
Q

 

 1G!,  I  s  ?9) cP1  J  P!9&  R ^ $ GC  0 ; k ^)82(
>1< ) " /#  1*)1I v: Q*E`1/c  Y2$ 9 H dT 1&< Y2

# 1 g 
, #!0  =4  $ # C ,H [ t&) ,  ": ,H a $ s  > * ( ,  ,( 16   >9 ( I B  ' $  9 -# +  Q0:  

16   #]  =*/0  !Z ` < 9 > 01 # H " 1  X# !H   .)  9   Y$ C  > 0 ˆ a ˆ3[   >9 ) 5$ ) 5!*V  
1*)  _ e  ,  ,H a $ +  Q0:  9  >1#1C s  ` a 0 _!* -  s .fI .  U  _!* -  h# YQ0:  Q#  I )

, *B  9   ,( =)  *+ E1 : =)$ ,  8* $ *+ E  fI .  Br _!* -  ¢>9 ) .> 0 _!* -  5 3< Yˆ a Q#  $
,# 9 **xF >  !* -   L6 f# 6 $ Q0:  =*T4  =*&kF ,d/C 9  >$  Y &+< *6 { r  0 K +  =BC **xF

=)  51#$  ‘ c  0 K +  a 8# /F .,& C 9  ) Yˆ a Q# ": ' **xF 1   Q**TF >  # 0 $ /   16 8*dcF # *  
1 : =)$ ,  Y_!* -  id L  > 0 XL  > .=H  _ e  ,d`   $ $ Q0:  Q#  >$ T  8*dcF .O a ,  M  O  ,d`

 G  $  ' ( ` 1* F >  0 8@A  =*T4   0 f)_!* -  >9 ) , *B ( _ $ ,d`   > 0 XL  p < }.+  ,  M
lL  " */a  t# p  5$  K L   # *  f# 6 Q H  G  $  id L .9 *  _1<  5$ ) ` a t&) ,  1#1C Q0: 

  > 1BV   # ) ,  9 *  84 1`  Q*#  516 _ /F , #!0 Y" ): > ( 8k  @I 6 ' *[ @I -/( -* -  ' T.4 ,
=6 $ 10 I .!H  _  f) F >9 ) O1  1 # H G<  XLCATIA=)  , H #m  _ e  .

 #D  1A :Y # *  8*dcF Y>$ T  8*dcF Y_!* -  >9 ) , *B 8* $ _!* -  Y,H a $ +  Q0:  

1-Q*6  h* -  16  ) 6 ( , I : X $ 1B  ) $ H 5 V $ Y>9  ( > 0 
2-1B  ) $ H 5 V $ Y>9  ( > 0 Q*6  h* -  5  #$ )  



Q

 
G :

F ": # B  \10 ,( =)  >9 ( I ' *d/< >9  ( > B *6  5$ E  *E  > 0 , * 9 9 -# _ e  >  m  E  ,*B
 < 9 ,  ,) > 01 # H)=6 $   =6 $ Y=6 ( (16   .,  M  < 9 '] @ c  1 * F , #!0 Q# *  ,( e : 9

 > 0 Q*6  Q# /B  j 9 $ ,( +  > 0 !  ,d/C 9 Y,a  ' $  $ -d/< >9 ) , *B  Y  Q#  9 Y=)  >9 ( I ' *d/<
9 ( IY1 6   >16  , 6 $ 1* F > 0 , #!0 X0 ( $ ) )  X+  1 F .

,  0 N  Q #  , d/C 9 ,( 16   B : ` a >9 ) , *B  +  ' $  $ -d/< =*A*( X# !H  > 0$ &0  9  -#

  $ s  > * ( 16.
h# I v:  ,H .-# $  F  +  Q0:  h# =L  $ 9:1 I )  $ +  q 0 .} 4   $ , ( ' $  s  Q #

 ,*   >9 ( I ' *d/< >  +  q 0  +  Q0:  9  >  516 >9 ) , *B  > 0 ˆ a ( > *  5 3< Y1 6
  5$ A )  !*  0$ " F c  91 ( .$ I ) X0 ( Y ( " F X0 ( 8*&4 9 # # !   Q#  9Y ( F > 0 { r

