LAWS OF MOTION AND FRICTION

Force
A push or pull that one object exerts on another.
Forces in nature
There are four fundamental forces in nature :
1. Gravitational force 2. Electromagnetic force 3. Strong nuclear force 4. Weak force
Types of forces on macroscopic objects
(@) Field Forces or Range Forces :

These are the forces in which contact between two objects is not necessary.

Ex. (i) Gravitational force between two bodies.

(ii) Electrostatic force between two charges.

(b) Contact Forces :

Contact forces exist only as long as the objects are touching each other.

Ex. (i) Normal forces. (i) Frictional force
(c) Attachment to Another Body :

Tension (T) in a string and spring force (F = kx) comes in this group.
Newton's first law of motion (or Galileo's law of Inertia)
Every body continues in its state of rest or uniform motion in a straight line unless compelled by an external
force to change that state.

Inertia : Inertia is the property of the body due to which body opposes the change of it's state. Inertia of a body
is measured by mass of the body.

Newton's second law
odb_d o dvdm o .
F= it _dt(mv)_mdt +V @ (Linear momentum p=mv)

o  For constant mass system F =ma

Momentum : It is the product of the mass and velocity of a body i.e. momentum $ = mv
SI Unit : kgm s Dimensions : [M L T
Impulse : Impulse = product of force with time.

F

t

impulse = area under curve

t

For a finite interval of time from t, to t, then the impulse = I Fdt

t

If constant force acts for an interval At then : Impulse = Fat
Impulse - Momentum theorem
Impulse of a force is equal to the change of momentum

Newton's third law of motion : Whenever a particle A exerts a force on another particle B, B simultaneously
exerts a force on A with the same magnitude in the opposite direction.

Spring Force (According to Hooke's law) : M -
In equilibrium F=kx (k is spring constant) el

Note : Spring force is non impulsive in nature.
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+ Motion of bodies in contact

When two bodies of masses m, and m, are kept on the frictionless surface and a force F is applied on
one body, then the force with which one body presses the other at the point of contact is called force of
contact. These two bodies will move with same acceleration a.
()  When the force F acts on the body with mass m, as shown in fig.(i)

F=(m, + m)a

— ]
m, m,

T T T T T TTTTTIT,
Fig.(1) : When the force F acts on mass m,

If the force exerted by m, on m, is f, (force of contact) then for body m,, (F-1f) = ma

a—>»
a—>

N I

Fig. 1(a) : F.B.D. representation of action and reaction forces.

m,F

For body m, , f =m,a = action of m,on m,: f -——2 _
m, +m,

¢ Pulley system
A single fixed pulley changes the direction of force only and in general, assumed to be massless and frictionless.
SOME CASES OF PULLEY
Case-1
Letm, >m,
now formassm,, m; g-T =ma
for mass m,,T-m,g=m,a

Acceleration — a — (m; —m,) g net pulling force
(m, + m,) total mass to be pulled

2mym,  2xProductofmasses

Tension =T =
(m; +my) Sum of two masses

4mm, g
(m; +m,) —>a
Case-11 m,

Formassm,: T=m, a

Reaction at the suspension of pulley R = 2T =

For mass m, : m,g—T = m,a

— 98  and T

(m; + m,) (m, + m,)

FRAME OF REFERENCE

m,m,

Acceleration a = Force on pulley = T+/2

- Inertial frames of reference : A reference frame which is either at rest or in uniform motion along the
straight line with respect to an inertial frame. A non-accelerating frame of reference is called an inertial
frame of reference.

All the fundamental laws of physics have been formulated in respect of inertial frame of reference.

« Non-inertial frame of reference : An accelerating frame of reference is called a non—inertial frame of
reference. Newton's laws of motion are not directly applicable in such frames, before application we must add
pseudo force.
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Pseudo force: The force on a body due to acceleration of non—inertial frame is called fictitious or apparent
or pseudo force and is given by F =-m3,, where &, is acceleration of non-inertial frame with respect to

an inertial frame and m is mass of the particle or body. The direction of pseudo force must be opposite
to the direction of acceleration of the non-inertial frame.

When we draw the free body diagram of a mass, with respect to an inertial frame of reference we apply
only the real forces (forces which are actually acting on the mass). But when the free body diagram is drawn
from a non-inertial frame of reference a pseudo force (in addition to all real forces) has to be applied to

make the equation F=ma to be valid in this frame also.
Man in a Lift

(a) If the lift moving with constant velocity v upwards or downwards. In this case there is no accelerated
motion hence no pseudo force experienced by observer inside the lift.

