attempted motion. Figure 6(b)

is the corresponding FBD, showing these same four forces.

static

friction

normal 

force

force of 

gravity

applied

force

Figure 6

(a) The forces acting on the chair

(b) The FBD of the stationary chair

Fg

FN

FappFS

+x

+y

(a) (b)

SAMPLE problem 1

SAMPLE problem 2
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A child pulls a sleigh up a snow-covered hill at a constant velocity with a force parallel to

the hillside. Draw a system diagram of the overall situation and an FBD of the sleigh. 

Solution 

The system diagram of Figure 7(a) shows the four forces acting on the sleigh: gravity,

tension in the rope, kinetic friction, and the normal force. The 1x direction is the direction

of motion and the 1y direction is perpendicular to that motion. Figure 7(b) is the corre-

sponding FBD, including the components of the force of gravity. 

normal
force

tension
force

kinetic
friction

force of
gravityu

Figure 7

(a) The forces acting on the sleigh

(b) The FBD of the sleigh

+y
+x

Fg

FK

F N

F T

θ
Fg cosθ

Fg sinθ

(a) (b)

Components of Forces

Whenever there is a force in an

FBD that is not parallel to either the

1x direction or the 1y direction,

draw and label the components 

of that force, as in Figure 7(b).

Appendix A discusses vector

components. 

LEARNING TIP

Practice

Understanding Concepts

4. Draw an FBD for objects A, B, C, and D.  

(a) A hot dog (object A) sits on a table. 

(b) A length of railway track (B) is being raised by a cable connected to a crane. 

(c) A pencil (C) has just begun falling from a desk to the floor. Air resistance is

negligible. 

(d) A stove (D) is being pulled up a ramp into a delivery truck by a cable par-

allel to the ramp. The ramp is at an angle of 18° above the horizontal. 

5. You throw a ball vertically upward from your hand. Air resistance is negligible.

Draw an FBD of the ball (a) shortly after it leaves your hand, (b) when it is at the

top of its motion, and (c) as it is falling back down.

6. Draw an FBD of the ball from question 5 as it falls back down, assuming there is

a force of friction caused by air resistance. 

7. The tourist in Figure 8 is pulling a loaded suitcase at a constant velocity to the

right with a force applied to the handle at an angle v above the horizontal. 

A small force of friction resists the motion. 

(a) Draw an FBD of the suitcase, labelling the components of the appropriate

forces. Choose the direction of motion to be the 1x direction.

(b) Draw an FBD of the suitcase, labelling the components of the appropriate

forces. Choose the 1x direction as the direction in which the handle is

pointing. 

(c) Which choice of +x is more convenient? Why? (Hint: Did you show the

components of all the forces in your FBDs?) 

Applying Inquiry Skills 

8. You are watching a skydiver whose parachute is open and whose instantaneous

height above ground level is indicated by digits on an electronic screen. The

skydiver has reached terminal speed. (For this question, assume the skydiver

and the parachute together act as one body.) 

(a) Draw a system diagram and an FBD for the situation. 

(b) Describe how you would estimate the force of air resistance acting on the

skydiver and parachute. Include any assumptions and calculations.

u

Figure 8

For question 7

SAMPLE problem 3



74 Chapter 2 NEL

Analyzing Forces on Stationary Objects 
When analyzing a problem involving forces acting on an object, you must find the sum

of all the forces acting on that object. The sum of all forces acting on an object has a

variety of names, including net force, resultant force, total force, or sum of the forces; in

this text, we will use the term net force. The symbol for net force is SF#$, where the Greek

letter sigma (S) serves as a reminder to add, or “sum,” all the forces.

Determining the sum of all the forces is straightforward if all the forces are linear or

perpendicular to each other, but it is somewhat more complex if some forces are at

angles other that 90°. In two-dimensional situations, it is often convenient to analyze

the components of the forces, in which case the symbols SFx and SFy are used instead

of SF#$.

net force ( oF#$ ) the sum of all

forces acting on an object

In hitting a volleyball, a player applies an average force of 9.9 N [33° above the horizontal]

for 5.0 ms. The force of gravity on the ball is 2.6 N [down]. Determine the net force on the

ball as it is being struck. 

Solution

The relevant given information is shown in the FBD of the ball in Figure 9(a). (Notice that

the time interval of 5.0 ms is not shown because it is not needed for this solution.) The net

force on the ball is the vector sum F#$g 1 F#$app. We calculate the net force by taking compo-

nents with the 1x and 1y directions as in Figure 9(b). 

First, we take components of F#$app:

Fapp,x 5 (9.9 N)(cos 33°) Fapp,y 5 (9.9 N)(sin 33°) 

Fapp,x 5 8.3 N Fapp,y 5 5.4 N 

Next, we take components of F#$g:

Fgx 5 0.0 N Fgy 5 22.6 N 

We add the components to determine the net force: 

oFx 5 Fapp,x 1 Fgx oFy 5 Fapp,y 1 Fgy

5 8.3 N 1 0.0 N 5 5.4 N 1(22.6 N)

oFx 5 8.3 N oFy 5 2.8 N

Figure 9(c) shows how we determine the magnitude of the net force:

oF#$ 5 Ï(8.3 Nw)2 1 (2w.8 N)2w

oF#$ 5 8.8 N

The direction of oF#$ is given by the angle f in the diagram:

f 5 tan21 }
2

8

.

.

8

3

N

N
}

f 5 19°

The net force on the ball is 8.8 N [19° above the horizontal]. 

Net Force Symbols

The net force can have a variety

of symbols, such as F#$net , F
#$

R (for

resultant force), F#$total , F
#$

sum, and 

the symbol used in this text, oF#$.

LEARNING TIP

33°

Fapp  = 9.9 N

Fapp

(a)

(b)

(c)

θ

θ

θ

Fapp cos

Fapp sin

Fg

f
2.8 N

8.3 N

 FΣ

Fg  = 2.6 N

+x

+y

Figure 9

(a) FBD of the ball

(b) The components of the forces 

(c) The net force

SAMPLE problem 4
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The boat in Figure 10 is secured to a lakeside pier with two horizontal ropes. A wind is

blowing offshore. The tensions in the ropes are F#$1 5 48 N [16° N of E] and F#$2 5 48 N 

[16° S of E]. 

(a) Use a vector scale diagram to determine the sum of the tension forces in the two ropes. 

(b) Assuming that the net horizontal force on the boat is zero, determine the force of the

wind on the boat. 

Solution

(a) F#$1 5 48 N [16° N of E] 

F#$2 5 48 N [16° S of E]

F#$1 1 F#$2 5 ?

This vector addition is shown in Figure 11. Measurement with a ruler indicates that

the sum of the tensions in the ropes is 92 N [E]. 

(b) Using the symbol F#$wind for the force of the wind on the boat, we know that:

oF#$ 5 0

F#$1 1 F#$2 5 92 N [E]

oF#$ 5 F#$1 1 F#$2 1 F#$wind

F#$wind 5 oF#$ 2 (F#$1 1 F#$2)

5 0.0 N 2 92 N [E]

F#$wind 5 92 N [W]

The force of the wind on the boat is 92 N [W]. 

Figure 11

Vector scale diagram showing the

sum of the tensions for Sample

Problem 5

Fwind

F2

F1

16°
16°

E

N

16°
16° F2

F1

 ΣF = 92 N [E]

scale: 1.0 mm = 2.0 NE

N

Practice

Understanding Concepts

9. Determine the net force on objects E, F, and G.

(a) At a particular instant, a soaring bird (E) is subject to an upward lift of 3.74 N,

a downward gravitational force of 3.27 N, and a horizontal air resistance force

of 0.354 N. 

(b) A long-jump contestant (F) experiences at the instant of landing a gravita-

tional force of 538 N [down] and a force, applied by the ground to the feet,

of 6382 N [28.3° above the horizontal]. 

(c) In a football game, a quarterback (G), hit simultaneously by two line-

backers, experiences horizontal forces of 412 N [27.0° W of N] and 478 N

[36.0° N of E]. (Consider only the horizontal forces and neglect friction.

Note that we can ignore the vertical forces because they are equal in mag-

nitude, but opposite in direction.) 

Adding Force Vectors

As you know from Chapter 1 and

Appendix A, this text uses three

methods of adding vectors. For

understanding concepts, using

vector scale diagrams is highly rec-

ommended. For high accuracy and

relatively quick solutions, trigonom-

etry is an excellent method, but the

laws of cosines and sines can be

applied easily only to the addition

(or subtraction) of two vectors. The

component technique is highly

accurate and appropriate for the

addition (or subtraction) of any

number of vectors. 

LEARNING TIPSAMPLE problem 5

Figure 10

The horizontal forces

acting on the boat 

Answers

9. (a) 0.59 N [53° above the

horizontal]

(b) 6.15 3 103 N [23.9°

above the horizontal]

(c) 678 N [17.1° E of N] 
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10. Solve Sample Problem 5(a) using (a) components and (b) trigonometry. 

11. A crate is being dragged across a horizontal icy sidewalk by two people pulling

horizontally on cords (Figure 12). The net horizontal force on the crate is 56 N

[16° S of E]. The tension in cord 1 is 27 N [E]. If friction is negligible, determine

the tension in cord 2. 

cord 1
crate

(top view)

cord 2

E

N

Figure 12

• We commonly deal with Earth’s force of gravity, the normal force, tension forces,

and friction forces.

• Static friction tends to prevent a stationary object from starting to move; kinetic

friction acts against an object’s motion. Air resistance acts against an object

moving through air.

• The free-body diagram (FBD) of an object shows all the forces acting on that

object. It is an indispensable tool in helping to solve problems involving forces.

• The net force SF#$ is the vector sum of all the forces acting on an object.

Forces and Free-Body Diagrams SUMMARY

Section 2.1 Questions

Understanding Concepts

1. You push your ruler westward at a constant speed across

your desk by applying a force at an angle of 25° above the

horizontal.

(a) Name all the forces acting on the ruler and state which

ones are contact forces. 

(b) What fundamental force is responsible for the contact

forces? 

(c) Draw an FBD of the ruler in this situation. Where

appropriate, include the components of forces. 

2. Draw an FBD for objects H, I, J, and K.  

(a) a cup (H) hanging from a hook

(b) a person (I) standing in an elevator that is moving

downward 

(c) a curling rock (J) sliding freely in a straight line 

on a rink

(d) a crate (K) being dragged across a floor, with signifi-

cant friction, by a person pulling on a rope at an angle

of 23° above the horizontal 

3. The force of gravity on a textbook is 18 N [down]. 

(a) What is the net force on the book if it is held stationary

in your hand? 

(b) Neglecting air resistance, what is the net force acting

on the book if you suddenly remove your hand?

4. At one particular instant in its flight, a ball experiences a

gravitational force F#$g 5 1.5 N [down] and an air resistance

force F#$air 5 0.50 N [32° above the horizontal]. Calculate the

net force on the ball. 

5. Given the following force vectors, F#$A 5 3.6 N [28° W of S],

F#$B 5 4.3 N [15° N of W], and F#$C 5 2.1 N [24° E of S], 

determine

(a) F#$A 1 F#$B 1 F#$C, using a vector scale diagram

(b) F#$A 1 F#$B 1 F#$C, using components 

(c) F#$A 2 F#$B, using a vector scale diagram 

(d) F#$A 2 F#$B, using trigonometry 

6. Given F#$1 5 36 N [25° N of E] and F#$2 5 42 N [15° E of S],

determine the force F#$3 that must be added to the sum of

F#$1 1 F#$2 to produce a net force of zero. 

Answer

11. 31 N [30° S of E], to two 

significant digits
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2.22.2Newton’s Laws of Motion 

You are riding on a roller coaster with the safety harness snugly over your shoulders.

