;Q)qnqm(c; ot a R\'qié Bocl\l
0 0 J

|
!
ii

X

—
FE = mo

’acx‘(‘ 3\'\' le

l 'b‘.hmm S

|
|
i
I
Vi
i

—

F <—> X

{

Tbrzoes

(Anz‘w

. \J\\Q\&V\ L) %‘(‘(Q S fwo‘ae‘(‘\j

bo [;Nb‘\ei a\:soo'% an Q)LSS
to

“ TRQ —&‘cvxé-e%ﬂ& 0‘?‘ < §) ‘00

249

(Ne u)%cmls A'nvo La LQ)’

‘bs%v'\QNV\\‘CS ok a ‘(‘(C&\'A \aoén&
i —
\ar qtce\ev*cd‘r(ovb

\iul -to oy r it!
B Ly il votekd
m*oj\*e e b «

J

rmrcq IS measoved by & ?OGUJ";J‘B ca.zlAei a ‘;o\_rfue.

Consider atowce Qd‘(v\
: Fq\r\’\')c\( Q\q\)'m ay TO ({'Cov\,
Cvedoy ¥, TRE fovgae
Cwik \-es‘:ec* o e ZV‘C%EV\ as

e VCQE‘(‘(N\CQ as 1S

on @

s 4 — —
T = oo xF
T=rwhfswnbd

[ies in o Qlivecjﬁov\ wQ\'cQ\
s A 4o +Q\Q _ddme :leE:neJ
L\B -\? and F.

The torque vector T lies in a
direction perpendicular to the
plane formed by the position
vector r and the applied force F.




44-]0

(a) (b)
7 (a) Here r sinf is the z y (b) Here F sinf is the
A perpendicular distance 4 , component of F
5/ between the line of /’\\ F perpendicular to r.
action of the force and A
| . NP A
r i the origin of < N
0 : coordinates.
| r
I - >
r sinf—>| "y 4

“) d= xsin®
{ Mgmem+ aN YY) (0‘(‘ \E\IC‘( Q‘(‘W\) °'Q %‘(Ce . I* s W\e

| Fe‘(‘mmlxco‘a‘( t‘\%‘\wv\ce Qom )IQ( vb\‘o{l‘mw ant (3 'I'O +6f
liwe -of - ac:Q\OV\ ok F

kNKQQ (ov Mtsmev(B Momev& arm x Fovce

= (IR

-

b) RL‘D\“C‘JV\* Fin Jeems of com'aonevd's:

E._’—‘ F_L N cow\‘aov\e\&k erpirul(cxs\q‘c +0 —t\)

F‘g: F<in ©

51 = Fcos © 5 co\mrov\evil’ rn‘fﬂ:“t( +o

(o\rcbot = Rqégcg\ 4\3{\%(( X (msue\(se Fo\rtQ

(VLR

F RQ& wo Qova\\ou{‘CM\ ‘\-6 *0 9 o ‘(‘0-\}4)(“1th
\r” 9\4/.) WO codvibdzon o 4 0\/‘( M*ﬁ't&m,o

):'Ll = N. = X (not wsecb




T=0 T=Rf
F=2f F=f
&F O a#0

No RoYetion o £ O
«{=0




!Exam¥\g : NeY Tm‘ioe on a C\:klfvulfv

I
I

]tiFovces -F_:T o vadius .R‘:
]cu\i ‘a cc\‘ \"\AU&S ﬁ;
;lelev'\- "‘0\( Jes  on +R~Q
é\ meams of o

i Fpbi
i!c-k\ivu‘-e‘(‘-

241\

A solid cylinder is pivoted about the z axis

through O. The momentarmof F, is R,,
and the moment arm of F, is R,

[
v

- |
Fovce ¥, has « momevd’ avm R, and cxert a

:;c\oc(dwise ‘\-ovbue ox mom-znf. Call lleu‘s. neaa}ive

.t;‘ = —F\R|

ﬂwﬁoe doe to Fy, is

coov\“‘w ‘cloch\'sc (‘oosiliuc) .

t&: +F1R3\

"N’r*\-o»ru{

B = ¥+t = -FR+ KR
Un._-\»' |+ = U \\"’ - G-

1% F =58 R= lOwm
k F;\.: 6N ﬁa: O-Sw.

