
!"#$%& '%( )*+, !"#$%& '%-. '/#0, 12 
34( 567% -8 9+, -% :0, 9+, ;<=%> ?,& 
@%?,.

)AB 9C9C& 5DE! 6=E62 -8 !"#$%& )*+, ;"F

!3 9C9C& 5DE! GE> 6H 𝒍I%@F ;"F

I%@F @E!J 𝒍 6=E62 -8 9+, ;"F

!3 ;-0K% 𝒍 3; @2 <0E;J -8 )L#M2 DN=+O 
-%P#2 !3 6QC )R S+C-O

)L#M2 DN=+O -%P#2 !-$C 𝒙 ;"F

𝑥! = 𝑥, 𝑥" = 𝑙 − 𝑥 𝑞! = 𝑥, 𝑞" = 𝑙



𝑇 =
1
2
𝑚!𝑥̇" +

1
2
𝑚" ̇𝑙 − 𝑥̇

"

𝑑
𝑑𝑡

𝜕𝑇
𝜕𝑞̇#

= 𝑄# +
𝜕𝑇
𝜕𝑞#

!"#$%& '()* 
%+(,-. $/ '01/ 
-2(34#5 6275

#$! 𝑑
𝑑𝑡

𝜕𝑇
𝜕𝑞̇!

−
𝜕𝑇
𝜕𝑞!

= 𝑄!

LHS! ≡
𝑑
𝑑𝑡

𝜕𝑇
𝜕𝑥̇

−
𝜕𝑇
𝜕𝑥

LHS! ≡
𝑑
𝑑𝑡 𝑚!𝑥̇ − 𝑚"( ̇𝑙 − 𝑥̇) − 0

𝑚!𝑥̈ − 𝑚"( ̈𝑙 − 𝑥̈) = 𝐿𝐻𝑆! ̈𝑙 = ̇𝑙 = 0
𝐿𝐻𝑆! ≡ (𝑚! +𝑚")𝑥̈



#$" 𝑑
𝑑𝑡

𝜕𝑇
𝜕𝑞̇"

−
𝜕𝑇
𝜕𝑞"

= 𝑄"

𝑑
𝑑𝑡

𝜕𝑇
𝜕 ̇𝑙

−
𝜕𝑇
𝜕𝑙

= 𝑄"

𝑇 =
1
2
𝑚!𝑥̇" +

1
2
𝑚" ̇𝑙 − 𝑥̇

"

LHS" ≡
𝑑
𝑑𝑡

𝑚" ̇𝑙 − 𝑥̇ − 0

LHS" ≡ 𝑚" ̈𝑙 − 𝑥̈ ̈𝑙 = ̇𝑙 = 0

LHS! ≡ −𝑚!𝑥̈



𝛿𝑊# = 𝑄#𝛿𝑞#
#$! %!$& 𝛿𝑊! = 𝑄!𝛿𝑥

𝑄# =0
'$!

(

𝐹'&
𝜕𝑥'
𝜕𝑞#

+ 𝐹')
𝜕𝑦'
𝜕𝑞#

+ 𝐹'*
𝜕𝑧'
𝜕𝑞#

𝑄# =0
'$!

"

𝐹'&
𝜕𝑥'
𝜕𝑞#

= 𝐹!&
𝜕𝑥!
𝜕𝑞#

+ 𝐹"&
𝜕𝑥"
𝜕𝑞#

!"# $!"%𝑄# = 𝐹#%
𝜕𝑥
𝜕𝑥

+ 𝐹&%
𝜕(𝑙 − 𝑥)
𝜕𝑥

𝑄! = 𝐹!& − 𝐹"& = 𝑚!𝑔 − 𝜏 − (𝑚"𝑔 − 𝜏)

RHS! ≡ 𝑄! ≡ 𝑄& = 𝑚! −𝑚" 𝑔



𝛿𝑊# = 𝑄#𝛿𝑞#
#$" %"$+ 𝛿𝑊" = 𝑄"𝛿𝑙

𝑄# =0
'$!

"

𝐹'&
𝜕𝑥'
𝜕𝑞#

= 𝐹!&
𝜕𝑥!
𝜕𝑞#

+ 𝐹"&
𝜕𝑥"
𝜕𝑞#

!"& $""'𝑄& = 𝐹#%
𝜕𝑥
𝜕𝑙
+ 𝐹&%

𝜕(𝑙 − 𝑥)
𝜕𝑙

𝑄" = 𝑚!𝑔 − 𝜏 ×0 + 𝑚"𝑔 − 𝜏 ×1

RHS" ≡ 𝑄" ≡ 𝑄+ = 𝑚"𝑔 − 𝜏



LHS! ≡
𝑑
𝑑𝑡

𝜕𝑇
𝜕𝑥̇ −

𝜕𝑇
𝜕𝑥 = (𝑚! +𝑚")𝑥̈

LHS# ≡
𝑑
𝑑𝑡

𝜕𝑇
𝜕 ̇𝑙

−
𝜕𝑇
𝜕𝑙 = −𝑚#𝑥̈

RHS$ ≡ 𝑄$ ≡ 𝑄% = 𝑚$ −𝑚# 𝑔

RHS" ≡ 𝑄" ≡ 𝑄+ = 𝑚"𝑔 − 𝜏

𝑚! +𝑚" 𝑥̈ = 𝑚# −𝑚& 𝑔

−𝑚"𝑥̈ = 𝑚"𝑔 − 𝜏

𝑥̈ = 0#10$
0#20$

𝑔−𝑚"
𝑚! −𝑚"

𝑚! +𝑚"
𝑔 = 𝑚"𝑔 − 𝜏

𝜏 = 𝑚" 1 +
𝑚! −𝑚"

𝑚! +𝑚"
𝑔 𝜏 =

2𝑚!𝑚"

𝑚! +𝑚"
𝑔



𝑥̈ = 0#10$
0#20$

𝑔

34%
35

= 0#10$
0#20$

𝑔

𝑑𝑣6 =
0#10$
0#20$

𝑔𝑑𝑡

2
&!

&
𝑑𝑣' = 2

(

)𝑚! −𝑚"
𝑚! +𝑚"

𝑔𝑑𝑡

𝑣 − 𝑣7 =
𝑚! −𝑚"

𝑚! +𝑚"
𝑔𝑡

𝑣 = 𝑣7 +
𝑚! −𝑚"

𝑚! +𝑚"
𝑔𝑡

𝑑𝑥
𝑑𝑡

= 𝑣7 +
𝑚! −𝑚"

𝑚! +𝑚"
𝑔𝑡

?
&&

&
𝑑𝑥 = ?

