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Chapter 5

(Force and Motion)
The Laws of Motion

5.1 Newton’s First Law of Motion:

Newton’s First Law of Motion Sometimes called the ( law of inertia).
The term inertia is described as (the tendency of an object to resist
changes in its motion). Another statement of Newton’s first law is

(In the absence of external forces, an object at rest remains at rest and
an object in motion continue in motion with a constant velocity in a
straight line).

In other words, when no force acts on an object, the acceleration of the
object is zero; the object is treated with the particle in equilibrium

model. In this model, the net force on the object is zero:

JE=0 (5.1)

e Force: From the first law, we can define force as that which causes
a change in motion of an object.

e Mass: we can define mass is that property of an object that
specifies how much resistance an object exhibits to changes in its
velocity. Mass is a scalar quantity. The SI unit of mass is the
kilogram. Mass should not be confused with weight. Mass and
weight are two different quantities. The mass of an object is the
same everywhere.

o Weight: The weight of an object is equal to the magnitude of the
gravitational force exerted on the object and varies with location.
For example, a person weighing (84 kg) on the Earth weighs only

about (14 kg) on the Moon, that means (1/6) his weighs on the Earth.
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5.2 Newton’s Second Law
Newton’s first law explains what happens to an object when no forces
act on it: it either remains at rest or moves in a straight line with constant
speed. Newton’s second law answers the question of what happens to an
object when one or more forces act on it.
e The acceleration of an object is directly proportional to the force
acting on it; Fo &
e The magnitude of the acceleration of an object is inversely
proportional to its mass: |a| < 1/m
Newton’s second law: The acceleration of an object is directly
proportional to the net force acting on it and inversely proportional to its
mass:

SF

N
ax
m

If we choose a proportionality constant of 1, we can relate mass,
acceleration, and force through the following mathematical statement of

Newton’s second law:

Newton’s second law (5.2)

e The net force (ZF) on an object is the vector sum of all forces
acting on the object.

e The Sl unit of force is the newton (N).

e The definition of the newton is: A force of 1 N is the force that,
when acting on an object of mass 1 kg, produces an acceleration of
1 m/s°.

1 N =1kg . m/s*
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5.3 The Gravitational Force and Weight

All objects are attracted to the Earth. The attractive force exerted by
the Earth on an object is called the gravitational force l_?)g. This force is
directed toward the center of the Earth, and its magnitude is called the
weight of the object.

A freely falling object experiences an acceleration (g) acting toward
the center of the Earth. Applying Newton’s second law SF=m3

to a freely falling object of mass m, with = g and X'F = F,, gives

F,=mg (5.3)

e The weight of an object is equaltomg: F=mg

e Because it depends on g, weight varies with geographic location.
Because g decreases with increasing distance from the center of the

Earth, objects weigh less at higher altitudes than at sea level.

5.4 Newton’s Third Law

When your finger pushes on the book, the book pushes back on your

finger. This important principle is known as Newton’s third law:
(If two objects interact, the force Fy, exerted by object 1 on object 2 is

equal in magnitude and opposite in direction to the force T,y exerted by

object 2 on object 1):
_F)12 - - F)Zl (5.4)

e 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.
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e The action and reaction forces act on different objects and must be
of the same type (gravitational, electrical, etc.).

Some Applications of Newton's laws:

Example (5.1):

A traffic light weighing 122 N hangs from a cable tied to two other
cables fastened to a support as in the figure a. The upper cables make
angles of 37° and 53° with the horizontal. These upper cables are not as
strong as the vertical cable and will break if the tension in them exceeds
100 N. Does the traffic light remain hanging in this situation, or will one
of the cables break?

Solution:

We construct a diagram of the forces acting
on the traffic light, shown in the figure b, and a free-body
diagram for the knot that holds the three cables together, shown in the
figure c. This knot is a convenient object to choose because all the forces

of interest act along lines passing through the knot. If"
T

e Apply equation (5.1) for the traffic light in

the y direction:

S H=0-T - =0 l

. g T‘:E
I;=F,= 122N

Choose the coordinate axes as shown in the figure ¢ and resolve the

forces acting on the knot into their components:
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Force x Component y Component

T, —T, cos 37.0° 1, sin 37.0°
T, T, cos 53.0° T, sin 53.0°
T 0 ~122 N

Apply the particle in equilibrium model to the knot:

(1) > F, = —T, cos 37.0° + T, cos 53.0° = 0
@) S F, = T, sin 37.0° + T, sin 53.0° + (—122N) = 0

cos 37.0°

cos h3.0°

()5 = :r“.( ): 1A%

Substitute this value for T, into equation (2):

T; sin 37.0° + (1.337;)(sin 53.0°) — 122N = 0
T, ="734N
T, = 1.33T; = 974N

Both values are less than 100 N, so the cables will not break.

Example (5.2):
A car of mass m is on an icy driveway inclined at an angle u as in the
figure a.
(A) Find the acceleration of the car, assuming the driveway is
frictionless.
Solution:

(1) D F,= mgsin 0 = ma,
2 > Fy,=n—mgcosd =0

(3) a, = gsinéd /"
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Note that the acceleration component a, is independent of the mass of the

car! It depends only on the angle of inclination and on g.

(B) Suppose the car is released from rest at the top of the incline and
the distance from the car’s front bumper to the bottom of the
incline is d. How long does it take the front bumper to reach the
bottom of the hill, and what is the car’s speed as it arrives there?

Solution:
Apply equation: X = Xi +Vt + %axt2
x =d , x;=0 and v,; =0 then dzéaxt2

Solve for t: ¢ ;E: [od
b L& V gsin ¢

Use equation: Ve = vy 228 (X - Xi)
with v,; = 0, to find the final velocity of the car:

Uxfz = Zaxd

v = V2a.d= \V2gising

Example (5.3):

When two objects of unequal mass are

hung vertically over a frictionless pulley of negligible ‘ “H

mass as in the figure a, the arrangement is called an .
Atwood machine.

The device is sometimes used in the lab. to determine the value of g.
Determine the magnitude of the acceleration of the two objects and the

tension in the lightweight cord.
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Solution:
The objects in the Atwood machine are subject to the gravitational force

as well as to the forces exerted by the strings connected to them.

Two forces act on each object: the upward force T (tension) exerted by

the string and the downward gravitational force.

Apply Newton’s second law to object 1: % TA
'I}‘!j
> FE=T-mg=ma, - T
Apply Newton’s second law to object 2: maEY
> F,= myg — T= mya,
— mg + myg = ma, + mya,
; M — M,
Solve for the acceleration:  «,= [mi ¥ o )h
. . . 4 7o
To find the tension T of the string: T=mig#a) = (m ’”'”n; )h
RS s

Example (5.4):

A ball of mass m; and a block of mass m, are attached by a
lightweight cord that passes over a frictionless pulley of negligible mass
as in the figure a. The block lies on a frictionless incline of angle 6.

Find the magnitude of the acceleration of the two objects and the tension

in the cord.

. ~
Solution: n
If m, moves down the incline, then m; moves a fm

6™
upward. Because the objects are connected by a

cord (which we assume does not stretch), their
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accelerations have the same magnitude.
Apply Newton’s second law in component form to the ball,

choosing the upward direction as positive: y

()X E=0 .

g

(2) X F,=T—mg=ma,=ma

For the ball to accelerate upward, it is necessary that T > m,g.

Apply Newton’s second law in component form to

the block:

o cosh
mag cost )

(3 E Fp = magsin 8 = T= mat, = ol

4 > Fy=n— mygcosf=0

We replaced (a, ) with (a ) because the two objects have accelerations of

equal magnitude (a).
Solve equation (2) for T : (5) T=m(g+a)

Substitute this expression for T into equation (3):

mogsin @ — m(g + a) = mya

Solve for (a):

: (mz sin @ — m‘.,)
( o= —m e ¥
) my+m, J°

Substitute this expression for (a) into equation (5) to find T :

myms(sind + 1)
(7) T= ( I'4

my + My
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5.5 Forces of Friction

When an object is in motion either on a surface or in a viscous
medium such as air or water, there is resistance to the motion because the
object interacts with its surroundings. We call such resistance

a force of friction.
o |f we apply an external horizontal force F to a block for example,
acting to the right, the block can remains stationary when TF is

small. The force on the block that counteracts F and keeps it from

moving acts toward the left and is called the force of static
friction _ﬁ . As long as the block is not moving, f; = F. Therefore, if

F is increased, _ﬁ also increases. Likewise, if F decreases, _f)s also

decreases.

e We call the friction force for an object in motion the force of
Kinetic friction T .

e The magnitude of the force of static friction between any two
surfaces in contact can have the values:

fs = psn (5.5)

Where the dimensionless constant (u) is called the coefficient of
static friction and (n) is the magnitude of the normal force exerted by
one surface on the other.

e The equality in equation (5.5) holds when the surfaces are on the
verge of slipping, that is, when f; = f, . = Ush. This situation is
called impending motion.

e The inequality holds when the surfaces are not on the verge of
slipping.

e The magnitude of the force of kinetic friction acting between two

surfaces is:
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Jr = Mgt (5.6)
Where (i ) Is the coefficient of kinetic friction.

e The values of py and ps depend on the nature of the surfaces.

e L is generally less than p.

Typical values range from around (0.03 to 1).

e The direction of the friction force on an object is parallel to the
surface with which the object is in contact and opposite to the
actual motion (kinetic friction) or the impending motion (static
friction) of the object relative to the surface.

Example (5.5):

A block is placed on a rough surface inclined relative to the
horizontal as shown in the figure. The incline angle is increased until the
block starts to move. Show that you can obtain s by measuring the
critical angle 6 at which this slipping just
occurs?

Solution:

(1) 2 F,= mgsin® — f,= 0
2 > F,=n— mgeost =0

Substitute ( mg = n/cos ) from equation (2) into

equation (1):

(3) f, = mgsinf = ( i ) sinf! = ntan #

cos

When the incline angle is increased until the block is on the verge of
slipping, the force of static friction has reached its maximum value ps n.
Msn=ntan 6

Hs =tan 6
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Example (5.6):

A block of mass m, on a rough, horizontal surface is connected to a
ball of mass m; by a lightweight cord over a lightweight, frictionless
pulley as shown in the figure a. A force of magnitude F at an angle ©
with the horizontal is applied to the block as shown, and the block slides
to the right. The coefficient of kinetic friction between the block and
surface is .

Determine the magnitude of the acceleration of the two objects.

Solution:

(1) 2 F,= Fcos — f, = T=mya,= maa 5;’"1

(2) 2 F.=n+ Fsin'— myg= 0 J Fsinf
' - w ol F
) T 0
T = — :
t _ﬂ-‘- o Fcost
m]
D

(3) 2 F,=T— mg=ma,= ma
Solve equation (2) for n:
n= meg — Fsin @

Substitute (n) into fy = N :
4 fi = p{mog — Fsin 0)

Substitute equation (4) and the value of (T ) from equation (3) into
equation (1):

Fcos 0 — p(meg — Fsin0) — my(a + g) = mya
Solve for a:

Flcos @ + LLg SIN f) — (my + ]u;,mﬂg

(B) a=
m; + ms
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