Laws of Motion and Friction

Laws of Motion
and Friction

FORCE
A pull or push which changes or tends to change

the state of rest or of uniform motion or direction of
motion of any object is called force. Force is
the interaction between the object and the source
(providing the pull or push). Itis a vector quantity.

(I) Effect of resultant force :
(1) may change only speed
(2) may change only direction of motion.

(3) may change both the speed and direction of
motion.

(4) may change size and shape of a body

kg-m
S

(ID) Unitofforce: Newtonand —5 — (MKS System)

g-cm
dyne and <2 (CGS System)

1 Newton = 10° dyne
(IID) Kilogram force (kgf)

The force with which earth attracts a lkg body
towards its centre is called kilogram force, thus

Force in newton
kgf= 9

FREE BODY DIAGRAM "

A free body diagram consists of a diagrammatic
representations of a single body or a subsystem of
bodies isolated from its surroundings showing all
the forces acting on it.

Steps for F.B.D.

Step 1: Identify the object or system and isolate it
from other objects clearly specifyits boundary.
tep 2: First draw non-contact external force in
the diagram. Generally it is weight.

Step 3: Draw contact forces which acts at
the boundary ofthe object or system. Contact forces
are normal, friction, tension and applied force.

In F.B.D, internal forces are not drawn, only external
are drawn.

Solved Examples

Ex.1 Ablock of mass ‘m’is kept on the ground as shown

in figure.

T
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(1) Draw F.B.D. of block.

.. . ) ) . Note: Here N  and N, are the action—reaction pair
(ii) Are forces acting on block action—reaction pair.

e ) ) . . (Newton’s third law).
(iii) Ifanswer is no, draw action reaction pair.

Sol. (i) F.B.D. ofblock

SOME PARTICULARFORCES _ gl

!\3 (Normal)
(i) Gravitational force : The force of attraction
between bodies by virtue of their masses is known
as gravitational force.
oo Let two blocks of mass m, and m, are separated by
adistance ‘r’.

v
mg (field force)

(i) ‘N’ and mg are not action-reaction pair. F E
Since pair act on different bodies, and they are of o 12 2l
same nature. ! - ) -
(ii1) Pair of ‘mg’ of block acts on earth in opposite ) r M
direction.
) Gm,m,
In the sense of magnitude, Fp =Fyq =F=—
]
TTTTTTIIT ////i//// TITTTTIIIT Here, G= gravitational constant= 6.7 x 10~ Nn*/kg>.
7 g g2 (ii) Weight of body (mg) : It is defined as the force
T by which earth attracts a body

and pair of ‘N’ acts on surface as shown in figure. towards its centre. If body is situated either on

lN the surface of'earth or near the

surface of earth, then gravitational acceleration is

TITTTTTTTTTTITTIIIITIIIIIIIIOTIOIIT. :
nearly constant and is equal to

Ex.2 Two sphere A and B are placed between two vertical
walls as shown in figure. Draw the free body m
diagrams of both the spheres.

|
O e

g=9.8 m/s’. The force of gravity (weight) on a block
Sol. F.B.D. of sphere ‘A’: of mass mis w = mg

acting centre of earth (shown in figure).

N, (exerted by B) Caution : The weight of'a body is not the mass of

N, the body. Weight is the magnitude of force and
m.g is related to the mass by w = mg.
EB.D. of sphere ‘B’: (exerted by A) (iii) The normal reaction force : When a body
presses against a surface, the surface
Nea N, (even aseemingly rigid surface) deforms and pushes
Meg on the body with a normal reaction force N that is

perpendiuclar to the surface.
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These forces are known as normal reaction forces.

Normal reaction forces in difference situations are
shown below :

Direction of normal  Direction of normal
reaction on reaction on
the blocks the surface

@):%

Inclined =lane Oirection of narmal
reaclion on lhe bloo-s

P

Direction of norma| reacticn Hanal reaction on
or Lhe intdited plane hor —onlal sarlace

The number of normal reaction pairs is equal to
number of contact surfaces.

1114 B M :
=
(C) A in E
i

LIn,

A lma
T,

The normal reaction on upper block is in upward
direction and normal reaction on lower block is

m downward direction.

In case of spherical body normal reaction passes
through centre of body.

0 G
/ N, N,

PN\
0 -
K

N, N,

® = XNI

(IV) Friction : If we slide or attempt to slide over

a surface, the moton is resisted by a bonding between

the body and the surface. The resistance is considered
to be single force ¥, called the frictional force or
simply friction. This force is directed along
the surface, opposite the direction ofthe intended
motion.

)

——» Direction of
attempted slide

1777 //f‘7/////////

Some times to simplify a situation, friction is
assumed to be negligible (the surface is frictionless).
(V) Tension:- The force exerted by the end of taut
string, rope or chain against pulling (applied) force

1s called the tension. The direction of tension is so as
to pull the body.

T=F
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TENSION IN A STRING "

It is an intermolecular force between the atoms of
a string, which acts or reacts when the string is
streched.

Important points about the tension in a string :

(1)Force oftension act on a body in the direction
away from the point of contact or tied ends of
the string.

(2)If the string is extensible the acceleration of
different masses connected through it will be different
until the string can stretch.

(3) If String is massless and frictionless then tension
throughout the string remains same.

(4)If the string is massless but not frictionless,
at every contact tension changes.

(5) If the string is not light, tension at each point will
be different depending on the acceleration of
the string.

(6) Any force which act on string and have
component along string will change tension of string.

AL AT

T A '|'1 T1
f, | }ﬁ T, = f+T,
%/T " 1, L=h=m
f To=1+
I IR

(7) Any force which is perpendicular to string will
not change magnitude of tension force.

In case I there will be no any component of normal
force along string so tension will be same in string
where as in case II there will be component of force
along string so tension will be different.

(8)If a force is directly applied on a string as say
man is pulling a tied string from the other end with
some force the tension will be equal to the applied
force irrespective of the motion of the pulling agent,
irrespective of whether the box will move or not,
man will move or not.

(9) String is assumed to be massless unless stated,
hence tension in it every where remains the same
and equal to applied force. However, ifa string has
a mass, tension at different points will be different
being maximum (= applied force) at the end through
which force is applied and minimum at the other end
connected to a body.

(10) In order to produce tension in a string two equal
and opposite stretching forces must be applied.
The tension thus produced is equal in magnitude to
either applied force (i.e., T = F) and is directed
inwards opposite to F. Here it must be noted that
a string can never be compressed like a

F

Wall will push with
same force

(11) If string is cut so that element b is replaced by
a spring scale (the rest of the string being
undisturbed), the scale reads the tension T.

(12) Every string can bear a maximum tension, i.e.
if the tension in a string is continuously increased it
will break ifthe tension is increased beyond a certain
limit. The maximum tension which a string can bear
without breaking is called "breaking strength".
It is finite for a string and depends on its material
and dimensions.

(13) To calculate tension at a point cut the object
from that point and apply newton’s law
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NEWTON’S LAWS OF MOTION -' Ex.4 Apply Newton’s second law on block along x-axis,
along y-axis and z-axis as shown in given diagram ?

(i) First Law :_“If no force acts on a body,

then the body’s velocity cannot change; that is —?
the body cannot accelerate.” In other words, if the
body is at rest it stays at rest and if it is moving, it will 0
continue to move with the same velocity < K
(same magnitude and same direction) unless it
experiences a net external force. Sol. along.x-axis
In simpler terms, we can say that the net force on F, sin0
Q body is zero, its acceleration is zero. That is, where N 3
2F =0, then a=0. From the first law. We conclude T
that an isolated body (a body that does not interact . 0 F, + F, cos 0
with its environment) is either at rest or moving with
constant velocity. l
(ii) Second Law : The change of motion is Mg
proportional to the magnitude of force applied and F, +F, cos 0 = ma,
is made in the direction of the straight line in which
that force is applied. along y - axis
According to this law, the net force on a body is F, sin6 +N—mg=m(0)
equal to the product of the body’s mass and .
the acceleration ofthe body. In equation form alongz - axis
- F=0

- - _ F
F o =Ma a=_nct

M (iii) Third Law : To every action there is always an
> F.=Ma, Z Fy =Ma y > F,=Ma, equal and opposite reaction or the mutual actions of

two bodies upon each other are always directed to
Solved Examples contrary parts.

Ex.3 Apply Newton’s second law on block along According to this law, when two bodies interact,
horizontal and vertical direction as shown in given the forces on the bodies from each other are always
diagram? Smooth equal in magnitude and opposite in direction.

EA o
Thisis, Fy, =F 54
— b This law, which is illustrated in fig., is equivalent to

stating that forces always

occurs in pairs, or that a single isolated force cannot
exist.

