
� �������� � �����	 � 
�� ������� �������� �

������ ���� ��� � �� ! "#$%&'( )*!%#
+,-./-01

AB 234056 7 8 95-240:-, ;5.< -01 8=9956
> ?@ 4 2A4/BC469: D.B95? 8=9956 > ?@E F.B95? A.=G
C =-, H43402. .=24B9= > 8 E I H43402.B ;.435/-0
858-0, 7J K8 E L-M=04N8 .=9;535/-0 A @5.4N50,=31G
056 ;359?59,4 E K=6,4 B@35A5- B9?5.-04- 9,-./0: ;.4
sin(ϕ) = −0.8 O ϕ̇ = 2

9
−1

E

�
?

P
ϕ

A

B

������ ���� �Q � � ( &"R*& S'T  &
L-/2B H43402.58 .=24B958 R = 1

8 4 9?5<-00U8
;.-9958 V;.4N856W N=/=,= ;3=9,40= O 9?531N:C =: ;5
@3=2?56 ;5A-.M059,4 ;.-99= O sinα = 0,8

E L -M=04N8.=9;535/-0 A @5.4N50,=31056 ;359?59,4 E L =99= H4G
3402.= X ?@O ;3=9,40U Y >J ?@E I ;.-99B ;.435/-0=
943=

F = 176
K O ? H43402.B Y 858-0,

M =Z K8 4943=
P = 5

K E K=6,4 B9?5.-04- ;.-99= E
�
	

�
M

-~P

?
~F

α

������ ���� �� � � [%� !'( )! $%T %\] 49? .=24B958 R = 1
8 O < =.04.05 N=?.-;3-00U6

0= ?50H- <,5?= O ?=,4,9: ;5 0-;52A4/056 ;5A-.M05G9,4 4 ?=9=-,9: 8B^,U O 9?531N:C -6 ;5 0=;.=A3:_C-6 O;=.=33-31056 ;5A-.M059,4 4 <,5?BE K= 5D52- 249?=0=M524,9: ,5`?= 8=9956 >J ?@E I 249?B ;.435/-0 85G
8-0,

M =
7a K8 O ? 8B^,- Y 943=

F =
> K E L=99=

8B^,U > ?@E L -M=04N8 .=9;535/-0 A @5.4N50,=31G
056 ;359?59,4 E K=6,4 B@35A5- B9?5.-04- 249?= ;.4
sinϕ = 0.8 O ϕ̇ = 1

9
−1

E

ϕ
�
?

M

6~F

������ ���� �b � c "!de"( f g # "\ %& h205.520U6 249? > 8=9956 > ?@ .=24B9= R = 0.4
8

<=.04.05 95-240-0 A ,5`?-
A

9 2A4/BC489: <,5G
?58 i 8=9956 > ?@E ] 49? ?=,4,9: ;5 0-A-95858B ;5G
2A4/058B <,5?B 7 E K=;.=A3:_C4- <,5?5A AN=48G
05 ;-.;-024?B3:.0U E I 594 249?= ;.435/-0= 943=
G = 3

K O ? <,5?B i Y 943=
F =

>i K E L-M=04N8.=9;535/-0 A @5.4N50,=31056 ;359?59,4 E K =6,4 B@G
35A5- B9?5.-04- 249?= ;.4 sinϕ = 0.6

E
ϕ

2

3

A

j

6~F

?~G

������ ���� �k � c '[$ &'( l  \ % && LB^,= O < =.04.05 N=?.-;3-00=: A BN3-
A

`-G
,U.-MNA-004?= OABC O 48-_C-@5 ^5.8B .58D= O0=2-,= 0= ?B349B DC 234056 7 8 m

OA = 2
8 E K=

?B349B 2-69,AB-, 858-0,
M = 70

K8 O ? ,5`?-
D;=.=33-3105

OC
;.435/-0= 943=

F = 15
K E L=9G

9= ?B349U .=A0= i ?@O 9,-./0:
BC

Y > ?@E L-G
M=04N8 .=9;535/-0 A @5.4N50,=31056 ;359?59,4 E
K=6,4 B@35A5- B9?5.-04- ?B349U ;.4 sinα = 0.8

E O

A B

C

D

α

� ~F

��
?M



������ ���� �n � c '\ �do �& R# R%*

A

B

α
-~F

��
?