 , Z   !&) $ ( " < ,  S I ,  0 *  > # +  "1 $ 9   O ) $ _ $ = ( >  Q* 9 >9 ) 5$ : Y>9 ( I =*A*( $ &B
 1 0$]1 2.[

1 6   B : ,H a $ s  9  5$ A )  +  > 0 Q0:  $ -d/< >9 ) , *B  V#$ N  .> 0 Q0:  > * ( ,
+ ' $  ,  9 *  ¢84 1 `  Q* 9 $ 0 > /0  ¢84 1` $ e#  t&) ,  Y +  > 0 !  > # !  ,*d( Q 6 $ ( $ ,H a $ 

16 1 0 I 5 *‡  S I " / I ) —A` Y> * : " 1  X# !H  Y, #!0  =4  $ # C ,H [ tC  Y>1T  >9 ( I.
" -/0  _ *d#  a $ +  Q0:  h# 1 $ ( s I  ,H .K +  =*Tp  **xF YQ0:  Q#  $! #  “ r = ` 9 0

 Y$ $ N$  =*d 4 d[  K 4 >!(  ,.+  O ` ,( 0 K +  8 ` S #$ ,( $ *   _ e  ' [ Q#  ,  !#  =)  ,30F
40  "  $ ,C $ S #$ N$  9  Y,# n _!* -  h#  1 ( ,9 *G F G  , a 8# /F ,#  ,,4 ) O `  K +  0

 $ I 1 I r .N$  $ I Š I _ 0  E*)  !*  &+< *6 { r " !/0 1 #  & )   1 #1C =*Tp   1 ( .
$ #m   _ e  ,H a $ -*  1*0 hC h# ,d*)  ,  td‡  =*Tp  **xF 8/<]12[.

 e  $ 

' ( ` "$  : =)$ ,  > B : Q*  9  ,( =H  4 )  $  Ad L  > 0 _!* -  ,H a $ K +  Q0:  9 *  $
 1#$  K L  8* $ *+ E  fI .  Br _!* - .K d.   1*A  > 0 #  Q 6 $  _!* -  Q# ,}AF   ` a > 09 *

=)  , I )]7) .[ 5 /6 8-61.(

3- William, S. A 



Q

#  =1:- 0 K +  8 ` ) 6 =BC **xF >  8* $ .  Br _!*)AO(,d`  h# $)*G F ,# n _!* -  ,  9 *  " 1

0 K +  a 8# /F ,# 9.(

f  _!* -  Q#  $AO=)  516 , H  G  $ B +  8 ` S c  ) 6 " < ,  .Q #  = ( ` >  t*F F Q#1
f ,> 0 9DE FC> 0 8@A  O ` E FM +  Q* ` Q #  $  1 (  N$  A O2 &# +F > 0 *E  >   

1 (  =( ` >$ /<  +H  fL  *+ E .$ S -.[  84 1`   / 0  # # ( ,  9 *  " 1  fL  *+ E  > B ( ` Q#
 $ 6  K Ec  _!* -  Q#  > # !  9 ,( $ 6  _ e  0].,( >  , 9  1 F  ,( =)  Q#  >1  _ 0  Q#  V#$ #  

_!* -  Q#  S c  ,.+  $)A($ $ ,V  O$ TF = ` $  =)  516 " !# : .51 0$ "  51#1  Q#"k I O$ TF"Q #  $

16   _!* -.
G  ̂1  ,H a $ +  Q0:  > ( f# 6 Y_!* -  Q#  >9 ) , *B  >1 6   .$$   8#g $  8 6 f# 6 Q#:

i (a 8# /F > #  9 >  " +  =*Tp  ,  "1*)  >  +H  y.) $ 0 K +  >  ,d`  h# XI r _!* -42
F470 K +  ,C $ .