Action- Reaction pairs :-

mgsin® = m(a —bcos 0)
along vertical direction
mgcos 0 —N =m(0) WO mgcosf ©

mgcos0-N=0
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yranmm I T
LLLLLTLLLLLI 7
T m, m,
n
= T =
String is massless T
| | and pulley is
light and smooth m,
T
© m, I
I i
. N
| | lN
T T
-_— T ‘ T
= ) o
= @
Pulleys are light and T
smooth and string !
is massless T,
(i) Type of action- reaction will be same

(ii) action- reaction pairs always acts in opposite
direction and equal in magnitude

(iii) cause of action-reaction will be same

(iv) action -reaction force acts on different - different (e

objects
FREE BODY DIAGRAM OF ¢
TENSION ‘
(a) m, m, —» F ﬁ
77777777777 77777
T T
m, — «— m >r @ T, T,
AR R RRRN \ARRRRRNY
String is massless i
and there is friction @ M.
between string and pulley “— m
(i)
[n]
(b) =
- Y Y ®
String is massless D
and pulley is m, String is massless and
light and smooth there is friction between m,
pulley and string
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()

|

o

T T
m1
A
T
Ak
=
m2
— T
Ta
String is not massless Al
and there is friction
between pulley and string

Solved Examples

Ex.5 A mass M is held in place by an applied force

Sol.

F and a pulley system as shown in figure.
The pulleys are massless and frictionless.

(a) Draw a free body diagram for each pulley

(b) Find the tension in each section of rope T, T,
T, T,and T

(c) Find the magnitude of F.
A T, T, ATA AT, T,
o
M
vV VvV Fv l
T 1, T Ts Mg

o
w

T,=F  [Equilibriumof string]

T,=T, [Stringis massless and pulley is friction
less so tension must be same on both sides of string]
= T,=F

similarly  T,=F

T,=T,+ T, [Equilibrium of lower pulley]
= T =2F
T,=Mg [Equilibrium of block]

Mg

FeT,=T,= 50 T,=T,+T,+T,

[Equilibrium of upper pulley]

_ 3Mg
= LT

| 8
PROBLEMS SOLVING STEPS g

Normally problem based on Newton’s law can be
solved in following steps :

(i) Concentrate your mind on the system (body)
which is considered by you. The considered body
may be asingle particle, a block or a combination of
two or more blocks, two blocks connected by a
string. etc.

(i))Show all forces acting on the system but it is
restricted that the forces that the system exerts on
other should not be shown here.

(iii) Thus, we draw, a free body diagram of
the system and indicate the magnitude and directions
of all the forces as discussed in step 2.

(iv) Choose a co-ordinate system including mutually
perpendicular ‘x” and ‘y’ axes in the plane of
the forces.

Write the components of all the forcs acting along
the acceleration (assumed as x-axis) and
perpendicular to acceleration (assumed as y-axis).
Thatis

ZF =ma ()

and for y-axis, IF, =0 (i)

Note : Above Egs (i) and (ii) hold in case of coplanar
forces.

If the forces are collinear, the Eq. (ii) is not needed.
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Solved Examples

Ex.6 A horizontal force is applied on a uniform rod of

Sol.

length L kept on a frictionless surface. Find the
tension in rod at a distance ‘x’ from the end where
force is applied.

F—)

— X —

Considering rod as a system, we find acceleration
of rod
F

a=—
M

now draw F.B.D. of rod having length ‘x’as shown
infigure.

L x
s R ot B SR
— x —>
Using Newton’s second law
_(M __ M_F
F—T—(ija = T—F—fx.m

-rn->X
= T=F1 L)'

Ex.7 A 60 kg painter stands on a 15 kg platform.

A rope attached to the platform and passing over an
overhead pulley allows the painter to raise himself
along with the platform.

(1) To get started, he pulls the rope down with a
force of 400 N. Find the acceleration of the plat-
form as well as that of the painter.

(i) What force must he exert on the rope so as to
attain an upward speed of 1 m/sin 1s?

(i)What force should he apply now to maintain the
constant speed of 1 m/s?

1400 N

Sol. The free body diagram of the painter and the plat-

form as a system can be drawn as shown in the
figure. Note that the tension in the string is equal to
the force by which he pulls the rope.

TT

(M+m) g

(i) Applying Newton’s Second Law
2T-(M+m)g=(M+m)aor

2T - (M+m)g
a: B ——
M+m

Here M =60 kg; m=15kg; T =400 N
g=10m/s?

_ 2(400) - (60 +15)(10)
B 60 +15

=0.67 m/s?

(ii) To attain a speed of 1 m/s in one second,
the acceleration a must be 1 m/s%

Thus, the applied force is

F= % (M+m)(g+a)=% (60+15)(10+1)=4125N

(iii) When the painter and the platform move
(upward) together with a constant speed, itisin a
state of dynamic equilibrium.

Thus,2F-(M+m)g=0 or

£= (M+m)g _ (60+15)10)

> > =375 N

Ex.8 A man of mass m stands on a crate of mass M.

He pulls on a light rope passing over a smooth light
pulley. The other end of the rope is attached to
the crate. For the system to be is equilibrium,
the force exerted by the man on the rope will be:
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(A)mg (B)Mg

(©) 5 M+m)g () (m+M)g

mg _
cos(a+p) cosp cosa

onsolving
_ mgcosp

2~ cos(a+P)

T = mg cos a.
3 = cos(a+p)

Sol. 2T =(M+ m)g .
_ (M+mjg l{ a=0
T="/9
2
Ans. (C) (M +m)g
| 4

LAMI’S THEOREM :
FOR CONCURRENT FORCES ‘

I:1 _ I:2 _ F3
sina sinf  siny

Solved Examples

Ex.9 Find out tension in each string.

Sol.
From Lami’s the orem

T T _ Ts

sinfl80— (cu+p)}  sin(90+pB)  sin(90 + 1)

MOTION OF CONNECTED BODIES "
(i) Unequal masses (m, > m,) suspended from
apulley:

Mg Mg

M,g-M;g=(M, +M;)a

_myg-mg
m, +m,

(i) Bodies accelerated on a horizontal surface by
afalling body :

a

T=m, (1)
mg-T=ma (i)
. my
Acceleration=a = g
my +m,

m,m
Tension=T = [12}9
m, +m,
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Alt. Method :- . n CONSTRAINEDMOTION _gf
? = (). string constrained
M .
£ o] W .
M, - a. Length of string remains constant.
Ml normal due to pulley M2 b. We assume string never gets slacked.
28 .
c. We assume string never breaks.
M, Constrained due to constant length :
M\L Case (I):- When string is taken as straight
18

myg=(m;+m,)a

m, + m
q=MitMmy
m,g

(iif) Motion onasmoothinclined plane :

mg-T=ma (1)
T-m,gsin0=m.a (1))
\- m, - m,sin® Sang T mym,, (1+ sin6)g
mp +my an (m1+m2)

When the two particles are connected with the help
of an object such that whose length remains
constant then their component of velocity along the
length will be equal in magnitude. i.e.

Vapp=0 Vsep=0

Case (11):- When string has one or more turns

normal due to pulley

M;g—M,gsind=(M; +M,)a

_ myg—m,gsin 6
m; +m,

a
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- Length of strting remains unchanged. \ 4 \ 4

So Length of string = (Distance b/w 1 & 2) +
(Distance b/w 2 & 3) @ @

Differentiate on both sides of eq":-

L1 = D’12+ D,23 SOI
v
0=(Velocity of separationb/w 1 & 2) + l
3 T
(Velocity of separation b/w 2&3) _— Rest
, ) 0 = (velocity of separation between 1 & 2)
0=(V,c0s6,"-V, cosh,) + (V,cos0,’- V,cosb, ) + (Velocity of separation between 2 & 3)
Solved Examples =(+4)+ (4-V)

_ ] V=8m/s
Ex.10 Find velocity of block Ex.12 Find velocity of pully 2

10 m/s
%

&l

T T

370 [B] l 3mls
3 v ¢ = (Distanceb/w a & 1)+(Distanceb/
BANRR R R AR R R R R R wl&?2)+(Distanceb/w 2 &3)+ (Distance b/w
3&4)+(Distanceb/w4&2)
Sol. 0 = (velocity of separation between 1 & 2) Differentiating on both side.
+ (\elocity of separation between 2 & 3) dr  d 4 d
o dt (Distance b/W)a “a (Ditance biwA&1)
0=10+(0-vcos37°)
d, .. d .
veos37% =10 + 5 (Ditanceb/w1&2) + P (Ditance b/w2 &3)
d . d, ..
e 5740 m/s) + o (Distance b/w 3 & 4) + Fm (Distance b/w 4 & 2)
0=(0-2)+(0+v)+(0+Vv)+(0+3)+(3-V)
Ex. 11 v=4m/s
4 ml/s
0 — upward.
Note : Sign convention regarding velocity.
1Y V, v, v,V
—> <+— <+— —>)
(V1 -V,) (V1 +V,)
1
) V1 Vz \4/—0 \4/—0
Find Velocity of given block. (=Vi+V,) (V1 -V,)




Laws of Motion and Friction

(if) Wedge Constraint : Ex.14

\\D

.@0 Smooth
S
L\

(\o (20N
&

AIAAAAMA T A T TR Y

Smooth

Assumptions:
(@) When two objects remains in contact
(b) Shape and size of object does not change

Find the relation between acceleration of both the
blocks.

