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

AB = 7 0 12+34.5+* 62,7+./ 081129 : ;<4 3=4->?4915 @,>12; A B,>12; =,8? 8+* C4D4.3, ,8E34>18 F 0 081129 GH ;<A I 62,7.J 6,4D2-+.8 14ED8 F = 105 K A L+M8.4N0 ,8162D2-+. = <2,4N2.*8D/E.29 6D21;21*4 A K89*4 ><D2=2+ >1;2,+.4+ 1*+,-.5 6,4
sin(ϕ) = 0.8 O ϕ̇ = 2 1−1 A

6~F

ϕ
A

B

������ �� �P � Q ��"!' R� �S RTU!�"' V W�' R�#(
L+-3> C4D4.3,20 ,834>120 R = 1 0 4 1;27+..X06,+1120 Y6,4N029Z N8-8*8 6D81*4.8 O 1;2D/N5? 85 62
<D83;29 62=+,M.21*4 6,+118 O sinα = 0,8 A L +M8.4N0,8162D2-+. = <2,4N2.*8D/.29 6D21;21*4 A L 8118 C4ED4.3,8 G[ ;<O 6,+118 \ ] ;<A I 6,+11> 6,4D2-+.8 14D8
F = 165 K O ; C4D4.3,> \ 020+.* M =G^ K0 4 14D8
P = 13 K A K89*4 >1;2,+.4+ 6,+118 A

�	�
M

-~P

?
~F

α

������ �� �� � Q &W!T��! ���! _R��!"`R��!a 41; ,834>120 R = 1 0 O 7 8,.4,.2 N8;,+6D+..X9 .8
;2.C+ 7*2;8 O ;8*4*15 62 .+623=4-.29 62=+,M.21*4 4
;818+*15 0>b*X O 1;2D/N5? +9 62 .86,8=D5J?+9 O 68E,8DD+D/.29 62=+,M.21*4 4 7*2;>A K8 2@23+ 341;8 .8EM234*15 *2c;8 081129 GH ;<A I 341;> 6,4D2-+. 02E
0+.* M =d K0 O ; 0>b*+ \ 14D8 F =F K A L8118
0>b*X G ;<A L +M8.4N0 ,8162D2-+. = <2,4N2.*8D/E.29 6D21;21*4 A K89*4 ><D2=2+ >1;2,+.4+ 341;8 6,4
sinϕ = 0.6 O ϕ̇ = 2 1−1 A

ϕ
�-

M

6~F

������ �� �e � QfT�� g#h!#S �S RTURR�#(
L+-3> C4D4.3,20 ,834>120 R = 1 0 4 1;27+..X06,+1120 Y6,4N029Z N8-8*8 6D81*4.8 O 1;2D/N5? 85 62
<D83;29 62=+,M.21*4 6,+118 O sinα = 0,8 A L +M8.4N0,8162D2-+. = <2,4N2.*8D/.29 6D21;21*4 A L 8118 C4ED4.3,8 GF ;<O 6,+118 \ i ;<A I 6,+11> 6,4D2-+.8 14ED8 F = 38 K O ; C4D4.3,> \ 020+.* M =i K0 4 14D8
P = 6 K A K89*4 >1;2,+.4+ 6,+118 A

�	�
M

-~P

?
~F

α

������ �� �j �  !U#S`k�� V �!� l $#�' #R�#(
L+-3> C4D4.3,20 ,834>120 R = 1 0 4 1;27+..X06,+1120 Y6,4N029Z N8-8*8 6D81*4.8 O 1;2D/N5? 85 62
<D83;29 62=+,M.21*4 6,+118 O sinα = 0,8 A L +M8.4N0,8162D2-+. = <2,4N2.*8D/.29 6D21;21*4 A L 8118 C4ED4.3,8 F] ;<O 6D81*4.X \ G: ;<A I 6,+11> 6,4D2-+.8
14D8 F = 336 K O ; C4D4.3,> \ 020+.* M =Fd K0 4
14D8 P = 24 K A K89*4 >1;2,+.4+ 6,+118 A

�	�
M

-~P

?
~F

α



������ �� �m �  �S �"#� VS`n oR' WRR�#(

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� �{�{uzs� s���u� �� ��� w}~q� � � ��� � r��u{�w s�x�y�ytru ��ys{�yuq��vuy� ��yx�yxq{ � M = 4 �w � F = 1 � �
���q{ }��y�yr }x�ysru{r xqrstu| �s{ sinα = 0.6 �

������ �� ��� _!S T#� ����� l $#�' #R�#(

A

B

α
-
~F

��
?M1

��
?