,

-
𝑣, +

𝑚! −𝑚"

𝑚! +𝑚"
𝑔𝑡 𝑑𝑡

𝑥 − 𝑥: = 𝑣:𝑡 +
1
2
𝑚# −𝑚&

𝑚# +𝑚&
𝑔𝑡&

𝑥 = 𝑥: + 𝑣:𝑡 +
1
2
𝑚# −𝑚&

𝑚# +𝑚&
𝑔𝑡&



)A%>: ;"#E;62 ;( 34( ;"#E;62 !-$C 
@% TC-U ;VWXY%Z [+C V\C 
)W%@] ?Y^ 9C;3 !;!& ?,& ;"F. 

;_`( a;4-2 ;( 12 ;"#E;62 @%b-R ;a 
[c#d @2 _efg 34( )R 543! 3; 
DN++h 10+,

i( a;4-2 ;( 12 ;"#E;62 @%b-. ;a 
_efg @2 j,;-. ;a "Wk ;"#E;62 
a-C-h 34( )R 543! 3; DN++h 10+,

𝐹 = 0 ?Cl j,;-. ;a "Wk 𝑓 = 𝜇𝐹 ?Cl [c#d

𝑓 ≤ 𝜇𝐹 ?Cl -% ?C4m _efg



)/%_2 3; @2 "2 @Ld D*/+O )R 10+O

;_`( @Ld ;4>: [c#d

i( @Ld !4n: _efg

o( @Ld "En: j,;-.

D% 49#R 12 !4 ;"#E;62 ;a 'O j,; 
6p,& ;6,q -N0R D% a)%6R 12 6+C4(  
<=E! @C "Wk 𝑭 [+C V\C ;"F 
P%Vc2 @+h !4 ;"#E;62 𝑟 I%@F @%9R 
)R )%6, 4 _r; 9+, a-C 3; !;3-O:

𝑟 = 𝑎 + 𝛼𝑎 = 𝑐𝑡𝑒.
𝑟 = (1 + 𝛼)𝑎 = 𝑐𝑡𝑒.





;_`( ;SC [c#d s%_t 34( !',q )N%!_2 9+,( a-C 3; sE;'+O !;?F:

𝑠! ≡ 𝑎𝜃 = 𝛼𝑎(𝜑 − 𝜃) ≡ 𝑠"

𝜃

𝑠!

𝑠"
𝑎𝜃 + 𝛼𝑎𝜃 = 𝛼𝑎𝜑

(1 + 𝛼)𝜃 = 𝛼𝜑



i( a;4-2 _efg 𝛾 uE> ;"#E;62 I%@F @2 
VE3v a-C DNC-` )R ?E!:

(1 + 𝛼)𝜃 = 𝛼𝜑

𝜃 =
𝛼

1 + 𝛼
𝜑

0 = 𝜃 −
𝛼

1 + 𝛼
𝜑 [c#d

𝛾 = 𝜃 −
𝛼

1 + 𝛼
𝜑 _efg

-N0R D% 49#R 12 ;"#E;62 @,4J "CsE!3J @ec#,𝛾 = 0



𝑇 =
1
2𝑚 𝑟̇" + 𝑟"𝜃̇" +

1
2 𝐼𝜑̇

"

𝛾 = 𝜃 −
𝛼

1 + 𝛼
𝜑

𝛾̇ = 𝜃̇ −
𝛼

1 + 𝛼
𝜑̇

𝛼
1 + 𝛼

𝜑̇ = 𝜃̇ − 𝛾̇

𝜑̇ =
1 + 𝛼
𝛼

𝜃̇ − 𝛾̇

𝜑̇" =
1 + 𝛼
𝛼

"
𝜃̇" − 2𝜃̇𝛾̇ + 𝛾̇"



𝑇 =
1
2𝑚 𝑟̇" + 𝑟"𝜃̇" +

1
2 𝐼𝜑̇

"

𝜑̇" =
1 + 𝛼
𝛼

"
𝜃̇" − 2𝜃̇𝛾̇ + 𝛾̇"

𝛼𝑎

𝐼 = <𝑟#𝑑𝑚 = <𝑟#𝜌𝑑𝑉 = 𝜌<
'()

*+
<
,()

#-
<
.()

/
𝑟# 𝑟𝑑𝑟𝑑𝜃𝑑𝑧

𝐼 = 𝜌
1
4 𝛼𝑎 #×2𝜋ℎ =

1
2 𝛼𝑎 " 𝜌 𝜋 𝛼𝑎 "ℎ =

1
2 𝛼𝑎 " 𝜌𝑉 =

1
2 𝛼𝑎 " 𝑚 =

1
2𝑚 𝛼𝑎 "

𝐼 =
1
2𝑚 𝛼𝑎 " =

1
2𝑚𝛼

"𝑎"

𝑇 =
1
2𝑚𝑟̇

" +
1
2𝑚𝑟

"𝜃̇" +
1
2×

1
2𝑚𝛼

"𝑎"
1 + 𝛼
𝛼

"
𝜃̇" − 2𝜃̇𝛾̇ + 𝛾̇"

𝑇 =
1
2
𝑚𝑟̇& +

1
2
𝑚𝑟&𝜃̇& +

1
4
𝑚𝑎& 1 + 𝛼 & 𝜃̇& − 2𝜃̇𝛾̇ + 𝛾̇&



𝑇 =
1
2
𝑚𝑟̇& +

1
2
𝑚𝑟&𝜃̇& +

1
4
𝑚𝑎& 1 + 𝛼 & 𝜃̇& − 2𝜃̇𝛾̇ + 𝛾̇&

𝑑
𝑑𝑡

𝜕𝑇
𝜕𝑞̇5

= 𝑄5 +
𝜕𝑇
𝜕𝑞5

#$! 𝑑
𝑑𝑡

𝜕𝑇
𝜕𝑞̇!

−
𝜕𝑇
𝜕𝑞!

= 𝑄!

𝑑
𝑑𝑡

𝜕𝑇
𝜕𝑟̇

−
𝜕𝑇
𝜕𝑟

= 𝑄! ≡ 𝑄8

LHS" =
𝑑
𝑑𝑡

𝑚𝑟̇ − 𝑚𝑟𝜃̇! = 𝑚𝑟̈ − 𝑚𝑟𝜃̇!



