=
JNSKoo(e

CHASING INFINITY. ..

[Laws of Motion P Il @NIHNMESINAPHY SICS

Laws of Motion

PHYSICS

B FORCE:
Force is a pull or push which generates or tends
to generate motion in a body at rest, stops or
tends to stop a body in motion, increases or
decreases the magnitude of velocity of the
moving body, changes or tends to change the
shape of body.

+

** Types of Forces:

There are basically three forces which are
commonly encountered in mechanics.

*,

+

** Field Forces :

These are the forces in which contact between
two objects is not necessary. Gravitational force
between two bodies and electrostatic force
between two charges are two examples of field

*,

For NEET / JEE

forces. Weight (w = mg) of a body comes in
this category.
+* ContactForces:

Two bodies in contact exert equal and opposite
forces on each other. Ifthe contact is frictionless,
then contact force is perpendicular to the
common surface and known as normal
reaction.

If, however the cbjects are in rough contact and
move (or have a tendency to move) relative to
each other without losing contact, then
frictional force arises which opposes such
motion. Again each object exerts a frictional
force on the other and the two forces are equal
and opposite. This force is perpendicular to
normal reaction. Thus, the contact force (F)

Body at Rest

%A

u=0 4 v=0

\\
.

If body remains at rest, force is trying to change the state
of rest

Magnitude increases Magnitude decreases

(@)

Body In Motion

— G

If body moves, force is changing the state of rest

‘When force is parallel or antiparallel to motion, it changes
the magnitude and not the direction of motion.

‘When force is always perpendicular to motion.
~F

Direction of motion only changes and not the magnitude
and motion is uniform circular,

When force acts at an angle to the motion.

Both magnitude and direction of motion changes and
motion is non-uniform circular, elliptic, parabolic or
hyperbolic

pm
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between two objects is made up of two forces.
(@) Normal reaction ()

(b) Force of friction (f)

and since these two forces are mutually
perpendicular

F=yN*+ 7F?

Consider two wooden blocks A and B being
rubbed against each other.

In figure (below) A is being moved to the right
while B is being moved leftward. In order to see
more clearly which forces act on A and which
on B, a second diagram is drawn showing a
space between the blocks but they are still
supposed to be in contact.

F,
B —

F,
+— A

LI riier?

Infigure (below) the two normal reactions each
of magnitude N are perpendicular to the surface
of contact between the blocks and the two
frictional forces each of magnitude fact along

that surface, each in a direction opposing the
motion of the block upon which it acts.

A
N —» F,
el
—
de— N‘F
B

Attachment to Another Body :

Tension (T) in a string and spring force (F=
kx) come in this group. Regarding the tension
and string, the following three points are
important to remember.

If a string is inextensible, the magnitude of
acceleration of any number of masses
connected through string is always same.

If a string is massless, the tension in it is same
everywhere. However, if a string has a mass,
tension at different points will be different.
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a ®

T

String is massless and
there is no friction between  there is friction between
pulley and string
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If there is a friction between string and pulley,
tension is different on two sides of the pulley,
but if there is no friction between pulley and
string, tension will be same on both sides of
the pulley.

Last two points can be understood in diagram
follows

T

-

T VT
’ tr,

String is massless and

string and pulley

T, T,
[ =
T,
T,

String is not massless and there is
a friction between pulley and string

Action of force on a body :

Force is polar vector as it has a point of
application.

Dimension [F]=[MLT 2]

Units :

O ks System —» Kg m/s? (Newton)
O cas. System —» gm cm/s% (Dyne)
O [1 Newton = 10° Dyne]

O F.PS. System — 1b-ft /s> —Poundal

When a force is applied by man (muscle) or

machine there is an upper limit toit. This limit
is different for different muscles or machines.
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When force is written without direction then
positive force means attractive.

Fnuclear ) Felectromagnetic >Fgra\dtational

According to dependence on position or motion
force can be divided into following types :

Constant Force :

Direction and magnitude of a force is constant.
e.g. Mechanical force of constant magnitude
produced by machines.

Time Dependent Force :

Force depends ontime. e.g. motion of charged
particle in an alternating current field.

Position Dependent Force :
Depends on the position of the body. e.g.

Gravitational force [F—GmlmQJ force
2
r

between two charged particle | F —_df
4z < 1’

Velocity Dependent Force :

Depends on the velocity of the body. e.g. :
viscous Force (6mmyv), Force on a charged
particle in a magnetic field (gvBsin0)

o

Note |In case of positicn dependent force is

always directed towards or away from a fixed

point and said to be central otherwise non
central force.

e.g.:
The motion of earth around the sun and motion
of electron in an atom are examples of central
force.

/‘ Electron . _z""

---------------

) ®
Internal and External force :
When the force applying agent is inside the
system, then force is internal.

It can't provide motion.
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e.g. if you are sitting in a car and push the car,
car deesn't move.

++ Total internal force acting on a system is
always zero.

++ External force are those which originated
beyond the system.

++ The straight line along which force acts is
called line of action of the force.

U Closed system:

A system of bodies on which no external force
acts is called closed system. e.g. two
bodies moving towards each other due to their
electrostatic or gravitational force.

(] concurrentforce:

When many forces act on a same point of a
body are called concurrent force. It may be
collinear (acting along same line) coplanar (in
same plane). Forces act on different direction
or plane.

(] conservative or non conservative force :

If under the action of a force the work doneina
round trip is zero or the work is path independent,
or there is no change in K.E., the force is said
to be conservative otherwise non conservative.
(Example| Conservative force : Gravitational force,

|
o e e e e -

electrical force, elastic force and central forces
are conservative force.

Non conservative force . Frictional force,
viscous force.

U If number of forces are acting on a body, we

find the resultant force using law of parallelogram
of addition or we can resolve the forces as i.e.,

— N n ,\
Fi:Fixi+F1yj+Flzk

— n

—> n
Similarly 7y = Fy i + Fy  j + Fy k
The resultant force
% ~ ~
F =[F, +Fy +---] +[F1y +F2y + -]

[Py, + Fy, +--k
] common forces in mechanics:
(i) Weight : Weight of an object is the force
with which earth attracts it. It is also called the

force of gravity or the gravitational force.

o www.unskooler.com
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(ii) Reaction or Normal force : when a body
is [placed on a rigid surface, the body
experiences a force which is perpendicular to
the surfaces in contact. This force is called
Normal force or Reaction.

