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Chapter 4. The Laws of Motion { f;ﬁwﬁ

Dynamics: Force and Mass
Newton’s first law of motion
Newton’s second law of motion
Types of forces

Newton’s third law of motion

Newton’s law of gravity
Solving a problem: Examples
Application of Newton’s Laws

1642-1726
Isaac Newton’s worR represents one of the greatest
contributions to science ever made by an individual
GENERAL PHYSICS
PHYS252



4.1. Dynamics: force and mass

* Describes the relationship between the motion
of objects in our everyday world and the forces
acting on them.

* Language of Dynamics

Force: The measure of interaction between two
objects (pull or push). It is a vector quantity - it
has a magnitude and direction.

+ May be a contact force or a field force

Contact forces result from physical contact
between two objects

Field forces act between disconnected
objects => Also called “action at a distance”.

Mass: The measure of how difficult it s to
change object’s velocity (sluggishness or inertia

of the object). _ e @ @ Q



Examples of contact forces and field forces

Contact forces result
from physical contact
between two objects

Field forces act
between disconnected
objects => Also called
“action at a distance”
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Forces

Gravitational Force

Archimedes Force
Friction Force
Tension Force
Spring Force
Normal Force
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Vector Nature of Force

* Vector force: has magnitude and direction
* Net Force: a resultant force acting on object

ﬁﬂﬁfzz}?}:ﬁl+ﬁ2+ﬁ3+ .....

* You must use the rules of vector addition to
obtain the net force on an object.




4.2. Newton's First Law
Aristotle and Galileo

® Aristotle (4t" century BC) was a Greek polymath.

* He was very influent in philosophy, science, and
education.

* He classified motion into natural motion (motion of
a body towards its natural place) and violent motion
(motion of a body away from its natural place).

*» He had two assertions about motion and force.

A heavier object falls faster than a lighter object.

The natural state of an object was at rest. To keep
the object in motion, a force was necessary.




Aristotle and Galileo Galiless

¢ QGalileo Galilei (16®" century) was an
I[talian polymath.

- His famous Leaning Tower of Pisa ”“”1
|

experiment showed that objects of T
different masses fall with the same [y
acceleration. o
« In case the objects don’t fall the same, FaE————
he thought it is because of the air I
resistance. He postulated that in the

absence of air, all objects would fall the
same.

« The Moon has no atmosphere. If you can
get there, like David Scott, you can check
Galileo’s theory.

* You can also check this theory on the
Earth by using a vacuum tube.



Aristotle and Galileo (cont.)

» Aristotle’s first assertion (s i(hcorrect because it
does not agree with experiment. How about his
second assertion?

* Galileo did another experiment with a ball rolling on
planes inclined at wvarious angles with negligibly
small friction

Initial position Final position

Where is final position?

* He concluded that although a force is needed to start
an object moving, no force is needed to keep it
moving — except for the force needed to overcome
friction.



Aristotle and Galileo (cont.)

* Galileo made a revolution. He was at odds with
others around him, who held to Aristotelian ideas.

* His assertions about motion and force are against
Aristotle but are consistent with experiments.

All objects would fall with the same constant
acceleration in the absence of air resistance.

It is just as natural for an object to be in motion with
a constant velocity as it is for it to be at rest




4.2. Newton's First Law

* Isaac Newton based upon and continued with Galileo’s
ideas.

* His book “The Principia”, one of the most important
books in human history, includes the three Newton’s
laws of motion.

& Statement of the law

Every object continues in a state of rest or of uniform
velocity unless acted on by a nonzero net force.

* This law can be regarded as a restatement of Galileo’s
idea.

It means that every object has an inertia
That is why it is also called the law of inertia



4.2. Newton's First Law

# Statement:

“An object at rest tends to stay at rest
and an object in motion tends to stay
in motion with the same speed and in
the same direction unless acted upon
by an unbalanced force”

g

An object at rest remains at rest as long as no net force acts
on (1t

An object moving with constant velocity continues to move
with the same speed and in the same direction (the same
velocity) as long as no net force acts on it

“Keep on doing what it is doing”.

