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SUMMARY  ——

Periodic motion: Periodic motion is motion that repeats 1 1 y -

# — P— T==> 14.1 L AR X

> — ° itself in a definite cycle. It occurs whenever an object has 4 T I L ! ; T H

I ' .L . a stable equilibrium position and a restoring force that 2 o L "

acts when the object is displaced from equilibrium. @ =2af = il (14.2) ' A ) -
Period T is the time for one cycle. Frequency f is the Dy v e

— 4
—

. ;,EE}J Eg E**E%l (Vo)
Simple harmonic motion: If the restoring force F, in F =~k (14.3)

periodic motion is directly proportional to the dis-

number of cycles per unit time. Angular frequency w is 2o
A
Vool - I { x, the motion is called simple h i E__k
S bh placement x, the motion is called simple harmonic a=—==—=x (14.4) @ ,
1 motion (SHM). In many cases this condition is satis- m m T 2T
fied if the displacement from equilibrium is small. 13 —A
® I E ! d o= B (14.10)

times the frequency. (See Example 14.1.)

=

The angular frequency, frequency, and period in SHM Nm
do not depend on the amplitude but on only the mass m .
and force constant k. The displacement, velocity, and f= o _ 1 ‘,w"i (14.11)
kk L N B - = acceleration in SHM are sinusoidal functions of time; 2@ 2m \Nm
— the amplitude A and phase angle ¢ of the oscillation are m
h — h litud d ph le ¢ of the oscillati 1 [m
® I 1E A E bE determined by the initial displacement and velocity of TS ESLdiE (14.12)
the object. (See Examples 14.2, 14.3, 14.6, and 14.7.)
x = Acos(wt + &) (14.13)
Energy in simple harmonic motion: Energy is conserved E =1 mp? + Ll Energy E=K+U
: . x Tt |F . o - (14.21)
in SHM. The total energy can be expressed in terms of — 1342 — constant NouU 7
[ the force constant k and amplitude A. (See Examples 14.4 2 i K }
and 14.5.) Ve N
L I I x
—A [ A
E ® E;% Angular simple harmonic motion: In angular SHM, the _ & Balance wheel  Spring
frequency and angular frequency are related to the mo- TN e .
ment of inertia I and the torsion constant k. (14.24)

=t =

2m N1 Spr'mgw torque 7_opposes
I angular displacement 6.
[ J

Simple pendulum: A simple pendulum consists of a _ (& 14.32
point mass m at the end of a massless string of length L. ©= L pLES2)
Its motion is approximately simple harmonic for suffi-

ciently small amplitude; the angular frequency, frequency, f= = & (14.33)

T=2W:1:2w\/§ (14.34)
o f g

and period then depend on only g and L, not on the mass
or amplitude. (See Example 14.8.)

Physical pendulum: A physical pendulum is any
object suspended from an axis of rotation. The angular @ =N (14.38)
frequency and period for small-amplitude oscillations are

independent of amplitude but depend on the mass m, dis- i \/I (14.39)
tance d from the axis of rotation to the center of gravity, mgd ’
and moment of inertia / about the axis. (See Examples 14.9

and 14.10))




AR (xzn)
G. fHRRREN

H

. EiEIRENRIS Pk
RS
AARERE, 15

hME. FiEER

- o - o o o O e e e e e e e )

Damped oscillations: When a force F, = —bu, is added x = Ae P cog (w't + ) (14.42) J

to a simple harmonic oscillator, the motion is called a 4 AeOlmy

damped oscillation. If b < 2Vkm (called underdamp- PR

ing), the system oscillates with a decaying amplitude and VU= R AR (14.43)

an angular frequency ' that is lower than it would be 0 t
without damping. If b = 2Vkm (called critical damping)

or b > 2Vkm (called overdamping), when the system is R
displaced it returns to equilibrium without oscillating. al = b ().4\/k::
Forced oscillations and resonance: When a sinusoidally _ Finax _ :

varying driving force is added to a damped harmonic A= mljdl L :ﬁ-"ax;: v ; 220\::7/"5

oscillator, the resulting motion is called a forced oscilla-
tion or driven oscillation. The amplitude is a function of
the driving frequency wy and reaches a peak at a driving
frequency close to the natural frequency of the system.
This behavior is called resonance.