(iii) Tension : The force exerted by the end of
taut string, rope or chain against pulling
(applied) force is called the tension. the direction
of tension is so as to pull the body away and
from the body Tension force is an
electromagnetic force.

T=F

(iv) Spring force : Every spring resists any
attempt to change its length. This resistive force
increases with change in length. Spring force
is given by F = —KXx ; where x is the change in
length and K is the spring constant (unit N/m)

Inertia:

The inherent property of the body with which it
cannot change its state of rest or of uniform
motion unless acted upon by an external force,
is called inertia. This experience is enshrined
in the Newton's first law of motion.
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O

Newton's first law of motion :

An object at rest wants to remain at rest and
an object in motion wants to move with uniform
velocity until and unless an unbalanced
{external) force is impressed on it.

Some Important points :

(1) Ifthe forces be present but be balanced the
object will not change their natural states. By
balanced forces we mean that their vector sum
is zero. Also, for balancing each other, the forces
must act on the same body.

(2) The first law gives us the concept of inertia.
It is also called the law of inertia.

(3) Rest and velocity are frame dependent. The
force between objects depends upon attributes
of objects.

(4) Thefirst law of motion is valid only in certain
frames. Such frames are called inertial
reference frames. The frames accelerated or
rotating as seen from an inertial frame are ‘non-
inertial'. We state that all the three laws of
motion are valid in inertial frames only.

Examples of First Law :

(1) Ifabody is thrown up from a uniformly moving
train then it returns back to the same place.
(2) When a stationary vehicle suddenly moves
then the passengers inside the vehicle fall
backwards.

(3) When a carpet or a blanket is beaten with a
stick then the dust particle is separated out
from it.

(4) A coin on the cardboard placed on glass
falls into the glass if it is given a sudden jerk.
(5) If a moving vehicle suddenly stops then the
passengers inside the vehicle bend forward.
(6) The window glass pane is broken by a bullet
froma gun.

Free Body Diagram:

A free body diagram (FBD) consists of a
diagrammatic representation of a single body
or a sub-system of bodies isclated from its
surrounding showing all the forces acting onit.
In solving problems when several forces are
involved, the following steps are recommended.
{(a) First, fix up the system whose motion you
want to consider to solve a given problem.

(b) Next, tum your attention to the objects which
are the immediate environment of the system.
These will exert forces on the system.

(c) Now make a separate diagram of the system
alone, showing all the forces acting on the
system, and the frame of reference. This is
called a free-body diagram.

{d) Finally apply Newton's second law.

www.unskooler.com
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For example

+

* e

*,

A block lying on a horizontal table
R

mg
Mass of the block is m.

Acylinder of weight w is resting on a V-groove

as shown in fig.. Draw its free body diagram.

Reaction in moving lift :

Let a man of mass m be in a lift.

Downward force of attraction acting on him
= real weight = mg.

the upward reaction of the floor = apparent
weight =R

The net upward force F = R —mg

We can determine apparent weight R using
F = ma for different types of lift's motion.
Case -1

The lift is moving up with an acceleration
a (moving down with retardation a) :

Here the upward acceleration is a.

S R—mg=ma

MR

|

mg

o, R=mg+ma=m(g+a)
.. As R > myg the man feels heavier.

Case -l

The lift is coming down with an acceleration a
{moving upward with retardation a) :

Here the downward acceleration=a

or upward acceleration = —a

S R—mg=—-ma
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mg

o, R=m(g—a)

Thus he feels lighter as
m(g—a)<mg,(a<g)
Case-1ll

The lift cable shaps and the lift with the man,
due to gravitational pull, falls freely

Here, the acceleration, & = g. Hence from (2)
R=m@g-g =0

As no reaction force acts on the man, he feels
weightless. This apparent weightlessness istrue
for all freely falling bodies.

Case -1V

The lift is at rest or in uniform motion :

The value of a being zero R, the reaction forced
= mg. Hence, apparent weight is same as the
real or true weight.

Case-V

The lift falls with a downward acceleration,
greaterthan g.

Here, a > g, from equation (2).

R=m(g—a) or,R=-m(a-g)

Negative sign signifies the reaction force R to
be downward and therefore weight should be
directed upward.

The man thus loses contact with the floor and
will be hit the ceiling of the lift. This will be the
state of any item lying on the floor of the lift.
This condition was previously termed as super-
weightlessness.

Constraint Equations :

These equations basically establish the relation
between accelerations (or velccities) of different
masses attached by string(s). Usually it is
observed that the number of constraint equations

are as many as the number of strings in the
system under consideration.

www.unskooler.com
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HEE Motion of Blocks In Contact HE

Condition | Free body diagram | Equation | Force and acceleration
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HEE Motion of Blocks Connected by Massless String mm

Tension and

Condition Free body diagram | Equation acceleration
a
= T T=ma a= F
A B _ ! m, +m,
— = F
gy = -
LEHETIITHLET T L T T i T F F-T=m,a T= !
—=mr— 2 m, +m,
a
<+
F T F
B SEEEE F-T=ma a=
A = m +m,
F ==
4]
—
(e T E T= m,a T = sz
TEPS m +m,
g, T F
1 = a=
%—’ T =ma m, +m, +m,
C
B 25
A . == 1 n, | Bofi=ma | p__ mF
s T — =% 2 _P; D — i T m, +nm, +Hm,
TR TTTTI/TTTTITITIITITIIIA,
Ly
:TE mz F F_T'Z =m0 TZ=M
— m +m,+m,

<+ P
%—H L F-T =ma a=———
m1+m2 +m3

&
C T,
B 4—%_]-‘% ];—I;:;nza T = (mz +”i1)F
A my +m, +ny
T] = T2 m;
ﬁ p—— Tt
T T 2
T2 F
- M T; =’nja T = n,
ml+m2 +m3
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B Pulleys:

Now, let us see what is this pulling force method
with the help of an example.

