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QO [130]u=Q=mty w OQiu=mrt "OQm|t pta |R=U=OH xrLQt l} R= Oa@ �95 |q=@
uwQO =Q uwQm}t 15 w 10 '5 |=yxR=Ov= =@ uQ}=DU=|rB C=QP '|@ QHD |xar=]t l}
PDMS26 TvH R= s}kDUt |r}]DUt p=v=mwQm}t l} QO |vwDw}vQ}e p=}U l}
Cq=}U hqNQ@ xm OvDi=} QO w OvOQm RmQtDt T}UQwiwQDmr=|O |wQ}v R= xO=iDU= =@
QO jrat C=QP 'CU= p=v=mwQm}t RmQt QO C=QP |rO=aD C}akwt =yu; QO xm |vDw}v

"Ovvm|t CQH=yt p=v=mwQm}t |=yxQ=w}O CtU x@ |vDw}vQ}e Cq=}U
'|Q}PBh=]av= xrtHR=|}=}=Rt|=Q=O wQ}vu}=|Q}oQ=mx@ xmCio u=wD|t|rm Qw]x@
xQP x@ xm |U}UQwiwQDmr=|O |wQ}v [131]"CU= uOw@ |OQ@ Q=m w uOw@ pQDvm p@=k

%O};|t CUO x@ Q} R |x]@=Q j@] OwW|t OQ=w
F (t)

= 2�"�mr^3fRe(f � CM(!))rE � rms^2
+Im(f � CM(!))� (E � x^2r'� x
+E � y^2r'� y + E � z^2r� z)g (9)

R= Ov=CQ=@a ?}DQDx@ Im(fCM (!)) w Re(fCM (!)) ''i Ei 'Erms '! 'r
|m} QDmr= u=O}t R=i w xR=Ov= '|m} QDmr= u=O}t \UwDt '|}x} w=R Ot=U@ 'xQP `=aW
CM u}vJty w |DwUwt � Tw} Rqm ?} Q[ |twywt w |k}kL CtUk iCyH QO

[80]"u=Q=mty w nv=} VywSB p=v=mwQm}t "4 pmW

[82]"uw}U=QDr}i j} Q] R= |R=U=OH "5 pmW

Z=@kv= [95]"CU= nv=i � nvi}�wR QF= p}rO x@ =yOvwQ u}= s=tD "CU= O=} R u=} QH
"OwW|t =yu; ?=DW w C=QP CaQU V}=Ri= Ea=@ u=} QH QO

25 uw}U=QDr}i "5"1"5
CQwY =yu; |xR=Ov= T=U= Q@ C=QP |R=U=OH |=Q@ xm CU= |WwQ uw}U=QDr}i
|=y=We '|�RHOvJ pt=W?}mQDl} QO C=QP |Ov@xDUO w |R=U=OH |=Q@ "OQ}o|t
xm |y=oDUO '5 pmW QO "OQ}o|t Q=Qk p=v=mwQm}t QO |R=U=OH |=Q@ |irDNt
[96]"CU= xOW xO=O u=Wv CU= |QDtwv=v 400 w |QDtwQm}t 5 w 2 QDr}i xU pt=W
|xR=Ov= T=U= Q@ |R=U=OH 'R}v |R=U=OH VwQ u}= QO xm Cio u=wD|t |rm Qw]x@
|R=U=OH QO xm CU= |WwQ R}v u=} QH |[Qa |R=U=OH "OQ}o|t CQwY C=QP
p@k O}iU |=ypw@ro u; QO xm [97]'CU= xDiQo Q=Qk xO=iDU= OQwt O}iU |=ypw@ro

"OvwW|t =OH uwN R= 'uO@ QU=DQU x@ uwN VOQo R=
|m}t=v}OwQO}y |R=U=OH "6"1"5

|xR=Ov= T=U= Q@ xm Cw=iD u}= =@ "CU= |[Qa u=} QH uw}U=QDr}i Ovv=ty VwQ u}=
=OH |rY= p=v=m QO X=N |xQP ẁv l} |[Qa |R=U=OH QO "Ovm|t pta C=QP
p=v=m OvJ |rY= p=v=m Q=vm QO C=QP |R=U=OH R= TB VwQ u}= QO |rw &OwW|t
CQwY C=QP |xR=Ov= T=U= Q@ |@v=H |=yp=v=m u}= QO |R=U=OH xm OQ=O OwHw
2 pwOH QO "CU= QDtm u; CaQU OW=@ QDoQR@ xQP |xR=Ov= xJ Qy '=Q} R &OQ}o|t
p=aiQ}e |=yVwQ R= xO=iDU= =@ |R=U=OH |xv}tR QO xDiQo CQwY |=yQ=m R= |O=OaD