When forces are balanced, the acceleration of the object is
zero

0 Objectatrest:v=0anda =0

2 Object in motion:v0anda =0

The net force is defined as the vector sum of all the external
forces exerted on the object. If the net force is zero, forces are
balanced. When forces are balances, the object can be
stationary, or move with constant velocity.



Mass and Inertia

Inertia (s a property of objects to resist changes
of motion!
Mass is a measure of the amount of inertia.

Mass is a measure of the resistance of an object
to changes in its velocity
Mass is an inherent property of an object

Scalar quantity and Sl unit of mass: kg



Newton’s first law explains what happens to an
object when no forces act on it: it etther remains
at rest or moves in a straight line with constant

speed.

So, what will happen to an object if
the net force is not zero?

Newton’s 2nd law answers this question.



4.3. Newton's Second Law

When the net force acting on an object is nonzero, the
object is accelerated. -

Its acceleration depends on:
+ the net force (@« F

dirvection as F ),

+ its mass (a «< 1/m ) .

Statement of the law:

~_YIF _Fue
“The acceleration of an object is a=—"=—
- directly proportional to the net force acting on ii
- is in the same direction as the net force
- and inversely proportional to its mass” Fuce= ) F =ma

Note: the equations are in 51 unit system



4.3. Newton's Second Law

* For the same mass, by doubling the net force, the
acceleration will be doubled.

* For the same net force, by doubling the mass, the
acceleration will be halved.

ax Fandaxl1l/m — ax F/m or a:k.i

* The constant k depends on the system of units in
used.

We use the Sl units and in this system k = 1.

Ty

net

=)
|
S



4.3. Newton's Second Law
Free fall

* Free fall is the fall of an object under the action of
the force of gravity only (no air resistance).

F=ma— W =mg ( g (s the free fall
acceleration)

* For an object of a double mass, the weight is double.
Thus, g has the same value for all objects
(consistent with Galileo).

The approximate value: g = 9.81 ms™?

* Free fall can be observed in a vacuum tube or on the
Moon.

* For a stone falling on Earth in a short distance, air
resistance is negligible, and the fall is approximately
a free fall.



4.3. Newton's Second Law

Non-free fall
* Non-free fall is the fall when air resistance R 457
significant. K
Fret = mg — R, HZFHH_’ a:g_i
m m ___‘)
* There is a mutual relation between ©
speed and acceleration. \g )
* As the speed increases, the air resistance incredses

causing a decrease in acceleration.

* The speed keeps increasing (because of the
acceleration) and the acceleration keeps decreasing
(because of the increase in speed). This happens
until the acceleration becomes zero.

* That s when the speed reaches a maximum
constant value, called terminal speed.



Units of Force

* From Newton’s second law:

?TIEE - EF - mf_i

* Sl unit of force is a Newton (N)
1N =1Xem

52

* US Customary unit of force is a pound (lb)
1 N=0225 (b
« Weight, also measured in lbs. is a force (mass

x acceleration). What is the acceleration in
that case?



More about Newton's 2nd Law

* You must be certain about which body we are
applying it to

« F._, must be the vector sum of all the forces that act
on that body

* Only forces that act on that body are to be included
in the vector sum

 Net force component along an
axis gives rise to the acceleration
along that same axis

Fnet,x = ma, Fnet.y = ma




Sample Problem

« One or two forces act on a puck that moves over
frictionless ice along an x axis, in one-dimensional
motion. The puck's mass is m = 0.20 kg. Forces F;
and F, and are directed along the x axis and have
maghnitudes F; = 4.0 N and F, = 2.0 N. Force F; is
directed at angle 8 = 30° and has magnitude F; = 1.0
N. In each situation, what s the acceleration of the
puck?

a)F, = ma,

F;, 40N 20 )
p — = — mys/s
T 0.2kg /
b)F, — F; = ma,
_Fl—Fz_ﬂl.UN—Z.UI‘J_ -
@, = — 0.2kg = 10m/s
c)F; — F;, = ma, F3, = F;cos6
Fretx = may . _F5c0s6—F _ 1.0N cos 30° — 2.0N
. m 0.2kg

= —5.7m/s?