𝑇 =
1
2
𝑚𝑟̇& +

1
2
𝑚𝑟&𝜃̇& +

1
4
𝑚𝑎& 1 + 𝛼 & 𝜃̇& − 2𝜃̇𝛾̇ + 𝛾̇&

𝑑
𝑑𝑡

𝜕𝑇
𝜕𝑞̇#

= 𝑄# +
𝜕𝑇
𝜕𝑞#

#$" 𝑑
𝑑𝑡

𝜕𝑇
𝜕𝑞̇"

−
𝜕𝑇
𝜕𝑞"

= 𝑄"

𝑑
𝑑𝑡

𝜕𝑇
𝜕𝜃̇

−
𝜕𝑇
𝜕𝜃

= 𝑄" ≡ 𝑄#

LHS" =
𝑑
𝑑𝑡

𝑚𝑟"𝜃̇ +
1
4
𝑚𝑎" 1 + 𝛼 " 2𝜃̇ − 2𝛾̇ − 0



LHS" =
𝑑
𝑑𝑡

𝑚𝑟"𝜃̇ +
1
2
𝑚𝑎" 1 + 𝛼 " 𝜃̇ − 𝛾̇ − 0

LHS" = 2𝑚𝑟𝑟̇𝜃̇ + 𝑚𝑟"𝜃̈ +
1
2
𝑚𝑎" 1 + 𝛼 " 𝜃̈ − 𝛾̈

LHS= = 2𝑚𝑟𝑟̇𝜃̇ + 𝑚 𝑟= +
1
2𝑎

= 1 + 𝛼 = 𝜃̈ −
1
2𝑚𝑎

= 1 + 𝛼 =𝛾̈

LHS= = 𝑚 𝑟= +
1
2𝑎

= 1 + 𝛼 = 𝜃̈ + 2𝑚𝑟𝑟̇𝜃̇ −
1
2𝑚𝑎

= 1 + 𝛼 =𝛾̈



𝑇 =
1
2
𝑚𝑟̇& +

1
2
𝑚𝑟&𝜃̇& +

1
4
𝑚𝑎& 1 + 𝛼 & 𝜃̇& − 2𝜃̇𝛾̇ + 𝛾̇&

𝑑
𝑑𝑡

𝜕𝑇
𝜕𝑞̇#

= 𝑄# +
𝜕𝑇
𝜕𝑞#

#$9 𝑑
𝑑𝑡

𝜕𝑇
𝜕𝑞̇9

−
𝜕𝑇
𝜕𝑞9

= 𝑄9

𝑑
𝑑𝑡

𝜕𝑇
𝜕𝛾̇

−
𝜕𝑇
𝜕𝛾

= 𝑄$ ≡ 𝑄%

LHS* =
𝑑
𝑑𝑡

1
4
𝑚𝑎" 1 + 𝛼 " −2𝜃̇ + 2𝛾̇ − 0



LHS# =
𝑑
𝑑𝑡

1
2
𝑚𝑎! 1 + 𝛼 ! −𝜃̇ + 𝛾̇

LHS* =
1
2𝑚𝑎

+ 1 + 𝛼 + −𝜃̈ + 𝛾̈

LHS1 = −
1
2
𝑚𝑎2 1 + 𝛼 2𝜃̈ +

1
2
𝑚𝑎2 1 + 𝛼 2𝛾̈



𝜃

𝜃

𝛿𝑊# = 𝑄#𝛿𝑞#
#$! %!$. 𝛿𝑊! = 𝑄!𝛿𝑟

𝑄# =0
'$!

(

𝐹'&
𝜕𝑥'
𝜕𝑞#

+ 𝐹')
𝜕𝑦'
𝜕𝑞#

+ 𝐹'*
𝜕𝑧'
𝜕𝑞#

𝑄0 =B
1($

$

𝐹1%
𝜕𝑥1
𝜕𝑞0

+ 𝐹12
𝜕𝑦1
𝜕𝑞0

= 𝐹%
𝜕𝑥
𝜕𝑞0

+ 𝐹2
𝜕𝑦
𝜕𝑞0

𝑥 = 𝑟 sin 𝜃 𝑦 = 𝑟 cos 𝜃
#$! %!$.𝑄! = 𝐹&

𝜕𝑥
𝜕𝑟
+ 𝐹)

𝜕𝑦
𝜕𝑟

𝜕𝑥
𝜕𝑟 = sin 𝜃

𝜕𝑦
𝜕𝑟 = cos 𝜃

RHS" ≡ 𝑄" ≡ 𝑄# = 𝐹 sin 𝜃 sin 𝜃 + 𝐹 cos 𝜃 −𝑚𝑔 cos 𝜃

RHS# ≡ 𝑄# ≡ 𝑄G = 𝐹 (sin& 𝜃 + cos& 𝜃) − 𝑚𝑔 cos 𝜃

RHS# ≡ 𝑄# ≡ 𝑄G = 𝐹 −𝑚𝑔 cos 𝜃



𝜃

𝛿𝑊# = 𝑄#𝛿𝑞#
#$" %"$/ 𝛿𝑊" = 𝑄"𝛿𝜃

𝑄# =0
'$!

(

𝐹'&
𝜕𝑥'
𝜕𝑞#

+ 𝐹')
𝜕𝑦'
𝜕𝑞#

+ 𝐹'*
𝜕𝑧'
𝜕𝑞#

𝑄0 =B
1($

$

𝐹1%
𝜕𝑥1
𝜕𝑞0

+ 𝐹12
𝜕𝑦1
𝜕𝑞0

= 𝐹%
𝜕𝑥
𝜕𝑞0

+ 𝐹2
𝜕𝑦
𝜕𝑞0

𝑥 = 𝑟 sin 𝜃 𝑦 = 𝑟 cos 𝜃

0(# 3!(,𝑄# = 𝐹%
𝜕𝑥
𝜕𝜃 + 𝐹2

𝜕𝑦
𝜕𝜃

𝜕𝑥
𝜕𝜃 = 𝑟 cos 𝜃

𝜕𝑦
𝜕𝜃 = −rsin𝜃

RHS" ≡ 𝑄" ≡ 𝑄+ = −𝑚𝑔 (−rsin 𝜃)

RHS& ≡ 𝑄& ≡ 𝑄N = 𝑚𝑔𝑟 sin 𝜃



𝜃

𝛿𝑊# = 𝑄#𝛿𝑞#
#$0 %4$1 𝛿𝑊0 = 𝑄0𝛿𝛾

𝑄# =0
'$!

