Chapter 4: Laws of Motion

EXERCISES [PAGES 73 - 77

Exercises | Q 1. (i) | Page 73

Choosethe correct answer.
Consider the following pair of forces of equal magnitude and opposite directions:
P. Gravitational forces exerted on each other by two-point masses separated by a
distance.
Q. Couple of forces used to rotate a water tap.
R. Gravitational force and normal force experienced by an object kept on a table.
For which of these pair/pairs the two forces do not cancel each other’s translational
effect?

1. Only P

2. OnlyPand Q

3. OnlyR

4. OnlyQ andR

SOLUTION

Only P i.e., Gravitational forces exerted on each other by two-point masses separated
by a distance.
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Choosethe correct answer.
Consider following forces: (w) Force due to tension along a string, (x) Normal force
given by a surface, (y) Force due to air resistance, and (z) Buoyantforce or upthrust
given by a fluid.
Which of these are electromagnetic forces?

1. Onlyw, yandz

2. Onlyw, xandy

3. Onlyx,yandz

4. All four
SOLUTION
All four.

Exercises | Q 1. (iii) | Page 74
Choosethe correct answer.
At a given instantthree-pointmasses m, 2m and 3m are equidistantfrom each other.
Consideronly the gravitational forces between them. Select correct statement/s for this
instance only:

1. Mass m experiences maximum force.

2. Mass 2m experiences maximum force.



3. Mass 3m experiences maximum force.
4. All masses experience force of same magnitude.

SOLUTION
Mass 3m experiences maximum force.
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Choosethe correct answer.

The rough surface of a horizontal table offers a definite maximum opposing force to
initiate the motion of a block along with the table, which is proportional to the resultant
normal force given by the table. Forces F1 and F2 act at the same angle T with the
horizontal and both are just initiating the sliding motion of the block along with the table.
Force F1 is a pulling force while the force F2 is a pushing force. F2 > F1, because

Component of F2 adds up to weight to increase the normal reaction
Componentof F1 adds up to weightto increase the normal reaction.
Componentof F2 adds up to the opposing force.

Componentof F1 adds up to the opposing force.

Component of Fz adds up to weight to increase the normal reaction
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Pwp R

Choosethe correct option.
A mass 2m moving with some speed is directly approaching another mass m moving
with double speed. After some time, they collide with a coefficient of restitution 0.5. The
ratio of their respective speeds after the collision is

1. 2/3

2. 32

3. 2

4. 1/2

SOLUTION

32
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Choosethe correct answer.
A uniformrod of mass 2m is held horizontal by two sturdy, practically inextensible

vertical strings tied at its ends. A boy of mass 3m hangs himself atone-third length of
the rod. The ratio of the tension in the string close to the boy to that in the other string is

2. 15



3. 4/3
4. 5/3

SOLUTION
15
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Choosethe correct answer.
Select the wrong statement about the centre of mass:

1. Centre of the mass of a ‘C’ shaped uniformrod can neverbe a pointon that rod.

2. If the line of action of a force passes through the center of mass, the moment of
that force is zero.

3. Centre of a mass of our Earth is not at its geometrical centre.

4. While balancing an object on a pivot, the line of action of the gravitational
force of the earth passes through the center of mass of the object.

While balancing an object on a pivot, the line of action of the gravitational force of the
earth passes through the center of mass of the object.
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Choosethe correct answer.
For which of the following objects will the center of mass not be at their geometrical
center?
() An egg
(I) a cylindrical box full of rice
(1) a cubical box containing assorted sweets
1. Only (D)
2. Only(l) and(Il)
3. Only (1)
4. All (1), (I and (1)

SOLUTION

AllL (), (I and (111
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Answer the following question.
In the following table, every entry on the left column can match with any number of
entries on the right side. Pick up all those and write respectively against (i), (ii), (iii)and

(iv).



Name of the force Type of the force

A Force due to tensionin a string P EM force
B Normal force Q Reaction force
C Frictional force R Conservative force
D Resistive force offered by air or water for S Nonconservative force
objects moving through it.
SOLUTION

A. Force dueto tension in a string: Electromagnetic (EM) force, reaction force,
non-conservative force.

B. Normal force:
Electromagnetic (EM) force, non-conservative force, Reaction force

C. Frictional force:
Electromagnetic (EM) force, reaction force, non-conservative force.

D. Resistive force offered by air or water for objects moving through it:
Electromagnetic (EM) force, non-conservative force.

Exercises | Q 2. (ii) | Page 74

Answer the following question.
In real life, objects never travel with uniform velocity, even on a horizontal surface,
unless somethingisdone? Why isit so? Whatis to be done?

SOLUTION

1. According to Newton’s first law, for a body to achieve uniform velocity, the net
force acting on it should be zero.

2. In real life,a body in motion is constantly being acted upon by resistive or
opposing force like friction, in the direction opposite to that of the motion.

3. To overcome these opposing forces, an additional external force is required.
Thus, the netforce is not maintained atzero, making it hard to achieve uniform
velocity.

4. For an object to travel with uniform velocity, the surface hasto be frictionlessi.e.,
the motion hasto be free of resistive or opposing forces.

Exercises | Q 2. (iii) | Page 74



Answer the following question.
For the study of any kind of motion, we never use Newton’s first law of motion directly.
Why should it be studied?

SOLUTION

1. Newton’sfirst law shows an equivalence between the ‘state of rest’ and ‘state of
uniform motion along a straightline.’

2. Newton’sfirst law of motion defines force as a physical quantity thatbrings about
a change in ‘state of rest’ or ‘state of uniform motion along a straight line’ of a
body.

3. Newton’s first law of motion defines inertia as a fundamental property of every
physical object by which the object resists any change in its state of rest or of
uniform motion along a straight line. Due to all these reasons, Newton’s first law
should be studied.
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Answer the following question.
Are there any situations in which we cannotapply Newton’s laws of motion? Is there
any alternative for it?

