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Last time

• forces

• net force

• equilibrium

• free body diagrams

• Newton’s first law

• inertia



Overview

• Newton’s second law

• mass and weight

• Newton’s second law and kinematics

• vector addition with forces



Newton’s Second Law

Galileo also proposed the concept of acceleration, but Newton
realized:

acceleration ∝ net Force

(Remember net force is the sum of all the forces on an object)

If the net force on an object is doubled, the acceleration is twice as
big also.



Newton’s Second Law

Newton II

In an inertial reference frame, the sum of the forces (net force) on
an object is equal to the mass of the object times its acceleration:

#»

Fnet = m #»a

#»

Fnet =
∑

i

#»

F i where
#»

F i are individual separate forces that we sum
to get the net force.

(We are assuming the mass of the object is constant.)



Units of Force

Newton’s second law gives us units for force.

Fnet = ma

Newtons, N = (kg) (ms−2)

1N = 1 kg m s−2: on Earth’s surface there are roughly 10 N per
kg. Why?



Mass vs. Weight

mass, m

A measure of the amount of matter in an object. Also, a measure
of the inertia of an object, that is, its resistance to changes in its
motion. (SI unit: kg.)

weight, Fg

The force due to gravity on an object. (SI unit: N.)

Weight is a force.



Mass and Inertia

Mass is also a measure of resistance to acceleration.

For a constant net applied force:

acceleration ∝ 1
mass

The mass, m, in the equation
#»

Fnet = m #»a is sometimes called
“inertial mass”.



Weight and acceleration

Let the weight of an object be written Fg . Then,

Fg = mg

Mass in this equation is sometimes called “gravitional mass”.

We can find the acceleration of an object when the only force on it
is due to gravity:

a =
Fg
m

=
mg

m
= g

As we would expect! This is because the inertial mass is the same
as the gravitational mass.

That is why all objects, no matter their mass, fall at the same rate
(with the same acceleration).
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Question

A hockey puck is acted on by one or more forces, as shown. Rank
the four cases, A, B, C, and D, in order of the magnitude of the
puck’s acceleration, starting with the smallest. Ties are shown in
brackets.
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▲ FIGURE 5–18 Conceptual Exercise 3

Conceptual Exercises
(Answers to odd-numbered Conceptual Exercises can be found in the back of the book.)

1. A small car collides with a large truck. (a) Is the force experi-
enced by the car greater than, less than, or equal to the force ex-
perienced by the truck? Explain. (b) Is the acceleration experi-
enced by the car greater than, less than, or equal to the
acceleration experienced by the truck? Explain.

2. A skateboarder on a ramp is accelerated by a nonzero net
force. For each of the following statements, state whether it is
always true, never true, or sometimes true. (a) The skate-
boarder is moving in the direction of the net force. (b) The ac-
celeration of the skateboarder is at right angles to the net
force. (c) The acceleration of the skateboarder is in the same
direction as the net force. (d) The skateboarder is instanta-
neously at rest.

3. Three objects, A, B, and C, have x and y components of veloc-
ity that vary with time as shown in Figure 5–18. What is the
direction of the net force acting on each of these objects, as mea-
sured from the positive x axis. (All of the nonzero slopes have
the same magnitude.)

(d) A skydiver parachuting downward with constant speed.
(e) A baseball during its flight from pitcher to catcher (ignoring
air resistance).

8. An object of mass m is initially at rest. After a force of magni-
tude F acts on it for a time T, the object has a speed v. Suppose
the mass of the object is doubled, and the magnitude of the
force acting on it is quadrupled. In terms of T, how long does it
take for the object to accelerate from rest to a speed v now?

9. You jump out of an airplane and open your parachute after a
brief period of free fall. To decelerate your fall, must the force
exerted on you by the parachute be greater than, less than, or
equal to your weight?

10. A hockey puck is acted on by one or more forces, as shown in
Figure 5–19. Rank the four cases, A, B, C, and D, in order of the
magnitude of the puck’s acceleration, starting with the small-
est. Indicate ties with an equal sign.

7 N5 N
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3 N
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3 N
3 N

C

3 N

D

▲ FIGURE 5–19 Conceptual Exercise 10

F = 3 Nv = 7 m/s
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v = 0

B

▲ FIGURE 5–20 Conceptual Exercise 11

11. Each of the three identical hockey pucks shown in Figure 5–20 is
acted on by a 3-N force. Puck A moves with a speed of 7 m/s in a
direction opposite to the force; puck B is instantaneously at rest;
puck C moves with a speed of 7 m/s at right angles to the force.
Rank the three pucks in order of the magnitude of their accelera-
tion, starting with the smallest. Indicate ties with an equal sign.

