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Design and Analysis of a Holographic-Optical-Tweezers-based Line Trap

for Cell Separation

Student : Ho-Chien Lin Advisor : Dr. Long Hsu

Institute and Department of Electrophysics
National Chiao Tung University

ABSTRACT

Rapid and sensitive diagnoses are the prerequisition in developing advanced biomedical
technology. Cell and bacteria separations are the basis of the diagnostic technology.
Currently, flow cytometry and microfluidics lab-on-a-chip are the two techniques most
commonly used for these purposes. However, the former is often bulky and expensive and
the latter is complex microstructures and are difficult to manufacture. In recent years, the
Holographic optical tweezers (HOT) becomies' famous for its non-contact in trapping and
manipulating cells. If it would be combine with the guiding function of microchannels in the
efficiency of cell separation would enhance. Therefore, we propose the HOT system along
with microchannels to develop a novel technique.of holographic-optical-tweezers-based line
traps in rapid cell separation.

We constructed a holographic-optical-tweezers-based lin¢ traps system and established
a theoretical model for the line ttap. We utilizerayprogrammable phase modulator (PPM) to
generate an optical line pattern by .controlled phase pattern: The beads were trapped by the
optical line pattern. Based on the HOT and the designed microchannel chip, the integrated
system became a powerful tool for manipulation and‘separation of cell. In the model, base on
the trapping force exerted by the line trap and the water-dragging-force exerted by the
flowing water on the bead, the separation of beads is determined. Then, we can base on the
separation to obtain optimal separation condition and to complete the goal of rapid cell
separation.

The optimal operating conditions of a lab-on-a-chip type holographic-optical-tweezers
based line trap for cell separation were analyzed. The trapping forces exerted on the
respective beads were measured experimentally at 133 separated positions around the line
pattern. The agreement between the experimental data and the calculated values is better than
5.5%. Moreover, we simulate the trajectory of individual bead flowing through the line
pattern in the microchannel. In particular, we found the optimal operating conditions, in
terms of the water flow velocity is 217.5 um/s and its angle with the line pattern is 77°, for
obtaining the maximum bead separations is 14.5 um with the line trap. Base on the result, we
can apply it in the system for the optimal cell separation. A holographic-optical-tweezers
based line trap combined with a microchannel chip could be a dynamic and continuous
operation in trapping, guiding, and separating cells.

Keywords: holographic optical tweezers, microchannel, programmable phase modulator
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BRI Pu=Pj s PRl <i<)o

2T Ok > A EEE - ERRTIREARY 0 APBEER T kBT kR o gk
A B 8w AR 5 (ki Yk o) 5 A B2 — B #8 & (Incline Angle )

Qa o 3t A1 BT 25 By BAITHHE » MRS ) o B P B AT

N~

I By Bhen A g 0 7R GEIE ~ SR AGERACR 3 ¥ S BT Cu et (o Yok

ZCki )



Zo

x,+y, tang, —
ot Yo gy, tanQy; - cos g
Xc, = Jz , (2-1-a)

1
1+tan” ¢, +
© | tanQd; -cos¢y

kai = Vi +(xcki _xk).tan¢ki ’ (2-1-b)
—(xc,q —X)
zZ = ) -1-
% " tan Qki - COS ¢k[ (2-1-¢)
He
1| Vaki — Vk
Xaki — Xk

Lo B O B3] A Bifrx phin % &

-1 rk.
Q, =Tan"| ——|, (2-1-¢)
, obj
Ty, = \/(xAki _xk)z + (yAki _yk)2 : (2-1-f)

A BRI O Bhiried o SN 17 RS & S b By Bhih o B & 6 9 47 5

’3— (Dki .
\/(xo ~—Xc, )2 +(y0 —Yc, )2 +(Zo —Zc, )2
0, =sin™! ' : - ’ (2-2)
k, R,
. Mg -sinGy
@, =sin [T] o (2-3)

B SRR -8 p-l iRl T (- ) 0 B iE R AR A By Bk S Ry B T

Thi for v"] e
2
ng-cost —np-cosgy o
for s polorization
ng-cosf, +ng-cose;
R — 1 1
ki 2 , (2-4)
ng-coSQ —ng-cosf o
for p polorization
Ng-COSQ +np-cosb
B



