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|rwvQ@ � Qrw= *Q}D |}xR=U pOt ZQi uDiQo Q_v QO =@ [6]u=}t} Qm w CUwOm =DQwB
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OwW x@U=Lt xOW O}rwD l}t=v}OwQ}; |=ywQ}v |v=tR s=o Qy QO O}=@ p=@ pmW Q}}eD
|NQ@ QO p=@ |Q}PBh=]av= |xar=]t [14]"CU= Q=wWO w Q}oCkw Q=}U@ |Q=m xm
|W=v |UQv}= |=ywQ}v |x]U=w x@ p=@ |oO}tN |xOta xm xO=O u=Wv =yCr=L
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Q}}eD Q@ |UQv}= |=ywQ}v =yvD Qo = xm |Qw]x@ 'OwW l}t=v}OwQ}; |=ywQ}v |x@U=Lt
|=ywQ}v |x@U=Lt |=Q@ p@k R= Ov=wD|t p=@ |m}t=v}O pmW 'OvW=@ QF-wt p=@ pmW
xD}U}DUq= w l}t=v}OwQ}; VvmQOv= R= Cr=L u}= QO w OwW |v}@V}B |m}t=v}OwQ};

"OwW|t Q_vhQY
u=QW}B w pm |;Q@ |wQ}v� |m}t=v}OwQ}; OQmrta 'xOvU} wv |r@k |=yC}r=ai QO
XNWt |m}v=mt X=wN w xUOvy =@ `HQt uRp=@ l} �p=@ \UwD xOW O}rwD pm
w xOW |UQQ@ |@ QHD CQwY x@ [22w10]=DU}= R=wQB w [21w20]wrH x@ wQ R=wQB Cr=L QO
xU}=kt Qo}Om} =@ u=QW}B |wQ}v O}rwD QO p=@ |OwOLt O=OaD |WJ}B |Q}PBh=]av= QF=
|Q=OQ@ Q} wYD u=mt= x@ |r@k uwtR; |wmU |=kDQ= =@ Q[=L VywSB QO "CU= xOW
|=Q@ |WwQ 'Q} wYD VR=OQB Q=Ri=sQv u} wOD w p=@ |=ypmW Q}}eD R= q=@ CaQU
"CU= xOW x�=Q= uOR p=@ |v=Uwv CmQL QO p=@ |=ypmW Q}}eD w |SwrwB wD G=QNDU=
w Q} w=YD VR=OQB w uOR p=@ ?w=vD |xQwO l} R= hrDNt |v=tR |=yxR=@ QO Q=m u}=
l}D=tv}U \ki '|r@k |=yC}r=ai QO "CU= xOW s=Hv= ?U=vt |=y|vLvt VR=Q@
p=@ R= x]kv Qy l}D=tv}U 'Q[=L VywSB QO |rw Ow@ xOW |Q}oxR=Ov= p=@ |xW} Q
G}=Dv u}= R= "CU= |Q}oxR=Ov= p@=k �VJ}B w VtN pt=W� uOR p=@ CmQL QO
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|=yVywSB QO ,q@k 'xr=kt u}= QO xO=iDU= OQwt p=@ w sR}v=mt xm =Hu; R=
|m}D=tv}U |=yxO=O w G}=Dv 'xOW xDiQo Q=m x@ R}v Qo}O h=Oy= =@ [23�16]|O=} R
|=yp}rLD |HvUQ=@Da= |=Q@ |aHQt u=wva x@ u=wD|t =Q xr=kt u}= QO xOW G=QNDU=
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u=wva x@ p=@ VtN R= |W=v pmW Q}}eD u=R}t �3 xHQO |}xrtHOvJ =} w u}qBU=�

"O};|t CUO x@ x_Lr Qy QO w x]kv Qy QO 'u=tR w u=mt R= |a@=D
u=wva x@ p=@ \=kv X}NWD 'Q} w=YD VR=OQB QO xOW xDWwv Q=Ri=sQv Q=m T=U=
nvQ 'Qw_vt u}O@ "CU= nvQO}iU |}xv}tRTB |wQ nvQ x=}U \=kv R= |}xawtHt
|xR=U R}v w OW=@ xDW=O =Q =yT=mav= u=R}t u} QDtm =D xOW ?=NDv= C=t O}iU p=@
s=ovy p=@ |xrtL |x@r Ovv=t� CU= C}ty= R�=L =yv; C}akwt xm |]=kv =} p=@
nvQ R= xawtHt |x}k@ |=Q@ u}vJty "CU= xOW x=}U '�VtN u=R}t |xOy=Wt
=yV=WDe= u}= "OwW |Q}owrH Q} w=YD QO |r=tDL= V=WDe= R= =D xOW xO=iDU= O}iU
|Q} wYD CqqDN= pt=W C@=F |=yV=WDe= "OvwW|t Qy=_ Q} w=YD QO xvwo wO x@
CWB QO `k=w |xv}tRTB |xLiY |wQ |}xmr Ovv=t� CU= C@=F =yv; C}akwt xm
'x}=U Ovv=t '=yv; C}akwt xm |Q} wYD CqqDN= pt=W lQLDt |=yV=WDe= w �xOvQB
C@=F |=yV=WDe= u}= R= |}xvwtv 7 pmW QO "CU= Q}}eD p=L QO u=tR CWPo =@

%OwW|t s}UkD xDUO OvJ x@ R}v x}=U "CU= xOW xO=O u=Wv lQLDt w
"pOt CWB |xLiY |wQ p=@ |x}=U "1

"p=@ OwN |wQ p=@ |x}=U "2
"pOt |xawtHt |wQ Qo}O s=UH= |x}=U "3

lQLDt |=yV=WDe= hPL |rwCU= QwOkt Q=Ri=sQv\UwDC@=F |=yV=WDe= `iQ
lQLDt |=yV=WDe= O=H}= R= OwW|t VqD u}=Q@=v@ "CU= Q=wWO ,=D@Uv |a[wt

"p=@ |xR=U KQ] |UOvy C=YNWt "4 pmW

"sR}v=mt x@ p=@ xR=U p=YD= "5 pmW

|UOvy C=YNWt =@ 4|}xDUwB CQwY x@ w Q}PBh=]av= |}=yp=@ |=Q=O xOvQB
|xvO@ w sR}v=mt x@ =yp=@ p=YD= |xwLv '5 pmW QO u}vJty "CU= 4 pmW j@=]t
x@ u; |Q_vt C@Uv w QDw \UwDt 'p=@ Qy CL=Ut "CU= xOW xO=O u=Wv xOvQB
|xR=U KQ] u}vJty "CU= 6 w QDt|Dv=U 17 '`@ Qt QDt|Dv=U 880 OwOL ?}DQD
Q]k =@ �p=@ |} wrH x@r� |rY= Q=BU= pt=W w CU= |v@ Qm |=yxr}t TvH R= p=@
QDt|r}t 1 Q]k =@ ?} Q Q=yJ w QDt|r}t 4 1 Q]k =@ |aQi Q=BU= 'QDt|r}t 1 6
|v}@ QwO 'p=@ |}x} w=R |}=Hx@=H w |WtN |=ypmW Q}}eD |Q}oxR=Ov= |=Q@ "CU=
600 QO 800 Kw[w =@ w x}v=F QO xvwtv Q=Ry |Q=OQ@ Q} wYD C}r@=k =@ q=@ CaQU
xO=iDU= OQwt 'xOW xDWwv Q} w=YD u}= VR=OQB |=Q@ xm |Q=Ri=sQv x=Qty x@ pUm}B

