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1 Forces and Motion

international system of units
Kelvin

electric current
Mole

decimal system
exponential

order of magnitude
weight

Hooker’s Law
Newton

density

motion

with respect to
frame of reference
speed

acceleration
average speed
vector

accelerated motion
uniformly accelerated motion
freely falling bodies
horizontal axis
magnitude
resultant

vector triangle
equilibrant
resolution
kinematics

the law of inertia

acceleration



reaction rolling friction
static friction fluid friction

the coefficient of friction
Main Conclusions

e Average speed is the total distance traveled divided by the elapsed time interval.

*  Velocity has direction as well as magnitude.

* Instantaneous velocity is the limiting value of Ax/At as At becomes vanishingly small;
Alternatively, it is the slope of the tangent to the displacement-time curve at a point.

e The area under the velocity-time curve between two time intervals is equivalent to the
displacement during that time interval.

. Average acceleration is the change in velocity divided by the time required for the
change.

e All bodies fall with the same acceleration due to gravity, g=09. 8m/s/s. If released from
rest and if air resistance is not important, they traveles the same distance in the same
amount of time.

e Newton’s laws tell us that a body in motion stays in motion at constant velocity along a
straight line unless acted upon by an external force; that a net force applied to a body
causes it to change its motion by accelerating, and similarly, an accelerating body does
so because a net force is applied; and that every action has an equal and opposite reac-

tion, applied to different bodies.



§ 1 Acceleration

We can change the state of motion of an object by chan-
ging its speed, its direction of motion, or both. Any of
these changes is a change in velocity. Sometimes we are in-
terested in how fast the velocity is changing. A driver on a
two-lane road who wants to pass another car would like to
be able to speed up and pass in the shortest possible time.
The rate at which the velocity is changing is called accelera-
tion. Because acceleration is a rate, it is a measure of how
the velocity is changing with respect to time.

change of velocity
time interval

acceleration =

We are familiar with acceleration in an automobile. The
driver depresses the gas pedal, which is appropriately called
the accelerator. The passengers then experience accelera-
tion, or “pickup” as it is sometimes called, as they are
pressed into their seats. The key idea that defines accelera-
tion is change. Whenever we change our state of motion, we
are accelerating. A car that can accelerate well has the abili-
ty to change its velocity rapidly. A car that can go from zero
to 60 km/h in 5 seconds has a greater acceleration than an-
other car that can go from zero to 80 km/h in 10 seconds. So
having good acceleration means being able to change velocity
quickly and does not necessarily refer to how fast something
is moving. [V

In physics, the term acceleration applies to decreases as
well as increases in speed. The brakes of a car can produce
large retarding accelerations, that is, they can produce a
large decrease per second in the speed. This is often called
deceleration, or negative acceleration. We experience decel-
eration when the driver of a bus or car slams on the brakes
and we tend to hurtle forward.

Acceleration applies to changes in direction as well as
changes in speed. If you ride around a curve at a constant
speed of 50 km/h, you feel the effects of acceleration as
your body tends to move outward toward the outside of the

curve. You may round the curve at constant speed, but your

[1]



velocity is not constant, because your direction is changing
every instant. Your state of motion is changing: you are ac-
celerating. Now you can see why it is important to distin-
guish between speed and velocity and why acceleration is de-
fined as the rate of change in wvelocity, rather than speed.
Acceleration, like velocity, is directional. If we change
either speed or direction, or both, we change velocity and
we accelerate.

In much of this book we will be concerned only with
motion along a straight line. When straight-line motion is
considered, it is common to use speed and velocity inter-
changeably. When the direction is not changing, accelera-
tion may be expressed as the rate at which speed changes.

acceleration (along a straight line) = w
time interval
Speed and velocity are measured in units of distance per
time. The units of acceleration are a bit more complicated.
Since acceleration is the change in velocity or speed per time
interval, its units are those of speed per time. If we speed
up, without changing direction, from zero to 10 km/h in 1

second, our change in speed is 10 km/h in a time interval of

1 s. Our acceleration along a straight line is

acceleration = ch?nge.in speed _ 10 km/h _ 10 km/h « s
time interval 1s
The acceleration is 10 km/h * s, which is read as “10
kilometers per hour-second.” Note that a unit for time en-
ters twice:; once for the unit of speed and again for the inter-

val of time in which the speed is changing.

§ 2 First Law of Motion

Law of Inertia

Although this law is generally credited to Newton, it
was first recognized by Galileo. It states:

When no net or resultant force acts upon it, a body at
rest remains at rest and a body in motion continues to move
in the same direction in a straight line with constant speed.