M2

�s}xy� w�xxy� 6 ��� xyrz{uruu�� xqrsturw ABz�{uy� 4 w x �ruqsyw z{x�� � x�y�v�{q �y �y�rs��uyxq{ � � z{x�} s�z{}x� � w �s{�ytru wywruq
M1 = 10 �w � � xqrstu� � wywruq M2 = 268 �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 = 0.6 �

������ �� �� � _�S &�R� ��U�#US !� �S RTU!�"' ��#(

A

ϕ

6~F

�
�-

M

�{�{uzs s�z{}xyw � w { w�xxy� 4 �� {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 = 22 �w �� �qy�} � x{�� F = 5 � � � r��u{�w s�x�y�ytru ��ys{�yuq��vuy� ��yx�yxq{ � � ��q{ }��y�yr }x�ysr�u{r �{�{uzs� �s{ sinϕ = 0.6 � ϕ̇ = 1 x−1 �

������ �� �¢ � l R$ #� �&US!� £S RW��#(

α

?
~F

�
�-

MO A

�{�{uzs s�z{}xyw ¤ �  w w�xxy� 4 �� � �su{suy���sr��ru u� �qy�r OA � �{�{uzs ��q{qx| �y x�y�� ruuy� �y�rs�uyxq{ ��{u� � ��{u z�{trqx| � u��
�s���|��{� � �rs�ruz{�}�|su�� �qy�}� � � ��{u
w�xxy� ¥ �� zr�xq�}rq x{�� F = 380 � � w�xx� �qy�
�� ¥ ��� � �{�{uzs} �s{�ytru wywruq M = 31 �w �
� r��u{�w s�x�y�ytru � �ys{�yuq��vuy� ��yx�y�
xq{ � � ��q{ }x�ysru{r ��{u� �s{ α = π/3 �

������ �� ��¦ � §!¨kR� _' #W�' #¨ oR' WRR�#(

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 = 2 w � � �qy�} �}�{x� �s{�ytru� x{�
�� F = 10 � � � �{�{uzs} � wywruq M = 20 �w �
� �xx� �}�{x� xy �qy�yw s��u�   ��� ª�z{}x �{�
�{uzs� � w � � ��q{ }��y�yr }x�ysru{r �s{�y�{��
�s{ ϕ = 3π/4 � ϕ̇ = 3 x−1 �



������ �� ���� §R��S��! ���! oR' WRR��!
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 = 4 � { wy�
wruq M = 4 �w � � �s}�} � x{�� P = 46 � � � �xx��s}�� s��u� � ��� yzuysyzuy�y �{�{uzs� � �� �� �
sinα = 4/5 � � ��q{ }x�ysru{r �s}�� �

������ �� ��P � « �' ��T��! ¬S#n �SRTU!�"' ���!

�
-M

� ~P

-~F

�{�{uzs ��q{qx| �r� �syx���v����u{| �y �s}x�
�}� x�y�v�|� rw} �y ���z�y� �ys{�yuq��vuy� �y�
�rs�uyxq{ � �{�{uzs { ��y� x ur�yz�{tuy� yxv�
x �ur�u{w s�z{}xyw   xw { �u}qsruu{w ¥ xw x�|���u� u{qv� � ª�z{}x {urs�{{ ��y�� � xw � � �xx���y�� s��u� � ��� �s}x�� � � ��� � �{�{uzs} �s{�
�ytru wywruq M = 0.36 �w � � yx{ ��y�� � x{��
F = 36 � � � �s}x�} � x{�� P = 132 � � ���q{
}x�ysru{r �s}x�� �

������ �� ��� � «'!®T#� oR' WR¨ « ��U�!��#���#(

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 = 8 � � � xqrstu�
O′A′

� wywruq M = 64 �w � � �xx� �qy�� x w}~�qy� s��u� � ��� xqrstu| OA
� ¯ ��� 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 �
������ �� ��e � « &°`$ #�! ±S R�! �S RTU!�"' ���!