2
np-COSQ; 2ng -cosG o
0 0 for s polorization
T - nc oS k, ng-cos k,-+nB'COS¢k[
" : ° (2-5)
nB ~COS(DkI_ Zns .COS¢ki . .
for p polorization
I’l-COSHk_ ns'COS(Dk.‘i’nB‘COS@k_

245 Ashkin 7RO Model » & — i£i& » fick+ chr L RE S ok + A4 5 B3
gz enier 4 o0 g mariniE stk Sy om Y - BAEE
TE SRR R 4 foo BB SRR H BARCEY o PIAcB] 2.5 4T 0 & ki iF o~ Bk
MR+ AT A A s fgu M E R A fou s YR

2

ng( P Ty [cos(20;, —2¢; ) + R, -c0s20, ]

Sy =— _k k k D s -

/: 1+ R, -cos20 (2-6)
AN 1+ R; +2R; -cos2¢;

20 _
ng ( P, . T [sin(26, = 2@ )+ R, sin26, ]
fa, = — Ry -sin20; — =% : i i : ’ (27)
Pooe\UJ 1+ R +2R; cos2p,
Hd c B LAE 2V gug & o

SR T RERAHMCEF A AL PR R - R RO S T A
A S

4Nt fon B R 4 fou E 4 DR E iR BT A B X y s Bz fhen e E
Tk, C°S¢k Jopj - COS Py
fk,-,x fSk, kal (2-8)
V + Obj \/ +fob]
1y, Sin gy fobj sin gy,
Sy =

SO e =Ja, (2-9)
+f0b] +f0bj

ob
/ s, " /7sz(, ° (2-10)
+f0b] +f0bj

RIS AP BT FREY hE - SRR HHCR T AL RS A E i
oo Aot o AP TT @ IR G St HHOR T SR Fy,, Bk ) A R

FLine,x(xo%yo’Zo) = 1(Zlfk x) ’ (2'11>
m( J
FLine,y(xoayang)=kg](;fki,y) ’ (2—12)
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FLine,z(XoﬂyO’ZO)

[ Ms

(ka z] : (2-13)

B (X0, Yo 20) AR 7w in g oom AP SRR j AR T F B ARG ok
LI

2-4 Fope S+ Ed 2 A 4T
2-4-1 Hok 3 dp )
F IR, T S ATk i B T A PR F RO T hE
#2 3¢ Ms;aﬁ F b Uit o K BGRE A N G - g B, SRR TRA TR S e PR T
J‘/n «é’/%i Fd l‘h A ;&'E’Té% *ﬁ_#&\ lne( X0sV0r2 o)mbg; e O—FI‘JL "‘Lihfér:& ﬂ;;%
HigHor + i $ 2 2T &7 5
d*7

M?_Fd(’/)_FFLme(r) (2'14)

Hd Mo+ E’fjgr‘;.'é__ ) T (oayo> o)’i/f%'fﬂ""mﬂ S e § vt APER o lfLL}%@’ Kk
A By b

_ a
Fd(r)=—6m7RB(Z—vW) ; (2-15)

B0 Rk R AR Gl Ry Aok L o Gk ol T B 8 fofl T id DR R
TheiE B A FE PV (2-14) T E A

ﬂ:f} +FLine(r)

dt " 6xnR, (2-16)

By ooApEq 7 2% %~ ;2 (Finite Element Time Domain > FDTD) lglﬁ,(ﬂ,fﬁg‘—:» BAE D

;(2-16) 1E‘-f1$tm S5 R RS AR RARF S F, B T AR A F,,, 0

Line
B4 fer T AuE R A () o 1R LA R > AP T LR (2-16) B 5

A7, =, + e |5, (2-17)
67k
B AR =T 7 ARG AEFEARY B pERA R BB R e FR s ] AR

(2-17) > A w de o iE e — BACk T > AT F ¢ IS B K P E & L o

Pl d pdd R e P B RBRSOTBIESd -
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2-4-2 Pk A HLiE ik