So apparent weight W'=Mg=Actual weight.

(b) If the lift is accelerated upward with constant acceleration a. Then forces acting on the man
w.rt. observer inside the lift are

() Weight W=Mg downward
(i) Fictitious force F =Ma downward.
So apparent weight W'=W+F =Mg+Ma=M(g+a)
(c) If the lift is accelerated downward with acceleration a<g.

Then w.r.t. observer inside the lift fictitious force F;=Ma acts upward while weight of man
W=Mg always acts downward.

So apparent weight W'=W+F = Mg - Ma = M(g—a)
Special Case :
If a=g then W'=0 (condition of weightlessness).
Thus, in a freely falling lift the man will experience weightlessness.

(d) If lift accelerates downward with acceleration a > g . Then as in Case (c). Apparent weight W'=M(g—a) is
negative, i.e., the man will be accelerated upward and will stay at the ceiling of the lift.

FRICTION

Friction is the force between two surfaces in contact which opposes relative motion. or the force of a medium
acting on a moving object. (i.e. air on aircraft.)

Frictional forces arise due to molecular interactions. In some cases friction acts as a supporting force and in
some cases it acts as opposing force.

Cause of Friction: Friction is arises on account of strong atomic or molecular forces of attraction between the
two surfaces at the point of actual contact.

Types of friction
Friction
Static friction Dynamic friction
(No relative motion (Kinetic friction)
between objects) (There is relative motion

between objects)
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+ Graph between applied force and force of friction
Friction force (f)
4 Limiting friction
f=f,
) S
< Dynamic friction
RS
block applied 9
[ i e
%‘\
A5° Applied forcef
F=f, .
. . . e o fL r T
e Static friction coefficient &, = N 0<f<uN, f=-F_ .,
(f)_. =wrN= limiting friction
I
¢ Sliding friction coefficient 1, = Nk o B == (1N) Vrgpagie
+ Angle of Friction ()
X T N
P H
: %O’O’ R i uN
i ; 7 ! —p Applied tan. :N — N =H,
Ll H force
T T TTYIRTITT
W
+ Angle of repose : The maximum angle of an inclined plane for which a block remains stationary on the
plane.
tanOg=p,
e For smooth surface 6,= 0
KEY POINTS

Aeroplanes always fly at low altitudes because according to Newton's IIl law of motion as aeroplane displaces
air & at low altitude density of air is high.

Rockets move by pushing the exhaust gases out so they can fly at low & high altitude.

Pulling a lawn roller is easier than pushing it because pushing increases the apparent weight and hence friction.
A moongphaliwala sells his moongphali using a weighing machine in an elevator. He gain more profit if the
elevator is accelerating up because the apparent weight of an object increases in an elevator while accelerating
upward.

Pulling (figure 1) is easier than pushing (figure II) on a rough horizontal surface because normal reaction is

m \
L) T ......e. - m

A TR T
Fig. I Fig. Il

While walking on ice, one should take small steps to avoid slipping. This is because smaller step ensure smaller
friction.

A man in a closed cabin (lift) falling freely does not experience gravity as inertial and gravitational mass have
equivalence.
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IMlustration

Solution

IMlustration

Solution

IMlustration

Solution

IMlustration

Solution

Aforce of 50 N acts in the direction as shown in figure. The block is
of mass 5kg, resting on a smooth horizontal surface. Find out the

acceleration of the block.
50N

60°
—a

5043

5k
2 g

Horizontal component of the force = 50 sin 60° =

component of force in the direction of acceleration

acceleration of the block, a =
mass

504/3
2

X%Z5J§ /e

A ball of 0.20 kg hits a wall with a velocity of 25 m/s at an angle of 45°. If the
ball rebounds at 90° to the direction of incidence, calculate the magnitude of

mv cosf

change in momentum of the ball.

Change in momentum = (— mv cos 45° — (mv cos 45°) = — 2mv cos 45° v cosd
‘..

