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Last time

• net force example

• Newton’s first law

• Newton’s second law

• mass vs weight

• force diagrams



Overview

• Newton’s second law examples

• Newton’s third law

• action-reaction pairs of forces



Diagrams of Forces: Free-Body Diagram
This is a free-body diagram. We represent the chair as a
point-particle with force vectors pointing outward.

5–3 NEWTON’S SECOND LAW OF MOTION 113

REAL-WORLD PHYSICS: BIO

How walking affects your height

This causes you to grow shorter during the day! Try it. Measure your height first
thing in the morning, then again before going to bed. If you’re like many people,
you’ll find that you have shrunk by an inch or so during the day.

Free-Body Diagrams
When solving problems involving forces and Newton’s laws, it is essential to
begin by making a sketch that indicates each and every external force acting on a
given object. This type of sketch is referred to as a free-body diagram. If we are
concerned only with nonrotational motion, as is the case in this and the next chap-
ter, we treat the object of interest as a point particle and apply each of the forces act-
ing on the object to that point, as Figure 5–5 shows. Once the forces are drawn, we
choose a coordinate system and resolve each force into components. At this point,
Newton’s second law can be applied to each coordinate direction separately.

(a) Sketch the forces

Physical picture

Free-body diagram

(b) Isolate the object of interest (c) Choose a convenient coordinate system (d) Resolve forces into their components
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▲ FIGURE 5–5 Constructing and using a free-body diagram
The four basic steps in constructing and using a free-body diagram are illustrated in these sketches. (a) Sketch all of the external forces
acting on an object of interest. Note that only forces acting on the object are shown; none of the forces exerted by the object are included.
(b) Isolate the object and treat it as a point particle. (c) Choose a convenient coordinate system. This will often mean aligning a coordi-
nate axis to coincide with the direction of one or more forces in the system. (d) Resolve each of the forces into components using the
coordinate system of part (c).

PROBLEM-SOLVING NOTE

External Forces

External forces acting on an object fall
into two main classes: (i) Forces at the
point of contact with another object, and
(ii) forces exerted by an external agent,
such as gravity.
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We also picked a coordinate system (x , y axes).



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
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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?

Sketch:
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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?

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):

Fx = max

Fx = 35.4 N

F = 35.4 N i



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

Quick Quiz 5.3.1 You push an object, initially at rest, across a
frictionless floor with a constant force for a time interval ∆t,
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∆t

B 2∆t

C ∆t
2

D ∆t
4

4S&J page 116.
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Example

Consider a 0.3 kg hockey puck on frictionless ice. Find 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.
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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

= (F1 cos(−20) + F2 cos(60)) i

+(F1 sin(−20) + F2 sin(60)) j

= 8.70 i+ 5.21 j N

a =
Fnet

m

=
8.70 N i+ 5.21 N j

0.3 kg

= 29.0 i+ 17.4 j ms−2
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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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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.

a = 29.0 i+ 17.4 j 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).



Newton’s Third Law

Newton’s Third Law is commonly stated as “For every action,
there is an equal and opposite reaction.”

However it is more precisely stated:

Newton III

If two objects (1 and 2) interact the force that object 1 exerts on
object 2 is equal in magnitude and opposite in direction to the
force that object 2 exerts on object 1.

F1→2 = −F2→1



Newton’s Third Law

Main idea: you cannot push on something, without having it push
back on you.

If object 1 pushes on (or interacts with) object 2, then the force
that object 1 exerts on object 2, and the force that object 2 exerts
on object 1 form an action reaction pair.



Newton’s Third Law: Action Reaction Pairs
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When it is important to designate forces as interactions between two objects, we 
will use this subscript notation, where F

S
ab means “the force exerted by a on b.” The 

third law is illustrated in Figure 5.5. The force that object 1 exerts on object 2 is 
popularly called the action force, and the force of object 2 on object 1 is called the 
reaction force. These italicized terms are not scientific terms; furthermore, either 
force can be labeled the action or reaction force. We will use these terms for conve-
nience. In all cases, the action and reaction forces act on different objects and must 
be of the same type (gravitational, electrical, etc.). For example, the force acting 
on a freely falling projectile is the gravitational force exerted by the Earth on  
the projectile F

S
g 5 F

S
Ep (E 5 Earth, p 5 projectile), and the magnitude of this 

force is mg. The reaction to this force is the gravitational force exerted by the pro-
jectile on the Earth F

S
pE 5 2 F

S
Ep. The reaction force F

S
pE must accelerate the Earth 

toward the projectile just as the action force F
S

Ep accelerates the projectile toward 
the Earth. Because the Earth has such a large mass, however, its acceleration due 
to this reaction force is negligibly small.
 Consider a computer monitor at rest on a table as in Figure 5.6a. The gravita-
tional force on the monitor is F

S
g 5 F

S
Em. The reaction to this force is the force 

F
S

mE 5 2 F
S

Em exerted by the monitor on the Earth. The monitor does not acceler-
ate because it is held up by the table. The table exerts on the monitor an upward 
force nS 5 F

S
tm, called the normal force. (Normal in this context means perpendicu-

lar.) In general, whenever an object is in contact with a surface, the surface exerts 
a normal force on the object. The normal force on the monitor can have any value 
needed, up to the point of breaking the table. Because the monitor has zero accel-
eration, Newton’s second law applied to the monitor gives us g  F

S
5 nS 1 mgS 5 0, 

so n  ĵ 2 mg  ĵ 5 0, or n 5 mg. The normal force balances the gravitational force on 
the monitor, so the net force on the monitor is zero. The reaction force to nS is the 
force exerted by the monitor downward on the table, F

S
mt 5 2 F

S
tm 5 2nS.

