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,-./0. 1232456 675289:;R 9:<524<4 9=<6>4<;
OB 9 ?<6=2@73A4: 5?2>8B<C9D ;8E=:CF G:62HI:4=73A47D J379=247K 47L:5DB7D9D ? I7M<J3<H422 9 M232456:;K 3<?N; @:4M:; 9@:3AI2= J:
O375@:C :J:6<F P: J379=24< @7=2=9D 529@ 6752H89:; r F Q92 M2324567 2 529@7 9:<524<4N 9=<6>H4<; OAF R ;8E=< J623:><47 ?<6=2@73A47D 92H37 ~F K @ 529@8 S ;:;<4= M T OA = aK OB = bK
OC = b

2

F U:V@7 S M<4=6 ;799 9=<6>4D OB FW7997 M2324567 67?47 m1

K ;7997 9=<6>4D OBS m2

F X:9=7?2=A 867?4<42< 5?2><42D 929=<;NFY7 :Z:ZB<448[ @::65247=8 J624D=A 8O:3 J:?:H6:=7 9=<6>4D OB ϕ F\]^]_`]aN67I2; 9@:6:9=2 =<3 V<6<I :Z:ZB<448[ @::65247=8b
X:9=7?2; O67Eb π/2

K −→O
R

x : VOx = VKx − Rω1 sin (π/2) cde

y : VOy = VKy + Rω1 cos (π/2) cfe
G5<

VKx = 0 cge
VKy = 0 che
VOy = 0 cie

P:38V2;
VOx = −Rω1 sin (π/2) cje

X:9=7?2; O67Eb ϕ
O−→B

b

x : VBx = VOx − bϕ̇ sin ϕ cke

y : VBy = VOy + bϕ̇ cos ϕ cle
G5<

VBx = 0 cme
d



VOy = 0 cdne
P:38V2;

ω1 = −

b

R
ϕ̇ sin ϕ cdde

VBy = bϕ̇ cos ϕ cdfe
X:9=7?2; O67Eb ϕ

O−→C
b/2

x : VCx = VOx −
b

2
ϕ̇ sin ϕ cdge

y : VCy = VOy +
b

2
ϕ̇ cos ϕ cdhe

P:38V2;
VCx = −

b

2
ϕ̇ sin ϕ cdie

VCy =
b

2
ϕ̇ cos ϕ cdje

P:93< ?:I?<5<42D ? @?7567= 2 93:><42D J:38V2;b

V 2

C =
b2

4
ϕ̇2 cdke

V 2

O = b2ϕ̇2 sin ϕ2 cdleW:;<4= 24<6M22 M2324567

I1 =
1

2
m1R

2 cdme
W:;<4= 24<6M22 9=<6>4Db

I2 =
1

12
(m2b

2) cfne

X:9=7?2; @24<=2V<9@8[ o4<6O2[ 929=<;Nb
X 8V<=:; =:O:K ?<9:;NC 9=<6><4A 9:?<6p7<= J3:9@:< 5?2><42<K 7 M2H32456 5?2><=9D J:9=8J7=<3A4: 2 ?67B7=<3A4: J:38V2;b

T =
1

2
m1V

2

O +
1

2
I1ω

2

1
+

1

2
m2V

2

C +
1

2
I2ϕ̇

2 cfde
P:59=7?2;

f



(11)K(17)K(18)K(19)K(20) −→ (21)

P:38V2;
T =

3

4
m1b

2ϕ̇2 sin ϕ2 +
b2

6
m2ϕ̇

2 cffe

X:9=7?2; O67Eb π/2

P −→A
r

x : VAx = VPx − rω3z sin (π/2). cfge
q3D J:9=8J7=<3A4:O: 5?2><42D 9=<6>4D OA 2;<<; VAx = VOx

F R6:;<
=:O: VPx = 2VOx = 2ϕ̇b sin ϕ F r7C5<; 8O3:?8[ 9@:6:9=A 529@7 ω3z =
ϕ̇(b/r) sin ϕ FaNV2932; :Z:ZB<448[ 9238b

Q =
∂(−Mω3z − m2gϕ̇ b

2
cos ϕ − Fϕ̇b cos ϕ)

∂ϕ̇
cfhe

P:38V2;
Q = −M

b

r
sin ϕ − m2g

b

2
cos ϕ − Fb cos ϕ cfie

s67?4<42< t7O674>7 fHO: 6:57 b
d

dt

∂T

∂ϕ̇
−

∂T

∂ϕ
= Q cfje

P:59=7?2;
(22)K(24) −→ 25

P:38V2;
3b2

2
m1ϕ̈ sin ϕ2 + b2

3
m2ϕ̈ + 3b2

2
m1ϕ̇

2 sin ϕ cos ϕ =

= −M
b

r
sin ϕ − m2g

b

2
cos ϕ − Fb cos ϕ cfke

g