~(5)x1) + (6)x(0-5)

Tovgue
- i

V -
Ot =

- =aAN-m.

S hﬁ%a:l’;\ff' c\(y\{mLev wIH

C,\O t((m{se




.Av\qou\q,\r MDW\QVU\\)W\ cu\A TO\P\FQ
For qs‘m&e q:acvj\‘{c\c,

TR

FUV a S}%s*ew\ o-? 'i)q\-'hc‘es/

r__
AVl
a
K
29}

d
NS =  _-= =
LN X MAL Ly X

_cl!__ =L Wf‘ s
Jtr ¢

~ 1
v

v |
2

o

Giwe ’l“ge 0'? CV\QMKP of —C, 1S eiuqe ‘{‘0
{Qe c\(j()‘icc{ -l’onfoe.




jlf\“u‘\(\«,( :FOJ\CQS - Isc(deé S;{\LS!(QW\

.
?)'r\A Law : qc‘&iovx -\reac.\{oo\ y
| WS . s
q m,
= ocJ qvxc\ o‘:(:()si"c . %
A owWe T'CO\rces l‘.c a lov\% /21 0,
line '%o‘m‘mi ?m+(c‘es F, 4
m, r
= . 7 - ‘ AN
t\(‘\ X F(;L— F‘iﬂ‘sm 8 (wm&) ) .

— = - - .

Ny BT Riysm B (ney) |
H The forces that two particles
exert on one another are of

. - X equal magnitude and of
N, $W\9\ ‘(‘3‘3\“ 93\ opposite direction. Further-
[_L_ d\‘s\ ) Q‘{‘OW\ O\ LG\ ~\-0 more, we assume that the
J( ' forces act along the line
[ h\'\ﬁ - D(: -—aCthiowv 0o '?(NC eS] joining the particles.
§ Tovioes QCtV\(e( ‘\Y\“mnaﬂa& ”
SSowawaey T
JU _IW:xFE =20
_L_ T 2§, Al vi"’ ,'ru:('\’
J—t ol \
{Z = Unst Use cowmmon ovigin qi*‘&e\(’
N 4 N an ‘w\e\r'\'QCx( £ ame OF

a{'tﬂq cm .

o

_'? = CM‘SWL‘WVP law of Covxse\r“\;xﬁ*lom of
ﬁrv\%u(a\(‘ Mow\e um .




Toxque oW g CQV\\‘C_Q,( ?(MAO(OW\

.Ov\ocxm ot A

‘¥O\YCQS oW Ebk .

lcoso{ - W\c&
s ~ A
e T
T:MxF =0
4 W F _FO
since ﬂﬁ//F

Laned Tswm of

4 L

F
‘7’6\ > Lesol F
Sn

"

>
O

—

s
o o

e

(coX! -~ W\t&,
—576 s 'Lamxm\L 4o Lne of mo'llmm of M
P rv\% Lsmat & ewhicd wnit
| C
\_I_\)_PQN\Q’ tlts_?saou;) '\'Qc&(“
S° N
LE) g‘_,f




%“.gl = MLy W

;“’5 ~ A NN S T
,LB - L“"l 4 L?:k B Ln"'L%
Ln: MLY W coo

L‘r a.\> Jr(vv\es 11: a.mJ ‘L+ A‘t

. SWings 'fenoo amn \e
AR W X At ]R §

(alal = L (rat) - L (4)
AlALﬂ\ > Ly &B

As 4\{—»00{

cJLr( = Lr\ & = W

dt i

Sodln - MW wa
dr .

Tomel = Mo

T eonod = N\%.

H




Ro\'a:\*iov\a\ l)qu.m’\Cs.’ _l—t_w;oc cmé Av\a olay A< ezﬂo&'j N AL

: . F
ECemsiJe\r L f,a\r"\‘c‘e vnovm'ma m q t

Qi‘(‘(,\( OQ Y‘aé(MS \'s ()ytq[e\p {*RQ m
achion 0‘@ q"‘avx},ﬂ)“cd fovee Fi :
TRes fovce ‘,ro uces o 'Lu\%,,\“o(

,acce‘e\rd‘ion Ql{_, Qv\c!