Sol.
Results :
(a) Relative motion b/w the wedges can only occur
along the common surface.
(b) There will be no relative motion perpendicular
to the common surface.
(c) Both the wedges will have same velocity and a<
same acceleration along the line perpen dicular to
the common surface.
in® =bcoso
Solved Examples 2sih b =heos
Ex.13 Find out reletion between acceleration of both NEWTON’S LAW FORASYSTEM "
blocks. _ - B B
F Foye =M@, +Mya, +Mgag +......
i F.,. = Netexternal force on the system.
m,, m,, m, are the masses of the objects of the
lb systemand a,,a,,a, are the acceleration of the
objects respectively.
\em Solved Examples

Ex.15 The block of mass m slides on a wedge of mass
‘m’ which is free to move on the horizontal ground.
Find the accelerations of wedge and block.
(All surfaces are smooth).

5

Sol.

)
accelerations of both blocks along normal will be ~ Sol. Let.
same a=> acceleration of wedge
. asind=bcoso b = acceleration of block with respect to wedge
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Taking block and wedge as a system and applying S0l Considering block and wedge as a system and using
Newton’s law in the horizontal direction Newton’ s law for the system along x—direction

Fx:m1 a, +mzéZX:O

O=ma+m(@a-bcos6) -------- (1)

here *a “ and ‘b’ are two unknowns , so for making
second equation, we draw F.B.D. of block.

F.B.D of block.
using Newton’s second law along inclined plane T=Ma+m(a-bcos@)  -------- (i)
mgsin6=m(b-acos®) -------- (i) EB.Dofm
along the inclined plane
mgsin6-T=m(b-acos6) ------- (i)
usi ng string constraint equation.
| _ _ 0= S
Now solving equations (1) and (2) we will get £, + ;= constant S
(,"+0,"=0 S
_ mgsin®cos o _ gsinfcos6 b= 2gsin® §
= m(+sin?6)  (L+sin20) N4OF (1 gin2g) (0-a)+b=0 S
So in vector form a=b w
. Solving above equations (i) & (ii) we get
- _ -~ _[gsinbcosb 3
& wedge = al - ( 1+sin29 ] mgsine

a= M+ 2m(1—cos0)

=(a—-bcos0)i —bsind]j

& block
i _ _gsin0coso 2gsin%0 - SPRING : HELICAL SPRING "
Avlock T (14sin20)  (1+sin?0) L
Z. S
Ex.16 For the arrangement shown in figure when the -~ ~ -~
system is released, find the acceleration of wedge. m@

Pulley and string are ideal and friction is absent. . )
Natural Length of a spring :- Length of a spring

in relaxed state. when force by spring is zero or
tension inspringiszeroi.e. F=0&T=0
Spring force :- Itisthe force applied by the spring
on the objects. conneted to the both ends.

— Extended spring pulls and compressed spring
pushes.

I
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— Spring always tries to attain its natural length.

— Spring can push and pull

— If one end is at push then another end will be
also push and vise versa

— Tension isamass less spring will be same at each
point.

— Force apply by the spring on the objects con-
nected at the both ends will be equal of magnitude.
and opposite in direction.

Pull

— Pull
Extension
Push

&—— Push —_—

| [ssossol ]

Compression

—>50N

<—50N

5 O O]

Compression

F=100 N
[10]

J{’IOON

Compression

20N

+——>20N &

L +x,

B8 8806807

Extension

Force applied by the spring i1s directly proportional
to change in length.

Foc Al

F=KA/

where Ar = /-L

A¢=Current length - natural length

If ¢~ thentherewill be pull

and If ¢ <L then there will be push

F=k(/-L)
If F>o thenpulland If F <o then push.

Spring Constant : It is the force required to change
in length of spring by one mt. (Lunit)

F .
-~ _N
K= Al %n(unlt)

— spring constant is independent from its extension
& compression.

— When ever a spring is cut its natural length de-
creases & more force is required for same exten-
sion so spring constant increases

oL
Natural length

lel = k2L2 = ieesessssassnes
Solved Examples
EX.17 Spring is cut as shown in figure. find K, & K,
K L oL
OO0 00060000 3 3
< > = VB0 TVOOOO
L K, K,
K‘
TBUBU00U0UU0
L
3
1
Ko =
Sol. K e i
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Ex.18 A block having mass M is suspended from FE.B.D...

agiven spring. Find out tension & extension inspring

Sol.

1

L

il L+X

Do

\Z
FB.D.....

uuj/uw<—roof T
Where Al=(L+x)-L T é
Al =X %
mg-T=0 (i T
T=mg m| a=o0
kx =mg \ng
x=m9
K

Ex.19 Two springs having natural length L, and L,
respectively are joined in series combination. Mass
M is suspended from this combination. Find out ten-
sion and extension in both spring ?

Q Qm/—/m“om%
«—rr—

where mg-T, =0
T,-T,=0
T2:Tl

T, =Mg

T, =T,=mg

mg
X, = —=
1 K1
mg
Xy = ——
2 K2

(a) Series combination of spring :- In series com-
bination of massless spring tension will be same in

each spring.

F.B.D....

Keq(X +Xz) =mg

eq

mg_ mg _mg

Kl K2 Keq
1 1 1

—_—t =

K1 KZ Keq

3
Q
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(b) Parallel combination of spring :- In parallel
combination Extention will be same

Keq :K1+K2 +K3+ .........

EX. 20 Two springs having spring constant K, and K,
respectively. Mass M is suspended from this com-
bination. Find out tension and extenion in both spring

Ky X+K,x=mg

X = mg
K, +K,

_ K;mg
T Ky +K,

1

_ Kymg

27K, +K,

Ex.21 Find out K inabove guestion

Sol. Keq x =mg

Keg X =Ky x+K3 X

Ex.22

N (K L) 2¢

L+3x

M [OCOC000000 00| M

Al =(L+3x)-L
= 3X
T =K(3X)
T 3Kx 3Kx
m, my m,

Note: (1) When ever a spring is connected between
two masses the length of the spring cannot change
suddenly. because to change the length masses must
move and for the displacment of masses time
interval is required

(2)Whenever a spring is out one end of the spring
becomes free (massless) & spring attains natural
length. and tension becomes zero instantaneusly.

(3) Tension ina string can change suddenly because
tension is independent from length of this string and
to change tension no displacement is required.

Solved Examples

Ex.23 Find out acceleration of two block just after the
string is cut ?

When system was in equilibrium
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When system was When system was

in equilibrium in equilibrium T=M,g
M1 \l/a M \Lb
M1 \LM1g Jj
Sol. T=(M,+M,)g M, Mg
M, \L M,g—M.g=M.b
T=Mg b=0
T M.g
T (M, +M,+M;)g = (M, +M,)a
M M = [Mi+M; + My
\L1 Ta \Lz J/b 2 ( M, +M, ]9
o M2g =msb WEIGHING MACHINE gl
(m; +m;y)g-m;g=mja b
m, =9 A weighing machine does not measure the weight
as= m—19 but measures the force exerted by object on its
upper surface.

Ex.24 Find out acceleration of blocks shown in figure.
Just after spring is cut.

Solved Examples
Ex.25 Aman of mass 60 Kg is standing on a weighing

machine placed on ground. Calculate the reading of
> machine (g=10m/s?).
O
=
£

Sol. For calculating the reading of weighing machine,
we draw F.B.D. of man and machine separately.
F.B.D. of man F.B.D. of eighing machine

N
% N = Mg
Mg

N
weighing machine
//////////////////fl‘r/// T

N, Mg

Here force exerted by object on upper surface is N
Reading of weighing machine
N=Mg = 60x10 N = 600 N.
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SPRING BALANCE " FBD of pulley

T=2F (ii)
R=2F

PSUEDO FORCE

(i) It is very clear that newton’s law can not be
applied by every type of observer.

It does not measure the weight. It measures the force
exerted by the object at the hook. Symbolically, itis
represented as shown in figure.

Ablock of mass ‘m’ is suspended at hook.

When spring balance is in equilibrium, we draw the
F.B.D. of mass m for calculating the reading of bal-
ance.

(it) For an accelerated observer a block kept on
smooth floor appear to be accelerater without any
force.

(ii1) Only observer at rest or moving with constant

velocity can apply newton’s law.
T T,

EB.D. of ‘m’ (iv) Psuedo force makes us us capable to apply
S ' newton’s law according to accelerated observer.
10 kg 20 kg
) <—c/
10g 209 T ma

10g-T=0 20g-T=0 I/_'a g‘L‘g —t—>a

T=100N T=200N 2 g LA™
Magnitude of T gives the reading of spring balance. mg

Solved Examples

Ex.26 Find the reading of spring balance in the adjoin-
ing figure, pulley and strings are ideal.