b= 0.7Vkm
b = 1.0Vkm
b = 20Vkm
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FEIHRMERSIE S periodic motion &% # =% TR

. vibration (#xzh) , oscillation (¥x5%)

‘ _
Y Equilibrium position =
(spring relaxed) . = < _a

SHMW Oscillatng Spring 2 — \ |
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1 hertz = 1 Hz = 1cycle/s = 15!

Period
In periodic motion 1 1
frequency and period =" == T =—
are reciprocals of each other. ™ 1f

“Frequency -
Angular frequency..., L Hrequency
N w2

related to frequency
and period



B. ®iBHRE] (simple harmonic oscillation)
B1: &&=l (SHM) : #1470 FSREFGERMTE x BRIEEL

IRAEGEEEE Ry T, B MERYAAR R S R T30
Restoring force e x-component of force
exerted by an - o= —fop 4 Displacement
ideal spring - Force constant of spring AR B S bR

Restoring force F, Restoring force F,

RE mYNMTEIEIRININEESTE: \
D SN £ <0 N\
JAE IE 1E l—lx *x. E. >0 \\\ “Typical real case: The
x-component of acceleration ...+ Force constant of Il‘.tj':;:rllIl’fotlr.?l‘(ll\‘il__‘"”"cs
E.quatlon for . £ d2x X restoring force Displacement x
Slmple harmonic -+=*---. A ax — 5 = ——x e, . o S0 % Displacement x
motion dt M <., Displacement v >0 E
een st F,.<0 ; :
Second derivative of displacement Mass of object .. but F, = —kx can be a \‘:
good approximation to the force ™

The restoring force exerted by an idealized if the displacement x is sufficiently small.

‘\/\_\ _— LY —
. |E—J'L%ﬁ]:}'[§2:jj|:|:| , ’%IHHEEﬁ#R;i\1R$ﬁa:mEEE ’E A. spring is directly proportional to the
displacement (Hooke’s law, F, = —kx):
the graph of F, versus x is a straight line,



2: EialiEIRYHEIA
d?x

EIEIEEIAINEESE: F,=ma= m 5 = —kx

e Angular frequency J 4+ Force constant of restoring force 5 k
Exﬁgﬁg w : fOl. Simple _‘,.....---......,.}w — o a) —
harmonic motion M ......Mass of object m
/B .
A5
LA ] 44 = dz X 5
t
,,,,, The displacement x
R HE, AERIEENEE: ;~ varies between A and —A.
YT ST
Displacement in Amplitude Tims: ‘ Phase angle  x_ ., = A \ >< /\ | /;\ |
simple harmonic -=**=-+-.... M % | | | | |
" s
motion as a X A cos (ﬁut T (’b) 0 : ! : | :
. : S | Ty \ | [ 2T \ |
function of time Angular frequency — k/m | i “ \| i |
Xmax — A . .
o m The period T is the time
w=—=2zxf T = 2o .| — for one complete cycle of
I k oscillation.
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X =A cos (ot + ¢)

bl ~

SIS,
. X=Acosf HAF, A tYIEHNBMNE 0 = ot + ¢, @ HERRBUE.