1. Limitation: Newton’s laws of motion cannotbe applied for objects movingin a
non-inertial (accelerated) frame of reference.

Alternative solution: For a non-inertial (accelerated) frame of reference, pseudo
force needsto be considered along with all the other forces.

2. Limitation: Newton’s laws of motion are applicable to pointobjects and rigid
bodies.

Alternative solution: Body needs to be approximated as a particle as the laws
can be applied to individual particles in arigid body and then summed up over
the body.

3. Limitation: Newton’s laws of motion cannotbe applied for objects moving with
speeds comparable to that of light.

Alternative solution: Einstein’s special theory of relativity has to be used.

4. Limitation: Newton’s laws of motion cannotbe applied for studying the
behaviour and interactions of objects having atomic or molecular sizes.



Alternative solution: Quantum mechanics hasto be used.
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Answer the following question.
You are inside aclosed capsule from where you are not able to see anything aboutthe

outside world. Suddenly you feel thatyou are pushed towards your right. Can you
explain the possible cause (s)? Is it a feeling or a reality? Give at least one more

situation like this.

1. In acapsule,if we suddenly feel a push towards the right it is because the
capsuleis in motion and taking a turn towards the left.

2. The push towards the rightis a feeling. In reality, when the capsule is beginning
its turning motion towards the left, we continue in a straight line.

3. This happens because we try to maintain our direction of motion while the
capsule takes a turn towards the left.

4. An external force is required to change our direction of motion. In accordance
with one of the inferences from Newton’s first law of motion, in the absence of
any external force, we continue to move in a straight line at a con stantspeed and
feel the sudden push in the direction opposite to the motion of the capsule.

5. Example: While traveling by bus, when the bus takes a sudden turn we feel the
push in the opposite direction.
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Answer the following question.
Among the four fundamental forces, only one force governs your daily life almost
entirely. Justify the statement by stating that force.

1. The electromagnetic force is the attractive and repulsive force between
electrically charged particles.

2. Since electromagnetic force is much stronger than the gravitational force, it
dominates all the phenomena on atomic and molecular scales.

3. The majority of the forces experienced in our daily life like friction, normal
reaction, the tension in strings, elastic forces, viscosity, etc. are electromagnetic



in nature.

4. The structure of atoms and molecules, the dynamics of chemical reactions etc.
are governed by electromagnetic forces.

Thus, out of the four fundamental forces, the electromagnetic force governs our
daily life almost entirely.
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Find the odd man out:
1. Force responsible for a string to become taut on stretching
2. Weight of an object
3. The force dueto which we can hold an object in hand.

Force responsible for a string to become taut on stretching, Weight of an object, The
force due to which we can hold an object in hand - Weight of an object.

Reason: Weight of an object (force due to gravity) is a non-contact force while force
responsible fora string to become taut (tension force) and force due to which we can
hold an object in hand (normal force) are contact forces
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Answer the following question.

You are sitting nextto your friend on ground. Is there any gravitational force of attraction
between you two? If so, why are you not coming together naturally? Is any force other
than the gravitational force of the earth comingin the picture?

SOLUTION

1. Yes, there exists a gravitational force between me and my friend sitting beside each other.
m;my

—
2. The gravitational force between any two objects is given by, F = G
T

Where, G = universal gravitational constant, m; and m, = mass of the two objects,
r = distance between centers of the two ohjects

3. Thus, me and my friend attract each other. But due to our small masses, we exert a force on each other, which is
too small as compared to the gravitational force of the earth. Hence, me and my friend don't move towards
each other.

4. Apart from the gravitational force of the earth, there is the normal force and frictional force acting on both me

and my friend.

Exercises | Q 2. (ix)(A) | Page 75

Answer the following question.



1.

Distinguish between real and pseudo force.

Real force Pseudo Force
1. A force which is produced due to interaction A pseudo force is one which
between the objects is called real force. arises due to the acceleration of
the observer’s frame of
reference.
2. Real forces obey Newton’s laws of motion.  Pseudo forces do not obey

Newton’s laws of motion.

3. Real forces are one of the fourfundamental Pseudo forces are notamong
forces. any of the four fundamental
forces.
4. Example: The earth revolves aroundthe Example: Busis moving with an

sunin a circular path due to the gravitational acceleration (a) on a straight
force of attraction between the sun andthe road in forwarding direction, a
earth. person of mass ‘m’ experiences
a backward pseudo force of
magnitude ‘ma’.
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Answer the following question.

Distinguish between conservative and nonconservative forces.

Conservative force Non-conservative force

If work done by or againsta force is If work done by or againsta force is
independent of the actual path, the force is dependentof the actual path, the force is
said to be a conservative force. said to be a non- conservative force.



During work done by a conservative force,
the mechanical energy is conserved.

Work done is completely recoverable.

Example: gravitational force, magnetic
force etc.
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Answer the following question.
Distinguish between contactand non-contactforces

SOLUTION

Contact forces

The forces experienced by a body due to
physical contactare called contact forces.

Example: gravitational force, electrostatic

force, magnetostatic force etc.
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Answer the following question.
Distinguish between inertial and noninertial frames of reference.

SOLUTION

Inertial frame of reference

1. The body moves with a constant

velocity (can be zero).

During work done by a nonconservative
force, the mechanical energy may notbe
conserved.

Work done is not recoverable.

Example:
Frictional force, air drag etc.

Non-contact forces

The forces experienced by a body
withoutany physical contactare
called non-contactforces.

Example: Frictional force, force

exerted due to collision, normal
reaction etc.

Non-inertial frame of reference

The body moves with variable
velocity.



2. Newton’s laws are obeyed. Newton’s laws are not obeyed.

3. The body does not accelerate. The body undergoes
acceleration

4, In this frame, a force acting on a The acceleration of the frame
body is a real force. gives rise to a pseudo force.