Suddenly, an applied force causes the coaster to accelerate forward and you feel the back

of the seat pressing hard against you. When the ride nears its end and a braking force causes

the coaster to come to a quick stop, you feel as if you are being pressed forward against

the harness. In this section, we will explore the origins of the forces that you experience

on a roller coaster ride and those in other everyday situations.

The study of forces and the effects they have on the velocities of objects is called

dynamics, from the Greek word dynamis, which means power. Three important prin-

ciples related to dynamics are attributed to Sir Isaac Newton (Figure 1) and are called

Newton’s laws of motion.

Newton’s First Law of Motion 
Picture a briefcase resting horizontally on the overhead shelf of a commuter train

travelling at a constant velocity. As the train starts to slow down, you notice that the

briefcase slides forward (relative to the train). What is happening?

It is instructive to learn how scientists analyzed this type of motion in the past. In

ancient times, people who studied dynamics believed that an object moves with a con-

stant velocity only when a constant external net force is applied. When Renaissance sci-

entists, such as Galileo, began experimenting with dynamics, they verified that an object

maintains a constant velocity when the net force acting on it is zero. Figure 2 shows an

example of each of these two points of view.

dynamics the study of forces and

the effects they have on motion

Figure 1

Isaac Newton, born in 1642, was

perhaps the greatest of all mathe-

matical physicists. In 1687, he pub-

lished the book Mathematical

Principles of Natural Philosophy, usu-

ally referred to as the Principia. In it,

he described the works of other sci-

entists as well as his own studies,

including what are now called his

three laws of motion and the law of

universal gravitation. The concepts

presented in his book represent a

great leap forward in the world’s

understanding of the past, present,

and future of the universe. Newton

also contributed greatly to the

studies of light, optics, and calculus.

Although he died in 1727 at the age

of 85, most of his great ideas were

formulated by the age of 25.

motion of

air puck

air supply(b)

wooden floor

air table

motion of puck

force of friction on puck

(a)

Figure 2

(a) A puck sliding along the floor soon comes to rest. Scientists prior to Galileo

believed that an object needed a net force to maintain constant velocity. We

now know that the only net force acting on the puck in this case is friction.

(b) An air-hockey puck that slides along a surface with negligible friction main-

tains a constant velocity. This verifies Galileo’s view that an object moving

with constant velocity keeps moving at that velocity if the net force is zero.

Newton’s First Law of Motion

If the net force acting on an object is zero, that object main-

tains its state of rest or constant velocity. 

Newton summarized Galileo’s ideas about objects at rest and objects moving with

constant velocity in his first law of motion.



78 Chapter 2 NEL

This law has important implications. An external net force is required to change an

object’s velocity; internal forces have no effect on an object’s motion. For example,

pushing on the dashboard of a car does not change the car’s velocity. To cause a change

in velocity—in other words, to cause acceleration—the net force acting on an object

cannot be zero.

A common way to interpret this law is to say that an object at rest or moving with a

constant velocity tends to maintain its state of rest or constant velocity unless acted

upon by an external net force. The ability of an object to resist changes to its motion is

a fundamental property of all matter called inertia. Inertia tends to keep a stationary

object at rest or a moving object in motion in a straight line at a constant speed. Thus,

the first law of motion is often called the law of inertia.

Examples of the law of inertia are common in everyday life. If you are standing on a

stationary bus and it starts to accelerate forward, you tend to stay where you are ini-

tially, which means that you will start to fall backward relative to the accelerating bus.

Figure 3 shows another example of inertia.

Consider the inertia of an object in motion. One example is the briefcase on the over-

head shelf in the commuter train. Another example occurs when a car slows down

quickly; the people in the car tend to continue moving forward, possibly crashing their

heads into the windshield if they are not wearing a seat belt. Wearing a seat belt prop-

erly helps to reduce the serious injuries that can occur in this situation. A seat belt also

helps prevent injuries that can occur when an airbag deploys in a front-end collision. The

operation of one type of seat belt is shown in Figure 4.

The Concept of Inertia

A helpful way to think about

inertia is in terms of the object’s

mass. Inertia is directly related to

an object’s mass: the greater the

mass, the greater the inertia. For

example, a sports car has a small

inertia compared to a train. Thus,

the car requires a much smaller

net force than the train to cause

it to accelerate from rest to a

speed of 100 km/h. When the car

and the train are travelling at the

same speed, the train has a

much larger inertia than the car. 

LEARNING TIP

A

A

Figure 3

If a coin is balanced on a horizontal

playing card on a finger and the

card is flicked away, the coin,

because of its inertia, will remain at

rest on the finger.

tracks

pivot

rodpulley

seat belt

pin connection

large mass

rachet

Figure 4

The operation of the seat belt shown here relies on the principle of inertia. Normally the ratchet

turns freely, allowing the seat belt to wind or unwind whenever the passenger moves. With the

car moving forward (to the right in this diagram), then slowing abruptly, the large mass on the

track continues to move forward because of inertia. This causes the rod to turn on its pivot,

locking the ratchet wheel and keeping the belt firmly in place.

inertia the property of matter that

causes an object to resist changes

to its motion
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Any object that has zero net force acting on it is in a state of equilibrium. In this sense,

equilibrium is the property of an object experiencing no acceleration. The object can

be at rest (static equilibrium) or moving at a constant velocity (dynamic equilibrium).

In analyzing the forces on objects in equilibrium, it is convenient to consider the com-

ponents of the force vectors. In other words, the condition for equilibrium, SF#$ 5 0, can

be written as SFx 5 0 and SFy 5 0.

Section 2.2

A 12-passenger jet aircraft of mass 1.6 3 104 kg is travelling at constant velocity of

850 km/h [E] while maintaining a constant altitude. What is the net force acting on 

the aircraft? 

Solution

According to Newton’s first law, the net force on the aircraft must be zero because it is

moving with a constant velocity. Figure 5 is an FBD of the aircraft. The vector sum of all

the forces is zero. 

Fg

F lift

F thrustFair

+x

+y

Figure 5

The FBD of the aircraft in 

Sample Problem 1

Fg

Fapp

+y

Figure 6

The FBD of the backpack in

Sample Problem 2

The traction system of Figure 7 stabilizes a broken tibia. Determine the force of the tibia

on the pulley. Neglect friction.

Solution

The FBD of the pulley (P) is shown in Figure 8. Since there is only one cord, we know

there must be only one tension, which is 18 N throughout the cord. The net force on the

pulley consists of both the horizontal (x) and vertical ( y) components. We will use F#$ tibia as

the symbol for the force of the tibia on the pulley. 

equilibrium property of an object

experiencing no acceleration

57°

fixed pulleys

32°

18 N

P

32°

57°

F tibia

F tibia,y

F tibia,x

P
+y

+xf

v

F  T  = 18 N

F  T  = 18 N
Figure 7

The system diagram of a leg in

traction for Sample Problem 3

Figure 8

The FBD of the pulley (P)

You exert a force of 45 N [up] on your backpack, causing it to move upward with a con-

stant velocity. Determine the force of gravity on the pack. 

Solution

The FBD of the pack (Figure 6) shows that two forces act on the pack: the applied force

(F#$app ) that you exert and the force of gravity (F#$g) that Earth exerts. Since the pack is

moving at a constant velocity, the net force must, by the law of inertia, be zero. So the

upward and downward forces have the same magnitude, and F#$g 5 45 N [down]. 

SAMPLE problem 2

SAMPLE problem 1

SAMPLE problem 3
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Horizontally:

oFx 5 0

Ftibia,x 2 FT cos f 2 FT cos v 5 0

Ftibia,x 5 FT (cos f 1 cos v)

5 (18 N)(cos 57° 1 cos 32°)

Ftibia,x 5 25 N

Vertically:

oFy 5 0

Ftibia,y 2 FT sin f 1 FT sin v 5 0

Ftibia,y 5 FT (sin f 2 sin v)

5 (18 N)(sin 57° 2 sin 32°)

Ftibia,y 5 5.6 N

From Figure 9, we can calculate the magnitude of the force:

F#$tibia 5 Ï(25 N)w2 1 (5w.6 N)2w
F#$tibia 5 26 N

We now determine the angle:

q 5 tan21 }
F

F

t

t

i

i

b

b

i

i

a

a

,

,

x

y
}

5 tan21 }
5

2

.

5

6

N

N
}

q 5 13°

The force of the tibia on the pulley is 26 N [13° below the horizontal]. 

In Activity 2.2.1, in the Lab Activities section at the end of this chapter, you will pre-

dict the force or forces needed for static equilibrium in a specific situation and check your

predictions experimentally. Various methods can be used to accomplish this, including

using a force table or a force board.

Static Equilibrium of Forces 

(p. 112)

The above diagram shows a pos-

sible setup for a vertical force board.

(You may prefer to modify the setup,

however, using a force table instead

of a force board, as suggested for

this activity.) In this vertical force

board, there are three different

forces, each acting on a different

string. If two of the forces are

known, the third force can be deter-

mined. Describe how you would

determine the unknown force F#$2. 

ACTIVITY 2.2.1

F3 = 9.8 N [down]F1 = 9.8 N [down]

F2 = ?

38˚ 38˚

fixed pulleys

Practice

Understanding Concepts

1. Assume the 8-passenger Learjet shown in Figure 10 has a force of gravity of

6.6 3 104 N [down] acting on it as it travels at a constant velocity of 6.4 3 102 km/h

[W]. If the forward thrust provided by the engines is 1.3 3 104 N [W], determine

(a) the upward lift force on the plane

(b) the force due to air resistance on the plane 

2. Choose which of the objects in italics are not examples of Newton’s first law, giving a

reason in each case: 

(a) A cat-food can moves at a constant velocity on a conveyor belt in a factory. 

(b) A skydiver falls vertically at terminal speed. 

(c) A rubber stopper is tied to the end of a string and swings back and forth as a

pendulum. 

(d) A shopper stands on an escalator, halfway between floors in a department store,

and rises at a constant speed. 

(e) A ball travels with projectile motion after leaving a pitcher’s hand. 

F tibia,y

F tibia,x

F tibia

q

+y

+x

Figure 9

The force on the leg for

Sample Problem 3
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Section 2.2

3. A child is trying to push a large desk across a wooden floor. The child is exerting a

horizontal force of magnitude 38 N, but the desk is not moving. What is the magni-

tude of the force of friction acting on the desk?  

4. A snowboarder is travelling at a high speed down a smooth snow-covered hill. The

board suddenly reaches a rough patch, encountering significant friction. Use

Newton’s first law to describe and explain what is likely to happen to the 

snowboarder. 

5. You are sitting on a bus that is travelling at a constant velocity of 55 km/h [N]. You

toss a tennis ball straight upward and it reaches a height just above the level of your

eyes. Will the ball collide with you? Explain your answer. 

6. The following sets of forces are acting on a common point. Determine the additional

force needed to maintain static equilibrium. 

(a) 265 N [E]; 122 N [W]

(b) 32 N [N]; 44 N [E]

(c) 6.5 N [25° E of N]; 4.5 N [W]; 3.9 N [15° N of E]

7. A single clothesline is attached to two poles 10.0 m apart. A pulley holding a mass

1F#$g 5 294 N2 rolls to the middle of the line and comes to rest there. The middle of

the line is 0.40 m below each end. Determine the magnitude of the tension in the

clothesline. 

Applying Inquiry Skills 

8. (a) Describe how you could use a piece of paper, a coin, and your desk to demon-

strate the law of inertia for an object initially at rest. 

(b) Describe how you could safely demonstrate, using objects of your choosing, the

law of inertia for an object initially in motion.