2GR ES

Ball moves in uniform
circular motion.

|~ ¥ Shadow moves
Re - = back and forth on
,/ A A N .-x-axis in SHM.
/ o\
I 0 I .". \
I |\'vP |
] 0 ®— X
\ —ﬁ !
\ /
\ x = Acos 6
\ y;
~ 7/
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BIEEFNRERE. NEERE:

dx
Uy = 0 —wAssin(wt + @) (velocity in SHM)
dvx dzx 2 . .
a, = = — = —wAcos(wt + ¢) (acceleration in SHM)
dt dt
(a) Displacement x as a function of time ¢ (b) Velocity v, as a function of time ¢ (c) Acceleration a , as a function of time ¢
_ .2
o ' x = Acos (wt + ¢) Ux vx=—w/Asin(wt+¢) “ a, —_;ACOS(W+¢’)
X = A+ | v = wA a — CQ)ZA -
m=AC N A L AW L TR A AN ma = AN XN
| | A\ [
Xmax — —A —\/ T\/ 2T “Umax — —wA 1\T/ >T/ “Omax — _sz \/ \/
< T—> -" i roar
The v,-t graph is shifted by
%cycle from the x- graph. The a,-t graph is sh1fted by -~ cycle from the

Ut graph and by cycle from the x-t graph.
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1 1
ZhRg: K = Emicz = Ema)zAZSin2 (wt + @)

has. U = %kx2 = —kAZCosz(a)t + @) = mszZCosz(wt + @)

k .
w2 = — cos? a + sin‘ a = 1.
m

AT LA IR GE

. Mass Force constant of restoring force
Total mechanical

energy in simple -~ — 2m02 + 1kx2 = 1kA2 = constant
harmonic motion
Veloc1ty Dlsplacement Amphtude
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At x = TA the energy is all potential; K = 0.
' At x = 0 the energy is '
all kinetic; U = 0.

\ Y Energy| : ’ .5
\v: p_'E = K + UIL.»’

Y 4

At these-points the enérgy is half
kinetic and half potential.

EIRAMSHINEEHE £ = JkA° . RESAIRIEAGRX
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SFIREN (molecular vibration)

(a) Two-atom system

Distance between
atom centers

Atoms

F, = the force exerted
by the left-hand atom
on the right-hand atom

(b) Potential energy U of the two-atom system as a
function of r

2U,

—2U, I

U

Parabola
N Near equilibrium, U can

/ . be approximated by a
& parabola.

U(r)

The equilibrium point is at r = R,
(where U 1s minimum).

= al(3) o2

(c) The force F, on the right-hand atom as a function of r

10U, /R,

5U,/R,

F, =

NIRIEI, AL
Y VENTVEL Y

F,(r)
) TR Near equilibrium, F, can be
approximated by a straight line.

|
D 1.5R, 2Ry

The equilibrium point is at r = R,
(where F, 1s zero).

2888
dr N RO r r

(72U0)
F.= — L
)



D. HiE (torsion pendulum)

HiZE—MAEIEIRE (angular simple harmonic motion)

LJ Fixed end

Suspension wire

) \/ Reference line

WWe |
e
-9,

HimE: 7= —kK0.
60 = Ocos(wt + ¢)

K NHEES O AEXBEMUE (RIEE)

Angular frequency Frequency

Angular simple -----., v K v 1 [k
g . p Aw — — e and f = —— = 3=
harmonic motion I

............................................

Torsion constant divided by moment of inertia
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E. 8iE (simple pendulum)

3 5
sin0=0—0 +0 —
31 5l

Q
S

Fy = —mgsin6
-------- We assume =5 - — Sy ——+ .
.""‘ the Strin 1 }}E[I]E{E/J \Hj— I SInH ~ 9 I 11’)\jj IEﬁ B EjJ i
A g1
massless and X mg
0 unstretchable. F@ — —mg@ — —mg Z — _L X
We model the bob
as a point mass. %fv)ﬁ%j]
L .
y Acceleration
) 7 Angular frequency-...,] k mg / L &, due to gravity
j of simple pendulum, w = /— = [F7/7— = e,
A= small amplitude @ il L "+ Pendulum
==X —= Pendulum mass (cancels) length
mg S{n 0
The restoring force on the Y, mg cos 6 JEHH?S :

bob is proportional to sin 6, \\
not to 6. However, for small \

: .\
0, sin 6 = 0, so the motion 1s \
approximately simple harmonic. )