5. Example: A rocket in inter-galactic Example: If a car just starts its
space (gravity-free space between motion from rest, then during the
galaxies) with all its engine shut. time of acceleration the car will

be in a noninertial frame of
reference.
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Answer the following question.

State the formulafor calculating work done by a force. Are there any conditions or
limitations in using itdirectly? If so, state those clearly. Is there any mathematical way
out for it? Explain.

SOLUTION

1. Suppose a constant force E‘ acting on a body produces a displacement S inthe body along the positive X-
direction. Then the work done by the force is given as,
W =Fscos®
Where O is the angle between the applied force and displacement.

2. If displacement is in the direction of the force applied, 8 = 0°

_}
W=F.s



Conditions/limitations for application of work formula:

1. The formula for work done is applicable only if both force ? and displacement s are constant and finite e, it
cannot be applied when the force is variable.

2. The formula is not applicable in several real-life situations like lifting an object through several thousand
kilometres since the gravitational force is not constant. It is not applicable to viscous forces like fluid resistance
as they depend upon speed and thus are often not constant with time.

3. The method of integration has to be applied to find the work done by a variable force.

Integral method to find work done by a variable force:
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1. Let the force vary non-linearly in magnitude between the points A and B as shown in the above figure.

2. In order to calculate the total work done during the displacement from s, to s,, we need to use integration. For
integration, we need to divide the displacement into large numbers of infinitesimal (infinitely small)
displacements.

3. Let at P4, the magnitude of force be F = P4P;". Due to this force, the body displaces through infinitesimally
small-displacement ds, in the direction of the force. It moves from P4 to P,.

- dT = P\Ps

4. But direction of force and displacement are same, we have
ds =Pqypy

5.ds is so small that the force F is practically constant for the displacement. As the force is constant, the area of

—}.
the strip F. d’s is the work done dW for this displacement.
6. Hence, small work done between P1 to P2 is dW and is given by
_>
dw=F - d? = ]_::']_]_::']_l'I > P]_fP?f
= Ares of the strip P1P,P;'Py".



7. The total work done can be found out by dividing the portion AB into small strips like P4P5P5'P;" and taking sum

of all the areas of the strips.
£

~W= [ F+ds=Area ABB'A’

8. Method of integration is applicable if the exact way of variation in F‘} and s is known and that function is
integrable.

9. The work done by the non-linear variable force is represented by the area under the portion of the force-
displacement graph.

10. Similarly, in case of a linear variable force, the area under the curve from s, to s; (trapezium APQB) gives total

work done W in the following figure.

A

Force - B

Pls, Qls:
Displacement s
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Answer the following question.
Justify the statement, “Work and energy are the two sides of a coin.”

SOLUTION
1. Work and energy both are scalar quantities.
2. Work and energy both have the same dimensionsi.e., [M1L2T-2].
3. Work and energy both have the same unitsi.e., Sl unit: joule and CGS unit: erg.
4. Energy refers to the total amountof work a body can do.
5. A body capable of doing more work possesses more energy and vice versa.
6. Work done on a body by a conservative force is equal to the change in its kinetic

energy.
Thus,work and energy are the two sides of the same coin.
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Answer the following question.

From the terrace of a building of heightH, you dropped a ball of mass m. It reached the
ground with speed v. Is the relation mgh = 1/2mv?2 applicable exactly? If not, how can
you accountfor the difference? Will the ball bounce to the same heightfromwhere it
was dropped?



SOLUTION

1.

Let the ball dropped from the terrace of a building of heighth have mass m.
During free fall, the ball is acted upon by gravity (accelerating conservative
force).

While coming down, the work thatis done is equal to the decrease in potential
energy.

This work done however is not entirely converted into kinetic energy but some
part of itis used in overcoming the air resistance (retarding non-conservative
force). This part of energy appears in some other forms such as heat, sound, etc.

Thus, in this case of an accelerating conservative force along with a retarding
non-conservative force, the work-energy theorem is given as,
Decrease in the gravitational

P.E. = Increase in the kinetic energy + work done againstnon-conservative
forces.

Thus, the relation mgh = 1/2mv? is not applicable when non-conservative forces
are considered. The part of the energy converted to heat, sound, etc also needs
to be added to the equation.

The ball will not bounce to the same heightfromwhere it was dropped due to the
loss in kinetic energy during the collision making itan inelastic collision.
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Answer the following question.
State the law of conservation of linear momentum. It is a consequence of which law?
Give an example from our daily life for the conservation of momentum. Does it hold

good during the burst of a cracker?

1.

Statement: The total momentum of an isolated system is conserved during any
interaction.

The law of conservation of linear momentumis a consequence of Newton'’s
second law of motion. (in combination with Newton’s third law)

Example: When anail is driven into a wall by striking it with a hammer, the
hammer is seen to rebound after striking the nail. Thisis because the hammer



imparts a certain amountof momentum to the nail and the nail imparts an equal
and opposite amountof momentumto the hammer.

Linear momentum conservation during the burst of a cracker:

a. The law of conservation of linear momentum holds good during the bursting of a
cracker.

b. When a cracker is at rest before the explosion, the linear momentum of the
cracker is zero.

c. When the cracker explodes into number of pieces, scattered in different
directions, the vector sum of the linear momentum of these pieces is also zero.

This is as per the law of conservation of linear momentum.

Exercises | Q 2. (xiv) | Page 75

Answer the following question.
Define coefficient of restitution.

For two colliding bodies, the negative of the ratio of the relative velocity of separation to
the relative velocity of approach is called the coefficient of restitution.
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Answer the following question.
Discuss the following as special cases of elastic collisions and obtain their exact or
approximate final velocities in terms of theirinitial velocities.