(

𝐹'&
𝜕𝑥'
𝜕𝑞#

+ 𝐹')
𝜕𝑦'
𝜕𝑞#

+ 𝐹'*
𝜕𝑧'
𝜕𝑞#

𝑄0 =B
1($

$

𝐹1%
𝜕𝑥1
𝜕𝑞0

+ 𝐹12
𝜕𝑦1
𝜕𝑞0

= 𝐹%
𝜕𝑥
𝜕𝑞0

+ 𝐹2
𝜕𝑦
𝜕𝑞0

𝑥 = 𝑟 sin 𝜃 𝑦 = 𝑟 cos 𝜃 𝛾 = 𝜃 −
𝛼

1 + 𝛼𝜑

+,- .$,/𝑄- = 𝐹0
𝜕𝑥
𝜕𝛾

+ 𝐹1
𝜕𝑦
𝜕𝛾

𝜕𝑥
𝜕𝛾

= 𝑟 cos 𝜃
𝜕𝑦
𝜕𝛾

= −rsin 𝜃

RHSO ≡ 𝑄O ≡ 𝑄P = −𝑓 cos 𝜃 𝑟 cos 𝜃 + 𝑓 sin 𝜃 (−𝑟 sin 𝜃)

RHS* ≡ 𝑄* ≡ 𝑄, = −𝑟𝑓 cos" 𝜃 + sin" 𝜃 = −𝑓𝑟



𝑥 = 𝑟 sin 𝜃 𝑦 = 𝑟 cos 𝜃 𝛾 = 𝜃 −
𝛼

1 + 𝛼𝜑

𝑥 = 𝑟 sin 𝛾 +
𝛼

1 + 𝛼𝜑 𝑦 = 𝑟 cos 𝛾 +
𝛼

1 + 𝛼𝜑

7
𝜕𝑥
𝜕𝛾 2,4

= 7
𝜕𝑥
𝜕𝜑 2,4

7
𝜕𝜑
𝜕𝛾 2,4

= −𝑟
𝛼

1 + 𝛼
1 + 𝛼
𝛼

cos 𝛾 +
𝛼

1 + 𝛼
𝜑 = −𝑟 cos 𝜃

7
𝜕𝑦
𝜕𝛾 2,4

= 7
𝜕𝑦
𝜕𝜑 2,4

7
𝜕𝜑
𝜕𝛾 2,4

= 𝑟
𝛼

1 + 𝛼
1 + 𝛼
𝛼 sin 𝛾 +

𝛼
1 + 𝛼𝜑 = 𝑟 sin 𝜃





𝛿𝑊# = 𝑄#𝛿𝑞#
#$! %!$. 𝛿𝑊! = 𝑄!𝛿𝑟

𝛿𝑊# = 𝑄#𝛿𝑟 ≡ 𝛿𝑊G = 𝑄G𝛿𝑟 = (𝐹 −𝑚𝑔 cos 𝜃)𝛿𝑟

RHS# ≡ 𝑄# ≡ 𝑄G = 𝐹 −𝑚𝑔 cos 𝜃

#$" %"$/ 𝛿𝑊" = 𝑄"𝛿𝜃

𝛿𝑊& = 𝑄&𝛿𝜃 ≡ 𝛿𝑊N = 𝑄N𝛿𝜃 = 𝑚𝑔𝑟 sin 𝜃 𝛿𝜃

RHS& ≡ 𝑄& ≡ 𝑄N = 𝑚𝑔𝑟 sin 𝜃

#$0 %4$1 𝛿𝑊0 = 𝑄0𝛿𝛾

𝛿𝑊O = 𝑄O𝛿𝛾 ≡ 𝛿𝑊P = 𝑄P𝛿𝛾 = −𝑓𝑟𝛿𝛾

RHSO ≡ 𝑄O ≡ 𝑄P = −𝑓𝑟



LHS! = 𝑚𝑟̈ −𝑚𝑟𝜃̇"