L
%_ m(g-a)

% ma
F_F OO Ny
Sol. FBD of spring balance I
R
R

ma TN

[ONO) E.T —"
mg




Laws of Motion and Friction

F on elephant = M a

psuedo eliphant

F onrat = Mrat a

psuedo observer/ ground

observer/ ground

(v) If object is massless or observer is
unaccelerated.i.e F =0

(vi) Direction of psuedo force is opposite to the
direction of observer with respect to ground.

There are two type of Reference frame
(@) Inertial Refrence frame
(b) Non Inertial reference frame

(a) Inertial Reference frame : Areference frame
inwhich “ Law of inertia “ is applicable that means
newton’s Laws are applicable is called as inertial
reference frame.

A frame moving with constant velocity or at rest
B inestial Refrence frame.

A frame having zero acceleration.
Newton’s Law for Inertial observer

zFext = Maobject/grmnd

Newton’s Law for accelerated observer
z I:ext + pr = Maobject/observer

F.; =Psuedo force

Psuedo force is an additional Imaginary force that
must be applied on an object to apply newton’s law
in accelerated reference frame in addition to the
real force.

(vii) Psuedo force will not act for stationary or an
accelerated observer. It should be applied only when
observer is accelerated.

Fy =0

pf

when object is massless or when acceleration of
observer is zero

Solved Examples

Ex.27 Draw psuedo force on each object.

Force and acceleration with respect to ground

4m/s? 2 2m/s?  2m/s?
; b
2m/s?
—_>
10 kg |—>40N —>20N
2 O O 10 kg 40N<_2(Jkg

Sol. Froce and acceleration with respect to cart

4m/s?
—

10 kg [—>40N

] —>20N
O O F, 20N€7110 kg F, | 40N

40N<— 20 kg
%
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FRICTION

INTRODUCTION "

When two bodies are kept in contact, electromag-
netic forces act between the charged particles
(molecules) at the surfaces of the bodies. Thus, each
body exerts a contact force on the other.
The magnitudes of the contact forces acting on the
two bodies are equal but their directions are
opposite and therefore the contact forces obey
Newton’s third law.

The direction of the contact force acting on
a particular body is not necessarily perpendicular to
the contact surface. We can resolve this contact force
into two components, one perpendicular to the
contact surface and the other parallel to it.

/’W

 —
A

2
Z{ of
SA

—> = 3 <
A

>
v
il

Py
!
v

/\>\/{‘ J‘F —
NAAN g
mg

Friction - It is the component of resultant contact
force parallel to the contact surface.

Normal - It is the component of resultant contact
force perpendicular to the contact surface.

ANGLE OFFRICTION (4) "

The angle of friction (¢) may be defined as
the angle between the normal reaction N and the
resultant of friction force f and the normal reaction.

Thus tan ¢ = %

since = uN . therefore
tan ¢ = p 4

Causes of friction :-

(1) Interlocking of projected parts of the object into
the contact surface and projected parts of the
surface into the object

(i) Temporary bodies behaves as the molecules of
the object and contact surface.

Key points :-

(1) Force of friction is practicaly independent of
microscopic area of surface in contact and relative
velocity between them. (if it is not high)

(i) However, it depends on the nature of material
of the surface in contact (force of adhesion) and
their roughness and smoothness.

(iii) Normally with increase in smoothness friction
decreases. But if the surface area are made too
smooth by polishing and cleaning the bonding
force of adhesion will increase and so the friction
will increase resulting in 'Cold welding'

(iv) Friction is a non conservative force, i.e. work
done against friction is path dependent.

(V) In its presence mechanical energy is not
conserved. Thus friction reduces efficiency of a
machine.

(vi) In moving, a person or vehicle pushes the
ground backwards (action) and the rough surface
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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.

Friction

Action

(vii) In cycling, the rear wheel moves by the force
communicated to it by pedaling while front wheel
moves by itself. So, when peddling 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). [However, if peddling is
stopped both wheels move by themselves and so
experience force of friction in backward
direction.]

Pedaling is stopped

While pedaling

(viii) If a body is placed in a vehicle which is
accelerating, the force of friction is the cause of
motion of the body along with the vehicle (i.e.,
the body will remain at rest in the accelerating
vehicle until If there had been no friction between
body and vehicle the body will not move along
with the vehicle.

a

LMy ma
<

From these examples it is clear that without friction
motion cannot be started, stopped or transferred
from one body to the other.

Graph Between Applied Force and Force of
Friction :-

(1)Part OA of the curve represents static friction.
Its value increases linearly with the applied force

(2)At point A the static friction is maximum.
This represent limiting friction .

(3)BeyondA, the force of friction is seen to decrease
slightly. The portion BC of the curve represents
the kinetic friction .

(4)As the portion BC of the curve is parallel to
x-axis therefore kinetic friction does not change with
the applied force, it remains constant, whatever be
the applied force

A
fs,max ................ A
T B C
5 :fstalic maximi m.
° .
= (Xe)
i & :
5 NN

& . .

O Applied Force

COEFFICIENT OF FRICTION "

Ratio of maximum limiting friction force to normal is
called as friction coefficient

f

_ _max

N
Types of friction coefficient :-
(i) static friction coefficient ()
(ii) kinetic friction coefficient (u,)
Properties of friction coefficient :-

(1) 1t depends on the degree of smoothness of two
contact surfaces.

(i) 1t depends upon the material of two contact
surfaces.

(iFriction coefficient is the combined property of
two contact surfaces.

(iv) The value of friction coefficient can be from 010 .
(V) u, > p, foragiven pair of surfaces. If not men-
tioned then p, =, = can be taken.
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(Vi) u, &, aredimensionless quantities indepen-

dent of shape and area of contact. It is a property of
the two contact.

(viii) Following table gives a rough estimate of
the values of coefficient of static friction between
certain pairs of materials. The actual value depends
on the degree of smoothness and other environmental
factors.For example, wood may be prepared at
various degrees of smoothness and the friction
coefficient will vary.

Material Hs Material s
Steel and steel 0.58 | Copper and copper | 1.60
Steel and brass 0.35 Teflon and teflon 0.04
Glass and glass 1.00 | Rubber tyre on dry 10
Wood and wood | 0.35 concrete road '
Wood and metal 0.40 Rubber tyre on wet 0.7

concrete road

TYPES OF ERICTION "

Kinetic friction :- When there is a relative motion
between two contact surfaces then the frictional force
betveen them will be kinetic friction.

or

If the applied force is increased further and sets
the body in motion, the friction opposing the motion
is called dynamic or kinetic friction.

Direction of Kinetic friction on an object :—

Itis opposite to the relative velocity of the object with
respect to the other object in contact considered.

Note that its 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.

Magnitude of Kinetic Friction :-

The magnitude of the kinetic friction is proportional
to the normal force acting between the two bodies.
We can write

fk =Ky N
where N is the normal force. The proportionality
constant p,_is called the coefficient of kinetic

friction and its value depends on the nature of
the two surfaces in contact.

Conditions for Kinetic friction:-
(i) There must be contact and compression

(i) There must be relative velocity w.r.t. to contact
surface.

(i1i) Contact surfaces must be rough

Duration of kinetic friction :- It will act upto when
there is relative velocity and when relative velocity
becomes zero then kinetic friction force stops.
When there is slipping then there must be kinetic
friction.

Key Points :

(i) When there is slipping then there will be kinetic
friction.

(i) Kinetic friction always acts to the opposite
direction to relative velocity.

(i) It tries to stop relative motion between two
contact surfaces

(iv) Friction acts in the direction of the object when
velocity issmaller .

(v) Itacts opposite to the direction of velocity when
the velocity of the object is greater.

Solved Examples

Ex:28 Draw the direction of friction force on each block.

Sol.

—» 5mls

6m/s <« B

5m/s 4;';} C !

A 4—»5m/s

kan <

»f

6m/s<— B Ke
> kaC
kac <
5m/s < C
P> fkg

foe—

Ex.29 In the given diagram find the direction of friction

forces on each block and the ground (Assume all
surfaces are rough and all velocities are with respect

to ground).
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D 1mis

C ——> 3m/s
——> 5mls

B

5m/s€—T A
[T T T T T T T

Sol.

fED

fepe——

fBA

B —>5mls  Smlse+ A

—>fy
frgt—
Ex.30 The wheel shown in the diagram is fixed at ‘O’

and is in contact with a rough surface as shown.
The wheel rotates with an angular velocity o.
What is the direction and nature of friction force on

the wheel and on the ground.
’\(0

o°

/rough surface

[ 4
Sol. e QRough\sfurface

<
f Ground

Kinetic friction is involved.

Ex.31 Inthe following figure, find the direction of friction
on the blocks and ground .

V.= 3m/s<—|—T—|_> F=5N

7N €T— B
V, =6 m/s «<——
i

Sol. Direction of friction is such that it opposes the relative
velocity.

> kaB

—h

kAB A kaB B

> kaG

Ex.32 Draw the direction of friction force at contact point.