Suppose, two unequal masses m and 2m are
attached to the ends of a light inextensible string
which passes over a smooth massless pulley.
We have tofind the acceleration of the system.
We can assume that the mass 2m is pulled
downwards by a force equal to its weight, i.e.,
2mg . Similarly, the mass m is being pulled by
aforce of mg downwards. Therefore, net pulling
force on the system is 2mg — mg = mg and
total mass being pulled is 2m + m = 3m.

mg 2mg
.. Acceleration of the system is

. Net pulling force mg g
 Totalmass to bepulled 3 3

| Concept lllustrator p

In the below figure, mass of A, Band C are 1
kg, 3 kg and 2 kg, respectively. Find

{(a) the acceleration of the system.
(b) tensions in the string.
Neglect friction. (g= 10 m/s?)
(Sol. (a) In this case, net pulling force
=m,g sin 60° + mgg sin 60°—m.g sin 30°

=({a 0)§+ (3)(10)[§J— (2)(10)[%}

=2117 N
Total mass being pulled=1+3+2 =6 kg
... Acceleration of the system,

a:%:3.53 m/s2

[Laws of Motion P Il @NIHNMESINAPHY SICS

(b) Forthe tension in the string between Aand B
FBDof A T

a

m,gsin60°—T, = (m,) (@) /
s Ty=magsin 60°—m, a
=my, (g sin 60° —a)

\/g } m,g sin 60°

Y =(1)[10><74.1

=513N

For the tension in the string between B and C,
FBDof C

T,-m.gsin30°=m.a

s To=me (@a+gsin 309

1
- T :2[3.53+10[5H: 17.01 N

| Concept lllustrator Pp

Using constraint method find the relation
between accelerations of 1 and 2.

X2

(Sol. At any instant of time, let x, and x, be the
displacements of 1 and 2 from a fixed line
(shown dotted)

Then, x,; + x, = constant
or X, + X, = | (length of string)

T2 \

a

‘ mg g sin 30°
Differentiating with respect to time, we have

v, +v,=0

orv, =—Vv,

Again differentiating with respect to time, we
get

a,ta,=0o0ra,=-a,

This is the required relation between a, and a,,
i.e., accelerations of 1 and 2 are equal but in
opposite directions.

www.unskooler.com
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| Concept lllustrator Pp

Find the constaraing relation between a,, a, and

(8ol. Points 1, 2, 3 and 4 are movable. Let their

displacements from a fixed line be X, X,, X4
and x,
we have

X +tx, =4
and (x, —x,)+(x, —x,)=1,

(length of second string)
On double, differentiating with respect to time,
we get
a,+a,=0
anda,+a,—2a,=0 = (iv)

But since, a, = —a, [From eq. (iii)]

We have a, +a, +2a, =0

This is the required constaraint relation between
a,, ayand a,.

| Concept lllustrator p

Using constraint equations find the relation
between a, and a,

{length of first string) --- (i)

or x, +x, —2x, =1,

- (iii)

[Laws of Motion P Il @NIHNMESINAPHY SICS

(8ol. Points 1, 2, 3 and 4 are movable. Let their

displacements from a fixed line be X, X,, X4
and x,.

X+ %y =,
(X = %g) + (% —%5) = |,
(X1 - X4) + (Xz - X4) = I2

On double differentiating with respect to time,
we will get following three constraint reations.

a,+a,=0 = (i)

a,+a,—2a,=0 - (il
a,+a,—2a,=0 -« i)
Solving egs. (i), (i) and (iii), we get
a,=—ra,

which is the desired relation between a, and
a,.

| Concept lllustrator p

At certain moment of time, velocities of 1 and
2 both are 1m/s upwards. Find the velocity of 3
at that moment.

(Sol. Weknow a, + a, + 2a, = 0
Similarly, we can find
V,+ vy +2v, =0
Taking upward direction as

positive we ar given

V=V, =1 mis
" Vy=-=3m/s

i.e., velocity of block 3 is 3 m/s (downwards)

www.unskooler.com
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H N Motion of Connected Blocks Over A Pulley BB

Coendition Free body diagram | Equation | Tension and acceleration

ma=T, mg _ 2mymy
my + m,
T. = 4m1m2
- 2=
mya=myg Ty my +my,
my
Y +m2

T =2m1[m2+m3:|g

ma=T, m
1 1 lg m1+M2+m3

2mymy
mya=myg+T;, T my + iy + 1y

- :4ml[m2+m3]

mya=myg Ty my +my +my

T, =2T, az[(mz +my) mlg
my +Hy + iy

@ www.unskooler.com
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HE Motion of Connected Blocks Over A Pulley HE

litec body diagram |

| Tension and acecleration

Condition

Equation

mla
T=ma iy
a—2
T
7= mymy
J’ a m2a=m2g_T ml +m2
mg

mya=T—mgsin6

M, — m, sin 0
a= 2 1 g
m1+m2

Mg

mya=myg—T

P (1+sin0)

a

T
A,
mgsino @

T'—mgsina=ma

a=(m2 sinf}—my sina

mya=mygsinB—T

T mym, (sin oL +sin )

ml +m2
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HE Motion of Connected Blocks Over A Pulley HE

mygsin® mgsinf0—T =ma a:mlgsine
B
a
szla 2m2g
ay=a=
g, = 28
2 4m1 +m2
B
m2%=m2g—2T T 2mymy g
l' @) 4my +m,
g
T,
ma=mg—1

m, m

'l' a a= ( 1 2) g
[my +my + M ]
mg
T,

e 7, = a2y £ M)
p— [my) +my + M]

T~ T, =Ma

www.unskooler.com



JNSKoOLer
CHASING [y.

B Momentum

The dynamical property that arises from the
combined effect of mass and velocity of a body
is called its momentum.
The product of mass and velocity to body is
known as momentum.

—
We denote momentum by p ¢

- —
P=mv

Important points :

Momentum is a vector quantity.

Dimensional formula : [MLT-"]

S.I. Unit : kg m571

The Newton's second law motion

The time of change of momentum of a body is
directly proportional to the unbalanced external
force and the change takes place in the direction
of the unbalanced external force.

