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Overview

• uniform and nonuniform circular motion



Overview

• introduce forces

• Newton’s Laws! (1st & 2nd)

• mass and weight



Forces!

Dynamics: why do objects change their motion?

A force is a “push” or a “pull” that an object experiences.

Forces are connected to acceleration of an object that has mass.
Unbalanced forces cause an acceleration.

Forces are vectors.
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Forces

Two types of forces

• contact forces
another object came into contact with the object

• field forces
a kind of interaction between objects without them touching
each other



Forces

Force type examples:112 Chapter 5 The Laws of Motion

orbit around the Earth. This change in velocity is caused by the gravitational force 
exerted by the Earth on the Moon.
 When a coiled spring is pulled, as in Figure 5.1a, the spring stretches. When a 
stationary cart is pulled, as in Figure 5.1b, the cart moves. When a football is kicked, 
as in Figure 5.1c, it is both deformed and set in motion. These situations are all 
examples of a class of forces called contact forces. That is, they involve physical contact 
between two objects. Other examples of contact forces are the force exerted by gas 
molecules on the walls of a container and the force exerted by your feet on the floor.
 Another class of forces, known as field forces, does not involve physical contact 
between two objects. These forces act through empty space. The gravitational force 
of attraction between two objects with mass, illustrated in Figure 5.1d, is an example 
of this class of force. The gravitational force keeps objects bound to the Earth and 
the planets in orbit around the Sun. Another common field force is the electric force 
that one electric charge exerts on another (Fig. 5.1e), such as the attractive electric 
force between an electron and a proton that form a hydrogen atom. A third example 
of a field force is the force a bar magnet exerts on a piece of iron (Fig. 5.1f).
 The distinction between contact forces and field forces is not as sharp as you may 
have been led to believe by the previous discussion. When examined at the atomic 
level, all the forces we classify as contact forces turn out to be caused by electric 
(field) forces of the type illustrated in Figure 5.1e. Nevertheless, in developing mod-
els for macroscopic phenomena, it is convenient to use both classifications of forces. 
The only known fundamental forces in nature are all field forces: (1) gravitational 
forces between objects, (2) electromagnetic forces between electric charges, (3) strong 
forces between subatomic particles, and (4) weak forces that arise in certain radioac-
tive decay processes. In classical physics, we are concerned only with gravitational 
and electromagnetic forces. We will discuss strong and weak forces in Chapter 46.

The Vector Nature of Force
It is possible to use the deformation of a spring to measure force. Suppose a verti-
cal force is applied to a spring scale that has a fixed upper end as shown in Fig-
ure  5.2a. The spring elongates when the force is applied, and a pointer on the 
scale reads the extension of the spring. We can calibrate the spring by defining a 
reference force F

S
1 as the force that produces a pointer reading of 1.00 cm. If we 

now apply a different downward force F
S

2 whose magnitude is twice that of the ref-
erence force F

S
1 as seen in Figure 5.2b, the pointer moves to 2.00 cm. Figure 5.2c 

shows that the combined effect of the two collinear forces is the sum of the effects 
of the individual forces.
 Now suppose the two forces are applied simultaneously with F

S
1 downward and 

F
S

2 horizontal as illustrated in Figure 5.2d. In this case, the pointer reads 2.24 cm.  
The single force F

S
 that would produce this same reading is the sum of the two vec-

tors F
S

1 and F
S

2 as described in Figure 5.2d. That is, 0 FS1 0 5 !F1
2 1 F2

2 5 2.24 units, 
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Figure 5.1 Some examples of 
applied forces. In each case, a force 
is exerted on the object within the 
boxed area. Some agent in the 
environment external to the boxed 
area exerts a force on the object.

Isaac Newton
English physicist and mathematician 
(1642–1727)
Isaac Newton was one of the most 
brilliant scientists in history. Before 
the age of 30, he formulated the basic 
concepts and laws of mechanics, 
discovered the law of universal gravita-
tion, and invented the mathematical 
methods of calculus. As a consequence 
of his theories, Newton was able to 
explain the motions of the planets, 
the ebb and flow of the tides, and 
many special features of the motions 
of the Moon and the Earth. He also 
interpreted many fundamental obser-
vations concerning the nature of light. 
His contributions to physical theories 
dominated scientific thought for two 
centuries and remain important today.
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Diagrams of Forces

This is a physical picture.

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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–F sin     θ
θ

▲ 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.

