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

!#"%$'&("*)#+-,�.#+0/21#&3$','!54*"*6-"7498:+-;=<
>@?#AB?DCBEGFIH J /*4#KG/*!#/ML(N*O*PRQ�,S!=8:;98UTV<W+-/*&("X8UT�Y3Z[8\"7&3,'4�1#&($�,'!#Y]Z^/_8:+-"7.9T�.D/`&3TVY(;#.=4V;aL3,�Y3ZbO_/VK-T%$'&("*)#+-"7.9T
$%<c/dZe,'&3+0/VK0;f"gZe,hLiYe/*<�,hLkj7l�Y3Ze"*m(O'+nPo$'.D/ML3!=piL3,�j7"qm(&("V!#,�4r<c/sY3TutvZe$'.xw�.#/*1#+-Y3$28b,�4RZ("7&`1y"zK0"7Q',�.#+0/{m3&("V!#4d/
<W/*Y3T=|}w

~V~V~V~~V~V~V~~V~V~V~~V~V~V~~V~V~V~
�V�V��V�V��V�V��V�V�
�V�V�

�V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V�

�V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V�V�V�V�V�V�V�V��V�V��V�V��V�V��V�V�
�V�V�
�V�V��V�V��V�V��V�V�
�V�V�

����V�V�V�V�V��V�V�V�V�V��V�V�V�V�V��V�V�V�V�V��V�V�V�V�V��V�V�V�V�V��V�V�V�V�V��V�V�V�V�V��V�V�V�V�V��V�V�V�V�V��V�V�V�V�V�

�V�V�V�V��V�V�V�V��V�V�V�V��V�V�V�V��V�V�V�V��V�V�V�V��V�V�V�V��V�V�V�V��V�V�V�V��V�V�V�V��V�V�V�V�
x

y

1 2 8

2

4

6

5

3

1

3 4 5 6 7

>@?#AB?DCBEGFq� � /i.#+�ZeO�,�"`!yK0;#j7"7m3O'+
l
8:+�Y(+D1#;#.=4RZ("X8�/`<c/*Y(/`"�<W/*Y(+�,

m
tv8�/*�#/*!yKv"`<W/sZe,�<c/sZ[TVO�$'.#,_|}w@�kZe"*m

4*"*1#.DNVK�<W/*Y(l2.#/*!D/ML(N*OSL3,[Li1�"zO�$_NsZ(4*"X8bN51�"7$'+�"7<WNc1#&(l�!#4*"*m(�
v0 = 2

√
gl
8�6-,�8\"#w���/*�D/s!yKv"q$_/sO'$'.=+-,2Y(+�l

8UTV�9Tz6-/*�q8�6-,}8b"�+�L(/*4�<�"7Q',qY(1=&e/_8:!#$'+���)9TVY3Z(&3TuY3Z(;#!#,�.RZ�L3,'j7"I8UTV�9Tz6�,'.#+�,�.#/�1�,�8:.#"�1#&($�,'4R&("VO'$}Tu4sNdZ
α = 90o

wg��NsZaY(+-l�)�l'!#$�+-,�!D/*6-,[L�$}8:+-l'4RY3$_/VK�P�/*Q%8�1�,�8:.9TV<�<�"7<�,'.#O�+-,2.#+�Ze4d/5.#/�49Ze�7&3,hL�8:+�Y(+@8b/*�D/*!yK0"
$�8:+�"*ZeO�$',[L3,*w\�S60/SL(/*4R+-,�j7"%4sNdZ^/

α
Y(+-liZ("�Y]Z^/*.=+-,X�I 7/*4c)yl�!#$'+�,`1�"7&3;#Y($'/*�aY3+-,�O'+-/VKv"2"V!5<W"7<�,'.9Z(;¡L(/s4{.#+�Z(4d/