1. Colliding bodies are identical.

2. Avery heavy object collides on a lighter object, initially at rest.

3. Avery lightobject collides on a comparatively much massive object, initially at
rest.

The final velocities after a head-on elastic collision is given as,

|:]I]1—]119] { 2ms» }
vi=uy|———— |+ | —m—
m; + ms m; + ms

2m, ms — my
Vi=u|———— | +tug | —m—
m; + ms m; + ma

1. Colliding bodies are identical

If my = my, then vy = u; and v, = uq Thus, objects will exchange their velocities after head on elastic collision.



2. A very heavy object collides with a lighter object, initially at rest.
Let mq be the mass of the heavier body and m5 be the mass of the lighter body i.e., my >> m;; the lighter

particle is at rest i.e., u; = 0 then,
1Mo

l12
o

mq = my 2 m1 and
m; + msy

S ¥q =2 uqand vy = 2uy
i.e., the heavier colliding body is left unaffected and the lighter body which is struck travels with double the
speed of the massive striking body.
3. A very light object collides on a comparatively much massive object, initially at rest.
If m4 is the mass of a light body and m is the mass of a heavy body i.e., my << m; and uy = 0. Thus, m4 can be

neglected.Hence v4 = -uy and v, = 0.

i.e., the tiny (lighter) object rebounds with same speed while the massive object is unaffected.
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Answer the following question.

A bulletof mass mz travelling with a velocity u strikes a stationary wooden block of mass
m2 and gets embedded into it. Determine the expression for loss in the kinetic energy of
the system. Is this violating the principle of conservation of energy? If not, how can you
accountfor thisloss?

SOLUTION

1. A bulletof mass ma1 travelling with a velocity u, striking a stationary wooden block
of mass mz2 and getting embedded into it is a case of perfectly inelastic collision.

2. In a perfectly inelastic collision, although thereisa loss in kinetic energy, the
principle of conservation of energy is not violated as the total energy of the
system is conserved.

Loss in the kinetic energy during a perfectly inelastic head-on collision:

1. Let two bodies A and B of masses m1 and m2 moving with initial velocity Tfl and Tl}g respectively such that
particle A collides headon with particle B i.e, u; > ua.

2. If the collision is perfectly inelastic, the particles stick together and move with a common velocity V after the
collision along the same straight line.
loss in kinetic energy = total initial

kinetic energy — total final kinetic energy,

(]

. By the law of conservation of momentum, mquq + my up = (M4 + my) v

m;1; + maly

m; + s



4. Loss of kinetic energy,

1 1 1
AK.E = (Emlu% + Emgug) — E(ml + my)v?

2
1 1 1 mju; + mou
= (—mluf + —mgug) — E(ml + ms) {M}

2 2 m; + ms
B m? + mymyu? + mymyu? N m2u? — m?u? — m2u2 — 2m;mouyuy
2(m; + my) 2(m; + my)
m;mj 2
= ——— (w1 —w)
2(m; + ms)

5. Both the masses and the term (u; — u2)2 are positive. Hence, there is always a loss in a perfectly inelastic

collision. For a perfectly inelastic collision, as e = 0, the loss is maximum.
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Answer the following question.
One of the effects of a force is to change the momentum. Define the quantity related to
this and explain itfor a variable force. Usually when do we define it instead of using the

force?

SOLUTION
1. Impulseis the quantity related to change in momentum.

2. Impulseis defined asthe change of momentum of an object when the object is
acted upon by a force for a given time interval.
Need to define impulse:

1. In cases when time for which an appreciable force acting on an object is
extremely small, it becomes difficultto measure the force and time
independently.

2. In such cases, however, the effectof the force i.e, the change in momentumdue
to the force is noticeable and can be measured.

3. Forsuch cases, it is convenientto define impulse itself as a physical quantity.

4. Example: Hitting a ball with a bat, giving a kick to a foot-ball, hammering a nail,
bouncing a ball from a hard surface, etc.
Impulse for a variable force:

1. Considerthe collision between a bat and a ball. The variation of the force as a
function of time is shown below. The force axis is starting from zero.

2. From the graph, it can be seen that the force is zero before the impact. It rises to
a maximum during the impact and decreases to zero after the impact.



3. The shaded area or the area underthe curve of the force-time graph givesthe
product of force againstthe corresponding time (At) which is the impulse of the
force.

Area of ABCDE = F. At = impulse of force

4. Fora constantforce, the area underthe curveis a rectangle.

5. In case of a softer tennis ball, the collision time becomes larger and the
maximum force becomes less keeping the area underthe curve of the (F -1)

graph the same.

Area of ABCDE = Area of PQRST

Force

(F) B WS

(0,0) > time (t)

i
P
<
PA«At—=ET
— —
Graphical representation of

impulse of a force
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Answer the following question.

While rotating an object or while opening a door or a water tap we apply a force or
forces. Under which conditions is this process easy for us? Why? Define the vector
guantity concerned. How does it differ for a single force and for two opposite forces with
differentlines of action?

SOLUTION

1. Openingadoor can be done with ease if the force appliedis:

a. proportional to the mass of the object
b. far away from the axis of rotation and the direction of force is perpendicularto
the line joining the axis of rotation with the point of application of force.

2. Thisis because, the rotational ability of a force depends notonly upon the
magnitude and direction of the force but also on the pointwhere the force acts

with respect to the axis of rotation.



3. Rotating an object like a water tap can be done with ease if the two forces are
equal in magnitude but opposite in direction are applied along differentlines of
action.

4. The ability of a force to produce rotational motion is measured by its turning
effect called ‘moment of force’ or ‘torque’.

5. However, a moment of couple or rotational effect of a couple is also called
torque.

6. For differencesin the two vector quantities.

Moment of a force:

_>
- _— — =
i. Moment of a force is givenas, 7 = 1 X F

ii. It depends upon the axis of rotation and the point of application of the force.
iii. It can produce translational acceleration also, if the axis of rotation is not fixed or if friction is not enough.

iv. Its rotational effect can be balanced by a proper single force or by a proper couple.