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 = 10 �w �s{�ytru � �{�{u�zs}� x{�� P = 31 � � � �ys�u� � F = 5 � � � �qy�
�}� � �xx� �qy�� s��u�   ��� �ys�u| � � ��� � 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 �



������ �� ��j � ²#��#��� VS`n £S RW��#(

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 = 76 �w �s{�ytru � �{�{u�zs}� x{�� P = 26 � � � �ys�u� � F = 4 � � � �qy��}� � �xx� �qy�� s��u� ³ ��� �ys�u| � ´ ��� � r�
��u{�w s�x�y�ytru � �ys{�yuq��vuy� ��yx�yxq{ �
� ��q{ }��y�yr }x�ysru{r �{�{uzs� �s{ ϕ = π/2 �
ϕ̇ = 3 x−1 �

������ �� ��m � g !"T�� µ #T#�! ± �WR�`R�#(

6
~P

��

A

B

M

α

¶y��}u� A
{
B w�xxy� � �� ��tz�� xyrz{uru�

xqrsturw z�{uy� � w w�xxy� ³ ��� � xqrstu� �s{�
�ytru wywruq M = 34 �w � � �y��}u} B

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

������ �� ���� g !�' �U�� oR' WR¨ g#h!¨S ��#(

1

2

6
M

-~P

α

©{x�{ � { � {wr�q yz{u��y�}� w�xx} ³ ��� 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 � ·x{ z{x�y�
xyrz{u|rq xqrstruv w�xxy� � �  ��� � z{x�} � �s{�
�ytru wywruq M = 640 �w � � xqrstu� � u� �yqy�syw ���sr��ru z{x� � � �s{�ytru� x{�� P = 160 � �
© �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 �

������ �� ��� � g R¹ R'nT�� �'� R$ µ#T�S!R�#(

'$
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/6 �

������ �� ��¢ � º R® Rh����!  !S R' #n  n(RUS !����!
)*+,-+./

AB
3D4.29 d 0 12+34.5+* 62,7 +./ 081129

G ;< 4 3=4->?4915 @,>12; 081129 G ;<A B,>12; =,8E? 8+* C4D4.3, ,834>18 F 0 A I C4D4.3,> 6,4D2-+.
020+.* dH K0 A L+M8.4N0 ,8162D2-+. = <2,4N2.*8D/E.29 6D21;21*4 A K89*4 ><D2=2+ >1;2,+.4+ 1*+,-.5 6,4
sin(ϕ) = −0.8 O ϕ̇ = 2 1−1 A

�� »
ϕ

A

B



������ �� �P¦ � o�#U� l $#�' #¨ l $#�' #R�#(a 41; ,834>120 R = 1 0 O 7 8,.4,.2 N8;,+6D+..X9.8 ;2.C+ 7*2;8 O ;8*4*15 62 .+623=4-.29 62=+,M.2E
1*4 4 ;818+*15 0>b*X O 1;2D/N5? +9 62 .86,8=D5J?+9 O68,8DD+D/.29 62=+,M.21*4 4 7*2;>A K8 2@23+ 341E
;8 .8M234*15 *2c;8 081129 GH ;<A I 341;> 6,4D2-+.
020+.* M =Gi K0 O ; 0>b*+ \ 14D8 F =F K A L81E
18 341;8 F ;<A L +M8.4N0 ,8162D2-+. = <2,4N2.*8D/E.29 6D21;21*4 A K89*4 ><D2=2+ >1;2,+.4+ 341;8 6,4
sinϕ = 0.6 O ϕ̇ = 1 1−1 A

ϕ
�
?