$�8:+�"*ZeO�$',[L3,X�
>@?#AB?DCBEGF£¢ ¤ ,�8:.#,�O'+-/VKv"¥tG$'j7"V!#.#+�,f$�"*)#+-,}Ze.#+�O_N¦<W"*Q',rZe"u)9TV��j7;=<W+�m^|}P�1�"7&(;#Y3$_/uY(+-lr8	1y"*Z(,'.#O[L(/*6-,
V (x) = x3 − x2 − x

w J .D/ML3!#pa1y"zK0"7Q',�.#+0/%&(�X8:.#"X8b/*j7+oO'+-/VKG/%+oY3Z[8:+�,'&(!=p�O'$}T5YeN�Z("c1�"zKv"*Q','.=+0/%&(�X8:.#"X8�/sj7+
Ze&]8�/RKv,hL�O'$}TqO^�98:+-,hL3.=,hL�w J /VKv�*$'<�TWZe,'&(/*$*P=Q',�O'+-/VKv"2$�.D/ML3!#;dL3,�Y3+-l*Pz8§Y(1�"VO'$�TV.#4R;�PD8¨1y"zK0"7Q',�.#+-;g&3�X8:.#"X8�/*j*+
Ze&]8�/RKv,hL�Ze,�j7"%1y"*Z(,'.#O[L(/VKv;xw�©[6�,i,'.#,�&(j7+�+xZe&3$',�)D/�!="7Y3Ze/*&(O�$�TV�aO�+0/VK0;�P#Q�,')9Tq"71#;#m3O'+GKv"2Ze,�.qª�!#"zKv,�47ª]�
>@?#AB?DCBEGF{«¦¬(Ao­�Ao?=®X¯°­z±�F#² ³ O'+-Y´Kv,:&(�X8:.D/s.#+-,:&(�*Q'.#+�O'$'4s"X8b,µ"71#+-Y3;dL(N*O�,�&3;#O^�%8�/*�#/*!yKG/�<W/sZe,�<c/sZ[TVO�$'.#,�j7"
<W/�1�"7Y3Ze/*�*¶

d2α
dt2

= −g

l
sin(α)

P�j7!#$�+-,
α(t)

"*$'.D/*O�$_/·4dNsZ`8UTV�9Tz6�,'.#+-/�8b/*�D/*!yKv/·$c1�"zK0"7Q',�.#+0/q&(�X8:.#"X8b/*j7+
8¸O^�98:+-6-+

t
w J /*$�8UTVO�$_/ML�&("*)#+-<�T�1#&3$�TV)#6�+-Q',�.#+-,W<c/RK0TVO^�¦!#&(j7/*¹¦+\1=+-Y($�,'<�T

sin(α) ≈ α
wr�ºZe,�!=T�!#"7Y3Ze/d»

L3,'<aTf&(�X8:.#+-/*.#+-,2"*Y(O�TV6-/sZe"7&(/g�D/*&(<�"7.#+�O'$�.#,'j7"=P�"74R&(,'Y�!#&3j9/*¹I8UTV.#"7Y(+
T = 2π

√

l/g
PoO'$}Tz6�+@.#+-,2$'/*6-,�Q�Tf"V!

/*<�1#6-+�Ze;#!zTf!#&(j7/*¹ºtG1y"V!�8b/*&(;=.#4R+-,'<¼Q�,{/*<�1#6-+�Ze;#!#/�L3,�Y3Z�<c/VKv/9|}w � +-,�&("7)=+0N*O%1#&3$�TV)#6-+�Q',�.#+0/5<c/VK-TVO^��!#&h»
j9/*¹xPbY3Z("7Y(;ML(N*O�<�,�Z("z!=l�½@;#6�,'&(/�&3"7$�8:+-N*Qq.V;=<W,�&3TVO'$�.#+-,51y"X8UTVQ'Y3$',r&3�X8:.D/*.#+�,5&3�7Q'.=+-O'$�4*"X8\,¾t¿1#&3$�T_L3<¡;dL(NsO
.#1�w

l = 1m
P
g = 10m/s2

|}w ¤ &3$',�1#&("X8b/*!#p¡Y]Tz<�;#60/*O[L3,�!#60/%&(�7Q�.9TzO^�·1y"VO'$'NsZe4s"M8UTVO^�r8UTVO^�9TV6-,'¹r8b/*�D/s!yKG/=¶
5o
P
45o