Making Connections 

9. Explain the danger of stowing heavy objects in the rear window space of a car. 

Figure 10

The Bombardier Learjet® 45, built by

the Canadian firm Bombardier Inc.,

is one of the first executive jets

designed entirely on computer.

Answers

6. (a) 143 N [W]

(b) 54 N [36° S of W]

(c) 7.2 N [16° W of S]

7. 1.8 3 103 N

Newton’s Second Law of Motion 
Speculate on how the magnitudes of the accelerations compare in each of the following

cases:

• You apply an equal net force to each of two boxes initially at rest on a horizontal

set of low-friction rollers. One box has a mass that is double the mass of the

other box.

• Two identical boxes with the same mass are initially at rest on a horizontal set of

low-friction rollers. You apply a net force to one box that is twice as large in mag-

nitude as the force you apply to the other box.

In the first case, it is the less massive box that experiences the larger acceler-

ation. In the second case, it is the box to which the greater force is applied

that experiences the larger acceleration. It is obvious that an object’s accel-

eration depends on both the object’s mass and the net force applied.

To show mathematically how the acceleration of an object depends on

the net force and the object’s mass, we can analyze the results of an ideal

controlled experiment. (The experiment is “ideal” because the force of

friction is so small that it can be neglected. This can be achieved, for

instance, by using an air puck on an air table.) Table 1 gives data from the

experiment.

Table 1 Experimental Data

Mass Net Force Average

(kg) (N [fwd]) Acceleration 

(m/s2 [fwd])

1.0 1.0 1.0

1.0 2.0 2.0

1.0 3.0 3.0

2.0 3.0 1.5

3.0 3.0 1.0
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As you can see in Table 1, as the net force increases for a constant mass, the acceler-

ation increases proportionally, and as the mass increases with a constant force, the

acceleration decreases proportionally. This relationship is the basis for Newton’s second

law of motion.

Limitations of the Second Law

Newton’s second law applies to all

macroscopic objects—cars, bikes,

people, rockets, planets, etc. The

analysis of the motion of and forces

on macroscopic objects is called

Newtonian mechanics. The second

law, however, does not apply to

atomic and subatomic particles,

such as electrons and quarks,

where speeds are extremely high or

the frame of reference is acceler-

ating. In this microscopic realm, a

different mathematical analysis,

called quantum mechanics, applies. 

DID YOU KNOW??

The mass of a hot-air balloon, including the passengers, is 9.0 3 102 kg. The force of

gravity on the balloon is 8.8 3 103 N [down]. The density of the air inside the balloon is

adjusted by adjusting the heat output of the burner to give a buoyant force on the balloon

of 9.9 3 103 N [up]. Determine the vertical acceleration of the balloon.

Solution

m 5 9.0 3 102 kg Fapp 5 F#$app 5 9.9 3 103 N

Fg 5 F#$g 5 8.8 3 103 N ay 5 ?
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Newton’s Second Law of Motion 

If the external net force on an object is not zero, the object

accelerates in the direction of the net force. The accelera-

tion is directly proportional to the net force and inversely

proportional to the object’s mass. 

Newton’s first law involves situations in which the net force acting on an object is zero,

so that no acceleration occurs. His second law includes situations in which the net force

is nonzero, so that acceleration occurs in the direction of the net force.

To write the second law in equation form, we begin with the proportionality statements

stated in the law: a#$ ~ SF#$ (with a constant mass) and a#$ ~ }
m
1
} (with a constant net force).

Combining these statements, we obtain 

aa#$ ~

Converting this to an equation requires a constant of proportionality, k. Thus,

aa#$ 5

If the appropriate units are chosen for the variables, then k 5 1 and

Or, equivalently,

For the components, the corresponding relationships are:

oFx 5 max and oFy 5 may

We can now define the SI unit of force. The newton (N) is the magnitude of the net

force required to give a 1-kg object an acceleration of magnitude 1 m/s2. By substituting

into the equation SF#$ 5 ma#$, we see that 

1 N 5 1 kg 1}
s

m
2
}2 or 1 N 5 1 kg?m/s2

koF#$
}

m

oF#$
}
m

SAMPLE problem 4

aa#$ 5
oF#$
}
m

oF#$ 5 ma#$
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How does Newton’s second law relate to his first law? According to the second law,

a#$ 5 }
S

m
F#$
}, if the net force is zero, the acceleration must be zero, which implies that the 

velocity is constant (and could be zero). This agrees with the first law statement. It is

evident that the first law is simply a special case of the second law, where SF#$ 5 0.

Section 2.2

+y

Fapp

Fg

Figure 11

The FBD of the balloon shows

the vertical forces as vectors.

When only components are con-

sidered, the vector notation is

omitted.

Practice

Understanding Concepts

10. A horizontal force is applied to a hockey puck of mass 0.16 kg initially at rest on the

ice. The resulting acceleration of the puck has a magnitude of 32 m/s2. What is the

magnitude of the force? Neglect friction.

11. A fire truck with a mass of 2.95 3 104 kg experiences a net force of 2.42 3 104 N [fwd].

Determine the acceleration of the truck.

12. Derive an equation for the constant net force acting on an object in terms of the

object’s mass, its initial velocity, its final velocity, and the time interval during which

the net force is applied. 

13. A 7.27-kg bowling ball, travelling at 5.78 m/s [W], strikes a lone pin straight on. The

collision lasts for 1.2 ms and causes the ball’s velocity to become 4.61 m/s [W] just

after the collision. Determine the net force (assumed to be constant) on the ball

during the collision. 

Applying Inquiry Skills 

14. Describe how you would use an elastic band, three small carts with low-friction

wheels, and a smooth horizontal surface to safely demonstrate Newton’s second law.

(Your demonstration need not involve taking numerical data.) Obtain teacher approval

if you wish to try your demonstration.

Making Connections 

15. Mining operations in outer space will require unique innovations if they are carried

out where there is a very low force of gravity, such as on asteroids or the moons of

various planets. One plan is to develop a device that will push particles with the same

constant force, separating them according to the accelerations they achieve.

Research “mining methods in zero-g” to learn more about this application of

Newton’s second law. Describe what you discover.

GO www.science.nelson.com

Answers

10. 5.1 N

11. 0.820 m/s2 [fwd]

13. 7.1 3 103 N [E]

Figure 11 is an FBD of the balloon.

oFy 5 may

ay 5 }
o
m

Fy
}

5 }
Fapp

m
2 Fg
}

5

5

ay 5 1.2 m/s2

The acceleration of the balloon is 1.2 m/s2 [up]. 

1.1 3 103 kg?m/s2

}}
9.0 3 102 kg

9.9 3 103 N 2 8.8 3 103 N
}}}

9.0 3 102 kg
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Weight and Earth’s Gravitational Field 
We can apply Newton’s second law to understand the scientific meaning of weight.

The weight of an object is equal to the force of gravity acting on an object. Notice

that this definition is different from mass, which is the quantity of matter. From the

second law:

weight 5 F#$g 5 mg#$

For example, the weight of a 5.5-kg turkey is

F#$g 5 mg#$ 5 (5.5 kg)(9.8 N/kg [down]) 5 54 N [down]

Near Earth, weight results from Earth’s relatively large force of attraction on other

bodies around it. The space surrounding an object in which a force exists is called a

force field. The gravitational force field surrounding Earth extends from Earth’s sur-

face far into space. At Earth’s surface, the amount of force per unit mass, called the

gravitational field strength, is 9.8 N/kg [down] (to two significant digits). This value

is a vector quantity directed toward Earth’s centre and is given the symbol g$. Notice

that the gravitational field strength has the same value as the average acceleration due

to gravity at Earth’s surface, although for convenience the units are written differently.

The two values are interchangeable and they have the same symbol, g$.

Earth’s gravitational field strength, and thus the weight of objects on Earth’s surface,

varies slightly depending on various factors, which will be explored in Unit 2.

Practice

Understanding Concepts

16. Determine, from the indicated masses, the magnitude of the weight (in newtons) for

each of the following stationary objects on Earth’s surface:

(a) a horseshoe (2.4 kg)

(b) an open-pit coal-mining machine (1.3 Gg) 

(c) a table tennis ball (2.50 g) (Assume ug$ u 5 9.80 N/kg.) 

(d) a speck of dust (1.81 mg) (Assume ug$ u 5 9.80 N/kg.)

(e) you 

17. Determine the mass of each of the following objects, assuming that the object is sta-

tionary in a gravitational field of 9.80 N/kg [down]: 

(a) a field hockey ball with a weight of 1.53 N [down] 

(b) cargo attaining the 1.16 MN [down] weight limit of a C-5 Galaxy cargo plane

18. What is the weight of a 76-kg astronaut on a planet where the gravitational field

strength is 3.7 N/kg [down]? 

Applying Inquiry Skills 

19. Show that the units N/kg and m/s2 are equivalent. 

Answers

16. (a) 24 N 

(b) 1.3 3 107 N 

(c) 2.45 3 1022 N 

(d) 1.77 3 1028 N

17. (a) 1.56 3 1021 kg

(b) 1.18 3 105 kg

18. 2.8 3 102 N [down]

Newton’s Third Law of Motion 
When a balloon is inflated and released, air rushing from the open nozzle causes the

balloon to fly off in the opposite direction (Figure 12(a)). Evidently, when the balloon

exerts a force on the air in one direction, the air exerts a force on the balloon in the

opposite direction. This is illustrated in Figure 12(b) where vertical forces are not shown

because they are so small.

weight the force of gravity on an

object

force field space surrounding an

object in which a force exists

gravitational field strength (g#$)

amount of force per unit mass
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The third law can be used to explain situations where a force is exerted on one object

by a second object. To illustrate how this law applies to the motion of people and vehi-

cles, consider the following examples, which are also illustrated in Figure 13.

• When a motorcycle accelerates forward, the tires exert a backward action force on

the road and the road exerts a forward reaction force on the tires. These forces

are static friction between the tires and the road.

• When you walk, your feet exert an action force downward and backward on the

floor, while the floor exerts a reaction force upward and forward on your feet.

• When you row a boat, the oar exerts an action force backward on the water and

the water exerts a reaction force forward on the oar attached to the boat.

Section 2.2

motion

of air

motion of

balloon

Figure 12

(a) When an inflated balloon is

released, air bursts out in one

direction and the balloon reacts

in the opposite direction. 

(b) Two simultaneous forces acting

on different objects

Fballoon on air Fair on balloon

+x

(a) (b)

Newton’s Third Law of Motion

For every action force, there is a simultaneous reaction

force equal in magnitude but opposite in direction. 

Figure 13

Illustrations of Newton’s third

law of motion

(a) A tire accelerates on a road. 

(b) A foot moves on a floor.

(c) Oars propel a boat.

force of floor
on foot
(reaction force)

force of foot
on floor
(action force)

Naming Action–Reaction Pairs

In the examples of action-reac-

tions pairs shown in Figure 13,

one force is called the action force

and the other is called the reaction

force. These two forces act on dif-

ferent objects. Since both forces

occur simultaneously, it does not

matter which is called the action

force and which is called the reac-

tion force. The names can be inter-

changed with no effect on the

description. 

LEARNING TIP

force of oar
on water
(action force)

oarlock

force of water
on oar

(reaction force)

direction of motion

force of 

road on tire 

(reaction 

force)

force of tire 

on road 

(action

force)

road

(a) (b) (c)

A softball player sliding into third base experiences the force of friction. Describe the

action-reaction pair of forces in this situation. 

Solution

We arbitrarily designate the action force to be the force of the ground on the player

(in a direction opposite to the player’s sliding motion). Given this choice, the reaction

force is the force exerted by the player on the ground (in the direction of the player’s

sliding motion).