M

pqrstruv
AB = 1 w xyrz{u|rq w}~q}� x�y�v�|��}� �y �rsq{���vuyw} xqrstu� � { �ys{�yuq��vuyz�{t}�{�x| �s}xy� � �{�{uzs s�z{}x� � w ��q{q�x| �y ��yx�yxq{ { �y �s}x�}� � �xx� xqrstu| s���u� � ��� � r��u{�w s�x�y�ytru � �ys{�yuq��vuy���yx�yxq{ �
M = 4 �w � F = 11 � � ���q{ }��y�yr}x�ysru{r xqrstu| �s{ sinα = 0.6 �

������ ���� ��� c �!  &'( �!%& 

A

B

α
� ~F

��
?M1

��
?

M2

�s}xy� w�xxy� 3 ��� xyrz{uruu�� xqrsturw ABz�{uy� 2 w x �ruqsyw z{x�� � x�y�v�{q �y �y�rs��uyxq{ � � z{x�} s�z{}x� � w �s{�ytru wywruq
M1 = 5 �w � � xqrstu� � wywruq

M2 = 32 �w � ��s}x�} x{�� F = 10 � � � �xx� z{x�� s��u� � ��� � r���u{�w s�x�y�ytru � �ys{�yuq��vuy� ��yx�yxq{ �� ��q{ }��y�yr }x�ysru{r xqrstu| �s{ sinα = 0.6 �
������ ���� �� � ��\ ""( �& R# R%*

A

ϕ

6~F

�
�-

M

�{�{uzs s�z{}xyw � w { w�xxy� 2 �� {wrrq u� y�y�zr � �su{s � � �yqysyw} �s{xyrz{uru xqrstruv w�x�xy� � ��� x�y�v�|�{� � w}~qr � trxq�y x�sr��ruuy�x �qy�yw �   qy� z�{trqx| � u��s���|��{� � �rs��ruz{�}�|su�� �y�rs�uyxq{ � �y �yqysy� ��q{qx|�{�{uzs � � z{x�} �s{�ytru wywruq
M = 228 �w �� �qy�} � x{�� F = 10 � � � r��u{�w s�x�y�ytru

� �ys{�yuq��vuy� ��yx�yxq{ � � ��q{ }��y�yr }x�y�sru{r �{�{uzs� �s{ sinϕ = 0.6 � ϕ̇ = −1 x−1 �
������ ���� �¡ � ¢  &%!'( )  R%!%£

α

?
~F

O A

�{�{uzs w�xxy� 1 �� � �su{suy ���sr��ru u� �qy��r OA � �{�{uzs ��q{qx| �y x�y� ruuy� �y�rs�uy�xq{ ��{u� � ��{u z�{trqx| � u��s���|��{� � �rs��ruz{�}�|su�� �qy�}� � � ��{u w�xxy� � �� zr��
xq�}rq x{�� F = 30 � � w�xx� �qy�� � ��� � r��u{�ws�x�y�ytru � �ys{�yuq��vuy� ��yx�yxq{ � � ��q{}x�ysru{r ��{u� �s{ α = π/6 �

������ ���� ��¤ � f\T  g'( ¢ T %#\ %£

ϕ

�~F�
	�M

O

A

�}�{xu�� wr��u{�w s�x�y�ytru � �ys{�yuq��vuy���yx�yxq{ � � �wruv
A x�y�v�{q � �sysr�{ �}�{x� �¥�{u� �s{�y�{�� �}�{xuy�y wr��u{�w� OA = 2 w �� �qy�} �}�{x� �s{�ytru� x{�� F = 14 � � � �{��{uzs} � wywruq
M = 28 �w � � �xx� �}�{x� xy�qy�yw s��u� ¦ ��� w�xx� yzuysyzuy�y �{�{uzs�� �� ��� §�z{}x �{�{uzs� � w � � ��q{ }��y�yr }x�y�sru{r �s{�y�{�� �s{ ϕ = π/4 � ϕ̇ = 3 x−1 �



������ ���� ���� ¨ ( &'( f!%� ("# 
α

6
~F

-~P

��
?
M

�{�{uzs s�z{}xyw � w ��t�q wrtz} �s}�yw �x�y�v�|�{w �y ���z�y� �y�rs�uyxq{ � { �ys�urw �� r��u{�w s�x�y�ytru � �ys{�yuq��vuy� ��yx�y�xq{ � � �{�{uzs} �s{�ytru� x{�� F = 8 � { wy�wruq
M = 8 �w � � �s}�} � x{�� P = 16 � � � �xx��s}�� s��u� � ��� �ys�u| � ¦ �� � sinα = 3/5 � � ���q{ }x�ysru{r �s}�� �

������ ���� ��Q � ¨ ['e%& © #ª*& 

�


-

M

� ~P

�~F

��y� x �ur�u{w s�z{}xyw « xw { �u}qsruu{w � xw��q{qx| �r� �syx���v����u{| �y �s}x�}� x�y�v�|�� rw} �y ���z�y� �ys{�yuq��vuy� �y�rs�uyxq{ � §��z{}x {urs�{{ ��y�� � xw � � �xx� �{�{uzs� s��u�� ��� �s}x�� � � ��� � �{�{uzs} �s{�ytru wywruq
M = 0.6 �w � � yx{ ��y�� � x{�� F = 164 � � ��s}x�} � x{�� P = 70 � � ���q{ }x�ysru{r �s}x�� �

������ ���� ��� � ¬ '�! '( ("#! & 

ϕ

� ~F

��

M

O

O′

A

B

A′

 �su{su�� ��s���r�y�s�ww xyxqy{q {� xqrstur�
OA � A′O′

z�{uy� � w { xqrstu|
AA′ � � }~q� B xy�rz{uru� xy �qy�yw { x�y�v�{q �y xqrstu� AA′ � ��qy�} �s{�ytru� x{�� F = 32 � � � xqrstu� O′A′

� wywruq
M = 132 �w � � �xx� �qy�� x w}~qy�s��u� �� ��� xqrstu|

AA′ � �® ��� � r��u{�w s�x��y�ytru � �ys{�yuq��vuy� ��yx�yxq{ � � ��q{ }��y��yr }x�ysru{r xqrstu|
OA �s{ ϕ = π/3 � ϕ̇ = 2 x−1 �

������ ���� ��b � ¬ '&&'( "\ ["£

ϕ

�6
-~F

M

6
~P

�{�{uzs s�z{}xyw � w ��q{qx| �y �y�rs�uyxq{�ys�u| �   qy� � z�{t}�{�x| � ur�yz�{tu�� u���s���|��{� � � �su{suy �s{�sr��ru � y�yz} �{��{uzs� � � ywruq
M = 298 �w �s{�ytru � �{�{u�zs}� x{�� P = 23 � � � �ys�u� � F = 5 � � � �qy��}� � �xx� �{�{uzs� s��u� �� ��� �qy�� � � ��� � r���u{�w s�x�y�ytru � �ys{�yuq��vuy� ��yx�yxq{ �� ��q{ }��y�yr }x�ysru{r �{�{uzs� �s{ ϕ = π/2 �

ϕ̇ = 2 x−1 �
������ ���� ��k � ¬ '\ '#¯"&g'( l  gR%T

ϕ

�6
-~F

M

6
~P

�{�{uzs s�z{}xyw � w ��q{qx| �y �y�rs�uyxq{�ys�u| �   qy� � z�{t}�{�x| � ur�yz�{tu�� u���s���|��{� � � �su{suy �s{�sr��ru � y�yz} �{��{uzs� � � ywruq
M = 35 �w �s{�ytru � �{�{u�zs}� x{�� P = 29 � � � �ys�u� � F = 3 � � � �qy��}� � �xx� �{�{uzs� s��u� �° ��� �qy�� � � ��� � r���u{�w s�x�y�ytru � �ys{�yuq��vuy� ��yx�yxq{ �� ��q{ }��y�yr }x�ysru{r �{�{uzs� �s{ ϕ = π/2 �

ϕ̇ = 4 x−1 �



������ ���� ��n � ¬ '¯&"( ¨ ['\ ª

6
~P

��

A

B

M

α

±y��}u� A
{
B w�xxy� � �� ��tz�� xyrz{uru�xqrsturw z�{uy� � w w�xxy� � ��� � xqrstu� �s{��ytru wywruq
M = 10 �w � � �y��}u} B � x{��

P = 15 � � � r��u{�w s�x�y�ytru � �ys{�yuq��v�uy� ��yx�yxq{ � � ��q{ }��y�yr }x�ysru{r xqrstu|
�s{ sinα = 3/5 �

������ ���� ���� ¬ '¯&"( f! "& ²  (!'(& 

1

2

6
M

-~P

α

¥{x�{ � { � {wr�q yz{u��y�}� w�xx} ¦ ��� u��y�z|qx| � ���r��ru{{ zs}� x zs}�yw { ���sr��ru� u�xqrstu|� � �yqys�r x�y�v�|q �y ���{wuy �rs�ru�z{�}�|su�� u��s���|��{� � ¥ {x� � ���sr��ru u�xqrstur � �su{suy � z{x� � � trxq�y � ³x{ z{x�y�xyrz{u|rq xqrstruv w�xxy� ° �� ��� � z{x�} � �s{��ytru wywruq
M = 320 �w � � xqrstu� � u� �yqy�syw ���sr��ru z{x� � � �s{�ytru� x{�� P = 80 � �¥ �u� s�z{}x� ´
r1 = r2 = 2 w � � r��u{�w s�x�y�y�tru � �ys{�yuq��vuy� ��yx�yxq{ � � ��q{ }��y�yr}x�ysru{r xqrstu| �s{ α = π/6 �

������ ���� ��� � ¬\ �µ%&%& �&$\ "£

'$
1

2

?
~F

α

±y�}�{�{uzs w�xxy� �® �� s�z{}xyw � w x�y�v�{q�y ���z�y� ��yx�yxq{ � ±y r�y �y�rs�uyxq{ ��q{q�x| z{x� w�xxy� �® �� s�z{}xyw �® xw � � �su{suy���sr��ruu�� u� �qy�r � � � yx{ z{x�� { �y�}�{��{uzs� u�zrq� ���u�� z�{uy� ¦ w � � �yu�} �yqysy��s{�ytru� x{�� F = 45 � � � r��u{�w s�x�y�ytru
� �ys{�yuq��vuy� ��yx�yxq{ � � ��q{ }��y�yr }x�y�sru{r ���u�{ �s{ α = π/3 �

������ ���� ��¡ � ¶ª('( ¢ T %#\ %£
+,-./-01

AB = 5
8 95-240:-, ;5.<-01 8=9956 Z ?@

4 2A4/BC469: D.B95? E F.B95? A.=C =-, H43402. .=G
24B9= i 8 8=9956 >J ?@E I D.B9?B ;.435/-0= 94G
3=

P = 50
K E L-M=04N8 .=9;535/-0 A @5.4N50,=31G

056 ;359?59,4 E K=6,4 B@35A5- B9?5.-04- 9,-./0: ;.4
sin(ϕ) = 0.6 O ϕ̇ = 2

9
−1

E
- ~P

ϕ
A

B

������ ���� �Q¤ � l %\ '&'( ¢  \ ª*
L-/2B H43402.58 .=24B958 R = 1

8 4 9?5<-00U8
;.-9958 V;.4N856W N=/=,= ;3=9,40= O 9?531N:C =: ;5
@3=2?56 ;5A-.M059,4 ;.-99= O sinα = 0,8

E L -M=04N8.=9;535/-0 A @5.4N50,=31056 ;359?59,4 E L =99= H4G
3402.= >Z ?@O ;.-99= Y i ?@E I ;.-99B ;.435/-0= 943=
F = 252