LHS# = 𝑚 𝑟# +
1
2𝑎

# 1 + 𝛼 # 𝜃̈ + 2𝑚𝑟𝑟̇𝜃̇ −
1
2𝑚𝑎

# 1 + 𝛼 #𝛾̈

LHS5 = −
1
2𝑚𝑎

# 1 + 𝛼 #𝜃̈ +
1
2𝑚𝑎

# 1 + 𝛼 #𝛾̈

RHS! ≡ 𝑄! ≡ 𝑄. = 𝐹 −𝑚𝑔 cos 𝜃

RHS" ≡ 𝑄" ≡ 𝑄/ = 𝑚𝑔𝑟 sin 𝜃

RHS0 ≡ 𝑄0 ≡ 𝑄1 = −𝑓𝑟

𝑚𝑟̈ −𝑚𝑟𝜃̇" = 𝐹 −𝑚𝑔 cos 𝜃

𝑚 𝑟" +
1
2
𝑎" 1 + 𝛼 " 𝜃̈ + 2𝑚𝑟𝑟̇𝜃̇ −

1
2
𝑚𝑎" 1 + 𝛼 "𝛾̈ = 𝑚𝑔𝑟 sin 𝜃

−
1
2𝑚𝑎

" 1 + 𝛼 "𝜃̈ +
1
2𝑚𝑎

" 1 + 𝛼 "𝛾̈ = −𝑓𝑟

!"#2 )N%!bv bSC;6w



u%> )R DE;6+O 9+E! )/%_2 3; @C !"#2 )N%!bv bSC;6w ;<=%> 10+O

9+, [c#d𝛾 = 0

𝑟 = (1 + 𝛼)𝑎 = 𝑐𝑡𝑒. 9+, @E!J 34( "Wk ;"#E;62

𝑚𝑟̈ −𝑚𝑟𝜃̇" = 𝐹 −𝑚𝑔 cos 𝜃

𝑚 𝑟" +
1
2𝑎

" 1 + 𝛼 " 𝜃̈ + 2𝑚𝑟𝑟̇𝜃̇ −
1
2𝑚𝑎

" 1 + 𝛼 "𝛾̈ = 𝑚𝑔𝑟 sin 𝜃

−
1
2
𝑚𝑎" 1 + 𝛼 "𝜃̈ +

1
2
𝑚𝑎" 1 + 𝛼 "𝛾̈ = −𝑓𝑟

0 −𝑚(1 + 𝛼)𝑎𝜃̇" = 𝐹 −𝑚𝑔 cos 𝜃

𝑚 𝑎" 1 + 𝛼 " +
1
2𝑎

" 1 + 𝛼 " 𝜃̈ + 0 − 0 = 𝑚𝑔(1 + 𝛼)𝑎 sin 𝜃

−
1
2𝑚𝑎

" 1 + 𝛼 "𝜃̈ + 0 = −𝑓(1 + 𝛼)𝑎



−𝑚(1 + 𝛼)𝑎𝜃̇& = 𝐹 −𝑚𝑔 cos 𝜃
3
2
𝑚𝑎& 1 + 𝛼 &𝜃̈ = 𝑚𝑔(1 + 𝛼)𝑎 sin 𝜃

−
1
2
𝑚𝑎& 1 + 𝛼 &𝜃̈ = −𝑓(1 + 𝛼)𝑎

𝐹 = 𝑚𝑔 cos 𝜃 − (1 + 𝛼)𝑚𝑎𝜃̇&
3
2
𝑚 1 + 𝛼 &𝑎&𝜃̈ = (1 + 𝛼)𝑚𝑔𝑎 sin 𝜃

𝑓 =
1
2
1 + 𝛼 𝑚𝑎𝜃̈

!"#$ %&'!() "'!* 
+,* (-./01 23 /4 
/56'7 89:! ;<#= > 
?'8@ %'0,A /"#:/0$ 
?'(BC D>E "FG 
/"#:/0$ 4B.BH

)N%!_2 !4n )4"WR( bSC;6w <=,; "%!& DC 6p,& ;"F D% @#E;J 3;u#C @% 
34g ;6Cx( 5J 3; u^ 1C!



3
2
𝑚 1 + 𝛼 &𝑎&𝜃̈ = (1 + 𝛼)𝑚𝑔𝑎 sin 𝜃

u^ )N%!_2 )N%!_2 !4n 
bSC;6w @2 34g ;6Cx(
;@#,; ;6Cx( j0ypR a-C 3; @% ;<=%> 9+E! "%!& )R 10+O

𝑇 =
1
2
𝑚𝑟̇& +

1
2
𝑚𝑟&𝜃̇& +

1
4
𝑚𝑎& 1 + 𝛼 & 𝜃̇& − 2𝜃̇𝛾̇ + 𝛾̇&

𝛾 = 0 𝑟 = (1 + 𝛼)𝑎 = 𝑐𝑡𝑒.

𝑇 = 0 +
1
2
𝑚(1 + 𝛼)&𝑎&𝜃̇& +

1
4
𝑚𝑎& 1 + 𝛼 & 𝜃̇& − 0 + 0

𝑇 =
3
4
(1 + 𝛼)&𝑚𝑎&𝜃̇&



u%> ;6Cx( z#%6/+^ 3; )R 6E-/+O:

𝐸 = 0

𝑟 cos 𝜃

V = 𝑚𝑔𝑟 cos 𝜃

V = 𝑚𝑔𝑎 1 + 𝛼 cos 𝜃

"{| @% !3 6QC SCP#h ;6Cx( j0ypR @2 
!"F 5),& a-C:

𝑇 =
3
4
(1 + 𝛼)&𝑚𝑎&𝜃̇&

;6Cx( 1^ 3; @2 VE3v a-C )R 6E-/+O:

𝐸 = 𝑇 + 𝑉 =
3
4
(1 + 𝛼)&𝑚𝑎&𝜃̇& +𝑚𝑔𝑎 1 + 𝛼 cos 𝜃 = 𝑐𝑡𝑒.

12 !3 5J ;6Cx( 1^ )*,;3 I%@#R ;"F:C;}
a-C; )N%!_2 !4n ;-K%i )R 10,:$E62}



!"#$ %&' !( %) *+#,- ./"01( 023 
45+%67 689' :( )."; %6<=+%> :=,+?@ 
2 A%:B( %6+CD A% :( 0&' E2A?@

3
2𝑚 1 + 𝛼 #𝑎#𝜃̈ = (1 + 𝛼)𝑚𝑔𝑎 sin𝜃

?" :( *FA &"0G H+ %) *+#,- ./"01( %6+CD 689' :( )."; .I<J :=,+?@ 2 ./"01( 023 
45+%67 A% :( 0&' E2A?@

𝐸 =
3
4 (1 + 𝛼)

&𝑚𝑎&𝜃̇& +𝑚𝑔𝑎 1 + 𝛼 cos 𝜃 = 𝑐𝑡𝑒.

𝑑𝐸
𝑑𝑡 =

3
4 1 + 𝛼 &𝑚𝑎& 2𝜃̇𝜃̈ − 𝑚𝑔𝑎 1 + 𝛼 𝜃̇ sin 𝜃 = 0

3
2
1 + 𝛼 &𝑚𝑎&𝜃̇𝜃̈ = 𝑚𝑔𝑎 1 + 𝛼 𝜃̇ sin 𝜃

3
2
1 + 𝛼 &𝑚𝑎&𝜃̈ = 𝑚𝑔𝑎 1 + 𝛼 sin 𝜃

!( KL"; ./"01( 023 
45+%67 %&'

%19<( :( *FA #,M?N$ K@ %6+CD :"?O P":' :"QO )?+% 6,+2D 2); R"?8<"A %&' 2 
6,+2K"D S,OD K@ 6L$ HF%6TO!"A %6U"3 0KTO



𝐸 =
3
4 (1 + 𝛼)

"𝑚𝑎"𝜃̇" +𝑚𝑔𝑎 1 + 𝛼 cos 𝜃

0A :"4H+?- 6VB( 0%A?@

𝐸 = 0 +𝑚𝑔𝑎 1 + 𝛼 = 𝑚𝑔𝑎 1 + 𝛼

𝑚𝑔𝑎 1 + 𝛼 =
3
4 (1 + 𝛼)

"𝑚𝑎"𝜃̇" +𝑚𝑔𝑎 1 + 𝛼 cos𝜃

𝑔 =
3
4
1 + 𝛼 𝑎𝜃̇" + 𝑔 cos 𝜃

3
4
1 + 𝛼 𝑎𝜃̇& = 𝑔 1 − cos 𝜃

3
4
1 + 𝛼 𝑎𝜃̇" = 2𝑔 sin"