This example brings us to Newton’s third law of motion, commonly called the action–

reaction law, which considers forces that act in pairs on two objects. Notice that this dif-

fers from the first and second laws where only one object at a time was considered.

SAMPLE problem 5
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• Dynamics is the study of forces and the effects the forces have on the velocities of

objects.

• The three laws of motion and the SI unit of force are named after Sir Isaac Newton.

• Newton’s first law of motion (also called the law of inertia) states: If the net force

acting on an object is zero, the object maintains its state of rest or constant

velocity.

• Inertia is the property of matter that tends to keep an object at rest or in motion.

• An object is in equilibrium if the net force acting on it is zero, which means the

object is either at rest or is moving at a constant velocity.

• Newton’s second law of motion states: If the external net force on an object is not

zero, the object accelerates in the direction of the net force. The acceleration is

directly proportional to the net force and inversely proportional to the object’s 

mass. The second law can be written in equation form as a#$ 5 }
S

m
F#$
} (equivalently,

SF#$ 5 ma#$).

• Both the first and second laws deal with a single object; the third law deals with

two objects.

• The SI unit of force is the newton (N): 1 N 5 1 kg?m/s2.

• The weight of an object is the force of gravity acting on it in Earth’s gravitational

field. The magnitude of the gravitational field at Earth’s surface is 9.8 N/kg,

which is equivalent to 9.8 m/s2.

• Newton’s third law of motion (also called the action-reaction law) states: For

every action force, there is a simultaneous force equal in magnitude, but opposite

in direction.

Newton’s Laws of MotionSUMMARY

Practice

Understanding Concepts

20. Explain the motion of each of the following objects in italics using the third law

of motion. Describe the action and reaction forces, and their directions.

(a) A rocket being used to put a communications satellite into orbit has just

left the launch pad.

(b) A rescue helicopter hovers above a stranded victim on a rooftop beside a

flooded river. 

(c) An inflated balloon is released from your hand and travels eastward for a

brief time interval. 

21. You are holding a pencil horizontally in your hand.

(a) Draw a system diagram of this situation, showing all the action-reaction

pairs of forces associated with the pencil. 

(b) Explain, with the help of an FBD, why the pencil is not accelerating. 

Applying Inquiry Skills 

22. Describe how you would safely demonstrate Newton’s third law to students in

elementary school using toys. 
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Section 2.2

Section 2.2 Questions

Understanding Concepts

1. A mallard duck of mass 2.3 kg is flying at a constant

velocity of 29 m/s [15° below the horizontal]. What is the

net force acting on the duck?

2. A 1.9-kg carton of juice is resting on a refrigerator shelf.

Determine the normal force acting on the carton.

3. An electrical utility worker with a mass of 67 kg, standing in

a cherry picker, is lowered at a constant velocity of 85 cm/s

[down]. Determine the normal force exerted by the cherry

picker on the worker.

4. Magnetic forces act on the electron beams in television

tubes. If a magnetic force of magnitude 3.20 3 10215 N is

exerted on an electron (me 5 9.11 3 10231 kg), determine

the magnitude of the resulting acceleration. (The mass of an

electron is so low that gravitational forces are negligible.) 

5. A karate expert shatters a brick with a bare hand. The

expert has a mass of 65 kg, of which 0.65 kg is the mass of

the hand. The velocity of the hand changes from 13 m/s

[down] to zero in a time interval of 3.0 ms. The acceleration

of the hand is constant.  

(a) Determine the acceleration of the hand

(b) Determine the net force acting on the hand. What

object exerts this force on the hand? 

(c) Determine the ratio of the magnitude of the net force

acting on the hand to the magnitude of the expert’s

weight. 

6. In target archery, the magnitude of the maximum draw

force applied by a particular bow is 1.24 3 102 N. If this

force gives the arrow an acceleration of magnitude 

4.43 3 103 m/s2, what is the mass, in grams, of the arrow? 

7. The magnitude of the gravitational field strength on Venus

is 8.9 N/kg. 

(a) Calculate the magnitude of your weight on the surface

of Venus. 

(b) By what percentage would the magnitude of your

weight change if you moved to Venus?

8. One force is given for each of the following situations.

Identify the other force in the action-reaction pair, and indi-

cate the name of the force, its direction, the object that

exerts it, and the object on which it is exerted:

(a) A chef exerts a force on a baking pan to pull it out of

an oven.

(b) The Sun exerts a gravitational force on Saturn.

(c) A swimmer’s hands exert a backward force on the

water. 

(d) Earth exerts a gravitational force on a watermelon.

(e) An upward force of air resistance is exerted on a falling

hailstone. 

9. Two identical bags of gumballs, each of mass 0.200 kg, are

suspended as shown in Figure 14. Determine the reading

on the spring scale. 

Applying Inquiry Skills 

10. (a) Hold a calculator in your hand and estimate its mass in

grams. Convert your estimate to kilograms. 

(b) Determine the weight of the calculator from your mass

estimate. 

(c) Determine the weight of the calculator from its mass

as measured on a balance. 

(d) Determine the percent error in your estimate in (b). 

Making Connections 

11. An astronaut in the International Space Station obtains a

measurement of personal body mass from an “inertial

device,” capable of exerting a measured force. The display

on the device shows that a net force of 87 N [fwd] gives

the astronaut an acceleration of 1.5 m/s2 [fwd] from rest

for 1.2 s. 

(a) Why is the astronaut unable to measure personal body

mass on an ordinary scale, such as a bathroom scale? 

(b) What is the mass of the astronaut?

(c) How far did the astronaut move during the 1.2-s time

interval? 

(d) Research how an inertial device works. Write a brief

description of what you discover. 

12. Research the career of Isaac Newton. Report on some of

his major accomplishments as well as his eccentricities.

Figure 14

GO www.science.nelson.com
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2.32.3 Applying Newton’s Laws of Motion  

When riders in a roller coaster are pulled toward the top of the first and highest hill,

they are putting faith in the calculations used to determine the strength of the cable

pulling on the coaster. The design engineers must analyze the relationship between the

tension in the cable and the forces of gravity and friction acting on the coaster cars and

all the passengers. This is just one example of a situation in which forces are analyzed.

In this section you will expand your problem-solving skills as you apply Newton’s three

laws of motion to a variety of situations.

Solving Problems in a Systematic Way 
Newton’s laws of motion can be used to solve a variety of problems. One approach to

solving most problems involves following a series of steps.

Step 1. Read the problem carefully and check the definitions of any unfamiliar

words.

Step 2. Draw a system diagram. Label all relevant information, including any

numerical quantities given. (For simple situations, you can omit this step.) 

Step 3. Draw an FBD of the object (or group of objects) and label all the forces.

Choose the 1x and 1y directions. (Try to choose one of these directions

as the direction of the acceleration.) 

Step 4. Calculate and label the x- and y-components of all the forces on the

FBD.

Step 5. Write the second-law equation(s), SFx 5 max and/or SFy 5 may , and

substitute for the variables on both sides of the equation(s).

Step 6. Repeat steps 3 to 5 for any other objects as required.

Step 7. Solve the resulting equation(s) algebraically.

Step 8. Check to see if your answers have appropriate units, a reasonable magni-

tude, a logical direction (if required), and the correct number of signifi-

cant digits.

NEL

A contractor is pushing a stove across a kitchen floor with a constant velocity of 18 cm/s

[fwd]. The contractor is exerting a constant horizontal force of 85 N [fwd]. The force of

gravity on the stove is 447 N [down].

(a) Determine the normal force (F#$N ) and the force of friction (F#$f ) acting on the stove.

(b) Determine the total force applied by the floor (F#$floor ) on the stove.

Solution

F#$app 5 85 N [fwd] 

F#$g 5 447 N [down] 

v#$ 5 18 cm/s [fwd]

SAMPLE problem 1
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Section 2.3

(a) F#$N 5 ?

F#$f 5 ?

We can omit the system diagram (step 2) because this problem involves the motion

of a single object in a simple, one-dimensional situation. We begin by drawing an

FBD of the stove, as in Figure 1(a). 

Since the stove is moving at a constant velocity, ax 5 0 and oFx5 0. Since the stove

has no motion in the vertical direction, ay 5 0 and oFy 5 0. To solve for the normal

force, we substitute using the vertical components of the forces: 

oFy 5 may 5 0

FN 1 (2Fg ) 5 0

[ FN 5 Fg 5 447 N

Since the direction of the normal force is upward, the final value is 447 N [up].

To determine the force of friction, we substitute using the horizontal components of

the forces.

oFx 5 max 5 0

Fapp 1 (2Ff ) 5 0

[ Fapp 5 Ff 5 85 N

The friction is 85 N [backward]. 

(b) F#$floor 5 ?

As shown in Figure 1(b), the force applied by the floor on the stove has two compo-

nents. We determine the magnitude of the required force as follows: 

F#$floor 5 Ï(FN )2 1w (Ff )
2w

5 Ï(447 Nw)2 1 (8w5 N)2w
F#$floor 5 455 N

We determine the direction of the force from trigonometry:

f 5 tan21 }
F

F

N

f

}

5 tan21 }
4

8

4

5

7

N

N
}

f 5 79°

The force of the floor on the stove is 4.6 3 102 N [79° above the horizontal]. 

Figure 1

(a) FBD of the stove

(b) Force exerted by the floor on

the stove

(a)

(b)

Using Components

Notice that when using compo-

nents, vector notation is omitted.

Remember that the symbol Fg
represents the magnitude of the

force F#$g and is positive. If the 1y

direction is chosen to be upward,

then the y-component of the force

of gravity is negative and is 

written 2Fg. 

LEARNING TIP

Sleds A and B are connected by a horizontal rope, with A in front of B. Sled A is pulled

forward by means of a horizontal rope with a tension of magnitude 29.0 N. The masses of

A and B are 6.7 kg and 5.6 kg, respectively. The magnitudes of friction on A and B are 

9.0 N and 8.0 N, respectively. Calculate the magnitude of

(a) the acceleration of the two-sled system

(b) the tension in the rope connecting the sleds

Fg

FN

FappFf +x

+y

F floorFN = 447 N

F f = 85 N

f

SAMPLE problem 2
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Solution

We begin by drawing a system diagram and labelling the pertinent information, as in

Figure 2. 

F#$ T1 5 29.0 N F fA 5 9.0 N

mA 5 6.7 kg F fB 5 8.0 N

mB 5 5.6 kg

(a) To determine the magnitude of the acceleration of the two-sled system, we note that

the tension in the front rope, F#$T1, determines the acceleration of the entire system.

Figure 3 is the FBD of the system.

Horizontally for the system:

Applying Newton’s second law:

oFsystem,x 5 msystemasystem,x

ax 5 }
o
m

Fx
}

5 }
F T1

m

1

A

(

1

2F

m
f,t

B

otal )
}

5

ax 5 0.98 m/s2

The magnitude of the acceleration is 0.98 m/s2. 

(b) To determine the magnitude of the tension in the second rope, F#$ T2 , we analyze the

forces that are acting only on sled B. Figure 4 is the FBD of sled B. Knowing that the

magnitude of the acceleration of sled B is the same

as the acceleration of the system (i.e., 0.98 m/s2),

we can apply the second-law equation to the hori-

zontal components of the motion: 

oFBx 5 mBaBx

FT2 2 FfB 5 mBaBx

FT2 5 FfB 1 mBaBx

5 8.0 N + (5.6 kg)(0.98 m/s2)

FT2 5 13 N

The magnitude of the tension in the connecting ropes is 13 N. We would have

obtained the same value by drawing an FBD for sled A instead, since the tension

force applied by the connecting rope to A is equal in magnitude, although opposite in

direction, to the tension force applied by the connecting rope to B. The value of 13 N

seems reasonable, since the tension must be large enough not only to overcome the

friction of 8.0 N, but also to cause acceleration. 

