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(Oscillations)

14.1 (Introduction)

oscillatory motion)

14.1

14.2

14.3

14.4

14.5

14.6

14.7

14.8

14.9

14.10
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14.2 Periodic and

Oscillatory motions

 14.1 

 14.1(a)

14.1(b)

 14.1 (c) 

14.1 (c) 

21
2

 + gth = ut  

21
2

 – gth = ut  

14.1 

T 

 u 

 (Periodic motion) 

(oscillation)  (vibration)

(a)

(b)

(c)
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(equilibrium)

 (damping) 

damped

 (forced)

14.2.1 (Period and
frequency)

(periodic)  T 

 (10–6 s) 

 s 

88 

76 

T 

 (frequency)  

  T 

  = 1/T (14.1)

 s–1 

(Heinrich

Rudolph Hertz (1857-1894) 

(Hz)

1  = 1  = 1s–1  (14.2)



  14.1  

75 
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= 75 min–1 
75

1min


175
1.25s

60s
 

= 1.25 Hz

 T 1

1

125s


= 0.8 s 

14.2.2 (Displacement)

4.2 

(displacement)

14.2(a)

 [14.2(b) ]

14.2(a)

 x 

14.2 (b) 



f (t) = A cos t                          (14.3a)

 t 2 
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 f (t ) 


2=  T (14.3b)

f (t) T 

f (t) = f (t + T)

f (t ) = A sin t 

  f (t)  =  A sin t + B cos t                 (14.3c)

A = D cos   and  B = D sin   

(14.3c) 

f (t) = D sin (t +  ) (14.3d)

 D   

2 2D = A + B
    

1tan
B–
A



 (Jean Baptiste Joseph Fourier, 1768-

1830) 

  14.2  

( 

(i) sin t + cos t
(ii) sin t + cos 2 t + sin 4 t
(iii) e–t

(iv) log (t)

(i) sin t + cos t 

 2  sin (t + 
4


)

2 sin (t +
4


) = 2 sin (t + 

4


+2)

2
2sin

4
t

          
 2/.

(ii)

sint 

 T
0
= 2/  cos 2 t 

 / =T
0  

/ 2;  sin 4t 

 2/4 = T
0
/4. 

T
0
,  2/

(iii) e–wt 

 (t  ) 

(iv) log(t) 

log(t)

(divergence)
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14.3 (Simple Harmonic

Motion)

14.3  x-

 +A 

–A 

14.4 T/4 

 14.4 t t=0,T/4,T/2, 3T/4,T,5T/4

T  (t = 0) T

 (x = 0 )

 14.5

T

14.5 x t

A,  

14.6 

x (t ) : t x

A : 

 : 

t +  : 

 : 

14.6  

A 

[

 A 

] +1 –1

+A – A,

   

14.7 (a)

 14.3 x +A  -A

x

t

(simple

harmonic)

x (t) = A cos ( t + ) (14.4)

A,   
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x(t ) = A cos t (14.5)

T  x (t)  x (t

+ T )

A cos t = A cos  (t + T ) (14.6)

2, 

2

(t + T ) = t + 2
  = 2/ T (14.7)

 

(angular frequency) 

 (rad s-1) 

A  B

A 

t 

(argument) (t

+ )  (t + )

(phase)  t = 0

  (phase

constant) (phase angle) 

t = 0 

 A  

  

14.7 (a) (14.4)  = 0 
 1 2 

 A  B

 14.7 (b) 14.4 3 

4 = 0 -/4 

A 

 14.7 (b)

T  

(14.4)   = 0 

14.8  = 0 
(14.4)

1/T,  

2  A

 

 14.8. 

(b) (a) 

(a)

  14.3 

(1) sin t – cos t
(2) sin2 t
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( ) sin t – cos t

sin sin
2

t t
      

2cos sin
4 4

t
           

      2 sin
4

t
    

 
2

T





 

4

      
7

4

 
  

( ) sin2 t = 
1

2
 – 

1

2
cos 2  t

 T





.