"CU= xOW x�=Q=
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Ovyt

"p=aiQ}e |=yVwQ R= xO=iDU= =@ |R=U=OH "2 pwOH
`HQt p=v=mwQm}t ẁv w C=QP ẁv T=U= Q@ |R=U=OH

=yu; |xR=Ov= |R=U=OH ẁv
[90]u=Q=mty w |mUwSQ |}xkvRwP p=v=m C=DUwQB u=]QU |=ypwrU |UQv}= |wQ}v � C=QP |xR=Ov=20� 15�m Q]k

[91]u=Q=mty w RwQm |r}]DUt p=v=m 1; 2�m Q]k uQ}=DU=|rB |UQv}= |wQ}v � C=QP |xR=Ov=

[92]u=Q=mty w |O=Oe@r= |}xkvRwP p=v=m w 5 '2 Q]k =@ uQ}=DU= |rB |UQv}= |wQ}v � C=QP |xR=Ov=10�m

[98]u=Q=mty w s=v |a@ Qt p=v=m 1 5�m Q]k w uwN |=ypwrU |UQv}= |wQ}v � C=QP |xR=Ov=

[99]u=wN w wr |r}]DUt p=v=m 3 1�m Q]k =@ uQ}=DU=|rB |UQv}= |wQ}v � C=QP |xR=Ov=
[100]u=Q=mty w uy= |a@ Qt p=v=m 4 5�m w 3 '2 Q]k =@ uQ}=DU= |rB |UQv}= |wQ}v � C=QP |xR=Ov=

[101] u=Q=mty w =m�=t pmW T `]=kD �|Qt}rB C=QP x@=Wt� xQ]k Iv}B u=} QH � C=QP |xR=Ov=

[102]u;wN w wr |r}]DUt p=v=m 4 2�m Q]k =@ uQ}=DU= |rB Iv}B u=} QH w |UQv}= |wQ}v

[103]u=Q=mty w |Q}H} Qt pmW|vLvt p=v=m =y|QDm =@ w =ypwrU � C=QP �|r=oJ� |xR=Ov=
x}iYD |=Q@ Iv}B u=} QH

[104]u=Q=mty w wQ}y=vwU |a=aW p=v=mwQm}t uQ}=DU=|rB w =m}r}U C=QP |R=U=OH w Iv}B u=} QH
�RmQt R= R} Qo |wQ}v |UQQ@� |r=oJ w xR=Ov= T=U= Q@

[105]u=Q=mty w ArDU= |a@ Qt p=v=mwQm}t |v=]QU |=ypwrU u}O u=} QH w |UQv}= |wQ}v
[106]|HQD=J I}B Q=t p=v=mwQm}t Q=]k= =@ uQ}=DU=|rB C=QP � C=QP Q]k w xR=Ov= T=U= Q@

20�m w 15 '10 '7 3 u}O u=} QH w |UQv}= |wQ}v
[107]u=Q=mty w l@ QFwr |FrFt `v=wt =@ p=v=mwQm}t xR=Ov= T=U= Q@ |R=U=OH x@=OQowQm}t VwQ

[108]u=Q=mty w I}@ � =ypwrU |@v=H |xR=Ov= Q}}eD x@=OQowQm}t VwQ

[109]u=Q=mty w Q}F=B} Q}D pmW T p=v=mwQm}t uwN |=tUqB |R=U=OH nv=i � li}�wR QF=
[110]u=Q=mty w nvo |a=aW p=v=mwQm}t uwN |=tUqB |R=U=OH nv=i � li}�wR QF=
[111]u=Q=mty w uJ I}B QO I}B |a@ Qt p=v=mwQm}t =ypwrU |R=U=OH uw}U=QDr}i

[112]u=Q=mty w nv} S xOW xDN=U |y=oW}=tR; A}J uwN |=tUqB |R=U=OH uw}U=QDr}iuwm}r}U R=
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R=U=
OH

`t=H
|xa

r=]t"2 pwOH |xt=O=
`HQt p=v=mwQm}t ẁv w C=QP ẁv T=U= Q@ |R=U=OH

=yu; |xR=Ov= |R=U=OH ẁv
[113]u=Q=mty w |r pmW T `]=kD l} xQ]k |R=U=OH uw}U=QDr}i

[114]u=Q=mty w |H R= xOW xDN=U p=v=mwQm}t uwN O}iU |=ypw@ro |R=U=OH |m}t=v}OwQO}yO}Um =|O uwm}r}U RtQk |=ypw@ro R=