—
If 7 be the momentum of a body of mass m

—
moving with velocity y at atime{, the rate of

—

change of its momentum is a;?_p
t

Let us denote by ?? the unbalanced force (i.e.,
net force) acting on the body at this moment.
Then the second law of motion states that
—>
ar 7
dt

> L - o
and d p isinthe direction of 7. Expressing it
using equality sign needs a constant of
proportionality k. That is

9
9P ¥
dr

As fr and d; are co-ordectional, k is

positive.

The mass mof a body is constant as the particle
moves at speeds lower than the speed of light.
According Einstein that at higher speed v, the
mass varies with speed v as

[Laws of Motion P Il @NIHNMESINAPHY SICS

where m1, is the mass speed is low (v <<¢).

We shall consider bodies moving at such non-
relativistic speed. Their mass will be taken as
constant. In this special case.

dp_dv
dt dr ™4
—>
. . dvy
where Z is the acceleration, 7
{

Then, the second law of motion may be recast
for bodies of constant mass as

— —
ma=kF -

We define unit force as that force which

produces unit acceleration in a body of unit

mass.

Then k=1. Such a choice of unit force allows

us to write the second law of motion as

— -
F=ma

4>
Here, F' isthevector sumofallthe forces acting

on the body and Z is its vector acceleration.

Impulse of Force

Definition : For a constant force that acts on a
body for a short interval of time, the product of
the force and the time is the impulse of the
force.

Let us consider a body of mass m being acted
upon by a force Ffor time t.

- Impulse of force = F x {

Now, because ofthe force applied on the body,
the velocity of the body changes from uto v
and its acceleration is a .

Therefore, impulse of force = Fxt=ma x f

=(mv—mu) ... (M

= change in momentum

In other words, the change in momentum of a
body is the impulse.

Force and impulse are both vector quantities.
Therefore, equation (1) is a vector quation and
the direction of impulse is same as that of the
force itself.

Unit of impulse : Unit of impulse of force =
unit of force * unit of time

CGS system | FPS system | SI
dyn.s poundals | N.s

www.unskooler.com
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B Dimensional formula: [MLT-1]
Impulsive Force :
If a large force acts on a body or particle for a
small time the product of force with time is
defined as impulsive force.

At s increased, average force is decreased and
vice-versa.

_ Sy 1 + In hitting or kicking a ball if we decreased the
e, j :L Fdt = Fale dt="F,,At time of contact so that large force act on the
1 ball producing greater acceleration.

F., isth§ average magnitude of force and Afis % In the same way —
the duration for which force acts. In catching a ball a player by drawing his hands
backwards increases the time of contact
T because the lesser force act on his hands and
his hands are saved from greeting hurt.
Fy
< Newton's Third Laws of Motion
Traditional Statement : For every action there
F, A B is an equal and opposite reaction.
Modern Version :
i | When two bodies exert mutual forces on one
i another, the two actions are always equal in
T At 1F magnitude but opposite in direction.
Let A act on B by a force ﬁBA, then B also
The value of /,, must be taken show that the R
area within the rectangle of fig. is equal to the actsAon Awith a force £, . such that
area underthe F(t) curve. e, F é
It is a vector quantity.
Dimensional formula : [MLT-?] B B
Unit: Newton in S.I. System -
@ Important:
(i) According to Newton's second law of motion
we get F..
- - B = = :
P48 e, [PFa-[r2a7 Foo Fy, (althe time)
dt 1 ! This is the content of the third law of motion.
e g Features
From J:J-Zthwe can reduced g
ul 1. Asingle isclated force is physically impossible.
?_ - A - Whenever one force acts on a body it gives rise
_p27 pl = p . . .
i.e., the action of impulse is to change the toancther force called reaction. ie. Total internal
momentum of a body or particle and the force in an isolated system is always zero.
impulse of a force is equal to the change _ .
in momentum. This ststement is Known as 2. Action and reaction are mutual forces and hence
impulse-momentum theorem. have the same nature. Action and reaction act
Eli;"__‘l;’_;ﬂ_l_zj at the same time. There is no "cause-effect"
Hitting, Kicking, Catching, Collision etc. are the refationship between them.
example of impulse. 3. The lines of action of forces of action and
We know, J :'[ F dt=F_At = Ap = constant reaction may either be the same or parallel. If
“ action and reaction act along the same line we
Then F,, = con;ant “l.e.. if time of contact say that third law is holding good in strong form.

If the lines of action and reaction are parallel,

a www.unskooler.com
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we say that the third law is holding good but in
weak form.

The law is valid only in an inertial frame. If a
frame is not inertial, the observer may notice a
force-like quantity but nct cbeying the third law
of motion. Such force-like quantities have no
bodily origin and are called pseudo forces.

The impulse cf action is equal in magnitude and
opposite in direction to the impulse of reaction.
If impulse of action be fAB and impulse of
reactionbe 7, then ju, = /.s

I |
1

[Example

o e e

@

(b)

{ N

]

When a bullet is fired from a gun (action), the
gun recoils due to reaction.

In swimming or boating we push the water
backward (action) and water pushes us or boat
forward (reaction) giving rise to the required
motion.

In moving on earth we push the earth back
(action), and as reaction to it, the earth pushes
us inthe forward direction. However, our mass
is much smaller than that of earth, so
acceleration is much greater.

The working of rocket or jet is also based on
Newton's llif Jaw as due to ejection of burnt gas
at high speed (action), the rocket or jet moves
in opposite direction reaction.

In case of an orbital motion of satellite, the force
exerted by gravitational pull of earth on the
satellite is action and the force which the
satellite exerts on the earth is reaction. In
accordance with Newton's |1l law both are equal
and opposite. However, as mass of earth is
much greater than that of satellite, its
acceleration is much lesser than that of satellite
{acceleration. = force / mass)

Concurrent force

When many force act on a same point of a body
are called concurrent force. It may be collinear
(acting along same line) coplanar (in same
plane). Forces act on different direction or plane.

Equilibrium of concurrent force

The necessary condition for the equilibrium of
a body under the action of concurrent force is
that the vector sum of all the force acting on
the body must be zero.