1
|Ap| = 2mucosd5° = 2 x0.2 x25 x Nt 52 N-s

6=45°

Figure shows an estimated force—time graph for a base ball struck by a bat. From this curve,

determine
(@) Impulse delivered to the ball y
yF-1070) ) e——
(b) Average force exerted on the ball. T
Force 12000 4--------v -
(in N) E g
(@) Impulse = Area under F-t curve 6000
] s
= Area of AABC = = x 18000 x (2.5 — 1) 1152253
2 Time (in sec.)—

1.35 x 104 kg-m/s

Impulse 135x10*
Time =~ (25-1)

(b) Average force = = 9000 N

A 600 kg rocket is set for a vertical firing. If the exhaust speed of gases is 1000 m/s, then
calculate the mass of gas ejected per second to supply the thrust needed to overcome the weight
of rocket.

dm

Force required to overcome the weight of rocket F = mg and thrust needed = Veel gt

dm dm mg 600x9.8
mg = 4 ", 1000 = O-88kg/s

\Y%

rel



LAWS OF MOTION AND FRICTION

Illustration

Solution

Illustration

Solution

Three blocks of masses m; = 1 kg, m, = 1.5 kg and

mg = 2 kg are in contact with each other on a frictionless -
—
surface as shown in fig. Find the (a) horizontal force F

needed to push the blocks as a single unit with an

acceleration of 4 m/s? (b) resultant force on each block

and (c) magnitude of contact forces between the blocks.

a a —p
(@) F=(m; +m, + my)a a, —
F 2
=(1+15+2) x4 — m, -
g

=45 x4 =18 N F-N, =ma - N, = maa Nz—msa
(b) For m;

F-N,=mja=1x4
= F-Ny=4N - (i)

for m,,

Ny,-Ny,=mya=15x4=6
= N-Np=6N . (i)
for mg,
N, =mga =2 x4
= NSy By (i)
(©)  Contact force between m, and my is N, = 8 N
and contact force between m; and myis Ny = N, + 6 = 8 + 6 = 14N.

A block of mass M is pulled along a horizontal frictionless surface by a rope of mass m as shown
in fig. A horizontal force F is applied to one end of the rope. Find the (i) Acceleration of the
rope and the block (ii) Force that the rope exerts on the block. (iii) Tension in the rope at its

mid point.

(i) Acceleration a = MM

(i) Force exerted by the rope on the block is,

T T _—»2
T -Ma - M.F M — pEiiiii g F
(m+M)
FBD of block FBD of rope
(i) T1=(9+M)a: m +2M F
2 2 m+M _a,
o e 2M)F L/2— T,
Tension in rope at midpiont is T, = (m+7 M
P P T 2m+M) m/2




LAWS OF MOTION AND FRICTION

Illustration The system shown in fig. is in equilibrium. If the spring balance is calibrated in newtons, what
does it record in each case? (g = 10 m/s?

Solution

one weight acts as support
and the other as weight

_ so tension T =10 g ©
10 kg =100N 10 kg T =10 x10xsin30°
@) 10ks B“”‘Q =10 x10 x %= 50 N
T=2x10 ><(g)=2 x 10 x 10
= 200 N
Ilustration A block of mass 25 kg is raised in two different ways by a

50 kg man as shown in fig. What is the action in the two cases ?

If the floor yields to a normal force of 700 N, which mode

should the man adopt to lift the block without the yielding of

the floor ?

Solution Mass of the block, m = 25 kg ;

mass of the man, M = 50 kg

Force applied to lift the block

F=mg=25x9.8=245N

Weight of the man,

Mg =50 x 9.8 =490 N

(@  When the block is raised by the man by applying a force F in the upward direction, reaction
being equal and opposite to F will act on the floor in addition to the weight of the man.
Action on the floor Mg + F =490 + 245 = 735N

()  When the block is raised by the man applying force F over the rope (passing over the pulley) in
the downward direction, reaction being equal and opposite to F will act on the floor against the
weight of the man.

Action on the floor Mg-F =490 - 245 = 245 N
since floor vields to a normal force of 700 N, mode (b) should be adopted by the man to lift the block.

Illustration In the figure blocks A, B and C have accelerations
a;, a, and a4 respectively. F; and F, are external

forces of magnitudes 2mg and mg respectively.
Find the value of a,, a, and a,.
Solution

2mg—mg 2m-m
= = ; Bp = g
m 2m+m

8
3

_mg+mg—mg_g
a, —T—g;Clearly a; >ag > a,.
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Illustration

Solution

Illustration

Solution

IMlustration

Solution

A 12 kg monkey climbs a light rope as shown in fig. The rope passes
over a pulley and is attached to a 16 kg bunch of bananas. Mass and
friction in the pulley are negligible so that the effect of pulley is only to
reverse the direction of force of the rope. What maximum acceleration

can the monkey have without lifting the bananas? (Take g = 10 m/s?)