According to this law, a body naturally tends to contin-
ue in whatever state of motion or rest it is at any instant and

J— 6 J—

1]



tends to resist any changes. The extent to which a body re-
sists changes in its state of rest or motion is characteristic of
the body and is called its inertia. We frequently experience
the effects of inertia in trips in the family car. When the car
starts suddenly, we are thrown backward against the seats.
Since we were at rest, we tend to remain at rest even when
the car surges forward. When the car is moving and slows
down or stops suddenly, we find ourselves thrown forward.
Our inertia tends to keep us moving forward at the same
speed, even though the car is slowing down. Again, when a
car makes a sharp right turn, we are thrown to the left.

Inertia causes buildings to collapse during an earth-
quake because the buildings tend to stay at rest while the
earth under them moves.

Thought Experiment Leading to the First Law

The condition in which no net force acts upon a body [1]
can often be approximated but never attained. ™! Every body ’ ’
we observe has a net force acting on it. Even a body at rest °
on the earth’s surface is acted upon by the unbalanced gravi-
tational force of the sun, which keeps it and the earth orbit-
ing around the sun.

How then can we find out how a body would move
when there is not net force acting on it Here, physicists
imagine a situation in which the unattainable conditions exist
and experiment with it in thought. Galileo used this ap-
proach in arriving at the principle of inertia.

First Galileo observed that a ball allowed to roll down
one hill and up a second hill reaches practically the same

horizontal level from which it started. (See Fig. 1.1). He
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Fig. 1.1 Thought experiment that suggested the law of inertia.
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10.

11.

12.

13.

resistance.

b. After the ball reaches the top and begins its re-
turn back down, by how much does its speed in-
crease each second

c. Compare the times going up and coming down.
A ball is thrown straight up. What will be the in-
stantaneous velocity at the top of its path What
will be its acceleration at the top Why are your an-
swers different
An object weighs 300 N on Earth and 50 N on the
moon. Does the object also have less inertia on the
moon
In a cheerleading act, two cheerleaders with masses
of 55 kg and 63 kg, respectively, are thrown from
the same height vertically upward with the same in-
itial speed of 3. 6 m/s. What is the maximum
height above the point of release reached by each
A 1500 kg automobile travels at a speed of 90 km/h
along a straight concrete highway. Faced with an
emergency situation, the driver jams on the brakes
and skids to a stop. What will the stopping dis-
tance be for (a) dry pavement and (b) wet pave-
ment

A 4.0 kg block initially at rest at a height of 1. 8 m

on a frictionless inclined plane slides 2. 5 m to the

bottom of the plane and out on to a level surface. If
the block experiences a constant frictional force of

2.5 N on the level surface, how far from the bot-

tom of the inclined plane does the block travel be-

fore coming to rest

A jet catapult on an aircraft carrier accelerates a

plane weighing one metric ton uniformly from rest

to a launch speed of 320 km/h in 2. 00 s. What is
the magnitude of the net force on the plane

Two blocks of ice, weighing 80 N and 50 N, sit

side by side in contact with each other on a horizon-

tal surface. (a) If a constant horizontal force of 40

N is applied to one of the blocks in the direction of

the other block, what is the resulting acceleration



14.

10

(Neglect friction. ) (b) If the force is applied to the
block at an angle of 25° below the horizontal, what
would be the acceleration

A 1.5 kg object moves up the y axis with a con-
stant speed. When it reaches the origin, the forces
F,=5.0 N at 37° relative to the positive x axis
(first quadrant), F, = (2. 5N) 2, F; =3. 5N at 45°
relative to the negative x axis (third quadrant),
and F,=(—1.5N)y are applied to it. (a) Will the
object maintain a path along the y axis (b) If not,
what simultaneously applied force will keep it mov-

ing along the y axis with a constant speed



Ch.2 Two Dimensional Motion

Glossary

two-dimensional motion plane

projectile circular motion
horizontal motion vertically downward movement
vertical plane curved surface
circular orbit period

centripetal acceleration radius

vibrations centripetal force
pendulum oscillation
frequency amplitude

Hertz equilibrium position

Main Conclusions

We can determine the sum of two vectors by using geometry, algebra, or trigonometry,
However, it is a good idea, especially at the outset, to always make a scale drawing.
Vectors are added graphically by making a scale drawing and adding the vectors head to
tail.

Many bodies remain in the same plane while they are moving. Their motion can there-
fore be described in two dimensions.