hA#H2 P o APHE B RS B R L] ok B RS T B R d) &2
droie? BT AFERNLFET I L ] ok F MR E T T s BEER IAd=d - dy°
E NN R A S F S N A lZiJ}T;z ~ A %fﬂ:}fiﬂi&l AR R R R A T B X
RS R s AR A - Bk X DIRAB E g 4R R A A agEF
A RSP E R RIRER v, R M ERVBFE LR ek £ 0,0 - 3 E A ok
F oA BEEHA o F gt 0 NPT LB PGS BHACR T A BEERAD A B e v, 22 0, Pk
o Y 3 00 ok ko x A LIRS Ay 0 2 B H B AVRIRE R vy, M F R R R
gk ek k0, 0 BAIm Y BT e BIE R o RS BEERAL A B v,
B0, PBE o AT LKA BIERE d)y 0 TG R A IR TR I ot
KRR E AR R A BRIEE o

2-4-3 e g g BoR
ot ﬁ%f&t+m@$”*é’¢m¢{ﬁﬂﬁ%z—’a§%@%mfﬁﬁﬁ
ki BF o F] 5 K Si(laminar flow) s e o @ B ALE ¢ S dRIT E AR € A - g D
AT TR g dayag o F)pk AN b BRI AR E g i S N R DT 0 IR
- LR RCER R * i 48.CFDRC R ikt B el A g P g 0 RS et 2
RO BEA Y o Bprend ) BokS sngiul s TR A BERE A o
B B RE A 0 3V F M F 3 #c(Reynold number) s o] o k2R AR

TSR S U SO TIRE i

F_&

R0

Dvp
n (2-18)

Re =

D ?_@meﬂ’[]

Vs o [mis)
) [kg/m3]
n AR Bk o [kg/ms 2 Pas]

e S LENE R E ST RN F RS e

Re <2,300 & 7 (laminar flow) -
Re > 4,000 ¥ /= (turbulent flow) »
2,300 <Re < 4,000 1§ & 7~ (transition flow) °
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TR T AR AR E Y rF R R T S e s RN o g AR - R A T
YrBl 2.6 0 F SRS F REAEF Y (T o @ BRI ERBGURE RR 0 A F Y L duniE
Bl Bop ik eha S

2
r

v:%]f.E (2-19)
viFEAHRG b B E Y SRR A A > [m/s]

ve ! F R At Al B o0 [m)s]

R: ¥ X2 [m]

PR R R S E G BRI R4 0 [m]

u Ug
1
1

B 2.6 & in
+ ;ﬁ ¥ rﬂuu LG - e R L_”F'-' s E R e de o @ A B AR HY
o e A F N AR PP > WA TR N TR e o e il 5 2 dR RIS
i@ Ao @ A o Ao Bl BRSBTS R e

2-5 RURAERF 4 R

LI b o AP e L jE_Ashkin s RO model » & M43 4 e o] o @ AR
B SR A PO P > R e SR ol S i i o F e S
KSEE Gl B P o S B 0T SR S PR PIEORRARF A 2 TP AT
Hedogta o SRR o A - R B AR RS PSR L f
JOCREM R (B BT SR TR Aok idF B3 (FuaKogpX ; Hook’s Law) o 3548 %
XM g™ 2 > % 5 o SO % R (Power spectrum density, PSD) > (i3t A &

A

__l— ’

Vﬂ(\:gﬂ;%

£

(Histogram) » A #p B (Autocorrelation) » { {7 ¥ [ (Time of fly, TOF) o iz = ;2 8228 5 #&
BfEITR  RAPHIERFIFNORBHE AT A RRZ G 0 BF Y e 2 LAk
AR A RRIE K F A PEOHOR S e D o RO I BBt Pl 2

oo Be/Xind RSB Gl PR > L A RS R mre it R2 T 0 ALY
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-

FTORFRL LT T R DR G R Ft A Y o AR ORIRARF
4

2 BT B I AR i RS o (20.21]

2

AR A BpE A a koS e KRR 4 2 B R RS 2ok
A R o 0 T SR R il 0t kiR R Tk
o kR R B R RO S AR 4 R AR G R
TR < o d SSHORT AT SR nd B H UL TR B AR