1

2



14.4  

(Simple Harmonic Motion and
Uniform Circular Motion)

14.9) 

 14.10 

A 

  P

t = 0 

OP  x

  t 

t 

x-

  t + 

x-

OP

 14.9   (ball) 
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OP  x-  P 

x(t ) =  A cos (t +  )

P 

P

P

y-

y- P 
y(t) = A sin (t +  )

 x-

P 

/2

  14.4  14.10 

P  x- 

( ) t = 0  OP x 

45o /4 t

t
T
2  x-

4
 + 2 t

T
  

t x- OP 

x (t) = A cos 
  

  
2

 + 
4

t
T

T = 4 

x(t) = A cos  2
 + 

4 4
t

  
  

A,  4 s 

= 
4


 
*

 14.10

*

 

 sin(15o)

15  sine sin(15) 15 sine

P
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( )  t = 0, OP x 

90o  
2
  t 

2
t

T
  x

2
 – 

2
t

T
  
  

  t 

x OP 

x(t) = B cos 2
 – 

2
t

T
  
  

= B sin ( 2
t

T
 )

T = 30 s, 

     x(t) = B sin 
15

t
 

  

x (t ) = B cos  – 
15 2

t
  

   ,

(14.4) 

B,  30 s, 

2


 . 

14.5

(Velocity and Acceleration in Simple
Harmonic Motion)

v

 

A 

v =  A (14.8)

t 

14.11

t P 
v(t ) = –A sin (t +  )              (14.9)

v (t) x-

(14.9) 

(14.4)

t 

(14.4) 

d
( )

d
v(t) = x t

t
(14.10)

P 
2v

A
  2A,

PO

P P 

 14.12 ),

a (t)  = –2A cos (t + )
 a (t) = –2x (t) (14.11)

 14.11 P v (t) P v
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(14.11) 

 v(t) 

d
( ) ( )

d
a t  = v t

t
(14.12)

 (14.11) 

x(t) > 0 a(t) < 0

 x(t) < 0  a(t) > 0

 –A  A x

a(t) 

x(t), v(t)  a(t) 

  = 0 

x(t) = A cos t

v(t) = –  A sin t

a(t)=–2 A cos t

14.13 

 x (t) –A  +A

v(t) –A  +A 

 a(t)  –2A  +2A 

/2 



  14.12 P  a(t)  P 

a


 14.13
T

  14.5  

     x = 5 cos 2
4

t
    .

 t = 1.5 
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 = 2 s–1 

 T = 1 s.

t = 1.5 

( )  = (5.0 m) cos [(2 s–1) ×1.5 s +
4


]

= (5.0 m) cos [(3 + 
4


)]

= –5.0 × 0.707 m

= –3.535 m

( )  (14.9) 

= – (5.0 m) (2 s–1) sin [(2 s–1) × 1.5 s

+ 
4


]

= – (5.0 m) (2 s–1) sin [(3 + 
4


)]

= 10 × 0.707 m s–1

= 22 m s–1

( ) (14.10) 

=  212 s   × 

     =  212 s   × (–3.535 m)

     = 140 m s–2

14.6

(Force Law for Simple Harmonic
Motion)

m 

F (t ) = ma
= –m2 x (t )

F (t )  = –k x (t ) (14.13)

 k = m2 (14.14a)

 =  
k

m
(14.14b)

(mean

position) 

 (restoring

force) 

(14.4) 

(14.13)  (14.4) 

(14.13) (14.4) 

(14.13)

(14.4)

 (14.13) 

x(t) 

(linear harmonic oscillator) 

x2, x3 

(non-linear)

  14.6 14.14 

k 

m 
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F   = –2kx

(F)

(x) 

T = 2  
m

2k


14.7

(Energy in Simple Harmonic Motion)

14.5 

,

21
2

K =  mv

  2 2 21
sin ( + )

2
= m A  t  

 2
 

1
sin ( + )

2
2=  k A t     (14.15)

 K v 

K 
2

T
.

