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=@ |y@=WD I}y xm CU= =yv; |=y=B |v=QwO CmQL [4]|O=R; xHQOVW |=yC=@ Q
=@ =B T=tD |x_Lr xm s=o Qy ẁQW QO 'xwqax@ "OQ=Ov =BVW C=QWL |=B CmQL
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xA = �xB = l

0
1 tan(135� 90) = l

0
1 ; yA = yB = �l01

'C=@ Q l}D=tv}U p}rLD R= TB� OwW ZQi � xOvRer QwLt u=Uwv Ot=U@ Qo =
Ot=U@ QO '|UQQ@ R= TB w OW xDiQo Q_v QO =y=B CmQL |=Q@ |irDNt |=yOt=U@
|H}=Dv |x}rm =Pr "Ot;CUOx@ C=@ QCmQL ?=DW |=Q@ |rw@k p@=k Q}O=kt RDQy 1 5
|xrO=at '�"Ov=xOt; CUOx@ jwi Ot=U@ |=R=x@ OwW|t xQ=W= =yv; x@ TB u}= R= xm

:Ow@ Oy=wN 3 |x]@=Q CQwYx@ xOvRer |xr}t CmQL
x = A sin(2��:t+ �

2 ) = l01 sin(2��:t+ �
2 ) (3)

TQwm |=yDv= l} xm B |x]kv "CU= xOvRer u=Uwv |xvt=O A = l01 u; QO xm
QO xOvRer |}=Hx@=H x "CU= xOW ZQi xOvRer CmQL R=e; |x]kv 'CU= AB
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"O};|t CUOx@ 4 |x]@=Q j@=]t 2 lv}r x@ |OwQw |x} w=R '3
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2 (4)
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|x@U=Lt |=Q@ "Ci=} CUO 1 ?wJQ=J QO �u}tR =@ =B Q=mwR=U pt=aD pLt�
R= l} Qy |}x} w=R ?=DW w CaQU 'C}akwt O}=@ =OD@= P |x]kv R= =y|oS} w u}=

�[9]"OvDUy G=QNDU= p@=k =yC}tm u}=� "OQm x@U=Lt =Q 4 w 3 |=ylv}r

3lv}r R= P |x]kv ?=DW wCaQU 'C}akwt |x@U=Lt
CaQU 'C}akwt '3 w 2 |=ylv}r |}x} w=R |=y?=DW w =yCaQU '=yx} w=R uDW=O =@
x@ xHwD =@ "CU= G=QNDU= p@=k P |x]kv Ovv=t QrB=m R= x=wNrO |x]kv Qy ?=DW w

:O};|t CUOx@ 1 ?wJQ=J QO P |x]kv u=mt Q=OQ@ 8 pmW
1 hxPyP

zP

i
=
�
r2 cos �2+rP 0 cos(�3+�)
r2 sin �2+rP 0 sin(�3+�)

0 01

�
(5)

X1Y1 |xLiY R= QDq=@ QDt 0 01 |xR=Ov=x@ZP '=ylv}rCt=N[ x@ xHwD =@
|@=}CUO x@ jiwt =Q =t 'u=tR x@ C@Uv 5 |x]@=Q R= swO w pw= jDWt "CU= `k=w

"Ovm|t 1 ?wJQ=J QO P |x]kv ?=DW w CaQU CqO=at x@

"OwW|t p=ta= |v=Uwv `@=D l} CQwYx@ Crank |OwQw |x}w=R "7 pmW

Q=@ u}OvJ R= TB C=}[Qi u}= =@ CU= |y}O@ w xOQm ZQi lJwm swU x@ pw=
"Ot; Oy=wN CUOx@ b1; a1 |=yqwr C=YDNt |=Q@ |rw@k p@=k ?=wH =]N w |aU

:R= Ov=CQ=@a |[Qi Q}O=kt u}=

P1 = [10cm; 13cm] ; P2 = [14cm; 13 5cm] ; �12 = 0
P3 = [18cm; 13cm] ; �13 = �

12rad
a0 = [0cm; 0cm] ; b0 = [3cm; 0cm]

\}Lt QO Q=mwR=U |R=UxO=}B w ?wr]t ?=wH uOQw; CUOx@ R= TB
450 � |=R=x@� �2 |x} w=R st} Rm =t w st}v}t Q}}eD w [8] Animation CATIA

CUOx@ 11 cm =@ pO=at |UQwm 'CU= 2 lv}r |OwQw |x} w=R xm ��2 � 1350

"CU= 0 75cm OwOL QO CU=Q \N R= P |x]kv h=QLv= TQwm u}= pw] QO "Ot;
Q}Ut |}=yDv= |x]kv P3 w '|v=}t |x]kv P2 ' ẁQW |x]kv P1 |}=OD@= ZQiQO
|x]kvx@ ẁQW |x]kv R= CmQL QO QrB=m VNQJ |x} w=R ?}DQDx@ �13 w �12 w QrB=m
pLt uDi=} hOy CtUk u}= QO "CU= |}=yDv= |x]kv =D ẁQW |x]kv w '|v=}t

"CU= Q=mwR=U O=a@= pw] =} b1; a1 |=yqwr

C@=F pw] O}k CqO=at p=ta=
|x]kv u}@ Q} R \@=wQ 'CmQL |] QO �crank� 2 lv}r pw] uOw@ C@=F x@ xHwD =@
[9]"CU= Q=QkQ@ 3 w 2 |=yC}akwt R= QPo QO b1; a1 |=yqwr |}=yDv= w |v=}t ' ẁQW
(~ki � ~a0)T (~ki � ~a0) = (~a1 � ~a0)T (~a1 � ~a0) ; i = 2; 3 ; k = a; b

(1)

|}=Hx@=H O}k x@ \w@ Qt CqO=at p=ta=
s}y=wN '�P3� |}=yDv= w �P2� |v=}t '�P1� ẁQW C}a[w u}@ QrB=m u=QwO x@ xHwD =@

:CW=O

(~ki) = [D1i](~k1) ; i = 2; 3 ; k = a; b (2)

"CU= s=i C}a[w x@ � ẁQW� 1 C}a[w R= [9]|}=Hx@=H T} QD=t [D1i] u; QO xm
CUOx@ b1 w a1 |=yqwr C}akwt 'u; pL w 1 |xrO=at QO 2 |xrO=at |v} Ro}=H =@

%R= Ov=CQ=@a xm O};|t

a1 = [�3cm; 7 6cm] ; b1 = [�0 05cm; 8 1cm]