"CU= xDiQo Q=Qk

uwtR; s=Hv= VwQ "3
xOW s=Hv= �wrH x@ wQ O=@ Qw[L uwO@� xOvQB |=DU}= uOR p=@ Cr=L QO =yuwtR;
xO=O Q=Qk CU= xv}tm u; C=v=Uwv xm |}x}=B |wQ 6 pmW j@=]t xvwtv uRp=@ "CU=
2 ,=OwOL |xrY=i QO w uRp=@ |xLiY Q@ Owta 'q=@ CaQU u}@ QwO "CU= xOW
w p=@ |xR=Ov= x@ xHwD=@ Ov=wD|t pOt R= u}@ QwO |xrY=i "OQ}o|t Q=Qk pOt |QDt
|Q=OQ@Tma |=Q@ Q_v OQwt pOt CL=Ut "OW=@ Q}eDt u}@ QwO Rvr |vwv=m |xrY=i
CU= |}xvwo x@ R}v C=R}yHD nvQ w |R=OQB Qwv |xawtHt "CU= `@ QtQDt l} OwOL
'u}@ QwO R= xO=iDU= =@ "O}; OwHw x@ xrY=L Q} w=YD QO V=WDe= u=R}t u} QDtm xm
=@ uOR p=@ ?w=vD xQwO l} QO u; |WtN |=ypmW Q}}eD x=Qty x@ p=@ l}D=tv}U
=@ xm |}xt=vQ@ ltm x@ xrY=L Q} w=YD "CU= xOW |Q=OQ@ Q} wYD x}v=F QO xvwtv Q=Ry
u}= "OvwW|t VR=OQB CU= xOW xDWwv Qw_vt u}= |=Q@ ?rDt |Q=Ri=sQv |=yC}r@=k
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"OvwW G=QNDU= sRq K}LYD ?}=Q[ w O}; CUO x@ pUm}B T=}kt QO p=@ pw]
OwW|t |D=@U=Lt |xt=vQ@ OQ=w uOR p=@ ?w=vD xQwO l} Q} w=YD 'Oa@ |xrLQt QO
\=kv� ?wr]t \=kv l}miD |=Q@ Q=Ri=sQv "OQ}o Q=Qk VR=OQB OQwt l} x@ l} =D
|=yTma 'xDU=wN=v |=yV=WDe= R= �p=@ |} wrH |x@r |xOvyOp}mWD |ak=w
'QF-wt p=L u}a QO w xO=U |=yQDr}i |NQ@ |Q}oQ=m x@ =@ "Ovm|t QDr}i =Q |Di=} QO
=@ ?wr]t \=kv w hPL �xQ}e w pOt |xOvQ=Oxov |xQ}o Ovv=t� C@=F |=yV=WDe=
?wr]t=v \=kv hPL |=yVwQ R= |m} 'xvwtv |=Q@ "OvwW|tXNWt |}q=@ p=tDL=
hPL x@ QHvt xm CU= Qo}Om} R= |r=wDt Q} wYD wO p[=iD 'C@=F |=yV=WDe= w

"OwW|t Q} wYD wO u; QO OwHwt *lQDWt QY=va
X}NWD QO xm CU= xO=iDU= OQwt |=yQDr}i '=]N O=H}= pt=wa R= Qo}O |m}
V}=Ri= p}rO x@ p=Ft u=wva x@ "OvwW|t =]N Q=JO Q} w=YD QO p=@ |L=wv R= |NQ@
CUO R= =Q p=@ |=yDv= \=kv j}kO|}=U=vW|}=v=wD =yQDr}i,qwtat 'p=@ lwv QOCaQU
Q} w=YD ltm x@ '\=kv |@=}u=}t |=yVwQ |Q}oQ=m x@ =@ Cr=L u}= QO "OvyO|t
|}=yv |xH}Dv "OQm u}}aD |@U=vt CkO =@ =Q p=@ lwv C}akwt u=wD|t '|Oa@ w |r@k
"CU= l} w QiY |OOa Q}O=kt =@ O}iU w x=}U |L=wv pt=W |Q} wYD 'VR=OQB u}=
pmW Q}}eD u=R}t u}vJty w p=@ \=kv C}akwt R= |OQw;Q@ 'Q} w=YD u}= R= xO=iDU= =@
VR=Q@ `@=D |Q}oQ=m x@ =@ "O};|t CUO x@ u=tR w u=mt R= |a@=D CQwY x@ u; |WtN
OwW|t pY=L Q=wty w Q}PBjDWt |}xrO=at '�QDt|r}t 1 xv}W}@ |=]N =@� 3 xHQO
=yxO=O u}= R= "OwW|t xO=iDU= p=@ \=kv ?=DW w CaQU G=QNDU= |=Q@ u; R= xm
"OQm xO=iDU= p=@ Q@ OQ=w |m}t=v}OwQ}; w |UQv}= |=ywQ}v |x@U=Lt |=Q@ u=wD|t