K O ? H43402.B Y 858-0,
M =

X K8 4 943=
P = 9

K E K=6,4 B9?5.-04- ;.-99= E
�
	

�
M

-~P

?
~F

α



������ ���� �Q�� l* [g'( )! $] 49? .=24B958 R = 1
8 O < =.04.05 N=?.-;3-00U6 0=

?50H- <,5?= O ?=,4,9: ;5 0-;52A4/056 ;5A-.M059,4 4?=9=-,9: 8B^,U O 9?531N:C -6 ;5 0=;.=A3:_C-6 O ;=G
.=33-31056 ;5A-.M059,4 4 <,5?BE K= 5D52- 249?= 0=G
M524,9: ,5`?= 8=9956 Z ?@E I 249?B ;.435/-0 858-0,
M =·¸ K8 O ? 8B^,- Y 943=

F =¹ K E L=99= 8B^,U
> ?@E L -M=04N8 .=9;535/-0 A @5.4N50,=31056 ;359?5G
9,4 E K=6,4 B@35A5- B9?5.-04- 249?= ;.4 sinϕ = 0.6 O
ϕ̇ = 2

9
−1

E

ϕ
�
?

M

6~F

������ ���� �QQ � ²! "#&"( º %g%# h205.520U6 249? > 8=9956 a ?@ .=24B9= R = 0.7
8

<=.04.05 95-240-0 A ,5`?-
A

9 2A4/BC489: <,5G
?58 i 8=9956 a ?@E ] 49? ?=,4,9: ;5 0-A-95858B ;5G
2A4/058B <,5?B 7 E K=;.=A3:_C4- <,5?5A AN=48G
05 ;-.;-024?B3:.0U E I 594 249?= ;.435/-0= 943=
G = 6

K 4 858-0,
M =

>>· E¸ K8 E L-M=04N8 .=9;5G
35/-0 A @5.4N50,=31056 ;359?59,4 E K=6,4 B@35A5-B9?5.-04- 249?= ;.4 sinϕ = 0.8

E
ϕ

2

3

A

j
�-

M

?~G

������ ���� �Q� � ² 'T '[ "( �! "gR &$\LB^,= O < =.04.05 N=?.-;3-00=: A BN3-
A

`-G
,U.-MNA-004?= OABC O 48-_C-@5 ^5.8B .58D= O0=2-,= 0= ?B349B DC 234056 7 8 m

OA = 2
8 E

K= ?B349B 2-69,AB-, 858-0,
M = 87

K8 O ?
,5`?-

B
;-.;-024?B3:.05

OC
;.435/-0= 943=

F = 15
K E L=99= ?B349U .=A0= > ?@O 9,-./0:

OAY i ?@E L-M=04N8 .=9;535/-0 A @5.4N50,=31056
;359?59,4 E K=6,4 B@35A5- B9?5.-04- ?B349U ;.4
sinα = 0.8

E O

A B

C

D

α

?~F��
?M

������ ���� �Qb � »�\ R'( )%g#'\

A

B

α
-~F

��
?

M

pqrstruv
AB = 2 w xyrz{u|rq w}~q}� x�y�v�|��}� �y �rsq{���vuyw} xqrstu� � { �ys{�yuq��vuyz�{t}�{�x| �s}xy� � �{�{uzs s�z{}x� � w ��q{q�x| �y ��yx�yxq{ { �y �s}x�}� � �xx� xqrstu| s���u� ¦ ��� � r��u{�w s�x�y�ytru � �ys{�yuq��vuy���yx�yxq{ �
M = 8 �w � F = 8 � � ���q{ }��y�yr}x�ysru{r xqrstu| �s{ sinα = 0.8 �

������ ���� �Qk � ¼\ %µ�& �&& 

A

B

α
�
~F

��
?M1

��
?