In the discussion of projectile motion, we have made several simplifying assumptions.
Among these are the following: (1) The Effect of air resistance can be neglected. (2)
The earth may be considered a flat rather than a curved surface when the distance
traveled by the projectile is small. (3) For these small distances, the direction in which
the earth’s gravity accelerates the projectile remains virtually the same. (4) The projec-
tile remains in the same vertical plane throughout its flight. In reality, none of these as-
sumptions is exactly true,

A very important type of motion is that of a body moving in a circle at constant speed.
The time taken by a body moving in a circle to go around the circle once and return to its
starting point is called the period.

Many motions take the form of vibrations or oscillations. Although these motions take
place in a straight line, they are closely related to uniform circular motion. In describing
the vibrational motion of a body, we generally refer to its amplitude, its period, and its



frequency.
In simple harmonic motion, the acceleration is proportional to the displacement of a
body from the center of vibration and directed toward that center. Examples of simple

harmonic motion are the vibrations of a body attached to a spring and the vibrations of

the bob of a pendulum.

12



§ 1 Range of a Projectile

The horizontal range of a projectile is the horizontal dis-
tance traveled during the time the projectile rises and returns
to its initial height. If we can ignore the effects of air resist-
ance, we can show that the range depends on the initial ve-
locity (both the magnitude and the launch angle) in a rela-
tively simple way.
Fig. 2.1 depicts the parabolic path of a football projec-  Atmaximum

height vertical

ted upward. The football’s initial velocity v, makes an angle § gompomnot
CCOMmes

with the horizontal. The horizontal component of velocity is

v,cosf and is constant because there is no horizontal acceler-

R
: Vit vy sing
ON ™

ation. (As usual, we have neglected air resistance. ) The in-
itial vertical or y component of velocity is v,sinf. The verti-
cal component of velocity changes with time as a result of Fig. 2.1 Range of a projectile

gravitational acceleration. As the object rises, it slows down (football) with initial velocity v,

. . . . . directed at an angle 8 with respect
and its vertical component of velocity v, at any time 7 is :
’ to the horizontal.
v, = vosinfd — gt »
where the initial vertical velocity is v,sind and the accelera-
tion is —g.
The time for an object thrown upward from the ground
to reach its maximum height and the time for it to fall to the
ground again are the same, provided the initial height and
final height are the same. This symmetry in the upward and
downward part of the path results from the fact that the ac-
celeration of gravity, g, is the same for upward and down-
ward motion at any height. The total time, T, that the ob-
ject is in the air is then twice the time required for it to reach
its maximum height. At the maximum height, the vertical
component of velocity becomes zero; that is, the projectile
stops rising before it begins to fall down. (It continues mov-
ing horizontally at this point.) Thus at the maximum
height, v,=0,t=7T/2, and the velocity equation in the ver-

tical direction becomes
. T
0= “uosm@—g 7

Upon rearranging, we find the time T to be
2v, sind
R

T =



The range R, indicated in Fig. 2. 1, is the horizontal
distance traveled in the time T during which the projectile
returns to the height of its initial position. The range is giv-
en by v.t,with v,=w,cos0 and t=T:

R = v, (cos® T.
If the previous equation is used for the time T, the expres-
sion for the range becomes

208

g
Making use of the trigonometric identity 2 sinfcosd= sin20,

R = sinfcosf.

we can express the range as

2
Uo

R = —sin20. 2. D
g

Eq. (2. 1) gives the range of a projectile thrown upward
with an initial speed v, at an angle @ with respect to the hori-
zontal. In cases where air resistance plays a role, the range
is usually less than the amount given by this expression. An
obvious exception is the Frisbee, a light disk that acquires a
lifting force from the air passing over its surface.

Fig. 2.2 shows the paths of an object projected upward
at various angles with the same initial speed. Fig. 2.3 is a
graphical representation of Eq. (2. 1). From either figure
we can see that the maximum range occurs when §= 45°.
(At this value of 4, sin 20 has its maximum value of 1.) The
expression for the maximum range R, is then
o

g

Ry =

Example 1

How far will a stone travel over level ground if it is
thrown upward at an angle of 30. 0° with respect to the hori-
zontal and with a speed of 12. 0 m/s What is the maximum
range that could be achieved with the same initial speed
Solution

Using Eq. (2.1), we have

2 92 . o
. (12.0 m/s)*sin(2 X 30.0°)
R = Yin2p =

g sinZ0 9. 80 m/s’

Throwing at an angle of 45.0°, we get the range

= 12.7 m.

2
R.. =2 =14.7 m.
g

Vertical distance(meters)
SIS

24681012 14161820=
Range(meters)

Fig. 2.2 Trajectories of an object
thrown upward with the same initial

speed at various angles of inclination,

20
15
10

Range (meters)

010 20 30 40 50 60 70 8090
Angle (degrees)
Fig. 2.3 Range versus angle with

respect to the horizontal for the same

initial speed.