(U)  6

 14.15 

x 

x

F
1
 = – k x (

)

F
2 

  =
  

–k x (

)

14.14

14.15



478

 F = –kx 

21
2

U = k x     (14.16)

U(x)  = 21
2

 k x

 2 2
 

1
cos ( + )

2
= k A t  (14.17)

2

T

(14.16) (14.17) 

    E = U + K

   2 2 2 2
  

1 1
cos ( + ) + sin ( + )

2 2
=  k A t  k A t 

     
2 2 21

cos ( + ) + sin ( + )
2

=  k A t t 

21
2

E =  k A (14.18)

14.16 

 14.16 

x = 0 

(x = ±A) 

 14.16
a  

b  
T/2 

 (t) 
(x) 
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  14.7  1 kg 

 50 N m–1  t = 0 

x

= 0 x = 10 cm 

5 cm 

 

 (14.14b)

 =  
k

m

  =  
50 N m

– 1

1kg

         = 7.07 rad s–1

 (t) 

x(t) = 0.1 cos (7.07t)

 5 cm

0.05 = 0.1 cos (7.07t)

cos (7.07t) = 0.5

sin (7.07t) =
3

2
 = 0.866

x = 5 cm 

= 0.1 × 7.07 × 0.866 ms–1

          = 0.61 m s–1

2

2
  m v

1
=  

= ½[1kg × (0.6123 m s–1 )2 ]

= 0.19 J

2x
1

=  
2

 k 

= 
1
2

(50 N m–1 × 0.05 m × 0.05 m)

= 0.0625 J

 x = 5 

    =   + 

= 0.25 

          = ½(50 N m–1 ×  0.1 m × 0.1 m )

          = 0.25 J

5 cm 

14.8   

(Some Systems Executing Simple
Harmonic Motion)

 14.17  m 
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14.8.1 (Oscillations due to a

Spring)

14.17 

m 

x = 0 –A 

+A 

 (restoring

force)

 t 

x 

F 

F (x)  = –k x     (14.19)

k

k 

 (14.19) 

(14.14) 

 =  
k

m
(14.20)

 = 2  
m

T
k

 (14.21)

k 

(14.20) 

  14.8 5 kg (collar) 

500 N m–1 

10.0 cm

  ( ) (14.21)

    = 2  
mT
k

= 2
1

5.0 kg

500 N m 
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= 
2

10

 
   s

= 0.63 s

( )

v(t) = –A sin (t + )

   v
m
 =  A

             = 0.1 × 
k

m

             = 0.1 ×
–1500 N m

5 kg

              = 1 m s–1

 x = 0 

( ) x (t) 

a (t) =  –2 x(t)

            = – 
k

m
 x(t) 

        a
max

 = 2 A

= 500 N m
– 1

5 kg
 x 0.1 m 

= 10 m s–2

14.8.2  (The Simple Pendulum)

100 cm

(support) 

14.18 (a) 

14.18 (b) T-mg cos 

(support) 
mgsin
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m 

L

14.18 (a)   14.18 (b)



 = 0

T

(mg)

mg 

 mg cos

mg sin  L

(radial

acceleration) (2L) 

(tangental acceleration) 

T –mg cos , 

mg sin

() 
 =  –L (mg sin ) (14.22)

   =  I  (14.23)

I 

 

I  = –m g sin    L (14.24)

  =  sin  
m g L
  

I
 (14.25)

  

(14.25) 

sin  ± ...
3! 5!

  
 

 
 

   (14.26)

  

 sin 

 

(14.25) 

  
mgL

I
 (14.27)

(14.1)   

sin  

 2 

sin  

 14.1   sin 
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(14.27)

(14.11) 

 

(14.27) (14.11) 

 
mgL

I
 

I
T  

mgL
     (14.28)

I  mL2

(14.28) 

L
T  

g
     (14.29)

  14.9

 (14.29) 

L
T  

g
  

2

2  
4
gT

L


 

 2s 

 g = 9.8 m s–2  T  = 2s 

 L 
–2 2

2

9.8(m s ) 4(s )
 

4

  




 

        = 1 m

14.9 (Damped

Simple Harmonic Motion)

2o, 1o  5o 

10o, 20o  30o ?

