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Newton’s Laws of Motion
In the absence of external 
forces, a body at rest remains 
at rest and a body in motion 
continues to be in motion with 
a constant velocity (i.e. with a 
constant speed in a straight 
line).  
In other words, when no force 
acts on a body, the acceleration 
of the body is zero.  
If nothing acts to change the 
motion of the body, then its 
velocity does not change.

We get that any isolated body 
(one that does not interact with 
its environment) is either at rest 
o r mov ing wi th cons t an t 
velocity.  
The tendency of a body to 
resist any attempt to change its 
state of rest or of uniform motion 
is called the inertia of the body. 
Newton’s first law, sometimes 
called the law of inertia, defines 
a set of reference frames called 
inertial frames. First Law

Fundamentals of Physics by Halliday, Resnick & Walker
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Newton’s Laws of Motion
An inertial frame of reference is 
one that is not accelerating. 
As Newton’s first law deals only 
wi th bod ies tha t a re no t 
accelerating, it holds only in 
inertial frames.  
Any reference frame that moves 
with constant velocity relative to 
an inertial frame is itself an 
inertial frame. 
According to the first law, a 
body at rest and one moving with 
constant velocity are equivalent.

A passenger in a car moving 
along a straight road at a constant 
speed of 100 km/h can easily 
pour coffee into a cup.  
But if the driver accelerates or 
turns the steering wheel while the 
coffee is being poured, the car 
accelerates and it is no longer an 
inertial frame.  
The laws of motion do not work 
as expected, and the coffee ends 
up in the passenger’s lap! 

First Law
Fundamentals of Physics by Halliday, Resnick & Walker
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Newton’s Laws of Motion
The acceleration of an body as 
measured from an inertial frame is 
directly proportional to the net 
force acting on it and inversely 
proportional to its mass.  
We can relate it through the 
following mathematical statement: 

The rate of change of l inear 
momentum (p) is proportional to the 
impressed force and takes place in the 
direction of the applied force. 

The SI unit of force is the newton, 
which is defined as the force that, 
when acting on a 1 kg mass, produces 
an acceleration of 1 m/s2. 

From this definition and Newton’s 
second law, the newton can be 
expressed in terms of:  

1 N = 1 kg m/s2 Second Law
Fundamentals of Physics by Halliday, Resnick & Walker

m is the mass of the body 
a is the acceleration of the body 
F is the total force acting on the 
body 

F = Fi
1

n

∑ = F1 + F2 + ...+ Fn = ma

F = dp
dt

= d
dt

mv( ) = m dv
dt

= ma
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Newton’s Laws of Motion
If two bodies (say 1 and 2) interact, 
the force F12 exerted by body 1 on 
body 2 is equal in magnitude to and 
opposite in direction to the force 
F21 exerted by body 2 on body 1.  

F12 = F21 

Hence, this law, states that a force 
that affects the motion of a body 
must come from a second, external, 
body.  
The external body, in turn, is 
subject to an equal-magnitude but 
oppositely directed force exerted on 
it. 

The force that body 1 exerts on 
body 2 is sometimes called the 
action force, while the force 
body 2 exerts on body 1 is called 
the reaction force. (In reality, 
either force can be labeled the 
action or the reaction force.) 
The action force is equal in 
magnitude to the reaction force 
and opposite in direction.  
In all cases, the action and 
reaction forces act on different 
objects. 

Third Law
Fundamentals of Physics by Halliday, Resnick & Walker
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Projectile Motion
When a body is thrown obliquely to the 
surface, it moves in a curved path.  
Such a body is called a projectile and its 
motion is called as projectile motion. 
To analyze its motion, we make two 
assumptions:  

The free-fall acceleration g is constant 
over the range of motion and is directed 
downward. 
The effect of air resistance is 

negligible. 
With these assumptions, we find that the 
path of a projectile, which we call its 
trajectory, is always parabolic in 
nature.  

The reference frame is chosen such that 
the y direction is vertically upward and 
the projectile is projected with velocity 
u. 
As air resistance is neglected, the 
components of acceleration in the          
y direction and x direction are 
respectively given as, 

ay = -g              ax = 0 
The projectile leaves the origin making 
an angle θ with the horizontal. This 
angle is called the angle of projection. 
The components of velocity are given 
as, 

uy = u sinθ           ux = u cosθ

Fundamentals of Physics by Halliday, Resnick & Walker
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Projectile Motion

Concepts of Physics Part - I by H. C. Verma
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Projectile Motion
As,            ,  

the horizontal component of 
velocity is given as 

And 

The x component of the velocity 
remains constant as the particle 
moves.

As,               ,  
the vertical component of velocity 
is given as 

And 

Concepts of Physics Part - I by H. C. Verma

ax = 0

vx = ux + axt = ux
vx = u cosθ

x = uxt +
1
2
axt

2 = uxt

x = ut cosθ

ay = −g

vy = uy + ayt = uy − gt
vy = u sinθ − gt

y = uyt +
1
2
ayt

2 = uyt −
1
2
gt 2

y = ut sinθ − 1
2
gt 2− 1( ) − 2( )
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Projectile Motion
Equation (1) gives, 

Putting this value in equation (2), 
we get 

The equation is of the form,

This represents the equation of a 
parabola that passes through the 
origin.  
Hence, the t ra jectory of a 
projectile is that of a parabola.   
This equation is valid for launch 
angles in the range                      .  

t = x
u cosθ

y = u x
u cosθ

⎛
⎝⎜

⎞
⎠⎟ sinθ − 1

2
g x
u cosθ

⎛
⎝⎜

⎞
⎠⎟
2

y = tanθ( )x − g
2u2 cos2θ

⎛
⎝⎜

⎞
⎠⎟ x

2

y = ax − bx2

0 ≤θ ≤ π / 2

Fundamentals of Physics by Halliday, Resnick & Walker
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Projectile Motion
The motion of a particle can be 
considered as the superposition of the 
term ut, the displacement if no 
acceleration were present, and the term 
1/2 gt2, which arises from the 
acceleration due to gravity.  

I f there were no grav i ta t iona l 
acceleration, the particle would 
continue to move along a straight path 
in the direction of u .  

Therefore, the vertical distance 1/2 gt2 
through which the particle “falls” off 
the straight-line path is the same 
distance that a freely falling body would 
fall during the same time interval. 

Hence, projectile motion is the 
superposition of two motions: 

constant velocity motion in the 
horizontal direction.  
free fall motion in the vertical 
direction.  

Except for the time of flight, the 
horizontal and vertical components 
of a projectile’s motion are 
completely independent of each 
other.  

  

Fundamentals of Physics by Halliday, Resnick & Walker
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Projectile Motion
Equation (2) gives the equation of 
the vertical motion. 

As the projectile reaches back to 
the horizontal surface from where 
it was launched, the y coordinate 
becomes,          . Hence, we get 

Hence, either          or,  

         corresponds to the initial 
position. Hence, the time taken by 
the projectile is 

ut sinθ − 1
2
gt 2 = 0

t u sinθ − 1
2
gt⎛

⎝⎜
⎞
⎠⎟ = 0

y = ut sinθ − 1
2
gt 2

y = 0

t = 0 t = 2u sinθ
g

t = 0

T = 2u sinθ
g

Time of Flight
Concepts of Physics Part - I by H. C. Verma
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Projectile Motion
Equation (1) gives the equation of 
the horizontal motion. 

The total horizontal distance 
travelled by the projectile is called 
the horizontal range or simply 
Range (R) of the projectile. 
Hence,           

The maximum range is achieved 
for θ = 450.

Concepts of Physics Part - I by H. C. Verma

R = u cosθ( ) 2u sinθ
g

⎛
⎝⎜

⎞
⎠⎟

R = 2u
2 sinθ cosθ

g

R = u
2 sin2θ
g

x = ut cosθ

Range
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Projectile Motion
We have, 

At the maximum height of the 
trajectory, the vertical component of 
the velocity vy = 0. Hence, 

The maximum height H is given as 

Maximum Height

vy = uy − gt = u sinθ − gt

u sinθ − gt = 0

t = u sinθ
g

H = uyt −
1
2
gt 2

H = u sinθ( ) u sinθ
g

⎛
⎝⎜

⎞
⎠⎟
− 1
2
g u sinθ

g
⎛
⎝⎜

⎞
⎠⎟

2

H = u
2 sin2θ
g

− 1
2
u2 sin2θ

g

H = u
2 sin2θ
2g

Concepts of Physics Part - I by H. C. Verma
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Projectile Motion
The figure shows various trajectories 
for a projectile having the same initial 
speed but projected at different angles.  

The maximum range is obtained for   
θ = 450.  
In addition, for any θ other than 45°, a 
point on the horizontal plane can be 
reached by using either one of two 
complementary values of θ (such as 
60° and 30°).  

The maximum height and time of 
flight for one of these values of θ are 
different from the maximum height 
a n d t i m e o f f l i g h t f o r t h e 
complementary value of θ.

Fundamentals of Physics by Halliday, Resnick & Walker
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Circular Motion
Suppose a particle moves in a 
circle of radius r from points B to 
B’.  
The position of any point (say B) 
on a circle can be described by two 
variables.  

The radial distance of that point 
from the centre of the circle (r). 
The angular position of that 
point (θ) is given by the angle 
contained between OA and OB. 

Such a point can be represented as 
(r , θ).

Concepts of Physics Part - I by H. C. Verma



!17

Circular Motion
As the particle moves on the circle, 
the angular position varies. 

Let the particle move to point B’ in 
time Δt so that the angular position 
changes to θ + Δθ. 