𝜃
2



3
4
1 + 𝛼 𝑎𝜃̇& = 2𝑔 sin&

𝜃
2

𝜃̇& = 4×
2

3 1 + 𝛼
𝑔
𝑎
sin&

𝜃
2

𝜃̇ = 2×
2

3 1 + 𝛼
𝑔
𝑎 sin

𝜃
2

𝛽 = &
O #YZ𝜃̇ = 2 𝛽

𝑔
𝑎
sin

𝜃
2

𝜃̇ = 2
𝛽𝑔
𝑎
sin

𝜃
2

𝑑𝜃
𝑑𝑡

= 2
𝛽𝑔
𝑎
sin

𝜃
2

1
2𝑑𝜃

sin 𝜃2
=

𝛽𝑔
𝑎 𝑑𝑡

2
(

+ 1
2𝑑𝜃

sin 𝜃2

=
𝛽𝑔
𝑎 2

(

)
𝑑𝑡

2
(

+ 1
2𝑑𝜃

sin 𝜃2

=
𝛽𝑔
𝑎 𝑡



O
,

/ 1
2𝑑𝜃

sin 𝜃2
=

𝛽𝑔
𝑎 𝑡 𝐼 = O

,

/ 1
2𝑑𝜃

sin 𝜃2
𝜃
2 = 𝑥 → 𝑑𝜃 = 2𝑑𝑥

𝐼 = O
𝑑𝑥
sin 𝑥 =

Ocsc 𝑥 𝑑𝑥

csc 𝑥 + cot 𝑥 = 𝑢

−csc" 𝑥 − cot 𝑥 csc 𝑥 𝑑𝑥 = 𝑑𝑢

𝐼 = O
𝑑𝑥
sin 𝑥

= −O
csc 𝑥 𝑑𝑢

csc 𝑥 (csc 𝑥 + cot 𝑥)

𝐼 = −O
𝑑𝑢

csc 𝑥 + cot 𝑥
= −O

𝑑𝑢
𝑢

𝐼 = − ln𝑢 = − ln (csc 𝑥 + cot 𝑥)

csc 𝑥 + cot 𝑥 =
1

sin 𝑥
+
cos 𝑥
sin 𝑥

=
1 + cos 𝑥
sin 𝑥

=
2 cos" 𝑥2

2 sin 𝑥2 cos
𝑥
2

=
cos 𝑥2
sin 𝑥2

= cot
𝑥
2

𝐼 = − ln cot
𝑥
2
= ln tan

𝑥
2

𝐼 = ln tan
𝜃
4

ln tan
𝜃
4 ,

/
=

𝛽𝑔
𝑎
𝑡



ln tan
𝜃
4 ,

/
=

𝛽𝑔
𝑎
𝑡

ln tan
𝜃
4
− ln tan

0
4
=

𝛽𝑔
𝑎
𝑡

ln tan
𝜃
4
− ln 0 =

𝛽𝑔
𝑎
𝑡

ln tan
𝜃
4
− (−∞‼!) =

𝛽𝑔
𝑎
𝑡

)%2?( WX+ :( :"4H+?- 6VB( %Q"AG .$ !TO

0A :"4H+?- 6VB( %&<F%6( 0A H/"0> %&'

?/T$ %&<F%6( 0A :"4H+?- 6VB( .$ HF%6O H" 
.OY *F46$ ):,TZ"?'( 0A ["> H/"0> 
S+%A 5,+0

%." %?- 6VB( ?\ 6VB( H/"0> 6"R"?O%A 
%&'

?/T$ 0A ]L^ :" ?\ H_T=FA %&<F%6( :( 
R"?,- .$ `_<O

Ra %) 6b+ #,M?N$ .IN_$ 2cF0 6O%A0

:+%D A#d .IN^ A?"e$ K@ !"#$ %&' :( 
c"D )%2?( WX+ )%2?( :8,"A !FfN$ 
%g<,"A !T,@ 

ln tan
𝜃
4
− ln tan

𝜃,
4

=
𝛽𝑔
𝑎
𝑡



ln
tan 𝜃4
tan 𝜃,4

=
𝛽𝑔
𝑎
𝑡

tan 𝜃4
tan 𝜃,4

= exp
𝛽𝑔
𝑎
𝑡

tan
𝜃
4 = tan

𝜃,
4 exp

𝛽𝑔
𝑎 𝑡

tan
𝜃
4 = lim

-→3
tan

𝜃,
4 exp

𝛽𝑔
𝑎 𝑡 → ∞ ⇒

𝜃
4 =

𝜋
2 ⇒ 𝜃 = 2𝜋

?/T$ %5+ S,F0 `_<h 2 A2D &Bi :"S$ ."6O; :<F%6TO R"A:+c" :"QTO 
Ra %) 5jQ' )."; :,TZ"?' %&<F%6( .$ HF%6O ?\ 02A !".^ :M6O!



%." `_<h H" 2S<$ %.N"; Rj?+ %&' !( ./"01( )?+ :+S+%A :"QO

𝑓 ≤ 𝜇𝐹 ?Cl -% ?C4m _efg

𝐹 = 𝑚𝑔 cos 𝜃 − (1 + 𝛼)𝑚𝑎𝜃̇&
3
2
1 + 𝛼 𝑎𝜃̈ = 𝑔 sin 𝜃

𝑓 =
1
2
1 + 𝛼 𝑚𝑎𝜃̈

@% 9C;3 !;!J 
)N%!bv bSC;6w !3 
?Cl _efg PE~ 
sE;'+O !;?F:

2
3
1 + 𝛼 𝑚𝑎 34 567 84

9 2:; <
≤ 𝜇 𝑚𝑔 cos 𝜃2 − 1 + 𝛼 𝑚𝑎𝜃̇#&

12 !3 5J D#%-8 a;4-2 ?C4m _efg 𝜃2
!
$
𝑔 sin 𝜃! ≤ 𝜇 𝑔 cos 𝜃! − 1 + 𝛼 𝑎𝜃̇!"



u%> @% 9C;3 !;!J 3;@W2
𝜃̇ = 2

𝛽𝑔
𝑎
sin

𝜃
2

!3 )N%!_2!
$
𝑔 sin𝜃! ≤ 𝜇 𝑔 cos𝜃! − 1 + 𝛼 𝑎𝜃̇!"