 Notice that the forces acting on the monitor are F
S

g and nS as shown in Figure 5.6b.  
The two forces F

S
mE and F

S
mt are exerted on objects other than the monitor.

 Figure 5.6 illustrates an extremely important step in solving problems involv-
ing forces. Figure 5.6a shows many of the forces in the situation: those acting on 
the monitor, one acting on the table, and one acting on the Earth. Figure 5.6b, 
by contrast, shows only the forces acting on one object, the monitor, and is called 
a force diagram or a diagram showing the forces on the object. The important picto-
rial representation in Figure 5.6c is called a free-body diagram. In a free-body 
diagram, the particle model is used by representing the object as a dot and show-
ing the forces that act on the object as being applied to the dot. When analyz-
ing an object subject to forces, we are interested in the net force acting on one 
object, which we will model as a particle. Therefore, a free-body diagram helps 
us isolate only those forces on the object and eliminate the other forces from our 
analysis.
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Figure 5.5  Newton’s third law. 
The force F

S
12 exerted by object 1 

on object 2 is equal in magnitude 
and opposite in direction to  
the force F

S
21 exerted by object 2  

on object 1.

Pitfall Prevention 5.6
n Does Not Always Equal mg In 
the situation shown in Figure 5.6 
and in many others, we find that 
n 5 mg (the normal force has the 
same magnitude as the gravita-
tional force). This result, however, 
is not generally true. If an object is 
on an incline, if there are applied 
forces with vertical components, 
or if there is a vertical acceleration 
of the system, then n ? mg. Always 
apply Newton’s second law to find 
the relationship between n and mg.

Pitfall Prevention 5.7
Newton’s Third Law Remember 
that Newton’s third-law action 
and reaction forces act on different 
objects. For example, in Figure 5.6,  
nS 5 F

S
tm 5 2mgS 5 2 F

S
Em. The 

forces nS and mgS are equal in 
magnitude and opposite in direc-
tion, but they do not represent an 
action–reaction pair because both 
forces act on the same object, the 
monitor.

Pitfall Prevention 5.8
Free-Body Diagrams The most 
important step in solving a problem 
using Newton’s laws is to draw a 
proper sketch, the free-body dia-
gram. Be sure to draw only those 
forces that act on the object you 
are isolating. Be sure to draw all 
forces acting on the object, includ-
ing any field forces, such as the 
gravitational force.
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a b c

FEm Figure 5.6 (a) When a computer monitor is at rest on a table, 
the forces acting on the monitor are the normal force nS and 
the gravitational force F

S
g. The reaction to nS is the force F

S
mt 

exerted by the monitor on the table. The reaction to F
S

g is the 
force F

S
mE exerted by the monitor on the Earth. (b) A force 

diagram shows the forces on the monitor. (c) A free-body diagram 
shows the monitor as a black dot with the forces acting on it.
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 Consider a computer monitor at rest on a table as in Figure 5.6a. The gravita-
tional force on the monitor is F
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the monitor, so the net force on the monitor is zero. The reaction force to nS is the 
force exerted by the monitor downward on the table, F
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 Notice that the forces acting on the monitor are F
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g and nS as shown in Figure 5.6b.  
The two forces F
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mE and F
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mt are exerted on objects other than the monitor.

 Figure 5.6 illustrates an extremely important step in solving problems involv-
ing forces. Figure 5.6a shows many of the forces in the situation: those acting on 
the monitor, one acting on the table, and one acting on the Earth. Figure 5.6b, 
by contrast, shows only the forces acting on one object, the monitor, and is called 
a force diagram or a diagram showing the forces on the object. The important picto-
rial representation in Figure 5.6c is called a free-body diagram. In a free-body 
diagram, the particle model is used by representing the object as a dot and show-
ing the forces that act on the object as being applied to the dot. When analyz-
ing an object subject to forces, we are interested in the net force acting on one 
object, which we will model as a particle. Therefore, a free-body diagram helps 
us isolate only those forces on the object and eliminate the other forces from our 
analysis.
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n Does Not Always Equal mg In 
the situation shown in Figure 5.6 
and in many others, we find that 
n 5 mg (the normal force has the 
same magnitude as the gravita-
tional force). This result, however, 
is not generally true. If an object is 
on an incline, if there are applied 
forces with vertical components, 
or if there is a vertical acceleration 
of the system, then n ? mg. Always 
apply Newton’s second law to find 
the relationship between n and mg.

Pitfall Prevention 5.7
Newton’s Third Law Remember 
that Newton’s third-law action 
and reaction forces act on different 
objects. For example, in Figure 5.6,  
nS 5 F

S
tm 5 2mgS 5 2 F
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Em. The 

forces nS and mgS are equal in 
magnitude and opposite in direc-
tion, but they do not represent an 
action–reaction pair because both 
forces act on the same object, the 
monitor.

Pitfall Prevention 5.8
Free-Body Diagrams The most 
important step in solving a problem 
using Newton’s laws is to draw a 
proper sketch, the free-body dia-
gram. Be sure to draw only those 
forces that act on the object you 
are isolating. Be sure to draw all 
forces acting on the object, includ-
ing any field forces, such as the 
gravitational force.

! Ftm
S

Fmt
S

FmE
S

nS ! Ftm
S

nS

! Ftm
S

nS

! Fg
S S

! Fg
S

FEm
S

! Fg
S

FEm
S

a b c
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Summary

• Newton’s third law

• action-reaction pairs

Homework
• Ch 5 Ques: 9; Probs: 17, 29, 31, 33, 39, 45, 49, 53, 55, 87