[115]|mU w =O=t=} �|y=Q Q=yJ� |}xN=W 4 p=v=m l} QDtwQm}t 3 =D 1 Q]k =@ |Qt}rB C=QP |m}t=v}OwQO}y

[116]u=Q=mty w nvq
xm |av=wt =@ |r}]DUt p=v=mwQm}t CQwY x@ C}=yv QO xm |wQm C=QP x@=OQowQm}tCU= C=QP |[Qa CyH Q}}eD pmW sy OvwW|t |Ov@xDUO |o =Ro} R�CU= |}x]kv CQwYx@ `v=wt�

[117]u=Q=mty w u} wr=@ xm |av=wt =@ |r}]DUt p=v=mwQm}t |wQm C=QP x@=OQowQm}tCU= C=QP |[Qa CyH Q}}eD pmW sy
[118]TwyQm w TQm |r}]DUt p=v=mwQm}t uwN |=tUqB |m}t=v}OwQO}y
[119]u=Q=mty w u=Q; pNrNDt p=v=mwQm}t uwN |=tUqB uw}U=QDr}i

T}]=vet |wQ}v "2"2"5
|xOW OwOLt u=} QH w (Jf ) |m} QDmr= O=R; u=} QH \UwD |U}]=vet u=O}t
pwUm =t CqO=at x=oDUO \UwD |U}]=vet u=O}t "OwW|t O=H}= (Jb) |m} QDmr=

%OwW|t u=}@ Q} R CQwYx@
r�H = Jf (10)

r�M = Jb (11)

r�B = �0(Jf + Jb) = �0J (12)

r:B = 0 (13)

|r=oJ R= Ov=CQ=@a ?}DQDx@ �0 = 4� � 10�7 w B 'M 'H CqO=at u}= QO
' Am ?ULQ@ u=O}t CQOk |a[wt |r=oJ ' Am2 ?UL Q@ T}]=vet u=O}t Q=W
|x]@=Q = N

A2 ?ULQ@ -qN |Q}PBPwiv w qUD ?ULQ@ |U}]=vet u=O}t COW
CU= Q@=Q@ |a[wt |}=@ Quy; u=R}t u}vJty w u=O}t CQOk 'Q=W |r=oJ u}@

%=@
B = �0(H +M) = �0(1 + �)H (14)

w T}]=vet=Q=B C@Ft C}U=UL =@ O=wt "CU= xO=t C}U=UL x '14 |x]@=Q QO
w pm}v 'Cr=@m 'uy; Ovv=t |O=wt "OvwW|t xDio T}]=vet=}O |ivt C}U=UL =@
T}]=vetwQi O=wt u}= x@ "OvO=} R Q=}U@ C@Ft C}U=UL |=Q=O CUO u}= R= |O=wt
|m} QDmr= |=yu=O}t QO v CaQU w q Q=@ =@ |}xQP Q@ xm RDvQwr |wQ}v "OwW|t xDio

[134]%=@ CU= Q@=Q@ B w E |oQR@ x@ |U}]=vet w
fLorentz = q(E + v �B) (15)

XDNt� |U}]=vet u=O}t w |m} QDmr= u=O}t l} u}@ p@=kDt |wQ}v |=Q@
%OQm h} QaD u=wD|t =Q Q} R Oa@ uwO@ O=Oa= �|m} QDmr= u=O}t

[127]"C=QP |Ov@xDUO QO T}UQwiwQDmr=|O |wQ}v OQ@ Q=m "7 pmW
QO xm |}xQP Qy x@ |m} QDmr= u=O}t "CU= xQP x@ |r=ta= Ot=U@ |xR=Ov= Qou=}@
^=Lr R=� OW=@ SQ=W xQP OwN xm CU}v |R=}v w Ovm|t OQ=w wQ}v 'OwW `k=w u;
xOW OQ=w |wQ}v Q=Okt 'CU= XNWt 9 |x]@=Q R= xm Qw]u=ty [132]"�|m} QDmr=
u}vJty w C=QP pmW w xR=Ov= 'C=QP |m} QDmr= C=}YwYN '�x}=B p=}U� \}Lt x@