4. You drop two balls of equal diameter from the same height at
the same time. Ball 1 is made of metal and has a greater mass
than ball 2, which is made of wood. If the upward force due to
air resistance is the same for both balls, does ball 1 reach the
ground before, after, or at the same time as ball 2?

5. Riding in an elevator moving upward with constant speed, you
begin a game of darts. Do you have to aim your darts higher,
lower, or the same as when you play darts on solid ground?

6. Riding in an elevator moving with a constant upward accelera-
tion, you begin a game of darts. Do you have to aim your darts
higher, lower, or the same as when you play darts on solid
ground?

7. Give the direction of the net force acting on each of the following
objects. If the net force is zero, state “zero.” (a) A car accelerating
northward from a stoplight. (b) A car traveling southward and
slowing down. (c)Acar traveling westward with constant speed.

24. Since a bucket of water is “weightless” in space, would it hurt
to kick the bucket? Explain.

25. In the movie The Rocketeer, a teenager discovers a jet-powered
backpack in an old barn. The backpack allows him to fly at
incredible speeds. In one scene, however, he uses the backpack
to rapidly accelerate an old pickup truck that is being chased by

“bad guys.” He does this by bracing his arms against the cab of
the pickup and firing the backpack, giving the truck the accel-
eration of a drag racer. Is the physics of this scene “Good,”
“Bad,” or “Ugly?” Explain.

26. List three common objects that have a weight of approxi-
mately 1 N.
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A A, B, C, D

B D, C, C, A

C A, D, B, C

D D, (B and C), A

1Walker, “Physics”, page .
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C A, D, B, C ←
D D, (B and C), A

1Walker, “Physics”, page .



Newton’s Second Law Implications

Question. If an object is not accelerating, can there be forces
acting on it?

A Yes.

B No.



Newton’s Second Law Implications

Question. If an object is not accelerating, can there be forces
acting on it?

A Yes. ←
B No.



Force Diagrams, Newton’s Second Law, and
Kinematics

An astronaut uses a jet pack to push on a 655-kg satellite. If the
satellite starts at rest and moves 0.675 m after 5.00 seconds of
pushing, what is the force,

#»

F , exerted on it by the astronaut?

116 CHAPTER 5 NEWTON’S LAWS OF MOTION

▲ A technician inspects the landing gear
of an airliner in a test of Foamcrete, a solid
paving material that is just soft enough to
collapse under the weight of an airliner.
A plane that has run off the runway will
slow safely to a stop as its wheels plow
through the crumbling Foamcrete.

FIGURE 5–7 An astronaut using a jet
pack to push a satellite
(a) The physical situation. (b) The free-
body diagram for the satellite. Only one
force acts on the satellite, and it is in the
positive x direction.

▲

REAL-WORLD PHYSICS
Astronaut jet packs

In some problems, we are given information that allows us to calculate an
object’s acceleration using the kinematic equations of Chapters 2 and 4. Once the
acceleration is known, the second law can be used to find the net force that caused
the acceleration.

For example, suppose that an astronaut uses a jet pack to push a satellite to-
ward the space shuttle. These jet packs, which are known to NASA as Manned
Maneuvering Units, or MMUs, are basically small “one-person rockets” strapped
to the back of an astronaut’s spacesuit. An MMU contains pressurized nitrogen
gas that can be released through varying combinations of 24 nozzles spaced
around the unit, producing a force of about 10 pounds. The MMUs contain
enough propellant for a six-hour EVA (extra-vehicular activity).

We show the physical situation in Figure 5–7 (a), where an astronaut pushes
on a 655-kg satellite. The corresponding free-body diagram for the satellite is
shown in Figure 5–7 (b). Note that we have chosen the x axis to point in the
direction of the push. Now, if the satellite starts at rest and moves 0.675 m
after 5.00 seconds of pushing, what is the force, F, exerted on it by the astronaut?

ACTIVE EXAMPLE 5–1 The Force Exerted by Foamcrete
Foamcrete is a substance designed to stop an airplane that has run off the end of a runway, without causing
injury to passengers. It is solid enough to support a car, but crumbles under the weight of a large airplane. By
crumbling, it slows the plane to a safe stop. For example, suppose a 747 jetliner with a mass of 

and an initial speed of 26.8 m/s is slowed to a stop in 122 m. What is the magnitude of the average retarding force exerted by
the Foamcrete on the plane?