4.4. Types of Forces
a) Gravitational Force
» Gravitational force is a vector

« Expressed by Newton’s Law of Universal
Gravitation:

Mm
Fg — GF
G - gravitational constant, 6.67x10-11 N.m?/kg=.
M — mass of the Earth, 5.97x10% kg
m — mass of an object

R — radius of the Earth, 64000 km
* Direction: pointing downward




Weight

* The magnitude of the gravitational force acting
on an object of mass m near the Earth’s surface
(s called the weight W of the object:

W=F; =mg

* g can also be found from the Law of Universal
Gravitation

mM
fg =0T
_ oM _ 2
=>g=65=98m/s
* Weight has a unit of: N

* Weight depends upon location




Normal Force

* Force from a solid surface
which keeps object from
falling through

* Direction: always
perpendicular to the surface

* Magnitude: depends on
situation

Mormal force ';_"1




When an object is moving in contact with a surface, it is
experienced by

(1) Gravitational force or weight the earth exerts on a body
that is proportional to gravitational acceleration g =
according to Newton’s second law : w = mg

- Direction: vertical to the earth’s
surface.
- Heading: toward to the earth’s
surface.
(2) Contact forces: the surface exerts

oh object ;
- One component that acts perpendicular to

the surface of contact, is so-called Normal (N)

Motion’s
direction

- Other one that acts parallel to the
surface and n opposite to motion’s
direction, is so-called Frictional force.

>
Ef = uN (i coefficient of kinetic friction)

- The vector addition of normal and friction
force gives the vector sum which is just
contact force.



Tension Force: T

A taut rope exerts forces
on whatever holds its

ends L
R LN _ ———j'_"{;":-:'._

» Direction: - always 2070 NG Frope

- - b Nt - | L

N - - _—

* Magnitude: depend on
situation




Exumple

@ (Given

¢ m, and my are connected by a rope that both
objects acted by the same tension force.

¢ m, moves on a ramp at an inclined angle of «,
motion’s direction of myg 1s vertical, both have the
same accelerations.

# Free body diagram and vector dynamic equations
@ ForA: mid=N+Ww,+T+F
(noted: w, has w, - and w, -components which are | and // to the ramp)
@ ForB: mga=ws+T
% Solution

# Take the projection of force vectors along the direction of acceleration vectors of
each object resulting in

\ AYCF NN o =T— uN—m,gsina (1)

¢ For B:




Free body diagram

% For making the analysis of problem of particle’s dynamic it is necessary to
identify all the forces acting on the body, not forces body exert to the others.

% Free-body diagrams are essential to help identify the relevant forces,

¢ showing the chosen body by itself, "free"
of its surroundings, with vectors drawn to
demonstrate the magnitudes and directions
of all the forces applied to the body that
interact with it.

Fy ,
¢ When a problem involves more than one body, it must be considered apart,
then the separate free-body diagram 1s drawn for each body.




4.5. Newton's Third Law of motion

* A force acting on an object must be acted by another
object

* The hammer acts an action force on the nail, pushing
the nail into wood. What makes the hammer slows
down and stops?

* The nail must act a reaction force back on the
hammer.

* We say that the hammer and the nail interact each
other.



4.5. Newton's Third Law of motion (cont.)

* Hang two bars which have
identical shape and mass.

* The magnet attracts the iron
bar, makes the cables hang
the 1ron bar inclined.

* However, the cables hang the magnet are also
inclined. This means that the iron bar attracts the
magnet too.

* Also, the angles of inclination are the same,
meaning that the interacting forces have the same

magnitude:
F21 — _F12



4.5. Newton's Third Law

* When an object exerts a force on
another, the second exerts an equal
and opposite force on the first.

« Notice that F,, and Fy, are interacting forces, one is called action
and the other 1s called reaction. Neither of them exists without the
other.

* However, the two forces do not balance each other since they act on
different objects.