C=@ Q l}D=tv}U p}rLD
��2 |x}w=R� |}xr}tQ=yJ Q=mwR=U |OwQw QDt=Q=B l}D=tv}U

|=Q@ Q=OQ=}W |}xr=@vO 'xOvRer \UwD 2 lv}r x@ ��2� |OwQw |x} w=R p=ta= |=Q@
|=yDv= wO R= xm |]N� MN QwLt |xrY=i w �7 pmW� OW xDiQo Q_v QO u;
ZQi l01 QDt=Q=B CQwYx@ a0 |rYit p=YD= R= �OQPo|t CWoQ@ w CiQ TQwm
pw] �450 � �2 � 1350� �2 |x} w=R |xOwOLt x@ xHwD =@ "�a0H = l

0
1� OW

sDWy w pyJ |xQ=tW �h} QW 4



O=W
T=

vWv=
OR}

RwQy
@w

|O
=}Y

uU
L u}tR =@ C=@ Q |=B 'x}rw= |x_Lr OvJ RHx@ Cr=L u}= QO xm OwW|t ẁQW wrH

"OQ=Ov T=tD
?wJQ=J R=X2 QwLt pwL G} QODx@CWoQ@ s=o ẁQW QO C=@ Q |=B �swOVN@ Q} R
u}= |=yDv= QO CU= C=@ Q |=B |R=wt xm |}xLiY w ONQJ|t �30 |xR=Ov=x@ 2
sRq u=tR "OR=U|t xHQOQiY |x} w=R 2 ?wJQ=J R= X2Y2 |xLiY =@ VN@ Q} R
=@ Q@=Q@ xm xOW xDiQo Q_v QO CWoQ@ s=o u=tR �20 |xR=Ov=x@ R}v CmQL u}= |=Q@
u}tR =@ Rwvy C=@ Q |=B CWoQ@ s=o R= pw= |x}v=FsQ=Ry 45 QO "CU= x}v=FsQ=Ry 66
u=tR u}= R= Oa@ xrY=iq@ =t= &OQ=O u; CmQL QO |QF-wt Vkv w CU= T=tD QO

"OwW|t `]k u}tR =@ =B u}= T=tD w xDi=} T=tD u}tR =@ lQLt |=y=B
`@=D =Hv}= QO xm CU= 2 ?wJQ=J x@ C@Uv 1 ?wJQ=J u=QwO |x} w=R �
CUOx@ 6 |x]@=Q R= xOW xDio C=}[Qi j@] w xOW ZQi u=tR R= 3 |xHQO

"CU= =B Qy pt=m ?w=vD |xQwO T x]@=Q u}= QO "O};|t8>>>>>>><>>>>>>>:
�(t) = � 500�

3T 3 t3 0 < t � T
10

�(t) = ��6 T
10 < t � T

2
�(t) = ��6 + 500�

3T 3 (t� T
2 )3 T

2 < t � 3T
5

�(t) = 0 3T
5 < t � T

(6)

2 ?wJQ=J QO i xQ=tW |=B sQH RmQt
:O};|t CUOx@ 7 |x]@=Q R= 2 ?wJQ=J QO i xQ=tW |=B sQH RmQt

2~ri =2 [xi yi zi]T =21 TFeet�i 1 [xi yi zi]T (7)

xQ=tW |=B R= �k = x; y; z u; QO xm � k |xir-wt x@ \w@ Qt jki CQ=@a 'u; QO xm
w [10]CU= i |xQ=tW |=B uoty p}O@D T} QD=t 21TFeet�i w 'j ?wJQ=J QO i

:=@ CU= Q@=Q@2 ?wJQ=J QO C=@ Q sQH RmQt =Hv; R=

2~rmc =
m7:2~t7 +m

6P
i=1

21TFoot�i1~ri(�i)

7P
i=1

mi

(8)

"CU= C=@ Q |xvO@x@ jraDt 7 T}Ov= w '=B xQ=tW Qou=}@ i hQL 8 |x]@=Q QO

3 ?wJQ=J x@ C@Uv C=@ Q sQH RmQt |x@U=Lt
?wJQ=J l} x@ C@Uv sQH RmQt C=YDNt =Pr "CU= Q=wU C=@ Q Q@ 2 ?wJQ=J
u}tR =@ OQi xQ=tW |=y=B xm CU= xOW ZQi 9 pmW j@=]t "CU= ?wr]t um =U
C=@ Q CmQL s=ovy QO 1 xQ=tW |=B R= 3 lv}r |=yDv= R= P |x]kv w Ov=T=tD QO

"CU= VRer uwO@ CmQL w CU= T=tD QO u}tR =@
[9]p=kDv= Q=OQ@ "O};|tCUOx@ x]kv u}=x@ 2 ?wJQ=J p=kDv= R=\ki 3 ?wJQ=J

"OwW|t x@U=Lt 2 ?wJQ=J QO xm 2 [xP yP zP ]T R= CU= CQ=@a
2~rp =21 RFeet�1&31 [xP yP zP ]T (9)

:R= CU= CQ=@a 3 ?wJQ=J QO C=@ Q sQH RmQt C=YDNt =Pr
3~rmc =2 ~rmc �2 ~rP (10)

"CqO=at uDWwv CyH |O}rm \=kv |=yQ=OQ@ "8 pmW

2 ?wJQ=J x@ C@Uv C=@ Q sQH RmQt |x@U=Lt
xm CU= xOW s}UkD VN@ Q} R wO w VN@ 2 x@ C=@ Q |=B Qy pt=m |xQwO l}

:R= Ov=CQ=@a
RHx@ xm u}tR =@ wQ}v p=ta= w �lQLt |=y=B� ?ka hQ] x@ =B CmQL �pw= VN@
CmQL Ea=@ 'Ov=xOQmv Q=QkQ@ T=tD u}tR =@ Rwvy =y=B u}= xm x}rw= |x_Lr OvJ

"OwW|t wrH |wUx@ C=@ Q
|=B CU= pw= VN@ u} R=e; C=_Lr x@ \w@ Qt xm xrLQt u}= QO �pw= VN@ Q} R
u=QwO u}}=B CtUx@ xHQO �30 =D G} QODx@ 1 ?wJQ=J R= X1 QwLt pwL C=@ Q
xLiY u}= =@ xm OUQ|t |Dr=L x@X2Y2 |xLiY =@ |R=wt Cr=L R= |=B w Ovm|t
=} pw= VN@ u=tR �20 CmQL u}= |=Q@ sRq u=tR "OR=U|t xHQO �30 |x} w=R
CmQL u=tR w x}v=FsQ=Ry 333 s=o Qy u=tR "CU= xOW xDiQo Q_v QO CiQ s=o u=tR
x@ \w@ Qt xm 1 Q=Owtv j@=]t "CU= xOW xDiQo Q_v QO x}v=FsQ=Ry 66 pw= VN@ Q} R
pw= |x}v=FsQ=Ry 45 QO CU= 2 ?wJQ=J QO w '=B Qy R= P |x]kv R= Z |xir-wt
GwORt |=y=B =Q} R 'Ovm|tv wQ}v |xrO=@t u}tR =@ Rwvy QwmPt |=B VN@ Q} R u}= R=
Ovvm|t |] �OwW|t EL@ u; |xQ=@ QO xt=O= QO xm � =Q swO VN@ Q} R xm =yv; =@
R= Oa@ CUQO "OvDUy u}tR =@ =y=B u}= T=tD `v=t w OvQ=O Q=Qk |QDu}}=B C}akwt QO
=OH u}tR R= GwORt |=y=B w Ovm|t Q=QkQ@ T=tD u}tR =@ lQLt |=y=B 'x_Lr u}=