¢ Moment of a couple

i. Moment of a couple is given as, T = ?12 * E‘}l = ?21 X fg.
ii. It depends only upon the two forces, i.e,, it is independent of the axis of rotation or the points of application of
forces.
iii. Does not produce any translational acceleration, but produces only rotational or angular acceleration.

iv. Its rotational effect can be balanced only by another couple of equal and opposite torque.
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Answer the following question.
Why is the moment of a couple independent of the axis of rotation even if the axis is

fixed?

1. Consider a rectangular sheet free to rotate only about a fixed axis of rotation, perpendicular to the plane.

— —
2. A couple of forces F and — F is acting on the sheet at two different locations.
3. Consider the torque of the couple as two torques due to individual forces causing rotation about the axis of
rotation.

4. Case 1: The axis of rotation is between the lines of action of the two forces constituting the couple. Let x and v

— —
be the perpendicular distances of the axis of rotation from the forces F and — F respectively.
In this case, the pair of forces cause anticlockwise rotation. As a result, the direction of individual torques due to

the two forces is the same.



ST=T, +T=xF+yF=(x+y)F=rF ..(1)

5. Case 2: Lines of action of both the forces are on the same side of the axis of rotation. Let q and p be the
- =
perpendicular distances of the axis of rotation from the forces F and — F respectively. In this case, the

= —
rotation of + F is anticlockwise, while that of — F is clockwise (from the top view). As a result, their individual
torques are oppositely directed.
LT=T1,-T=qF-pF
=(gq-pF=rF .. (2)
From equation (1) and (2), it is clear that that torque of a couple is independent of the axis of rotation.

l'-r'
ts
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Answer the following question.
Explain balancing or mechanical equilibrium. The linear velocity of a rotating fan as a
whole is generally zero. Is itin mechanical equilibrium? Justify your answer.

SOLUTION

1. The state in which the momentum of a system is constantin the absence of an
external unbalanced force is called mechanical equilibrium.

2. A particle is said to be in mechanical equilibriumif no net force is acting upon it.

3. In the case of a system of bodies to be in mechanical equilibrium, the net force
acting on any part of the system should be zero i.e., the velocity or linear
momentum of all parts of the system must be constantor zero. There should be
no acceleration in any part of the system.

4. Mathematically, for a system in mechanical equilibrium, >F = 0.
5. In the case of a rotating fan, if the linear velocity is zero, then the linear

momentum is zero. That means there is no netforce acting on the fan. Hence,
the fan isin mechanical equilibrium.
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Answer the following question.
Why do we need to know the center of mass of an object? For which objects, its
position may differ from that of the center of gravity?

SOLUTION

1. Centre of the mass of an object allows us to apply Newton’s laws of motion to
finite objects (objects of measurable size) by considering these objects as point
objects.

2. For objects in non—uniform gravitational field or whose size is comparable to that
of the Earth (size at least few thousand km), the position of the centre of mass
will differthan that of the centre of gravity.
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Solve the following problem.

A truck of mass 5 ton is travelling on a horizontal road with 36 km hr-1, stops on traveling
1 km after its engine fails suddenly. What fraction of its weightis the frictional force
exerted by the road? If we assume that the story repeats for a car of mass 1ton i.e., car
moving at the same speed stops at a similar distance, how much will the fraction be?

Given:
mtruck = 5 ton = 5000 kg,
Mcar = 1 ton = 1000 kg,

u =36 km/hr = 10 m/s,
v=0m/s,s =1km =1000m

To find: Ratio of force of friction to the weight of vehicle

Formulae: i. v2 =u? + 2as
ii. F=ma

Calculation: From formula (i),
2 X atruck X § = V2 - u?

2~ 2 X atuck X 1000 = 02 - 10?

~ 2000atruck = - 100

= atruck = - 0.05 m/s?

Negative sign indicates that velocity is decreasing



From formula (ii),
Ftruck = Mitruck X atruck = 5000 x 0.05

=250N
Ftruck 250

1

" weight, .o 5000 x 10 200

From formula (i),

2 X Acgr ¥ s = v2 - u?
5 2 % agy x 1000 = 0% - 102
» 2000 a4 = - 100
* agar = - 0.05 m/s?

From formula (ii),

F = megracar = 2000 x 0.05 =

50N
1

" weight.,, 1000 x 10

200

1
The frictional force acting on both the truck and the car is 300 of their weight.
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Solve the following problem.

A lighter object A and a heavier object B are initially atrest. Both are imparted with the
same linear momentum. Which will start with greater kinetic energy: A or B or both will

start with the same energy?

SOLUTION

1. Let m1and m2 be the masses of light object A and heavy objects B and v1 and
v2 be their respective velocities.

2. Since both are imparted with the same linear momentum,

3. The kinetic energy of the lighter object A



1
= KEp = Emgvﬁ

The kinetic energy of the heavier object B

1
=KEp= Emgv%

KE, smvi (mv)’/m
K.E.p %mg‘vg (mgvgjgfmg
. K.E.5 _ my - ~ ]
. K,E.B = m e ITIYV = M2VR

4. As my < m,, therefore K.E., > K.E.5 i.e, the lighter body A has more kinetic energy.
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Solve the following problem.

As | was standing on a weighing machine inside a liftit recorded 50 kg wt. Suddenly for
a few seconds, it recorded 45 kg wt. What must have happened during thattime?
Explain with complete numerical analysis.

SOLUTION

The weightrecorded by the weighing machine is always apparentweightand a
measure of reaction force acting on the person. As the apparentweight (45 kg-wt) in
this case is less than actual weight (50 kg-wt) the lift must be accelerated downwards
during thattime.