[84]"OQ=O |oDU@ u=O}t Ot=U@
OwN ?U=vt |=H QO C=QP uO=O Q=Qk |=Q@ u}vJty T}UQwiwQDmr=|O |wQ}v
xDiQo Q=Qk p=v=m |q=@ QO OwQDmr= h}OQ l} �q=@� 7 pmW QO ,qFt "OwQ|t Q=m x@ R}v
[127]"OvQ}o|t Q=Qk p=v=mwQm}t u}}=B QO =yu; x@ |r=ta= |wQ}v Cra x@ C=QP w CU=
QO Ovv=wD|t C=QP =yu; V}=Q; ẁv w =yOwQDmr= |Q}oQ=Qk |xwLv x@ xDU@ u}vJty
|}xQ}HvR '�u}}=B� 7 pmW QO [133]"OvQ}o@ Q=Qk """ w |]=@DQ= |Q}HvR |=ypmW
|wQ}v |Q}oQ=mx@ w =yOwQDmr= V}=Q; ẁv x@ xHwD =@ xm OvwW|t xOy=Wt C=QP R=
p=kDv= x@ u=wD|t wQ}v u}= |=yOQ@ Q=m Qo}O R= "CU= xOt; CUO x@ T}UQwiQDmr=|O

"OQm xQ=W= C=QP C=YNWt u}}aD u}vJty w C=QP
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v=mt

|U
Ovyt C=QP x@T}]=vet |wQ}v uOW OQ=w |=Q@ 'OW xDio,q@k xm xvwou=ty "CU=|U}]=vet

|Q}oQ=m x@ =@ =Q |R=U=OH [84]u=Q=mty w hwWvr "CU= R=}v uotyQ}e u=O}t l} x@
"�8 pmW�CW=O|HwQN wO w |OwQw wO =yv; x=oDUO "OvO=O s=Hv=|U}]=vet u=O}t
wO u}= "OwW|t OQ=w =yxvwtv ?}mQD |Qo}O R= w Xr=N p=}U |=y|OwQw R= |m} R=
C=QP Q@ |U}]=vet u=O}t QF= "OvQ}o|t Q=Qk sy R= =OH xOvvm =OH l} \UwD |OwQw
=OH QDlJwm C=QP R= QDnQR@ C=QP 'u}=Q@=v@ "CU= QDlJwm C=QP R= QDW}@ QDnQR@
T=U= Q@ |U}]=vet=}O C=QP |xrLQt wO |R=U=OH [147]"u=Q=mty w s}m "OvwW|t
w C=QP \wrNt |wQ Q@ =Q |U}]=vet u=O}t w |UQv}= |wQ}v |Q}oQ=mx@ =@ w xR=Ov=
QwLt |wQ C=QP pw= |xrLQt QO "OvO=O s=Hv= x}=B p=}U u=wvax@ |U}]=vetwQi p=}U
u=O}t Qw[L QO |U}]=vetwQi p=}U swO s=o QO "OvQ}o|t Q=Qk p=v=mwQm}t |RmQt
'=@ Quy; CtU x@ C=QP h=QLv= ?Hwt xm Ovm|t OQ=w C=QP x@ |} wQ}v |U}]=vet
|}xrLQtwO |R=U=OH l} "�9 pmW� OwW|t 'Ovm|t O}rwD =Q |U}]=vet u=O}t xm
C=QP |R=U=OH =yu; "CiQo CQwY [148]u=Q=mty w nv=S \UwD =yOa@ R}v x@=Wt
VywSB l} QO [149]u=Q=mty w wrt=W "OvOQm |UQQ@ =Q QDtwQm}t 13 w 5 |=yQ]k =@
|v=]QU |=ypwrU T}UQwiwQDmr=|O w T}UQwiwDvot |wQ}v R= xO=iDU= =@ |OOa
R= =yu; "OvOQm =OH uwN |=yCmqB w =ypw@ro R= =Q uwQm}t 11 Q]k =@ HT� 29
|O=OaD w T}UQwiwDvot |wQ}v p=ta= |=Q@ sw}t}Ow�v TvH R= |t�=O |=@ Quy; l}
|xOW j}kQ pwrLt uwQO |=ypwrU x@T}UQwiwQDmr=|O |wQ}v p=ta= |=Q@ OwQDmr=
|=ypwrU R= pt=m Qw]x@ =Q |v=]QU |=ypwrU OvOW jiwt w OvOQm xO=iDU= PBS

"Ovvm =OH uwN
uQ}=DU=|rB |U}]=vetQ}e C=QP |OOa w |@ QHD CQwYx@ [150]u=Q=mty w |y
sw}t}Ow�v TvH R= s�=O |=@ Quy; wO ltm x@ =Q uwQm}t 20 w 10 4 |=yQ]k =@
=OH Qo}Om} R= |r}]DUt s}kDUt p=v=mwQm}t l} QO EMG607 p=}UwQi uwQO