T (0) 
0 

T (
0
) = cT (0) c 

c 
0 


0

: 20o 45o 50o 70o 90o

c : 1.02 1.04 1.05 1.10 1.18

20o 

 2%  50o 5%

70o 10% 90o 18% 

T (0)  

  = 0 sin   

   

 

5%  10% 

50o

5% 50o
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 14.19 

k 

m 

 
k
m

 (14.20) 

14.19

 14.19

10.19 

 F
d 

F
d
  = –b v

 (14.30)

b 

(14.30) 

m 

(14.20) 0

F
S

= –k x


 x 

t 

 F = –kx –bv.

 t a
 (t) 

m a(t) = –k x(t) – b v(t) (14.31)

x (t) 

v (t) a (t) 
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2d d
dd 2

x x
m  b   k x  0

tt
    (14.32)

 (14.32) 

    x(t)  =   A e–b t/2m cos (t + ) (14.33)

a  

  
4m

b
m
k

'
2

2
    (14.34)

(14.33)

 2/ x(t) 

e–b t/2m 

T 

 (14.33) 

(14.33) 

14.20 

Ae–b t/2m 

 14.20

21

2
kA

2Ae
bt

m
  


1

( )
2

2 –b t/mE t   k A  e (14.35)

(14.35) 

(exponentially) 









 

m k

b 1

 b = 0 

  

  14.10  14.20 

 m =

200 g, k = 90 N m–1 b

40 g s–1

 ( )  km = 90×0.2 = 18 kg

N m–1 = 18kg2 s–2;  km = 4.243 kg s–1,

b = 0.04 kg s–1, b 

km (14.34)
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2
m

T  
k



   190Nm
0.2kg

2π 

   =  0.3 s

( ) (14.33) 

T
1/2 

   
ln(1/2)

/2
T    

1/2
b m

             
0.6 39

2 200 s
40

   

             = 6.93 s

( )  (14.35) 

 
 

1
21

2

0

bt

m

E t
e

E





t
1/2 

  
1

21

2

bt

me





1
21

log
2

bt
e

m
     

  1 –12

0.6 39
200 g

40 g s
t     

 

=  3.46 s

t
1/2

(14.33)  (14.35)

14.10 (Forced

Oscillations and Resonance)

 

 (free oscillations)

 (forced or driven oscillation)


d


 


d
) 

 F(t) 

F
0

F(t)

F(t)  = F
o
 cos 

d 
t (14.36)

 (14.36) 
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m a(t) = –k x(t) – bv(t) + F
o
 cos 

d 
t

(14.37a)

 a
2

2

d x

dt
 

2

2

d d
dd

x xm b kx 
tt

    F
o
 cos 

d 
t (14.37b)

m (oscillator) 
d

 

x(t)  =  A cos (
d
t  +  ) (14.38)

 t 

 A 


d
 



  2

d d

1/2

F
A

m b



      


  (14.39a)

tan  
–v

xd




(14.39b)

m v
0
 x

0
 

 t = 0 

(14.39) 


d
 

( ) 


d 

b m(2
 
–2

d
) 

 

(14.39)  

2

d

F
A

m



 


   
(14.40)

 14.21


d 

/ = 1

( ) 


d 
 

 
 m (2

 
– 2

d ) 
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d 

b b 

 (14.39)

F
A 




db
(14.41)

(resonance)

14.22

1 4

1

1

2, 3 5

1

4

1

14.21  (14.41) 

( = 
d
 ) 

14.22
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d
 

1.