M2

�s}xy� w�xxy� 6 ��� xyrz{uruu�� xqrsturw ABz�{uy� 2 w x �ruqsyw z{x�� � x�y�v�{q �y �y�rs��uyxq{ � � z{x�} s�z{}x� � w �s{�ytru wywruq
M1 = 5 �w � � xqrstu� � wywruq

M2 = 46 �w � ��s}x�} x{�� F = 25 � � � �xx� z{x�� s��u� ° ��� � r���u{�w s�x�y�ytru � �ys{�yuq��vuy� ��yx�yxq{ �� ��q{ }��y�yr }x�ysru{r xqrstu| �s{ sinα = 0.8 �



������ ���� �Qn � ½"\ &%g'( ¨ ¾

A

ϕ

6~F

��6
M

�{�{uzs s�z{}xyw � w { w�xxy� 8 �� {wrrq u�y�yzr � �su{s � � �yqysyw} �s{xyrz{uru xqrstruv
w�xxy� �® ��� x�y�v�|�{� � w}~qr � trxq�y x�sr���ruuy� x �qy�yw �   qy� z�{trqx| � u��s���|��
�{� � �rs�ruz{�}�|su�� �y�rs�uyxq{ � �y �yqysy���q{qx| �{�{uzs � � z{x�} �s{�ytru wywruq

M =
75 �w � � �qy�} � x{�� F = 5 � � � r��u{�w s�x�y��ytru � �ys{�yuq��vuy� ��yx�yxq{ � � ��q{ }��y�yr}x�ysru{r �{�{uzs� �s{ sinϕ = 0.8 � ϕ̇ = 2 x−1 �

������ ���� �Q�� ½%¯"g%& ¨ ¾

α

?
~F

OA

�{�{uzs w�xxy� 2 �� � �su{suy ���sr��ru u� �qy��r OA � �{�{uzs ��q{qx| �y x�y� ruuy� �y�rs�uy�xq{ ��{u� � ��{u z�{trqx| � u��s���|��{� � �rs��ruz{�}�|su�� �qy�}� � � ��{u w�xxy� � �� zr��
xq�}rq x{�� F = 24 � � w�xx� �qy�� ¦ ��� � r��u{�ws�x�y�ytru � �ys{�yuq��vuy� ��yx�yxq{ � � ��q{}x�ysru{r ��{u� �s{ α = π/6 �

������ ���� �Q� � ¿ "µ'( ! "&g' �&["!%& 

ϕ
-~F �

	
�

M
O

A

�}�{xu�� wr��u{�w s�x�y�ytru � �ys{�yuq��vuy���yx�yxq{ � � �wruv
A w�xxy� ° �� x�y�v�{q � �sy�sr�{ �}�{x� � ¥�{u� �s{�y�{�� �}�{xuy�y wr���u{�w� OA = 4 w � � �qy�} �}�{x� �s{�ytru� x{��� F = 4 � � � �{�{uzs} � wywruq

M = 16 �w �� �xx� �}�{x� xy �qy�yw s��u� �« ��� §�z{}x �{��{uzs� � w � � ��q{ }��y�yr }x�ysru{r �s{�y�{���s{ ϕ = 3π/4 � ϕ̇ = 5 x−1 �
������ ���� �Q¡ � �\ ¯"( l  gR%T

α

6
~F

-~P

��
?
M

�{�{uzs s�z{}xyw � w ��t�q wrtz} �s}�yw �x�y�v�|�{w �y ���z�y� �y�rs�uyxq{ � { �ys�urw �� r��u{�w s�x�y�ytru � �ys{�yuq��vuy� ��yx�y�xq{ � � �{�{uzs} �s{�ytru� x{�� F = 9 � { wy�wruq
M = 9 �w � � �s}�} � x{�� P = 18 � � � �xx��ys�u| s��u� � ��� yzuysyzuy�y �{�{uzs� � À ����s}�� � � �� � sinα = 4/5 � � ��q{ }x�ysru{r �s}�� �

ÁG >7
ÂÃÄÅÃÆ Ç
ÈÉÊÄËÅËÌÅ ÍÊÎÉÊËÏÊ ÐÄÆÑÌÒÓÅËÌÅ ÔÒÕÖÉÅËÌ× Ø �¦�ÙÚÛ� �«

T =
q̇2

2
(A+ B sin2 q)

ÜÝ
T = q̇2

2
(A+B cos2 q + C sin q) �
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