[Laws of Motion P Il @NIHNMESINAPHY SICS

e, ZﬁneI:O

or D F, =0 ZFy =05, Y F. =0

@ Three concurrent forces will be in equilibrium,

ifthey can be represented completely by three

sides of a triangle taken in order.

® Lami's Theorem : Forthree concurrent forces

H_BL _H

sing.  sinf3  siny

in equilibrium

FRICTION J

O

If we slide or try to slide a body over a surface
the motion is resisted by a bonding between
the body and the surface. This resistance is
represented by a single force and is called
friction.

The force of friction is parallel to the surface
and opposite to the direction of intended motion.

If a body is resting on a horizontal surface and
noforce is applied, the forces acting are weight
and reaction which balance each other. The force
of friction is zero (and not LR). So if it is
assumed to act on the body, the body will not
be in equilibrium and the direction of force of
friction cannot be decided, i.e., if a body is at
rest and no pulling force is acting on it, force of
gravitation on it is zero.

Friction is of two types.

a. Static b. Kinetic
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B STATIC FRICTION
It exists between the two surfaces when there
is tendency of relative motion but no relative
motion along the two contact surface.
For example consider a table inside a room;
when we gently push the table with a finger, the
table does not move. This means that the table
has a tendency to move in the direction of
applied force but does not move as there exists
static frictional force acting in the opposite
direction of the applied force.

** Direction of static friction :

The static friction on an object is opposite to
its impending motion relative to the surface.
Following steps should be followed in
determining the direction of static friction on an
object.

(i) Draw the free body diagram with respect to
the other object on which it is kept.

(i) Include force also if contact surface is
accelerating.

(iii) Decide the resultant force and the
component parallel to the surface of this
resultant force.

(iv) The direction of static friction is opposite to
the above component of resultant force.

(4] Note The static friction is involved when there

is no relative motion between two surfaces.

** Limiting Friction : Maximum opposing force
when there is tendency of relative mction. Itis
equal to driving force during static state.

+

*,

*,

* Laws of Limiting static friction :

{1) It depends upon nature of two surfaces in
contact.

(2) It is proportional to the normal reaction
between two surfaces.

FoxR Sy =R

R = normal reaction

u . = coefficient of static friction. It has no unit
and no dimensions.

(3) Limiting friction does not depend upon area
of contact between two surfaces.

[Laws of Motion P Il @NIHNMESINAPHY SICS

[Kinetic Friction |
Kinetic friction exists between two contact
surfaces only when there is relative motion
between the two contact surfaces. It stops
acting when relative motion between two
surfaces ceases.

%* Direction of kinetic friction :

It is opposite to the relative motion of the object
with respect to the other object in contact
considered.

Note |ts direction is not opposite to the force

applied it is opposite to the relative motion of
the body considered which is in contact with
the other surface.

*

* Laws of kinetic friction (i) It is constant in

magnitude for small velocities. (i) It does nct
depend upon area of contact. (iii) It is
proportional to the normal reaction.

F, xR S F =R

Limifing friction .. e

Sthtic friction

Friction

R (max)

45° 1

Applied Force —»

F

+

*,

*,

* Rolling friction : When a body (say well) rolls
on a surface the resistance offered by the
surface is called rolling friction. In rolling the
surfaces at contact do not rub each other. The
velocity of the point of contact with respect to
the surface remains zero all the time although
the centre of the wheel moves forward. The rolling
friction is negligible in comparison to static or
kinetic friction which may be present
simultaneously, i.e.,

u, = coefficient of kinetic friction.

w, = coefficient of sliding, u_= coefficient of

rolling friction.

“’r <“’si <“’s
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*, .. . . . .
** Friction is a non-conservative force, i.e., work ® Angle of Repose :

done against friction is path dependent. In its
presence mechanical energy is not conserved
as it converts, energy of motion (i.e., kinetic
energy) of a body into heat. Thus, friction
reduces efficiency of a machine. Lubrication
reduces friction as it prevents interlocking of
elevations and depressions.

Note : Misconception : Friction always
oppose the motion.

* ¢

Exception :

(i) In moving, a person or vehicle pushes the
ground backwards (action) and the rough
surface of ground reacts and exerts a forward
force due to friction which causes the motion. If
there had been no friction there will be slipping
and no motion.

(il In cycling, the rear wheel moves by the
force communicated to it by pedaling while front
wheel moves by itself. So, when pedaling a
bicycle, the force exerted by rear wheel on
ground makes force of friction act on it in the
forward direction (like walking). Front wheel
moving by itself experience force of friction in
backward direction (like rolling of a ball).

Without friction metion can't be started, stopped
or transferred from one body to cther

[ANGLE OF FRICTION |

The angle made by the resultant of frictional
force (F.) and the normal reaction with the
direction of the normal reaction (figure shows
this).

P = driving force

S

1

1

1

i

1

1

1

1

1

1

1

1

H .
1

1 ‘]
1

1

v

<

W

Angle of friction
N = Normal reaction.
F = frictional force
R = resultant of Nand F_.

A angle of friction =tan™' (F/N)=tan™"p, .

The coefficient of limiting friction is thus equal
to the tangent of the angle of friction.

It is minimum angle of inclination of a rough
inclined plane with the horizontal so that the
body placed on it is in limiting equilibrium.

ough plane

mg cosa.

Vmg
Limiting Equilibrium
o = angle of repose
mg = weight of the body, F_ = limiting friction =
mg sina
N = normal reaction = mg cos o

F;, mgsna

L —tana

N Mg Ccos i
o = angle of repose = angle of friction 3,

Acceleration of a body moving down an inclined
plane when the angle of inclination of the plane
is greater than angle of repose the body moves
down with acceleration f.

6 = angle of inclination of the plane.

.. 0> o then f= acceleration down; m = mass

of the body; p, = coefficient of kinetic friction.

mf =mgsinO—F, =mgsinO—p N
=mgsin®— |, mgcosh

f=(gsin®-n, cosB)/m

Work done during motion : In static state no

work is done.