29.0 N 2 (9.0 N 1 8.0 N)
}}}

(6.7 kg 1 5.6 kg)

FNB

Fg B

F fB

F T2B

FNA

Fg A

F fA

F T1A

+x

+y

Figure 2

System diagram of sleds A and B for

Sample Problem 2

Figure 3

FBD of the two-sled system

Figure 4

FBD of sled B

Fg,total

FN,total

F T1Ff,total
+x

+y

FgB

FNB

F T2F fB
+x

+y

Multiple Ropes

In Sample Problem 2, there are

two sleds and two ropes.

However, if there were three or

more objects and three or more

ropes, you would need to calcu-

late the tensions in those ropes.

You would first find the acceler-

ation of the system, and then go

to the last object and work your

way step by step to the first

object. These types of problems

can also be solved by setting up

and solving simultaneous equa-

tions. For example, Sample

Problem 2 can be solved by set-

ting up a second-law equation

in the horizontal plane for each

object. These two equations

have two unknowns (the accel-

eration and the tension in the

connecting rope). The simulta-

neous equations can then be

solved for the unknowns.

LEARNING TIP
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You attach a loonie (mL 5 6.99 g) and a dime (mD 5 2.09 g) to the ends of a thread. You

put the thread over a smooth horizontal bar and pull the thread taut. Finally, you release

your hands, letting the loonie drop and the dime rise. Friction between the thread and the

bar is negligible, and the magnitude of g#$ is 9.80 m/s 2. Determine the magnitude of

(a) the acceleration of the coins 

(b) the tension in the thread

Solution 

We begin by drawing the system diagram (Figure 5(a)), including as much information

as possible. Since the loonie has more mass than the dime, the system of coins and

thread will accelerate counterclockwise over the bar. We choose the direction of the

acceleration as the positive direction for each coin: downward for the loonie and upward

for the dime. Because there is only one thread, there is only one tension, F#$ T.

(a) To determine the magnitude of the acceleration of the coins, we analyze the FBDs of

the two coins separately (Figures 5(b) and (c)). The second-law equation with 

y-components in the coordinate system for the loonie yields the following:

oFy 5 may

FgL 2 FT 5 mLay

Both F T and ay are unknown. Next, we apply the second-law equation with 

y-components in the coordinate system for the dime: 

FT 2 FgD 5 mDay

If we add the two equations, we find that one of the unknowns, F T, disappears. 

FgL 2 FgD 5 mLay 1 mDay

FgL 2 FgD 5 ay(mL + mD)

ay 5

5

5

5

ay 5 5.29 m/s2

The magnitude of the acceleration is 5.29 m/s2. 

(b) To determine the magnitude of the tension, we can substitute the acceleration into

either of the two second-law equations. Using the second-law equation for the dime: 

F T 5 FgD 1 mDay

5 mDg 1 mDay

5 mD (g 1 ay )

5 (2.09 3 1023 kg)(9.80 m/s2 1 5.29 m/s2)

F T 5 3.15 3 1022 N

The magnitude of the tension in the thread is 3.15 3 1022 N. 

(6.99 3 1023 kg 2 2.09 3 1023 kg)(9.80 m/s2)
}}}}}

(6.99 3 1023 kg) 1 (2.09 3 1023 kg)

(mL 2 mD)g
}}

mL + mD

mLg 2 mDg
}}

mL + mD

FgL 2 FgD
}}
mL + mD

+y+y

dimeloonie

direction of acceleration

FgL = m Lg FgD = mDg

mL = 6.99 g mD = 2.09 g

Figure 5

(a) The system diagram for the

coins in Sample Problem 3

(b) The FBD of the loonie 

(c) The FBD of the dime

(a)

F T

+y

mLg

(b)

mDg

F T +y

(c)

Directions in Pulley Problems

When you solve a problem that

involves at least one pulley, choose

a general positive direction for the

entire system of objects. You

should then assign a +x or +y

direction for each object so that it

is in the general positive direction.

For example, the system of objects

below will tend to accelerate in a

clockwise direction. The positive

direction will be upward for mass

A, to the right for mass B, and

downward for mass C. 

LEARNING TIP

B

 direction of acceleration

+y
A

+x

+y

C

SAMPLE problem 3
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A

B

Figure 6

For question 5

Answers

1. 35 g

2. (a) 2.74 3 103 N [up]

(b) 35 kg

3. (a) 1.55 m/s2

(b) 295 N

4. 1.2 kg

5. (a) 4.8 m/s2

(b) 19 N

6. (a) 194 N

(b) 2.4 N

(c) 0.79 m/s

(d) 2.9 N

7. (a) 6.2 3 102 N

(b) 2.0 m/s2

8. (b) mg 2 FA sin v

(c) FA cos v

Practice

Understanding Concepts

1. You apply a force of 0.35 N [up] to lift a fork. The resulting acceleration of the

fork is 0.15 m/s2 [up]. Determine the mass of the fork in grams. 

2. A hot-air balloon experiences an acceleration of 1.10 m/s2 [down]. The total

mass of the balloon, the basket, and the contents of the basket is 315 kg. 

(a) What is the upward (buoyant) force on the system?

(b) The balloonist wishes to change the acceleration to zero. There is no fuel

left to heat the air in the balloon. Determine the mass of the ballast that

must be discarded overboard. (Neglect air resistance.) 

3. A tree house has a vertical “fire pole” of smooth metal, designed for quick exits.

A child of mass 35.7 kg slides down the pole with constant acceleration, starting

from rest. The pole is 3.10 m high. The journey to the ground takes 2.00 s. 

(a) What is the magnitude of the downward acceleration of the child? 

(b) What is the magnitude of the upward force of friction exerted by the pole

on the child?

4. When an external net force is applied to a particular mass m, an acceleration of

magnitude “a” results. When the mass is increased by 2.0 kg and the same net

force is applied, the acceleration is 0.37a. Determine the mass, m. 

5. Blocks A and B are connected by a string passing over an essentially friction-

less pulley, as in Figure 6. When the blocks are in motion, Block A experiences

a force of kinetic friction of magnitude 5.7 N. If mA 5 2.7 kg and mB 5 3.7 kg,

calculate the magnitude of

(a) the acceleration of the blocks

(b) the tension in the string 

6. A boy pushes a lawn mower (m 5 17.9 kg) starting from rest across a horizontal

lawn by applying a force of 32.9 N straight along the handle, which is inclined

at an angle of 35.1° above the horizontal. The magnitude of the mower’s accel-

eration is 1.37 m/s2, which lasts for 0.58 s, after which the mower moves at a

constant velocity. Determine the magnitude of

(a) the normal force on the mower

(b) the frictional force on the mower

(c) the maximum velocity of the mower

(d) the force applied by the boy needed to maintain the constant velocity

7. A skier (m 5 65 kg) glides with negligible friction down a hill covered with

hard-packed snow. If the hill is inclined at an angle of 12° above the horizontal,

determine the magnitude of

(a) the normal force on the skier

(b) the skier’s acceleration (Hint: Remember to choose the 1x direction as

the direction of the acceleration, which in this case is downward, parallel

to the hillside.) 

Applying Inquiry Skills 

8. Groups of physics students are each given a force scale (to measure an applied

force of magnitude FA ), an electronic balance (to measure the mass, m), a rec-

tangular wooden block with a hook at one end, a protractor, and a piece of

string. Each group must determine the force of kinetic friction acting on the

block as it is pulled with a constant velocity along a horizontal lab bench.

However, the applied force must be at an angle v above the horizontal. 

(a) Draw a system diagram and an FBD of the block for this investigation.

(b) Derive an equation for the magnitude of the normal force on the block in

terms of the given parameters FA, g, m, and v. 

(c) Derive an equation for the magnitude of friction on the block in terms of FA

and v. 



Dynamics 93NEL

Applying Newton’s Third Law of Motion 
Newton’s third law of motion, the action–reaction law, always relates to two objects.

When drawing a system diagram of action–reaction pairs of forces, both objects can be

placed in the same diagram. However, when solving problems related to only one of

objects, an FBD must be drawn for that object.

Section 2.3

An indoor skating rink is the venue for a family fun day. In one event, children on skates

position themselves along a blue line facing one end of the rink. Behind each child, a

parent, also on skates, prepares to push horizontally to see who can push their child the

farthest. In this competition, a certain mother has a mass of 61 kg, and her daughter a

mass of 19 kg. Both skaters experience negligible friction as long as their skates point

straight ahead. At the starting bell, the mother pushes the child with a constant applied

force of magnitude 56 N for 0.83 s. Determine the magnitude of

(a) the daughter’s acceleration 

(b) the mother’s acceleration 

(c) the maximum velocity of the daughter

Solution 

Figure 7(a) is the system diagram. Figures 7(b) and (c) are the respective FBDs of the

daughter and the mother. From Newton’s third law of motion, it is evident that if the force

of the mother on the daughter is 56 N in one direction, the force of the daughter on the

mother is 56 N in the opposite direction. 

FgD

FND

Fapp,D

+x

+y

FgM

FNM

Fapp,M

+x

+y

Figure 7

(a) The system diagram for the

mother-daughter pair in

Sample Problem 4

(b) The FBD of the daughter

(c) The FBD of the mother

Making Connections 

9. A physics student of mass 55.3 kg is standing on a weigh scale in an elevator. The

scale shows the magnitude of the upward normal force (in newtons) on the student.

(a) Determine the reading on the scale when the elevator has an acceleration 

of 1.08 m/s2 [up]. 

(b) The force calculated in (a) can be called the “apparent weight.” How does

the student’s apparent weight in this case compare with the true weight?

What happens to the apparent weight when the elevator is undergoing

downward acceleration? undergoing free fall? 

(c) To check your answers in (b), determine the student’s apparent weight 

when the elevator has first a downward acceleration of 1.08 m/s2, then a

downward acceleration of 9.80 m/s2. 

(d) The term “weightless” is used to describe a person in free fall. Why is this term

used? Is the term valid from the physics point of view? Explain your answer. 

(e) Repeat (a) when the elevator has a constant velocity of 1.08 m/s [up].

Answers

9. (a) 602 N

(c) 482 N; 0 N

(e) 542 N

SAMPLE problem 4

(a) (b)

(c)
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(a) Use the second-law equation for the daughter’s horizontal motion: 

oFDx 5 56 N

mD 5 19 kg

aDx 5 ?

aDx 5 }
o
m

F

D

Dx
}

5

aDx 5 2.9 m/s2

The magnitude of the daughter’s acceleration is 2.9 m/s2.

(b) Use the second-law equation for the mother’s horizontal motion: 

oFMx 5 56 N

mM 5 61 kg

aMx 5 ?

aMx 5 }
o
m

F

M

Mx
}

5

aMx 5 0.92 m/s2

The magnitude of the mother’s acceleration is 0.92 m/s2.

(c) v i 5 0

a 5 2.9 m/s2

∆t 5 0.83 s

vf 5 ? 

vf 5 vi 1 a∆t

5 0 1 (2.9 m/s2 )(0.83 s)

vf 5 2.4 m/s

The magnitude of the maximum velocity of the daughter is 2.4 m/s. 

56 N
}
61 kg

56 N
}
19 kg

Answers

10. (a) 1.0 3 104 N [fwd]

(b) 2.0 3 104 N [fwd]

11. (a) 1.8 kg

(b) 0.37 N

Practice

Understanding Concepts

10. A train consisting of two cars pulled by a locomotive experiences an acceleration

of 0.33 m/s2 [fwd]. Friction is negligible. Each car has a mass of 3.1 3 104 kg. 