!
$
𝑔 sin𝜃! ≤ 𝜇 𝑔 cos𝜃! − 1 + 𝛼 𝑎×4× bc

d sin
" e#
"

𝛽 = &
O #YZ

!
$
sin𝜃! ≤ 𝜇 cos𝜃! − 1 + 𝛼 ×4× "

9 !2f
!1ghi e#

"

sin𝜃! ≤ 𝜇 3cos𝜃! − 4+ 4 cos 𝜃!
sin𝜃! ≤ 𝜇 7cos𝜃! − 4



sin𝜃! ≤ 𝜇 7cos𝜃! − 4

1 − cos"𝜃# ≤ 𝜇 7cos𝜃! − 4
1 − cos"𝜃# ≤ 𝜇 7cos𝜃! − 4 "

1 − cos"𝜃# ≤ 49𝜇"cos"𝜃# − 56𝜇& cos 𝜃# + 16𝜇"

0 ≤ 1 + 49𝜇" cos"𝜃# − 56𝜇& cos 𝜃# + 16𝜇& − 1

cos 𝜃# =
28𝜇& ± 28&𝜇[ − (1 + 49𝜇&)(16𝜇& − 1)

1 + 49𝜇&

cos 𝜃# =
28𝜇& ± 784𝜇[ − (16𝜇& − 1 + 784𝜇[ − 49𝜇&)

1 + 49𝜇&

cos 𝜃# =
28𝜇& ± 1 + 33𝜇&

1 + 49𝜇&
𝜃! = cos5!

28𝜇" + 1 + 33𝜇"

1 + 49𝜇"



ln
tan 𝜃4
tan 𝜃,4

=
𝛽𝑔
𝑎
𝑡

𝑎
𝛽𝑔 ln

tan𝜃$4
tan𝜃)4

= 𝑡$

𝜃! = cos5!
28𝜇" + 1 + 33𝜇"

1 + 49𝜇"

𝑎
𝛽𝑔 ln

tan 1
4 cos

6$ 28𝜇# + 1 + 33𝜇#
1 + 49𝜇#

tan𝜃)4
= 𝑡$



@C;( @Ld !4n uC1F 12 !3 5J ;"#E;62 ?C4m @2 _efg )R 10,q @%-, 
;a )N%!bv bSC;6w ;VcR a-C 9y^ ;a ;<=%> 9+E! ;"#\%!& 1C!:

𝑚𝑟̈ −𝑚𝑟𝜃̇" = 𝐹 −𝑚𝑔 cos 𝜃

𝑚 𝑟" +
1
2𝑎

" 1 + 𝛼 " 𝜃̈ + 2𝑚𝑟𝑟̇𝜃̇ −
1
2𝑚𝑎

" 1 + 𝛼 "𝛾̈ = 𝑚𝑔𝑟 sin 𝜃

−
1
2
𝑚𝑎" 1 + 𝛼 "𝜃̈ +

1
2
𝑚𝑎" 1 + 𝛼 "𝛾̈ = −𝑓𝑟

:EJ ;VWXY%Z "yU [c#d )R ?E! 4 )% _efg )R sE;'+Oq !3 
)N%!bv "En bSC;6w 6+C4( ;VWXY%Z 3; @C@C V\C 9C;3 )R !'+O

𝑓 = 0

:EJ ;"#E;62 @%-, D=%� sE! 3; @% "Wk ;"#E;62 a-C-h u\� 10, z| 
9+, a-C 3; 'O ;<=%> )R 10+O:

𝑟 = 𝑎 1 + 𝛼 = cte. 𝑟̇ = 0 𝑟̈ = 0



−𝑚𝑎(1 + 𝛼)𝜃̇# = 𝐹 −𝑚𝑔 cos 𝜃

𝑚
3
2𝑎

# 1 + 𝛼 # 𝜃̈ −
1
2𝑚𝑎

# 1 + 𝛼 #𝛾̈ = 𝑚𝑔𝑎(1 + 𝛼) sin𝜃

−
1
2𝑚𝑎

# 1 + 𝛼 #𝜃̈ +
1
2𝑚𝑎

# 1 + 𝛼 #𝛾̈ = 0

𝐹 = 𝑚𝑔 cos 𝜃 −𝑚𝑎 1 + 𝛼 𝜃̇#
3
2𝑎(1 + 𝛼)𝜃̈ −

1
2𝑎(1 + 𝛼)𝛾̈ = 𝑔 sin𝜃

−𝜃̈ + 𝛾̈ = 0

−𝜃̈ + 𝛾̈ = 0

𝜃̈ = 𝛾̈

3
2𝑎(1 + 𝛼)𝜃̈ −

1
2𝑎(1 + 𝛼)𝜃̈ = 𝑔 sin𝜃

𝑎(1 + 𝛼)𝜃̈ = 𝑔 sin𝜃

𝐹 = 0 !"#$%& %'()*+ $, -./0 12)34
e𝑔 cos 𝜃 = 𝑎 1 + 𝛼 𝜃̇#

𝑎(1 + 𝛼)𝜃̈ = 𝑔 sin𝜃

𝜃̈ = 𝜃̇
𝑑𝜃̇
𝑑𝜃 = 𝜃̇

𝑑𝜃̇
𝑑𝑡

𝑑𝑡
𝑑𝜃 = 𝜃̇𝜃̈

1
𝜃̇
= 𝜃̈

f
𝑔 cos 𝜃 = 𝑎 1 + 𝛼 𝜃̇#

𝑎(1 + 𝛼)𝜃̇
𝑑𝜃̇
𝑑𝜃 = 𝑔 sin𝜃



f
𝑔 cos 𝜃 = 𝑎 1 + 𝛼 𝜃̇#

𝑎(1 + 𝛼)𝜃̇
𝑑𝜃̇
𝑑𝜃 = 𝑔 sin𝜃

𝑎(1 + 𝛼)𝜃̇𝑑𝜃̇ = 𝑔 sin𝜃 𝑑𝜃

𝑎(1 + 𝛼)<
,"

,!
𝜃̇𝑑𝜃̇ = 𝑔<

,"