The rate of change of angular position 
is known as angular velocity. It is 
given as 

The rate of change of angular velocity 
is angular acceleration. It is given as 

ω =
Δt→0
lim Δθ

Δt
= dθ
dt

α = dω
dt

= d
2θ
dt 2

Concepts of Physics Part - I by H. C. Verma
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Circular Motion
The linear distance BB’ travelled by 
the particle in time Δt is Δs. The 
relationship between linear velocity v 
and angular velocity ω is given as, 

Similarly, for linear acceleration a and 
the angular acceleration α, the 
relationship is given as,

Δs = rΔθ
Δs
Δt

= r Δθ
Δt

v = rω

a = dv
dt

=
d rω( )
dt

= r dω
dt

a = rα
Concepts of Physics Part - I by H. C. Verma



The first component is called the 
radial velocity component and the 
second is called the transverse 
velocity component. The second 
component is along the tangent to 
the circle at the point B.
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Uniform Circular Motion
The position of particle at point B is 
given as, 

   is the unit vector along the direction 
of     . 

The linear velocity is given as,

!r =OB
" !""

=OBr̂ = rr̂

Physics for Degree Students B.Sc. First Year by Arora & Hemne

!v = d
!r
dt

= d
dt

rr̂( )
!v = dr

dt
r̂ + r dr̂

dt
!v = dr

dt
r̂ + r dθ

dt
dr̂
dθ

!v = vr̂ + rωθ̂ ∵θ̂ = dr̂
dθ

r!
r
!



The linear acceleration is given as, 
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Uniform Circular Motion

Physics for Degree Students B.Sc. First Year by Arora & Hemne

!a = d
!v
dt

= d
dt

dr
dt
r̂ + r dθ

dt
θ̂⎛

⎝⎜
⎞
⎠⎟

!a = d
2r
dt 2

r̂ + dr
dt
dr̂
dt

+ dr
dt
dθ
dt

θ̂ + r d
2θ
dt 2

θ̂ + r dθ
dt
dθ̂
dt

!a = d
2r
dt 2

r̂ + dr
dt
dθ
dt

θ̂ + dr
dt
dθ
dt

θ̂ + r d
2θ
dt 2

θ̂ + r dθ
dt

dθ
dt
dθ̂
dθ

⎛

⎝⎜
⎞

⎠⎟

!a = ar̂ + vωθ̂ + vωθ̂ + rαθ̂ − rω 2r̂
!a = a − rω 2( ) r̂ + rα + 2vω( )θ̂
!a = arr̂ + aθθ̂

∵ r̂ = − dθ̂
dθ



T h e q u a n t i t y rω 2 i s t h e 
centripetal acceleration which 
arises due to change in angular 
position θ. The negative sign 
shows that it is directed towards 
the centre. 
The quantity rα gives the 
angular acceleration due to 
change in magnitude of angular 
velocity ω. 
The quantity 2vω arises due to 
the interaction of linear and 
angular velocities.
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Uniform Circular Motion
The quantity     is called the radial 
acceleration and the quantity     is 
called the transverse or tangential 
acceleration. 
The tangential acceleration 
causes the change in the speed of 
the particle while the radial 
acceleration arises from the 
change in direction of the velocity 
vector. 

The quantity a gives the 
acceleration due to change in 
magnitude of v.

Physics for Degree Students B.Sc. First Year by Arora & Hemne

ar
!"!

aθ
!"!



This force which acts along the 
radius and is directed towards the 
centre of its circular path is called 
the centripetal force. 
(Centripetal comes from Latin 
words: Centrum and Petere which 
means Centre and To Seek) 
If m is the mass of the body then 
the centripetal force given as 
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Centripetal Force
According to Newton’s First Law 
of Motion, a body must continue 
to move with a uniform velocity in 
a straight line, unless acted upon 
by a force. 
Therefore, when a body moves 
along a circle, some force must act 
u p o n t h e b o d y s o t h a t i t 
continually deflects from its 
straight line path. 
Since this body has an acceleration 
towards the centre, it is obvious 
that the force should also act in the 
direction of the acceleration.

Elements of Properties of Matter by D. S. Mathur

FCP = m rω 2( ) = mr v
r

⎛
⎝⎜

⎞
⎠⎟
2

FCP =
mv2

r



The force is a fictitious or pseudo 
force which acts on all particles at 
rest relative to a rotating frame of 
reference. 
This outward force is apparent 
only when the frame of reference 
is rotating. In case of an inertial 
frame of reference, the force is 
non-existent. 
The magnitude of the centrifugal 
force is equal to the centripetal 
force.
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Centrifugal Force
According to Newton’s Third Law 
of Motion, to every action force 
there will be an equal reaction 
force. 
Therefore, when a body moves 
along a circle, centripetal force is 
exerted towards the centre. 
The equal and opposite reaction to 
the centripetal force is called the 
centrifugal force. 
(Centrifugal comes from Latin 
words: Centrum and Fugere 
which means Centre and To Flee) FCF =

mv2

r
Elements of Properties of Matter by D. S. Mathur



Flattening of Earth at the Poles: The 
centrifugal force pulling the earth 
outwards is zero at the poles and 
maximum at the equator. This occurs due 
to the rotation of earth on its axis. This 
resulted in the flattening of earth at the 
poles. 