(a) Determine the force exerted by the first car on the second car.

(b) Determine the force exerted by the locomotive on the first car. 

11. Two books are resting side by side, in contact, on a desk. An applied horizontal

force of 0.58 N causes the books to move together with an acceleration of

0.21 m/s2 horizontally. The mass of the book to which the force is applied

directly is 1.0 kg. Neglecting friction, determine

(a) the mass of the other book

(b) the magnitude of the force exerted by one book on the other
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Section 2.3

• It is wise to develop a general strategy that helps solve the great variety of types

of problems involving forces, no matter how different each problem may at

first appear.

• The skill of drawing an FBD for each object in a given problem is vital.

• For motion in two dimensions, it is almost always convenient to analyze the

perpendicular components of the forces separately and then bring the concepts

together.

Applying Newton’s Laws of MotionSUMMARY

Section 2.3 Questions

Understanding Concepts

1. A basketball is thrown so that it experiences projectile

motion as it travels toward the basket. Air resistance is

negligible. Draw an FBD of the ball (a) as it is rising, 

(b) as it arrives at the top of its flight, and (c) as it moves

downward.

2. A shark, of mass 95 kg, is swimming with a constant

velocity of 7.2 m/s [32° above the horizontal]. What is the

net force acting on the shark?

3. Figure 8 shows three masses (5.00 kg, 2.00 kg, and 1.00 kg)

hung by threads. 

(a) Draw an FBD for the bottom mass. Determine the

magnitude of the tension in the lowest thread. 

(b) Repeat (a) for the middle mass and the tension in the

middle thread. 

(c) Repeat (a) for the top mass and the tension in the

highest thread. 

4. Just after a space shuttle is launched (Figure 9), its accel-

eration is about 0.50g [up]. The shuttle’s mass, including

fuel, is approximately 2.0 3 106 kg. 

(a) Calculate the approximate magnitude of the upward

force on the shuttle. 

(b) What causes the upward force?

5. Two boxes, of masses m1 5 35 kg and m2 5 45 kg, are

hung vertically from opposite ends of a rope passing over a

rigid horizontal metal rod. The system starts moving from

rest. Assuming that friction between the rod and the rope is

negligible, determine the magnitude of

(a) the acceleration of the boxes

(b) the tension in the rope 

(c) the magnitude of each box’s displacement after 0.50 s 

1.00 kg

5.00 kg

2.00 kg

Figure 8

Figure 9

The space shuttle Endeavour is launched carrying astro-

nauts to the International Space Station.



96 Chapter 2 NEL

6. Two blocks are held in place by three ropes connected at

point P, as shown in Figure 10. The magnitude of the force

of static friction on block A is 1.8 N. The magnitude of the

force of gravity on blocks A and B is 6.7 N and 2.5 N,

respectively.

(a) Draw an FBD for block B. Determine the magnitude of

the tension in the vertical rope. 

(b) Draw an FBD for block A. Determine the magnitudes of

the tension in the horizontal rope and of the normal

force acting on block A.

(c) Draw an FBD of point P. Calculate the tension (the

magnitude and the angle v) in the third rope. 

7. A store clerk pulls three carts connected with two horizontal

cords (Figure 11) to move products from the storage room

to the display shelves. The masses of the loaded carts are:

m1 5 15.0 kg; m2 5 13.2 kg; and m3 5 16.1 kg. Friction is

negligible. A third cord, which pulls on cart 1 and is at an

angle of 21.0° above the horizontal, has a tension of magni-

tude 35.3 N. Determine the magnitude of

(a) the acceleration of the carts

(b) the tension in the last cord 

(c) the tension in the middle cord

8. A hotel guest starts to pull an armchair across a horizontal

floor by exerting a force of 91 N [15° above the horizontal].

The normal force exerted by the floor on the chair is 221 N

[up]. The acceleration of the chair is 0.076 m/s2 [fwd]. 

(a) Determine the mass of the chair.

(b) Determine the magnitude of the friction force on the

chair.

9. A child on a toboggan slides down a hill with an accelera-

tion of magnitude 1.5 m/s2. If friction is negligible, what is

the angle between the hill and the horizontal?

10. Blocks X and Y, of masses mX 5 5.12 kg and mY 5 3.22 kg,

are connected by a fishing line passing over an essentially

frictionless pulley (Figure 12). 

(a) Show that block X slides up the incline with a posi-

tive acceleration. Determine the magnitude of that

acceleration. Friction is negligible.

(b) Determine the magnitude of the tension in the

fishing line. 

11. A figure skater of mass m 5 56 kg pushes horizontally for

0.75 s with a constant force against the boards at the side

of a skating rink. Having started from rest, the skater

reaches a maximum speed of 75 cm/s. Neglecting friction,

determine the magnitude of

(a) the (constant) acceleration 

(b) the force exerted by the skater on the boards

(c) the force exerted by the boards on the skater

(d) the displacement of the skater from the boards after

1.50 s

Applying Inquiry Skills 

12. (a) A constant net force is applied to various masses.

Draw a graph of the magnitude of the resulting accel-

eration as a function of mass. 

(b) A variable net force is applied to a constant mass.

Draw a graph of the resulting acceleration as a func-

tion of the net force. 

Making Connections 

13. Discuss the physics principles illustrated by the following

statement: “In front-end collisions, airbag deployment can

pose extreme danger if the passenger is not wearing a seat

belt or if the passenger is a small child.”

Y

X

35.7°

+x
+y

Figure 12

m3 m2 m1 u = 21.0°

35.3 N

Figure 11

A

P

B

u

Figure 10
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2.42.4Exploring Frictional Forces 

In Section 2.1, we looked at the definition of frictional forces, which include static

friction and kinetic friction. In this section, we apply Newton’s first law of motion, in which

SF#$ 5 0, and his second law, in which SF#$ 5 ma#$, to situations involving friction. We will

also consider situations in which one object slides over another and situations that

involve air resistance and other forces of fluid friction. We will discover that analyzing

friction has numerous practical applications, such as designing a nonstick frying pan, spin-

ning a ball to curve its path in sports activities, maximizing the speed of skis, and max-

imizing the acceleration of racing cars.

There are some instances where scientists and engineers search for ways to increase

friction. For example, an airport runway must be designed so that when it is wet, the fric-

tion between the airplane tires and the runway is almost as great as in dry conditions.

Rock climbers (like the one shown in the introduction to this chapter) use footwear and

gloves that provide the largest possible friction.

In other instances, reducing friction is the main objective. If you were responsible for

designing an artificial limb, such as the hand shown in Figure 1, you would want to

minimize the friction between the moving parts. Car manufacturers face a similar chal-

lenge as they try to maximize the efficiency of engines by minimizing the friction in the

moving parts.

Figure 1

Artificial hands are designed to

operate with as little friction as pos-

sible. How much friction do you feel

within your hand when you wrap

your fingers around a pen?

Practice

Understanding Concepts

1. List examples (other than those given here) of situations in which it would be advan-

tageous to have (a) increased friction and (b) decreased friction. 

Coefficients of Friction 
Consider what happens when you pull or push a box of bottled water across a coun-

tertop. Static friction acts on the stationary box and prevents it from starting to move.

Once the box is in motion, kinetic friction acts to oppose the motion. For example, if

you use a force meter or a spring scale to pull horizontally with an ever-increasing

force on a stationary object, you will notice that the force increases steadily until, sud-

denly, the object starts moving. Then, if you keep the object moving at a constant

velocity, you will notice that the applied force remains constant because there is no accel-

eration (SF#$ 5 ma#$ 5 0). The magnitude of the force needed to start a stationary object

moving is the maximum static friction, FS,max . The magnitude of the force needed to

keep the object moving at a constant velocity is the kinetic friction, FK. The results of

such an experiment are depicted in Figure 2.

The magnitudes of the forces of static and kinetic friction depend on the surfaces in

contact with each other. For example, a fried egg in a nonstick frying pan experiences little

friction, whereas a sleigh pulled across a concrete sidewalk experiences a lot of friction.

The magnitude of the force of friction also depends on the normal force between the

objects, which is logical when you consider the situations shown in Figure 3.

The coefficient of friction is a number that indicates the ratio of the magnitude of

the force of friction between two surfaces to the normal force between those surfaces. The

value for the coefficient of friction depends on the nature of the two surfaces in contact

and the type of friction—static or kinetic. The coefficient of static friction, mS, is the ratio

static

friction

Object

begins

to move.

Ff

Fapp

FK

FS,max

Figure 2

This graph depicts the magnitude of

friction as a function of the magni-

tude of the applied force on an

object up to the instant the object

begins to move. The magnitude of

kinetic friction is usually less than

the maximum static friction.

coefficient of static friction (mS)

the ratio of the magnitude of the

maximum static friction to the 

magnitude of the normal force
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of the magnitude of the maximum static friction to the magnitude of the normal force.

The coefficient of kinetic friction, mK, is the ratio of the magnitude of the kinetic fric-

tion to the magnitude of the normal force. The corresponding equations are

Determining mS and mK for given substances is done empirically, or through experi-

mentation. Results of such experiments may differ from one laboratory to another, even

with careful measurements and sophisticated equipment. For example, if several scien-

tists at different locations in Canada measure the coefficient of kinetic friction between

wood and dry snow, the wood and snow samples would vary; therefore, the coefficient

values would not be consistent. The approximate coefficients of friction for several

common pairs of surfaces are listed in Table 1.

FN

Fg

FK Fapp

+x

+y

Figure 3

The greater the mass of an object, the greater is the normal force exerted on the object by the

underlying surface, and the greater is the applied force needed to keep the object moving. 

(a) If the mass is small, the normal force on it is small and so is the applied force needed to

overcome kinetic friction. 

(b) If the mass doubles, the normal force doubles and so does the applied force needed to

overcome kinetic friction.

Fg

FK Fapp

FN

+x

+y

(a) (b)

coefficient of kinetic friction

(mK) the ratio of the magnitude of

the kinetic friction to the magnitude

of the normal force

Using Magnitudes of Forces

It is important to realize that the

force of friction is perpendicular

to the normal force. Thus, equa-

tions involving the coefficient of

friction deal with magnitudes

only; directions are decided by

analyzing the given situation.

LEARNING TIP

Table 1 Approximate Coefficients of Friction of Some Common Materials

Materials mS mK

rubber on concrete (dry) 1.1 1.0

rubber on asphalt (dry) 1.1 1.0

steel on steel (dry) 0.60 0.40

steel on steel (greasy) 0.12 0.05

leather on rock (dry) 1.0 0.8

ice on ice 0.1 0.03

steel on ice 0.1 0.01

rubber on ice ? 0.005

wood on dry snow 0.22 0.18

wood on wet snow 0.14 0.10

Teflon® on Teflon 0.04 0.04

near-frictionless carbon, NFC (in air) ? 0.02 to 0.06

synovial joints in humans 0.01 0.003

mS 5 }
FS

F

,m

N

ax
} and mK 5 }

F

F

N

K
}
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Section 2.4

A crate of fish of mass 18.0 kg rests on the floor of a parked delivery truck. The coeffi-

cients of friction between the crate and the floor are mS 5 0.450 and mK 5 0.410. The local

value of gravitational acceleration is, to three significant figures, 9.80 m/s2. What are the

force of friction and the acceleration (a) if a horizontal force of 75.0 N [E] is applied to the

crate, and (b) if a horizontal force of 95.0 N [E] is applied? 

Solution 

Figure 4 shows both the system diagram and the FBD for this situation. 