. -+ Pendulum
P d of ke
erio 0 erren . 277 L 1 o L length
simple pendulum, IT=—=—=2m.[—
8

small amplitude R & fr Acceleration
Angular frequency  Frequency due to gravity



F. £32 (physical pendulum)

The object is free to rotate

Pivot . 3 ;
to the plane of the figure).
Irregularly :
shaped
object The gravitational force
acts on the object at
\" its center of
1 gravity (cg).
d sin 0
mg sin 6

The restoring
torque on the object \
is proportional to ~ mg

sin 6, not to 6. However, for small 6, sin § = 0,

so the motion is approximately simple harmonic.

around the z-axis (perpendicular

7, = —(mg)(dsin6)
IRIBR/NES, Sin@~ @, IH{AREEI=EN:
T, = —(mgd)0

2 EYS R

Mass-.., .Acceleration due to gravity
Angular frequency of -.., N T i : : :
: . mgd *" Distance from rotation axis
physical pendulum, W = to center of gravit
small amplitude [, . g Y
Moment of inertia
JEHR A9
_____ - Moment of inertia
Period of N Je . : :
. RS T =2 . Distance from rotation axis
physical pendulum, T g t - y
small amplitude flgk O Cenier O gravity
Mass - =+ Acceleration due to gravity
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RN R Ay B RERT 25 19
F =-(h+y)pSg+mg =-ypSg
F=—w’ym

——> WMEREMREIETRS), HARMEN

w=1/—psg , T—Zn—Zn M
m 0 pgS

m=pSh — T=2n\/g




G. fHRRHREN (damped oscillation)

The decrease in amplitude caused by dissipative forces 1s called damping

— ph = 0.1Vkm (weak damping force)

y == b = 0.4Vkm (stronger damping force) S EEER 1] —bv,, b JIBHEEREL

A ‘W\ Ae—b/2mt

WEHR: 2ZF, = —kx — by,

' , ' b dx d’x

0 —KX — DU, = ma or —KX — O — M— 5
—— =
PHEIREN A=

With stronger damping (larger b): . :
—A e The amplitude (shown by the dashed . lnma'l Damping = Mass :
: Displacement  amplitude -., constant = e Time
curves) decreases more rapidly. e eeeereen, N et
of oscillator,™"""""~.., ¥ _ %5 "\ e

. : . _ b/2m)t
The period T increases T byt v= Ae ( / ) COS(a)l‘ + d))

(T, = period with zero damping). 5
Angular frequency of damped oscillations - Phase angle



~Force constant of restoring force

Angular frequency-., ¥ 5
of oscillator, 'nw, _ \/ i _ b ., Damping constant
little damping m Am?

ST Mass

b =2Vkm

xft)A
ImFREE (critical damping) |, WIFARERZ
>lt{E, 1IPEE (overdamping) , ARETRZ

<85, KRFEE (underdamping) , ERIRZ

1 - Overdamping
2 - Crtfical damping
3 - Underdamping

~ Y



Q& (MmEEZF, quality factor) :
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521845l (forced oscillation)

,%Z}EZ_ H I‘élzg[zjjjjﬂf FEIJ}}T«_‘ZEH Maximug} value of driving force

—— 3 <:(=—__ I o Amplitude of a --+--., T — Dampi
T}L_‘ZEJJ%' —7‘%‘_——.1- - gEEijj EIJ%)'E? forced oscillator A= \/ n;axz 2 2 coann;grllltg
) (k — mwd) + by
orce constant -- .

5 of restoring force Mass - “**Driving ariéular frequency
SFmax/k B b = 0.2\/](71?1
A S50E FEHRENRIUL BRI,
e HIXEIIR w S AR WY,
- ThTzfll B
s/ [ b =04Vkm = .
WL e SRR B S A AR Folx:
2Fmax k - AR _"_lilr_ }J:ﬁ I
\ b= 07\\//k_i R Rz P —
\ b = 1.0Vkm
Finax/k Qe s, If b = \/2km, the peak di rs completely. o ‘
WA v PN e e nappran compieiey AR IB AR AR R R, X
| mn | e PERRNILIR
ol 05 10 15 20

A
.

Driving frequency wy équals natural angular frequency w of an undamped oscillator.
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. WIS Rk
(a) : ERM, FERER

X, = A cos(apt +a,)

PIE IR B]
X, = A, cos(myt + ;)
G X=X+ X
= A cos(@,t +ay )+ A, cos(at +a,)
= Acos(m,t + a)
&Gie: FEJ7R. FEREHEERSINEGHR, 58312
A PR B TR VA AR 3.

SNun|
N

A= \/Alz + A% +2A A, cos(a, —a,)

A sina, + A, sina,
A, cosa, + A, cosa,

lana =




(b) : RAAM., ARELEZE

1. &R
X, = A, COS(@w, ot + )
)& A1=A2=A’ a1=a2=0
X, = ACOS @t

ERIE X=X+ X, = AcoSmpt + ACOS @t
F 323 9w 3h B AL RS B TR] ) 2675 B S 3ie 3 Y

VAT R 2, SIRSIABERR EIRS), BAH
FSH .

—n



X X1
NN NANN ANA_NA_N
OV VvV V ¢ YV V Vi
T,=2s T,=2s
X X
~. N N/ ANEVAN
o] _“~ Nt OV [\ V¢
T,= 65 Tp= 35

\_ A/

T =6S




AW AR EEE, FRAEERMEA:
(1)=E B B 2 -4 3l A 3 R B A,

()£ A B R 73 I3 A R B /N AL

E/E X=X, + X, = AC0S@;,t + ACOS @t
W + Dy

= 2 Acos 220 ;wlo t cOs
W Wy + @y >> ‘wlo — a’zo‘ SEIEERA
@ — @
20 ~ @y 6 t A58

2
oo+ — ERNEIRS).
cos —2° ; 10 BEt 254k 1

COS




O 5 R HI R BN AE = TR B BE I [ 218
ARAC ) T R BT .

Af=2 O RENIR 5 Rk NIHR L HF.

0.25s 0.50s 0.75s

H—RRB KB EA RIS F 5 F & SR 3h & B 7 £ S RS RIE
AR IR,

BB B 1AL Y SRS IR BRI S, @ =|@p — @10 f= | Ty




(c) : EEHAM, FFEUMER

1. 3R
o X = A cos(aw,t + ;)
Sl y = A, cos(w,t +,)
HE t
2 2
2 :
212 + ;’\22 — Ai)’(z‘lz cos(a, —a,) =sin’(a, —a;)
B RPE— R, BIRIBAESER VR, BARRYE: BIRbHEERRE.

AADNYEN  wm. et EgmERs, WEEHR
SO PNCF Y EERESEE AN LR E

™ QAT R

Sn/4 . 3R /4 2

’ B 8.2-6 [EFIALEXT N AR
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Simple pendulum Mass-spring s;ysterz'_ . LC circuit ef:;l;;i,cl( ];;iig'fﬂu
A =
t=0 | M
Q.
N 1
6=0, = —
i
B |
t= i [ )
iw R
NIIITTIR L=
: ‘ o H B
1
c o
ar N vl
t =350 K .
N (= I
L P
- AN 1
6 =0 M—"a':_émax * ::: 0 Imax -
P \ |
r=3T BUEN
\ -
N L L
T 1
M- |
1
1
E _T \ v=0 |
t= w \\\ 1
M@ D 3 Mo
8=,  §=o0 r=-x | —_
w
F |
__ 5T H
) 2,
:
— E =
1
1
G v % Dinax I
L
. i I
=0 IJ::O Q:O c I=Imax
H i <L
=1z o —T