During motion upward the plane —w = work

W :(mgsin9+ F)x displacement along the
plane

Advantage of friction :

(1) It helps us walk, run on ground. It is easier
to walk on rough ground than on snow, ice or
slippery ground

(2) Helps to hold things in hands, write on black
board, on paper

(3) Helps to tie knots of strings or ropes

{(4) Brakes work due to friction

(5) Treading of tyres in done to increase friction
(6) Helps to transmit power from motors and
engines to other machines
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Disadvantages of friction :

(1) Causes unnecessary wear and tear of
moving parts

(2) Friction produces heat due to motion of parts
of engines

(3) Loss of energy and fuel due to friction
Lubrication :

If we put some 'grease' between surface in
contact, the sliding friction is highly reduced.
Such materials which when placed between
sliding surfaces reduce the sliding friction
significantly are known as Lubricants. Putting
lubricants for this purpose is lubrication. Some
lubricants are grease, cil, etc.

Why does friction reduce upon lubrication?

This is so because a thin layer of lubricant fluid
comes between two solid surfaces trying to
come in contact. As a result, the solid-fluid
friction and fluid-fluid friction comes into play.
These are very weak, thus reducing the friction.

Dynamics of circular motion :

In circular motion or motion along any curved
path Newton's law is applied in two
perpendicular directions one along the tangent
and cther perpendicular to it . ie towards
centre. The component of net force along the
centre is called centripetal force. The
component of net force along the tangent is
called tangential force.

dv
tangential force (F) =Ma,=M — =Maor

dt
2

my

centripetal force (F ) = mw?r=

Circular Motion in Horizontal Plane :

A ball of mass m attached to a light and
inextensible string rotates in a horizontal circle
of radius r with an angular speed o about the
vertical. If we draw the force diagram of the ball.
We can easily see that the component of
tension force along the centre gives the
centripetal force and component of tension
along vertical balances the gravitation force.

[Laws of Motion P Il @NIHNMESINAPHY SICS

! md

FBD of ball w.r.t. ground

Q Circular Turning on roads :

When vehicles go through turnings, they travel
along a nearly circular arc. There must be some
force which will produce the required centripetal
acceleration. Ifthe vehicles travel in a horizontal
circular path, this resultant force is also
horizontal. The necessary centripetal force is
being provided to the vehicles by following three
ways.

By friction only

By banking of roads only.

By friction and banking of roads both.

In real life the necessary centripetal force is
provided by friction and banking of roads both.
Now let us write equations of motion in each of
the three cases separately and see what are
the constant in each case.

By Friction Only :

Suppose a car of mass m is moving at a speed
v in a horizontal circular arc of radius r. In this
case, the necessary centripetal force to the car

will be provided by force of friction f acting
towards center

2
Thus,f:fﬂ¥—

Further, limiting value of fis uN
(N=mg)

Therefore, for a safe turn without sliding

or ff =uN=pmg

my2 2
<f_ or

< umg

2
or, MZ\;”E or V£1|.Lrg
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Here, two situations may arise. If p and r are
known to us, the speed of the vehicle should

not exceed ,/urg and if v and r are known to

us, the coefficient of friction should be greater
V2

than —.
g

By Banking of Roads Only :

Friction is not always reliable at circular turns if
high speeds and sharp turns are involved. to
avoid dependence on friction, the roads are
banked at the turn so that the outer part of the
road is some what lifted compared to the inner
part.

Applying Newton's second law along the radius
and the first law in the vertical direction.

mv?

N sing=——
r

or N cost=mg

v
from these two equations, we get tand=—

g
or, v = frgtan®

Both By Friction and Banking of Road:

If a vehicle is moving on a circular road which is
rough and banked also, then three forces may
act on the vehicle, of these the first force, i.e.,
weight (mg) is fixed both in magnitude and
direction.

The direction of second force, i.e., normal
reaction N is also fixed (perpendicular ro road)
while the direction of the third force i.e., friction
f can be either inwards or outwards while its

[Laws of Motion P Il @NIHNMESINAPHY SICS

magnitude can be varied upto a maximum limit
(f_ = uN). So the magnitude of normal reaction
N and directions plus magnitude of friction f are
so adjusted that the resultant of the three forces

2
. .omv

mentiched above is —— towards the center.
r

Ofthese mand r are also constant. Therefore,
magnitude of N and directions plus magnitude
of friction mainly depends on the speed of the
vehicle v. Thus, situation varies from problem to
problem. Even though we can see that

(i) Friction fwill be outwards if the vehicle is at
rest v =0. Because in that case the component
weight mg sing is balanced by f.

(ii) Friction f will be inwards if v > ,/rg tano

(iii) Friction f will be outwards if v «<,/rgtané
and

(iv) Friction f will be zero if v = ,/rg tan©

Note :
v2
(i) The expression tan 0 = E also gives the

angle of banking for an aircraft, i.e., the angle
through which it should tilt while negctiating a
curve, to avoid deviation from the circular path.

2
v
(ii) The expression tan & = E also gives the

angle at which a cyclist should lean inward,
when rounding a corner. In this case, € is the
angle which the cyclist must make with the
vertical.

Effect of Earths Rotation on Apparent
weight :

The earth rotates about its axis at an angular
speed of one revolution per 24 hours. The line
joining the north and the south poles is the axis
of rotation.

Every point on the earth moves in a circle. A
point at equator moves in a circle of radius equal
to the radius cf the earth and the centre of the
circle is same as the centre of the earth. For
any other point on the earth, the circle of rotation
is smaller than this. Consider a place P on the
earth (figure).
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Drop a perpendicular PC from P to the axis SN.
The place P rotates in a circle with the centre
at C. The radius of this circle is CP. The angle
between the line OM and the radius OP through
P is called the latitude of the place P. We have
CP = OP cosb or, r =R coso
where R is the radius of the earth.

If we work from the frame of reference of the
earth, we shall have to assume

L

Inertia is proportional to mass of the body.
Force cause acceleration.

A system or a body is said to be in equilibrium,
when the net force acting on it is zero.

A single 1solated force cannot exist.

1gf =980 dyne and 1kgf=9.8 N

Apparent weight of a freely falling body
= ZERO, (state of weightlessness).

For an isolated system (on which no external
force acts), the total momentum remains
conserved (Law of conservation of
momentum).

The chage in momentum of a body depends
on the magnitude and direction of the applied

force and the period of time over which it is
applied i.e. it depends on its impulse.