K({ r a 8# /F > 1+  Q 6 $  &+< *6 { r _!* -.
†(  =*&kF >  i4 F _!* -L6 _ V 0 ,  Q0:.
$(0 K +  a 8# /F ,# 9 **xF _!* -.
5(,< !  9 † I $ 5 V )$ 8+   8/` = `)' E F.(

1 E0 =*/0   0 ]  Q H 4 8c   0 9  O a =&E .h # )   _!* -  Q#  ,( =A  " F  d( = ` $

,# !  Z 4 ‰dkAOF')/6 8-6 51i  (s3p  >  ,(1#:  =)$ ,AO OF' > 0 O a AD=F'D'=L  
AC=F'C'=L' 1 6  1C .M +C D> 0 fI 5  i@  $ /< 43F 8c  !*   CC'  DD'  F'O)M +F 

E($ $1 0 I 8*- F  _!* -  Q#  > 0])5 /6 8-61K.(_!* -  =( ` >9 ) , *B  > Q0:  = *T4  **xF >
 f  Y,H a $ +)1(=)  516 † L ):

)
Sin/Cos/

Cos(AOL
JJ

J
2556507461

11
���

�
� ( )

,.)1(9 L  0 =cF ,( 1 (  " *  ,[3I a ,Ja Y,*   ` a >  OLO a 9  >1 [ $ , r AO
,*   ,# !  Z 4 ‰dk  )   F 16AOF' , # 9 F "1 69  = *d 4 ,( $  : =)$ ,  >  ,  ,   8* $ _!* -  "  48

q  ,# 9 > 9  ,  ,C $J)420 K +  a 8# /F ,# 9 >9  ,  ,C $ O(f  ,- #  " 1  Y16  , 6 $  DE=*Tp  ,  
1)  $ I +H),# 9 +H  = ` 5$9 E  ,C $ ($$  8[ ` " */a  _!* -  5 L $ =( ` 9 F .,& ) c   ,( =)  B#1

L YL'$  10 I > * I   h# _!* -  ` a >  .> /( ' AF O a Q#  ,r 0 , & O a i@  AO

)( )(

O +J =



Q

 ,.+  =( ` Y16  , 6 $A$  10 I F h#$!  fL  *+ E  ,  .,.)1(>$ ( 0 >  " F   ":  =)  */TF 8 4
 $ /  H T   ˆ3[  8* $ _!* -  9.,  0 K +  ,cA [ ,( =)  _9] Y!#  “r  =)  = `  $ 0 $ " +F $ e#  >

/<  = n ' [ 16  8 ` c  $)5 /6 8-61K.(
16   &+< *6 { r "$ ( ‘ c  _!* -  >9 ) , *B  >1T  ,d`  .E #  +  X*I Q# I: =  $ { r Q#

 16  , 6 $ q /F *6 j #$  ,( $ * 4 >  ,  , .= ( ` > )  ,  =&E  0 a 8# /F ,# 9 h# ": >  2] /T

$1 *   G]8) [5 /6 8-62.(

#  =2:` a 51 ( Q**TF > #  9  ,H a $ +  Q0:  .  U  _!* -.

5 /6 8-6 $ ,( , V /02> B.  Y= ) $ = *T4  $ &+< *6 { r + )  >  Y$ 6  510  AO FO
=/) 9 8* $ _!* -O( 59 1  ,  M +  Yt*F F ,  F 1  516 5$ $ $ 1  HB G1 #: =)$ ,  .e  f)BG(;+# a ,

 $ 6  5$ !H  ,*   .  Br _!* -  ,  516 5$ $ " .,.+  $ &+< *6 { r >  516 , H  G  $ 8cGK L  
$$   .> 0 f  >  t)  $ T  K LOB OGN  ,  16   /*) F .