Numerical Analysis

1. The weighton the weighing machine inside the liftis recorded as 50 kg-wt
-~ mg = 50 kg-wt

IR

HI

=

®
,,T.
P ",
mg
2. This weightacts on the weighing machine which offers areaction R given by the

reading of the weighing machine

~ R =45 kg-wt = 9/10 mg



3. The forces acting on the person inside the lift are as follows:
a. Weight mg downward (exerted by the earth)
b. Normal reaction (R) upward (exerted by the floor)
4. As, R < mg, the net force is in downward direction and given as,

mg - R =ma

ButR =
U = —1mM
1019
JoIMg - — Mg = ma
9- 15 ™9
mg
S —— = Ina
10
- a=g/10

~a=1m/s (~g=1 m/52:'

5. Therefore, the elevator must be accelerated downwards with an acceleration of 1 m/s2 at that time.
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Solve the following problem.

The figure below shows a block of mass 35 kg resting on a table. The table is so rough
that it offers a self-adjusting resistive force 10% of the weight of the block for its sliding
motion along with the table.

A 20 kg wt load is attached to the block and is passed over a pulley to hang freely on
the left side. On theright side, there is a 2 kg wt pan attached to the block and hung
freely. Weights of 1 kg wt each, can be added to the pan. Minimum how many and
maximum how many such weights can be added into the pan so that the block does not
slide along the table?

] * |
| 35 kg wt
on rough table .
20kg wi - 2k wt
load pan
b I

SOLUTION

Frictional (resistive) force f = 10% (weight)

10
= —— % 35 x 10 = 35N
100



I
m = 20 kg lmﬂ'

l mg =200 N

ma
—

I 1) = ' I’
I5kg
—_—
I

1. Consider FBD for 20 kg-wt load. Initially, the block kept on the table is moving
towards the left, because of the movement of the block of mass 20 kg in a downward
direction

Thus, for a block of mass 20 kg,
ma=mg-T1 ... (1)

Considerthe forces acting on the block of mass 35 kg in a horizontal direction only as
shown in the second figure. Thus, the force equation forthis block is,

ma=T1-Tz2-f ... (2)

To prevent the block from sliding across the table,
mia=ma=_0

~Ti=mg=200N ..[From (1)]

Ti=Te+f ... [From (2)]

~ T2 + =200

~T2=200-35=165N

Thus, the total force acting on the block from right hand side should be 165 N.
-~ Total mass = 16.5 kg

=~ Minimum weightto be added

=16.5-2 =145 kg

= 15 weights of 1 kg each

2. Now, considering motion of the block towards right, the force equations for the
masses in the pan and the block of mass 35 kg can be determined from FBD shown



35kg
—
t m,a
"
ms,

l mazg2

From the above third figure shows,
ma=T2-T1-f .. (iii)

From the above fourth figure shows,

maa = mzg - T2 (V)

To prevent the block of mass 35 kg from sliding across the table,
mia =mza =0

~ From equations (iii) and (iv),

To=T1+f

T2 = mzg

- mzg = 200 + 35 = 235 N

~ The maximum mass required to stop the sliding
=235-2=21.5kg =21 weights of 1 kg each
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Solve the following problem.

Power is rate of doing work or the rate at which energy is supplied to the system. A
constantforce F is applied to a body of mass m. Power delivered by the force attime t
from the start is proportional to

t
2
Vit

10



Power is rate of doing work or the rate at which energy is supplied to the system. A
constantforce F is applied to a body of mass m. Power delivered by the force at time t
from the start is proportional to t.
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Solve the following problem.
Derive the expression for power in terms of F, m, andt.

1. A constant force F is applied to a body of mass (m) initially at rest (u = 0).

2. We have, v = u + at

~v=0+at
s v = at (1)
3. Now, power is the rate of doing work,
_dW
Cdt 4
3
“P=F-— ....'"dW =F -ds
- Frale ]
S
4. But T v, the instantaneous velocity of the particle.
P =Fv w2)
5. According to Newton's second law,
F=ma ... (3)
6. Substituting equations (1) and (3) in equation (2)
P = (ma)(at)
~ P = mat
mZa?
S P = * t
m
F2
S P=—1t
m

7. As F and m are constant, therefore, P oc 1.
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Solve the following problem.



40000 litre of oil of density 0.9 g/cc is pumped from an oil tanker ship into a storage tank
at 10 m higherlevel than the ship in half an hour. What should be the power of the
pump?
SOLUTION

Given:

h=10m, p = 0.9 g/cc = 900 kg/m?3, g = 10 m/s2,
V = 40000 litre = 40000 x 10° x 1079 m3 = 40 m?
T =30 min = 1800 s

To find: Power(P)
W hpgV
ot

Formula: P =

Calculation: From formula,

10 x 900 x 10 x 40
1800

- P=2000W

~P=2kw

The power of the pump is 2 kW.
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Solve the following problem.
Ten identical masses (m each) are connected one below the other with 10 strings.

Holding the topmost string, the system is accelerated upwards with acceleration g/2.
What s the tension in the 6th string from the top (Topmost string being the first string)?



Considerthe 6™ string from the top. The number of masses below the 6th string is 5.
Thus, FBD for the 6™ mass is given in the following figure.

Smg

b |72

The force equation for that mass is,

5ma=T-5mg
As a = )
2

.
T2 2ms

+ dmg

1
— 5mg( = +1
(3 +1)



_ 15mg

2
= 7.5mg
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Solve the following problem.

Two galaxies of masses 9 billion solar mass and 4 billion solar mass are 5 million light-
years apart. If, the Sun hasto cross the line joining them, withoutbeing attracted by
either of them, through what pointitshould pass?

SOLUTION

The Sun can cross the line joining the two galaxies without being attracted by either of
them if it passes from a neutral point. Neutral pointis a point on the line joining two
objects where effect of gravitational forces acting due to both the objects is nullified.

Given that,

my = 9 x 10° M,

m> = 4 x 107 M,

r =5 x 10° light years

Let the neutral point be at distance x from m;.