. . e I
Recoil velocity of the gun is V' = ﬁv
Where m = mass of bullet, M = mass of gun
and 3 =muzzle velocity of bullet.

The rocket pushes itself forwards by pushing
the jet of exhaust pases backwards.

dm
Upthrust on the rocket = x N
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the existence of pseudo force. In particular, a
centrifugal force mw?r has to be assumed on
any particle of mass m placed at P.

If we consider a block of mass m at point P
then this block is at rest with respect to earth.
If resolve the forces along and perpendicular the
centre of earth then

N+ mre? cos 6 =mg = N=mg— mre? cos
8= N=mg-mRw?cos?8

/ Tips & Tricks |

Initial thrust on rocket = m(g+a), where a is
the acceleration of the rocket.

U dm

Upward acceleration of rocket = —» —
mdt

Newton's third law is applicable whether the
bodies are at rest or in motion.

Rolling friction is much less than the sliding

friction. This knowledge was used by man to
invent the wheels.

The friction between two surfaces increases
(rather than to decrease), when the surfaces
are made highly smooth.

The non-inertial character of the earth is
evident from the fact that a falling object does
not fall straight down but slightly deflects to
the east due to coryolis (pseudo) force.

When a body is moving with a linear velocity v
around a circular path of radius r, then an
acceleration known as centripetal acceleration
acts on that body which is directed radially
towards the axis of rotation of the body.

2

. . - v
centripetal acceleration a,= - and

myv _ 2
T = mra

centripetal force T, =
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For a body rotating in a circular path the
necessary centripetal force is provided by
making the path in such a way that the outer > pug, where
circumference of the path is at a higher
height than the inner circumference of the
path. This process is known as the banking
of the curve. safe velocity of the vehicle is v = J@

2
% Avchicle will slip down a banked road if VT

4 = coefficient of friction.
If there 1s no banking of the road, then the

For a banked road, the safe velocity is v =

outer
circumference Jurgeotd

P For a planc road, the safest velocity that the
v 2

inner : : . v'h
circumforence vehicle will not topple over is - <ag

The angle 6 is known as the angle of banking

where 2a = distance between the two

2
tan 0 = ‘rff , where v = linear velocity tyres.

£ h = the height of the centre of mass from the
of the body road

= radius of t f the bod . o .
T~ radius of cutvature of the botly The maximum velocity in such case is v =

g = acceleration due to gravity.

If a body is moving with constant angular \ %

veloeity then the angular momentum, energy
and speed remains constant for that body.

Solved Example

2. A 0.5 kg ball moving with a speed of

1. A block B is pushed momentarily along a .

. . — . 12ms— strikes a hard wall at an angle of 3()°
horizontal surface with an initial velocity v. If £ with the wall. It is reflected with the same speed
is the coefficient of sliding friction between B and at the same angle. If the ball is in contact
and the surface, block 8 will come to rest after with the wall for 0.25 s, the average force acting
atime on the wall is

v
B —»
TITT7 T 7777 7T 777777777777 =
.
a) — oy S2
g4 v
3
2 v
c) — dy —
) )Y
a)48 N b)24 N
Sol.: (a) Retardation due to friction = — g c)12N d)96 N
Initial velocity = v
Now using v = u + at Sol.: (b)
Final velocity is zero A p=0Bsin30°—(-0Asin30°)

v = mvsin 30° —(—mvsin 30°)
=0=v—ugi=i=—-

HE =2 mvysin30°
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Its time rate will appear in the form of average
force acting on the wall.

Fxt=2mvsin30°

_ 2mysin 30°
f

or 17

Given, m=0.5kg, v=12ms ' t=025s
g =30°

2x0.5%x12s1mn 30 — 94N

Hence, F =

0.25

A block of mass m is in contact with the cart C
as shown in the figure.

c [
O Q

The coefficient of static friction between the block
and the cart is £ .The acceleration ¢ of the

cart that will prevent the block from falling
satisfies

Sol.:

(c)
When cart moves with some acceleration

towards right then a pseudo force (ma) acts on
block towards left.

[Laws of Motion P Il @NIHNMESINAPHY SICS

mg

This force (mex) is action force by a block on

cart. Now, block will remain static with respect
to car, if frictional force

HR 2 mg .

= umazmg (R=mx)

:>a2

= o

The string between blocks of mass m and
2m is massless and inextensible. The
system is suspended by a massless
spring as shown. If the string is cut find
the magnitudes of accelerations of mass
2m and m (immediately after cutting)

T'=mg ... (i
W1/ 1171 IIIIiIIii4
T T
2
foms "
4T mg
m
T e

By equilibrium of 2m, T = 2mg — T’
From (iy and (i), T = 2mg — mg = mg
When the string is cut :

For mass m . F

net = mam
—>mg=ma, > a,=g

For mass 2m
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F. = 2ma,,

n

=2mg—-T = 2ma,,
= 2mg—mg =2ma,,

g
=, ==
2im 2

Hence choice is (c).

5. Alight string passing over a smooth light pulley
connects two blocks of masses m, and m,
{vertically). If the acceleration of the system is
g/8, then the ratio of the masses is :

(@) 8 1 ()9 .7
()4 '3 ()5 3

Sol. Free body diagram of system

Congidering m, > m,
m,g-T=m,a
T-mg=ma

_ (my—my)
4% my+m
Given, a=g/8

g_|[Mmx-m
~ 8" [mﬁszg
m,+m,=8(m,—m,)
7m2=4m1

[Laws of Motion P Il @NIHNMESINAPHY SICS

M2 _ 9
m 7

6. A mass Mis hung with a light inextensible
string. Tension in horizontal part of string is

m‘&

Sol.

(7§

Also Mg =T,sin30°= 22

2 1 7
. Mo = 1 _ M
l.e., £ \5 2 \/g
e, I =3Mg

7. Block A of mass m and block B of mass 2im
are placed on a fixed triangular wedge by means
of massless, inextensible string and a
frictionless pulley as shown. The wedge is
inclined at 45° to horizontal on both sides. The
coefficient of friction between block Aand wedge
is 2/3 and that between block B and wedge is
1/3. If system of A and B is released from rest
then acceleration of A is

45° 450

www.unskooler.com



sl

[
JNSKooler
CHASING INFINITY. ..
(a) zero (b) 1 ms2
(c) 2 ms2 (c) 3 ms2

Sol.

(@ f,. for A=n, (mg cos 45")

mg sin 45° 2mg sin 45°

F,=mgsin45°, F =2mgsin45°
Also f__ for B:u,z(2mg00s45°)

A

:1f3(2mg\ﬁ)—?2mg

Total frictional force

V22 22
=——mg+—mg=———mg

3 3 3
2mg mg _mg

V22 2

-, system can not accelerate.

But pulling force = £ — F, =

Two masses of 10 kg and 20 kg are connected
with an inextensible string passing cover two
smooth pulleys as shown in the figure. The
acceleration of the 20 kg mass will be

10kg
Re)
4
10
(2) 10 m/s? ?mf’s2
20 40
(c) “m/s? (d) ?m/s2

[Laws of Motion P Il @NIHNMESINAPHY SICS

Sol.

The 20 kg mass will move downwards such that
T is the tension in the string. x, and x, is the
length of horizontal porticn and the length of each
vertical string, respectively then the constraint
relation is that the length L of the string is
constant.

Xy +2x,=L
. - dix 2 2x2
On differentiating twice, ———+ =
dt at
Cr, a, +2a, =0, where a, and a, are respective
accelerations of both the blocks

0

a,=-2a, or
If a,=a,

lay| = 2|ay|

a,=2a

The equations of the masses are given by
7=10" 2a=20a
20g-2T7=20a

27=40a

20g_20x10 10
% 760 60 3 s

The figure below shows a rod of mass 2m
restricted horizontally by two vertical supports
that rest on a wedge of mass m. When the rod
is released from rest, find the acceleration of
the rod and that of the wedge.

(@)

2tan O+ cotO 2tan® + cotH

tan® + cotH tan® + cotH

(c)

Sol.

Let mass 2m move down by y when wedge OXY

moves towards the right

through a distance x.
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=tan 6, orx=ycoto

Let the downward acceleration of 2m be a, and

the acceleration of m towards the right be a.

dzx_ d*y

d*x  d*y ‘o
a=—= % GO
gt 4t
ax=aycote

The free-body diagrams for mass of the rod and
that of the wedge are shown in the figure below.

Forthe rod,

2 ma,, = 2mg — Ncose

I 3

- “‘\
N sin O ™.,
s

>

1 » N sin 0
/ .—{“‘.“\
v AN
mg
(Wedge)

Forthe wedge,
ma,, cot 0 = ma, = Nsin 0 (i
For the rod,
2mg — 2may = Ncos 6 (i)

On multiplying (i) by cos 6,
Nsin 8 cos 6 = ma, cote cos o
On multiplying (i) by sing,

Nsin 6 cos 6= 2mg sin 6 — 2may sine

[Laws of Motion P Il @NIHNMESINAPHY SICS

On equating, we obtain
ma,, cot 6 cos O + 2may sin 6 = 2mg sin 6

ay(oot BcosB+2xsin0)=2gsind

Cn dividing by sin 9,
cos
a |cotd +2(=2
y[ sin & } &
2g
a =" 3.
Yo 2+4cot”d
2gcotd 2g

8,=8,00t0= 5 29 2tan®+cotd

10.

A chain of length / is placed on a smooth
spherical surface of radius R with one of its ends
fixed at the top of the sphere. Find the
acceleration a of each element of the chain when
its upper end is released. Assume that the length
of the chain (/) is less

R

than —.
2

Sol.

Consider an element df ofthe chain at an angle
8 to the vertical. If m is the mass of chain, the

m
mass of element, dm= ? x df.
di = Rde

m
dm = ? x R xd0

dF = force responsible for acceleration = (drm)g
sin o

dF = %xRxd@xgsin@

Let o be the angle made by the chain with the
radius vector R.

0
m .
Net force = F = IdF=?XR><gIsm9d9

m o  mRg
= —xRxegl-cosl|] = —=[1-cose
7 g| |0 7 [ |

i3

As X =
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E = m—lqg|:1_cos(£ :|
£ R

el

F_Rg
m £

Acceleration =

1.

The inclined plane cf figure as shown below forms
an angle o = 30°with the horizontal. The mass
ratio m,/m, = 2/3. The coefficient of friction
between the body m, and the inclined plane is
equalto KL =0.10. The masses of the pully and
the threads are negligible. Find the magnitude
and the direction of acceleration of the body m,
when the formerly stationary system of masses
starts moving.

Sol.

According to the problem

"2 067

my

But

NERR|

lLcosc + sino= 0.1><7+ E: 0.5866 . (i))

From equation (i) and (ii), we get
ﬁ>y,c030t+sinoz)t
m

This condition satisfies the condition of problem.
So, the acceleration of m, is in downward

direction. {parallelto g)

N

m gsino

+HL 1, g CoSO

From free body diagram
mg-T=m,a
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I'—mgsino.—umgceoso=ma ... (V)
After solving equation (iv) and (v), we get
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12.

In figure, A and B are blocks with weights of
40N and 20N respectively.

(a) Determine the minimum mass of a block C
be placed on A to keep it from sliding. The co-
efficient of static friction between Aand the table

is =020

(b) Let the block C placed on A, be suddenly
lited off A. What is the acceleration of block A,
if the co-efficient of kinetic friction between A

andthetableis u,=0.15?(g=10 ms7).
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Sol.

The driving force acting on (A + C) will be tension
that equals the weight of B, i.e., 20N. The force
of friction acting on A must balance it.

Thus, f=20 newton

Now,

f<u,N= f<0.20(40newton + mx10)
= 20=8+2m

= m=6kg . The minimum mass of block C is,
thus, 6kg.

{b) When Cis suddenly lifted off A, normal force
falls to 40 newton, and hence limiting friction
falls to 8N. But driving tension remains 20 N
which starts motion. During motion kinetic
friction starts acting and acceleration appears.
The tension now changes. Letitbe T_. Then

I'—u,m,g=ma
meg—1T =mga

mpg— W m,g J — 1 4pms>
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Solving these { m, +m,
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