(a) m 5 18.0 kg mS 5 0.450

F#$app 5 75.0 N [E] ug#$ u 5 9.80 N/kg

To determine whether the crate will accelerate or remain stationary, we find the max-

imum static friction. We first determine the normal force, using the equation for the

second law in the vertical direction:

oFy 5 may 5 0

FN 1 (2mg) 5 0

FN 5 mg

5 (18.0 kg)(9.80 N/kg)

FN 5 176 N

We can now determine the magnitude of the maximum static friction:

FS,max 5 mSFN

5 (0.450)(176 N)

FS,max 5 79.4 N

Since the applied force is 75.0 N [E], the static friction (a reaction force to the applied

force) must be 75.0 N [W], which is less than the magnitude of the maximum static

friction. Consequently, the crate remains at rest. 

(b) In this case, the magnitude of the applied force is greater than the magnitude of the

maximum static friction. Since the crate is, therefore, in motion, we must consider the

kinetic friction:

F#$app 5 95.0 N [E]

FN 5 176 N

mK 5 0.410

FK 5 mKFN

5 (0.410)(176 N)

FK 5 72.3 N

To determine the acceleration of the crate, we apply the second-law equation in the

horizontal direction:

oFx 5 max

Fapp 1 (2FK) 5 max

ax 5 }
Fapp 1

m

(2FK )
}

5

ax 5 1.26 m/s2

Since the applied force is eastward, the acceleration of the crate is 1.26 m/s2 [E]. 

95.0 N 2 72.3 N
}}

18.0 kg

FN

Fg

F f Fapp
+x

+y

Figure 4

For Sample Problem 1

(a) System diagram for the crate

(b) FBD for the crate

(a)

FN

mg

F f Fapp
+x

+y

(b)

SAMPLE problem 1
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In a lab practical test, students are asked to determine the coefficient of static friction

between the back of their calculator and the cover of their (closed) textbook. The only per-

mitted measuring instrument is a ruler. The students realize that, having placed the calcu-

lator on the book, they can very slowly raise one end of the book until the instant the

calculator begins to slide, and can then take the measurements for “rise” and “run,” indi-

cated in Figure 5. Show how to calculate the coefficient of static friction from a measure-

ment of 12 cm for rise and 25 cm for run. 

Solution

We begin by showing, as in Figure 6(a), that the angle between the component of the

force of gravity perpendicular to the book’s surface equals the angle of the book above

the horizontal.

Next, we derive an expression for the normal force: 

oFy 5 may 5 0

FN 2 mg cos v 5 0

FN 5 mg cos v

Finally, we analyze the forces along the x-axis and substitute the expression for the normal

force. Figure 6(b) shows the FBD of the calculator.

oFx 5 max 5 0

mg sin v 2 FS,max 5 0

mg sin v 5 FS,max where FS,max 5 mSFN

mg sin v 5 mSFN

mS 5 }
mg

F

s

N

in v
}

5 }
m

m

g

g

c

s

o

in

s

v

v
}

5 }
c

s

o

in

s

v

v
}

5 tan v

5 }
2

1

5

2 c

c

m

m
}

mS 5 0.48

The coefficient of static friction is 0.48.

+y

+x

mg

FN

FS,max

mg sinθ

mg cosθ
θ

θ

Figure 6

(a) Proof of angular equality

(b) The FBD of the calculator

(b)

FN

Fg

θ1

θ2
b1

b2

(a)

calculator

textbook

rise

run

u

 = 
 rise
run

utan

SAMPLE problem 2

Figure 5

The system diagram for

a calculator on a book

v1 1 b1 5 90°

v2 1 b2 5 90°

b1 5 b2 (from the Z pattern)

Therefore, v1 5 v2

(5 v, the angle in the problem)
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It is relatively easy to determine the coefficient of static friction experimentally.

Experiments can also be conducted to determine the coefficient of kinetic friction.

Investigation 2.4.1, in the Lab Activities section at the end of this chapter, gives you the

opportunity to measure both of these coefficients of friction.

Section 2.4

Measuring Coefficients 

of Friction (p. 113)

What adjustments to the experiment

described in Sample Problem 2

would you make to determine the

coefficient of kinetic friction? Your

answer will help you prepare for this

investigation.

INVESTIGATION 2.4.1

Low-Friction Materials

Scientists have found ways of pro-

ducing materials with very low

coefficients of friction. Teflon®, a

compound of fluorine and carbon

developed in 1938, experiences

extremely weak electrical forces

from molecules such as those in

foods, so it makes an excellent

coating for frying pans. (To make

the coating stick to the pan, the

Teflon is blasted into tiny holes in

the metal.) Since Teflon does not

interact with body fluids, it is also

useful in surgical implants.

DID YOU KNOW??

TRYTHIS activity Observing Triboluminescence 

Triboluminescence (from the Greek tribein, “to rub”) is the production of light by friction.

You can observe triboluminescence by crushing some crystals of hard candy, such as a

WintOGreen Lifesaver®. Darken the room completely, allow your eyes to adapt, then crush

the candy with pliers. 

Wear goggles when crushing the candy.

Practice

Understanding Concepts

2. A car accelerates southward due to a frictional force between the road and the tires. 

(a) In what direction is the frictional force of the road on the tires? Why does that

force exist?

(b) Is the frictional force static or kinetic? Explain your answer. 

3. The coefficients of friction between a 23-kg exercise mat and the gym floor are 

mS 5 0.43 and mK 5 0.36. 

(a) Determine the magnitude of the minimum horizontal force needed to start the

mat moving.

(b) Once the mat is moving, what magnitude of horizontal force will keep it moving

at a constant velocity? 

4. A musician applies a horizontal force of 17 N [W] to an instrument case of mass 5.1 kg.

The case slides across a table with an acceleration of 0.39 m/s2 [W]. What is the coef-

ficient of kinetic friction between the case and the table? 

5. A small box is resting on a larger box sitting on a horizontal surface. When a horizontal

force is applied to the larger box, both boxes accelerate together. The small box does

not slip on the larger box.

(a) Draw an FBD of the small box during its acceleration.

(b) What force causes the small box to accelerate horizontally? 

(c) If the acceleration of the pair of boxes has a magnitude of 2.5 m/s2, determine

the smallest coefficient of friction between the boxes that will prevent slippage.

6. Draw an FBD for the larger box in question 5 when it is accelerating. 

7. An adult is pulling two small children in a sleigh over level snow. The sleigh and

children have a total mass of 47 kg. The sleigh rope makes an angle of 23° with the

horizontal. The coefficient of kinetic friction between the sleigh and the snow is 0.11.

Calculate the magnitude of the tension in the rope needed to keep the sleigh

moving at a constant velocity. (Hint: The normal force is not equal in magnitude to

the force of gravity.) 

Applying Inquiry Skills 

8. (a) Describe how you would perform an experiment to determine the coefficient of

kinetic friction between your shoes and a wooden board, using only a metre stick

to take measurements. 

(b) Describe likely sources of random and systematic error in this experiment. 

Answers

3. (a) 97 N 

(b) 81 N

4. 0.30

5. (c) 0.26

7. 53 N
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Fluid Friction and Bernoulli’s Principle 
A fluid is a substance that flows and takes the shape of its container. Both liquids and gases

are fluids, with water and air being common examples. Fluids in relative motion are an

important and practical part of our lives. One type of fluid motion occurs when a fluid,

such as water or natural gas, moves through a pipe or a channel (motion of a fluid rel-

ative to the object). The other type of fluid motion occurs when an object, such as a

golf ball, moves through air, water, or some other fluid (motion of an object relative to

the fluid).

Newton’s laws of motion can be applied to analyze relative fluid motion. Such analysis

allows us to explore the factors that affect air resistance, as well as to learn how to research

and reduce turbulence, and to control the motion of objects moving through fluids or

the motion of fluids moving through objects.

As a fluid flows, the cohesive forces between molecules cause internal friction, or

viscosity. A fluid with a high viscosity, such as liquid honey, has a high internal resist-

ance and does not flow readily. A fluid with a low viscosity, such as water, has low internal

resistance and flows easily. Viscosity depends not only on the nature of the fluid, but

also on the fluid’s temperature: as the temperature increases, the viscosity of a liquid

generally decreases and the viscosity of a gas generally increases.

Making Connections 

9. In the kitchen, friction sometimes helps and sometimes hinders. 

(a) Describe at least two ways in which you can increase friction when you are

trying to open a tight lid on a jar. 

(b) What materials and methods can be used to decrease friction between food and

a cooking surface?

fluid substance that flows and

takes the shape of its container

viscosity internal friction between

molecules caused by cohesive forces

laminar flow stable flow of a vis-

cous fluid where adjacent layers of a

fluid slide smoothly over one another

TRYTHIS activity Oil Viscosity

Observe the effect of temperature changes on the viscosity of various grades of motor oil

(e.g., SAE 20, SAE 50, and SAE 10W-40) in stoppered test tubes provided by your teacher.

Make sure that each tube has a small air space near the stopper. Record the time it takes

for an air bubble to travel through the oil in a test tube that has been placed in a cold-

water bath. Compare your results with the time it takes for a bubble to travel through the

oil in a test tube that has been placed in a bath of water from the hot-water tap.

Wear gloves and goggles to handle the oil. Exercise care when

using hot water from the tap.

As a fluid flows, the fluid particles interact with their surroundings and experience

external friction. For example, as water flows through a pipe, the water molecules closest

to the walls of the pipe experience a frictional resistance that reduces their speed to

nearly zero. Measurements show that the water speed varies from a minimum at the

wall of the pipe to a maximum at the centre of the pipe. If the speed of a fluid is slow and

the adjacent layers flow smoothly over one another, the flow is called a laminar flow

(Figure 7(a)). Laminar flow can also occur when a fluid such as air passes around a

smooth object (Figure 7(b)).

Figure 7

Laminar flow in fluids. The length of

each vector represents the magni-

tude of the fluid velocity at that point. 

(a) Water in a pipe

(b) Air around a cone

(a)

(b)
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In most situations involving moving fluids, laminar flow is difficult to achieve. As the

fluid flows through or past an object, the flow becomes irregular, resulting, for example,

in whirls called eddies (Figure 8). Eddies are an example of turbulence, which resists

the fluid’s motion. A fluid undergoing turbulence loses kinetic energy as some of the

energy is converted into thermal energy and sound energy. The likelihood of turbulence

increases as the velocity of the fluid relative to its surroundings increases.

Turbulence in tubes or pipes can be reduced in various ways. For example, in London,

UK, small amounts of liquid plastic are injected into the sewage system. The plastic par-

ticles mix with the sewage particles, reducing the liquid’s viscosity and adhesion to the

sewer pipe and walls, and thereby making it easier for the pumps to transfer the sewage.

A similar method can be used to reduce the turbulence of water ejected from a fire-hose

nozzle, allowing the water-jet to stream farther. This is advantageous, especially in fighting

fires in tall buildings. In the human body, liquid plastic can be added to the bloodstream

of a person with blood-flow restrictions. Doing this helps reduce turbulence in the blood

and lessens the chances of a blood stoppage.

Turbulence around an object moving through a fluid is a problem observed both in

nature and in the transportation industry. Streamlining is the process of reducing tur-

bulence by altering the design of an object, such as a car body or an airplane. To aid

their designs, designers have found it useful to study fish, birds, and other animals 

that move quickly in the water or air, and provide excellent examples of streamlining. The

transportation industry in particular devotes much research trying to improve the

streamlining of cars, trucks, motorcycles, trains, boats, submarines, airplanes, space-

craft, and other vehicles. Streamlining often enhances the appearance of a vehicle, but

more importantly it improves safety and reduces fuel consumption.

Streamlining is an experimental science and the best way to research it is in large wind

tunnels and water tanks. Figure 9 shows a wind tunnel design used to investigate the

Section 2.4

turbulence irregular fluid motion

low velocity

Figure 8

The turbulence caused by eddies

increases as the fluid velocity

increases. 