/v 4rad/s

@8cm /ZOrad/s
Sol. v, =ro, f
=8 x4 =232rad/ sec
Vv, =10, ® 8cm
=1.5x20
=30 rad /sec

f,
Ex.33 Ablock having mass 10 kg is kept on an incline
plane then find following

(i) Normal
(i) friction
(i) acceleration

(iv) distance travelled by block before it stops.

(v) velocity of block when its displacement
becomes zero ?

Sol. (i) N =10g cos37°

N =100 x% =80
N = 80Nt.

(i) Friction=uN
=0.5x 80 =40N
()ya=gsine+4
= 10><% +4 = 10m/s?
(iv) V2=u?+2as

0 =100 -2(10)s
s=5m

(V) V2 =u?+ 2as
VZ=0+2x%x(+2) x5
V=25 mls

Ex.34 Find out the distance travelled by the blocks shown

in the figure before it stops.
—10m/s
10 kg

u _Q/////// T
=0.
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Sol.N-10g=0
N =100 N
f=uN
K=, =, when not mentioned
f,=05x100=50N

—»>Z

F.=ma g l
50=10a =a=5 10g
s V2= Uu?+ 2as

02=102+2 (-5) (S)

~S=10m

Ex.35 Find out the distance travelled by the block on an
incline plane before it stops. Initial velocity of the
block is 10 m/s and coefficient of friction between
the block and incline is

Sol. N =mg cos37°
-.mgsin37°+uN=ma
a=10 m/s?down the incline
Now V2 =U?+ 2as
0= 10?+2(-10) S
~S=5m

Ex.36 Find the time taken in the above example by the
block to reach the initial position.

Sol. a=gsin 37° —pgcos 37°
-.a=2m/s? downthe incline

S «

1 1
- S=ut+ =at? = =-x2xt?
L S=ut 2at = S > 2%t

- t= 5 sec.
Ex.37 Find out acceleration of block.
Tmis__
10kg ——1000N
pn=0.2 g = 10m/s’
Sol. 1000+ 0.2x100=10a N
1000+20=10a —»a
1020 ——»1000N
9= >N
v
=102 m/s? 100N

Ex:38 After 10 sec. direction of applied force Is reversed
find out velocity of blcok when it again reaches

initial point.
m 10g —>100 N
n=0.5

Sol.

a=5m/s’ att=10sec

< b=15m/s’ 5m/s’

att=0 D — —

v=0

100N
10kg |>>100N 50N<i +>50m/s 1°°N4+ ‘

“— fe—s,=250m—>| kT:@m_’l —
© 3

f=50N

f=50N
o= 1001850 b :1001;50 c_100-50 .
a=bm/s? b =15m/s?
Case : | After 10 sec.
v=u+at

=0+ 5x10 =50 m/s.
Distance travelled

1
=at+ = at?
S=a 28.

-0 +% x 5x100
§,=250m
V2= (50)2 + 2(~15)s

_ 250
5= 5

when block reaches initial point

Case : |

250

vi=0+2x5 (250+Tj
_ 100
V= \/§

Ex:39 Find out the velocity of the block when it again
reaches to the intial point. It is given that the applied
force changes its direction & starts acting towards
left side when the block is displaced 10m right.

=4—> 100N

10kg

(A
\

pn=0.2
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Sol V,=10-1xt=10-t
b=12m/s’ > V._= 1 t
a=8m/s’ <+« 160m/s i =8m/s 0 B~ 2
100N — 100N V=
[10g 1o +f 1og “fr1oeg According to condction
T fon ! e =58 ¢ 20
f——10m—s| f——x——] V,=V, 10-t= 3 t= 3 Sec.

Case: 1 80=10a Ex.41 Calculate time after which the block will be at rest
a=8m/s? w.r.t. chamber -
V2 =u?+ 2as

V=,2x8x10 = 4/10m/s
Case : 11 100 + 20 =10b
b=12m/s?
Case : 111100 -20=10c
¢ =8m/s?
V2 =U?+ 2as
0=160-2x12 xx

(=2
3
20
Now Vv, =0 + 2x8x 10+?
:16x@ V=20><\/Zm/s
3 f 3

Ex.40 Find out time after frictional force acting between
the two block stops.

—»10m/s
n=0.2~__[10 kg
20 kg u=
Sol [\
smooth
a _
<+«— —>»v=10m/s — > 10 N
10kg
10N < —*b
10 = 10a 10 =20b
— 2 —_ 1 2
a=1m/s b= > m/s

f
|

very long chamber

m I—»Smls
l.u =0.2

Sol. Where f,=Psuedo force.

2 m/s®
A
4
/]

very long chamber

N
A
2.4 m/s? <—| m |—> 5mls

]
mngvp=2m lp =0.2
N-mg=2m
N=m(g+2)
f. =(0.2m) (12)
_f, 0.2mx12
a=—=——
m m
-~ =24m/s? using v=u+at
- =5
0=5+(-24)xt t_lzs

Ex.42 Calculate time after which block will come to rest
w.r.t belt.

3m/s<—m (
N

u=0.4
5mls

@

—
5m/s
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Ex.43

a=Kgd
e
Sol. 3m/s «—
» f=uN
5=-3+ gt
8 8

R
using
V2 = u?+2as
25=9+2(4)s
s=2m

Static Friction : When there is tendency of relative
motion between contact point of the object and the
contact surface parallel to the surface but there is no
relative motion then the frictional force acting
between them is called as static friction forces.
Condition for static friction :-

(1) There must be contact and compression

(2) There must be tendency of relative motion of
contact points but there is no relative motion.
Surface must be rough.

(~

rough

No tendency to move so no static friction even if the
surface is rough.

+—>V

rough TV
eg: —~0O O
smooth
No static friction, No kinetic friction.

Friction acting on hand
eg. .

»Velocity changed form o to v.
Direction of Static Friction Force : Static
frictional force always acts opposite to the tendency

of relative motion of contact point parallel to the
contact surface

Magnitude of Static friction force :-

Static frictional force is variable and self adjustable
force, it can adjust its magnitude from zero to
maximum limiting friction as per requirement. It has
amaximum value called limiting friction

Magnitude of maximum limiting friction

fomax®N T = 1N 0<f<puN

Key point :-

(1) Tendency of relative motion of contact point of
the object w.r.t. the contact surface is decided by
the reductant force acting parallel to the contact
surface on the object in the reference frame of
contact surface.

(i) Static friction is not always greater than kinetic
friction but > u, (always) . and limiting friction
> static & kinetic both (always)

(i) Tendency of relative motion of non living body
is decided by the body parallel to the contact force.
Including pseudo force in the reference frame of the
pseudo force.

Ex.44 Ablock is kept on rough surface it is pulled by

external force then find out acceleration ?

m—+—F
TIITITRTTITTTITITITITITITT
Ku
Sol. F—-umg=ma
a-Fpmo if F>pmg
a=0 iF umg>F.

Ex.45 In the following figure force Fis gradually increased

from zero. Draw the graph between applied force
Fand tension T in the string. The coefficient of static
friction between the block and the ground is .

[T

[l .
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Sol. Asthe external force F is gradually increased from
zero it is compensated by the friction and the string

bears no tension. When limiting friction is achieved by

increasing force F to a value till umg, the further
increase in F is transferred to the string.

]
| 4
|:

F

Hsmg

Ex.46 Ablock is kept on rough surface. It is pulled by
avariable force then find

N [0

J’Ls. Hk

(a) Find the acceleration (b) Draw avstgraph.

Sol. (a) a=0 if 2t< u.mg t < “—;“g
_ 2t—pmg . HsmMg
a=— if2t> p.mg t > 5

-2
a= — t—y mg.

A

(- 77N

()

v

_ kMg

t
2

Ex.47 Find out acceleration of block and draw graph
fvstandavst

&

=03
p,=0.4

10kg —»F =10t

Sol. N =10g
TN
s,max:Ms
=0.4x10x10 10 —>F=10t
=40 N f <
fk = pkN l
=0.3(10g)=30N 109
a =0 0 <t< 4
_10t-30
a ="
=t-3 t>4
Graphfvst Graphavst
i
40 frmmmmmmmneeny, ; aT
1/M/%femmrenmenens .
—t>t=4 —tl>

Ex.48 A solid cube of mass 5 kg is placed on a rough
horizontal surface, in xy-plane as shown. The
friction coefficient between the surface and the cube

is 0.4. An external force F=6i+8j+20kN is

applied on the cube. (use g =10 m/s?)
(A) The block starts slipping over the surface

(B) The friction force on the cube by the surface is
10 N.

(C) The friction force acts in xy-plane at angle 127°
with the positive x-axis in clockwise direction.

(D) The contact force exerted by the surface on the
cube is 10410 N.

N=50-20=30N

Limiting friction force = uN = 12 N and applied
force in horizontal direction is less than the limiting
friction force, therefore the block will not slide.

Sol.