R R A e S S GIRE F s St S e
FE o AT IR T R i 0 R SR S JRRTARIF 4 o FI  SCK
AR 4 BRI F ] Mo B A < B LR M S BRE N e
Mol e RS o B RRARE A SR A RS AERT > RA LTI ih
R g MW AR S SRR B T g o d 2
AR RS AR I T S GV LI ST S ST iR RS
GRSl R R IR L ﬁopt.,ﬁi?fiﬁ%wﬂr@g BT H(2-15) 7 4

4

Ee|
e

F,,(F)=F, (7)=—=671 Rs,. (2-20)
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44

4 2=
T s B K

A
\""

i

—_—

A2 P - B A\#frfs%w;a? i SO S AN PO STl I,
ERF - Rk me S8 ke KPP B R - 2T R A E i
RS e 2T M ke T B E - T SR A e P F AR g 3 ¥
FoodEd SRR A SHRIN DT SRt o Vb R i & ¢ A 442 PDMS 1%
R RS SR IR BEMAF o BT Gl Sk T AL
3-1 2 T T4 kAt

T iR 3 1986 £ d Ashkin #TH P 215 > ¢ B Llmie & 4 perpT g b oo
*+ 1999 # Reicherter ¥2 Curtis :£— # %% & 4758 it 4p = 2 B(PPM) &2 § S s » 2 = -
F 20 E ML (HOT) » #-H - 3 @ba B 3] 5 4 48k 0 i b PRI 0 Balok S &
e o T SPAR % ﬂﬁ%%JPHA%%&@%’@ﬂPmdﬁw&ﬂ%ﬁ’i@i
B A 2 3 FEENERIER o FI R R R T R AR AR )5 0 T O R R G
S A5 0 FRT L R R R o fekh 2l ST iR 05 U B T S
AR S H - Al R R F A LT AR -2 T R A 2
BRREF| S - B S - MG e N0 MR R T SRR R R - R R
* 3| e & RS A B o
3-1-1 % BEF Sték &

Bt § N GEF aI@ s oo 38 s U RO (BE) 2 (3-2) 58 K4y it 3R f (Fresnel) $E54

Kok T B G FA 4B 3.1 rm o UE) BRI - T o BT H-A G o
BRFA GG RN R DT H UnE)FR L Em T o T H T B IF(EN) 7 URXy)

PIE ABERENTa 2 zexy T 2346 (4cB3-1) » 2

eij
U(x,y)=
(x,y) = M

v

k
+y )” {U(cf 77)6127(5 +7 )} jg(éxmy)dfdn, G-1)

U(‘f’ 77) = Uin (5) U)f(fa 77)

e Jkz

2,2y ® k- ik ey
- {Um@ e = )} M E 6-2)
JAz —oo

15



iy
e

Uin(S,1)

t(ga 77) U(X, y)
B 3.1 S5 5 F BT 3B

B - BREE FenMB A AEN T E Xy T B 39 BxyTa g3 i
Gt BTG (4oBl 32977 ) o Bt Pl FN3-1)~(3-2)3 4 F 0 A E i Uxy)
2 UEM) B %5 (3-3):% o« AP v i 3] Uy)E UEN) s “fikis L b - 4p
38 o F FEYE d F NS S B R { R AR F 0L 7 T U(EN) "iﬁ#ﬁ*&{U(x,y) °
PAek o E A s UGy) o RIF § A EHEEwTT #1] UEn) k- v #F
ENTd P RIFTE S E(EN) o h ot o AR R 3.2 om kR ER 0 R
Rl Z B RE @ ¥ Il » )R SR )k F 5] F Sk A

3(1—7)()‘ +Y ) - (§x y
mw
Ux,y) == e ﬂ u(Ene’ 2 dédn (3-3)

ﬁ(l_?)(x +y )

= : FUEmy .« -
jAz ffﬁ;fy i

d [ f
n I
4 x
|

t(é:sn) OREY U(x’y)

A

Bl 3.2 &F T B

16



3-1-2 24p ik % B 8 8 (phase only spatial light modulator )