If object 1 and object 2 interact, the force exerted by object 1
on object 2 is equal in magnitude but opposite in direction to

the force exerted by object 2 on object 1:
Fi2 = —F3




4.5. Newton's Third Law (cont.)

* F,, may be called the action force and F,,; the
reaction force

* Actually, either force can be the action or the reaction
force

* The action and reaction forces act on different
objects =

Equivalent to saying a single isolated force cannot exist



Some Action-Reaction Pairs

Cannaloupe € Cantaloupe

| Table T

Earth E Earth




4.6. Newton's law of Gravitation

Universal gravitation:

* My grandma told me that the Earth was flat, above
the sky was the heaven and under the ground was
the hell.

o If the Earth s a sphere, how can people on the
other side stay on the ground? Would they fall out
of the Earth?

* Physics helps me know that people all around the
spherical Earth are attracted by a force of gravity
(gravitational force).

We are acted by the gravity because we have a
mass.

The Earth gives the force because it has a mass

[ The origin of gravitational force is the mass. ]




4.6. Newton's law of Gravitation

Universal gravitation:
* Newton was inspired by the apple incident.

o If gravity acts at the top of a tree then perhaps it
acts all the way to the Moon. This produces a force
that keeps the Moon in its orbit around the Earth.

° In the next step, he believed that what keeps the
planets in their orbits around the Sun is also the
gravitational force.

 Furthermore, if gravity acts between these objects,
why not between all objects on the universe?

(It appears for any objects which

Gravitational force is universal.
have masses.)




SRV —— 4.6. Newton's law of Gravitation

* Two point masses attract each other with a force
which s proportional to the product of their masses

and tnversely proportional to the square of their
separation.

F < mm, F < — F = g™z

* The coefficient G s called the gravitational
constant G = 6.67 X 10—11 Nmz kg—z

Note that:
* The law is stated for two point masses.

* However, it can be applied for 2 uniform spheres
with r s the distance between their centers.



4.3. Solving a probl,em
Free Body Diagram

« The most important
step (n solving problems
tnvolving Newton’s
Laws is to draw the free
body diagram

* Be sure to include only
the forces acting on the
object of interest

* Include any field forces
acting on the object

« Do not assume the
normal force equals the
weight

Y

F hand on book
F

W

F Earth on book
(a) (b)
Physical Free-body
picture diagram



Hints for Problem-Solving

* Read the problem carefu[ly at least once

* Draw a picture of the system, identify the object of
primary interest, and indicate forces with arrows

* Label each force in the picture in a way that will bring to
mind what physical quantity the label stands for (e.g., T
for tension)

 Draw a free-body diagram of the object of interest, based
on the labeled picture. If additional objects are involved,
draw separate free-body diagram for them

* Choose a convenient coordinate system for each object

« Apply Newton’s second law. The x- and y-components of
Newton second law should be taken from the vector
equation and written individually. This often results in
two equations and two unknowns

« Solve for the desired unknown quantity, and substitute
the humbers




4.6.1. Objects in Equilibrium

Objects that are either at rest or moving with
constant velocity are said to be in equilibrium

Acceleration of an object can be modeled as zero: d =
0

Mathematically, the net force acting on the object
S zero.

Equivalent to the set of component equations given
by

YE =0

LE =0



Equil.ibrium: Example 1

* A lamp (s suspended
from a chain of
negligible mass

* The forces acting on the
lamp are
* the downward force of
gravity F,
* the upward tension in the
chain: T
* Applying equilibrium
glves

z@,:O—ﬁ'—@:O—}T:@



Equil.ibrium. Example 2

* A traffic light weighing 100 N hangs from a
vertical cable tied to two other cables that are
fastened to a support. The upper cables make
angles of 37° and 53° with the horizontal. Find
the tension in each of the three cables.