For equilibrium in horizontal direction, friction force
must be equal to 10 N.
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[ SN 353
N
mg = 50 N 6i + 8j

From the top view, itisclear thate =37°i.e. 127°
from the x-axis that is the direction of the friction
force. It is opposite to the applied force.

Contact force = 2412 = 1010 N

Ex.49 In the following figure an object of mass M is kept
on a rough table as seen from above. Forces are
applied on itas shown. Find the direction of static
friction if the object does not move.

|IV| —>20N

!

15N
Sol. In the above problem we first draw the free body
diagram of find the resultant force.

f,=25 N

. 20N

F.=25N

As the object doe not move this is not a case of
limiting friction. The direction of static friction is
opposite to the direction of the resultant force F_ as
shown infigure by f . Its magnitude is equal to 25 N.

EX.50Ablock of mass 15 kg is resting on a rough inclined
plane as shown in figure. The block is tied up by a
horizontal string which has a tension of 50 N.
The coefficient of friction between the surfaces of
contactis (g =10 m/s?)

(A) 1/2
(C) 3/4

(B) 2/3
(D) 1/4

Sol. The free body diagram of the block is N is the normal
reaction exerted by inclined plane on the block.

T cos 45° + uN

mg sin 45°
mg cos 45° + T sin 45°

Applying Newton’s second law to the block along
and normal to the incline.
mg sin 45° =T cos 45° + uN
N =mg cos 45° + T sin 45°
Solving we get
u=1/2

Ex.51 Aman is moving down the incline plane. Find the

maximum acceleration and also find time taken to
reach the bottom of incline plane. (o@éb

Sol. f, . =uN
=0.5 (50gc0s37°)
4
= = o}
0.5 x50 x 10 x s //@\e
50gsin37° +f =504, —~ \;,0?’
3 o
500 x £ +200="50a_, o oé{’\
_ 4o
6+4=a o

a_ =10m/s*

100 = 110t2
2
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Ex.52 In the shown in figure what is the range of M so
that 10kg block doesn’t slide ?

Sol. fs,max: uN
f =0.5x100 x 4/5
= 40N

Case - |
Let the tendency of block is upward.
Mg=10gsin37° +f

1OM:lOO><%+4O

M =10kg
Case - 11

Let the tendency of block is downward.
- 10gsin 37° =Mg +f

3
100><§:10M+4O

60-40=10M
20 =10M M=2kg
So the range of mass Mis [2, 10]

Ex.53 In the figure shown a block having mass m =50
kg is kept on conveyor belt. Find out acceleration

of block w.r.t. ground. L=05

\
s

Sol. Where f,=Psuedo force.

F.ec =1(500)? +(250)? =250y5

—~ =F_-nN=50a

Fnet — HN

_ 2504/5 — 250
50 - 50

a= 5(\/3 —1) m/s

acceleration of block w.r.t ground.

F 50kg

F=50x5=250N ,

1/

oz 590
ane =759 2

=2 (N\

From above right angle triangle

cosezi

75

By = |52 +52(y5 - 1f ~2x5x5({/5 - 1)cos0

Where By acceleration of block with respect to
ground.

{ 2
=5|7-2y5 -——=
T m/s?

Ex.54 Find the tension in the string in situation as shown in
the figure below. Forces 120 N and 100 N start
acting when the system is at rest and the maximum
value of static friction on 10 kg is 90 N and that on 20
kg is 60N?

| 10 20

120 N 100 N
)
T
f,=90N f,=60 N
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Sol. (i) Let us assume that system moves towards left

then as it is clear from FBD, net force in horizontal
direction is towards right. Therefore the assumption
isnot valid.

120 N 10 20 100 N
90 N 60N

Above assumption is not possible as net force on
system comes towards right. Hence system is not
moving towards left.

(i) Similarly let us assume that system moves towards
right.

120 N 10 20 100 N
90 N 60N

Above assumption is also not possible as net force
on the system is towards left in this situation.

Hence assumption is again not valid.

Therefore it can be concluded that the system is sta-
tionary.

120N 10 20 100N

f = 60N

max

= 90N f

max

Assuming that the 10 kg block reaches limiting fric-
tion firstthen using FBD’s.

120N«— 10 |>T T<{20 —>100N
90N f
120=T +90 =
Also T+f=100
~30+f=100=

f=70 N which is not possible as the limiting value is
60 N for this surface of block.

- Ourassumption is wrong and now taking the 20
kg surface to be limiting we have

T=30N

120N<H 10 |—>T T<—1 20 > 100N
f 60N

T+60=100N = T=40N

Also f+T=120N = f=80N

This is acceptable as static friction at this surface
should be less than 90 N.

Hence the tension in the string is
T =40 N.

Ex.55 Force F is gradually increased from zero.

Determine whether the block will first slide or lift
up?

~ 10 Kg4537°
w,=0.5 M

Sol. There are minimum magnitude of forces required

both in horizontal and vertical direction either to slide
on lift up the block. The block will first slide on lift
up will depend upon which minimum magnitude of
forceis lesser.

For vertical direction to start lifting up

i > Fcos 37°

Fsin37°+ N-Mg=>0.
N becomes zero just lifting condition.

109

I:IiftZ 3/5

500
> 3

F N

For horizontal direction to start sliding
Fcos37> uN

Fcos37° >0.5[10g — F sin 37°]
(- N=10g-Fsin 37°)

Hence F > >0
slide ~ c0s37°+0.5sin37°
500 500
Fslide > 11 N Flift > 3 N.
=F <F

slide lift
Therefore the block will begin to slide before lifting.
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ANGLE OF REPOSE "

The angle of repose (¢) is that minimum angle of
inclination of the inclined plane at which a body
placed at rest on the inclined plane is about to

slide down in equilibrium condition.

N = mg cos 6

and mgsine="f<f ..

Fo=¢thenf="~ ..

~ mgsin¢ = f ., =uN

= mg sin ¢ = u Mg cos ¢

>tanéd=u

(@)When o < ¢ (or tan! ) the body is in
equilibrium

(b)When the angle of inclination is more than the

angle of friction (6 > ¢) the block starts sliding
down.

Solved Examples

Ex.56 Find out the angle at which block will slide ?

0N

Sol. mgsine>f
mgsine > uN
mgsine > umgcose

tane > (for sliding)

tane < u (for no sliding)

Note : Sliding does not depend upon mass it depends
only on mass of the block so whatever mass be
placed on the incline plane the displacement will be
free from mass of the block.

Distance between both blocks never change.

Solved Examples
Ex.57

(1) Inthe figure shown a block having mass m is
kept on the Incline plane then find friction, normal
and resultant contact force in case of sliding and
without sliding

(1) Draw graph frvse, Rvsoand N vs o

mg cos6

(1) Case-1:-Whenthereisnoslidingi.e. 6 <tan™p
f =mgsine
N =mgcose

R =+f2+N?

= J(mgsin6)® + (mgcose6)’

:mg
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Case- Il :-Whenthereisslidingi.e.o <tan™p

f =umg cose

N = mg cose

R = ,/mgcos6 +umgcos6

=mgcose y1+pu?

(i))Graph fvses

A
A E
f ‘ mg . T
umg - - - - -k :
0, =tan’py T i’
, 2
0
Graph N vs GraphRvs e

=z

~.

>

6=tan'y 6=90"

0=00""

Ex.58(i) In the figure shown a block having mass 10kg is
kept on the Incline plane then find friction, normal
and resultant contact force in case of sliding and
without sliding

(i) Draw graph frvs 8, R vs e and N vs 6

\5)
YN
&9

Sol.

Case : 11

When slideing does not occur (6 < 37°)
N = 10gcose

fs,max =usN

=(0.75)(10gcoss)

= 75C0s6

6,=tan™ (0.75)

3
- a2
=tan [4]

where 6 is angle of repose
0,=37°

- f=10gsine

=100sine

R= Vf?+N?

When sliding occurs

= /(75c0s0)? +(100c0s0)’

R = c0s64/(75)? +(100)?