|Q=wv VwQ =@ |m}t=v}OwQ}; |=ywQ}v |x@U=Lt "4
xOW x@U=Lt |Q=wv |x} Q_v T=U= Q@ uOR p=@ CmQL QO p=@ |m}t=v}OwQ}; |=ywQ}v
p=@ QDw CyH QO |}=yQ=wv pmW x@ xa]k u}OvJ x@ p=@ '|Q=wv VwQ QO "CU=
OwW|t ZQi w OwW|t |WwBsWJ u=} QH uOw@ |Oa@ xU C=QF= R= "OwW|t s}UkD
Q@ OQ=w |m}t=v}OwQ}; |=ywQ}v u}=Q@=v@ "OQ=Ov OwHw p=@ |xv=yO |=DU=Q QO u=} QH
Q=wv u; QF-wt |xrtL |x} w=R w |@Uv CaQU x@ xHwD=@ w |Oa@ wO \@=wQ =@ Q=wv Qy
pm =D CiQo p=QoDv= p=@ |xv=yO |=DU=Q QO u=wD|t =ywQ}v u}= R= "OwW|t x@U=Lt
|xvO@ |rw] |=DU=Q Q@ Owta |wQ}v "O}; CUO x@ x_Lr Qy QO p=@ |wQ |=ywQ}v
%OwW|t x@U=Lt u}vJ |UQv}= x=oDUO QO (Fx) xOvQ@ wrH |wQ}v w (Fz) xOvQB

Fz =
NsX
i=1

0 5�V 2
r;iSi[c`(�i)cos(�rel) + cd(�i)sin(�rel)]cos'

Fx =
NsX
i=1

0 5�V 2
r;iSi[c`(�i)sin(�rel)� cd(�i)cos(�rel)]

|r=oJ � '�10 pmW� uOR p=@ CyH QO p=@ |}x} w=R C}akwt ' \@=wQ u}= QO xm
�Q=wv� `]kt Qy |@Uv CaQU w CL=Ut ?}DQD x@ Vr;i w Si '=yQ=wv O=OaD Ns '=wy
�i = �rel + �t w CU= `]kt Qy |@Uv |xrtL |x} w=R �rel "CU= p=@ R=
"CU= p=@ �xrtL� |} wrH |x@r pwL `]kt Qy VJ}B |x} w=R Q@=Q@ �t u; QO xm
�C@Ft� |ivt |Q=Okt |=Q=O p=@ �uDiQ q=@� uOt; u}}=B u}L QO VJ}B |x} w=R
QO w O@=}|t Vy=m ,=D@Uv xrtL |x} w=R 'p=@ uOt; u}}=B Q}Ut QO |DQ=@a x@ "CU=
'p=@ R= `]kt Qy VJ}B |x} w=R "OwW|t O=} R ,=D@Uv xrtL |x} w=R 'p=@ uDiQ q=@
OwOL |@ QHD C=Oy=Wt T=U= Q@ w CU= x_Lr Qy QO p=@ |}x} w=R C}akwt R= |a@=D