2. T  




1
T  

 

                      1  = 1 Hz = 1  = 1s–1

3. x (t)

x (t)  = A cos (t +  ) ( )

A
 

 (t +  )   
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2

2    
T

4.

5.

v (t) =  –A sin (t +  ) ( ),

       a (t) =  –2A cos (t +  )

=–2x (t) ( ),

v
m
= A  a

m 
=w 2A

6.

7. (K) (U) K

= ½ mv2  U = ½ kx2  K U 

E = K + U 

8. m F = – k x 

,

 
k

m
 ( )

2
m

T 
k

 ( )

9.

2
L

T 
g



10. (drag)
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F
d
 = –bv v  b 

,

      x (t) = A
 
e–bt/2m cos (t +  )

    
2

2 
4
bk

   
m m

  

 = ,  

E 

       /1
2

2 bt mE(t) kA e 

11. 
d
 


d 


d
 =   
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1. T n 

nT 

2. (periodic) (S.H) 

(periodic) F = – kx 

(S.H) 

3.

(F = –m2v)  x 

y, /2  

(O,A) (A, O) –m2v 

A 

4.  

(arbitrary) 

(i)

(ii)

(iii)

5. 4 

6.

(periodic

motion) (harmonic motion) 

7.

8.
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9. x

x = A cos t  +  B sin t

x = A cos (t +  ),

x =  B sin (t +  )

 (14.31) 

2m/b (b 

10.


d 

11.

12.

14.1

(a)

(b)

(c)

(d)

14.2

(a)

(b) U-
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(c)

(d)

14.3  14.23 x-t 

 14.23

14.4

(a)  (b) (c) 

( 

(a) sin t – cos t

(b) sin3 t
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(c) 3 cos (/4 – 2t)

(d) cos t + cos 3t + cos 5t

(e) exp (–2t2)

(f) 1 + t + 2t2

14.5 10  A  B 

 A  B 

(a) A 

(b) B

(c) A AB 

(d) A B 2 cm 

(e) B A 3 cm 

(f) A B 4 cm 

14.6  a x 

(a) a = 0.7x

(b) a = –200x2

(c) a = –10x

(d) a = 100x3

14.7

x(t) = A cos (wt + ).

(t = 0) 1 cm  cm/s-1 

 s–1

[x = B sin (t + )] 

14.8 0 50 kg 20 cm

0.6 s 

14.9 1200 N m–1 14.24 
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3 kg 

 2 cm (i)  (ii) 

(iii)

 14.24

14.10 14.9  x = 0 

x- 

(t = 0)

(a)

(b)

(c)

x 

14.11  14.25 

P x- 

14.25

(a) (b)

yy

xx

P( =0)t

( =0)t3 cm

T=2s T= 4s2 mP
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14.12

(t =0) 

 (x, cm t, s )

(a) x = –2 sin 2
3

t
   

(b) x = cos 6
t

   

(c) x = 3 sin 2
4

t
   

(d) x = 2 cos t

14.13 k 14.26 (a) 

F


 14.26 (b)

m  F 

 14.26

(a) (extension) 

(b)  (a) (b) 

14.14 1.0 m 200 rad/min 

14.15 1.7 m s–2 3.5 s 

g 9.8 m s–2)
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14.16

(a) k m 

T
m

k
 2

(b)

T 2
l

g
 

(c)

(d)

14.17 l M 

V R

14.18 h A;  
l 

T
h

g1

 2



  

14.19 U-

U-
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14.20 V  m 

( 14.27)

14.21 3000 kg 

 15 cm 50

(a) k 

(b) b 

750 kg 

14.22

14.23 10 kg 

15 s 15cm (Torsional

spring constant)  J = – , 

 J (restoring couple)  (angle of twist)

a

m

V

Air

14.27



500

14.24 5 cm 0.2 

5 cm ( ) 3 cm ( ) 0 cm 

14.25

x
0
 t = 0   v

0
 

, x
0
  v

0 

 [ x = a cos (t+) 

]
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