>$ 9: ,C $ T# Y$ 1  =( ` =*d 4 >1  _ 0  Q#  ,( $ 6  510  51 : =)$ ,  .  U  _!* -  ,  O  5 V  $

=)  A[ ": .1#1C f  Y8-  Q#  }H  >BG$ 6 5$ $ ": ,  >$ 9: ,C $ h# F =)  516 ` a $ *6 ' [ ,  .
( `  ' [ Q#  $ ,.+  Y_!* -  =B> B.  =( ` 9 +*AdF ,( ( `  !*  BG AB**xF >  ,  ,  1 6   

1#: $ ,*   = ` ,  =&E  " +  =*T4  $ =( ` _ /F  9  ,( $ $ 10 I =*T4 .
f  *E  **xF Q*` $ Y1#$  " *  ,( , V /0AB_!* -  )0 K +  8 ` S c  ) 6(Y,.+  O*E  h # $ 

$$  ,*   = ` ,  5  $ F 10$  _ e    =H  =( ` >$ /< *+ E  2 &E.
1 : 10 I =)$ ,  ,H a $ +  Q0:  ` a >  V#$ B  =*[ I ,) #  Q#  9:

1-G  Q0:  >  &)  8A4 " F  }4   $ ,.+  Q#  t)  B   $ /.
2-,.+  Z!C "$  Q*#   ]   O$ $ **xF  +  Q0:  a 8# /F ,# 9 " F  =+*+` $ .
3-,.+  "$ ( i4   O8+   8/` =*Tp  #]  # B  =*T4  $)' E F (16 10 I $ e#  t) .

5 /6 8-6 $35 /6 8-6 $  #]  > /  4> 0 /  ! H  _  f) F 516 O1  ,H a $ +  Q0:    & C 
CATIA =)  516 5$ $ "  .i4 F > 0 _!* -)Q*O(" F  # @ F Q #  $  0 K +  a 8# /F ,# 9 **xF  

$ /  510.

&+< *6 { r a 8# /F ,# 9)(M

8* $ _!* -  q  ,# 9)(O

0 K +  a 8# /F ,# 9)(O



Q

#  =3:8* $ _!* -   ) ,H a $ +  Q0:  9  #]  > /  .

K +  8 ` S c  ) 6 $   > 0 *  ,*d( Y=)  L6 O x  S I $ Q0:  ,( V 0 , , S I \ a 9 0

 , .+  "$ $ H =BC $ 0 *  Q#  V#$ ' &< ,  Y1 ( (  0 K +  a 8# /F ,# 9 $ $ 8# /F ,( =)  >  ,O,  
> 0 8@A  =/)E F1 (  8/< .# 8* $ ' @ L  > )  ,) $ ,( >  ,  ,) > 0 *  Q*  9  ,( =)  Q#  ,d~E  Q

1 6  $   K +  ,]5[$ 6  $   =( ` > )  $ ,( # *  B F Y)( =  +  > * (v H   $ e#  ,  $ 4

 ,.+  $ *  "$ $ 4  _!* -  i4 F =*Tp  Y  Q#  9 =)O$ e#  _!* -  i4 F h# "$ $ 4  ,( > a ,  Y=)  516 
16 10 I i4  _!* -  8( =( ` YQ*  Q#  5  ) $.Y$$  = *&kF 2 $1 e  )  e C +# a ,  i4 F ;.+   O `

 1#$  10 I 8[ ` 0 K +  a 8# /F ;# 9 **xF >  &)  _!* - .n ) 6 9  /E4 Y ( Q#  _ e  > =FG,
4 51 6 $ e#  d#  5 V# C $ = )  516 >1  ,C $ # 0 { ) ,d*)  ,  ,( >  516 ` a ,T.4  51 : $ d#  ' [

 =H  10 I .$ 6  = *&kF  5$ ( **xF a 8# /F ,# 9 Y5 B   P*  b# a 9 ": "$ ( -c   BI ) =*T4  **xF 
)5 /6 8-63.(Q* R/0 5 /6 8-6 $ =4$ 39  $ I *E  9  /*  59 1  ,  -*  1*0 hC 4  ,($ 6  510  

0 K +  ;cA[ ,( $ *   4 ` $  1 (  a  $ I *E  9 /*  0 0 K +  8 ` ) 6 Y$ 6)* 6 { r  
&+< (1 6  }4   =( ` > )   $ /< .p >  = ` Q# 8+   8/` =*T)' E F (16   G ^1  Y5 V )$.