uOQm Owta =@ pOt CWB |xLiY |wQ p=@ |x}=U 'p=Ft u=wva x@ "OwW |Q=OOwN
|m} '|v=Qwv `@vt wO uOQm xi=[= =@ "CU= |vOW `iQ xawtHt u}iQ] Q@ |v=Qwv `@vt
|}xvwtv "OQ@ u}@ R= =Q VOwN |wQ p=@ |x}=U u=wD|t R}v 'p=@ u}}=B QO |m} w q=@
x} w=R u}vJty w xv}tRTB x@ Qwv V@=D u=R}t s}_vD ltm x@ xOWKqY= Q} w=YD R=
"CU= xOW xO=O u=Wv 8 pmW QO uOR p=@ ?w=vD xQwO l} QO u; V@=D `=iDQ= w
p=@ C=YNWt =OD@= Q} w=YD VR=OQB |=Q@ 'Q_vOt C}i}m =@ Q} w=YD PN= R= TB
'|Di=} QO |=yTma R= |m} |wQ Q@ p=@ \=kv R= |O=OaD C=YDNt w pw] xrtH R=
OwW|t pkDvt Q=Ri=sQv x@ w xOW XNWt Q@ Q=m ?=NDv= x@ w XN=W u=wva x@
|x]kv R= "CU= xOW xO=iDU= Q} w=YD Q}=U uw}U=Q@}r=m |=Q@ =yxO=O u}= R= "�9 pmW�
u}= w OwW|t xO=iDU= Q} w=YD p}rLD QO C@=F |x]kv u=wva x@ �6 pmW� p=@ |qwr
|x]kv u} QN; u}vJty "CU= |D; C=@U=Lt w =y|Q=PoxR=Ov= |t=tD |=v@t 'x]kv
O=ODt= QO xm |]=kv R= xO=iDU= =@ TBU "OwW|t ?=NDv= p=@ lwv |wQ 'XN=W

"uOR p=@ ?w=vD xQwO l} Q}w=YD "8 pmW

"Q}wYD uw}U=Q@}r=m "9 pmW
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"p=@ uDiQ q=@ pm}Us}v QO p=@ C}akwt "12 pmW

"p=@ uOt; u}}=B pm}Us}v QO p=@ C}akwt "13 pmW

"uOR p=@ ?w=vD |xQwO l} QO p=@ |xW} Q |}x}w=R C}akwt "14 pmW

QO u; |=ypmW Q}}eD w p=@ C}akwt x@ \w@ Qt G}=Dv 13 w 12 pmW "CU= xOW
pm}Us}v QO p=@ pmW Q}}eD 12 pmW "OyO|t u=Wv =Q uOR p=@ ?w=vD xQwO l}
OwW|t xOy=Wt "CU= p=@ uOt; u}}=B pm}Us}v x@ \w@ Qt 13 pmW w uDiQ q=@
hqN QO p=@ lwv w xW} Q 'p=@ uOt; u}}=B w uDiQ q=@ |=ypm}Us}v |=OD@= QO xm
w p=@ lwv |UQv}= R= |W=v CmQL R=i hqDN= u}= xm Ovvm|t CmQL Qo}Om} CyH
C}akwt 14 pmW QO "CU= |r@k |=ypm}Us}v |=yDv= R= pY=L |}x} w=R ?=DW
=y|Q}oxR=Ov= |=]N xOwOLt w uOR p=@ ?w=vD |xQwO l} QO p=@ |xW} Q |}x} w=R

"uORp=@ |x}w=R "10 pmW

"p=@ lwv VJ}B "11 pmW

Ovm|t =O}B V}=Ri= p=@ lwv CtU x@ xW} Q R= u}vJty "OQ=O R=i hqDN= u; =@ �2
"�11 pmW� OQ=O =Q Q=Okt u} QDW}@ 'p=@ lwv QO w QiY Q@=Q@ xW} Q QO xm |Qw]x@
x@ |@ wN ?} QkD =@ x_Lr Qy QO p=@ lwv =D xW} Q R= VJ}B |x} w=R Q}}eD =Hv}= QO
%R= CU= CQ=@a u; |=Q@ |O=yvW}B |x]@=Q w OwW|t xDiQo Q_v QO |]N CQwY
�t(y; t) = kt

y
(b=2)

_'(t)
_'max

X=wN R= |a@=D xm CU= VJ}B ?} Q[ ki w p=@ |xv=yO xR=Ov= b u; QO xm
Q=Okt p=@ u}= |=Q@ |@ QHD |=yxO=O x@ xHwD =@ "CU= p=@ l}t=v}O w |m}v=mt
p=@ Tv=mQi f u; QO xm xOW G=QNDU= kt = �

3=6
f

fmax
Q@=Q@ VJ}B ?} Q[

=UB w (cl) ;Q@ |m}t=v}OwQ}; ?}=Q[ |x@U=Lt |=Q@ "CU= RDQy ?ULQ@ uOR
|m}t=v}OwQ}; ?}=Q[ w xOW xDiQo Q_v QO CND |xLiY CQwY x@ p=@ '(cd)
G=QNDU= Cv�wri Q=Ri=sQv ltm x@ 105 =D 104 u}@=t hrDNt ROrwv} Q O=Oa= QO
'xOwOLt u}= QO ROrwv} Q O=Oa= |=Q@ xm O=O u=Wv xOt; CUO x@ G}=Dv "Ov=xOW
R= u=wD|t u}=Q@=v@ w CU= R}J=v |m}t=v}OwQ}; ?}=Q[ |wQ ROrwv} Q OOa Q}F-=D
OQm xO=iDU= q=@ \@=wQ QO hrDNt xrtL |=}=wR QO ?}=Q[ u}= |=Q@ Q} R ?} QkD

"(�� < �i < �)

c`(�i) = 1 2sin(2�i)
cd(�i) = 1� cos(2�i)
G=QNDU= |Q}oxR=Ov= VwQ =@ p@k VN@ QO p=@ l}D=tv}U |=yxO=O xm u}= x@ xHwD =@

"Ov=x@U=Lt p@=k p=@ Q@ OQ=w |=ywQ}v 'OW

EL@ w G}=Dv "5
x�=Q= RDQy 3 4 Tv=mQi =@ uOR p=@ |=Q@ G}=Dv 'xr=kt u}= QO xOW |iQat VwQ =@
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t=Q} R xOW xDiQo Q_v QO C@Ft Ctqa =@ p=@ uDiQ q=@ u}L QO VJ}B |x} w=R
u} QDW}@ xm OwW|t xOy=Wt "O@=}|t V}=Ri= 'p=@ uDiQ q=@ QO |@Uv |xrtL |x} w=R
CU= xv}W}@ p=@ |}x} w=R CaQU xm |}=yC}akwt QO R}v |WJ}B |=ypmW Q}}eD
=@ u}vJty "OyO|t MQ �CU= ji= x@ l}ORv p=@ |xW} Q C}akwt |Dkw ,=@} QkD�
50 OwOL =D p=@ lwv VJ}B V}=Ri= u=R}t u} QDW}@ 'uOR p=@ Tv=mQi V}=Ri=
|=yp=@ u=QW}B |wQ}v O}rwD QO |U=U= Vkv |WJ}B |Q}PBh=]av= "CU= xHQO
QO R}v |iQYt u=wD |rw [10]OQ=O q=@ uOR p=@ |=yTv=mQi QO xS} w x@ '|}xDUwB

"uDiQ q=@ pm}U s}v QO pmW Q}}eD u} QDW}@ Cr=L QO p=@ C}akwt "17 pmW

"uORp=@ ?w=vD |xQwOl} QO p=@ \=kv s=tD|@Uv|WtN |=ypmW Q}}eD "18 pmW

"uORp=@ hrDNt |=yTv=mQi |=Q@ ?w=vD |xQwO l} QO p=@ lwv VJ}B "19 pmW

10 OwOL R= p=@ |xW} Q xm CU= |Dr=L x@ \w@ Qt G}=Dv u}= "CU= xOW xO=O u=Wv
'OwW|t xOy=Wt xm u=vJ "Ovm|t CmQL x@ ẁQW q=@ CtU x@ ji= |q=@ xHQO
u}vJty "CU= xHQO 31 w 35 Q@=Q@ ?}DQD x@ p=@ uDiQ u}}=B w q=@ |=}=wR QFm =OL
p@=k p=@ |xW} Q |}x} w=R �?=DW w� CaQU C=Q}}eD Q=Owtv '=yxO=O u}= ltm x@
pmW QO uORp=@ ?w=vD xQwO l} QO p=@ |xW} Q |}x} w=R CaQU "CU= G=QNDU=
OwOL uDiQ q=@ pm}Us}v QO p=@ |xW} Q |}x} w=R CaQU u} QDW}@ "CU= xOt; 15
Qy w 'CU= x}v=F Q@ u=}O=Q 12 OwOL uOt; u}}=B pm}Us}v QO w x}v=F Q@ u=}O=Q 13 8
xO=Di= j=iD= �ji= x@ l}ORv p=@ |xW} Q C}akwt� CmQL Q}Ut \U=w= QO ,=@} QkD wO