§

il
i
{

| -

" FL = m q"k A particle rotating in a circle under
EW\{ _{0 QU e o-@ E S 0{ -(.e\e ovigin the xnfluenge of a tangential force
| ) / F,. A centripetal force F, (not
3“&\&\ S aus o® T“""Jf o shown) must also be present to

3 oy - maintain the circular motion.

v= B v = (may)yY

TQ\{_ ‘\hmkuv\*td c\ccflc‘m* IOW S vcldci 110 4Qe qw&/Jar

fiqccet\rw{'m\(\ A lma

Q. =\l
SR
Tof

I

o
(Y]

1l

T

T‘V\( ‘\'0~(uz qc‘ﬁV\ OWN *2{ Y"\K‘Q (s \"OPOY'“‘('QM‘J ‘l'b
‘W« Ow\z\q\( Qccc‘c\ra)(‘iov\- Pa P

;%Rn\“a)rioum\ aM\OKR o% New“ovxls akna Law.

i!

I
i




3?R(q§<_x Bbé\i fbgv\cwv\ics
0 J U

13“\%*“*&0\/\ q\ooolr Q Cixetk aX1S.

‘i”"i?m(l Qonsts+s of» mcmhlf r\ow\]o(\r
| of wass e\emev\}ts dwm.

’ \TQCQ Yass €lemev\7} m‘f«)‘es in a
Q\‘(‘(,( c\\OOO{’ "e\{ o\ q (N QV\J E«S
o Aemerdiad qccelerdbion g AEREREOEIL
prdoaed by s Aagendicd fovee SRS G
) Ty acceleration «, and the net

torque on the body is
T M(UJ\‘OV\ S Q’NB La W ‘CO\(‘ wa 8S proportional to o.
é dQMQY\k‘

"Hi = (Ql“\) Q¢

‘;Assoc,idul 'l-o\(aop 'S %(Ugy\ 107'

d¢ = s (cdw) b

|
‘ \We Q«\re G"t = \Cd|

rdw) ol = Q(qum)ol
il enk \pow\\ts Rave AQQN(W& S, but same .
Ivéccq\w.}m} N

Byt =N ) o = o e

—

—
Tnet = 1




QEXGL@\Q

K

]’ A '5‘\‘\~iv\¢h S m\rq‘;loetl QWUV\J

xq cylinder o8 wnass M and vadius R.

’i’#&( < \ivul-w is free + ru‘hx?(‘e alc»ou'(~

s adis.

e shving is olled Femgntially b
;! ¥ 1
m Rece N&ma‘\v\‘\aﬁhint& =X acov‘s '\* }
i"-e\r\sio\a N

- m=isk
R o
7= an

“\D NQ«A‘ 'S ‘\Q\c cw\&u\a\r aCCe‘{ch(*iw\ OQ‘ ‘\Q\t c\(\inder )
Y= X
Y= RT = (00b)}2) = ©-12 N-m.

1 (\5‘13\ (0-06)* = 2.0 xICT ha Jin2

= _lng\ =
>

od = T -“.B—" = _____‘1-\-_ — 1x2 = i = 44’4’“’34
X ‘amk:’* MR I5x.0b 019

L) ('“g"")‘ ."; 'R\( Q‘NKAAQY S‘sflelé q-Q’Lc‘( +=2% 7

w= ot = 444 v2 - 3-89 ““J/5°




zEXam*;\Q

A roPe 15 to\ra.\atoecl cwowvxtl a

‘c \CY\A{( o-c mass M cuml \m(].'us K.
j-éQ vo‘w s fo“QA L QR mass m.

\.\&A CAY ¢ ‘W\e acce‘e‘(‘a}(‘iohs o# *‘QP

oo messes ?
HTWo mMassesS

@ wg-T- ma (F=ma)
@ RT= To= imRS (T-1J)
i 1
(“‘)i a= R4 (Geome‘knx)
o
Sb.@Wo® T=lMa) ®
|
sub for T In‘\'o@ Ym‘- Ma -~ ma
| >
a.= j» | d=a
[+ m[am R
T = mak-ma = m
\+9.m/,v]

2416

MR?



E&&m\i._ M, A4-17

m\ 5\ c\e_s w\'\exou"( ‘CY‘\(,'\‘\QV\ own
aQ\ov\‘-loWkd Su‘c{zqce / Q PUHQ‘&
wrs a HRin ¢ \ind ey o-Q mass M

‘ClY\i VQJ\\)S R. S*r\v\ck Q‘H‘QCQQJ

+° Mass ml Puus m, w({Qod“

’5\‘Wlf\3 on fFo\\ei%. N

— 1

l+

‘ W‘;‘%"’ T;\: maqa\

‘+’|;R-—T. R= T = QN\RQ)O(

T2
+l éMz
mg

Gy = Qq, = Rt Y_S'\‘ri\r\a does net s'\“re'\’C‘Q\ nov s\‘:‘q‘}

Egm}fy‘g: ™, G Al o livninade T, and T and
i"— - r(\a_‘\ %D\\!(_-E@*((I)‘_

“\\*-m?:“M
To= Ymma g = (mi+ MY m,q
ity + M Myt Mg+ W




Riqid Body -Lg.
Q d

Cows!'ée\(‘ a ‘(‘\‘%ii bod

of
mass M v‘o"\‘q)kivx qLou&'
'W\e Rxei. T -ad>\S.

vn difCev cv&(_o‘(

R ‘emen‘(’, d‘m :

mass

. \(‘c\é(ak cow:Rovxevd‘ ot

0.\\%. mom €

Ow?-

‘ %-COMYoonev(f ok cmc‘.mom-

44-3

-%”cow\Poww& os} T am u,‘av( momem*um i\n'ﬂuences Jte\e
-uo\‘o&iov\d mo*(on ot *Qe_ o)

.%—-cov\\(;ov\ev(* s quoc(oJ(zé

b4

W

ek aboot fixed axis.
R fovces Rt 6

a (s QXQT\*S o '\Q\e 3\1‘;\30\({‘ Beqv(v\%s.

- Fow a su\mmé\“(ic C\

Re vady

QOW\{)\’V\‘Q v\f

\'4 loo
L

“m

vanishes | %“com‘aovw S aéd

* Fovces on quvivu&s \ICLV\‘(SQ\.

A rigid body rotating about its axis
of symmetry.




24-4

i' Fov wnass e|emev\7(’ C‘YY\

JQ %toclm

‘e\q *\'o‘\‘ol }-Co\m‘m\r\iv\* L% 0-@ +Q.Q an avy
1;~m(>vv\f/vx)k*uvv\ ol "\‘Q\*Q o\ob\cc‘l’ < nlo"*a\'hcd Lt%

e nNasl e 'e men?‘& .

SRR gl

le= I,W

oY W= l;ri
(Ii—

To'\c,l Ki\m*i( E“Q‘(‘ck\-\




 Tovque dwe o C’N‘ﬂ(\l'\'\’q
o N
-Bo.:\x& of wass M
O‘(’\‘&\V\ q"" A’

| 'COV\b-\t:\t%‘(‘ Wass \-‘kic‘P
B | A Y UO\'\Q\ QS‘{"“;O\A Ue LJVO\' A Center of Mass
B4 p

3

A\

To (incw\c@ con Ob-ect (4'.{. ;750) +G~€
f{uojf mosT be « M.



?%Exa.xm‘\\e: Ro"‘a‘h\(\q Rog:\_ a4-18

;IA oniloven vod  of f{v\%}e\ ‘o

K’«N\A Mass M s 'E‘(fﬂ

;'PG\‘O\’VQ q\oOG{‘ P.vo“ ad @e@{-
i'evxé

é\Me\ ¢ W\ acts ok cm
%%& due to e waxw cdoout fQQ rnvof s,

NS N\_%_L_.
A

yFO\(‘CES GJ{‘ '}G\Q P« V0+ cawn FPQQJUCQ nwo %YZUPS
Q\OOU+ "9\4 rP|Vo+

Ir=- 1 nr\L:l Y_N\-b?—f a\om)'\ u\i 0@\(04—&
3
ITdh= Mg L
oy
od= Mg (L]a) 39
.g.omt“ A Ly

"’T'Rt '(V\e«\r chce,( WJQ\DV\ “CQ‘( Po:v&& own "'Qf MJ 2\
d(s{cthe \° Dom 1Re Pavo‘\' (S

G=\Col = B AR
*a:%g

;:FO‘(‘ ARy AT Rave ot ar q “‘



24k

E xom\?\e

. Two 'oa\r'hc\fs o mass wm
11r e ends of a hgﬂ— rod.
;Rol makes an amgle  © w\“rg\
2-aus (anis of votakion).

i
i
il

R
AT

"

 sin O
WR = W sS\n S

1]

H AV\ . vv\wnw(l‘om %\( ech\
Pa‘(‘@t(c\e Qqs macz(v\i'\ulp.