(आटे का एक छोटा गोला लीिजये और उस ेcentre 
से तेज़ घुमाईए। आपको same effect िमलेगा।) 
Centrifuge: These are devices used to 
separate out substances of different 
densities suspended in a liquid by rapidly 
rotating the liquid. The particles with 
higher density than the liquid are driven 
away from the axis of rotation while the 
ones with lower densities are drawn 
inwards.
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Applications of Centripetal and Centrifugal Force

Road Curves: The radii of the 
curvature of the road curves must be 
large enough and the speed of the 
vehicles must be slowed down so as to 
keep the value of the centripetal force 
within reasonable limits. 

Banking of Roads and Railways: 
When a vehicle goes round about a level 
curve, the normal reaction of the ground 
is acting vertically upwards. The 
centrifugal force thus provided tends to 
slide or skid the vehicle on the surface. 

The level of the outside portion of the 
road is raised a little above the inner 
portion which supplies the necessary 
centripetal force to keep the vehicle on 
ground. This is called banking.

Elements of Properties of Matter by D. S. Mathur
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Coriolis Force
Let us consider a reference frame 
S’ rotating with a uniform angular 
velocity ω with respect to an 
inertial frame S. 

Let both the frames have a common 
origin O. Now, let us have a 
moving body, B. The position 
vector   at any instant t will be the 
same in either frame of reference.  
If the body is at rest with respect to 
the inertial frame, it would appear 
to be moving with a relative linear 
velocity      in the non-inertial 
rotating frame.

r
!

−ω
!"
× r
!

Physics for Degree Students B.Sc. First Year by Arora & Hemne



The relation (1) relates the rate of 
change of position vector in two 
frames of references. It will also 
hold good for other similar vectors 
and may be expressed as an 
operator equation, 

Using this operator on the velocity 
vector we get, 
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Coriolis Force
Let the linear velocity in the 
inertial frame S be, 

In the non-inertial frame S’, it will 
appear as, 
 

!v = dr
!

dt

′v
!"
= d
!r
dt

−
!ω × !r( )

′v
!"
= "v − !ω × !r( )
!v = ′v
!"
+
"ω × !r( )

d
dt

⎛
⎝⎜

⎞
⎠⎟ S
!r( ) = d

dt
⎛
⎝⎜

⎞
⎠⎟ S '
!r( )+ !ω × !r( )

− 1( )

d
dt

⎛
⎝⎜

⎞
⎠⎟ S
( ) = d

dt
⎛
⎝⎜

⎞
⎠⎟ S '

( )+ !ω × ( )

d
dt

⎛
⎝⎜

⎞
⎠⎟ S
!v( ) = d

dt
⎛
⎝⎜

⎞
⎠⎟ S '
!v( )+ !ω × !v( )

Physics for Degree Students B.Sc. First Year by Arora & Hemne



Hence, we get 

    and    are the acceleration of the particles in the inertial and non-inertial 
frame respectively.
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Physics for Degree Students B.Sc. First Year by Arora & Hemne

d!v
dt

⎛
⎝⎜

⎞
⎠⎟ S

= d
dt

⎛
⎝⎜

⎞
⎠⎟ S '

′v
"!
+
!ω × !r( )⎡⎣ ⎤⎦S ' +

!ω × ′v
!"
+
"ω × !r( )⎡⎣ ⎤⎦

d!v
dt

= d ′v
"!

dt
+ d
!ω
dt

× !r + !ω × d!r
dt

⎛
⎝⎜

⎞
⎠⎟ S '

+
!ω × ′v
!"
+
"ω ×
!ω × !r( )

!a = ′a
"!
+ d
!ω
dt

× !r + !ω × ′v
!"
+
"ω × ′v
!"
+
"ω ×
!ω × !r( )

!a

Coriolis Force

′a
!"



Since the angular velocity     is uniform, we get 

Hence,  

The term                         is  the centripetal acceleration. 

The term                   is called the Coriolis acceleration. This term appears only 
if the body is moving in the rotating frame. 

A body when it is in motion relative to a rotating frame of reference 
experiences a pseudo force called as Coriolis Force. The direction of this force 
is always perpendicular to the angular velocity     and the velocity of the 
particle relative to the rotating frame,    .           

!28
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!a = ′a
"!
+ 2 !ω × ′v

"!
+
!ω ×
!ω × !r( )

!ω

Coriolis Force
d !ω
dt

= 0

!ω ×
!ω × !r( )

2 !ω × ′v
!"

!ω
′v
!"



Cyclones: 
Whenever a region of low pressure 
arises, the air from the surrounding 
areas rushes towards it. 

The Coriolis force deflects this air 
to its right giving rise to a clockwise 
rotation in the low pressure zone. 

This leads to formation of cyclones 
in the region. 

The pressure continues till the thrust 
due to pressure difference is 
balanced by the thrust due to 
Coriolis force. 

!29

Applications of Coriolis Force
Direction of Trade Winds:  
Due to heating of earth’s surface, the 
air in contact with it also gets heated 
and rises up. The cooler air from the 
north and the south rushes towards the 
equator. 
In the northern hemisphere, the air 
instead of following the north-south 
direction is deflected towards right i.e. 
west due to Coriolis force. 
This give rise to north-west trade 
winds. 

Similarly, in the southern hemisphere, 
the south-north winds are deflected 
towards east giving rise to south east 
trade winds.

Physics for Degree Students B.Sc. First Year by Arora & Hemne



Gulf Stream: 
T h e w a r m G u l f S t r e a m 
(originating in Gulf of Mexico) 
flows from south to north and 
deflects towards the east thereby 
producing a temperature effect 
on the climate of some countries 
of Europe. 
Firing of a Missile: 
The path of supersonic missiles 
is deviated due to Coriolis force. 
Hence its effect is taken into 
account in calculating the 
direction of the target.

!30

Applications of Coriolis Force
Greater Erosion of the Right 
Bank of Rivers:  
T h e w a t e r o f t h e r i v e r s 
experiences Coriolis force 
towards its right. 
This leads to the faster erosion of 
the right bank leading to make it 
more steeper than the left bank.

Physics for Degree Students B.Sc. First Year by Arora & Hemne



Let us assume that a force of same magnitude 
is applied to a body at rest, then 

The direction of the force is such that the 
body doesn’t move. 

The direction of the force is such that the 
body moves. 

Even though in everyday parlance we would 
say that we have done work in both cases, its 
not so in physics. 
In analyzing forces to determine the work 
they do, we have to consider the vector 
nature of forces. We need to know how far 
the body moves on application of force if we 
want to determine the work required to cause 
that motion. 
Hence, in the first case work is said to be 
done and not so in the second case.

!31

Work
Work is done by a force acting on 
an object when the point of 
application of that force moves 
through some distance and the 
force has a component along the 
line of motion. 
Energy can be thought as the 
capacity that an object has for 
performing work. 
Velocity, acceleration and force 
convey nearly the same meaning 
in physics as they do in everyday 
life. But its not true for Work. 

Fundamentals of Physics by Halliday, Resnick & Walker
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Work done by a Constant Force

A body undergoes a displacement 
r along a straight line when a 
constant force F acts upon it. The 
force makes an angle θ with r.

Fundamentals of Physics by Halliday, Resnick & Walker

The work W done on a body by a 
constant force F is the product of the 
component of the force in the 
direction of the displacement and the 
magnitude of the displacement, 

This can be represented in vector 
form as, 

When the force is normal to the 
direction of displacement of the body 
i.e. θ  = 900, we find that the work 
done by the force on the body is zero. 

W = F cosθ( )r

W =
!
F ⋅ !r
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Work done by a Constant Force

The sign of the work also depends on the 
direction of Force relative to displacement. 

The work done by the applied force is 
positive when the vector associated with the 
component F cos θ is in the same direction 
as the displacement.

Fundamentals of Physics by Halliday, Resnick & Walker

It is negative when the vector is in the 
opposite direction as the displacement. 
Work is an energy transfer; if energy is 
transferred to the system, work done W is 
positive and if energy is transferred from the 
system, work done W is negative. 

When the force acts along the direction of 
displacement of the body i.e. θ  = 00, we find 
that the work done by the force on the body 
is, 

W = Fr 
Work is a scalar quantity and its unit is force 
multiplied by length.  
Therefore, the SI unit of work is the newton-
meter (Nm) or Joule (J). 
(In honour of the English Physicist James 
Prescott Joule)
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Work done by a Varying Force

Fundamentals of Physics by Halliday, Resnick & Walker

Let us consider a body being displaced from 
xi to xf on application of a varying force. 
Let us assume that the particle undergoes a 
very small displacement Δx, then the x - 
component of the force (Fx) remains 
approximately constant in this interval. 

The work done by the force is given by, 
ΔW = Fx Δx 

This is the area of the shaded rectangle. 
The Fx versus x curve is divided into a large 
number of such intervals. Hence, the total 
work done for the displacement from xi to xf 
is approximately equal to the sum of the 
areas of all such intervals, 

If the displacements are allowed to 
approach zero, then the number of 
terms in the sum increases without 
limit but the value of the sum 
approaches a definite value equal 
to the area bounded by the Fx  
curve and the x axis. 

W = FxΔx
xi

x f

∑ Δx→0
lim FxΔx

xi

x f

∑ = Fx dxxi

x f∫
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Work done by a Varying Force

Fundamentals of Physics by Halliday, Resnick & Walker

T h e d e f i n i t e i n t e g r a l i s 
numerically equal to the area 
under the Fx versus x curve 
between xi and xf. 
Hence the work done can be 
expressed as, 

This equation reduces to  
W = F x cos θ 

When the component Fx  is constant. 

If more than one force acts on a 
particle, the total work done is just 
the work done by the resultant force.  

If we express the resultant force in 
the x direction as ΣFx , then the 
total work, or net work is given as,

W = Fx dxxi

x f∫

Wnet = ∑W = ∑Fx( )dx
xi

x f∫
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Work done by a Spring
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Let us have a small block attached to 
the spring. If the spring is either 
stretched or compressed a small 
distance (r) from its unstretched 
(equilibrium) configuration by a force 
F, it exerts on the block a force of 
magnitude  

Fs = -kr 

where r is the displacement of the block 
from its unstretched position and k is a 
positive constant called the force 
constant of the spring. 