"CU=
|x]kv Qy |@Uv |WtN pmW Q}}eD '13 w 12 pmW G}=Dv R= xO=iDU= =@
l}DUq= |=y|}=Hx@=H u=R}t 16 pmW QO "CU= x@U=Lt p@=k p=@ R= x=wNrO
u=Wv uOR p=@ pm}U l} QO '�xDi=}v pmW Q}}eD Cr=L QO p=@ x@ C@Uv� p=@ lwv
QO |WtN |=ypmW Q}}eD u} QDW}@ OwW|t xOy=Wt xmu=vJ "CU= xOW xO=O
?}mQD Cr=L u}= QO "CU= xv}W}@ |}x} w=R CaQU xm OyO|t MQ |}=yC}akwt
C}akwt u}= QO p=@ Q} wYD 17 pmW QO "Ov=xv}W}@ R}v p=@ Q@ OQ=w |m}t=v}O |=ywQ}v
\=kv s=tD |@Uv |=ypmW Q}}eD 18 pmW QO u}vJty "CU= xOW xO=O u=Wv
C}ty= x@ xHwD =@ "OyO|t u=Wv =Q uOR p=@ ?w=vD xQwO l} QO p=@ |} wrH |x@r
w VJ}B |=yxO=O G}=Dv 'uOR p=@ hrDNt |=yTv=mQi QO p=@ lwv pmW Q}}eD
"CU= xOt; 20 w 19 |=ypmW QO ?}DQD x@ p=@ lwv |@Uv VtN |xv}W}@

"uOR p=@ ?w=vD |xQwO l} QO p=@ |xW} Q |}x}w=R CaQU "15 pmW

p=@ ?w=vD |xQwO l} QO p=@ lwv |@Uv |WtN �|}=Hx@=H� pmW Q}}eD "16 pmW
"uOR



121

1|
xQ=t

W'
35

�3
|xQ

wO'
�13

98
Q=y@

�h
}QW

l}
v=mt

|U
Ovyt

"uOR p=@ ?w=vD xQwO l} QO p=@ pm Q@ OQ=w |=ywQ}v C=Q}}eD "23 pmW

pm |wQ =ywQ}v u}= ẁtHt w |UQv}= w l}t=v}OwQ}; |=ywQ}v C=Q}}eD 23 pmW QO
QO xm OwW|t xOy=Wt "CU= xOW xO=O u=Wv uOR p=@ ?w=vD xQwO l} QO p=@
"CU= |m}t=v}OwQ}; |=ywQ}v =@ x@DQtsy ,=@} QkD |UQv}= |=ywQ}v xR=Ov= 'xr�Ut u}=
|x]U=w x@ =yvD p=@ |oO}tN Cr=L u}= QO [15]'xOW xDio xm xJv; hqNQ@ 'u}=Q@=v@
u=wD|tv xr�Ut u}= |R=Ux}@W QO w CU}v p=@ sQH `} RwD R= |W=v |UQv}= |=ywQ}v
syU |UQv}= |=ywQ}v Qo = "OQm Q_v hQY xD}U}DUq= w l}t=v}OwQ}; VvmQOv= R=
xO=iDU= =@ =yvD p=@ |m}t=v}O pmW |x@U=Lt 'OvDW=O =Q p=@ pmW Q}}eD QO ?r=e
|=ywQ}v |x@U=Lt |=Q@ p=@ l}D=tv}U |Q}oQ=m x@ TBU w |UQv}= |=ywQ}v R=
'xr�Ut u}= |=Q@ ZQi u}= uOw@ ?U=vt sOa "Ow@ |@U=vt ZQi |m}t=v}OwQ};
Q}}eD p=@ Qo = u}vJty "OyO|t u=Wv =Q Q[=L VywSB QO |O=yvW}B VwQ C}ty=
C}akwt u} QDu}}=B w u} QDq=@ QO |UQv}= |=ywQ}v xv}W}@ 'OW=@ xDW=Ov |WtN pmW
xH}Dv QO w CU= xOW Zwa p=@ CmQL CyH xm|}=H |va} 'CU= uOR p=@ |}x} w=R
QO |m}t=v}OwQ}; |=ywQ}v u} QDW}@ xm|r=L QO "OQ=O OwHw |}x} w=R ?=DW u} QDW}@
p=@ |xW} Q |}x} w=R CaQU xm|}=H |va} 'CU= |ki= ,=@} QkD p=@ xm CU= |D}akwt
l}D=tv}U 'p=@ VtN OwHw Cra x@ '`k=w QO "CU= xv}W}@ p=@ Q@ Owta CaQU =}
w OvDUy CmQL R=i hqDN= |=Q=O Qo}Om} x@ C@Uv p=@ |xv=yO |=DU=Q QO \=kv
R=i hqDN= |=Q=O R}v p=@ `]=kt |m}t=v}OwQ}; w |UQv}= |=ywQ}v xv}W}@ 'xH}Dv QO