Q'

#  =4:)i(16   lL  ": $ y.E/0 *‡ ' [ ,  0 f  > *  4 =*Tp  516 ` a +  Q0:  & C > /  Y.
)K({ r f  , H # **xF 8-6 !#  “r =*Tp  $ 516 ` a +  Q0:   > /  Y>  &+< *6 =  $ =) $ =*T4  $ Q H 4

=)  510  8 4 0 K +.

-1  =1Aa7 

=)  , H  ' [ S I † I f# 6 $ 516 ` a ,H a $ +  Q0:  # *  8*dcF .Q0:  ,( V 0 9 T#
 xF 9  ,( 9 F $ 6  5$  : " *  S I 9 L6 > ) h# 9 $$   S I ,  5  $ 0 K +  =BC ** .Q #

 !Z `!*  1 (  $   V#1-# ,  _!* -  ,  U  > 0 f  ,( # 0 *  t&) ,  Y 0 K +  ) 6 $ #9 "9  5 3< 8*dcF
 =)  =*/0 ., ( $ ( *E+F " F  , )$ ,) ,   0 >1  _ 0  $ 0    0 *  8*dcF > 0 N  X# ! H  ¢t *F F ,

 $ 6  -* #$ N   -*F ) *) N  Y -*F )  N  8 6 1*R*]4.[
,& ) c  -*F )  N  ,  ,H a $ +  Q0:  .  U  _!* -  id L  > 0 XL  $   > 0 *  b*+cF Q#  $

=)  516 .=BC ,) 0 $ ‰c  $  Q0:  $   > 0 *  ,( e : 9,cA[ $ $ 8*dcF Y1  516 }4   # •H xy xz,  
=)  , H #m  ' [ , 1C a .,cA[ ,( >  ,  ,xy,cA [  Y -*  1*0 hC !*   0 f  dI $ > *  8*dcF >  

xz=)  516 K L  "9  8*dcF >  .
5 /6 8-65,cA[ $ S c  ) 6 $ 9: EC $ /  xz10$  "   .5$ E  wK +   S c  ) 6 "9  

=)  516 , H  G  $ *F ) F ) $ =I -# a ,  ,( =) 0 .!( /  P   M"9     "9  8 [ ` t*F F ,  
1 6   $ I =) $ =*T4  $ &+< *6 { r .>$ /< > 0 *F(C) YF(D)  F(B)  Q0:  "9  9  /B) }4   $ +

 > 0 8@A  9  h# 0 f) F t*F F ,  ,( 1 6  CYD B$ 6  8/cF ."  Q*T  *F $ 0 *  Q#  "$  : =)$ ,  
$  : =)$ ,   _!* -  8( ,  "$ $ =( ` >  -*  1*0 hC 9 *  $  > *  k( 1  ̀" F  =# B  $ 516 5$ $.

#  =5:: EC $ / ,cA[ $ 0 K +  8 ` S c  ) 6 $ 9xz.

)( )(

x

z



Q,

 
5 /6 8-66,cA[ $ 0 K +  8 ` S c  ) 6 $ 9: EC $ /  xy1 0$  "   .> 0 fBG)

 Q*  S -.[  9  G H [B": $ $ C  *6  ( ED$ 5 /0 f  $   > *  B : $ ,( 1 6   # *  $ > 0 f  Y
=)  ": > ) .fFC-*  1*0 hC > *  ,- #  8* $ ,  )cylinderF($  10 L  # *  $ $ 6  $   ": , . Q#  9
 5 /6 8-6 $65  ,*-F >  F=)  516 , H  G  $ 0  $ /< O Be  23 ( > *   $ )cxF cyF.( 

#  =6:,cA[ $ 0 K +  8 ` S c  ) 6 $ 9: EC $ /  xy.

5 /6 8-6 $ 516 5$ $ "  # *   U  Q*  969 *‡ ,  cylinderF,cA [ # *  8*dcF 9  5$ A )   ,( xz
>  m  1 6   O Be  ,*+  Y$ 6  ,&) c _!* -  8 ( -*F )  O$ TF ']$ T  9  *‡ ,  Y'] Be  "$  : =)$ ,