The spring force always acts towards 
the equilibrium position (lets say r = 0). 
It is hence called the restoring force.
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Work done by a Spring
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Let the spring be compressed so that the 
block is at position r = -r1 and then 
released. Due to the restoring force, the 
block will move from -r1 to r1 through   
r = 0. It then continues oscillating back 
and froth. 

If the spring is stretched to r = r1 and 
then released then the block moves back 
froth from r1 to -r1 through r = 0. 
The work done by the spring force when 
the block moves from r = -r1  to r = 0  is 
given by, 

The work done by the spring force is 
positive because the force is in the same 
direction as the displacement. 

W = Fs dr−r1

0

∫ = −kr( )dr
−r1

0

∫ = 1
2
kr1

2
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Work done by a Spring
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The work done for arbitrary 
displacement from r = -ri  to r = rf 
is given as, 

The work done by the spring force when 
the block moves from r = 0  to r = r1  is 
given by, 

The work done by the spring force is 
negative because the force is in the 
opposite direction as the displacement. 
Hence, the net work done by the spring 
force as the block moves from r = -r1 to    
r = r1 is zero. 
The earlier obtained work done by the 
spring force corresponding to the 
displacement from    r = -r1  to r = 0 is 
given by the shaded triangle. Therefore, 

W = Fs dr0

r1∫ = −kr( )dr
0

r1∫ = − 1
2
kr1

2

W = 1
2
× base× height = 1

2
× r1 × kr1

W = 1
2
kr1

2
W = Fs drri

rf∫ = −kr( )dr
ri

rf∫ = 1
2
kri

2 − 1
2
krf

2
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Kinetic Energy
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Hence, 

The quantity 1/2 mv2 represents the energy 
associated with the motion of the body. This 
quantity is known as kinetic energy.  
The net work done on a particle by a constant net 
force ΣF acting on it equals the change in kinetic 
energy of the particle.

If the work done by the net force on a 
particle can be calculated for a given 
displacement, then the change in the 
particle’s speed can be easily evaluated.  
Let a constant net force ΣF be applied on 
a body of mass m to move it to the right. 
As the force is constant, Newton’s 
second live gives that the acceleration 
(a) of the body is also constant. 
If the body is displaced by r, then the net 
work done by the total force ΣF  is 

If vi and vf are initial and final velocities, 
then 

∑W = ∑F( )r = ma( )r

r = 1
2
vi + vf( )t a =

vf − vi
t&

∑W = m
vf − vi
t

⎡
⎣⎢

⎤
⎦⎥
1
2
vi + vf( )t⎡

⎣⎢
⎤
⎦⎥

∑W = 1
2
mvf

2 − 1
2
mvi

2
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Kinetic Energy
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Hence, the net work done on a 
particle by the net force acting on 
it is equal to the change in the 
kinetic energy of the particle. This 
is true whether or not the net force 
is constant.  
Kinetic energy is a scalar quantity 
and has the same units as work.  

Let there be varying forces acting on the 
body. The net force acting on the body in 
the x direction is ΣFx. 

We know that ΣFx = max. Hence, the net 
work done is given as, 

We can represent acceleration a as, 

Hence, we get 

∑W = ∑Fx( )dx =
xi

x f∫ max( )dx
xi

x f∫

a = dv
dt

= dx
dt
dv
dx

= v dv
dx

∑W = mv dv
dx
dx

xi

x f∫
∑W = mvdx

vi

v f∫
∑W = 1

2
mvf

2 − 1
2
mvi

2
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Work - Kinetic Energy Theorem
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The Work - Energy theorem can be written as, 

We see that, the speed of a particle increases if the 
net work done on it is positive because the final 
kinetic energy is greater than the initial kinetic 
energy.  

The particle’s speed decreases if the net work done 
is negative because the final kinetic energy is less 
than the initial kinetic energy. 

The rate of doing work is called the power 
delivered. The power delivered by the force is 
given as, 

The SI unit of power is Joule/Second or Watt (W). 

(In honour of the Scottish Inventor James Watt) 

The commonly used unit of power is horsepower 
which is equal to 746 W.

Let 

be the final and initial kinetic energies of the 
body. Hence, we get, 

Thus, we have that 

The work done on a body by the resultant 
force is equal to the change in its kinetic 
energy. 

This is called the Work - Energy or Work - 
Kinetic Energy Theorem. 
We must include all of the forces that do 
work on the particle in the calculation of the 
net work done.  
The work done by the resultant force is equal 
to the sum of the work done by the individual 
forces.

∑W = K f − Ki

K f =
1
2
mvf

2 Ki =
1
2
mvi

2& K f = ∑W + Ki

P = dW
dt

=
!
F ⋅ d
!r
dt

=
!
F ⋅ !v
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Conservative Forces
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In the first case, the work by the 
gravitational force (mg) along AB 
is given as, 
   

  is the unit vector in the direction 
of  y - axis. 
We know that,            . Therefore, 

Let us consider four points A, B, C and D, 
the vertices of a rectangle of sides l (BC & 
AD) and h (AB & DC).  

A particle of mass m has to be taken from A 
to B. It can be done in the following ways, 

Directly along the vertical straight line 
AB 

Along the path ADCB 
Let us take the x - axis along BC and y - 
axis along BA. 

W = F ⋅dl
A

B

∫
W = −mgŷ( )

A

B

∫ ⋅ dyŷ( )
ŷ

W = −mgdy = −mg y[ ]
A

B

∫ A

B

W = −mg yB − yA[ ]= mg yA − yB[ ]
W = mgh

ŷ ⋅ ŷ = 1

− 1( )



In the second case, the work by the gravitational force (mg) along AB is given as, 

Now,            and            . Hence, 

We see that the work done in both cases is same and is independent of the path followed. 

Such a force is called a conservative force. The work done by such force is only 
dependent on the initial and final positions of the path followed. 

Also, the work done by a conservative force on a body moving through any closed path is 
zero.
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W = F ⋅dl
A

B

∫ = F ⋅dl
A

D

∫ + F ⋅dl
D

C

∫ + F ⋅dl
C

B

∫
W = −mgŷ( )

A

D

∫ ⋅ dxx̂( )+ −mgŷ( )
D

C

∫ ⋅ dyŷ( )+ −mgŷ( )
C

B

∫ ⋅ dxx̂( )
ŷ ⋅ ŷ = 1 ŷ ⋅ x̂ = 0

W = −mgŷ( )
D

C

∫ ⋅ dyŷ( )

W = −mgdy
D

C

∫ = −mg yC − yD[ ]= −mg yB − yA[ ]
W = mg yA − yB[ ]= mgh − 2( )
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Potential Energy
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The work done by the spring 
force (elastic force) is given as, 

In each case we have a quantity U, 
the negative of whose change 
gives the work done. They are, 

T h e w o r k d o n e b y t h e 
gravitational force on a falling 
body can be written as, 

Where, Ui is mgyi and Uf is mgyf. 
T h e w o r k d o n e b y t h e 
electrostatic force on a moving 
charge q is 

W = mg yi − yf⎡⎣ ⎤⎦ = mgyi −mgyf

W =Ui −U f = − U f −Ui( ) = −ΔU

W = 1
4πε0

q
r2
dr =

ri

rf∫
q
4πε0

1
ri
− 1
rf

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

W =Ui −U f = − U f −Ui( ) = −ΔU

W = Fs drri

rf∫ = −kr( )dr
ri

rf∫ = 1
2
kri

2 − 1
2
krf

2

W =Ui −U f = − U f −Ui( ) = −ΔU

Ugravitational = mgr

Uelectrostatic =
q

4πε0r

Uelastic =
1
2
kr2
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Potential energy can also be defined 
as such that the work done by a 
conservative force equals the 
decrease in the potential energy of 
the system.  
The change in potential energy is 
given as  ΔU = Uf - Ui.  

Hence, 

U is negative when F and dr are in 
the same direction, as when a body 
is lowered in a gravitational field or 
when a spring pushes an object 
toward equilibrium. 

In the first case, U is dependent on the 
position (r) of the body. 
In the second case, U is dependent on the 
position (r) of the charge. 

In the third case, U is dependent on the 
extent of stretching (r) of the spring. 
The changes in the position bring a change 
in the configuration of the system. 

U is a quantity depending on the 
configuration of the system. 
It is called the potential energy of the 
system. It is defined as the energy possessed 
by a body by virtue of its configuration. 

We can associate a potential energy with 
any conservative force and can do this only 
for conservative forces. 

ΔU =U f −Ui = −W = − Fdr
ri

rf∫



Potential Energy implies that the body has the potential or capability 
of either gaining kinetic energy or doing work when it is released from 
some point under the influence of a conservative force exerted on the 
body by some other object of the system. 
It is often convenient to establish some particular location xi as a 
reference point and measure all potential energy differences with respect 
to it. We can then define the potential energy function as 

The value of Ui is often taken to be zero at the reference point. The 
value of Ui doesn’t make a difference as any nonzero value merely shifts 
Uf by a constant amount and only the change in potential energy is 
physically meaningful.
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U f =Ui − Fdr
ri

rf∫

Fundamentals of Physics by Halliday, Resnick & Walker

Potential Energy
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Conservation of Mechanical Energy
The total mechanical energy (E = K+U) 
remains constant in an isolated system 
of bodies that interact through 
conservative forces only. Thus, 

This is cal led the principle of 
conservation of mechanical energy. 
If more than one conservative force acts 
on a body  within a system, a potential 
energy function is associated with each 
force. Hence we get 

A body at rest at a height above a certain 
surface has no kinetic energy but will 
possess the gravitational potential 
energy owing to its position. 

When the body falls towards the surface, 
it gains in speed and its kinetic energy 
increases and the potential energy 
decreases. 
If no external forces act on the body and 
if all the internal forces are conservative 
then we find that whatever potential 
energy is lost by the body appears as the 
corresponding kinetic energy. 
i.e. the sum of the potential energy and 
the kinetic energy remains constant. 
This sum is called the total mechanical 
energy.

U f −Ui = −W = − K f − Ki( )
Ki +Ui = K f +U f

Ei = Ef

Fundamentals of Physics by Halliday, Resnick & Walker

Ki + Ui
n
∑ = K f + U f

n
∑
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Non - Conservative Forces
The change in kinetic energy due to 
friction is given by 

Where, µk is the coefficient of kinetic 
friction and d is the distance travelled by 
the body. 

The change in kinetic energy depends on 
the path taken by the body to reach from 
the initial to the final position. 

Hence, the work done depends on the path 
taken by the body and not only the initial 
and final positions of the path taken. 
A force for which the work done depends 
upon the path taken and the total 
mechanical energy is not conserved is 
called as non - conservative force.

Let us consider a body which is made 
to slide on a surface offering friction to 
it. 

The frictional force will reduce the 
speed of the body i.e. the kinetic 
energy will decrease. 

Owing to the frictional force, the 
temperature of the sliding body and the 
corresponding surface will increase. 
This change in internal energy of the 
body and the surface cannot be 
transferred back as kinetic energy of 
the sliding body. 

Hence, the total mechanical energy of 
the system is not conserved.

Fundamentals of Physics by Halliday, Resnick & Walker

ΔK friction = −µkmgd
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Non - Conservative Forces
The relation between work done 
due to conservative internal forces 
and potential energy is, 

Hence, we get 

Where, E = K + U is the total 
mechanical energy. 
This indicates that the applied 
force either transfers energy to the 
system or out of the system.

When non - conservative forces act on a 
body, the principle of conservation of 
mechanical energy is not applicable. 

But the work-energy theorem is still 
valid. 
If non-conservative internal forces 
operate within the system or external 
forces work on the system, the 
mechanical energy changes as the 
configuration changes. 
If Wc, Wnc and Wext are the work done 
due to conservative internal forces, non-
conservative internal forces and external 
forces, then work-energy theorem gives, 

∑W = K f − Ki

Wc +Wnc +Wext = K f − Ki

Wc = − U f −Ui( )

Wnc +Wext = K f +U f( )− Ki +Ui( )
Wnc +Wext = Ef − Ei

Concepts of Physics Part - I by H. C. Verma
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Potential Energy in a Rigid Body Motion

The net work done by the internal 
forces         and       is 

Thus the internal forces do no work in 
the motion of the body. The result is 
true for rotational motion as well. 

The potential energy thus can only 
change when the configuration of the 
body changes i.e. the separation of the 
particles composing the body changes. 

Hence, the potential energy depends 
only on the separation between the 
interacting particles of a rigid body.

A rigid body is a body in which 
the separation between its any two 
constituting particles don’t change 
whatever the force be applied on 
it. 
Suppose there are two particles A 
and B. The particles move in such 
a way that the line AB translates 
parallel to itself. 
Using Newton’s third law, we find 
that the displacement   of the 
par t ic le A i s equal to the 
displacement      of the particle B 
in any small time interval.

d!rA

W =
!
FAB ⋅d

!rA( )+ !FBA ⋅d!rB( )∫
W =

!
FAB +

!
FBA( ) ⋅d!rA∫ = 0

Concepts of Physics Part - I by H. C. Verma

d!rB

!
FAB

!
FBA
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Potential Energy in a Rigid Body Motion

The net work done by the internal 
forces         and       is 

Thus the internal forces do no work in 
the motion of the body. The result is 
true for rotational motion as well. 

The potential energy thus can only 
change when the configuration of the 
body changes i.e. the separation of the 
particles composing the body changes. 

Hence, the potential energy depends 
only on the separation between the 
interacting particles of a rigid body.

A rigid body is a body in which 
the separation between its any two 
constituting particles don’t change 
whatever the force be applied on 
it. 
Suppose there are two particles A 
and B. The particles move in such 
a way that the line AB translates 
parallel to itself. 
Using Newton’s third law, we find 
that the displacement   of the 
par t ic le A i s equal to the 
displacement      of the particle B 
in any small time interval.

d!rA

W =
!
FAB ⋅d

!rA( )+ !FBA ⋅d!rB( )∫
W =

!
FAB +

!
FBA( ) ⋅d!rA∫ = 0

Concepts of Physics Part - I by H. C. Verma

d!rB

!
FAB

!
FBA



!52

Mass - Energy Equivalence
The relationship between these two 
quantities is given as, 

ER is the rest energy equivalent of mass 
m. c is the speed of light. 
It can be now stated that energy has mass. 
Whenever the energy of an object 
changes in any way, its mass changes as 
well.  
If ΔE is the change in energy of a body 
then its change in mass is  

Energy can neither be created nor 
destroyed. It can only be transformed 
from one form to another.

Principle of conservation of mass 
states that in any physical or chemical 
process, mass is neither created nor 
destroyed i.e. the mass before the 
process equals the mass after the 
process. 

It was accepted that energy and mass 
were two quantities that were 
separately conserved.  

However, in 1905, Einstein made the 
brilliant discovery that the mass of 
any system is a measure of the energy 
of that system.  

Hence, energy and mass are related 
concepts.

ER = mc
2

Δm = ΔE
c2

Fundamentals of Physics by Halliday, Resnick & Walker