B> RE ST kAP > 2ApR kT P % B (phase only spatial light modulator )
Lk TG R KA I R AR o 2P LI AR RFARLALT AR SRS
R AR AN RAT o AT AARTOIREE g LT
FEET R CER T TAREL SRS A AR R AT R AR o
d @A FhMGESTFRI PERERRG M FILAPTNERRT - 24
A SRR KIRARE o R WAL ALGRA G E AP AT DT S
AR 0 R T MR o 5 R B AR A S FA o AP R
HEFEE o - BFEE? > A * d Gerchberg 2 Saxton # ) ¢+ G-S & & 2 %

4 > s 7L 22 Y N
(LA e lrl'[ I, W AN E o JFE E Aty 2 VAR RACB 3.3 fror

ﬁi,ﬂWWﬁawiﬁﬁ%ﬁwmﬁ9%¢L° et Ap =2 B A T t((En)%k
J»%%%ﬁ@wiﬁﬁﬁm&m%ﬁﬂ?U@MoﬁU@m*%ﬁ%%ﬁﬁ*?@
PR Ex-yTh Pz FLGURY) A UXy)adurte s B4 G LT 7 EAFTE
w%%ﬁwgﬁo%%ﬁg’Mﬁﬁﬁ%ﬁwaiﬁﬁﬁ%nM%{ﬁﬁﬁ£*°%
3 A AP R URY) SRS A G AP 2505 durtg 2 B A G A £ 5§ S
W FE-T G b oo 43 F A (0 ety (8 T ek A ER 15 IRANE e w x bR R IEA
A i r T BB o hoit €47 Mk ‘Jf"“‘l”“r%ﬁ‘ﬁﬁ"’fﬁfiif?’ﬂ”’\f#q)ﬁl °
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DO SRS f“rTJ
: ﬁ)’fﬁ,—ﬁm% 55
: Elfrﬁf;ﬁl%t ﬁ'@%@ﬁ i

D RY n RAESTRUA G l'“rTJ

Py AT AR ST

N+n
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EEAD g BAATE R E R 0§t s k70— B IR e
waiﬂﬁﬁmgoﬂ&’%agaﬁa’ﬁﬁuﬁﬁﬁﬁﬁﬁﬁ%@o%u£W§
B R R URY)NE § S G i B A K TE S - B~ gl

4 H - ﬁ;}g\%g‘bﬁqﬁ—;m—r s A pb ,fﬁ—% e A L P KL AT R P oo

3-1-34p i 1F Sk
Wb g g B A G hBRR AR o AP K I F O g s F Sk e g
P im0 ME KT ERBRT R g o BV 1% 22 SLM F e 5N

SA A K -
27 ([ E+ L)
t(E,n)=¢e"" T (3-4)

FIH B-4); e P38 > F UG AR BEA S B o VP anf 8 fil e RBEG Xy
TG tend od Pt xy Ta bk FEENT G PRy CE Ko 34
o NI L S(x-fry-fy) 0 4 3-30NE rE A fx-y T o R HR G x=Aff, 0 y=Aff,
(MEE LA & > £ A MB G DEIE) 3 =0R 8L o A7 i) f et L8 fi3T 1Y
Bk EEAS D R E e 2o BRERF A Xy T et ki FURXY) Aok & T ks
(W18 3] Ux=Aff, y- AME)) - Z8E B & #(34):" % i 2 Uxy)sh UEMTF o 9

U (3-4)8F o T R e gk F A H T Ao

ox —fy,y—-1f,)® UXy)=Ubx =1,,y - f) (3-5)

FU3(x —fy,y—f,)®Ux, )} = F {8(x — £,y —f,)} ® F {U(x, y)}

: 3-6
— eIZH(fx§+fy77)U(§’n) ( )

B2F Sk RT 5 de % * 30122 § ¢ srik s NHF P r’%%@?}/\ 27 AT AR I T i
FenpER o AP D 1% A B SLM R en A e & (3450 P B kg
o KRS SERGRRSS F o BRAP S IR AL e R B N
SLM & = 4 % s o 5 — B % s ¥ i~ (4-4)30 97 chfp o fF S o 4 Bk B
FIF il b oodopt - kT E A ABEG o Aok I BEE O NAT 0 - A2 4B RS

FHEMT B F (2w 3 SLM thf s R B £ )
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(&) = {Reat( ~S)Rect( L) 27 E 3y @ (e - Xy . W)
W w 2 2