If sun is present at that point,

Gm; M Gmo M,
2 2

x (r-x)

S 9x10° 4% 10

2 {I' _ }I)E
Taking square roots on both sides,
3 2

X r-x

so3r- 3x = 2%

. 3r = 5x



3r  3x5x10° 6
X = T = E = 3 x 10" light years

The Sun hasto cross the line from a pointat a distance 3 million light years from the
galaxy of mass 9 billion solar mass.
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Solve the following problem.
While decreasing linearly from5 N to 3 N, a force displaces an object from3 mto 5 m.
Calculate the work done by this force during this displacement.

For a variable force, work done is given by the area underthe curve of force v/s
displacementgraph. From the given data, the graph can be plotted as follows:
¢
Force

(F)
in N

Pd L = L
L I L }
T T

2 3 4 5 6
Displacement (s) inm —*

-. Work done, W = Area of LJABCD
- W = A(A AEB) + A (UEBCD)

1
=(E><EB><AE)—|—(DE><EB)

=(%x2><2)+(3x2)

=8)
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Solve the following problem.

Variation of a force in a certain region is given by F = 6x? — 4x — 8. It displaces an object
fromx =1 mto x =2 minthisregion. Calculate the amountof work done.



=2
W = / (622 — 4z — 8)
r=1
r=2 =2 =2
W = 6xidz f 4z2dr — f 8dxr
x=1 =1 r=1

=(16-2)-(8-2)-(16-8) =0

The work done is zero.
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Solve the following problem.

A ball of mass 100 g dropped on the ground from5 m bounces repeatedly. During every
bounce, 64% of the potential energy is converted into kinetic energy. Calculate the

following:

Coefficient of restitution.

®ao o

contact area of the ballis 0.5 cm?.

The speed with which the ball comes up from the ground after the third bounce.
The impulse was given by the ball to the ground during this bounce.

Average force exerted by the ground if this impact lasts for 250 ms.

The average pressure exerted by the ball on the ground during this impactif the

Given that, for every bounce, 64% of the initial energy is converted to final energy.

a) Coefficientof restitution in case of inelastic collision is given by,



u, u
2 v
e = —
u?
'.UEZEEKUE

1 1
n—mv? =e? x Emu2

1
s AKE)s = e? x E mu?

C(KE)e

(K.E.);

64
m = 92
e=08
b) From equation (1),
vV =—eu
.. After first bounce,

vi=-eu

after second bounce,

Vy = -evy = -el-eu) = eu

and after third bounce,

vgz—evzz—e(—ezu]: - e?

Butu = 4/ 2gh

w vy =—e® x y/2gh = —(0.8)* x V2 x 10 x 5

u

=-(0.8°x 10 =-5.12 m/s

. h =5 m given)



c) Impulse given by the ball during third bounce, is,
J = Ap = mvy - mvs

3

=m><|[—eu—ezu}

:—mxezux{e+1}

= - 100 x 107 x (0.8)2 x 10 x (0.8 + 1)

= -1.152 Ns

d) Average force exerted in 250 ms,
J —1.152

t 250 x 10°°

01152
— "= x 10
25

= — antilog{log (0.1152) — log (25)} x 10°
= — antilog{1 .0615 — 1.3979} x 10°
= — antilog{3 .6636} x 10°

= - 4,609 x 107 x 10°
= -4609N
e) Average pressure for area

0.5cm? = 0.5 x 107* m?

o F 4608
A 0.5 x 10°¢

= 9.216 x 104 N/m?
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Solve the following problem.



A spring ball of mass 0.5 kg is dropped from some height. On falling freely for 10 s, it
explodes into two fragments of mass ratio 1:2. The lighter fragment continues to travel

downwards with a speed of 60 m/s. Calculate the kinetic energy supplied during the
explosion.

mq+my=05kg my:my;=1:2,

1
rﬂ»]:Ekg

1

Initially, when the ball is falling freely for 10s,
v=u+at=0+10(10)

~v=100m/s = uqy = us

(Mmq + m3)v = mqvq + mova

1 1
~ 0.5 x 100 = —(60) + — vy
6 3
1
~50=10+ —vo
3
40 L
= —v
3 2
vy = 120 m/s

1 1 1
~ AKE. = Emlvf + Emgvg — E(ml + mp)u?

1/1 1 1 1
SAKE = =(=) x60%+ = x = x (120)* — = x 0.5 x (100)°
2\ 6 2 3 2

= 300 + 2400 - 2500
- KE =200)
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Solve the following problem.

A marble of mass 2m travelling at 6 cm/s is directly followed by another marble of mass
m with double speed. After a collision, the heavier one travels with the average initial
speed of the two. Calculate the coefficient of restitution.

SOLUTION

Given: my = 2m, m; = m, uq = 6 cm/s,

u, = 2uq = 12 cm/s,

1 +u
v1:ITE =9 cm/s

To find: Coefficient of restitution (e)
Formulae:

i m1u1 + I'T'IzUz = I'T'I*]"-."»] + mg‘\-’z

. Vg — WV
e = ——
u — u2

Calculation: From formula (i),

[(2m) x 6] + (m x 12) = (2m x 9) + mv3
S12+12=18+ v,
SV = bam/s

From formula (i),
6—9 —3

e = = = 0.5
6— 12 —6

The coefficient of restitution is 0.5.
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Solve the following problem.



A 2 m longwooden plank of mass 20 kg is pivoted (supported from below) at 0.5 m from
eitherend. A person of mass 40 kg starts walking from one of these pivots to the farther
end. How far can the person walk before the plank topples?

SOLUTION

Let the person starts walking from pivot P2 as shown in the figure.

G

| [ 1 !
! F] .-I.P,: :
 0.5m 20kg  40kg

E 2m =

Assume the person can walk up to distance x from P1 before the plank topples. The
plank will topple when the moment exerted by the person about P1 is not balanced by a
moment of force due to plank aboutP2.