)5 /6 8-66(,.  O$ TF ']$ T  9 YAB=)  516 5$ A )  -/( ' [ ,  !*  .f   ,  M  > #  9 ,*d( ,( e : 9
 -*F )  O$ TF)5 /6 8-66() 8*dcF Y1 (  **xF _!* -  =( ` Q*` $51 6 _ e  ( ` id L  8`  $ -*F

=) ._!* -  "  $ 1+  Q# *  ,( > a ,)96q  ,# 9 > 9  ,  ,C $J(,4051 6 *E +F =/E 4 )s /e  $41
,d` (# *  8*dcF >  9 *  $  > #  9  )5 /6 8-66(41=)  516 =6 $  ,&F  .) ']$ T  Y 0 5$ $ Q#  9 5$ A

 -*F )  O$ TF4116 8` ,&F  .8 `  $ ' **xF 1   51 0$ "  ,( # 0 $ /  YO Be  # *  #$ +  >  Y  Q#  9
1#$  8[ ` =)  _!* -  id L  > (.

ma  ? ! 

X*I fL  *+ E  2 &# +F =( `  516 ` a ,H a $ +  Q0: 10$  =*T4  **xF O  .=)  ": > T  ,  Q#
 ":  >$ /< ,d [ H $ e#  " 1   Y ( F t+< c  > )  $ O  X*I =( `  0 K +  a 8# /F ,# 9 **xF ,()9

a 8# /F ,# 9 **xF j16 ` a _!* -  b# a ($ #m   _ e .t +< { r 9  O  X*I ,d[ H Q# /(   /* ) U  
a 8# /F >42a 8# /F >   $ I = ` Q# *  $ ,d[ H Q#  Y$$  K L  ,C $ 47 Q0:  h # >  Y,C $ 

S c  ) 6170 9  *  > /* ) 1116 10 L  /* ) .9 &+< *6 { r Y 0 K +  =*T4  **xF _ V 0 ,  Q* R/0
 $ I _!* -  b# a " !*  ,  5/219 1 (  N$  ,C $ .,  , ( $ *   _ e  8-6 /B) 2 &# +F *E  h# $ N$  Q#

16   { r Q#  >  516 ` a >1  _ 0  s  a I .
,cA[ $ 516 ` a Q0:  # *  8*dcF U#xz> 0 8@A  9  h# 0 ,( $ $ "  CYD B$ 1 ` $ t*F F ,  

62 Y16 221 (  8/cF  Q0:  "9  9 1[ $ .&# +F "9  ,  X*I ,) Q0:  h# >7350 0 *  Q #  1+  QF *  
$ 1` $37/4553Y54/1224 19/1816 $  10 I QF *  .! dH  ! dH S -. [  t# p Q# *  $ 0 *  Q#  9  h# 0 

]6[T#4/0F 8@A  0 ,d[ H $ 8[ `  516 K p -*  1*0 hC > *  O /<  8@A)8@AF(  Y$ 6 K p
 " !*  ,  _!* -  ,  "$ $ =( ` >  9 *  $95/2585936O /<  8c  =*T4  ,  ,C F  ,( 1#:  =)$ ,  /*d*  QF *  

  _!* -  "$  : $ =( ` ,  >  -*  1*0 hC 9 *  $  > *  k( 1` Y   Q# 95/24460 1 0 I =)$ ,  QF *  



Q.

1 : .8*dcF Q#  $ $ *   ' [ S I † I $ 0 K +  =*Tp  **xF ,- #  8* $ ,  =)  B#1 ,0 K +  >  S I "9 
 =)  51  ‘ c  L6 _ V 0 , .=)  !*r  0 K +   ) 6 "9   $ "9  Q# .8 A4 L6 _ V 0 ,  ,( e : 9 H a 9

-16   * $ _!* ,=)  51#$  ‘ c  8A4 $ T  Q**TF $ ,d~E  Q#  ,( $  10 I _!* -  8A4 >   *  Q#  *nwF.
,cA[ $ Q0:  # *  8*dcFxy> 0 *  >  # 0 $ /  ,  e  ,cA [ Q#  > 0 *  *x  =*0  ,  ,C F  
5 /6 8-6 $ 516 5$ $ "  O Be61#$  5 /6 > 0 8-6 $ ,(7Y8 91  516 5$ $ "  .