F
!1.75 * 105 kg

REAL-
WORLD
PHYSICS

(b) Free-body diagram(a) Physical picture

x

y

F

Clearly, we would like to use Newton’s second law (basically, ) to find
the force, but we know only the mass of the satellite, not its acceleration. We can
find the acceleration, however, by assuming constant acceleration (after all, the force
is constant) and using the kinematic equation relating position to time

We can choose the initial position of the satellite to be
and we are given that it starts at rest, thus Hence,

Since we know the distance covered in a given time, we can solve for the
acceleration:

Now that kinematics has provided the acceleration, we use the x component
of the second law to find the force. Only one force acts on the satellite, and its x
component is F; thus,

This force corresponds to a push of about 8 lb.
Another problem in which we use kinematics to find the acceleration is pre-

sented in the following Active Example.

F = max = 1655 kg210.0540 m/s22 = 35.4 N
aFx = F = max

ax = 2x
t2

=
210.675 m215.00 s22 = 0.0540 m/s2

x = 1
2

 axt
2

v0x = 0.
x0 = 0,x = x0 + v0xt + 1

2 axt
2.

F
!
= ma

!
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Force Diagrams, Newton’s Second Law, and
Kinematics

An astronaut uses a jet pack to push on a 655-kg satellite. If the
satellite starts at rest and moves 0.675 m after 5.00 seconds of
pushing, what is the force,

#»

F , exerted on it by the astronaut?

Hypothesis: The satellite is very massive. Its not moving very far
very fast, but it is accelerating. Guess: maybe F = 30 N, directed
in the positive x-direction.

Given: ∆x , t, m
Want:

#»

F

Strategy: to find the force we must find the acceleration.

∆x = v0x t +
1

2
ax t

2
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Force Diagrams, Newton’s Second Law, and
Kinematics

∆x = ��*
0

v0x t +
1

2
ax t

2

ax =
2(∆x)

t2

ax = 0.0540 m/s2

Newton’s second law (x-component):

Fnet,x = maxFx = ma

Fx = 35.4 N

#»

F = 35.4 N î

Reasonable: Hypothesis was a ballpark guess, but this is very
close! Seems reasonable.
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Example

Consider two forces on a 0.3 kg hockey puck on frictionless ice.
Find the components of its net force and the magnitude and
direction of its acceleration.

116 Chapter 5 The Laws of Motion

Analyze Find the component of the net force acting on 
the puck in the x direction:

a  Fx 5 F1x 1 F2x 5 F1 cos u 1 F2 cos f

In both the textual and mathematical statements of Newton’s second law, we have 
indicated that the acceleration is due to the net force g  F

S
 acting on an object. The 

net force on an object is the vector sum of all forces acting on the object. (We 
sometimes refer to the net force as the total force, the resultant force, or the unbalanced 
force.) In solving a problem using Newton’s second law, it is imperative to determine 
the correct net force on an object. Many forces may be acting on an object, but 
there is only one acceleration.
 Equation 5.2 is a vector expression and hence is equivalent to three component 
equations:
 a  Fx 5 max  a  Fy 5 may  a  Fz 5 maz (5.3)

Q uick Quiz 5.2 An object experiences no acceleration. Which of the following 
cannot be true for the object? (a) A single force acts on the object. (b) No forces 
act on the object. (c) Forces act on the object, but the forces cancel.

Q uick Quiz 5.3 You push an object, initially at rest, across a frictionless floor 
with a constant force for a time interval Dt, resulting in a final speed of v for 
the object. You then repeat the experiment, but with a force that is twice as 
large. What time interval is now required to reach the same final speed v? 
(a) 4 Dt (b) 2 Dt  (c) Dt (d) Dt/2 (e) Dt/4

 The SI unit of force is the newton (N). A force of 1 N is the force that, when act-
ing on an object of mass 1 kg, produces an acceleration of 1 m/s2. From this defini-
tion and Newton’s second law, we see that the newton can be expressed in terms of 
the following fundamental units of mass, length, and time:

 1 N ; 1 kg ? m/s2 (5.4)

 In the U.S. customary system, the unit of force is the pound (lb). A force of 1 lb is 
the force that, when acting on a 1-slug mass,2 produces an acceleration of 1 ft/s2:

 1 lb ; 1 slug ? ft/s2 

 A convenient approximation is 1 N < 14 lb.

 Newton’s second law: X�
component form

Definition of the newton X

2The slug is the unit of mass in the U.S. customary system and is that system’s counterpart of the SI unit the kilogram. 
Because most of the calculations in our study of classical mechanics are in SI units, the slug is seldom used in this text.

Example 5.1   An Accelerating Hockey Puck 

A hockey puck having a mass of 0.30 kg slides on the friction-
less, horizontal surface of an ice rink. Two hockey sticks strike 
the puck simultaneously, exerting the forces on the puck shown 
in Figure 5.4. The force F

S
1 has a magnitude of 5.0 N, and is 

directed at u 5 20° below the x axis. The force F
S

2 has a mag-
nitude of 8.0 N and its direction is f 5 60° above the x axis. 
Determine both the magnitude and the direction of the puck’s 
acceleration.