"OvwW|t
CtUx@ =BCWoQ@ 'O}UQ OwNCiQ s=o |=yDv= x@ C=@ Q |=B xmu; R= Oa@ �swOVN@

"2 ?wJQ=J QO =B Qy R= QrB=m |=yDv= R= Z xir-wt "1 Q=Owtv

sDWy w pyJ |xQ=tW �h} QW 5



"""|
=BV

WC
=@Q

l}
|L

=Q]
w|

}=U=
vWQrB=m |=yDv= R= P |x]kv CaQU Qou=}@ 2~VP 'sQH RmQt Qou=}@ mc '13 |x]@=Q QO

?wJQ=J u=QwO T} QD=t jDWt w T} QD=t 21 _R w 21R u}vJty w 2 ?wJQ=J QO
p=kDv= |=Q=O \ki 3 ?wJQ=J x@ C@Uv 4 ?wJQ=J uwJ "OvDUy 2 x@ C@Uv 1
sQH RmQt CaQU =Pr '�OyO|t MQ |ki= |}xLiY Q@ CmQL xm ZQi u}= =@� CU=

"CU= u=Um} 4 w 3 ?wJQ=J QO C=@ Q
4V'mc =3 V'mc (14)

?=DW "O};|t CUOx@ 2 ?wJQ=J QO ?=DW |xrO=at 12 |x]@=Q R= jDWt uDiQo =@
|=yvt 2 ?wJQ=J QO sQH RmQt ?=DW =@ CU= Q@=Q@ 3 ?wJQ=J QO C=@ Q sQH RmQt

"2 ?wJQ=J QO QrB=m |=yDv= ?=DW
3~amc =2 ~amc �2 ~aP =2 ~amc � (21 �R1~rP + 2�21 _R1~_rp +21 R1~�rP )

(15)

:=@ CU= Q@=Q@ 4 ?wJQ=J QO sQH RmQt ?=DW =Hv; R= w
4~amc =3 ~amc (16)

C=@ Q |m}D=tv}U |=y|R=U x}@W
|=yQwLt O=ODt= QO C=@ Q sQH RmQt |}=Hx@=H x@ \w@ Qt 4 w 3 '2 |=yQ=Owtv
u=mt |xv}tm w xv}W}@ =yQ=Owtv u}= x@ xHwD =@ "OvDUy 2 ?wJQ=J QO Z2; Y2; X2
QDt ?ULQ@ xQwOQy QO w Z w Y ;X QwLt O=ODt= QO C=@ Q sQH RmQt

"X QwLt O=ODt= QO 2 ?wJQ=J QO C=@ Q sQH RmQt u=mt "2 Q=Owtv

"Y QwLt O=ODt= QO 2 ?wJQ=J QO C=@ Q sQH RmQt u=mt "3 Q=Owtv

"xOW h} QaD |=y?wJQ=J V}=tv "9 pmW

`HQt ?wJQ=J x@ C@Uv C=@ Q sQH RmQt |x@U=Lt
4 `HQt ?wJQ=J w CmQL ẁQW QO u}tR =@ 1 xQ=tW |=B T=tD |x]kv P Qo =
|x_Lr QO 3 ?wJQ=J =@ j@]vt CUQO w x]kv u}= QO u}tR x@ pYDt ?wJQ=J
CmQL |xLiY x@ C@Uv ?wJQ=J u}= u; R= Oa@ xm � OwW ZQi CmQL ẁQW
Ow@ Oy=wN Q@=Q@ `HQt ?wJQ=J QO C=@ Q sQH RmQt C=YDNt '�Ov=t|t C@=F C=@ Q

:=@
x = 0;
4xmc(1) =3 xmc(1);4 ymc(1) =3 ymc(1);4 zmc(1) =3 zmc(1);

for i = 1 : n

...

if 3xmc(i+ 1) <3 xmc(i)

�2 = � � �2

x = abs(3xmc(i+ 1)�3 xmc(i))

end
4xmc(i+ 1) =4 xmc(i)� x
4ymc(i+ 1) =3 ymc(i+ 1)
4zmc(i+ 1) =3 zmc(i+ 1)

end (11)

C=@ Q sQH RmQt CaQU |x@U=Lt
:O};|t CUOx@ 2 ?wJQ=J QO C=@ Q sQH RmQt CaQU '8 |x]@=Q R= |Q}ojDWt =@

2~Vmc =
m

6P
i=1

[21 _RFoot�i1~ri(�) +21 RFoot�i1_~ri(�)]

7P
i=1

mi

(12)

=Q 3 ?wJQ=J x@ C@Uv sQH RmQt CaQU u=tR x@ C@Uv 10 |x]@=Q jDWt w
"OyO|t

3~Vmc =2 ~Vmc �2 ~VP =2 ~Vmc � (21R1~VP +21 _R1~rP ) (13)
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O=W
T=

vWv=
OR}

RwQy
@w

|O
=}Y

uU
L

"4 ?wJQ=J QO |rw] QwLt O=ODt= QO C=@ Q sQH RmQt ?=DW "6 Q=Owtv

"4 ?wJQ=J QO Y |[Qa QwLt O=ODt= QO C=@ Q sQH RmQt ?=DW "7 Q=Owtv

"4 ?wJQ=J QO |Owta QwLt O=ODt= QO C=@ Q sQH RmQt ?=DW "8 Q=Owtv

C=@ Q |m}D=DU= |Q=O}=B |UQQ@
\=kv QO 5 w 3'1 |=y=B xOW xO=O u=Wv |x_Lr QO xm 10 pmW x@ xHwD =@
C=@ Q sQH RmQt '|m}D=DU= pO=aD ^iL |=Q@ 'Ov=T=tD QO u}tR =@ P5; P3; P1
\=kv u}= C=YDNt Qo = "OW=@ `k=w P5P3P1 ErFt uwQO O}=@ =yx_Lr s=tD QO
"OvwW xO=O u=Wv [2xPi;2 yPi;2 zPi]; i = 1; 3; 5 =@ ?}DQDx@ 2 ?wJQ=J QO
:=@CU= Q@=Q@?}DQDx@ 2 ?wJQ=J R= xy |xLiY QO L35 w L15 \w]N |xrO=at