-60000

-40000

-20000

0

20000

40000

60000

80000

100000

120000

0 5 10 15 20 25 30 35 40 45

(
)E

D
 !

"

#  =7:> *  ' **xF $ /F(ED) # *   $ f   $   ED,cA[ $ xy_!* -  id L  > ( 8`  $  .

=)  , H #m  _ e  ,d`   $ $ 516 ` a Q0:  $ T  Q**TF .a $ T  8*dcF 1 V *  ,( f  > * 4 =*T4

 16   B : &E  O a  0 .K L   0 K +  ) 6 >  8*dcF Q#J AO,.  > * ( ,   )1(K L  Q* R/0  
L' K L   &+< *6 { r _!* -  >   Yt)  OB EG)/*) F N  , (=H  ' [ .T  8*dcF >1T  XL >$

 16   id L  > 0 XL  p < }.+  ,  M .$   "9  > *  "$ ( ‘ c   f  0 $ 9: EC $ /  )   8*dcF Q#
 f  8@A  ),cA[ $xz(5$   > c  > *  Q# *  !*   ),cA[ $xy51 6 * ) F # *  > 0 $ /  9  5$ A )   (Y

Q# F i*Tp  Q# -r ( Q**TF 5$  K L  2 # B   X F !( /F a I ,  f  }.+)/ I ) $] Hst36 *dE F X F  
Mpa 3659 e  6  X F  >$] H  0 f  >  Mpa85=allW0 Q*  > (" */a  t# p  2=H #m  _ e  .

-200000

-100000

0

100000

200000

300000

400000

500000

600000

700000

800000

0 5 10 15 20 25 30 35 40 45

(
)B

G
 !

"

#  =8:> *  ' **xF $ /F(BG)  $   # *   $ fBG,cA[ $ xy_!* -  id L  > ( 8`  $ .



QQ

0

100000

200000

300000

400000

500000

600000

700000

0 5 10 15 20 25 30 35 40 45

(
)F

&'
"

!(
)*

 
 !

"

#  =9:8@A  ,  516 $   > 0 *  1 #:  $ /  F,cA[ $ xy_!* -  id L  > ( 8`  $  .

( $ 59C1) 1; V1! 

-  >9 ) , *B   > * ( ,   ) ,H a $ +  Q0:  h# b*+cF Q#  $8 * $ *+ E  f I .  Br _!*
 1#$  O1   ` a .= )$ .  U  _!* -  h # =# B  $ F 16 5$ !H  _!* -  ,  f  h# >9 ) O1  Q#  9  L  $

$$  8[ ` .1 $   $  Q#  8 6 =H # =)$ B : ,  " F  1#1C Q0:  Q#  ` a  ,( # 0 # :
1-XI r _!* -  1 $ >  5$ ) =I ) 1 # H ,( =)  516 8*- F /T   5$ ) ' T.4 9.
2-Y51 $ { r Y" 4 F # 8k  -/( -* -  ' T.4 ,  P*0 ,  9 *  Q0:  Q#  Y,H a $ -*  1*0 hC h# 9 *‡ ,  

 _ e  0]  $ S -.[  84 1`  =( `  $ 1  5 *‡  5 V0  Y 6!x   d‡ ' T.4$ 6 .
3-8* 1  $ ) >  ˆ a Q#  > C  " -  Y_!* - Q0:  0 H $ C  ,H .-# +  > 0 16.
4-$ $ $ C  ' -  84 1`  Q0:  Q#  5 &  1* F " -  .