. 2 Two particles of mass m at

™ \?k?\ = WY = MY sin B the ends of a rod that makes

an angle 6 with the axis of
rotation. At the instant shown

: o ] . here the angular momentum
3\{\4\\1 . 4&)&\1 LS ax€ 1IN Sam?®e vectors L, and L, of the two

. . J— particles are both in the
TA\TQC;\‘tOV\ . IO+(A/( CL'V\é. YY\OVV\QVJ{\UVV\ y-z plane.

1 )
L= 2 wmwX™ sin &

1'\* makes an an \Q‘ (010°—6) LO‘(J( }’—a_')u'g qY\Q[

Ly = Lcos (g0%8) = lmt@‘(ls\v\l@

Ly = dImwR

H

L% 1w




; T=I8 345
l'Av\ uv{m/ mom&v&‘vm Aravves n Proeo\('hon +Q

K am ax¥ ve\od"\«k w. ‘3;_'\3 an ‘\v\g\-lyca/(
onre\('\'\% oQ *Q\Q Ocl Ctvd m-LeasSyved "I‘Rf
\cesistame of '}e\e 50\& + cQ«m&cs N 'lJ(S
qMo&AAq‘( W\DVY\M\?(‘UWM

l -?;: ‘ﬂ\:\‘?

. Momerkown vavies in qmo orTion to 1Re

ve‘ocik\ . Th< wmass W ‘measoyes r*ff\e

i Msis{’wce od W\{ ‘moe\% o o CQ e In i“s
\le\oti‘h&. wg

2
o K= Le K= __po:
AT AT
| |
i

I Soppose Ly = consTank

1¢ sxv-\c\m Qov\p(\rac,rs QV\A Ay Jecreasesl~ KE
;;*mx!%* wmevease. foc *e\'% +o L{ Possi\ple, +Qw<

\n\\)%st \oe CA  TOYNYXCe OQ t\r\-ew%k\&.
I

|
| * Fo to“ﬁ(:'%ly\c% aAQbLieb'O\[ 5‘4‘qu, W\JLS SOLNCL
= \ri\'\k. G«avizfa/{-(’om«/ PE (s ne Q*CU{ awg
Becowxe$ MO\ € “‘26&*(\,{ as okjed(' con4mcl4$.

'%‘(Di\‘\“w\% \aawllle\c(v\c\ O\.r \\CC-SM{Y QIOPS coo‘f‘i.
as aNmMmS cmé \ma% axe ?u”eJ ‘mwavi.



Conse\(VaJ{’iOV\ O(i l[*\vxc(\)ulcur Momevﬂ!*um 25-1D
c_\___\? - '57 Ra&c oe cQ\aume OQ cma. mom -
H 1 \

Toted Tov%oe

7
v

—[.z = Cohs‘\‘cxvd( i & = 0.
57 - *ﬁ \'
(JJfo*«( If\*{ﬂ\cu( Ex*—e\(na/(

LA\wcqu a.us 0\0 o 3evo (eif*—EviéwLe:)

Te\e ‘}m%alx M\X«Ja\(‘ mammA‘om CR 25 o\/\LAt i
response '%‘0 awn {x‘td‘ncu( ‘{-Q\P EW@Q Qmou“/t‘ o'@

W e ompidar
U\}\*N‘V\«U\L?s (.)(‘otloceti "Oréues ‘e\ ?Y{ ‘{‘Qe c:uv\a,u'{

WO LM

Y e Lot omwar moma\%om &% am iso‘d‘ei
s‘%‘?&ﬂw\ S conse\fuecl !

‘Fo\( a \(‘\ QL [Ocsclt& ‘(‘O{Mi’w\‘c& LOQ{’ a "Q\(ed aMNLS

(o% z- qnus} wil YT -0 & COnS ey Varion «y@

(ZYJJQ\( YN(‘:V\'\{A\"\\W\ V‘ftiUCQS ‘{’0

C“.-l- - O "‘::> ?}’%:O

L% = Cmm&‘tmv\* = L= L_(“‘_
LTw = C\‘)v‘\glrwd(“.

(i T Ly g

-
&
)