WALKMC05_0131536311.QXD  12/8/05  16:43  Page 113

We need to identify the system we want to study. Here: the chair.

1Diagrams from Walker, “Physics”.



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.
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We also picked a coordinate system (x , y axes).



Forces are Vectors

#»

N +
# »

W = (N −W ) ĵ = 0

or sometimes written

#»

Fn +
#»

Fg = (Fn − Fg ) ĵ = 0

1Figure from www.sparknotes.com

↑ +y



Forces are Vectors

 5.2 Newton’s First Law and Inertial Frames 113

and its direction is u 5 tan21 (20.500) 5 226.6°. Because forces have been experi-
mentally verified to behave as vectors, you must use the rules of vector addition to 
obtain the net force on an object.

5.2 Newton’s First Law and Inertial Frames
We begin our study of forces by imagining some physical situations involving a puck 
on a perfectly level air hockey table (Fig. 5.3). You expect that the puck will remain 
stationary when it is placed gently at rest on the table. Now imagine your air hockey 
table is located on a train moving with constant velocity along a perfectly smooth 
track. If the puck is placed on the table, the puck again remains where it is placed. 
If the train were to accelerate, however, the puck would start moving along the 
table opposite the direction of the train’s acceleration, just as a set of papers on 
your dashboard falls onto the floor of your car when you step on the accelerator.
 As we saw in Section 4.6, a moving object can be observed from any number of 
reference frames. Newton’s first law of motion, sometimes called the law of inertia, 
defines a special set of reference frames called inertial frames. This law can be stated 
as follows:

If an object does not interact with other objects, it is possible to identify a ref-
erence frame in which the object has zero acceleration.

Such a reference frame is called an inertial frame of reference. When the puck is 
on the air hockey table located on the ground, you are observing it from an inertial 
reference frame; there are no horizontal interactions of the puck with any other 
objects, and you observe it to have zero acceleration in that direction. When you 
are on the train moving at constant velocity, you are also observing the puck from 
an inertial reference frame. Any reference frame that moves with constant veloc-
ity relative to an inertial frame is itself an inertial frame. When you and the train 
accelerate, however, you are observing the puck from a noninertial reference frame 
because the train is accelerating relative to the inertial reference frame of the 
Earth’s surface. While the puck appears to be accelerating according to your obser-
vations, a reference frame can be identified in which the puck has zero acceleration. 

WW Newton’s first law

WW Inertial frame of reference
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Figure 5.2 The vector nature 
of a force is tested with a spring 
scale.

Airflow

Electric blower

Figure 5.3 On an air hockey 
table, air blown through holes 
in the surface allows the puck 
to move almost without friction. 
If the table is not accelerating, 
a puck placed on the table will 
remain at rest.



Newton’s Laws

The simple rules that govern the way in which forces act and effect
motion.

112 Chapter 5 The Laws of Motion

orbit around the Earth. This change in velocity is caused by the gravitational force 
exerted by the Earth on the Moon.
 When a coiled spring is pulled, as in Figure 5.1a, the spring stretches. When a 
stationary cart is pulled, as in Figure 5.1b, the cart moves. When a football is kicked, 
as in Figure 5.1c, it is both deformed and set in motion. These situations are all 
examples of a class of forces called contact forces. That is, they involve physical contact 
between two objects. Other examples of contact forces are the force exerted by gas 
molecules on the walls of a container and the force exerted by your feet on the floor.
 Another class of forces, known as field forces, does not involve physical contact 
between two objects. These forces act through empty space. The gravitational force 
of attraction between two objects with mass, illustrated in Figure 5.1d, is an example 
of this class of force. The gravitational force keeps objects bound to the Earth and 
the planets in orbit around the Sun. Another common field force is the electric force 
that one electric charge exerts on another (Fig. 5.1e), such as the attractive electric 
force between an electron and a proton that form a hydrogen atom. A third example 
of a field force is the force a bar magnet exerts on a piece of iron (Fig. 5.1f).
 The distinction between contact forces and field forces is not as sharp as you may 
have been led to believe by the previous discussion. When examined at the atomic 
level, all the forces we classify as contact forces turn out to be caused by electric 
(field) forces of the type illustrated in Figure 5.1e. Nevertheless, in developing mod-
els for macroscopic phenomena, it is convenient to use both classifications of forces. 
The only known fundamental forces in nature are all field forces: (1) gravitational 
forces between objects, (2) electromagnetic forces between electric charges, (3) strong 
forces between subatomic particles, and (4) weak forces that arise in certain radioac-
tive decay processes. In classical physics, we are concerned only with gravitational 
and electromagnetic forces. We will discuss strong and weak forces in Chapter 46.