(a) Low turbulence at a 

low velocity

(b) Higher turbulence at a 

high velocity

(a)

high velocity

(b)

Urban Wind Gusts 

Wind turbulence can be a problem

in a district with multiple high

towers. Tall buildings direct fast-

moving air from near the top,

where the winds are greatest,

toward the bottom. At street level,

gusts of wind can have a devas-

tating effect on an unsuspecting

pedestrian. To help overcome this

problem, engineers fine-tune their

designs after running wind-tunnel

tests on models of a proposed

structure and its surroundings.

DID YOU KNOW??

streamlining process of reducing

turbulence by altering the design of

an object

test chambertest car

control

booth

corner vanes (direct the air around corners)

fan

air speed

increases

air speed

decreases

Figure 9

A typical wind tunnel for analyzing

the streamlining of automobiles
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streamlining of automobiles. A fan directs air along the tunnel, around two corners,

and then through the smaller tunnel. As the air moves into the smaller tunnel it accel-

erates, reaching speeds up to 100 km/h, and flows past the automobile being tested. It then

returns to the fan to be recirculated. Researchers view the action from behind an adja-

cent glass wall and analyze the turbulence around the automobile. Pressure-sensitive

beams, electronic sensors, drops of coloured water, small flags, and plumes of smoke

are among the means of detecting turbulence.

Researchers have found interesting ways of reducing the turbulence that limits the

speed of submarines travelling underwater. For example, to reduce the adhesion of water

particles to a submarine’s hull, compressed air is forced out from a thin layer between the

hull and its porous outer skin. Millions of air bubbles then pass along the submarine, pre-

venting adhesion and thus reducing the turbulence. Turbulence around a submarine

can also be reduced by taking some of the water the submarine is passing through and

expelling it under pressure from the rear. (What law of motion is applied here?) A third

method of turbulence reduction for submarines, which at first seems surprising, applies

a principle evolved by sharks. It has long been assumed that the best means of reducing

turbulence is to have perfectly smooth surfaces and hidden joints. However sharks,

which are obviously well adapted to moving through water with reduced fluid friction,

have tiny grooves in their skin that are parallel to the flow of water. Similarly, a thin

plastic coating with fine grooves applied to the surface of a submarine can reduce tur-

bulence and increase the maximum speed (see Figure 10). Some of the innovations in

submarine design can also be adapted to ships and boats, as well as to airplanes.

Figure 10

Using grooves to improve 

streamlining

(a) A patch of shark skin, shown

here magnified to about 3000

times its actual size, contains

grooves parallel to the water

flow. 

(b) A thin plastic coating with

three grooves per millimetre

reduces the drag of a metal

surface in water.

(a)

5 mm

grooved 
coating

metal

(b)

water moves 

slowly
water moves 

quickly

direction

of flow

A B

Figure 11

The flow speed depends on the

diameter of the pipe.

Bernoulli’s Principle 

Where the speed of a fluid is low, the pressure is high.

Where the speed of the same fluid is high, the pressure 

is low.

The speed of a moving fluid has an effect on the pressure exerted by the fluid. Consider

water flowing under pressure through a pipe having the shape illustrated in Figure 11.

As the water flows from the wide section to the narrow section, its speed increases. This

effect is seen in a river that flows slowly at its wider regions, but speeds up when it passes

through a narrow gorge.

The water flow in Figure 11 accelerates as the water molecules travel from region A into

region B. Acceleration is caused by an unbalanced force, but what is its source in this

case? The answer lies in the pressure difference between the two regions. The pressure

(or force per unit area) must be greater in region A than in region B to accelerate the water

molecules as they pass into region B.

These concepts were analyzed in detail by Swiss scientist Daniel Bernoulli (1700–1782).

His conclusions became known as Bernoulli’s principle.
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Throwing a curve in baseball is also an application of Bernoulli’s principle. In

Figure 12(a), a ball is thrown forward, which means that, relative to the ball, the air

is moving backward. When the ball is thrown with a clockwise spin, the air near the

ball’s surface is dragged along with the ball (Figure 12(b)). To the left of the moving

ball, the speed of the air is slow, so the pressure is high. The ball is forced to curve to

the right, following the path shown in Figure 12(c).

direction of throw

airair

Figure 12

Bernoulli’s principle explains curve balls as viewed from above. 

(a) A ball thrown without spin is undeflected. 

(b) Air is dragged around the surface of a spinning ball. 

(c) Since the flow speed around a spinning ball is not equal on both sides, the pressure is

not equal. The ball is deflected in the direction of lower pressure.

(a) (b)

original direction

of throw

curved path

of ball

airair

(c)

TRYTHIS activity How Will the Cans Move?

Predict what will happen when you blow air between the two empty beverage cans

arranged as shown in Figure 13. Verify your prediction experimentally and explain 

your results. 

empty cans

drinking
straws air 

flow

Figure 13

What happens when you blow air

between the cans?

Practice

Understanding Concepts 

10. List four liquids, other than those mentioned in the text, in order of increasing viscosity.

11. Describe what you think is meant by the following phrases:

(a) As slow as molasses in January. (Molasses is the syrup made from sugar cane.)

(b) Blood runs thicker than water.

12. Compare the speeds of the top and bottom of the bulge where the syrup leaves the

jar (Figure 14). How does this pattern relate to laminar flow? 

13. Identify design features commonly used to reduce drag in 

(a) the cabs of heavy trucks

(b) launch rockets

(c) sport motorcycles

(d) locomotives

14. Explain the following observations in terms of Bernoulli’s principle.

(a) As a convertible car with its top up cruises along a highway, the top bulges

upward. 

(b) A fire in a fireplace draws better when wind is blowing over the chimney than

when the air is calm.

Dimpled Golf Balls

The earliest golf balls were smooth.

When it was discovered that a ball

with scratches travelled farther

than a smooth ball, the surface

was redesigned with dimples.

Experiments show that a person

who can drive a dimpled ball over

200 m can drive a smooth ball of

equal mass only about 50 m! As a

smooth ball travels through the air,

laminar flow produces a high pres-

sure at the front of the ball and a

low pressure at the rear, causing

substantial frictional drag. As a

dimpled ball travels through the air,

however, turbulence minimizes the

pressure difference between front

and rear, thereby minimizing drag.

DID YOU KNOW??

bottom of

bulge

top of

bulge

Figure 14

For question 12
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• As the force applied to an object increases, the static friction opposing the force

increases until the maximum static friction is reached, at which instant the object

begins to move. After that instant, kinetic friction opposes the motion.

• The coefficients of static friction and kinetic friction are the ratios, respectively,

of the magnitude of the static friction force and the kinetic friction force to the

normal force between an object and the surface with which it is in contact. These

coefficients have no units.

• Internal friction in a fluid is called viscosity and depends on the nature and tem-

perature of the fluid.

• Laminar flow of a fluid occurs when the layers of the fluid flow smoothly over

one another.

• The irregular flow of a fluid is called turbulence; this problem can be reduced by

streamlining.

• Bernoulli’s principle states: Where the speed of a fluid is low, the pressure is high,

and where the speed of the same fluid is high, the pressure is low. Among the

illustrations of this principle is the throwing of curve balls in baseball.

Exploring Frictional Forces SUMMARY

Section 2.4 Questions

Understanding Concepts

1. When you rub your hands together vigorously, the tempera-

ture of the skin rises. Why?

2. A team of horses at a winter carnival is starting to pull a

loaded sleigh with wooden runners along a horizontal trail

covered in dry snow. The total mass of the sleigh, including

its passengers, is 2.1 3 103 kg. The horses apply a force of

5.3 3 103 N [horizontally]. Determine the magnitude of

(a) the frictional force and (b) the acceleration of the sled.

(Hint: Look up the appropriate coefficient of friction in

Table 1.) 

3. Two skiers, A and B, each of mass m, are skiing down a

snow-covered hill that makes an angle f above the hori-

zontal. A is moving with constant velocity. B is accelerating. 

(a) Derive an equation for the coefficient of kinetic friction

experienced by A, in terms of the angle f. 

(b) Derive an equation for the magnitude of the accelera-

tion experienced by B, in terms of g, f, and mK. 

(c) What effect would a change in the mass of skier B

have on the magnitude of the acceleration? Explain

your answer. 

15. A baseball (viewed from above) is thrown in the direction indicated by the dashes in

Figure 15. If the ball is spinning counterclockwise, determine the approximate direc-

tion of the path of the ball. Use diagrams in your explanation.

Applying Inquiry Skills 

16. Describe how you would perform an experiment to measure the linear speed of water

leaving a horizontal hose of known nozzle diameter. (Hint: Show that if you collect a

measured volume of water for a certain amount of time, then divide that value by the

area of the nozzle, you obtain the speed. You can see that this reasoning is plausible

by considering units: (cm3/s)/cm2 5 cm/s.) If possible, try the experiment.

Making Connections 

17. Burrowing animals, such as prairie dogs and gophers, require air circulation in

their burrows. To set the air into motion, these creatures give their burrow a front

entrance and a back entrance, piling dirt up to make one entrance higher than the

other. Draw a cross-section sketch of this burrow design and explain how it pro-

motes air circulation.

Figure 15

For question 15
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4. A race car is accelerating on a level track. The coefficient of

static friction between the tires and the track is 0.88. The

tires are not slipping. 

(a) Draw an FBD of the car.

(b) Determine the maximum possible magnitude of accel-

eration if the car is to travel without slipping.

5. A steel ball reaches a terminal speed when falling in glyc-

erine. Will the terminal speed be greater if the glycerine is

at 20°C or at 60°C? Explain. 

6. Why are pumping stations required at regular intervals

along the cross-Canada natural gas pipeline?

7. Figure 16 shows a venturi flowmeter, used to measure the

speed of gas flowing through a tube. How does its design

illustrate Bernoulli’s principle?

Applying Inquiry Skills 

8. (a) With your hand facing palm downward, slide your fin-

gers across the cover of your textbook. Estimate the

coefficient of kinetic friction between your fingers and

the cover.

(b) Turn your hand over and repeat the procedure with

your fingernails. 

(c) Devise and carry out an experiment (using a ruler for

measurements) to determine values for the coefficients

in (a) and (b). Compare your estimated and calculated

values. 

(d) Describe what you could do to improve your skill in

estimating coefficients of friction. 

9. Predict, with an explanation, what will happen when a

person blows through the horizontal straw in Figure 17.

Verify your prediction experimentally with teacher approval.

Relate your explanation to the design principle of a paint

sprayer. 

Making Connections 

10. In 1896, Carl E. Johansson of Sweden produced the first

gauge blocks (also called “Jo blocks” in his honour) for

quality control in manufacturing. Since the blocks have

extremely smooth sides, the coefficient of static friction is

high. The blocks thus stick together upon contact. (You

have likely noticed a similar strong bonding when micro-

scope slides stick together.) Research the topic of gauge

blocks, describing their properties and uses. 

11. What are the meanings of the terms “slice” and “hook” in

golf? What causes slices and hooks? What can you do to

prevent them?

12. Running-shoe designs have changed with advances in

technology. Research how the soles of running shoes have

evolved, writing a few sentences on your findings.

13. The near-frictionless carbon (NFC) listed in Table 1 is a

new, ultra-hard carbon film with a coefficient of kinetic fric-

tion of only about 0.001 in an environment of nitrogen or

argon. Although the coefficient is greater in an ordinary

environment of air, the friction remains low enough to give

this amazing material many applications. Research the

advantages and uses of NFC, and write a report on what

you discover.

mercury

Figure 16

A venturi flowmeter

air

flowstraw

paper

short straw

water

Figure 17
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