+ { Rect( )Rect( Lye 276 +0:m 4 @ 5 4+ W . W
W W 2 2

+ (Reet( = )Rect( 1) 2756051 @ (g + X 4 W
W W 2 2

+ (Rect( = )Rect( Ly e 271 @5 - Y 02 Yy (37

W w 2 2

(D)5 P UGN s % i 15 e

t(&(n) = {Sinc(wé)Sinc(wn)e ™ M @ 5(x - x1,y- 1))
+{Sinc(w&)Sinc(wn)e” TV @ §(x - Xy, Y- Vs )
+{Sinc(w&)Sinc(wn)e M MNQ§(x - x5,V - v3)
+{Sinc(w&)Sinc(wzp)e™ ™ I ERF(x - Xy y - V,)- (3-8)

A3 (011),(02,02),(63.03) K ya) s & BB (B8) XA £ 7 4 B A R E ek
Bho h Qb AE 2 A 4 kBT 3 U] 0 FLE o wARRAR ] P j RS A 2
L LA kAR o kB I R R 5 B R R e AL A UK
Bd o STILBE S N A 2 JUILHR ke K BLAMER Bt xSk 012 SLM
75 2T A o i B AKX > SLM hg AR R A 2 chk ghiiep A S o
3-1-4 MAGH R D T i H

o Alend GoF ek g - 0 AP ST R T M K A
- BALH B RT MR kMY B~ — & 558 PPM (Hamamatsu, X8267) © # ¢ B £ &
8 > 351 PPM ek B &k 5P Bicd enE e £ TG b > @ 1 PPM #7233 % ehdp =
Bl @0 AR Bl ERET S 1 A4 - 3§ P ERHE R s -

o] 34 7o - BLEAT R L (A@I064 nm)F LB - B L% LA iS4

fe 2 g f ® (Beam Expander)#f ~ 2 £ 6 & 0 7% PPM sndg T e ff 0 FEH i v A
* PPM A% 5 513k d AR ien#d 0 o 52 BAL PPM AR i3 (8 ek SR L 5 d B4 Ls
¥ Lyl gk % (Telescope) gk 2 18 > # 5~ = 4 & &4 (Dichroic Mirror) -

W45 338 BE et 45(100X, NA=1.25)e ~ B o | PF > 35 485 Ly 27 Lo+ % PPM 23 % i cidp 1

Bl = bl aam ELg F o R xRk aanki bifkmTo F TRD
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- Bd FHABESORVBE o L FFERRYREBATFERR AT APE RS
TG s P kR ® FHRST R R @ S B e S e Ls & i CCD
WL o

P — —— —

IBeam Expander | A @1064
I,

a

51

Intensity line pattern

Fhaze pattern

Computer

Mumination light

Sample plane

Ohjective

P— —— —

Telescope

Cichroic mirror

)1| CCDh

B 3.4 WA, 5 > 3 }’TﬁfﬁJ ,ﬁ- u&%ﬁ ﬁ]-o':j;‘(
i+;\ PPM '

L

3-2 e d i

g AR T 2 A B - BRI T - AR S
Bk g o fio] %—«‘?\%&%‘boﬁzﬁfg“iﬁﬁﬂ@ T A Ik ke @ oo dg
AT P AE B - 3R o Apir o R AT E Y a0 § R T)E B EREA o
BB T TAR] P E BRI 4 géﬁ«' o T JE N A th 4 A g R Rl i)
P R o PR R R 2 A A RN e R T H Ryl ) g
B0 FA LAC EE Y B O AT R oA MR LR T B gl o i e
iR Mt E E R A X K S Bum PSS B um e BB g PR < 3a @
AA3E oA At L3 F ARG A A3 o — £ Labonachip: ~ ﬁgﬁgww B
- S P R T N o ek RSB AT HEARBERE A B AN IR