3 Conceptualize the traffic light
= Assume cables don’t break
= Nothing i1s moving

2 Categorize as an equilibrium problem
= No movement, so acceleration 1s zero

» Model as an object in equilibrium




Equil.ibrium. Example 2

* Need 2 free-body
diagrams
* Apply equilibrium equation
to light

(b) (c)

2007 Thomeor Hgher Tdw § 2007 Thosmon Hgher ESuceion



4.6.2. Accelerating Objects

* If an object that can be modeled as a
particle experiences an acceleration,
there must be a nonzero net force acting
on (t

* Draw a free-body diagram

* Apply Newton’s Second Law (n
component form




Accelerating Objects, Example

* A man weighs himself with a scale in an elevator.
While the elevator is at rest, he measures a
weight of 800 N.

« What weight does the scale read if the elevator
accelerates upward at 2.0 m/s?? a = 2.0 m/s?

« What weight does the scale read if the elevator
accelerates downward at 2.0 m/s?? a = - 2.0 m/s?

J ll
i




Chapter 4. The Laws of Hotion

3
\

8. Application of Newton’s Laws



Sumary: Newton's Laws

I. If no net force acts on a body, then the body's

velocﬂy cannot change. If F,, = 0 ‘then 7 = const (or
a=0)

IT. The net force on a body is equal to the produc’r of
the body's mass and acceleration. F,,,, = Y F = ma

IIT. When two bodies interact, the force on the bodies
from each other are always _equal in magnitude and
opposite in direction. F;,_1 = F12

Force is a vector
Unit of force in S.I.: N = kg.m/s?



Chapter 4. The Laws of Hotion (cont.)
4.8. Applications of Newton's Laws

4.8.1. Frictional forces
4.8.2. Circular Motion




4.8.1. Forces of Friction: f

* When an object s in motion on a
surface or through a viscous medium,
there will be a resistance to the motion.
This resistance s called the force of
friction

* This 1s due to the interactions between
the object and its environment

« We will be concerned with two types of
frictional force

* Force of static friction: f,
* Force of kinetic friction: f,
« Direction: opposite to the direction of

the intended motion
* If moving: f, in direction opposite to the
velocity
* If stationary, f. in direction opposite to the
vector sum of other forces




4.8.1. Forces of Friction: Magnitude

* Magnitude: Friction is proportional to the normal
force

« Static friction: F,=F <uN
* Kinetic friction: F,= yN
* u 1s the coefficient of friction
« The coefficients of friction |EEEE

Coefficents of Friction

are nearly independent

s i

Df: the area Df: contact (Why-}) Rubber on concrete 1.0y 0.8

Steel on steel .74 0.57

Aluminum on steel X! .47
Glass on olass (.94 0.4

i 1|_j]:H_']' 0T '\Il_'['] |'F__'_|-_"1 ”_:":I:l

Wood on wood . 2515 0.2
Waxed wood on wet snow 0.14 0.1
Waxed wood on drv snow — .04
Metal on metal (lubricated) (.15 0,06
Teflon on Teflon 0.04 .04
Ice on ice 0.1 0.03%
Svnowial joints in humans (.01 0003

Nate All values are Approximale. In some cases, the coellicient of friction cin
exceed 1.0

e L



Static Friction

« Static friction acts to keep the object from moving

* If F increases, so does f;

* If F decreases, so does f;

* fs<us N
* Remember, the equality holds when the surfaces
are on the verge of slipping




Kinetic Friction

* The force of kinetic
friction acts when
the object s (n
motion

* Although u, can
vary with speed, we
shall neglect any
such variations

*fr=HMp N

= ” =
|y S
n

mg'
b)

= 4

ﬂ{}tmn

;?
!F




Explore Forces of Friction

* Vary the applied force

* Note the value of the
frictional force

 Compare the values

 Note what happens when
the can starts to move

I

te— Static region —e— Kinctic region —-

(c)

207 Theemeor -ighe Educaion



Example 1: Equilibrium
a What s the smallest value of the force F such that

the 2.0-kg block will not slide down the wall? The
coefficient of static friction between the block and

the wall s 0.2. ?

"l




Example 2: Incli ned Plane

* Suppose a block with a mass of 2.50 kg is resting on a
ramp. If the coefficient of static friction between the
block and ramp (s 0.350, what maximum aﬂgle can the
ramp make with the horizon
to slip down?

« Newton 2nd law:

= mgsin 6

e Then

» So:
e Then:



Example 3: Hultiple Objects

* 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
figure. A force of magnitude F at an angle @ with the
horizontal s applied to the block as shown and the
block slides to the right. The coefficient of kinetic
friction between the block and surface is u,. Find the
magnitude of acceleration of the two objects.




Example 3: Multiple Objects (cont.)

+m;: myg+N+F+T, =myd,

YE =Fcosl — fi, — T = mja, = ma
YFE,=N+Fsin—-—mg=0

e my:  Mya; + T, = myd,
ZFJ} =T —myg = mya, = mya
T=m,(a+ g)
N =m,g — Fsin#
fi = mN = p,(my g — F sin @)
Fcosf — u,(myg — Fsin8) —m,(a+ g) = mya

" F(cos 6 + p sin®) — (m, + pmy)g

my; +m,




4.3.2. Uniform Circular Motion: Definition

Uniform circular motion

—
> Tk

Constant speed, or, Motion along a circle:
constant magnitude of velocity =~ Changing direction of velocity



4.8.2 Uniform Circular Motion (review)

* Velocity:

* Magnitude: constant v

* The direction of the
velocity is tangent to the

circle

* Acceleration: a4, . v

.

* Magnitude: a,=—

e directed toward the center
of the circle of motion

* Period:

* time interval required for
one complete revolution of

the particle T=

Em

Acceleration 1s NOT
zero!

Net force acting on
the object is NOT zero

“Centripetal force”



What provides Centripetal Force ?

* Centripetal force is not a new kind of force

* Centripetal force refers to any force that keeps an
object following a circular path:

mv?

F,=ma, = -

* Centripetal force maybe a combination of
Gravitational force mg: downward to the ground
Normal force N: perpendicular to the surface

Tension force T: along the cord and away from
object

Static friction force: f™™ =uN



What provides Centripetal Force ?




Problem Solving Strateqy

* Draw a free body diagram, showing and labeling
all the forces acting on the object(s)

* Choose a coordinate system that has one axis
perpendicular to the circular path and the other
axis tangent to the circular path

* Find the net force toward the center of the
circular path (this is the force that causes the
centripetal acceleration, F.)

* Use Newton’s second law
* The directions will be radial, normal, and tangential

» The acceleration in the radial direction will be the
centripetal acceleration

» Solve for the unknown(s)



Example 4: The Conical Pendulum

* A small ball of mass m = 5 kg is suspended from a string
of length L = 5 m. The ball revolves with constant
speed v in a horizontal circle of radius r = 2.0 m. Find an
expression for vanda.

|

m=5kg L=5m r
=2m

ZFJ’ =Tcosf —mg=20

T cos8 =mg

muv? v=,rgtané
ZFI =Tsinf ZT
r

v =./Lgsin@tan@
=29m/s

v?
a=—=gtané

=43 m/s?

sinf =—=04

L
tan@ =




Exumpl.e. 2: Level Curves

* A 1500 kg car moving on a flat,
horizontal road negotiates a curve
as shown. If the radius of the curve
is 35.0 m and the coefficient of
static friction between the tires
and dry pavement is 0.523, find the
maximum speed the car can have
and stull make the turn
successfully.

v=.urg




Example 3: Banked Curves

*A car moving at the
desighated speed can
hegotiate the curve. Such
a ramp (s usually banked,
which means that the
roadway is tilted toward
the inside of the curve.
Suppose the designated
speed for the ramp is to
be 13.4 wm/s and the
radius of the curve is
35.0 m. At what angle
should the curve be
banked?




Example 3: Banked Curves

v=134m/s r=350m

muv?

YE =nsinf@ = ma, =

Y. FE, =ncosf —mg =0

ncosf =mg

.

tang = =
rg
4 13.4 m/s
6 =tan™ " ( ) = 27.6° ==

(35.0 m)(9.8 m/s2?)