, #!0 ‘ c  9 1#1C ,H a $ +  Q0:  Q#  ,*BF Y 0 #  Q#  ,  ,C F  0 L  8-  " 1 r >$  1., #!0 ( $
16   8*&4 Q#  9  # # !  > $ !*  > ( ‘ c  9 5 V )$ Q#  YQ*#:

1-$ 1  1 r ' B   l@LF ,  9 *  ": > ( Y5$ ) E*) 8* $ ,  .
2-, 6 1  > 1BV   # ) ,  1 r 9 *  Q0:  Q#  ,( 16 10 I ‰<  -/( -* -  ' T.4 $ C  _1< 16  .
3-,  h# "$ (9  ,  >9 *  Y\10 Q#  ,  8*  >  ( Y 0 K +  a 8# /F ,# 9 **xF 5$ ) _!* -  $ e#  a I ,  

K +  h# =6 $ 10 L  =)   " 9  8-  >  ,( 0.
16   ` a ,d`  $ 5 V )$ Q# .d/< #9   =I ) Y$ B *  Q# F B#1  Y  Q#  91 6   ": $ - .'$ B *

1 6   ,Z  8 4 ` a !*   #9  59 ` $ #9:
1-_!* -  $   / `  ' 6 TF  "$ /  k I G  ,  * H  8 ( 8A4 h# $ e#  " -  .
2-&+< *6 { r s AF   p < Y a =*T4  *G F > 0 _!* -  S 1F .
3-+  !(  O ( id L  f# 6 $ 5 V )$ =  .
4-(  ) ,/*  ,H a $ +  Q0:  ` a >  , H  ' [ ` a */TF .
5-1 #1C , H a $ 1 $  > 0 Q0:  !*   >$ /< +  > 0 Q0:  >  8* $ _!* -  9 5$ A )  " -  )  

1 6   X*I > ) h# > $ ,()a $ > 0 Q0: T  # #]  ,H .( 
}:

1-_ Y=L $ 9: .1377.$ F  +  Q0:  >  ,< !  #9   =I ) ` a .Y1 6  ) 6 ( 5  $ ,  " #
9 *6 5 V $.

2-_ Y I v: .1374. $ +  q 0 =I )  ` a .q 1  =* F 5 V $ Y16  ) 6 ( 5  $ ,  " #.



VV

3-s Y V )  .1376.B !* -  ` a)0 5  1) (: i* wF.† YQ $. 1 ) .(" BF 5 V $ '.
4-Y"  $ 6 .1385.Q*6  Ž !C  ` a)h* -  )1 B  $ ` a) (C i* wF .>.dV*6 .(e  X# #  .'

E  =T [ .
5-Y T*A6 .1371 . ( > B *6  O [ >9): i* wF..> Y *  >  Y ( .O. .( O  1 dC .5 V $ '
" BF.

6-s Y" #1*6 I *6 .1381." 9 ) Q*6   " ` a >  B !* -  ` a)" i* w F.Œ." Y *  *r.F3- ) .( 
ˆ a.

7- John Deere. Fundamentals of Machine Operation (FMO), tillage. 1987. Deere & Company. 
8- William, S. A. 1980. Reversible disc plough. U.S. Patent, No 4211286. 

 



˼˹˺

 

Design of a Reversible Disk Plow by Synthesis of a Five-bar Straight-line Mechanism 
 

Abstract 
Disk plows are one of the most important tillage tools that their reversible types have further 

importance, due to time and expense savings as well as efficiency improvement. Simplifying and 
improving the current products, a new type of reversible disk plow was designed. It was structured 
on a five-bar mechanism that was the product of Daniel straight-line four-bar linkage 
optimization. In addition to disk and rear wheel reversing mechanisms, a stay and a disk angle 
adjust were considered to ensure proper operation of the innovation. This design was then 
analyzed for force conditions and then for each part, diagrams and trend lines were drawn. 
Dimensional analysis carried out in two steps; At the first one, longitudinal and situational 
analysis was done in accordance with kinematic requirements. The second step dealed with cross 
section properties according to force analysis and assumption of material and factor of safety. 
Since it is a simple design in which no mechanical auxiliaries such as bearings, guides, etc. were 
required, it has advantages of the least production cost and maintenance as well as the easiest 
operation. This modeling and computer design was carried out mainly by the aid of CATIA. 

 
Keywords: Daniel mechanism, Dimensional analysis, Force analysis, Mechanism 

optimization, Reversible disk plow. 
 