"OvOQm
O}iU |=ypw@ro |OOa w |@ QHD CQwYx@ xar=]t l} QO [151]u=Q=mty w u}r
l} |m}ORv QO |t�=O |=@ Quy; l} uO=O Q=Qk R= xO=iDU= =@ |]}Lt uwN R= =Q

"OvOQm =OH �93 xOR=@ =@ |r}]DUt p=v=mwQm}t
T}UQwiwQDmr=|O|wQ}vltm x@ xDiQoCQwY|=y|R=U=OH|NQ@ 3pwOHQO

"CU= xOW xOQw; T}]=vet |wQ}v w
|Qwv |R=U=OH "3"2"5

xm CU=ypwrU =} C=QP Q@ QR}r QF= R= xO=iDU= pY= QO |Qwv VwQ =} |Qwv |R=U=OH
O=H}= |} wQ}v Ov=wD|t |Qwv |Oa@xU u=O}t l} "CU= xDi=} OWQ Q}N= |=yp=U QO
w |R=U=OH 'VwQ u}= QO "Ovm |Owta |=DU=Q QO CmQL x@ Q=O=w =Q C=QP xm Ovm
=@ C=QP "OQ}o|t CQwY =yu; QO Qwv T=mav= =} C=QP |xR=Ov= T=U= Q@ l}miD
Q}}eD Ea=@ Qwv u}= "Ovm|t Q}}eD =yv; swDvtwt w OvwW|t xH=wt |Qwv |wQ}v ltm
Qw]u=ty 'OwW|t xO}@=D C=QP x@ Qwv xm |t=ovy "OwW|t =yv; |=yuwDwi |SQv=
w Ovm|t ?PH =yxQ=vm x@ =Q C=QP |} wQ}v 'CU= xOW xO=O u=Wv 10 pmW QO xm

[84]"u=Q=mty w hwWvr j}kLD |xQ=w KQ] "8 pmW

[134]%ROrwv} Q OOa
Rem = Advection of magnetic field

Diffiusion of magnetic field

= ul
�

(16)

[135]%utDQ=y OOa
Ha = Lorentz force

Friction force
= Bl

r
�el
�

(17)

[135]%p@=kD QDt=Q=B
N = Lorentz force

Inertial force
= �elB2l

�u
(18)

[136]%Ov=@ OOa
Bo = Magnetic force

Surface tension force

=

(
�0�mlH2

� (below saturation)
�0�MsatlH

� (above saturation)

(19)

Ov=CQ=@a � w Msat '� '� ' � '� '�el '� 'l 'u |=yQDt=Q=B 19 =D 16 \@=wQ QO
'|m} QDmr= C}=Oy '(1=(��el)) |U}]=vet Pwiv 'xYNWt pw] 'p=}U CaQU R=
'|m} QDmr= |Q}PBPwiv '|U}]=vetC=QP|tHL QUm 'p=}U|r=oJ '|m}t=v}OCHRr
|wQ}v "CU= p=}U w C=QP u}@ p@=kDt |L]U VWm w C=QP `=@W= lr=@ ?} Q[
R= "OQ}o|t Q=Qk xO=iDU= OQwt C=k}kLD QO |}xOQDUo CQwYx@ ,=Q}N= |U}]=vet
uDW=Ov u}vJty w xvwtv |=tO 'xvwtv PH Q=Okt uO=Ov Q}}eD x@ u=wD|t wQ}v u}= |=}=Rt
|U}]=vet |wQ}v u=wD|t [138w137'127]"OQm xQ=W= =ypwrU uOv=t xOvR |wQ Q@ QF=
"|ivt |U}]=vet |wQ}v w C@Ft |U}]=vet |wQ}v %OQm s}UkD xDUO wO x@ =Q
|ivt |U}]=vet |wQ}v 'OW=@ C=QP R= V}@ x}=B p=}U |U}]=vet C}Y=N Qo =
|=yVywSB Q}N= |xyO QO "CU= C@Ft |U}]=vet |wQ}v CQwYu}= Q}e QO w
w C=QP |R=U=OH |=Q@ |ivt w C@Ft |U}]=vet |wQ}v |Q}oQ=mx@ OQwt QO |Q=}U@
'T}]=vetwQi p=}U Ovv=t 'T}]=vetQB wU Cq=}U [142�139]"CU= xOW s=Hv= =ypwrU
xDio |U}]=vet |}=Hx@=H xO}OB u}= x@ "Ovm|t O=H}= h=Q]= x@ x} wv=F u=} QH l}
R= QDu=RQ= |U}]=vet |y=oW}=tR; x=oDUO OW xDio xm Qw]u=ty [144w143]"OwW|t
|U}]=vet u=O}t l} R= xO=iDU= =@ |R=U=OH "CU= p=ai |R=U=OH |=yVwQ Q}=U
|=@ Quy; l} |Q}oQ=mx@ =@ |U}]=vetQ}e w |U}]=vet C=QP |wQ Q@ O=} R u=}O=Qo =@
|k=@ |U}]=vet C=QP'|U}]=vet u=O}t Qw[L QO [145]"CU= xOW s=Hv= |t�=O

"OvwW|t =OH |U}]=vetQ}e C=QP w Ovv=t|t
'OwW|t OQ=w |wQm C=QP x@ CN=wvm} Q}e u=O}t l} QO xm |U}]=vet |wQ}v

[146]%O};|t CUO x@ Q} R |x]@=Q R=
FMAP = 2��0fCMr3r hHext(r0)2i (20)

'|U}]=vet u=O}t u=}O=Qo R= Ov=CQ=@a ?}DQDx@ FCM w r 'r[Hext] x]@=Q u}= QO
CU= �T}UQwiwQDmr= |O |wQ}v x@=Wt� |DwUwt � Tw} Rqm ?} Q[ w 'C=QP Q]k

%OwW|t h} QaD Q} R CQwYx@ xm
fCM (�0; �) = �� �0

�+ 2�0
(21)

C=QP |U}]=vet |Q}PBPwiv ?} Q[ R= Ov=CQ=@a ?}DQD x@ �0 w � xrO=at u}= QO
u=O}t u=}O=Qo =@ ?U=vDt C=QP x@ OQ=w |U}]=vet |wQ}v 20 |x]@=Q j@] "-qN w
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QO =ypO@t \UwD =DU}= |L]U |DwY |=yGwt [170]"OvwW xO=iDU= p=v=mwQm}t
u=} QH l} p=v=mwQm}t w C=QP |wQ Q@ G=wt= u}= "OvwW|t O=H}= p=v=mwQm}t K]U
|DwY C=}YwYN T=U= Q@ wQ}v u}= "OvwW|t O=H}= |DwY |wQ}v w p=}U |DwY
QO jrat C=QP x@ |a=aW |wQ}v l} [171]"Ovm|t QF= =yv; Q@ C=QP |tHL QUm w
|x]@=Q R= OwW|t OQ=w xQP x@ u=O}t hQ] R= xm wQ}v u}= Q=Okt "OwW|t OQ=w p=}U

[172]%O};|t CUO x@ Q} R

Fax = 4�a3Eack sin(2kz)� (22)

'C=QP `=aW '|DwY u=O}t |SQv= R= Ov=CQ=@a ?}DQDx@ � w z 'f 'k 'a 'Eac xm
w Gwt Q=WDv= QwLt |wQ QO |Q=WiQ}e \=kv R= xrY=i w Gwt Ot=U@ 'Gwt OOa

%OwW|t h} QaD Q} R pmW x@ R}v Gwt OOa "CwY CU=QDvm ?} Q[

k = 2�f
c0

(23)

"O};|t CUO x@ Q} R |x]@=Q R= R}v CwY CU=QDvm ?} Q[ Q=Okt

� =
�p + 2

3 (�p � �0)
2�p + �0

� 1
3
�0c20
�0c2

p
(24)

jiwt |DwY u=O}t R= xO=iDU= =@ |@ QHD |xar=]t l} QO [173]u=Q=mty w w}r
?; u=} QH QO |vwQm}t 10 w 5 '1 |=yxR=Ov= =@ uQ}=DU=|rB C=QPwQm}t V}=OH x@
u=} QH |xv}y@ MQv =yv; "OvOW �96 77 w �89 19 '�96 67 xOR=@ =@ ?}DQDx@
sqa= 4 mm=s =Q |R=U=OH xOR=@ u}= x@ |@=}CUO |=Q@ p=v=mwQm}t uwQO p=}U

"OvOQm
|wQ}v w |Qwv |wQ}v |xr}Uw x@ xOW s=Hv= |=yQ=m R= |O=OaD 4 pwOH QO

"CU= xOW xOQw; |DwY

[167]"Qwv V@=D QF= QO C=QP CmQL Q}}eD "10 pmW
u}rwo lt "OvwQ@ =yxQ=vm x@ OvW=@ RmQt QO xmu}= x@ C@Uv C=QP =D OwW|t ?@U
|xR=Ov= w Qwv |wQ}v QF= Q@ =Q C=QP w [167]|UQQ@ l} QDmr=|O C=QP Q@ =Q |wQ}v QF=
"CU= hwQat |Qwv |J}k |wQ}v x@ Q[=L p=L QO wQ}v u}= "OQm |Ov@xDUO =yu;
|O}�wrm C=QP w |m} Swrw}@ |=ypwrU |Q=mCUO |=DU=Q QO Ov=wD|t |Qwv |wQ}v
|DU} R swra QO |oS} w u}= "OwW xO=iDU= 'OQ=Ov OwHw |m} R}i T=tD xm |OQ=wt QO
w CU= Q=QkQ@ Tw=o uwv=k |Qwv |wQ}v |Q}oQ=mx@ QO "CU= OvtWRQ= Q=}U@ |}=}t}W w
'xOW xDiQo Q=mx@ Qwv |xvt=O w pmW =t= CU= |Q=m w OvtDQOk Q=}U@ uwv=k u}= xJQo =
w |Q=Dwm [168]"Ovm|t O=H}= C=QP |Q=mCUO w j}kLD |=Q@ |irDNt QwY w O=a@=
|UQQ@ =Q |W@=D Qwv Q=Wi T=U= Q@ C=QP |R=U=OH j}kLD l} QO [169]|mwUwDwt

"OvO=O s=Hv= Tw=o |J}k uwv=k T=U= Q@ =Q C=QP |R=U=OH p}rLD =yv; "OvOQm
|DwY |wQ}v =@ |R=U=OH "4"2"5

Q=Qk xO=iDU= OQwt |r=}UwQm}t |=yx=oDUO QO xm =Q |DwY |=y Gwt C}y=t
=DU}= |DwY |=yGwt '=DU}= |tHL |DwY |=yGwt xDUO xU x@ u=wD|t 'OvQ}o|t
j=iD= |v=tR =DU}= |tHL |DwY Gwt "OQm s}UkD lQLDt |DwY |=y Gwt w
x@ \w@ Qt O}OWD Gwt pw] =@ C=QP V=aDQ= |=Q@ CwY jwi |=yGwt xm ODi=|t
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[13]u=Q=mty w OQi u=mrt T}UQwiwQDmr= |O |wQ}v |r}]DUt =@ uQ}=DU= |rB C=QP X=wN T=U= Q@ |y=oW}=tR;QDtwQm}t 15 w 10 ' 5 |=yQ]k C=QP |m} QDmr=

[149]u=Q=mty w wrt=W T}UQwiwDvot |r}]DUt R= HT� 29 |v=]QU |=ypwrU |=y u=O}t R= xO=iDU==@ |OOaT}UQwiwQDmr= |O uwN |=ypw@ro w =yCmqB |m} QDmr= w |U}]=vet
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[160]u=Q=mty w u=} wov T}]=vet |wQ}v |wQ Q@ xLiY l} |wQ C=Q]k O} wriwQi C=Q]k C=QP CmQL w T=tD x} w=R 'pmW |y=oW}=tR;|y=oW}=tR; xW=QD l}

[161]u=Q=mty w w�=S T}UQwiwQDmr= |O |wQ}v VWwB |r}]DUt p=v=mwQm}t |}xW}W |=yxv=O w C=Q]k w �98 CkO =@ OQwt l} QO |y=oW}=tR;xW}W =@ xOW xO=O �77 CkO Qo}O OQwt QO

[162]u=Q=mty w =}UQ=o T}]=vet |wQ}v xW}W K]U |wQ p=}U QO OwHwt C=Q]k � |OOa � |y=oW}=tR;

[163]u=} wov w u=} R=HL CQwY x@ T}]=vet |wQ}v |r}]DUt p=v=mwQm}t =@ |U}]=vetQ}e C=QP xR=Ov= T=U= Q@ |R=U=OH |y=oW}=tR;p=v=m hQ]wO QO uwDU wO QDtwQm}t 4 8 =D 3 1 Q]k
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"OvDUy p=v=mwQm}t x@ xOWOQ=w |=ypwrU pm

|y=oW}=tR; |=yVwQ "2"3"5
O}=@ u; p=@vO x@ "OW xO=O K}[wD 4 VN@ QO p=v=mwQm}t CN=U w |R=UxO=t;
C_re =@ C=QP |w=L p=}U "OQm x}yD =Q xar=]t OQwt C=QP w Q_v OQwt p=}U |xvwtv
=@ |ovQU AtB OvJ =} l} \UwD OwHw CQwY QO Qi=@ p=}U x=Qty x@ Q_v OQwt
"OwW|t j} QRD p=v=mwQm}t uwQO x@ |OwQw CtUk R= Q_v OQwt w XNWt CaQU
|HwQN CtUk QO "OwW|t p=ta= C=QP x@ R}v |HQ=N u=O}t 'R=}v CQwY QO
'CU= xOW Q=wU AwmUwQm}t |wQ Q@ xm u}@ QwO l} R= C=QP |xOy=Wt |=Q@
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QO xOW xQ=W= VwQ x@ C=QP R= l} Qy |R=U=OH xOR=@ =yDv= QO w OwW|t p}rLD

"OwW|t x@U=Lt u}W}B CtUk

|Q}oxH}Dv "6
Q}N= |=yp=U QO |OOa w |y=oW}=tR; CQwYx@ xm |}=yVywSB xr=kt u}= QO
C=QP |R=U=OH '|rm Qw]x@ "CU= xOW x�=Q= 'xDiQo s=Hv= C=QP |R=U=OH |=Q@
l} R= p=ai VwQ QO "OQ}o|t CQwY p=aiQ}e w p=ai VwQ wO R= xO=iDU= =@
'p=aiQ}e VwQ QO w OwW|t xO=iDU= lQLt |wQ}v u=wvax@ |HQ=N |wQ}v
|HQ=N |wQ}v R= |Q}oxQy@ uwO@ w x=oDUO |xUOvy T=U= Q@ C=QP V}=OH
'|DwY '|m} QDmr= '|U}]=vet |=ywQ}v R= xO=iDU= =@ p=ai |R=U=OH "OyO|t MQ
Q@ |R=U=OH pt=W p=aiQ}e |R=U=OH |=yVwQ "OwW|t s=Hv= |}=tQo w Qwv
w u}O |x@=OQo w |UQv}= 'u=i � ni}�wR QF= 'uw}U=QDr}i 'C=QP |xR=Ov= T=U=
|R=U=OH |=Q@ xDiQQ=mx@ |=yVwQ R= |Q=}U@ "CU= x@=OQowQm}t R= xO=iDU= R}v
|R=UpOt|=Q@ "OvDUy xaUwDp@=k '|v=]QU|=ypwrUXwYNx@ '|DU} R|=ypwrU
u} QDW}@ xm|Qw]x@ OwW|t xO=iDU= lJwm T=}kt QO C=R}yHD R= |y=oW}=tR;
|DU} RQ}e C=QP =@ xm |}=yVywSB QO "OvW=@ xDW=O uO@ \}Lt x@ =Q Cy=@W
CQwY QO w xR=Ov= Q_v R= xm CU= xOW xO=iDU= |D=QP R= 'CU= xDiQo CQwY
"OW=@ xDW=O uO@ |=ypwrU x@ =Q Cy=@W u} QDW}@ '|m} R}i |=y|oS} w u=mt=
l} R= xO=iDU= 'C=QP |R=U=OH xOR=@ V}=Ri= |=Q@ |rm Qw]x@ xm Cio u=wD|t
xm CU= u}= xHwD p@=k |xDmv "CU= Q=mv= p@=k Q}e |HQ=N lQLt |wQ}v

|y=oW}=tR; w |OOa |=yVwQ "3"5
|OOa |=yVwQ "1"3"5

|r=}UwQm}t |R=U=OH |xv}tR QO |OOa |R=Ux}@W |=yVwQ u} QDOQ@ Q=mQB R= |m}
Q=Ri=sQv 'x]}L u}= QO OvtDQOk |=yQ=Ri=sQv xrtH R= w OwOLt |=RH= VwQ C=QP
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[58]%CU= TmwDU= � Q} w=v w |oDUw}B CqO=at pt=W VN@ u}= x@ \w@ Qt
�r:u = 0 (25)
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[58]%Ovm|t
d
dt

(mp�) = FD + Fex (27)

FD = 3�dp�(u� �) (28)

|wQ}v Fex 'C=QP Q]k w CaQU 'sQH ?}DQDx@ dp w � 'mp jwi \@=wQ QO
Qy QO C=QP VQ=tW =@ 'C}=yv QO "CU= nQO |wQ}v FD w |HQ=N u=O}t
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SE(�) = NO
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1. MEMS
2. cell separation
3. circulating tumor cells
4. lab on chip
5. continue micro
uidic
6. digital micro
uidic (DMF)
7. active
8. passive
9. DEP
10. EWOD
11. thermocapillary force
12. optoelectro wetting
13. DC or AC current

14. lab-on-chip
15. particle beam lithography
16. elastomeric
17. duroplastic
18. thermoplastic
19. subtractive techniques
20. additive technique
21. laser Cchemical vapor deposition (LCVD)
22. localized electrochemical deposition (LECD)
23. microvortex manipulation
24. Zweifach-Fung
25. Filtration
26. Polydimethylsiloxane (PDMS)
27. COMSOL Multiphysics
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