When sliding occurs (6 > 37°)
f=10gcose

= 100cos6

Graph N vs

v
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(i) Graphfvse

~~~~~~~

0,=37° X
> 0 2

where 6R = angle of relose.

(i) graphRvs ¢

R = ,/(100cos0)’ + (75cos6)?
R=125cos ¢

~.

100

>
>

0=37° 0 =90

Ex.59 Inthe figure a force F is appliede on block at an
angal 6. What is the minimum force required to
slide block along horizontal direction ? At what angle
this force should be applied.

M
R rrerrrrrrrry

M
Sol. N =mg - Fsine.

F sin 0
r 3

F
N
i
M
///////////i///////////
M
mg

f=(mg—Fsino)u
Fcose —u(mg — Fsing)=0
F coso + u Fsine > umg

. pmg
~ cosO+pusind

__ umg
min ~ cos 0+ usin®d

Y =€0S0 +usine

d .
Lae ucose —sine =0

do
tano=p
o =tanp

. [
SIN6= M+ 02

1
1+p?

C0os6 =

umg
+p?

I:min = 1/1

Ex.60
10kg
T
1
S

(1) What is the minimum horizontal force required to
slide the block.

(i) What is the minimum force required to slide the
bock. At what angle this must be applied.

1 100
Sol (i) umg= ﬁxloo 5

100 100
(i)F = = ‘ﬁ‘looxﬁ—SON
fin 1+1_\/Z_\/§ 2 -

3 3
6 =tan? (u)
=t _1(iJ _300
_an \/g =
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Ex.61 In the figure a block having mass 10 kg is kept on

an incline plane. Find out minimum and maximum
value of F at which block will slide.

f

Sol. Case-I :- Condition of minimum force

(i) Friction and applied force will act in same
direction

(i) Acceleration of object will equal to the
acceleration of incline plane on which it is kept.

(i) Maximum limiting friction (u N) will act

o>tan?t u
tan 37°>0.5

3
Z >0.5

Soitslides itself
N =Fsin 37°+ 10g cos 37°

fcos 37° + p(Fsin 37° + 10g cos 37°)
=10gsin37°

_ 109 sin37° +u10gcos 37°
B c0s37° — usin37°

_ 200
Fn= 77 N

min

Case-11 :- Condition of maximum force

(i) Friction force and applied force will actin op-
posite direction

(if) Acceleration of object will be equal to the sur-
face on which itis kept.

(iit) Limiting friction force (u N) will act

_ 109 sin37° +p10gcos 37°
- cos37° — usin37°

=200 N

Ex.62 Abar of mass m is placed on a triangular block of

Sol.

mass M as shown in figure. The friction coefficient
between the two surface isp and ground is smooth.
Find the minimum and maximum horizontal force F
required to be applied on block so that bar will not
slip on the inclined surface of block.

smooth

Fig 7.194

Here if both the masses are moving together, accel-

eration of the system will be a = L. If we
M+m

observe the mass mrelative to M, it experiences a
pseudo force matowards left. Along the incline it
experiences two forces, mg sin 6 is more than ma cos
0, it has a tendency of slipping downwards, so
friction on it will act in upward direction. Here if
block misinequilibrium on inclined surface, we must
have

f=mgsine—macose < u(mgcose +masing)

a< sinB + ucosO
or == cosB —psinB

sinB +ucosb

M+m)a <
or ) cosO —pusin®

(M+m)g

sinb+ucosB
<— - F-7 -

B cose—psine(M+m)g 0]

or Frax

If force is more than the value obtained in Eq. (i),
ma cos 6 will increase on m and the static friction on
itwill decrease. Ata=gtane (whenF=(M+m)g
tan 6), we know that the force mg sin 6 will be
balanced by ma cos 6 at this acceleration no friction
will act on it. If applied force will increase beyond
this valued, ma cos 6 will exceed mg sin 6 and fric-
tion starts acting in downward direction.

Here if block m is in equilibrium, we must have
f=macose—mgsine < m(mgcose +masine)
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sind + ucosO
as——

= 7 cosB-psing

sinB +ucosb

= Mrmas cos0 —pusin® (M+m)g

— F< %(M +m)g

Hence  Fun < %(M +m)g
and Firax < %(M +m)g

TWO & THREE BLCOK PROBLEMS _gff
Solved Examples

Ex.63 Find the acceleration of the two blocks. The
system is initially at rest and the friction coefficient
are as shown in the figure?

p=0.5<\ W—w =50 N

Smooth
10B

T T I ITITIT

Sol. Method of solving
Step 1 : Make force diagram.

Step 2 : Show static friction force by f because value
of friction is not known.

Step 3: Calculate separately for two cases.
Case 1 : Move together

Step 4 : Calculate acceleration.

Step 5 : Check value of friction for above case.

Step 6 : If required friction is less than available it
means they will move together else move separately.

Step7:  (a)above acceleration will be common
acceleration for both

Case 2 : Move separately

Step 7(b) If they move separately then kinetic
friction is involved. whose value is puN.

Step8: Calculate acceleration for above case.

>f

A 50

f =uN

max

. f < 50N (available friction)

Move together
Move separately

() a= s =2.5mis
No need to calculate
(i1) Check frictionfor B :
f=10%x25=25
25 N isrequired which is less than available friction
hence they will move together.
anda, = a,=2.5m/s?
Ex.64 Find the acceleration of the two blocks. The
system is initially at restand the friction coefficient
are as shown in the figure?

p=0.5ﬁ W—>101 N

smooth
10B
T ooemanm
f _=50N
- F<50N

Sol.

A T>101 B

f

101
— _ 2
a=— = 5.05m/s

(i) Ifthey move together
(if) Check frictionon B

f
10 f=10x%5.05=50.5 (required)

50.5>50 (therefore required >available)
Hence they will not move together.

(i)Hence they move separately so kinetic friction is
involved.

A 101 fi = uN=50

f=50<

_ 101-50

a, o -olm/s

- for
50

= — = 2
5= 19 -0 M/s

= a

Alsoa, > a;as force is applied onA.
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Ex.65 Find the acceleration of the two blocks. The
system is initially at rest and the friction coefficient
are as shown in the figure?

Move Separately

U=0.5 F=60N

Smooth

Sol. Move Together

60
a= 45 = 2 m/s? No need to calculate.
Check friction on 20 kg.
f=20x2
f=40 (which is required)
40 <50 (therefore required < available)

. will move together.

Ex.66 In above example find maximum F for which two
blocks will move together.

Sol. Observing the critical situation where friction
becomes limiting.

> =50
frax = 50 ¢ 0T 20
SF-f_=10a ... (1)

f =202 e )
~F=T5N

Ex.67 Initially the system is at rest. find out minimum
value of F for which sliding starts between the two
blocks.

Smooth
20 F

T on

Sol. Atjustsliding condition limiting friction is acting.

f=50¢<
10 =50 20 T>F
F-50=20a...... (1)
f=10a . (2)
50=10a
a=5m/s?
hence F=50+20x5=150 N
~ F.=150N

Ex.68 In the figure given below force F applied horizon-
tally on lower block, is gradually increased from zero.
Discuss the direction and nature of friction force and
the accelerations of the block for different values of
F (Take g =10 m/s?).

mA=‘|O kg —> 120 N

KN

He=p,=03
me=20kg | —»F
smooth(/\//” T

Sol. In the above situation we see that the maximum
possible value of friction between the blocks is um g
=0.3x10x10=30N.
Case: 1 WhenF=0.

Considering that there is no slipping between the
blocks the acceleration of system will be

120
4= 20+10

=4 m/s?

But the maximum acceleration of B can be obtained
by the following force diagram.
f _=30N

max
I

>

20

a = % =1.5m/s? (- only friction force by block

Aisresponsible for producing acceleration in block B)

Because 4 > 1.5 m/s? we can conclude that the
blocks do not move together.

Now drawing the F.B.D. of each block, for finding
out individual accelerations.

—>f .. =30N
20Kg —>F=0N

10 Kg —>120 N

f.=30N
a,= 12030 _ g 2 towards right
10
=20 — 1.5 m/s? towards right
a,= 5, =1.5m/s*towards right.

Case : Il Fis increased from zero till the two
blocks just start moving together.

As the two blocks move together the friction is static
innature and its value is limiting. FBD in this case will

be
-



Laws of Motion and Friction

o 120 f_=30N
g
f =30N 20 >F
_120-30 o o _F430 _
8,= 5 =9mfs = =5 =8,
F+30
= 25 =9
F=150 N

Hence when 0 < F <150 N the blocks do not move
together and the friction is kinetic. As F increases
acceleration of block B increases from 1.5 m/s2.

At F =150 N limiting static friction start acting and
the two blocks start moving together.

Case : 111 When F is increased above 150 N.

In this scenario the static friction adjusts itself so as
to keep the blocks moving together. The value of
static friction starts reducing but the direction still
remains same. This happens continuously till the value
of friction becomes zero. In this case the FBD is as
follows

f

10 ——120N 20 —>F>150N
f
__120-f _ F+f
e )

-. when friction force f gets reduced to zero the
above accelerations become

_ 120 _ 2 L 2
8,= 5 ~12m¢ = a=-5=a,=12mks

F=240N

Hence when 150 < F < 240 N the static friction
force continuously decreases from maximum to zero
at F =240 N. The accelerations of the blocks in-
crease from 9 m/s?to 12 m/s? during the change of
force F.

Case : IV When Fisincreased again from 240 N
the direction of friction force on the block reverses
but it is still static. F can be increased till this
reversed static friction reaches its limiting value. FBD
at this juncture will be

f .. =30N
10 F—s120N 20
f...= 30N

_>F

The blocks move together therefore.

120 + 30 F-30
= = 2 = =
a, I 15mls? = a;=—;~ =2,
=15 m/s?
F-30
= 2
20 15 m/s

Hence F =330 N.

Case : V When F is increased beyond 330 N.
In this case the limiting friction is achieved and
slipping takes place between the blocks (kinetic fric-
tion is involved).

30N
10 |—120N 10

30N
~ a, =15 m/s*which is constant

—>F>330N

_F-30

8= 20 m/s? where F > 330 N.

a

Ex.69 In the situation shown in figure, there is no friction

Sol.

between 2kg and ground.
F -
— 2kg n=02
2kg

(@) For what maximum value of force F can all three
blocks move together ?

(b) Find the value of force F at which sliding starts
at other rough surfaces.

(c) Find acceleration of all blocks, nature and value
of friction force for following value of force F

(i) 10N (i) 18N (iii) 25N

Between 1kgand 2kg : f =f _=0.5x1xg=5N
Between 2kgand 2kg : f, =1, ,=0.2x(1+2)g = 6N
Maximum possible acceleration of 1kg be
ug=05g=5ms=

Maximum possible acceleration of lower 2kg :

a= f/?z = g =3ms™?

For the entire system to move together, we have

take lesser acceleration.
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(@) Maximum force F that can be applied for the
entire system to move together :

Fro =M = F_ =(1+2+2)x3=15N

(b) Sliding will start between 2kg and 2kg if F> 15N
for sliding to start between 1kg and 2kg : This will
occur when acceleration of combined 1kg and 2kg

will exceed 5ms2

0.5ms™
1kg —
F
. 2kg
4—
f,=6N

F-f,=(1+2)x5=F=21N
(c) (1)) F=10< 15N, so entire system will move
together with common acceleration.

10
a=
1+2+2

Friction between 2kg and k2kg : f, =2ax2x2 = 4N

=2ms~?

— f,

2kg —a,

Friction between 1kgand 2kg : f =1xa=1x2=2N

1kg

—>f

1

(i) F =18N, here 15N <F <21 N, so sliding will
start between 2kg and 2kg and not between 1kg
and 2kg.

f
Acceleration of lower 2kg a :% =6/2 =3ms™

Acceleration of 1kgand 2kg : a= 878 _ gms

1+2
a
1kg —
F=18N
B 2kg
4—
f=6N

Friction between 2kg and ground is f,, = 6N

Friction between 1kg and 2kg :f, =1x4 =4N

1kg

()F =25N > 21 N, so sliding occurs at all the
contact surface. Friction between 1kg and 2kg is

f., =5N.
Friction between 2kg and 2kg is f,, = 6N

Accelerations of 1kg and lower 2kg are their maxi-
mum possible acceleration.

25-5-6

Acceleration of upper 2kg: a= =7ms™?

f, =5N

f=5N
—

“

F=25N—>| 2kg |[—>a

<—
f=6N

Ex.70 Consider three blocks placed over the other as

shown infigure. Let us now pull the blocks with the
forces of magnitudes 18N, 100N and 15N. Take
m, =m,=m, =10kg. If the coefficients of static and
kinetic friction between all contact surfaces are u =
0.3and u, =0.2, respectively,

find the
18N — m,
m, +—100N
15N +— m,

(@) Acceleration of the blocks.
(b) Friction at each surface.
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Sol. Letusfirst calculate limiting and kinetic friction force

Betweenm, and m,: f,,=0.3x10g=30 N
f, =0.2x10g =20 N
Betweenm,and m,: f,, =0.3x20g = 60N
f,, = 0.2x20g = 40N
Betweenm,and ground: f,,=0.3 x 30g =90 N

f,, =0.2x30g = 60 N

Consider FBD of m,
—f,
15N ms —&
4—

Maximum value of f, is f,, =60N, which is less than
the maximum value of 15 +f,

which is 15 +90=105N. Hence, m, will notaccel-
erate, soa, =0

Now assume that m, and m, move together with
common acceleration a.

18N
«— m,

m,

<—
f,=40N

Let us calculate how much friction is required
between m., and m, for common

acceleration a. For this consider FBD of m,.

18N
— m —> 2

—»f,=20N

f-18=10a=f -18=10x2.1 = f = 39N
This is not possible because maximum value of f. is
f¢, = 30N. Hence slipping occure betweenm, and m,

f=20N —»a,
<—

18N a
— m | 100N
—>f,=20N f,=40N

Q- fi, 18 20-18

L =0.2ms™?
10 10

_100-f, —f,, 100-20-40

a, 4ms™?
10 10

() So acceleration of m_isa, =0.2ms
Acceleration of m, is a, = 40ms
Accelerationof m3isa,=0

(b)Since slipping occurs between m, and m,

friction between m_ and m, is f,, =20N. Similarly,

slipping occurs between m, and m_ friction between

m, and m, is f,, =40N

To find friction between m, and ground :

—>f,_=40N
—

fs

f,=15+f,=>40=15+f =f,=25N

JUST SLIDING "

(1) maximum static friction will act in this condition.

(ii) acceleration of two contact surfaces will be equal
where just sliding is taken.

Solved Examples

Ex.71 Find out friction force and acceleration for just

sliding

u=0.5
S\ [ 10kg A
[\ 20kg B sF=1ot

p=0.2

Sol. FEB.D...

[a ]
—»10

f_,max=05x10x10 =50N

AB’

f ,max=02x10x10 =60N

BG’

froe
fBG < | B
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Case : | Letjustslidingoccurs between Band G Ex.72 Find outthe minimum and maximum force. At must

and both block will move together. be applied on B so that two block moves together.
a=0 f... = 60N
A0 N
B 10t
f, . =60N< 20kg 0 10kg  |—»300N
foo 10kg - > F
o s C;}Sg\é}[\ﬁ\ AN \G\“\\\\\“
a=0
Friction between Aand B F,,=10x0=0 ——>4
Let just sliding occurs between Aand B ) 10 T 300
—»a 60
—_ a
A10 Sol. R
» 50 » 60
B10 +—F,
t
50 = 10a 8,= 555 .
a = 5m/s? a,=0 0<t<6 A —> 300
> 60
50 g
< 60« > @
B 20 +— 10t B 10 4 >F
60
o eoten 300 - 60 = 10a
3 24m/s? =a
: 60+F_=10a
10t-50-60 =20a  -55  21<t F = 10260
10t =210 a,=0  0<t<2l Frin = 240 - 60
t = 21sec. Fmin=180N
300 + 60 = 10a
o t _
In case of just sliding 32 6<t<21 a=36m/s*
f —60=10a
10t - 60 = 30a 5 t>21 f_=60+10a
) =60 + 360
37%2=a f,=10t 0O<t<6 F_ =420N.
10t - 60-50= 20 o0 o<T Ex.73 Find out 6__so that block does not slide what-
10t-110 = 20a Fie=0 0O<t<6 ever be the value of force.
%2 6<t<?1 F\
3
50 t<21 M

A
TUVTITTRVETITRVTARRL ARV TRV
i
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Sol N =Fsine+mg

TN

10

v
Fsino
Fcoso < f

Fcoso < u (Fsine + mg)

mg

Fcose < p (uFsine + mg)

F(cose — using) <umg)

. m
C0S0 — pSine < “Tg

> FcosO

-+ the value F maybe wi.e. F=w

c0s — pusine<0

1
— <tan@
il

1
f>tan?t —
u

=
- I:min
SING="1g F i
Fm|n= mg 1_l:u2

A 4

=mgsing

y mg

MOTION OFAN INSECT I'

IN THE ROUGH BOWL

Ex.74 Aninsect crawls up a hemispherical surface very
slowly. The coefficient of friction between the insect
and the surface is 1/3. If the line joining the centre of
the hemispherical surface to the insect makes anangle
o With the vertical, the maximum possible value of o
isgiven by ,
(A) cot o =3 o
(B)tan o =3
(C) sec =3
(D) cosec o.=3

Sol. a. The two forces acting on the insect are mg and
N.Let us resolve mg into two components:

mg cos o balances N
mg sin o is balanced by the frictional force.
N =mg cos a
f=mgsina

But
f=uN=umgcosa

1
= COta = —
n

= Cotoa =3

STICKINGOFABLOCKWITH
ACCELERATED CART ‘

Solved Examples

EX.75 The figure shows two blocks m and M which are
pushed together on a smooth horizontal surface.
If the coefficient of friction between the blocks ism,
then determine the minimum value of the horizontal
force F required to hold the blocks together.

TTITTTTITNErrrrrrrrinmi
Smooth
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Sol. Acceleration of systema = _F

M+m
—> a fu
<—N
Folw I Ny L2
|
TTITTrrrirrrrererinefrl *mg
From free-body diagram of m:
N=ma=n5 '
=ma=m{ o, 0]
misnotsliding, so f=mg (i)
For nosliding case f <uN
(M+m)g
< Fruy—m=
=mg M(M+m) = M u

using the method of pseudo force :

Oberver
ﬁ] | f
N,

— m I ma<i— I

M (pseudo l
T feree)

Observingminframe of M :

In the frame of M the block m is not sliding.
N =ma f=mg

If fis of static nature, f <N

umF E> (M+m)g

m ma m
g< ¥ = gSM+m 18