M

?~F

������ �� �P�� o�S ��`R� �S RTU!�"' �S RTURR�#(a 41; ,834>120 R = 1 0 O 7 8,.4,.2 N8;,+6D+..X9.8 ;2.C+ 7*2;8 O ;8*4*15 62 .+623=4-.29 62=+,M.2E
1*4 4 ;818+*15 0>b*X O 1;2D/N5? +9 62 .86,8=D5J?+9 O68,8DD+D/.29 62=+,M.21*4 4 7*2;>A K8 2@23+ 341;8.8M234*15 *2c;8 081129 GH ;<A I 341;> 6,4D2-+. 02E
0+.* M =Gi K0 O ; 0>b*+ \ 14D8 F =G K A L8118
0>b*X F ;<A L +M8.4N0 ,8162D2-+. = <2,4N2.*8D/E.29 6D21;21*4 A K89*4 ><D2=2+ >1;2,+.4+ 341;8 6,4
sinϕ = 0.6 O ϕ̇ = 1 1−1 A

ϕ
�-

M

6~F

������ �� �PP � ¼#®T#� º !�RS V W�' R�#(½3.2,23.X9 341; G 081129 F ;< ,834>18 R = 0.3 078,.4,.2 12+34.+. = *2c;+ A 1 3=4->?4015 7*2E
;20 F 081129 F ;<A a 41; ;8*4*15 62 .+=+12020> 62E3=4-.20> 7*2;> ^ A K86,8=D5J?4+ 7*2;2= =N840E.2 6+,6+.34;>D5,.X A I 214 341;8 6,4D2-+.8 14D8
G = 6 K O ; 7*2;> F \ 14D8 F =^i K A L+M8.4N0,8162D2-+. = <2,4N2.*8D/.29 6D21;21*4 A K 89*4 ><ED2=2+ >1;2,+.4+ 341;8 6,4

sinϕ = 0.8 A

ϕ

2

3

A

¾

6~F

?~G

������ �� �P� � ¿#' U&�#�! o!�#�! µ !°#' ���!
L>b*8 O 7 8,.4,.2 N8;,+6D+..85 = >ND+

A c+E*X,+MN=+..4;8 OABC O 40+J?+<2 b2,0> ,20@8 O.83+*8 .8 ;>D41> DC
3D4.29 F 0 À OA = 1 0 A K8

;>D41> 3+91*=>+* 020+.* M = 20 K0 O ; *2c;+
B

68,8DD+D/.2 OC
6,4D2-+.8 14D8 F = 10 K A

L8118 ;>D41X ,8=.8 F ;<O 1*+,- .5
OA \ G ;<A

L+M8.4N0 ,8162D2-+. = <2,4N2.*8D/.29 6D21;2E
1*4 A K89*4 ><D2=2+ >1;2,+.4+ 1*+,-.5

OA
6,4

sinα = 0.8 A
O

A B

C

D

α

-~F

��
?M



������ �� �Pe � ÁR' �R�T� ��"' R¨  #�!S`R�#(

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{qx|

�y ��yx�yxq{ { �y �s}x�}� � �xx� �{�{uzs� s��u�
�� ��� w}~q� � ¯ ��� � r��u{�w s�x�y�ytru � �y�s{�yuq��vuy� ��yx�yxq{ � M = 8 �w � F = 178 � �
���q{ }��y�yr }x�ysru{r xqrstu| �s{ sinα = 0.6 �

������ �� �Pj � Â T&®R�! ±S R�! V W�' R��!

A

B

α
-

~F

��
?M1

��
?

M2

�s}xy� w�xxy� 3 ��� xyrz{uruu�� xqrsturw ABz�{uy� 3 w x �ruqsyw z{x�� � x�y�v�{q �y �y�rs��uyxq{ � � z{x�} s�z{}x� � w �s{�ytru wywruq
M1 = 10 �w � � xqrstu� � wywruq M2 = 78 �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 �


