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SEVWUDFW

YRU PDQ\ PXOWLYDULDEOH SUREOHPRVWRHUH @WHY
VROXWLRQV 7R WKLV GD\ FRQY HQWLARMDHD SHIREFOMP
D VHTXHQWLDO PDWQBO R/SKHYDWHTRQVROHY IOQ VZV VBKIL
UHDVRQDEOH WLPHUSR®HBRHDW® R DWXG M RPRIGVH W I/ T
WLPH FRPSOH[LWLHVY 'HYHORSLQJ SRKGIUIXBVSBEDY
WKHUHIRUH JDLQHG LQFUHDVLQJ DWWRYGQWER® HL @/ K
IXQGDPHQWDO OLPLWDWLRQ

7KLV WKHVLV LV DLPHG WRZDUGV GHYPMOAREL XV LK
PROHFXODU PRWRUV IRU VROYLQJ FRABLQIDNRUILAF
PDQQHU OROHFXODU PRWRUV KDYH EHWRDSGOHWERS
VXEVHW VXP SUREOHP HQFRGHG LQWRQWHHUWZ ZUIN
WDFNOH VRPH RI WKH HQJLQHHULQYWHPXESHFHIQWD
ZH KDYH GHYHORSHG UHOLDEOH VXUlD-FHD WMURHD WV
UHJHQHUDWLRQ RI VXUIDFHV IRU BH VW HNVXXYVGHY.HOMDHA
Rl KLJK WKURXJKSXW IDEULFDWLRQ ZLWK @QDQRHL!
RSWLPLVDWLRQ RIRWKIRJIDDSKWKIHO GAHRYF O RIS IP\M 1 AWV E
HOHPHQWY SURJUD FMHE®HY IDW HMIVRZARHUQIWR UIDVQ GRH C
I[UHH GHWHFWLRQ RI ILODPHQWYV

‘H VKRZ KRZ WKH PDWHULDO FKHPLVWQ\BEH PR WH EXC
D FRQWUROOHG ZD\ WR HQVXUH VHEWHRWUIYMHR &/U B W\
GHVLIQDWHG DUHDV 7R UHXVH WKHWR GHNJIHKHW XM
VXUIDFHV ZLWK D QRQ GHVWUXFWIOMHH /3% B R ODOFKG AHK
WKHP WR EH XVHG PXOWLSOH WLPHMVHIP BUNVRISWHARN |
SRO\PHU UHVLVWYV ZLWK WXQHDEOH PRWLOLW\ SURS

7R EH DEOH WR IDEULFDWH ODUJH VFDOH KLJK UHVF
I[UDPH ZH RSWLPLYVH®»WKRH®BW W H R @UHWK R WULRXX \E H
DOVR VKRZ WKDW QDQRLPSULQW OLWRRJK®SW\ KDJ
UHVROXWLRQ IDEULFDWLRQ PHWKRG MWEFHSDIWW IPRQ H
PRWRU GHYLFHV %\ DGMXVWLQJ WX B DWD®XMNDUND DF
DEOH WR IDEULFDWH KLJK DVSHFRN RPDRW.R BRW MOH UWAC

‘H DOVR GHPRQVWUDWH D PHWKR G ] HPUIDERW R DWKIHQ\
VXP SUREOHP :H SUHWRISQW PWYBWIHNILGFRHWZRDNJIE VF



VROXWLRQV HQFRGLQJ WKH WZR FROELRPW BURDO H
WRZDUGV ILQGLQJ D VROXWLRQ XVLQQ PARKI LRR O,HB X
H[SORUDWRU\ DJHQWV

$GGLWLRQDOO\ ZH GHVFULEH D PHWIKWRGWR FUHD!
SURJUDPPDEOH QHWZRUN MXQFWLRQ P DWRK B A DWELF I8
HQFRGLQJV 6XFK G\QDPLF HQFRGLQJW BRBFASKWMUF
)LQDOO\ ZH SUHVHQW WKH DGYDQFHFHEWYVRR ZIR
GHWHFWLRQ RI FHWQRAMN KO/H QYD O FIDDERQL 8 DIQURHN X\ER
D UHOLDEOH UHDGRXW PHWKRG IRU KLJKO\ SDUDOO

‘H FRQFOXGH ZLWK D GLVFXVVLRQ RITRAWFHW FZKWDN & |
ELRFRPSXWDWLRQ ZLWK PROHFXODIY BRWRHQWRGNVK



SRSXOIUYHWHQVNDSOLJ

OROHN\OIUD PRWRUSURWHLQ IU VPn B\ FPOIRI IYW.IDIN HPQ
DQQDQ PRWRU VRW KHDRWYD GG QDB M HIUG Q W [LYOHQ D
YnUD FHOOHU RFK GHUDV KXYXGUBPQ IRKHDWMURDJ X
PROHN\OIUD PRWR UNYVWGHFOPHYV \WWWRDWEREB R & R VIH\QH P]
VSNUHW ,GDJ NDQ YL WD XW KH O DDPRRWRRIWNV\G B PSir
YDOIUL \WD (I W@ UNID[QV VB KBHQ QUG B 50 ® L\N Q B @& G HWILL
RFK RP YL WLOOI|U PRWRUHUQD EUIQVOH NDQ GH J|
GHP XQJHIIU VRP HQ URFNVWMIUQD VRP VXUIDU Sn

'"HW KIU IU MX L VLJ VMIOY JDQVNINVDVFILQWD DML | |
WLOO QnJRW OLWH PHU DQYIQGEDUW L SUDNWLNHC
ULNWLJW ULNWLJW VWRUW PDWHRDWUVNIWSDUWREBDE
O|VD" 6nGDQD SUREOHP IU H[HPSHOYLV YLNWLJD L R
NUHWVDU L NRGNSDRNGHW DRFE\D VEHIG LI § R PO DNAHW |
NDQ VWXGHUD YL®WHQ QRUPWDAL EEBHERGH B ALRR GHJ R
bYHQ RP GHW OnWHU QIVW LQW LOJOV FDWUAR & WIIWJ DV E Hil
PHG PROHN\OIUD PRWRUHU RFK GHW MUHBNBW OU JHW
HQ I\WLVN VWUXNWXU DY VLWW PDVOHEDWLQMW D' IS WRIE
YL NDOODU QIW YM@INYEBMBUDROEBENUDIUD PRWRUHU

1IWYHUNVEDVHUDG EHUINQLQJ PHG PR® HEND\DDUDY PIR
QIWYHUN DY VDPPDQVDWWD YIJDU ODHFEV YREDVHR
PDWDV LQ L HQD IQGHQ DY QIWYHUWUNHWF K OI®OKUGY U E
NRPPD XW YLG ROLND SODWVHU EHM RHDIGH 1$d NH\D N
UXWW PRWVYDUDU ROLND EHUINQLQJDU RFK JHQRF
JHQRP KHOD QIWYHUNMEDNB® YQAD O|VQLQJDU Sn |
*LYHWYLV JIOOHUQ@GHW GIR Q WWUXIBOD/G\H VBW W VG H/ I
NRGDU I|[U ROLND EHUINQLQJDU WAMDJYUUWINEOGD WH
VRP YnUD XSSWIEQWRHGWDRQGMWH [|[OMD

1IVWD XWPDQLQJ IU DWW In YnUD ILiODRPM QW \B VKW V]IC
VPDOD OHGHU NDQ YL VNDSD HQNH® U LW ® &N | 'QIDmDW
YL LVWIOOHW EUHGGDU YIJDUQD |SBIDOLYNDXQS R FIN
VNDSD URQGHOOHU RFK WLOOIIOOLJD DYVSIUUQLAQ.
WLOONWQD 2|QVNDGH VYIQJDU NDQ VG H[W PRVDUSU
NRUVQLQJDU GIU ILODPHQWHQ EDUDNRRPMWY IMWHY O



IQQX EIWWUH V IR\ \OND\E H | V K LEJI®WD YWRU HD ¥ WWX @ Q B OQ
PHG EURDU PHQ DWW LPSOHPHQW HUHF NGALVQ N U QYQHLG
IU JJUEDUW 'H PHU GUDVWLVND DY WS\W U®RG QD DShQ DL
YIJDU VRP IU WLOOJIQJOLJD 'HWWDV LQQ/ENL M GWF
YLONHQ EHUINQLQJ YL XWI|U YLORNMHBM QW KHOND QIR
VNDSD YIJWXOODU VRP UHJLVWUHUDU I|[UELJNHQGH I
XWJInQJDUQD NDBVKIO WHILNQ SHUMUD EHUINQLQJDU

6RP QL NDQVNH UHGDQ PLVVWIQNHUUVINLOW RVOHRUJ D |
LQQHEIU DWW ILODPHQWHQ GH GULYHU EHK|YHU YIC
DYKDQGOLQJHQ EHVNULYHU MDJ KXW GHWWRDG N D QR WK
YL VHOHNWLYW NDQ SODFHUD YnUWDLRRWRDH W RBR RIDL
EHVNULYD KXU YL NDQ VNDSD UHJOBVERKDVIW Q3 DWW
HQ WIQNEDU PHWRG I|U DWW LPSOHHNQXH ULE HOH K
ILODPHQW '"HVVXWWW®W NERIFRNRW YWDD K XX W i UP @ D EG Bl MWDV
NRPPHU DWW I|UV|ND I|[UNODUD YDUI|ODGBWOHODO
EHUINQLQJVPHWRGHU VRP GHQQD

JLIXB|GD ILODPHQW Sn XH5GERRFHWW QU@ YHUN QUSRBWEOIWBEY RYDQSn JU|QD PROHNN\(
PRWRUHU 9DUMH UXWW L QIWYHUNHWQLHSH Y @ N & WHNDIH BL® DWW DOGOEWQL Q JD U
SDUDOOHOOW



3RSXODU VFLHQFH VXPP

OROHFXODU PRWRU SURWHLQV DU H \DRD CRONKIHRIO RR M
WKDW WKH\ FRQYHUW HQHUJ\ LQWRXBRWIORY TKHHG R
WKHLU PDLQ UROHV LV WR JRYH QQPRNHR O RINVWWRV ¥R
RI WZR SDUWV D WUDFN DQG D PRWRU ZDONLQJ RQ
HQWLUH PRWRU V\VWHP DQG JOXH IWKH PRFHRKH MW B F
WKH WUDFNV FDQ EH FXW XS LQWR MOISRH QRK O LANRH
ZLWK IXHO WKH\JUH DEOH WR ODWPKIRQIDR GV KGIL N
FURZG VXUILQJ UREN VWDU

$V IDVFLQDWLQJ DV WKLV LV RQ LBANVWKAQY FEBRZREXWDX
WR VRPHWKLQJ SUDFWLFDOO\ XVHIXOO % E Z JDERW WHW |
SUREOHP ZKLFK RXU VHULDOO\ FRPSOOMLQY R HOWDFWX O
6XFK SUREOHPYV DUH IRU LQVWDQFH LPSRUWDQW IRU
HQFU\SWHG FRGHV DQG WR FUHDWHLQHRHZWKSHVFKDFH
GLITHUHQW SURWHLQ FRPSRVLWLR@Y YV SMMAEMOLEGIIDEE
WR FRPSXWH ZLWK PROHFXODU PRWRBEDNMWB QGG 7LKWAT W L
WR FUHDWH D SK\WLFDO VWUXFWXUHUWI| RWKQNVNRD
SXUSRVHIXOO\ FRQVWUXFWHG PD]H :WPFPWORQWAKULW
PROHFXODU PRWRUYV

I1HWZRUN EDVHG FRROXWROWDLRP@RWWKWLY LQ SULQF
FRQQHFWHG URDGV MXVW OLNH WAKH @ BVRIHHMY HZGIW
FHUWDLQ SRLQW DQG FDQ H[LW DWBWGE DWW HADRWMWKMU K
(DFK VWUHHW UHSUHVHQWY D GLIIHUHQW FDOFXOD
SRVVLEOH SDWKV ZH FDQ VROYH WK HDH@RROGHDG P
XVLQJ RXU ILHOCPRQWWPYW\ DIHQWYV 21 FRXUVH WKH
LV FDUHIXOO\ GHVLJQHG DQG W RA\HKUHH CDIUHHD WA URADDYLHQ \

6R KRZ FDQ ZH PDNH RXU DJHQWYV |RDORZUWR D IUIRD I
ZH FDQ FUHDWH RQH ZD\ VWUHHW VHZEH R B GH\W XWIQH/ \I
KRZHYHU DOVR PHHWLQJ WUDIILE LV P3OGIRHQEV

URXQGDERXWY DQGIURD ZEORF § U \WHKIE ZXH W G O VKNG
QRW 7XUQV FDQ IRU LQVWDQFH EH BVUWYQDWAGOH
FDXVLQJ DIJHQWY WR MXVW SDVV \BWH I HIXKW VEX URXY |
EH WR XVH WXQQHOV DQG EULGJHW MKRXIHKULWSIGK E
GHYHORSPHQW 7KH PRUH GUDVWLF URDGEORENV F



VWUHHWY DUH DFFHVVLEOH ZKLFKODWNVWRK@ Q: R HDQV I
FUHDWH FKHFN SRLQWYV VLPLODU WRIJMAM O/&K WWR B K I
SRLOQWYV GRQTW GR PXFK PRUH WKDQ UHJLVWHU WKH
LI ZH SODFH WKHVH FKHFN SRLQVWWDWWKHRUR D/WQ B
ZKDW VWUHHWY ZHUH DFFHVVLEOH K VALGNHK WKHKIH QAR
VROXWLRQV WR WKH PD]H

$V \RX PLIJKW KDYH JDWKHUHG DOUNH®BENIHPR® NE
PHDQLQJ WKDW W KWHR BLHO®D BHHEIE VY WIDIWE\WIH WD WKD © OV ¥
GHVFULEH KRZ ZH FDQ EXLOG WKHVIPHWRRGOGVURQG K
ZH FDQ VHOHFWLYHO\ SODFH RXU PRWRVNULEGWLIGRIZF
FDQ FUHDWH VZLWFKDEOH URDGEORFQ& WEBW- BDBH
SURJUHVV WRZDUG LPSOHPHQWLQJJH®DYAW Q 0 A LFAKDAH
JXUWKHUPRUH , GHVFULEH WKH PD]H IOD\RK\WL WQL ¥
LPSRUWDQW WR GHYHORS SDUDOOM®W FRPSXWDWLRC

JLIXUHHG ILODPHQWUYIEQRR® VU HIP[ PERVURLY I DOCHO SORWKY LQVLGH D QHWZRUN (DFk

UHSUHVHQWYV D GWILRQH ®W DAEDCOLRXIOW KH VMR FERIGIHREP SM REH@GHLQ D PDVVLYHO\ SDUDOC
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WUDQVPLVVLRQ HOHFWURQ PLFURVFRSH



70&6 WULPHWK\OFKORURVLODQH

6'6 VRGLXP GRGHF\O VXOSKDWH
663 VXEVHW VXP SUREOHP

81 8QLWHG 1DWLRQV

89 XOWUD YLROHW

89 1,/ XOWUD YLROHW QDQRLPSULQW OLWKRJUI
89/ XOWUD YLROHW OLWKRJUDSK\

' WKUHH GLPHQVLRQDO



$SFNQRZOHGJHPHQWYV

/IRRNLQJ EDFN DW DOO WKH KDUG ZRDR WRI®RZZL WK>
WKH VXSSRUW DQG KHOS IURP W KR V®HD,URROQASG PGIL N
JLYH VSHFLDO WKDQNV WR

7R EHJLQ ZLWK , ZRXOG OLNH WR VDL WRUD/Q N NR R LR
DQG $0I ONQVVRQ ZKR WROG PH WKDWSHROWMIGLRS D\
HQWLUHO\ QHZ ZRUOG WR PH 1RWKKQRQNLRX HRYHUILE
PH VSDFH DQG IUHHGRP WR JURZ DQ& D WBHIUDK HIQ G
QHHGHG LW WKH PRVW , DP IRUHYHRWUJRHDWHIXO IRU

,IYH KDG WKH JUHDW SOHDVXUH RI RQH NLIQV \Z MK Q/ K\
SURMHFWY LQ D URZ $ VSHFLDO WJID®N D K DWRSZRQ
\RXU VNLOOV VHHPLQJO\ HQGOHV VO SMKDQMNQ\R ¥ XB S FD
7R 6WHIDQ 'LH] \RX OLJKW XS WKH MR R REZ®KG RKX UL
WR 'DQ 1LFRODX -U ZKR PHVPHUKVWXUDQ
FUHDWLYLW\ DQG LQQRYDWLRQ LV VR H[WUHPHO\ L
ZRUNLQJ ZLWK \RX 7R ODUOHQH 1RUUE\ $VKLN 5DK
\RX IRU QHYHU JLYLQJ XS DQG DOZDYWY YWIBOLQD S8RQL
WLPHV RYHU KDY HE\H GWOKHHG REQWK LV KIDYOGDD DIEJRDOW WHK L
'LWKRXW \RXU KDUG ZRUN WKLV SUBMHRWHZ\RXOE JQR
WKDQN \RX 7R &RUGXOD 5HXWKHU 6 [RNHH 6 WOHHRK )
SHXWHU *HRUJ +HOGW 7KRPDV %O D XJ®HHAN LI @R \0 IE
VXFK D SOHDVXUH WR ZRUN ZLWK \RSHQG WHR KIHW UV
GULYHQ XV IRUZDUG $QG WR P\ ZRQGIRWI RO NELLQRJ FKRCA
ZRUN VR HQMR\DEOH -LQJ\XDQ =KX 3UDGKHHEKD 6
WKDQN \RX (VSHFLDOO\ 5RPDQ WKH HQGOHVV KRX
QLJKW DQG DOO WKH KRXUV ZH VSHQXWORQHWEKIHYSKR
VXSSRUW DQG KDUG ZRUN KDV PHDQWH@\WHWFXRWHWG \
ZD\ \RX NHHS WUDFN Rl HYHU\ GHWORBNL@®G B HHBHFW
WLUHOHVV HIIRUWY DUH QRWKLQJ OHVV WKDQ DPD]L

7R $GDP % XUNH DQG OHUF\ /DUG WKH HHHNQ WHKH \\HI
ZLWKRXW \RX WKDQN \RX IRU HYHU\WKLQJ

7R WKH SHRSOH ZKR NHHS WKH ZKH HEBM Q/XLIUBQ Y JO [F
DGPLQLVWUDWLYH VWDII , FRXOG VSHQG SDJHV DQ



PH WKURXJK WKH \HDUV , DP VR LQMHIHGREB\RIURWX
HVSHFLDOO\ WR WKH RQHV , KDYH $RXMWHU PG O\GHHN
&KDUORWWH 6ROEHWN $IDAH XV ]. YU QESRIRVENIN DG RIJ J |
5\GQHPDOP -DQQH PKDYGQDVI/RQJHOOHU 6QWHQ L-B
+X1IPDQ ,YDQ OD[LPRY 'PLWU\ 6X\DWLRY Y®%W®JWLOX
+HGLQ ODUJDUHWD )RUVEHUJ (YD /HQKRIKPD®ULF
+DNDP DQG /LQH /XQGIDOG EXW DOMRWIRQBG BPAKRE
KHUH D JUHDW WKDQN \RX WR \R X\l GROY HWUR WPKKHF K HFDI U
WR \RX DQG , DP WUXO\ EOHVVHG WR KDYH OHDUQW

7R P\ RIILFH PDWHV OHUF\ *XVWDY 'PLWK\ 1ZBXQUD\
/IDXUD 'DYLG )OREHQN®K DN LHHDY ® ,\OSBF LDIOH U3
ERQG EHWZHHQ SHRSOH ZKRJYH VKDUHG DQ RIILFH \
ZHYYH KDG RYHU WKH \HDUV $QG WRHNVODWP{WRIWEH!
2VNDU $UWLV .XVK 'DPLDQR /XND\HLUPHD@W K DEIRO
$QGHUV .DOOH aD/WHQ@OMLBW KB X (WH L-DMR B\ 0D J(
20RI 5REHUW 'DYRQGDWHRPRYBQ =HEREOVDRG WHKIID @N
IRU PDNLQJ HYHU\ GD\ VR SHUIHFW QR ¥ HARWQ/G IZ D XKD
FRQYHUVDWLRQV |LD0OQ0H & RGO IV IX\S BRW WIK@N L Q X \IR
NQRZOHGJH VR IUHHO\ DQG IRU VXFK JUHDW LQVSLU

$Q HIWUD WKDQN \RX WR P\ WUDLQKBWIDXGKAVR PHKW
FDQ GR DQ\WKLQJ , VHW P\ PLQG WRD W RDMR KB 4
DQ RSWLRQ ZKR LQVSLUH PH WR SXNKQKDBH Gt Bl D\QGE
DQG WR QHYHU JLYH XS 7KLV , WDRBQZIRVIOPIHH IRQIF
ZRUN DQG DFDGHPLD

$QG ILQDOO\ WR P\ IDPLO\ DQG ORYHGDRQHEYV 6DHEDK
+HQULN -HQQ\ -RKDQ -DQ $QQLFD 1L[ 1R[ DQG /D
MXVW RQH SKRQH FDOO DZD\ , ORYS$HWRXRDQO,0ODP QMR
ZLWKRXW \RX

JULGD :LOKHOPLQD /LQGEHUJ /XQG



L OQWURGXFWLRQ

1IDQRWHFKQRORJ\ LV RIWHQ GHVFULEBIW DV WHKUH PD
VFDOH LQ WKH UDQJH WR P QDQRPEHQYUBWHUGLVF
ZKHUH WKH ODZV RI §KHPLAMV E\L RREBRDHEL Bl Q Y L\QFHHHUDLF
EOHQG DQG KDYH WR EH FRQVLGHUHG WRJMWK X
LQWHUGLVFLS O L @IURWHKEH\DLR/O RV KABGE @ HP IDQ\U L\R R H G
KDYH EHHQ WDNHQ LQWR FRQVLGHUDWLRQ 7KH JRC
UHTXLUHPHQWY IRU D ODUJH VFDOH X$DUD @ RW® AR |
VROYLQJ FRPELQDWRULDO SUREOHPYV

1IDWXUDOO\ WKH FRPSOH[LW\ RI D Q\HER WWIHW@X\PLER-QI
YDULDEOHV WKDW QHHG WR EH REVHWREGH P g FILHDR
FRPELQDWRULDO QDWXUH DQ LQFUHDWHHMW DWKE
VXSHUSRO\QRPLDO DQG VRPHWLPHV HRIRS GIfH$RW@H
JHWYV DVVXPH D GRFWRU 6DUDK LWXMSHEQDOIURPG
SODJXH 7KH 8QLWHG 1DWLRQV 81 ZRHWIDGYVWKRH W WIRL
WUHDW SHRSOH DV VRRQ DV SRV\WLE WHR 6 HULLK EW @
DV WKLV ZRXOG FDXVH DQ LQWHUQDILRQIZ®\ GBLIS O
IXQGLQJ LV PLVFRQGXFWHG WR SULYKLODWMJBRRQH FR
6DUDK WDNH DOORZLQJ KHU WR FRYDNW DVOSRRXQ B
WKH GLVHDVH VSUHDGV IXUWKHU"Q7 RDIQAQ G RWKH. EDADH/
QHHG WR EH H[SORUYREHB®QRI BR XVQKHWRH Y LOVDLWD K QQFHUF
VR GRHV WKH FRPSXWDWLRQDO FRP\S®H [HS\RMA® W IKI

&RPELQDWRULDO SUREOHPV OLNH WKHQ R GRQ DK
GHWHUPLQLVWLF SROVUREPHPY WIPRIE @R W R DW W PO
FDQQRW EH YHULILHG ZLWKLQ 7K HS/RIO \SURRFELADHDP W DR
FKDOOHQJLQJ IRU HOHFWURQLF FRPSXWHUV WKDW
HIITLFLHQW DOJRULWKPV H[LVW D QRXQQWVX\HH/D B U IS DU
7R WKLV GDWH H[LVWLQJ SDUDOOHO FRPSXWDWLR(
FRPSXWHIBVFRPSXWDPALER®IOXLGLFV EDVGIG FRPGWWI
FRPSXWDDMIRADYH WKHLDQRSZ Q LG U IVDEMDLFRGAR | R R UHS V
FRPSOH[ VIVWHPV IXUWKHU GLVFXVVHG LQ &KDSWH

,Q WKLV WKHVLV ZH IXUWKHU H[SORUH D SDUDOOHO
PRWRUV OROHFXODU PRWRUV DUH D FODVV RI SURW
PHFKDQLFDO PRWLRQ LQ D KLJKO\ HQEBBHOLGUIILWKH !¢



SURSHO WKHLU FRUUHVSRQGLQJ F\WiR Wtho PGRIRWL D QW L C
DVVD\ ,90$ WKH PRWRUV DUH ILUVW LVRBIFMB® D (
FDQ WKHQ EH DGVRAHE HEWKQ WRL Q WIXKE B ® 0K KBW L R
HQDEOHG PDQ\ QHZ LQVLJKWV LQW P R\CKHF SEDUL RPER
VIVWHPVDQG KDV DOVR JDLQHG LQWHUHVW DV D
DSSOLFDWIZRB®VW\SH RI PRWLOLW\ DVVD\ XVAKG BEHUH
WKH PROHFXODU PRWRUV DUH LPPRHLOL)BEGHRW W K
SURSHOOHG DORQJ WKH VXUIDFH LQ BHUGOG RGHRPWMFGV
LQWURGXFLQJ PKHP SKDWICPFRQONQLQJ WUDFNV ZKLFK
H[SORUDWLRQ Rl YDULRXV ODE RQ D FKLS DSSOLFD\

,Q RXU PRWLOLW\ DVVD\ VIVWHP ZHRE DL VX LDQ 3 |DARE
FRYHUVOLS RQWR ZKLFK ZH SDVWH WZR SLBXHUMN RI
7KH VXUIDFHV ZH VWXG\ DUH PRNQWEGLRQ VDS G\Lk
RI SURWHLQ DQG EXIIHU VROXWLRQW K¥L D ORI53.1Q0 O\
WKURXJK WKH JODVV FRYHUVOLS XVIR)JFASH LIYG
IOXRUHVFHQWO\ ODEHOOHG DFWLQILDOPRQPWYV ZHRX
FRPELQDWLRQ RI SK\VLFDOO\ DQG RXHPR¥WORFWRQI
FUHDWHG E\ OLWKRJUDSK\ SURYLGLKH FKDQQH® \YOF
DUH FKHPLFDOO\ WUHDWHG WR DCPRRZLPRE VPRQ GHQ GZ
WKH ZDOOV DUH WUHDWHG WR LQKDBLWPWXQGE ER Q/
FRQILQHPHQW ZLOO EH IXUWKHU GLWRXVSBWWIQUQK
QDQRVWUXFWXUHV LV IXUWKHU GLVFXVVHG LQ &KDS

JLIXUH 6FKHPDWLF LO O XXRWHDWFHRPFWH PQEURLIUDSKY RI OHIW D IORZ FHOO DQG R.
PLGGOH DQ LQ YYIVURQPBWORDWWIXOWDBR ®RQ U NIKU X F WK UE BERKWAOMAMY RI D

JODVV VOLGH ZLWIO SWZ R GWRFHKLRK W KH WHRSS REVILVGIRRGRZQ FUHDWLQJ DQ HQFOR
WKH SURWHEZRHDMYVAWHOO LV PRXQWHEGFIDRRHFBRBHE@AQWRIDDWG XVLQJ V IOXRUHVF
PLFURVFRSH ORWRUVVEKRXDEHWR RSO W.DOQB8RRWRWOQORQ WKURXJK DFWLYH WUDQV
IOXRUHVFHQWO\ O\D\(E BS SH B UI IDO/D P BHIQJ) KG\D W § DNKHUM DRFQH WK HQ@ @ R M WD XIF 8WK\VLFD O O\
DQG FKHPLFDOOWKRPRWYRRQQVWE P R DRHQWKHWROPRKH ORPIH KHDUW LQWR WKH |
DQG EDFN DHDOARZHWK ULJKW RREWVRWHK B SFRODWHQMWPLWQ RI D V WLPH ODSVH PRYLH 7K
—P LQ ERWK IOXRUHVFHQFH PLFURJUDSKYV



7KH XVH RI PROHFXODU PRWRU V\VWHPV1II®R&Y QBWZI
ILUVW UHSRUWIPGWHKH IRUP RI D SURRI RI SULQFLSC(
VROYLQJ D VLPSOH FRPELQDWRULDO SUREOHP N®&R
VXEVHW VXP SBOREDWHWYY ZKDW VXPV DUH DWWDLQDEC
JRU LQVWDQFH JLYHQ WKH VHW UUHFW R/HR GBRW I
FRUUHVSRQG WR JRU VPDOO VHW
LW VHHPV WULYLDO DQG XQQHFHYWYDWR ONKRVER QU W-HRI
WKH 663 LV RI D FRPELOQDWRULDO QIEWXWHPRVW &
H[SORUHG E\ EUXWH IRUFH LQ RUGHU WR ILQG WKH |
VSDFH DQG WKXV WKH WLPH UHTXBRIQEG QWRLDRWDK H W
WKH QXPEHU RI hQWHJHUV

7KH PRWRU V\VWHPV DUH FRQILQHGXE\HDF R & WIZRWINQ|
RI WZR W\SHV Rl MXQFWLRQV SDVYHDEDIV VS GUR V V KF
ZKHUH ILODPHQWY DUH VXSSRVHG W RURAPQIKLLGXHWKXC
FDPH $W VSOLW MXQFW L REDQKWR X BX/HLQSN WIE G L DUPR
QHWZRUN 7KH SRVLWLRQ RI WKH WSOUW MRBRWHB Q
QHWZRUN DV WKLV GHILQHV KRZ IIRW H IPIXNL @J | DOW
DQG WKXV DW ZKDW SRVLWLRQV ILODBW®WY BDJIXV
ILODPHQWY H[LW WKH KLJKHU WKH UHVXOWLQJ VXP



JLIXUH 6FKHPDWLF OD\RXW RI D ELRFRPSXWDWURRO CS QRIE\HRRJ N XRE \\M KH VKPP E QG B @
QXPEHUV :sraXAa@GEREH QWY HQW H UV WG HWQ Bl G RSUDN R K XODAN HRIDWHW K UFRMO OHG ORDG L
.1 WKH ILODRHHOQMWHW W KM QHWZRUN IKIRPDW K HJ B URLQIH E B H3®Y BV KUHH B\ I/ M. IMX) FW LR Q
WKH ILODPHQWY WUDYHO VWUDLJKW 3OR V BEHWS B WEFNKIRQIDW K H U RIBH) VQ VW U D |
GRZQ RU ULJKW 7KHEKBQ VORI UQJI KVIBWWIKHR @ DERRHND ILODPHQW PRYHV WKH KL.
VXP 7KH QXPEMUMRRQS WV R Q VREWSKZIHH Q RIZK/HP Q WHFKHUY HQFRGHG ,Q WKH H[DPSOH
OLQH WKH ILODPHQW WUDYHOV VWW DMX R WWARDQHQK R BX OKRWKHQUXREB BSGIG $W
WKH VHFRQGWISROQ WHR KR GEBU W KMKGXNRODPHQWG PRYHV ULJKW SDVV MXQFWLRQ
VSOLW MXQFWLRQ EHUFRGW®H \WMICD BN B Y GWRXRNHN DIRZQDGRWE L QEXMW DW WKH IRXU
VSOLW MXQFWLRQ HQFRGLQJ WKH Q>ORBHQ D QVA M WLDOYDHRIHVQD MAVHY G \$ D V WHEMKEOWE W L R Q \
DQG HYHQWXDGOQKPIEMY DW H [IK HQVWE G HEDOL W MQR G DVIVX MK Q LV QP 7KH
VFDOHEDU LQ WKH ELJ ILJXUH LV  —P

,Q WKLV WKHVLV ZH PDLQO\ XVHQWKZAL GH ODRWLY & P\ |
VIVWHP 7KH VHPILOBPHEOMRXY DFWLQ LV SURSHOC
FOHDYHG P\RVLQ ,, IUDJPHQWY NQRZQ DW KHDK\ |
VSHHGAR VRPH H[WHQW ZH DOVR XVH WKLF R LKEDARW
ODUJHU QP ZLGH DQG PRUH ULWID WL BWRIWSER SHH
NLQHVLQ PRWRUV DW DERXW7KHR@HGWZRDNY YRIWD R\
P\RVLQ ,, VIVWHP DUH IDEULFDWH GOXL W K D8/R @\WPH |$ M)
E\ HOHFWURQ EHDP OLWKRJUDSK\ BRDR VXDOWHDWOWR |
DUH FKHPLFDOO\ PRGLILHG WR SURIRQR W K DFSRMHD L W\’
WKHVLY WDENOHV VRPH RI WKH H QXIS \DFCHULL@I W K X3



RI SULQFLSOH QHWZRUN G@RR D ®WR DOMHPER Q\OW UD W H
WUDQVODWH DQRWKHU FRPELQDWFS3LDQ@GSEG R ¥ PWIPE H
SURJUHVV WRZDUGYV VROYLQJ D ODOX WU RF DK JHW

JLIXUH 6FKHPDWLF LOOXVWUDWLRQ RI D PREGHFX®DRK AR WRE BN &R IGRWRR I \VXWHF
ZH QHHG WR HQVXUGGVK® PRWBUVJIEKW PRWLOLW\ SURPRWLQJ PDQQHU ZLWK WKH
WKH VROXWLRQ E DRQDEDEOH BULXDWEHR® PRISWHKR 6 BWRAHWXUHP RWWR RFAWDWHBY WKH
VXUIDFH DOORZLQJ WKH VDPSOHV WR WKHJHXR/HEHOWKRXW GLVVHPEOLQJ

7R FKHPLFDOO\ FRQILQH PROHFXODULFRWR BXMWWGF
EHWZHHQ WKH PRWLOLW\ SURPRW L QUE LMKDIQQQ HF® DIQ
ZDOO DUHD )XUWKHUPRUH WKH PD\EBHLDOWRKWK
PROHFXODU PRWRU VI\VWHP XVHG ERWK LQ UHODWL
WR HQVXUH WKH PRWRUV ELQG ZLWK WKHLIRWRU G
D 7KH ELQGLQJ PHFKDQLVP RI +00 WRHQGWXBIDF|
ERWK WKH VXUDRBHWHKHD WXUIDFH K\3GJHR'S RRE/L F WX\G L
KDYH VKRZQ WKDW WULPHWK\OFKORURNUIDFON FOKB
E\ FKHPLFDO YDSRXU SUHBSRRAY W LKRL.Q KI&T G D P QW CPFRMWLLC
,Q WKHVH VWXGLHV WKH &9' SURFHW&SFFXUUHR |
,QLWLDOO\ ZH XWRWE\D/ VELDPW ODRIWESFHG Y QF R QM LE/MKHX
ZLWK UHVSHFW WR ERWK PHDVXURE @R QWD &WQD QA
IRU GLIIHUHQW VDPSOH EDWFKHV KH OLBNMBWLRIQW
&9' SURFHVV SHUIRUPHG LQ D UHODWIRY BOR XIQFR @W
UHOLDEOH UHVXO®&9 VR R®HW RO-REMHEQBEDVR R D @ [PRIM
PDQQHU HQDEOLQJ XV WR WDLORU W KAK VUL Q F HV
FKHPLFDO FRPSRVLWLRQ RI WKH VXUIDFH 3DSHU ,

)XUWKHUPRUH WKH UH XVH Rl QD QRYDMU RRWRWHED §
DSSOLFDWLRQV LW IGLXIHK OW RG KNWKLHU DHE[G HF @ QIVYXHP LRQ G
IDEULFDWLRQ SURFHGXUHV DV ZHQHO DV OHR/F/ P VW WA
XVHG DQG VDPSOHV VKLSSHG HOVHZKHUWKOMVDIQS EHi
H[SHULPHQWY :H WKHUHIRUH GHYHORBBGLRJSWKI
QDQRVWUNHEWMHHY E IURP ROG SURWHLQV ZLWKHF
QDQRIOXLGLF IORZPEHQDW DR/Q R BV &EH RWRHD V H CBRIRWIL
DQG WKH QRQ LRQLF VXUIDFWDQW 7ULWRQ : 3D ¢



JLIXUH 6FKHPDWLF LOOXMRARWDRQ EQ RP D L WERIQUPLSKS LL@® EOLWKRJIJUDSK\ IRU PROH
GHYLFHV ,Q HOHFWIDRSX \E B QRMOENINR LW & IOFUR VY WKH VXUIDFH VHOHFWLYHO\ HJ[!
UHJLRQV FDXVLQJ FRGRNINYDUE NRIQW KRHUGIROWPPRURIRML OHVY VROXEOH LQ D GHYHOH
QDQRLPSULQW OLWKRJUDS\ D SRO\PHU LV KHDWHG DERYH LWV JODVV WUDQVLWLF
SK\VLFDOO\ LPSULQW VWUXFWXUHV %LRQK QFOHYRK/EG D M@ SHOWVKILIXL QH VR O X W

7KH UHTXLUHG GLPXQD URRRWIRW VR QKMEKEK PRW B H S/NY
XVHG &KDQQHOV FDKEM GHM\ QHSUHWR/HQW *RQH ZI
DGYDQWDJH Rl WKH SHUVLVWHQ@RH DHH Q QWXGR D QYWD J
ULJLG ILODPHQWY DUH WKDW ZLGHUPWRML@QMOAW A B
UHTXLUHV KLJK UHVROXWLRQ IDEUERBDWRR\Q| MK X QL
FKDQQHO ZLGWKV DURWRGSUHYHQ@®» 8 WXUQV 6XFlI
SDWWHUQHG E\ HOHFWURQ EHDP OLWKRJ RD IK'S R(@\P
DUH H[SRVHG ZLWK DQ HOHFWURQ EWDIM FROXYR QP H
FKDLDQYXUH 7BLVY SURYLGHV KLJK IOH[LELOWW)\ LQ ¢
ORZ WKURXJKSXW :H RSWLPLVHG WKHE SURNHWLLYQ
HOHFWURQ EHDP URNUW \FW U & BI$5W OL @ EBILDPD 8 D\M KR M |
VI\VWHP DV ZHOO DV D QHZO\ SXUFKDVSHGNVVRV \S Bl R W/HR
ODUJHU VFDOH FRHPS X RVWDDNWL RADISH U

$QRWKHU IDEULFDWLRQ PHWKRG WRDWWLLRD ESD WWHH
ZLWK D KLIKHU WKURXJKSXW LV QD @RV WPUPLSQMNY XMM
LPSULQW D ISIK@WWHWHUE 1,/ ZDV ILUVW XVHG IRU IDEU
QP IRU PROHFXODU PRWRU GHYLFRYHLYMU
VWUXFWXUHYV IRU PROHFXODU PRWEGEBU @OLAMR]RIEGIA XL
J)LIXUH WR FROOHFW WKH ILODPHQWY IURBR WRKGXW
FROQQHFWLQJ FEROOFXQWOWWMI XFWXUHYVY ZLWK D ODUJH
DUH GLIILFXOW WR LPSULQW ZLWK V,/WIRVEWMKGLNVBEOU
DFURVV ODUJHHGHYWHD@QGEHE WKH SUHYULRXWRPHFXQ\E
PRWRU GHYLFHV WR LQFOXGH D PHWRPRG LR)JI DEEQH F I
LQWURGXFLQJ SLDODQYV |RQHNMG HZMVERXXORG SURYLGH F
ZKLFK WKH UHVLVW FRXOG EH GLVS® DNFKK SBBPIYH B X
UHVXOWY E\ RSWLPRVY LI N WK HPSWRENNNQLIFKHVDLW \B O
JODVV WUDQVLWLRQ WHPSHUDWXUH DOORZLQJ LPSU



JLIXUH 6FKHPDWLF LOOX$WRIWWLFRP® RO JDWHPRUMMSWRMIWKHSRO\PHU 31,3$0 WR
EHWZHHQ D EORBRIBGXQ@FORFNHG FKDQQHR)(Z1Z LMWKGDEFDUERQ@ QDQRWXEH WR FUHI
HOHFWULFDO GHWHPWQR @ P EMX RGH i QIMEHGH PH. [FSIHRM FPRISHN V

$OORZLQJ LPSULQWLQJ RI ODUJH V RO R QMKW ZERRIHNW
PXOWLSOH XVH FUHDWHYV DQ DWWND PW UWKR G Q ER\ZX\
WR FUHDWH D YHUVDWLOH FRPSXWHUWH QWK DX FFHDHU ¥
SURJUDPPDEOH JDWH LV QHHGHG 6XFKSD VM W K QRN
LQWR VSOLW MXQFWLRQV DQG YLFR FHUWDL @)\ SBQ
J)LIXUH ,RDLWLDO IRWXEBEQRNFENLQJ DQG SURPRWLQJ
PLFURWXEXOHV ZHUH GRQH RQ $X SMHWWWKH 3G RRIU
SULQFLSOH RI XVLQJ D WKHUPR UHVIRQVOD®LSRO
31,330 WR FUHDWH SK\VLFDO URDGEXHRFUNYV I$G/HYU RZ
DQ HIWHQGHG IRUP EORFNLQJ WKH R®PQWREXQID W KP
WHPSHUDWXUH LV LQFUHDVHG WKHPRRORBMU DFRX® O
URDGEORFN LV OLIWHG ‘H FRQWLQIXBWLWKLFVHERDR I
LQVLGH RXU FKDQQHO VWUXFWXUHYV URVMRK DFPPHIEW H
QHWZRUNV E\ VHOHFWLYH SDWWHUQLIQUIDRWIDQ 3 RBDB|
9

$QRWKHU LPSRUWDQW HQDEOHU IRRKQRORBH\ WFR GHH \E
ODUJH QXPEHU RI ILODPHQWYV SDV\DV) W& HI IGHHW DRW K
| WKLV GHWHFWLRQ LV GRQH HOHWWWRLEBOW\E WFR
UHGXQGDQW DQG QHLWKHU ODEHOV $GREU WILFQRYE
HOHFWULFDO G HRMW WIRRX® ® Q& WEH@FG DW® L WHIFWS LIV
HOHFWURQLF FRPSXWHUV :H KDYH EHJXQ GHYHORS
PHWKRG XVLQJ D VLQJOH ZDOOHG FDUERQ QDQRWX
WUDQVLYWRR)JLZJIXUH &17V KDYH SUHYLRXVO\ EH
QDQR)t7VEXW WR WKH EHVW RI RXU NQRZOHGJH QR\
XQERXQG SURWHLQ $ YROWDJH LV D $XO UH® \I FUHRQA
WR WKH ORFDO FKDUJH HQYLURQPHOWRVSNLD FIKDIR
SDVVHV LQ FORVH SUR[LPLW\ RI WKH D&QLIH VWEKHKL FK |
PRGXODWHV WKH HOHFWULF RXWSXIV PKDQIHG BROMU
VKRXOG EH GHWHFWDEOH DV D IXQFWLR HRP W WPHT
EXIITHU VROXWLRQV ZLWK GLIIHUBQWKLERGLV¥VWRQNM D
RXU SURWHLQ FKDWGHDN F\B RHE H OGHAMIRWIO W HW UWLAFU §i R



'H H[DPLQHG WKH HIIHFW Rl WKH O RLFD ¥ WOHQURIQ P
FORVH WKH ILODPHQWY QHHG WR SO WAKBIWE ¥ H D\Q
LRQLF VWUHQJWKYV :H IRXQG WKDW SVRH SHIG N VRADD/GH
DOORZ ILODPHQWY EHLQJ SURSHO &N GVKERY H WKG®IGV
WKHUH LV D WUDGH RIl EHWZHH QDWHWNMHR D QXGQEK\
VL]H LV SRVVLEOH EHWZHHQ ILODPHQW DQG &17

7KH GHYHORSPHQWY SUHVHQWHG LQHW KW R 2D KIBWL X \
ODUJH VFDOH ELRFRPESXWNWRLRRODH QRIFEPEPYD W® Ul
PDVVLYHO\ SDUDOOHO PDQQHU )X UXWKBIW LGRH)Y WEBIR B P
IRU VROYLQJ WKHVH W\SHV RI SUREOH®OV QRZHGPL XS
TXHVWLRQV WKDW SUHYLRXVO\ ZHUH LPBBWY LEERLK
LQWHOOLJWR®PISOH[] VWXGLHV RI SUQRMWHIRQU NIRORX
RSWLPLVDWGRRDQ\ PRUH

7KH UHPDLQLQJ FKBSWWHDVHRDOWKEWRWW DV IROORZV

&KDSWHU LQWURGXFHV PROHFXODWUFWRY RPYRMNVNW H,F
PLFURWXEXOH NLQHVLQ V\VWHP LURRRGH RBUHWRZ QV
PRWRU VI\VWHPV FDQ EH XVHG LQ QORBWRIFKRRSRWD
$ WKHRUHWLFDO EDFNJURXQG RQ WKWHNWGIH R IL ¥ RDP
LOWURGXFHG )XUWKHUPRUH D EULHI UHYLHZ RI WK
DQG 1,/ XVHG WKURXJKRXW WKLV WKHVLV LV SUHVH

&KDSWHU IRFXVHV RBLWKU\ WXUWXAFHHFRYLEHY B® ¢
VXUIDFHVY FDQ EH PRGLILHG LQ D ARQW Y R CPQRNELGCH. WE
, DQG KRZ VXUIDAHY FQQ@ 8HXAMVAHGED SHWL,I0H WLPHV

&KDSWHU GHVFULEHV WKH RSWLPLWHWORQ JDI(RG G?
3bDSHU ,,, DQG 1,/ 3DSHU ,, WR HQ@BEWHRKLR{HWD
QHWZRUNV ZLWKRXW ORVV RI VWUXFWXUDO UHVROX

&KDSWHU G HPRQWWW R XNHM R XMR 8 MRQMNVDRQU X SH/E DRG
WKH FRPELQDWRULDO SUREOHP H[DMW FRWHWHB H[KH W
SUREOHP LQWR WKH SUHYLRXVO\ GHRRQNANVOQWHEHGVV
DV WKH GHVLIJQ RSWLPLVDWLRQ IRU UMKXOWQWMZRQHIV
VROXWLRQ VSDFH RUGHU

&KDSWHU SUHVHQWY WKH SURJUHVV WRZDUGV G
VZLWFKLQJ WKH QXPEHU HQFRGLQJ LEWLGHRD UMNW
WRZDUGY GHYHORSLQJ DQ HOHFWULFDORDGRXW PHW

&KDSWHU VXPPDUL]JHV WKIHV RV XEDHNR/IRBEXURQYWE
GHYHORSPHQWY LQ WKLV DUHD



%DFNJURXQG

This chapter aims to provide sufficient background knowledge for the reader to be
able to understand the results presented in the chapters to follow, and to appreciate
their scientific significance. A brief irdduction to molecular motor systems is
given, in particular the actin-myosin Il and the microtubule-kinesin 1 system,
together with a few notes on what to consider when selecting a new system. The
second part of this chapter introduces the two main patterning techniques used in
this thesis: electron beam lithography and nanoimprint lithography. The third and
final part of this chapter presents the type of mathematical problems that are of
interest in parallel computation and how these can be solved. A short introduction
is given to some pertinent techniques including quantum computation and DNA

computation, as well as an introduction of network-based computation with
molecular motors.