Conceptualize Study Figure 5.4. Using your expertise in vector addition from Chapter 3, predict the approximate 
direction of the net force vector on the puck. The acceleration of the puck will be in the same direction.

Categorize Because we can determine a net force and we want an acceleration, this problem is categorized as one that 
may be solved using Newton’s second law. In Section 5.7, we will formally introduce the particle under a net force analysis 
model to describe a situation such as this one.

AM

S O L U T I O N

x

y

60!

F2  =  8.0 N
F1  =  5.0 N

20!

F1
S

F2
S

Figure 5.4  
(Example 5.1) A 
hockey puck moving 
on a frictionless sur-
face is subject to two 
forces F

S
1 and F

S
2.

#»

Fnet =
#»

F1 +
#»

F2
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Example

Consider two forces on a 0.3 kg hockey puck on frictionless ice.
Find the components of its net force and the magnitude and
direction of its acceleration.
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Analyze Find the component of the net force acting on 
the puck in the x direction:

a  Fx 5 F1x 1 F2x 5 F1 cos u 1 F2 cos f

In both the textual and mathematical statements of Newton’s second law, we have 
indicated that the acceleration is due to the net force g  F

S
 acting on an object. The 

net force on an object is the vector sum of all forces acting on the object. (We 
sometimes refer to the net force as the total force, the resultant force, or the unbalanced 
force.) In solving a problem using Newton’s second law, it is imperative to determine 
the correct net force on an object. Many forces may be acting on an object, but 
there is only one acceleration.
 Equation 5.2 is a vector expression and hence is equivalent to three component 
equations:
 a  Fx 5 max  a  Fy 5 may  a  Fz 5 maz (5.3)

Q uick Quiz 5.2 An object experiences no acceleration. Which of the following 
cannot be true for the object? (a) A single force acts on the object. (b) No forces 
act on the object. (c) Forces act on the object, but the forces cancel.

Q uick Quiz 5.3 You push an object, initially at rest, across a frictionless floor 
with a constant force for a time interval Dt, resulting in a final speed of v for 
the object. You then repeat the experiment, but with a force that is twice as 
large. What time interval is now required to reach the same final speed v? 
(a) 4 Dt (b) 2 Dt  (c) Dt (d) Dt/2 (e) Dt/4

 The SI unit of force is the newton (N). A force of 1 N is the force that, when act-
ing on an object of mass 1 kg, produces an acceleration of 1 m/s2. From this defini-
tion and Newton’s second law, we see that the newton can be expressed in terms of 
the following fundamental units of mass, length, and time:

 1 N ; 1 kg ? m/s2 (5.4)

 In the U.S. customary system, the unit of force is the pound (lb). A force of 1 lb is 
the force that, when acting on a 1-slug mass,2 produces an acceleration of 1 ft/s2:

 1 lb ; 1 slug ? ft/s2 

 A convenient approximation is 1 N < 14 lb.

 Newton’s second law: X�
component form

Definition of the newton X

2The slug is the unit of mass in the U.S. customary system and is that system’s counterpart of the SI unit the kilogram. 
Because most of the calculations in our study of classical mechanics are in SI units, the slug is seldom used in this text.

Example 5.1   An Accelerating Hockey Puck 

A hockey puck having a mass of 0.30 kg slides on the friction-
less, horizontal surface of an ice rink. Two hockey sticks strike 
the puck simultaneously, exerting the forces on the puck shown 
in Figure 5.4. The force F

S
1 has a magnitude of 5.0 N, and is 

directed at u 5 20° below the x axis. The force F
S

2 has a mag-
nitude of 8.0 N and its direction is f 5 60° above the x axis. 
Determine both the magnitude and the direction of the puck’s 
acceleration.

Conceptualize Study Figure 5.4. Using your expertise in vector addition from Chapter 3, predict the approximate 
direction of the net force vector on the puck. The acceleration of the puck will be in the same direction.

Categorize Because we can determine a net force and we want an acceleration, this problem is categorized as one that 
may be solved using Newton’s second law. In Section 5.7, we will formally introduce the particle under a net force analysis 
model to describe a situation such as this one.
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0.3 kg
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#»a = 29.0 î+ 17.4 ĵ ms−2

a =
√

29.02 + 17.42 = 34 ms−2

at an angle

θ = tan−1

(
17.4

29.0

)
= 31◦

above the horizontal (x-axis).



Summary

• Newton’s second law

• mass and weight

• Newton’s second law and kinematics

• vector addition with forces

Homework
Walker Physics:

• Ch 5, onward from page 138. Questions: 1, 3, 5, 13, 23;
Problems: 1, 3, 5, 11, 33