For Monkey

T-120=12 xa (D)

For Bananas

160-T=N T

Condition for just loosing the contact is N = 0

160-T=0 = T=160 ....(i)

from equation (i) & (ii)

160 -120 =12 xa = a=3.33m/s? mg=120N mg=160N

In the system shown in figure all surfaces are smooth, string is massless and inextensible. (in

steady state) Find the
1 kg

(@) acceleration of the system A :T :T
(b) tension in the string and iy T
(c) extension in the spring if force constant of spring is §
k = 50 N/m (Take g=10 m/s?) S 18] 2k
@ 3g-k«=3 M § §
29 +kx-T=2a ... 2 S
g £ a (2) S 3 kg
T =[N N (3) b
. . 50
Acceleration of the system isa = 5 ms
—a
(b) A —»T Freebody diagram of 1 kg block gives T = ma = (1) [%} N = %N
(© Free body diagram of 3 kg block gives kx
50
30 -kx =ma but ma:3x?:25N c la
3g=30N
30-25 5 g
= = ——= 01 =
X K 5 m =10 cm
What horizontal acceleration should be provided to the wedge so %
that the block of mass m placed on the wedge falls freely? .

For free fall, normal reaction should be zero
N=20 masind
For equilibrium perpendicular to the wedge
0 + masin® = mgcosO

g
a:—
= tan 6
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INlustration A student is able to lift a bag containing books of 20kg-wt by applying a force of 5kg-wt. Find the
mechanical advantage.
Solution W = 20kg-wt
F = Skg-wt
20

MA =—=4
5

Ilustration Calculate the tensions T,, T, and T,in the massless strings

shown in figure (g = 10 ms™?)

Solution Considering the adjoining figure
T, = wt. of the 5 kg block (mg)
T,=5x10=50N

Now applying Lami's theorem at point O.

Tl _ T2 _X TS
sin(90° +60°)  sin(90°+30°)  sin(180° —60° — 30°)

T, T, 50

cos60°  c0s30° sin90°

cos60° cos30°
T, =50 Sn90° = 25N  and T, =50 Sn90° = 253N oo
Illustration A 70 kg man standing on a weighing machine in a 50 kg lift pulls on

the rope, which supports the lift as shown in the figure. Find the force

with which the man should pull the rope to keep the lift stationary.

Also, find the weight of the man as shown by the weighing machine.
Solution Magnitude of tension everywhere in the string is same.

For equilibrium of the lift.

b

v
L.. YFE =0 = 500+N=2T ..()

500N 1N

v

To analyse the equilibrium of the man let us assume him as a block

T T
y

t L., >F =0 = N+T=700 ...

I

From equations (i) & (ii), we have T = 400 N and N = 300 N
Here, T is the pull of mass and N is the reading of the weighing machine.

700N




LAWS OF MOTION AND FRICTION

Illustration

Solution

Illustration

Solution

Length of a chain is L and coefficient of static friction is p. Calculate the maximum length of the

chain which can hang from the table without sliding. N

) 1y >
f 4
Let y be the maximum length of the chain that can be %
hang outside the table without sliding. w y
Length of chain on the table = (L —v)
v

Weight of the part of the chain on table W' = %(L -y)g

Weight of hanging part of the chain W = %yg

For equilibrium :
limiting force of friction on (L-y) length = weight of hanging part of the chain of y length
uN=W= uW =W
M M plL

(L4 = =
:>HL( y)g Lyg = uL-py=y= VY o

A block of mass m rests on a rough horizontal surface as shown in figure (a) and (b). Coefficient of
friction between the block and surface is p. A force F = mg act at an angle 0 with the vertical side
of the block. Find the condition for which the block will move along the surface.

S
& A
0/ <’ v\ 6
o m/ o o m

For (a) : normal reaction N = mg — mg cos 0, limiting frictional force = uN = p(mg — mg cos 0)

Now, block can be pulled when : Horizontal component of force > limiting frictional force

i.,e. mgsin 0 > p{mg —mg cos 0)

0 0 mgcosO
A

= ZSingcosg > (1l - cos0) mg <&
5 l mgsing

----------- >
8. 0. . ,0 0 5
= 2sin—cos— > 2Zusin“—~ — cot—>p
2 2 2 2 N

For (b) : Normal reaction N = mg + mg cos 0 = mg (1 + cos 0)

Hence, block can be pushed along the horizontal surface when

mgcosd

horizontal component of force > limiting frictional force

i,e. mgsin 0 >pmg(l + cos 0)

0 0 0 0
2sin—cos— > pux 2cos? — = tan— >
= g =k 2 g =H
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Ilustration A body of mass m rests on a horizontal floor with which it has a coefficient of static friction p.
It is desired to make the body move by applying the minimum possible force F. Find the magnitude
of F and the direction in which it has to be applied.

Solution Let the force F be applied at an angle 0 with the horizontal as shown in figure.

For vertical equilibrium,

N+Fsin6=mg ieN=mg-Fsino .. (i)
for horizontal motion
Fcos 6 >1f i,e. Fcos0>puN asf,=pN] L (i)

substituting expression for N from equation (i) in (ii),

Fcos0>umg-Fsnp)—» F>— M (iii)
(cos 0+ psin6)

For the force F to be minimum (cos 0 + p sin 0) must be maximum, -
F sin6 4 E

d N
E(cose+ usin®) =0 o
F cosH

or -sin®+pcos®=0 ie,tanO6=p ... (i) i |

A

A cosH = L mg
A+ and e
substituting these in equation (iii)

sin® =

: pmg 0
1 u? Al u

sothat F_ = MM with0 = tan™! ()
1+p?

Note : As _ /A’ + B* < Asin0+Bcos0 < +/A? + B’
. _Bmg
So (cos0+psin®), =+1+u®> Therefore F_, = N
Illustration A block of mass 1kg lies on a horizontal surface of a truck; the coefficient of static friction between
the block and the surface is 0.6, What is the force of friction on the block, if the acceleration of the

truck is 5 m/s2.

Solution Fictitious force (pseudo force) on the block opposite -
to the acceleration of the block F = ma =1 x5 = 5N i
ma
While the limiting friction force _ ) ! >
mg

f = nN'= pgmg
=0.6 x1 x9.8 = 5.88 newton

As applied force F is less than the limiting friction force, the block will remain at rest in the truck

and the force of friction will be equal to 5 N and in the direction of acceleration of the truck.
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Iustration

Solution

Illustration

Solution

Illustration

Solution

In the figure shown m, = 10 kg, m, = 15 kg. Find the maximum value of F, below which the blocks
move together.

p=0.25
—\ A I—F
smooth
B B
ALIATTARRRA AR TRRRR AR TR TR R AR AR RN A RR RRRARNNANNNNY
A ing that both block her, thei l“a—i—i
ssuming that both blocks move together, their common acceleration is ac 10415 25
FBD of block B (on which no externally applied force acts). >
B
15F 3F

The required friction force f is equal to f=mga. = 25 "5

Now, maximum static friction available is f, = uN, = 0.25(100) = 25 N (here N, = m,g =100N)

3F 125 125

max

For the figure shown m, = 10kg , m, = 15 kg and F = 90 N. Find the accelerations of the blocks
and the frictional forces acting.

1,=0.4

A

1n,=0.2
B —> F

ALIANERRANRERARRERRRERAREARERRNRERANRARARRNNANNY

Step1 : Draw the FBD of the combined blocks system.
(f,), =u,N; =0.2(25g) =50N (- N, =25g)

B —> 90N

£ <

2

Since 90 N > 50N, net unbalanced forces appear and hence movement begins.
Step 2 : Assuming that both the blocks move together, their combined acceleration is

ac = 902_550 =1.6 m/s”

Draw the FBD of block A (on which externally applied force does not act).

The force required is f, = m,a. = 10 x1.6 = 16 N zIA

Now, (f,), = w,N, = 0.4 (10g) = 40 N. Clearly, f, < (f,), 1 > £,
.. The frictional force is strong enough to support the combined motion. 10g

.. Common acceleration isa, = 1.6 m/s?and f, = 16 Nand f, = 50 N
A is a 100 kg block and B is a 200 kg block. As shown in figure,

block A is attached to a string tied to a wall. The coefficient of friction ﬂ
A

B —F

floor is 0.3. Then calculate the minimum force required to move the T

block B. (take g =10 m/s).

between A and B is 0.2 and the coefficient of friction between B and

LILLERRRRARIANANNY

When B is made to move, by applying a force F, the frictional forces acting on it are f; and
f, with limiting values, f; = (ng)ym,g and f, = (ug)g (m, + my)g

Then minimum value of F should be (such as to overcome these limiting values),

F.=f +f,=02x100g+03x300g =110g = 1100 N