OROHFXODU PRWRU SURWHLQV

OROHFXODU PRWRDW RN HWR WH HOHGWPHRYYH PIQGWG L Q
HXNDU\RWLF FHORYYHKW FRWRURDDO HQHUJ\ RI DGH
$73 K\GURO\VLV LQWR PHFKDQLFDOLPRWLRRQIHD K
,Q WikKith PRWLOLW\ PAMSDWKH PRWRUV DUH LVRODWH
DGVRUEHG RQWR D VXUIDFH ,Q WKH GUHVWR¥NHRIH
ILODPHQWY DUH SURSHOOHG LQ DDOQIG® R W GL UMKV P
7KLV PRWLRQ FDQ EH GLUHFWEG SKUQLFEFR AP LKDLOQ
WUDFNV EXW WKH HIILFLHQF\ RI WHHKIXLGHG B @®HG
WKH SHUVLVWHQFH OHQJWK HRI WKHLWUQDRAMBHQUDY ULJ
LPSRUWDQW SURSHUWLHV WR FRQVLGAHW\YMH® FRH
QDQRWHFKQRORJ\ DSSOLFDWLRQV DUH

€ 3HUVLVWHQFH OHQJWK GHILQHY WKH GLPH
QDQRVWUXFWXUHYV 9HU\ IOH[LEOH IMWIRDRRBQYWWYH
XQLGLUHFWLRQDO PRWLRQ EXW DOW HDYDW&®H
ILODPHQWY FDQ WXUQ WKURXJIK VWHHBRHAU IBDG
ODUJHU QDQRVWUXFWXUHV ZKLFK VMWRBOLLQ WHN R



LPDJLQJ WHFKQLTKBNDFXHLY R/ W K¥VD KO K HH VSADUX
RXWVLGH WKH LPDJLQJ ILHOG RI YLHZ

€ J)LODPHQW JOLGLQJ YHORFLW\ GHILKQBVGKRZAB
DQG ZKDW WHPSMKHVK\WAY H DPRSBHHHUBWWE® E® ,W
SUHIHUHQWLDO WR GHFUHDVH WKRU LOHIRRQW Y
IDFLOLWDWH UHDGKRMXYW FOD GHWHOWQRRYWEA XF W
EHQHILW VWDWLVWLFDOO\ IURP KLJKHU YHORF
GHQVLW\ RI ILODPHQWYV

€ 3URFHVVLYLW\ GHILQHV LI WKH W& DFPHWYWRK DU |
WKH PRWRUV D Q& ILYHXOM X RQ\HQ@ D INDH SHHLON KL RVK |
SURFHVVLYH PRWRUV UHTXLUH PDQPPRMWRUMW
GLIILFXOW IRU ILODPHQWY WR HVFDSH YLD VL(
GHWDFK UHDGLO\ IURP WKHLU ILODRH@®@GWYJ X\
YHORFLWLHVY WKDQ SURFHVVLYH PRWRUV

7KH DFWLQ P\RVLQ ,, VIVWHP

BWULDWHG PXVFOH WLVVXH LV FRPSRVHR PRIUINSHKDL
FRQVLVW RI WKLQ DFWLQ FRQWDLQLQJFRQDOWDRLHQW®W
ILODPHQWXUH 8SRQ DFWLYDWLRQ WKH ILODPHQW:
GULYHQ E\ D F\FOLF ELQGLQJ XQELQ ®RUQG RSRIRFHWV D (
DFWLQ ILODPHQWY 7KLV VR FD O ORRD WHKHO BURENVE
PXVFOHV FRQWUDFWLRQ

JLIXUH 6FKHPDWLF LOOXVWHDWLRRRKILD JVYWRERD ¥ WIQQDIT XD ¥ KRVAHKVIDQBPHQWYV LQ
SXUSOH )LJXUH IUHHO\ LQWHSUHWHG IURP



7KH DFWLQ ILODPHQWY FRQVLVW RIQJGREKXQ DU KRHROQ
VWUXFXKALEK FUHDWHY SRODU ILODPHQWY ) DEWLQ

RU EDUEHG HQG DQG WKH RWKHU WKHJPRBWVYQHC
SRO\PHUL]DWLRQ WKH ILODPHQW SWHNIEUBQWQD R
SOXV HKMQFH WKH WHUPLQRORJ\ (DFK DEWQR ILOD|
DQG FDQ JURZ VHYHUDO PLFURPHWHERINSBRQWLRMH W
ILODPHQWY DUH VHPL IOH[LEOH R® \8KHVQNQYHOKE H/ R
DURXQG ® WKLV WKHVLV PDLQO\ UKRGDPLQH
ILODPHQWY KDYH EHHQ XVHG ZKLFWKKYRDWION KSBH |
RI WKH PHQWLRQHG UDQJH

7KH P\RVLQ VXSHU IDPLO\ FRQVLVWYV RJQ VGKUWHWK®E
ZH KDYH XVHG UDEELW VNHOHWDO P XNRAUPY PVRVE!
ELSRODU ILODPHQWYV ZLWK JOREXORB PORIQW\D K& D §
ZLGH 7KHVH KHDGV FRQWDLQ WKHRPRIWBW&BPRBRY®V
SRVLWLYHO\ FKDUJHG VXUIDFH ORRS ) MIRWK & H,QRDXL
EH SURWHRO\WLFDOO\ FUIDH\DXYOMEL QQW.R VAXEXK YL MHUR |
PHURP\RVLQ +00 7KH +00 WDLO LV QHJBRLYH® \FRK
FRQVLVWKBOIRFIDO VHIPHQWY RI WKH WZR PWRHWLQ Kt
EXON RI HDFK P\RV)ILLQ XRRIOWKROH WZR WUDQVPLVVL
PLFURVFRSH 7(0 LPDJHV RI QHJDVWIQYGI®D0/ WRX Q8 GA
DFWLQ ILDDPAHROMKVDPSOHY KDYH EHHQ R@QDVI®EBGHZ
PHVKHG 7(0 &X JULGV ZLWK SLRORIRUPRARHRRVDQHY
LV —J PO DQG WKH DFWLQ +00 FRR FARQMIILW HREQ
/,66 EXIIHU PO 0OB&D236 PO*7$ LQ 0 .2+ ZLWK 0
.&0 7KH LPDJHV DUH WDNHQ ZLWK D N2/D-F6HOHYDXW
YROWDJH

JLIXUH 7(0 LPDJHV Rl QHJOMWG YHRVIVQVDL D DQ@®R “DPAVWVERXQ®BWPHQWV E



The cross-bridge cycle

7KH FURVV EULGJH F\FOH LV D F\FOGIFQS URIFP\RW RQ &
DFWLQ SRZHUHG E\ $73 8SRQ ELQGLQJQRIHDQRS$IAZ [P
FRQIRUPDWLRQMXF'WD@REHUV WKH DFWLQLPXRWLQ E

D $VVRFLDWHG ZLWK K\GURO\VLV RI $B3 DQWR D
LQRUJDQLF SKRWSKDM\RVBQ PRWRU XQGHUJRHV D
FKDQJH IRUFLQJ WKH KHDG ZLW KH LS\RZ OB WAV RN P VF
SRV L WILRQ H E ,QLWLDOO\ WKH P\RVLQ ELQGLQ.
EORFNHG E\ WZR SURWELWYRSRMEIROD E LY WDRS
XQGHUJRHV D FRQIRURBWRER QIO WKXD@JHQGXFHV W
WURSRP\RVLQ WR VKLIW DOORZLQXPQRVRR PVRVEQQ
DFWLQXUH OWDGY WR DQ DFFHOHUDWUHIG G IO/ VIRBLDRA
E\ WKH UHOHDVMNWRH $7HHVH FKHPLFDO FKDQJHV DUH
ZLWK D IRUFH JHQHUDWLQJ VW U X FDAUXPU BOHPRADLGIH D [
VWURNH WKDW SXOOV WKH DFWL@DUGBRPHQWV7IWR ZF
LV UHSHDWHG LI D QHZ $73 PROHFXXN EHRIBK/ FYROWM}
3VWHS” a RQP\ FRQVXPHYV RQH $73 PROHFXOH XQGH!
ZKLFK FRUUHVSRQGV WR DSSUR{LPDWIHVOWDNNY WK/
PRWRUV KLJKO\ HQHUJ\ HIILFLHQW ZLMFK HDQFD [IRRX P
HQVHPEOHJRIRRRVBRWRXUWKHUPRUH P\RVLQ ,, DOZD\
WKH SOXV HQG RI DQ DFWLQ ILODP HD/O RO 1 \5 D RBK
RI DFWLQ ILODPHQWY DW KLJK YHORFLWLHV a PV