L15 : 2x =
2xP 5 �2 xP 1
2yP 5 �2 yP 1

(2y �2 yP 1) +2 xP 1 (17)

L35 : 2x =
2xP 5 �2 xP 3
2yP 5 �2 yP 3

(2y �2 yP 3) +2 xP 3 (18)

w f�0 0671 w �0 0669g 'f�0 1460 w �0 1461g =@ Q@=Q@ ?}DQDx@
Q@=Q@ ?}DQDx@ O=ODt= xU u}= QO xv}W}@ |}=Hx@=H w CU= f0 0168 w 0 0178g
C@Uv C=@ Q sQH RmQt |}=Hx@=H xH}DvQO "CU= QDt 0 001 w  0002 '0 0001
C=@ Q sQH RmQt ?wN ?} QkD =@ u=wD|t xm |Qw]x@ 'CU= R}J=v Q=}U@ u; O=a@= x@
|=Q@ OW=@ |}=RUx@ ltm Ov=wD|t ẁ[wt u}= "OQm ZQi um =U 2 ?wJQ=J QO =Q

"=yv; pL w C=@ Q l}t=v}O w l}D=tv}U x@ \w@ Qt CqO=at uOW QDxO=U
xQwOl} COt |=Q@ '4 ?wJQ=J QO sQH RmQt u=mt |xir-wt x@ \w@ Qt 5 Q=Owtv
QwLt O=ODt= QO C=@ Q sQH RmQt u=mt |xv}tm w xv}W}@ 'Q=Owtv u}= x@ xHwD =@ "CU=
u}= QO |}=Hx@=H u} QDW}@ w f�02164 w �04408g =@ Q@=Q@ QDt ?ULQ@ w X4
QDt 0 3366 =@ pO=at |]UwDt CaQU \=@ Q |=Q@ xm 'CU= QDt 0 2244 O=ODt=

"OQw;|t OwHw x@ V=CmQL O=ODt= QO 'x}v=F Q@
w xv}W}@ "OvDUy 4 ?wJQ=J QO sQH RmQt ?=DW x@ \w@ Qt 8 w 7 '6 |=yQ=Owtv
=@ CU= Q@=Q@ ?}DQDx@ 4 ?wJQ=J R= Z w Y ;X |=yQwLt O=ODt= QO ?=DW |xv}tm
(�2 4918w 0 9120) w (�4 7101 w 4 7102) ' (�7 1403 w 7 929)

|=yQ=Owtv QO xm u=vJ "OvQ=O Q=Qk |rw@k p@=k |xOwOLt QO xm x}v=F QwPHt Q@ QDt
s=oQy ẁQW QO |}=y|oDUUo OwW|t xO}O R}v 4 ?wJQ=J QO ?=DW x@ \w@ Qt

:OQ=O |oDU@ pt=a wO x@ xm OwW|t xO}O
xOW xDiQo Q_v QO |}x_Lr CQwYx@ w Oa@ s=o u=}=B =@ u=tRsy s=o Qy ẁQW "1

"CU=
"CU= xOW xDiQo Q_v QO ?rY CQwYx@ u}tR CqO=at QO "2

"Z QwLt O=ODt= QO 2 ?wJQ=J QO C=@ Q sQH RmQt u=mt "4 Q=Owtv

"X QwLt O=ODt= 4 ?wJQ=J QO C=@ Q sQH RmQt u=mt "5 Q=Owtv
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"CU= |m}D=DU= |Q=O}=B Ok=i C=@ Q 160ms < t < 506ms |xR=@ QO "9 Q=Owtv

"OQ}o|t Q=Qk |Q=O}=B ErFt QO =yx_Lr s=tD QO C=@ Q sQH RmQt "10 Q=Owtv

|m}t=v}O CqO=at
C@Uv OwW|t OQ=w C=@ Q |=y=B x@ u}tR hQ] R= xm |}=ywQ}v p=ta= u=mt Q=OQ@
O=H}= x]kv u}= x@ 3 ?wJQ=J p=kDv= R= \ki xm |@ wJQ=J QO C=@ Q sQH RmQt x@
w C~ri=@ CU= Q@=Q@ i xQ=tW |=B |=Q@ OQ}o|t Q=Qk sQH RmQt Q@ u; -=O@t w OwW|t
[11]|}x} w=R Qw=DWo ẁtHt Q=OQ@ C ~H Qo = "�4 pmW� CU= 0 jwi ?wJQ=J -=O@t

:CU= Q=QkQ@ Q} R \@=wQ 'OwW ZQi sQH RmQt pwL C=@ Q |=RH=8>>>>><>>>>>:
3P
i=1

3F(2i�1)' = Mtot::4~a'mc
3P
i=1

3~ri �3 ~Fi = d
dt (

C ~H) =C _~H i = 1; 2; 3q
3F 2

(2i�1)x +3 F 2
(2i�1)y � �s:3F(2i�1)z

(21)

R= "Ovvm|t <=[Q= =Q VRer |xv=DU; =} 'sOa \QW 21 |x]@=Q QO |O}k CqO=at=v
C=@ Q |=y=B |U=tD |=ywQ}v Q}O=kt 'O}k CqO=at p=ta= w 21 CqO=at xDUO pL
?wJQ=J u=QwO T} QD=t ?Q[ R= TBU "Ov};|t CUOx@ 3 ?wJQ=J QO u}tR =@
ZQi "Ov};|t CUOx@ 1 ?wJQ=J QO =ywQ}v u}= '=ywQ}v T} QD=t QO 3 x@ C@Uv 1
|=ywQ}v =Pr &�1Fi' ' = x; y; z�: R= Ov=CQ=@a 1 ?wJQ=J QO =ywQ}v u}= xm xOW

"O};|t CUOx@ 22 |x]@=Q R= 1 ?wJQ=J QO =B Qy Q@ QF-wt
1 ~Fi =13 R3 ~Fi (22)

Qw=DWo |x@U=Lt |=Q@ "CU= 3� 6T} QD=t l} x_Lr Qy QO =ywQ}v T} QD=t
1 ?wJQ=J QO C=@ Q |=B Qy R= 1Fxi;1 Fyi Q}O=kt uDW=O\ki =B Qy QO sRq R=Ov=x=Q
?wJQ=J QO =B u=QwO |xLiY Q@ Owta O=ODt= QO 1Fzi |=ywQ}v =Q} R 'CU= |QwQ[

"OvwW|t |FvN =ylv}r |rN=O |=ywQ}v =@ w CU= 1

"C=@ Q |m}D=DU= |Q=O}=B |ar[ xU 'P5P3P1 ErFt "10 pmW

=@ Q@=Q@ ?wJQ=J u}= QO w t |x_Lr QO C=@ Q sQH RmQt C=YDNt Qo =
x_Lr Qy QO xm CU= u; C=@ Q |m}D=DU= pO=aD \QW 'OW=@ [2xmc;2 ymc;2 zmc]

"OW=@ Q=QkQ@ 19 |x]@=Q
2xP 5 �2 xP 3
2yP 5 �2 yP 3

(2ymc �2 yP 3) +2 xP 3 <2 xmc <
2xP 5 �2 xP 1
2yP 5 �2 yP 1

(2ymc �2 yP 1) +2 xP 1 (19)

u}= sQH RmQt w uQ=kDt p}]DUt ?amt l} CQwYx@ C=@ Q |xvO@ xmu; x@ xHwD =@
\w]N x |xir-wt x@ \w@ Qt |=yQ=Owtv 'CU= xOW ZQi u; \Uw QO CUQO <RH
pw] QO y =2 ymc |=R=x@ 2 ?wJQ=J QO sQH RmQt x |xir-wt w L35; L15
C=@ Q OwW|t xOy=Wt xm u=vJ "CU= xOt; 9 Q=Owtv QO C=@ Q CmQL R= xQwO l}
`iQ |=Q@ "OQ=Ov |m}D=DU= |Q=O}=B 160ms < t < 506ms |v=tR |xrY=i QO
sQH RmQt xm O=O Q}}eD |}xvwox@ O}=@ =Q C=@ Q |xvO@ |wQ Q@ sQH `} RwD 'pmWt u}=

"OQ}o Q=Qk 9 Q=Owtv R= u}J\N w QB wD \N wO u}@ C=@ Q
OwW Ea=@ u; |xH}Dv xm OwW|t ?=NDv= |}=H QO C=@ Q |xvO@ sQH RmQt
L15 \N R= 2xMin = �0 0198m u}@ |}xOwOLt \Uw QO C=@ Q sQH RmQt
x]kv u}= "OQ}o Q=Qk y =2 ymc |=R=x@ L35 \N R= 2xMax = �0 0876m w
"CU= 2xmc = �0 0876� 0 0198

2 = �0 0537m =@ Q@=Q@ |rw] |=Q=O
:=@ CU= Q@=Q@ ?wr]t C}a[w x@ uO}UQ |=Q@ xvO@ sQH RmQt C=YDNt ?}DQDu}= x@

2xBody =
�0 0537�Mtot: + 6�Mfoot:

6P
1

2xi

MBody
=

0 028m � 0 03m (20)

|=B sQH RmQt |rw] C}akwt 2xi '=B Qy sQH Mfoot 'pm sQH Mtot: u; QO xm
'jwi Q}}eD p=ta= =@ "CU= C=@ Q |xvO@ sQH MBody w 2 ?wJQ=J QO i xQ=tW
C=@ Q xmCU= u; Qou=}@ w OyO|t u=Wv =Q C=@ Q sQH RmQt |rw]C}akwt 10 Q=Owtv
lUwU QO OUQ|t Q_v x@ xm CU= p}rO u}tyx@ "CU= |m}D=DU= |Q=O}=B |=Q=O
|x}L=v Ct=N[ w ZQa R= Qwv=H |xv}U w QU |x}L=v Ct=N[ w ZQa s=tL
u; |@ka w |v=}t |=y=B u}@ Qwv=H sQH RmQt p}rO u}tyx@ w CU= QDsm V=smW

"OwW xv}y@ |m}D=DU= |Q=O}=B =D OQ}o|t Q=Qk

sDWy w pyJ |xQ=tW �h} QW 8



O=W
T=

vWv=
OR}

RwQy
@w

|O
=}Y

uU
L 'O};|t CUOx@ ?}DQDu}O@ xm |DqO=at x=oDUO "Ow@ Ovy=wN |ak=w Q}O=kt =@ Q@=Q@

|=B Qy Q@ QF-wt |=ywQ}v x=oDUO u}= pL R= "CU= |]NQ}e CqO=at x=oDUO l}
Q@ QF-wt |=ywQ}v 22 |x]@=Q R= xO=iDU= =@ w Ov};|t CUOx@ 3 ?wJQ=J QO C=@ Q

"OvwW|t G=QNDU= 1 ?wJQ=J QO =B Qy

Qw=DWo |x@U=Lt w C=@ Q |=B Qy |m}t=v}O p}rLD
R=Ov=x=Q

|xr}Uwx@ s=i lv}r |m} R}i |=y|oS} w '11 pmW |}xr}tQ=yJ Q=mwR=U x@ xHwD=@
'C}akwt u}vJty "OwW|t xO=O u=Wv sQH RmQt pwL Ii |UQv}= u=tt w mi sQH

"CU= swrat lv}r Qy ���; _�; �� |}x} w=R ?=DW w CaQU
ẁtHt "OvQ_v OQwt pY=it QO QF-wt |rN=O |=ywQ}v '�T0� R=Ov=x=Q Qw=DWo
=@ ?}DQDx@ s=i lv}r Q@ QF-wt |HQ=N |=yQw=DWo ẁtHt w QF-wt |HQ=N |=ywQ}v
sUH Qy Q@ QF-wt |=ywQ}v 12 pmW QO "OvwW|t xO=O V}=tv P ~Ti w P ~Fi
lv}r sQH RmQt C}akwt Q=OQ@ ~gi "Ov=xOW xO=O u=Wv O=R; sUH Q=Owtv CQwYx@P ~Fi QF= \N R= x=wNrO |x]kv Qy x@ C}akwt u}= R= xm CU= |Q=OQ@ ~di w 's=i

:[8]R= CU= CQ=@a s=i w[a CmQL x@ \w@ Qt CqO=at "OwW|t pYw
~fi � ~fi�1 +

X
~Fi = mi:~ai (28)

(~pi � ~fi)� (~qi � ~fi�1) + (~di �X ~Fi) +
X

~Ti = ~MCi�
C( _�i�1 � _�i)� C( _�i�1 � _�i+1)

(29)

"|}xr}t Q=yJ Q=mwR=U l} Q@ QF-wt |=yQw=DWo w =ywQ}v R= |}=tW "11 pmW

"|}xr}t Q=yJ Q=mwR=U l} R= lv}r Qy x@ \w@ Qt O=R; sUH Q=Owtv "12 pmW

u; sQH RmQt pwL C=@ Q |}x} w=R Qw=DWo |x@U=Lt
\w@ Qt CqO=at xDUO 'OW=@ C@=F `HQt x=oDUO x@ C@Uv s=i w[a ?=DW ~ai Qo =

"O};|tQO 23 |x]@=Q CQwYx@ 21 |xrO=at QO =yQw=DWo x@
3X
i=1

3~ri �3 ~Fi =
6X
i=1

4X
j=1

(~�ji �mij~aji) + ~�Body �mBody~aBody

(23)

'sQH RmQt x@ C@Uv i xQ=tW |=B R= s=j lv}r C}akwt Q=OQ@ ~�ji C}tm u; QO xm
"CU= i xQ=tW |=B R= j lv}r jr]t ?=DW ~aji w 's=j lv}r sQH mji

4 ?wJQ=J QO C=@ Q <=RH= ?=DW |x@U=Lt
=Pr 'CU= p=kDv= l} |=Q=O \ki 3 ?wJQ=J x@ C@Uv 4 ?wJQ=J xm =Hv; R=
QO i xQ=tW |=B |=RH= u=mt "OvQ@=Q@ sy=@ 4 w 3 ?wJQ=J QO ?=DW |=yxir-wt

:=@ CU= Q@=Q@ 2 ?wJQ=J
2~rji =21 ~Ti:1~rj (24)

|=RH= |v=mt C}akwt =Pr "CU= 1 ?wJQ=J QO s=j lv}r C}akwt 1~rj :u; QO xm
:=@ CU= Q@=Q@ 3 ?wJQ=J QO QwmPt |=B

3~rji =2 ~rji �2 ~rP 1 =21 ~Ti:1~rj �2 ~rP 1 (25)

=Pr "CU= 2 ?wJQ=J QO 1 xQ=tW |=B R= P |x]kv C}akwt Q=OQ@ 2~rP 1 u; QO xm
:OwW|t xO=U u}vJ x]@=Q u}=

3~rji =2 ~rji �2 ~rP 1 =21 Ti:1~rj �21 T1:1~rP (26)

|=RH= ?=DW w CaQU Q=OQ@ ?}DQDx@ 'u=tRx@ C@Uv 26 |x]@=Q swO w pw= jDWt
"OvyO|t CUOx@ =Q 4 w 3 ?wJQ=J QO i xQ=tW |=B

C=@ Q |m}t=v}O CqO=at pL
w CqO=at 21 |x]@=Q TBU w 23 |x]@=Q QO C=@ Q |=RH= ?=DW |v} Ro}=H =@

"Ov};|tQO 27 |x]@=Q CQwYx@ =yQw=DWo x@ \w@ Qt CqO=at=v8>>>>>>>>>>>><>>>>>>>>>>>>:

3P
i=1

3F(2i�1)' = Mtot::3~a'mc
3P
i=1

3~r(2i�1) �3 ~F(2i�1) =
6P
i=1

4P
j=1

[C~�ji �mji(21 �Ti:1~rj + 221 _Ti:

1 _~rj +21 Ti:1�~rj �21 �T1:1~rp � 221 _T1:1 _~rp�
21T1:1�~rp)] +mBody(C~�Body � ~aBody)

3F 2
(2i�1)x +3 F 2

(2i�1)y = �2
s:3F 2

(2i�1)z

(27)

Q=Qk VRer RQt QO CmQL u}L QO C=@ Q xm OwW|t ZQi CqO=at pL |=Q@
=} w QDW}@ ZQi u}= =@ =ywQ}v |=Q@ xOt; CUOx@ Q}O=kt xm CU= |y}O@ "OQ}o|t

sDWy w pyJ |xQ=tW �h} QW 9



"""|
=BV

WC
=@Q

l}
|L

=Q]
w|

}=U=
vW"�T0; f4y; f4x8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

�f1x + f2x = m2a2x �PF2x

�f1y + f2y = m2a2y �PF2y

q2yf1x � q2xf1y � p2yf2x + p2xf2y + T0 = IC2 ��2 �PT2

�d2x
P
F2y + d2y

P
F2x

�f2x + f3x +
P
F3x = m3a3x

�f2y + f3y +
P
F3y = m3a3y

q3yf2x � q3xf2y � p3yf3x + p3xf3y + d3x
P
F3y

�d3y
P
F3y = IC3 ��3 �PT3

�f3x + f4x = m4a4x �PF4x

�f3y + f4y = m4a4y �PF4y

q4yf3x � q4xf3y � p4yf4x + p4xf4y = IC4 ��4 �PT4

�d4x
P
F4y + d4y

P
F4y

(33)

:R= Ov=CQ=@a 33 |x]@=Q |=yQDt=Q=B
~p2 = ~a� ~g2 ~p3 = ~b� ~g3 ~p4 = ~b0 � ~g4

~q2 = ~a0 � ~g2 ~q3 = ~a� ~g3 ~q4 = ~b� ~g4 (34)

|OwQw Qw=DWo |x@U=Lt w =B Qy x@ \w@ Qt CqO=at pL
=B u;

x@ |Qo}O |HQ=N |wQ}v w Qw=DWo '~F3 |wQ}v w ~T0 Qw=DWo RHx@ xm u; x@ xHwD =@
|=Q@ �T0� R=Ov=x=Q Qw=DWo |x@U=Lt x@ QHvt 33 CqO=at pL Ovm|tv QF= sDU}U
CUOx@ R=Ov=x=Q Qw=DWo |=Q@ 35 |xrO=at 'CqO=at u}= pL R= Oa@ =Pr 'OwW|t =B Qy

"O};|t

T0 = C1 �A1
B3C2 �B2C3
B3A2 �B2A3

�B1
A3C2 �A2C3
A3B2 �A2B3

(35)

%R= Ov=CQ=@a u; QO xDiQ Q=m x@ ?}=Q[ xm
Ai = q(i+1)y � p(i+1)y

Bi = �q(i+1)x + p(i+1)x

C1 = IC2 ��2 +m2a2xp2y �m2a2yp2x

C2 = IC3 ��3 +m2a2x(p3y � q3y) +m2a2y(q3x � p3x) (36)

+p3ym3a3x � p3xm3a3y + (d3y � p3y)F3x + (p3x � d3x)F3y

C3 = IC4 ��4 + (m2a2x +m3a3x � F3x)(p4y � q4y)+

(m2a2y +m3a3y � F3y)(q4x � p4x) + p4ym4a4x � p4xm4a4y

|Qw=DWo xH}Dv QO w Ovm|t QF= =B Qy R= a0 |qwr pLt QO xm CU= |Qw=DWo T0
"CU= xOvvmu=Uwv

s=i w[a \UwD xm |rYit x@ ~gi Q=OQ@ |=yDv= R= xm CU= |Q=OQ@ ~pi :u; QO xm
&CU= pYDt OwW|t C}=Oy

xO}Wm s=i� 1 w[a \UwD xm |rYit x@ ~gi Q=OQ@ |=yDv= R= xm CU= |Q=OQ@ ~qi
&CU= pYDt OwW|t

pYwP ~Fi QF= \N R= x=wNrO |x]kv Qy x@ ~gi Q=OQ@ |=yDv= R= xm CU= |Q=OQ@ ~di
&OwW|t

fi�1; fi |rYit |=ywQ}v RHx@ s=ilv}r Q@ QF-wt |HQ=N |=ywQ}v ẁtHtP ~Fi
&CU=

xm CU= ~T0 |xDN=vW=v Qw=DWo RHx@ s=i w[a Q@ QF-wt |=yQw=DWo ẁtHt P ~Ti
&Ovm|t QF= 2 w[a Q@

&CU= `HQt ?wJQ=J x@ C@Uv s=i lv}r ?=DW ~ai
&CU= s=i lv}r sQH RmQt pwL =yQw=DWo Ov};Q@ ~MCi

&CU= s=i lv}r sQH mi

lv}r w i�1 lv}r p=YD= pYit u}@ wQu=Qo |m =m]Y= Qw=DWo C( _�i�1� _�i)

&i
lv}r w i+ 1 lv}r p=YD= pYit u}@ wQu=Qo |m =m]Y= Qw=DWo C( _�i� _�i+1)
R= ~ai =Pr 'CU= u=QwO w ?=DW |=Q=O OwN 1 ?wJQ=J xm u; x@ xHwD =@ "CU= i

"O};|t CUOx@ 30 |x]@=Q

~ai = ~aO1 + �~gi + �~a� ~gi + 2 _~a� _~gi + _~a� ( _~a� ~gi) (30)

?wJQ=J x@ C@Uv 1 ?wJQ=J |}x} w=R ?=DW w CaQU ?}DQDx@ �~� w _~� 'u; QO xm
?}DQDx@ �~gi w _~gi '~gi u}vJty "��~�y = �~�z = 0 w _~�y = _~�z = 0� OvDUy `HQt
w OvDUy 1 ?wJQ=J -=O@t x@ C@Uv s=i lv}r sQH RmQt ?=DW w CaQU 'u=mt
1 ?wJQ=J QO xDi=}p}O@D `HQt ?wJQ=J x@ C@Uv 1 ?wJQ=J -=O@t ?=DW ~aO1

:=@ CU= Q@=Q@ ~MCi u; sQH RmQt pwL s=i lv}r Q@ QF-wt Qw=DWo Q=OQ@ "CU=

~MCi =
Ci

_~H + _~a� ~HCi (31)

?wJQ=J u=QwO w 'Z QwLt pwL =ylv}r u=QwO 1 ?wJQ=J QO xm u; x@ xHwD =@
u}vJ 31 |x]@=Q CU=Q CtU R= swO |xrtH OwW|t s=Hv= X QwLt pwL 1

:OW Oy=wN

_~�� ~HCi = � _�x: _�Z1:~j (32)

:s} Q=O MCi
Z1 |x@U=Lt |=Q@ 32 |x]@=Q QO =Pr

MCi
Z1 = ICi:��i (32)

s}UQ|tlv}r u; |Q=OQ@ CqO=at x@lv}r Qy |=Q@ 29 w 28 CqO=at uOQ@ Q=mx@ =@
; f3y; f3x; f2y; f2x; f1y; f1x� CU= pwyHt 9 w xrO=at 9 O=OaD u; pY=L xm

sDWy w pyJ |xQ=tW �h} QW 10



O=W
T=

vWv=
OR}

RwQy
@w

|O
=}Y

uU
L

:s}@=}|t CUO 38 |x]@=Q x@ 37 x=oDUO pL R= "OvDUy8<:L3 = 2L4+h(cot �2 min+cot �2 max)
2

r0 = h(cot �2 min�cot �2 max)
2

(38)

|Q=Po}=H =@ =Pr 'CU= �2 max = 3�
4 rad w �2 min = �

4 rad xm u; x@ xHwD =@
"O};|tQO 39 |x]@=Q CQwYx@ =RH= u}@ |x]@=Q 38 x=oDUO QO Q}O=kt u}=8<:L3 = L4

r0 = h
(39)

"CU= Q=Qk Q@ jwi |=RH= u}@ 40 |UOvy |x]@=Q 13 pmW x@ xHwD =@
� = cos�1

�
b+ (L4 + h: cot �2)2

2L3:(L4 + h: cot �2)

�
(40)

|x]@=Q R= swO w pw= jDWt uDiQo =@ =Hv; R= w "CU= L23 � r20 = b u; QO xm
Q=QkQ@  ; � |=yx} w=R u}@ 41 |x]@=Q u}vJty "Ov};|t CUOx@ ��; _� ?}DQDx@ 40

"CU=
r0 sin = L3 sin� (41)

"O};|t CUOx@ � ; _ 41 |x]@=Q R= |v=tR swO w pw= jDWt uDiQo =@
lv}r u}= uRw |wQ}v R= "OyO|t V}=tv =Q 2 lv}r Q@ QF-wt |=ywQ}v 14 pmW
x@ |OwQw QF-wt |=ywQ}v "CU= xOW Q_vhQY CU= R}J=v =ywQ}v Q}=U p@=kt QO xm
=Pr "Ovvm|t u}t-=D =Q T0 |OwQw Qw=DWo xm OvDUy �:FN ; FN |=ywQ}v 2 lv}r

"CU= Q=QkQ@ =yC}tm u}= u}@ 42 |x]@=Q
T0 = FN :L2 � �:FN :a

2 (42)

:=@ CU= Q@=Q@ FN =Hv; R= w

FN = 2T0: sin �2
2h� �:a: sin �2

(43)

"u; Q@ QF-wt |=ywQ}v w 2 lv}r R= |}=tv "14 pmW

lQLt QwDwt \UwD xOWp=ta= Qw=DWo |x]@=Q |x@U=Lt
=B Qy

"OyO|t u=Wv =Q =B l} R= 1 lv}r x@ pYDt C=a]k R= |NQ@ R= |}=tv 13 pmW
'Ov=|QwQ[ �G� xOvOMQJ x@ xOW p=ta= Qw=DWo |x@U=Lt |=Q@ xm C=a]k u}=
xOvOMQJ w �C� \@=Q |xr}t '�R� p=YD= u}B '�P � |} wWm '2 lv}r %R= Ov=CQ=@a

:OwW|t xOy=Wt 13 pmW QO xm u=vJ "�G�
2 lv}r QF-wt pw] =@ Q@=Q@ xm CU= �1 ?wJQ=J -=O@t� O1R= a1 |qwr |xrY=i r2

"CU=
"CU= u=tR =@ Q}eDt |rw] xm CU= R p=YD= u}B QwLt R= O1 |xrY=i L2

L3 "CU= 1 ?wJQ=J R= X1 QwLt R= |} wWm QwLt w xOvOMQJ RmQt |xrY=i h
"CU= G |xOvOMQJ w 2 lv}r u}@ \@=Q |xr}t QF-wt pw]

"CU= Y1 QwLt R= G |xOvOMQJ RmQt |xrY=i L4
"CU= xOvOMQJ RmQt R= C \@=Q xr}t w G xOvOMQJ lQDWt |qwr RmQt |xrY=i r0

"CU= x_Lr Qy QO |} wWm QwLt =@ \@=Q |xr}t O=ODt= |x} w=R �
"CU= X1 QwLt C@Ft CyH =@ r0 `=aW |x} w=R  
"CU= Y1 QwLt R= R p=YD= u}B RmQt |xrY=i �

"CU= 2 lv}r |=yDv= Q=}W |=vyB a

=RH= u}@ |UOvy |x]@=Q u}}aD
|x]@=Q 'CU= xHQO 180 =} QiY  |x} w=R xm |]}=QW QO w 13 pmW x@ xHwD =@

"CU= Q=QkQ@ <=RH= u}@ 37 |UOvy8<:L4 + h: cot �2 min = L3 + r0

L4 + h: cot �2 max = L3 � r0
(37)

CiQ s=o pw] QO �2 |}=yDv= Q=Okt wO �2 max; �2 min 37 CqO=at x=oDUO QO

"=B Qy R= 1 lv}r x@ pYDt C=a]k R= |}=tv "13 pmW

sDWy w pyJ |xQ=tW �h} QW 11
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=BV

WC
=@Q

l}
|L

=Q]
w|

}=U=
vW:=@ CU= Q@=Q@ 1 ?wJQ=J QO u; sQH RmQt Q=OQ@ =Pr "OvQ=O

~rC=O1 = (� h
tan �2

+ L3 cos�
2 )~i+ (�h+ L3

2 sin�)~j (47)

1 ?wJQ=J QO \@=Q |xr}t sQH RmQt ?=DW w CaQU ?}DQDx@ 47 |x]@=Q R=
?wJQ=J x@ C@Uv C \@=Q |xr}t sQH RmQt ?=DW =Hv; R= w "OvwW|t G=QNDU=
xm Ov};|t CUOx@ 48 |x]@=Q ltmx@ F4y; F4x |=ywQ}v "OwW|t x@U=Lt `HQt
|xLiY QO w 1 ?wJQ=J QO xm CU= xr}t uRw R= |}xir-wt mC :g: sin� u; QO

"OQ}o|t Q=Qk X1Y18<:F4x = F3x �mC :4aCx

F4y = mC :g: sin�+ F3y �mC :4aCy
(48)

=Q u; x@ xOWp=ta= Qw=DWo u=wD|t w CU= G |xOvOMQJ R= |}=tv 17 pmW
:CWwv u=wD|t pmW u}= x@ xHwD =@ "OQm x@U=Lt

T = F4x:r0 sin � F4y:r0 cos � ICG: � � ( _~�� ICG: _~ )Z1
(49)

=Pr 'OQ=OvZ1 QwLt O=ODt= QO |}xir-wt ( _~��ICG: _~ ) |xrtH xm u; x@ xHwD =@
|xOvOMQJ x@ |OwQw Qw=DWo C}=yv QO w OwW|t p}O@D 50 |x]@=Q x@ 49 |xrO=at

"OwW|t x@U=Lt G
T = F4x:r0 sin � F4y:r0 cos � ICG: � (50)
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"OW xDiQo Q_vQO 0 0125 pY=it u}@ wQu=Qo l =m]Y= ?} Q[ u}vJty
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"OvyO|t CyH Q}}eD �RtQD� C@Ft |wU x@ TBU

"u; Q@ OQ=w |=ywQ}v w G |xOvOMQJ R= |}=tv "17 pmW

"CU= xOW ZQi 0 1 =RH= u}@ l =m]Y= ?} Q[ VN@ u}= p�=Ut pL QO
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x@ C@Uv 2 lv}r u=QwO |x} w=R xm |}x_Lr QO 1 ?wJQ=J x@ C@Uv R p=YD=

"O};|t CUOx@ 44 |x]@=Q R= 'CU= �2 =@ Q@=Q@ X1 QwLt

~rR=O1 = � h
tan �2

~i� h:~j (44)

sQH RmQt ?=DW w CaQU 'u=tR x@ C@Uv 44 |x]@=Q R= swO w pw= jDWt uDiQo =@
R p=YD= u}B sQH RmQt ?=DW =Pr "O};|t CUOx@ 1 ?wJQ=J QO R p=YD= u}B

:=@ CU= Q@=Q@ `HQt ?wJQ=J QO
4~aR =4 ~aO1 + ~aR=O1 + �~�� ~rR=O1 + 2 _~�� _~rR=O1 + _~��

( _~�� ~rR=O1) (45)

F3y; F3x pwyHt |=ywQ}v u}B u}= l}t=v}O CqO=at pL w 15 pmW x@ xHwD =@
:OvwW|t x@U=Lt u}vJ8<:F3x = FN [�:(cos �2 + 1) + sin �2]�mR:4aRx

F3y = FN [�: sin �2 + 1� cos �2]�mR:4aRy
(46)
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"R p=YD= u}B w G xOvO MQJ u}@ \@=Q |xr}t R= |}=tv "16 pmW
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|xt}v QO =t= "CU= u; |} wrH |=B =} 3 xQ=tW |=B |Owta |wQ}v R= QDW}@ Q=}U@
w OwW|t 1 xQ=tW |=B R= QDW}@ Q=}U@ 3 xQ=tW |=B |Owta |wQ}v s=o u=ty *swO
C=@ Q OW=@v ?rY u} Q} R |xLiY =@ =B Qy u}@ p=YD= Qo = xm OyO|t u=Wv u}=
|Qw]x@ 'O=O Oy=wN s=Hv= =Q s=tL lUwU QO I}B CmQL pFt |Ovv=tI}B CmQL
CtUk s=o |=yDv= QO w ONQJ|t q=@ CtUx@ uO@ ?ka CtUk s=o ẁQW QO xm
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u=Um} OwHw =@ xm CU= ẁ[wt u}= hWm u; ?r=H Q=}U@ G}=Dv R= |m}
Ovv=t |}=BVW xQWL QO =y=B uOw@ |YYND ẁ[wt =@ xm C=@ Q |=y=B s=tD uOw@
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