P
90o

P�+bY3Z[8:+-,�&(!#p�L(/*4R+BL3,�Y3Z�"74R&(,�Y%!#&(j9/s¹�w¦�µ"*.RZ(&("76�;dL�!#"74#KG/s!#.#"7m3�5"*)#6-+�O'$',�¹¦1D/sZ(&($_NsOgO'$�T�Y(;#<W/
,'.=,'&(j*+-+�4R+-.=,�Z[TVO'$�.#,hLW+U1�"*Ze,�.#OhL(/s6-.#,[LµL3,�Y3Z�Y3Ze/VKG/=wÁÀb$}T¦Ze,'&(/*$q"74R&(,�YW!#&3j9/*¹¾$_/s6-,'Q}T¦"V!Â/*<�1#6�+�Ze;=!=T=�Ã 7/*4
)D/*&3!#$'"5&(�*Q'.#+-NqY3+-l%"74R&(,�Y3TI!#&3j9/*¹�!#60/g!#;=Q�TVO^��8UTVO^�9Tz6�,'¹�"V!�"74R&(,'Y3;�!#&3j9/*¹I8�/s�D/*!yKv/549Ze�*&3Tf!#"*Y3Z^/s6-+-m3<�T
1#&3$�T5$_/VK0"7Q',�.#+-;�<c/RK0TVO^�·!#&3j9/*¹°� ¤ &3"7j7&(/*<�&("7$}8:+0N*$�;dL(N*O}Tq.V;=<W,�&3TVO'$�.#+-,a&(�X8:.#+0/s.#+-,`&(�7Q�.#+-O�$'4s"M8\,¡<�"7Q'.#/
.D/*1=+-Ye/s�¡8�!#"X8\"76-.9TV<	;#6�;#)#+�"7.9Tz<Ä1#&($�,'$28b/*YbL3l'$�TV4R;�1#&("7j*&e/*<�"X8�/*.=+0/c.#1xw%ÀUÅ�Å2P ¤ /*Y(O'/*6ÆPoÇD"7&]Ze&e/s.¦w�w�w�w
 *,'m36-+�49Ze"7ma.#+-,kL3,'Y]Z2)#+-,�jzK0Tf8È1=&("7j7&(/*<�"M8b/*.#+�;�PoZe"r<�"7Q'.#/5Ze,�.�1#&3"7)#6-,�<�$')D/s!D/*�{1#&3$�T�;#Q}TzO�+-;�L(/*4R+�,'j7"7m
1#&3"7j7&e/s<¡;q<c/sZ(,'<W/sZ[TVO'$�.#,'j7"%.#1xwbÉ�/sZe�#,�<c/dZe+-O'/{P°/2.D/_8b,}ZS1#&3$�Tg;=Q�TVO'+�;·½�ÊzO',�60/=w

Ë�ÌoÍ7Î7ÌoÏrÌuÐ ­z±�­�A Î FzCBEG?�Ñ
��/*$'+�<W+�,'&($kÒ�$'N*Q',}8:Y(4R+

Òµ/sÓ¿/RKB�S,'<�4*"X8:+�O'$}»[�S"7)#&3$_/*¹=Y(4R+¿Ô
Õ[Ö3×�ØM×´ÙMÚÛ×�ÜnÝ�ØXÞ'ÜGßÆà]áMÙdâ�á*ÞXØk×}ØXãÆâ3Ünâ]äkå#æ�æ�æ@ç èhéêß3ç â3ØXëVç áMìîí_ï(ØXâ]ä�ð�Þ_íeÖ(×}ØM×}ÙMÚÛ×Mç ñ�ßÆä�ì

ò