The Vector Nature of Force
It is possible to use the deformation of a spring to measure force. Suppose a verti-
cal force is applied to a spring scale that has a fixed upper end as shown in Fig-
ure  5.2a. The spring elongates when the force is applied, and a pointer on the 
scale reads the extension of the spring. We can calibrate the spring by defining a 
reference force F

S
1 as the force that produces a pointer reading of 1.00 cm. If we 

now apply a different downward force F
S

2 whose magnitude is twice that of the ref-
erence force F

S
1 as seen in Figure 5.2b, the pointer moves to 2.00 cm. Figure 5.2c 

shows that the combined effect of the two collinear forces is the sum of the effects 
of the individual forces.
 Now suppose the two forces are applied simultaneously with F

S
1 downward and 

F
S

2 horizontal as illustrated in Figure 5.2d. In this case, the pointer reads 2.24 cm.  
The single force F

S
 that would produce this same reading is the sum of the two vec-
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1 and F
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Figure 5.1 Some examples of 
applied forces. In each case, a force 
is exerted on the object within the 
boxed area. Some agent in the 
environment external to the boxed 
area exerts a force on the object.

Isaac Newton
English physicist and mathematician 
(1642–1727)
Isaac Newton was one of the most 
brilliant scientists in history. Before 
the age of 30, he formulated the basic 
concepts and laws of mechanics, 
discovered the law of universal gravita-
tion, and invented the mathematical 
methods of calculus. As a consequence 
of his theories, Newton was able to 
explain the motions of the planets, 
the ebb and flow of the tides, and 
many special features of the motions 
of the Moon and the Earth. He also 
interpreted many fundamental obser-
vations concerning the nature of light. 
His contributions to physical theories 
dominated scientific thought for two 
centuries and remain important today.
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Newton’s First Law

Newton I (as commonly stated)

In an inertial reference frame, an object in motion tends to stay in
motion (with constant velocity) and an object at rest tends to stay
at rest, unless acted upon by a nonzero net force.

Newton I (textbook version)

If an object does not interact with other objects, it is possible to
identify a reference frame in which the object has zero acceleration.

A zero-acceration reference frame is called an inertial reference
frame.



Newton’s First Law
This does not really correspond with our expectation from daily
life. In our everyday environment, everything seems to naturally
slow to a stop.

But we now know of other environments where we see this
behavior.

1Figure from JPL.
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Different Observers

Observer A is at rest and observer B is moving with constant
relative velocity #»v BA. Suppose observer A sees the particle P at
rest. Observer B sees it moving, with velocity − #»v BA.

 4.6 Relative Velocity and Relative Acceleration 97

will be separated by a distance vBAt. We label the position P of the particle relative 
to observer A with the position vector rSP A and that relative to observer B with the 
position vector rSP B, both at time t. From Figure 4.20, we see that the vectors rSP A 
and rSP B are related to each other through the expression

 rSP A 5 rSP B 1 vSBAt (4.22)

 By differentiating Equation 4.22 with respect to time, noting that vSBA is con-
stant, we obtain

d rSP A

dt
5

d rSP B

dt
1 vSBA 

 uSP A 5 uSP B 1 vSBA (4.23)

where uSPA is the velocity of the particle at P measured by observer A and uSP B is its 
velocity measured by B. (We use the symbol uS for particle velocity rather than vS, 
which we have already used for the relative velocity of two reference frames.) Equa-
tions 4.22 and 4.23 are known as Galilean transformation equations. They relate 
the position and velocity of a particle as measured by observers in relative motion. 
Notice the pattern of the subscripts in Equation 4.23. When relative velocities are 
added, the inner subscripts (B) are the same and the outer ones (P, A) match the 
subscripts on the velocity on the left of the equation.
 Although observers in two frames measure different velocities for the particle, 
they measure the same acceleration when vSBA is constant. We can verify that by taking 
the time derivative of Equation 4.23:

d uSP A

dt
5

d uSP B

dt
1

d vSBA

dt

Because vSBA is constant, d vSBA/dt 5 0. Therefore, we conclude that aSP A 5 aSP B 
because aSP A 5 d uSP A/dt and aSP B 5 d uSP B/dt. That is, the acceleration of the parti-
cle measured by an observer in one frame of reference is the same as that measured 
by any other observer moving with constant velocity relative to the first frame.

WW  Galilean velocity 
transformation

continued

Example 4.8   A Boat Crossing a River

A boat crossing a wide river moves with a speed of  
10.0 km/h relative to the water. The water in the river has a 
uniform speed of 5.00 km/h due east relative to the Earth.

(A) If the boat heads due north, determine the velocity of 
the boat relative to an observer standing on either bank.

Conceptualize Imagine moving in a boat across a river 
while the current pushes you down the river. You will not 
be able to move directly across the river, but will end up 
downstream as suggested in Figure 4.21a.

Categorize Because of the combined velocities of you rela-
tive to the river and the river relative to the Earth, we can 
categorize this problem as one involving relative velocities.

Analyze We know vSbr, the velocity of the boat relative to the river, and vSrE, the velocity of the river relative to the Earth. 
What we must find is vSbE, the velocity of the boat relative to the Earth. The relationship between these three quantities 
is vSbE 5 vSbr 1 vSrE. The terms in the equation must be manipulated as vector quantities; the vectors are shown in Fig-
ure 4.21a. The quantity vSbr is due north; vSrE is due east; and the vector sum of the two, vSbE, is at an angle u as defined 
in Figure 4.21a.
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Figure 4.21 (Example 4.8) (a) A boat aims directly across a 
river and ends up downstream. (b) To move directly across the 
river, the boat must aim upstream.
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rS 

Figure 4.20  A particle located 
at P is described by two observers,  
one in the fixed frame of refer-
ence SA and the other in the 
frame SB, which moves to the right 
with a constant velocity vSBA. The 
vector rSPA is the particle’s position 
vector relative to SA, and rSP B is its 
position vector relative to SB.

Both agree that Newton’s first law holds for P!

(But if B is in an accelerated frame, what does he see?)
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Newton’s First Law Implications

Quick Quiz 5.11 Which of the following statements is correct?

I. It is possible for an object to have motion in the absence of
forces on the object.
II. It is possible to have forces on an object in the absence of
motion of the object.

A I. only

B II. only

C Neither I. or II.

D Both I. and II.

1S&J page 114
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Newton’s Second Law

The really important one.

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.

(This expression assumes the mass of the object is constant!)



Newton’s Second Law

#»

Fnet = m #»a

Acceleration is directly proportional to the net force and in the
same direction. The constant of proportionality is the mass, m.

#»

Fnet ∝ #»a

Alternatively, given a net force, the magnitude of the acceleration
is inversely proportional to the mass of the object.

a ∝ 1

m



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 of
weight per kg of mass. Why?



Newton’s Second Law Implications

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

A Yes.

B No.
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Newton’s Second Law Implications

Question. If an object with mass 16 kg is acted upon by two
forces,

#»

F1 = −(10N)̂i and
#»

F2 = (2N)̂i, what is the object’s
acceleration?

A −1
2 ms−2 î.

B +3
4 ms−2 î.

C −3
4 ms−2 î.

D −2 ms−4 î.
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Newton’s Second Law Implications

Quick Quiz 5.3.2 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

2S&J page 116.
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Mass

What is mass?

Very loosely speaking, it is a measure of the amount of “stuff” in
an object.

As Newton’s second law implies, an object with greater mass is
more resistant to forces changing its velocity.

We call this resistance to changes in velocity “inertia”.

The mass that appears in Newton’s second law is sometimes called
inertial mass.

It happens to be equal to gravitational mass, because the strength
of gravitational interactions depends on mass. (More on this
later...)
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The Difference between Mass and Weight

What is the difference between mass and weight?

Mass is a measure of inertia. Weight is a force an object
experience due to a gravitational interaction.
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The Difference between Mass and Weight

mass

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.

weight

The force due to gravity on an object.

Objects in free-fall can be said to be weightless, but they still have
mass.

Weight Fg ,
Fg = mg

Units: Newtons.
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Summary

• Newton’s 1st & 2nd laws

• mass and weight

Quiz tomorrow, relative and/or circular motion.

(Uncollected) Homework Serway & Jewett,

• Ch 5, onward from page 136. Obj Ques: 1; Problems 3, 5, 7,
9, 11, 15, 17, 19