"OW Ovy=wN

|Q}oxH}Dv "6
'Q} w=YD VR=OQB |=Q@ xOW x}yD Q=Ri=sQv w |W}=tR; u=tO}J |iQat =@ xr=kt u}= QO
uOR p=@ CmQL QO Q}PBh=]av= p=@ |v=UWm |=ypmW Q}}eD |@ QHD |xar=]t x@
|m}t=v}OwQ}; |=ywQ}v pt=W p=@ pmW w Q=DiQ Q@ Q=PoQ}F-=D |=ywQ}v "OW xDN=OQB
x@ "Ovm|t u}}aD =Q p=@ l}DUq=wQ}; |}=yv pmW =yv; ?}mQD xm OvDUy |UQv}= w
w OW G=QNDU= nQR@ |=ypmW Q}}eD pt=W p=@ l}D=tv}U 'V}=tR; u=tO}J ltm
u}= x@ xHwD =@ "OW xO=iDU= p=@ Q@ OQ=w |m}t=v}O |=ywQ}v `} RwD u}tND |=Q@ =yv; R=
R= 'CU}v Q}PBu=mt= =yv; l}miD w p=@ |wQ =ywQ}v u}= `} RwD s}kDUt |Q}oxR=Ov= xm
CmQL l}DUq=wQ}; |=y|R=Ux}@W |HvUQ=@Da= |=Q@ u=wD|t xOt; CUO x@ G}=Dv
|=ypmW Q}}eD w ?rY CmQL =@ x=Qty l}DUq=wQ}; |=}=B=v xr�Ut l} xm uOR p=@

"OQm xO=iDU= CU= nQR@

"uOR p=@ hrDNt |=yTv=mQi |=Q@ p=@ lwv |@Uv VtN |xv}W}@ "20 pmW

"?w=vD xQwO l} QO p=@ \=kv s=tD |}wrH x@r Q@ Owta CaQU "21 pmW

"uOR p=@ ?w=vD xQwO l} QO p=@ lwv Q@ Owta CaQU "22 pmW

QF= 20 pmW QO "OwW ^=Lr O}=@ xv}y@ VJ}B u=R}t Q_v R= p=@ |L=Q] XN=W
xO=O u=Wv p=@ lwv |@Uv VtN u} QDW}@ |wQ uOR p=@ Tv=mQi uOw@ |]NQ}e

"CU= xOW
QO 'OvDUy p=@ Q@ Owta CaQU R= QF-=Dt |m}t=v}OwQ}; |=ywQ}v xm u}= x@ xHwD =@
xOt; uOR p=@ ?w=vD xQwO l} QO p=@ `]=kt s=tD Q@ Owta CaQU `} RwD 21 pmW
|xv}W}@ Q}O=kt w xOW O}rwD p=@ lwv QO CaQU u} QDW}@ xm OwW|t xOy=Wt "CU=
"�22 pmW� ODi=|t j=iD= CU= |ki= C}akwt QO p=@ |xW} Q xm |Dr=L QO R}v u;
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1. large rigid body motion
2. nonlinear deformations
3. strip theory
4. membrane wing
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