$V PHQWLRQHG LQ WKH LOQWURGXFWLRQ ZH XVH D
FKDQQHO IORRUV DQG SRO\PHU FKDRQRIHIDOY FAQ VL W/IR
DFWLQ P\RVLQ ,, VIVWHP LQ RXU GHYLFHYV



JLIXUH 6FKHPDWLF LOOX\RW VY DRWILRSQ HR F W RH G RAK#H EMERGP\RVLQ FDXVHV D ZHDNHI
LQWHUDFWLRQ EHWZHHQ DFWLQ DQG P\RWRQ\VH G7 K B VB RIBERM@IEX S KRIWSKDWH 3
ZKLFK FDXVHV D FRQIRUP DY VRIQD G\RKDQ IRUFLQJ W KHHRIRIVWRAU LEQR\PRD DQFB BB HLGN V (
SRVLWLRQ FLQKEHPRVH ELDBW LRI MWMLMHQ@V GDXVRFLDWLRQ RI LQRUJDQLF SKRV:
FDWDO\WLF VLWH RO YRZFHANH\ 5XORALDIDR @ QYK HDREWH Q$'3 GLVVRFLDWHY $V D QF
PROHFXOH ELQGV U® SWHOHVF\G OH. IXU HH GUHHRP LQWHSUHW

7TKH PLFURWXEXOH NLQHVLQ V\VWHP

OLFURWXEXOHYV FRQVLVW RI WXEXUWD S WRIWRI LD N
UXQQLQJ SDUDOOHO WR WKHVDFIWHBWWY H/ \WMLO D PKHHROAX
GLDPHWHU RLWKQP VHYHUDO PLOOLPHWUH ORQJ SHU
, ] WUDQVSRUWHG DORQJ NLQHVLQ PRWRU WUDFNYV

OHQIJWK DURXQHOEHLIEW WKLV GHSHQGV RQ WKH ILC
DFWLQ PLFURWXEXOHYV KDYH D SORMWIQ\GRD W K® X&LIF

.LQHVLQ LV D PRWRU SURWHLQ KLZK®\KLQYR R M HGH
JLNH P\RVLQ NLQHVLQ KDV WZR KHDRY FRERURNQEXQQ
7KH ELQGLQJ PHFKDQLVP LV VLPLODHP WRQWRDWLRW
YDU\LQJ ELQGLQJ DIILQLWLHV FRX/SOW® UWQR YGLU | I UH
8QOLNH P\RVLQ ,, NLQHVLQ ZIKLBK BRPOVVWXD W ROV
RI WKH KHDGV LV ERXQG WR WKH RLFE WRW X EXDRIF BW
NLQHVLQ SURSHOV PLFURWXEXOHS BIMH LWORZ RX

QP



'XH WR WKH ORQJHU SHUVLVWH®~NHFBRSODWHKGRWRL
ILODPHRDIMBHU FKDQQHOV XSFWR EH—PVEGGHQ QDQR\)
GHYLFHV +RZHYHU DQ\ LQWHUDFWIZPQ@ ®RY FDKWRW XC
GLUHFWLRQ RI WKHLU SDWKZD\ ERWKD'D ORIQEG DG
GHWDFKPHG@MU FKDQQHOV HQDEOH PLFURWUMEXKOHYV
DQJOHV LQFUHDVLQJ WKH ULVN R EGHYWWDHWK PIKQ®H
QDUURZHU WUDFNV EHORZ —FP

JRU WKH PLFURWXEXOH NLQHVLQ V\VAKID® @H XY B MOM
$X FKDQQHO IORRUV LQ RXU GHY IFTHY ERKUXBRBWHD Y
SUHYHQWLQJ NLQHVLQ ELQGLQJ WK UHDXN R HER\G\ HOW K
KLJK GHQVLW\ RI NLQHVLQ PRWRUV ROQ LEHVER XVQICH V
FRPELQDWLRQ RI 3ZPDOOWHW® GLPX IORRUV SURYLGH)
PRWLOLW\ RQ WKH IORRUV DV FRPSDUHG WR WKH ZC

SDWWHUQLQJ WRICPKHRXDBOHVPIRRWR U

7KH SK\VLFDO FRQILQHPHQW RI WKH PROGIFGRDED PI
FKDQQHOV )RU WKH DFWLQ P\RVLQ DUW\WPRIGR \&KH HF
LQ SRO\PHU UHVLVW ZKHUHDV IRU WWKKH ¥ HFEKRDAQXERKC
GHILQHG LQ SRO\PHU UHVLVW DQG VXENHTIROQ@RDLQ
VHFWLRQ JLYHV D EULHI LQWUR G XE W XR/®I GV R QWK K LW .
IRU GHILQLQJ WKH FKDQQHO VWUXMDMGU QW QROPE W
OLWKRJUDSK\

(OHFWURQ EHDP OLWKRJUDSK\

(OHFWURQ EHDP OLWKRJUDSK\ (%/ DXWM\HBQJE BHRE
UHVLVW ZKLFK HQDEOHV SDWWHUQL@IPZLXWK @J KL
FRPPHUFLDOO\ DYDLODEOH WRROV PRG IRM M URIDXOV
YLROHW OLWKRJUDSK\ 89/ (%/ GRHV QRW UHTXLU
H[SRVXUH ,QVWH@® UWHKSIDWMUKFGHRGEWN I/ H Q HOFQW D & W
SDWWHUQ E\ DQ HOHFWURQ EHDRJXRMNQ QIEQHUBIFR BM \
(%/ LV D YHU\ DGDSWDEOH PHWKRG ZHOO VXLWHG IR

7R FUHDWH WKH HOHFWURQ EHDP RPUL® IHUD HFAHFR\QU |
DQG DFFHOHUDWHG WRZDUGVYV WKH VSBBLRHRQ WKV
DFFHOHUDWLRQ YROWDJH 7KH HOHFWQUHRWL E HDPG LF
HOHFWURVWDWL¥ WR2D U S \D W K MY WENF WKEBIR X M W K B
FROXPQ DOO NHSW LQ KLJK YDEXXRMRFHWDWY QLG



IRFXVHG HOHFWURQ SUREH :KHQ WKH SULPDU\ HOH
LOQWHUDFWLQJ ZLWK WKH UHVLVW

7KHUH DUH WZR FQ@ONMDHWLRH WHROQN WY G SSRRWILWMLYYHH
WRQH UHVLVWY KDYH ORQJ SRO\PHWBRQLEHDW KL B/RD
PDNLQJ WKH H[SRVHG DUHDV PRUH VROXEWORI| VKR
SRO\PHU FKDLQV WKDW DUH FURVVHODQNBE RERY MR
2EYLRXVO\ WKHUH DUH D UDQJH RI GLIITHUHQW SRO
DITHFWLQJ ERWK WKH FRQWUDVW O ® HR) \PID/IL YLIW
PRUH RU OHVV VROXEOH LQ GLIIHUHQW W\SHV RI GH

7KHUH DUH GLITHUHQW W\SHV RI HO®F\WRQRW KR-D WOVHH
HQHUJ\ /RZ HQHUJ\ HOHFWURQV FOQQODRDW\ B @ GFIRAWV
VFDWWHULQJ ZLOO FDXVH WKH SULPBDXVQH F BRI
EURDGHQLQJ ,QHDLIDON LIF QHDDNWHY BEGRLUGDHY HO BB W
WKH UHVLVW ZKLFK LQ WXUQ PD\ GIHDIEQW R JS HRJHF \
SHQHWUDWH WKH VDPSOH GHHSHU DOO WKH ZzZD\
EDFNVFDWWHU DQG UH HQWHU W[KH LWV H VSRR DOVHU Z
FDQ RYHUH[SRVH RUSHWHOQHE IQVWIR WWRKWIKB B H OLH/U DQVALL
WKH QXPEHU RI LQHODVWLF VFDWWHDV®J DAY WEW \H (
HQHUJ\ LQFUHDVHY DQG OHVV EHROZPHEHRD B/HKQVQLQ]Z
VXEVWUDWH LQWHUDFWLRQ ZLOO FXWKDQ ORK JOIR
YROWDJHV $V WKH HOHFWURQ HQHRJ\ WK IHQFU HD
GHFUHDVHG L H WKH QXPEHU RI HKDH®HFALYROR
GHFUHDVH DQG KLJKHU H[SRVXUH GRVHV DUH UHTX
ORZ HQHUJ\ HOHFWURQV WKDW HQM[ISBY KW HZ G\R K HVK\
DIIHFWV WKH SDWWHUQ TXDOLW\ RDXQIS MR- SIRR/ZX 1@
WKH VWUXFWXUH ZLOO QRW EH IXG@BV IS DA &6 URDKY
RYHUH[SRVXUH UHVXOWLQJ LQ EURDSR\LIQEOR IWH
FROODSVHV LQ YHU\ GHQVH SDWWMUWR F,KRRW M KWHU
UHVLVW DQG GHYHORSHU IRU HDFK S\KH SKKODAHG ZDV |
SDUDPHWHUV 7KHHRRBXMD/QRGZIWMNWHGBBSHQG RQ WKH
UHVLVW DQG GHYHORSHU XVHG WHKHLWYSHBVRZ HGM D
UDQJH RI DQ\ VHFRQGDU\ HOHFWURQV JHQHUDWHG