,!
sin 𝜃 𝑑𝜃

𝑎 1 + 𝛼
1
2 𝜃̇## − 𝜃̇$# = −𝑔 cos 𝜃# − cos 𝜃$

f
𝑔 cos 𝜃# = 𝑎 1 + 𝛼 𝜃̇##

𝑎 1 + 𝛼
1
2 𝜃̇## − 𝜃̇$# = −𝑔 cos 𝜃# − cos 𝜃$

e
𝑎 1 + 𝛼 𝜃̇## = 𝑔 cos 𝜃#

𝑎 1 + 𝛼 𝜃̇## − 𝜃̇$# = −2𝑔 cos 𝜃# + 2𝑔 cos 𝜃$

𝑎 1 + 𝛼 𝜃̇$# = 3𝑔 cos 𝜃# − 2𝑔 cos 𝜃$
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𝑎 1 + 𝛼 𝜃̇$# = 3𝑔 cos 𝜃# − 2𝑔 cos 𝜃$

cos 𝜃# =
𝑎 1 + 𝛼
3𝑔 𝜃̇$# +

2
3 cos 𝜃$

𝜃# = cos6$
𝑎 1 + 𝛼
3𝑔 𝜃̇$# +

2
3 cos 𝜃$

̇𝜃! = 2
𝛽𝑔
𝑎 sin

𝜃!
2

𝜃! = cos5!
28𝜇 + 1 + 33𝜇"

1 + 49𝜇" 𝛽 = &
O #YZ

𝜃# = cos$%
𝑎 1 + 𝛼
3𝑔 4

2𝑔
3𝑎 1 + 𝛼 sin

1
2 cos$%

28𝜇 + 1+ 33𝜇#

1 + 49𝜇# +
2
3
28𝜇 + 1+ 33𝜇#

1 + 49𝜇#

𝜃5 = cos67
8
3
sin

1
2
cos67

28𝜇 + 1 + 33𝜇5

1 + 49𝜇5
+
2
3
28𝜇 + 1 + 33𝜇5

1 + 49𝜇5

8DB $,<9C *9EF0𝜇 = 0 → 𝜃# = cos6$
8
3×0 +

2
3×1 = cos6$

2
3



<
,̇"

,̇ 𝑑𝜃̇

𝜃̇ 4𝛽𝑔𝑎 − 𝑎#𝜃̇#
=
3
4𝑎 𝑡

<
,̇"

,̇ 𝑑𝜃̇

𝜃̇𝑎 4𝛽𝑔
𝑎 − 𝜃̇#

=
3
4𝑎 𝑡

𝜃̇ =
4𝛽𝑔
𝑎 sech𝑢

𝑑𝜃̇ = −
4𝛽𝑔
𝑎 sech𝑢 tanh𝑢 𝑑𝑢

-
− 4𝛽𝑔

𝑎 sech𝑢 tanh𝑢 𝑑𝑢

𝑎 4𝛽𝑔
𝑎 sech𝑢 4𝛽𝑔

𝑎 − 4𝛽𝑔𝑎 sin# 𝑢
=
3
4𝑎 𝑡

<
−tanh𝑢 𝑑𝑢

𝑎 4𝛽𝑔
𝑎 1 − sech# 𝑢

=
3
4𝑎 𝑡

<
− tanh𝑢 𝑑𝑢
4𝑎𝛽𝑔 tanh𝑢

=
3
4𝑎 𝑡

<
𝑑𝑢

2 𝑎𝛽𝑔
=
3
4𝑎 𝑡

<𝑑𝑢 =
3
4𝑎 2 𝑎𝛽𝑔𝑡

𝑢 =
3
2

𝛽𝑔
𝑎 𝑡

sech6$
𝑎
4𝛽𝑔 𝜃̇ =

3
2

𝛽𝑔
𝑎 𝑡



sech6$
𝑎
4𝛽𝑔 𝜃̇ =

3
2

𝛽𝑔
𝑎 𝑡

+
89:

𝜃̇ = sech 5
#

9:
+
𝑡

𝜃̇ = 2 9:
+
sech 5

#
9:
+
𝑡

𝑑𝜃 = 2 9:
+
sech 3 9:

+
𝑡 dt

𝜃# − 𝜃$ = 2
𝛽𝑔
𝑎 <

;"

;!
sech

3
2

𝛽𝑔
𝑎 𝑡 dt

3
2

𝛽𝑔
𝑎 𝑡 = 𝑧

d𝑡 =
2
3

𝑎
𝛽𝑔𝑑𝑧

𝜃# − 𝜃$ = 2
𝛽𝑔
𝑎
2
3

𝑎
𝛽𝑔<;"

;!
sech z dz

𝜃# − 𝜃$ =
4
3<sech z dz

sech z =
1

cosh 𝑧 =
cosh 𝑧
cosh# 𝑧 =

cosh 𝑧
1 + sinh# 𝑧

𝜃# − 𝜃$ =
4
3<

cosh 𝑧 dz
1 + sinh# 𝑧

sinh 𝑧 = 𝑤

cosh 𝑧 𝑑𝑧 = 𝑑𝑤

𝜃# − 𝜃$ =
4
3<

d𝑤
1 +𝑤# =

4
3 tan

6$𝑤

𝜃# − 𝜃$ =
4
3 tan

6$ sinh 𝑧

=
4
3 tan

6$ sinh
3
2

𝛽𝑔
𝑎 𝑡



𝜃# − 𝜃$ =
4
3 tan

6$ sinh
3
2

𝛽𝑔
𝑎 𝑡

;"
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𝜃# − 𝜃$ =
4
3 tan

6$ sinh
3
2

𝛽𝑔
𝑎 𝑡# −

4
3 tan

6$ sinh
3
2

𝛽𝑔
𝑎 𝑡$

𝜃# − 𝜃$ +
4
3 tan

6$ sinh
3
2

𝛽𝑔
𝑎 𝑡$ =

4
3 tan

6$ sinh
3
2

𝛽𝑔
𝑎 𝑡#

tan
3
4 𝜃# − 𝜃$ + tan6$ sinh

3
2

𝛽𝑔
𝑎 𝑡$ = sinh

3
2

𝛽𝑔
𝑎 𝑡#

2
3

𝑎
𝛽𝑔 sinh

6$ tan
3
4 𝜃# − 𝜃$ + tan6$ sinh

3
2

𝛽𝑔
𝑎 𝑡$ = 𝑡#



𝑡# =
2
3

𝑎
𝛽𝑔 sinh

6$ tan
3
4 𝜃# − 𝜃$ + tan6$ sinh

3
2

𝛽𝑔
𝑎 𝑡$

𝜃! = cos5!
28𝜇 + 1 + 33𝜇"

1 + 49𝜇"

𝑎
𝛽𝑔 ln

tan𝜃$4
tan𝜃)4

= 𝑡$ 𝛽 = &
O #YZ

𝜃5 = cos67
8
3 sin

1
2 cos67

28𝜇 + 1 + 33𝜇5

1 + 49𝜇5 +
2
3
28𝜇 + 1 + 33𝜇5

1 + 49𝜇5