2
L e—— I m—
I _ ’ ﬁ |
P F| t

~ For equilibrium,

40 xx=20x0.5

~x=1/4=025m

Hence, the total distance walked by the personis 1.25 m.
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Solve the following problem.

A 2 m long ladder of mass 10 kg is kept againsta wall such that its base is 1.2 m away
from the wall. The wall is smooth butthe groundisrough. The roughness of the ground
is such thatit offers a maximum horizontal resistive force (for sliding motion) half that of
normal reaction at the point of contact. A monkey of mass 20 kg starts climbing the
ladder. How far can it climb along the ladder? How much is the horizontal reaction at the
wall?



L
M
.
l.6m 1B} o
B: M| D] F
: W;=100N
VW, =200N
1

r* 1.2 m

From the figure,
Given that, AC =length of ladder =2 m
BC=12m

From Pythagoras theorem,

AB=1/AC? - BC? =1.6m ..()

Also, AABC ~ A DD'C

~AB  BC AC
"DD’ D'C DC

12 2
"DC 1
~DC=06m ..(ii)

— —
The ladder exerts horizontal force H on the wall at A and F is the force exerted on the ground at C.
— N
As | F ‘ =

2 ¥

s — N
H‘ = ‘F‘ = — ..
2
Let monkey climb upto distance x along BC (Horizontal) i.e., CM' = x ....(iv)

Then, the net normal reaction at point C will be,

N =100+ 200 =300N
From equation (jii),
N 300
H=— = — = 150N
2 2

By condition of equilibrium, taking moments about C,



(-H = AB) + (W, x CD) + (W, x CM") + (Fx0) =0
o (-150 x 1.6) + (100 x 0.6) + (200 x =) = O

- 60 + 200x = 240

- 200x = 180

~x=09

From figure, it can be shown that,

AABC ~ AMM'C
~ BC  AC
T CcM CM
12 2
09 CM
S CM=15m

i. The monkey can climb upto 1.5 m along the ladder.
ii. The horizontal reaction at wall is 150 N.
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Solve the following problem.

Fouruniform solid cubes of edges 10 cm, 20 cm, 30 cm and 40 cm are kept on the
ground, touching each otherin order. Locate centre of mass of their system.

SOLUTION

Ve

404

ENIES o C D

20 4= - SRS, TR S
[5....----.]3.'-.----4 :

] -4 : '

5_ ‘A L] L] ]

i i i i X

Q] 510 20 30 45 &0 B0 100

The given cubes are arranged as shown in the figure. Let one of the corners of the
smallest cube lie at the origin.



As the cubes are uniform, let their center of masses lie at their respective centers.
~ra = (5, 5), r8B = (20, 10), rc = (45, 15) and ro = (80, 20)

Also, masses of the cubes are,

mﬁzﬁixpzlﬁgp

mp = (203);3
mg = (3{]3),0
mp = (40)°p

As the cubes are uniform, p is same for all of them.

. For X 0 co-ordinate of centre of mass of the system,

;X

maXs + mMpXp + MeXe + MpXp
my + mp + m, + mp
[10% x p x 5] + [20® x p x 20] + [30% x p x 45] + [40° x p x 80]

10° x p + 208 x p + 30° x p + 40° x p
6500
100

= 65 cm

Similarly, Y - co-ordinate of centre of mass of system is,

Y. — > miy;
cim —
M
mMAY +MmMpyp + Mcye + Mpyp
my + mp + mg + mp
1770

100




=17.7 cm

Centre of mass of the system is located at point (65 cm, 17.7 cm).
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Solve the following problem.
A uniform solid sphere of radius R has a hole of radius R/2 drilled inside it. One end of

the holeis at the center of the sphere while the otheris at the boundary. Locate center
of mass of the remaining sphere.

i

' |

—
R

Let the centre of the sphere be origin O. Then, r1 be the position vector of the centre of
mass of uniform solid sphere and r2 be the position vector of the centre of mass of the

cut-out part of the sphere.

Now, mass of the sphere is given as,

M = (%nRg)p (i)

Hence, the mass of the cut part of the sphere will be,

4 (R’
M' = E?T ) p ... sphereis uniform, p = constant)
4 1
M' = (—?TRE),G .4 g
M [F ()]
- — rom (i
8



, R
From figure, r{ =0, > = 5

.. Position vector of centre of mass of remaining part,

_Mxrl—M’xrg

T M W
M R
M
M-+
—RM 8
= X
16 M
o —R
CIn 14
(Negative sign indicates the distance is on left side of the origin.)
—R
Position of centre of mass of remaining sphere is EVE
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Solve the following problem.

In the following table, every item on the left side can match with any number of items on
the right-hand side. Selectall those.

Types of collision lllustrations
a. Elastic collision i A ball hit by a bat.
b. Inelastic collision il Molecular collisions

responsible for pressure
exerted by a gas.



C. Perfectly inelastic collision ii. A stationary marble A is hit
by marble B and the marble
B comes to rest.

d. Head-on collision Iv. A blob of clay dropped on
the ground sticks to the
ground.

V. Out of anger, giving a kick to
awall.
vi. A striker hits the boundary of

a carrom board in a direction
perpendiculartothe
boundary and rebounds.

a. Elastic collision:
ii. Molecular collisions responsible for pressure exerted by a gas.

b. Inelastic collision:
i. A ball hitby a bat.
iii. A stationary marble A is hitby marble B and the marble B comes to rest.
vi. A striker hits the boundary of a carrom board in a direction perpendicular to
the boundary and rebounds.
v. Out of anger, giving a kick to a wall.

c. Perfectly inelastic collision:
iv. A blob of clay dropped on the ground sticks to the ground.

d. Head on collision:
iii. A stationary marble A is hitby marble B and the marble B comes to rest.
vi. A striker hits the boundary of a carrom board in a direction perpendicularto
the boundary and rebounds.