PIE o x:gﬁimb b B PR AT NP Bk Tl Ao AT endri o @ iand VR B AL
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FE~F 4 2424 Fiv Labonachip #- * Rpke 5§ - AT 227 U RFEFSE
A 47 » 4o DNA 0388 ~ DNA ¥ By ~ 30 T h $en i 248 ¥ P &
Tﬁél— B ki et 5 o

u\

J ’&'T%J /”\1‘2%3—445(‘}2_’* m;@ﬁit‘ ’ i\' FB -Q‘f }H' /lﬂip/(/n ’F‘,’ lFl j\%JKI,FV‘f“—)- ’ 'Tkj
@ﬁ@*%ﬁ§ﬁ°%ﬁ%ﬁﬁﬂ“é%%%ﬁ*&4%mﬁﬂl’%dmmﬁﬁw
?’ﬁﬁ@i%ia?%z%ﬁ%i%ﬁ&%wu¢ﬁ%;%$’Aﬁi

Lab-on-a-chip ° ig» &2 eh S 55 & Mn g & GRE o B ow i B g e o
A% B SRl I B Mk 2 B 0 (R g ] o BN 2 A R R o A

Wl Bk 2 B e M BT A P - Bt A & 0 - @A Silicon & 8
i€ ¥ - BAT frpdt i PDMS e ]’ﬁﬁﬁﬁﬁ%%?@‘%w%&sﬂﬁﬁ
e o ng&aﬁﬁ ﬁﬁ’f%ﬂmﬁm B DLER P ARV AT g iAo x
T BRbE R R E DRGSR BB R 6 A K R iR 4

’mﬂm@ﬁfimwgﬁﬁ’gmmmﬁ@&i%% LARE R LS A
Sl A1 2P 3% PDMS A1 it B e

3-2-1 kpcg: i (Photolithography)

ko pe e B X E R Ae T e B RARRT ) Bl Tkl E A f R B Dt
PoRre RN & A1 FRE AL R AR FER 0 NP S kA o ke
AV 4 LR g ke o H B R AT R A o AT s AT ke
SRR Bl f kG B> RAUPIH B o f kgt A RkpE > LDk
REfenine g FG it AL I F R 5o ARG aitls { ST H o AL R LD
BN AL R PR S Bk SRR R B 0 ST T 3R T R i
Pe Sk ek fe s g B SRR 1R 0f o R fd ot > & 1 R IE Rl
BRRIEARE > RAL RIS HEREAT FEAARAI S o - B RS BRI
WEE R R ITATE Y - d R AP T R Y o . ,T*nj&i\ &
R GAMGRF TR Y g R RS RN BT LR RS KR
i W AECRC L G %j:f%;)’j&? Tk § B o MR AR AT 1980 & K4
ﬁ@%%%??%ipfﬁiﬁ%’EW#$&ﬁN§@mrg33%g;¢J
(self-assembled monolayers, SAMs ) ¥ e 3+ @ = F W o iRl ? 7 - f4¢ * PDMS
s Mok - JEERRCER > T g ) 310 2 K ehig g e
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3-2-2%- ¢ A% § % (PDMS)

PDMS % - 23 i anpdl > & &5 &4k > s & L £ 4f ¢0-Si(CH;3),0-4
+ > d PDMS &M i* &|A fEi £ R Em & > - B@* et b5 101 GUMEL T
ft o d 3> PDMS & & & 4 & freigb it ¥ ot 3 ~ ## f P o PDMS p & A E3LE > 97
LB i £l RUicE o 7 ﬁi’éféﬁé‘%ﬁ“ o A S A ¥ A 1)
4§ -PDMS } %% g > @ Bk}

L g chd - Eap g ek 24 -
28940

MR B & &G Rl g
4FP i 0 BRI R o
5.3 A4 o

3-2-3 j%ciﬁi%iﬁﬁ”?lf%’%ié
B35 Zmm gk M L% Autocad gt g W kems> B9 5 7% 4~

oo T s 'ﬁ{ﬁi:‘%i%u T e e d RS R R A s R i e o T Rt
LR TRy

1:»

y i et o Silicon 08 42 {0, PDMS @l A2 4-€ &8 & 92

s

B 3.5 fcitd E KW
3-2-3-1 Silicon #% 2

AR IR LA ¢ R B2 B RS
o WAR S F 4T

Bt 24 5 <100> % & FlE #4R 8 RCA G Ads QAR (e ) - BF - 4oF]
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