$OEHLW WKH KLJK IOH[LELOLW\ RI XVWHV (%/ GOV K
UHODWHG WR EHDPPRQEDHQQRY XUN WKSPIHUR BHWRI GVRM F
OLNH H[SRVXUH GXULQJ SURMHFWLRQW&H HPSRWKHJ !
SDUDPHWHUY DQG WKH UHVLVW PDQHUWLDQ XVMBEH "
FDXVLQJ SUR[LPL®OVRIITHFOHMFWURVWDWLF FKDUJLQ
FRQGXFWLYH PDWHULDOV FDXVLQJ GXHRWRV&RX OMRIF
LOQWHUDFWLRQYVY ZKLFK GHFUHDVHY WKH UHVROXWL



IDQRLPSULQW OLWKRJUDSK\

1DQRLPSULQW OLWKRJUDSK\ 1,/ LV LDNBLEI®HNV KRR XC
VFDOH IDEULFDWLRQ ZKLOH SURY ZKIHQUH VIXEH WZR L
W\SHV RI 1,/ 89QG/WKHUPDO 1,0 ERIM/K LQVWDQFHV
UHVLVW LV KHDWHG DERYH LWV JOWDR/S W.WVDRY LMIUF
SUHVVHG GRZQ L QMR KV & H HYNXIWHK KY WHBNGDVA B USJD QY W ¥
WKH SRO\PHU E\ BRL\QLF V& 6\ SRIOAKGH UV IVQ® S LDOWDR\G U )
JLJIXUH E ,Q 7 1,/ WKH SRO\PHU UHVLWW 1LV FXUH
WKH SRO\PHU UHVLVW LV FXUHG X\HJDWLY ® WRQYH U
DUH XVHG IRU 1,/ 7KH PRWKHU VWDPBGRADWH [JLIDOF
D PHWDO R GERZHYHU WKH UHVLVW LQ 89 1,/ QHH
89 OLJKW WR LQLWLDWH WKH FDWWDH \WKHA BHWRYVW L
PHDQV WKDW WKH VWDPS RU VXEVWUDWH QHHGV W
PRWKHU VWDPS LVWWMHGY SHRUFHHIE/DIWEMDE W OFPE \ |, 3 6

7 1,/ 7KH L3%WKHQ XVHG WR LPSULQW D 89 FGXJWDEOH
WKH VWDPS LV QRW SXVKHG LQWR FRQWDFW DOO W
UHVLGXDO OD\HU RI UHVLVW LV D HJINV MERX S0 RODH AW
UHPRYHG E\ R[\JHQ SODVPD WUHDWPBQW SURFKHAD
VHHQLIRUH



JLIXUH 6FKHPDWLF LOOXV®WHMHMVHRI ) WIQHU P V&K H BFRRO\@WU LV KHDWHG DERYH
WUDQVLWLRQ WHP@EUDWXSUIH QWHG ZLWK D KDUG VW KXMHSSIRWO\PQUHOWFXWHG BEUHV\
FRROLQJ DW WKH HBHYRMW I$G HBVUWMAVMMX LE W RHIWE RN SHBNW DR SUHWKH VWDPS LV

UHOHDVHG ,Q S8YHVLVWEKW KHPWRG DHRPBH TQWHG PUVHDVOXHEHYRWHWEVLVW LV FXU
89 OLJKW H[SRVXUHKEHIQU MW KHUWWDPS )LIXUH GHVLIJQHG EDVHG RQ WKH SURFHV\

6ROYLQJ RRABPIIBWREOHPV

0DQ\ LPSRUWDQW PDWKHPDWLFDO SUREOWMRW DFURHU
VROXWLRQ V FROQOWLMN ARIEMEARRYRERHPN BUH LPSR
LQ IRU LQVWDQFH GHYHORSL@SWURDLOLRHVOZRQW H
JDPH WK HFRIRW H L QDIR® G UQSWRJUD SK\

$ VSHFLILF VXEDUHD Rl FRPELQDWRQLWDWLFUREQ\IDRV
WLPH 13 SUREOHPV 7KHVH DUH SURKDMP VWV Q@KW



YHULILHG ZLWKLQ D S RIOA Q\RCH. IO RAELHPUH iRU DLEFASXHND \RHE |
VXFK DV WKH 7UDYHOOLQJ 6DOHVPDQ SUREOHP 6DL
3RO\QRPLDO WLPH FRPSOH[hWEZKW FIDIVEMD GH ¥ RP EE I
SUREOHPV WKDW PXVW EH VROYHG BN BUWIXWbILERHG K
H[SRQHQWLDO WLPHSARREQW[LMOO\ VROYLQJ WKHYVI
EHFRPHV LQWUDFWDE®XHDW RD WKE FM{SRQ HRRQWLDO VF
SDUDOOHO FRPSXWDWLRQ WHFKQLTXHYWD UH SWHRTBQH
FDQ EH UHGXFHG WR RWKHU 13 SUREQOBRYLHOMOJIR!
WKH\ DUH FRQVLGHUHG FRPSOHWHJIRBH 1B3 FARRPFSIICH
SUREOHP RIIHUV LQ SULQFLSOH IDVZPODWR VROYH D

$SDUW IURP KLJK SRZHU FRQVXPLQJ RURWI F FSWDHI [3(
FRPSXWHUWVWHUH DUH VHYHUDO RWKHU DOWHTUXDWLY
FXUUHQWO\ EHLQJ H[SORUHG $ IHZ XR&EMWD/QEBWV HR
FRPSXWDWL RRPSXWDQGRMXDQWXP FRIREGKWIEMIGREBU L
WKH VHFWLRQ EHORZ

$OWHUQDWL YRS /DDA RPOWHHRFKQLTXHV

OLFURIOXLGLFYV EDVHG DFr@ PISX&AN DWW ERQLTXH LQ ZKL
IOXRUHVFHQW EHDGV DUH SXVKHG WKUVREKOK SHDNX
HQFRGLQJ D PDWKHPOWHRED® G WBSRIHYNKX WHRYV PDW ) VWD
IORZ DORQJ WKH FKDQQHOV DQG WKHASSUDHWOEDH O\
IXQFWhRQQROGGLWLRQ WKH DUFKLWHFWXU®DRHMHRIP |
LOQVWDQFHYV ZKLFK SUHYHQWYV WKH WHFKQLTXH IUR!

'1$ GHR[\ULERQXFOHLF DRUHVFRPEXW DDWPRRX@WYV R
DGHQRVLQH WK\PLGLQH F\WRVLQH D@ GQIOMHQ Y &IWQE
'1$ DV FRPSXWLQJ DJHQWV 7KH VR OXMGE QN XQR TW
QXFOHRWLGH VHTXHQFHV DQG WKH DIH@W \ZEWR R S K
FRPSOHPHQWDU\ VWUDQGY FUHDWLQB8\GRODO H [ MKW
VLQJOH VWUDQGHG '1$ DIJHQWYV ZLWKUEKIG 3 ZIURR B SI
VHTXHQFHV DUH LPPRELOMKEB BGRXWEHGVXWIDFGGH C
HIWUDFWHG DQG WKKIDWKRQ Y RWWH GERURHFW VROXWL
FRUUHFW VROXWLRQLV $QRWHKEHUDHWKRG RXWSXW V
VLQJOH '1$ VWUDQG ZLWK D VSHFLILFLYHIXNHDFYW |
FRPSOHPHQWDU\ '1$ VWUDQGYV 7KH 'K350D JGHRNED Hr ¢
VWUDQGHG '1$ DQG RAKIHIQ QMDD E R XEUEHY KU P Q EU D W
KDV RFFXUUHG JHS)HVUDMIQDONKHVBXWH LWV YHU\
HIILFLHQ@RE SDUDOOHOLVP WKH PDMRU GUDEZEREMN KLV
ODUJH HUURW DUBFWEVHTXHQFH RI WKLV LPSDDHWLF
UHTXLUHG WR HQVXUH VWDWLVWUREQ@BPVLIQLILFDQ



7KH EDVLV RI TXDQWXP FRPSXWDWLRQPHWF KDR) LR
ZDYHV XVLQJ 3STXELWV" ZKLFK DUH TXDMNQRMXW VRADW
VXSHUSRVIWUWRHGPRUH LQ WKH ZRUOG RI XDQWX
DOVR EH HQWDQJOHG SURYLGLQJ HYHQ PRUH VWDWt
SDUDOOHO +RZHYHU TXDQWXP FRP SSHAGED WALIRRIX LK |
KXJH HITRUW LV RQRRZ QX RHARMWSER YMOREWERES XWDW LI
GHVLIJQV WR OLPLW GHFRKHUHQFH FDXVLQJ GHVWU?)>

&RPSXWLQJ ZLWK PROHFXODU PRWRUV

$00 SDUDOOHO FR PRBEKOWDMRLQRHG PLHQV WREV ¥ X HIHLLR XWR
GUDZEDFNV DQG DUH FXUUHQWO\ GRRWLDERPSWRW
SUREOHPV :H KDYH FKRVHQ WR H[SORBXOWKHPS&RARL
FRPSXWLQJ DJHQWY LQ QDQRVFDOHG K¥& DWNY WHP
SUREOHP LV JUDSKLFDOO\ HQFRGHG XQP\RLRBQYHWE
H[DPSOHJX@H (DFK SDWKZD\ LQ WKH QHWZRUN FRU
VROXWLRQ ZKLFK PHDQV WKDW D OBIGJIMW R FMREPSX Vi
SUREOHPV LQ D PDVVLYHO\ SDUDO OH® BDASHO O HG
H[WHUQDO IRUFHV HJ SUHVVXUH GLIIHUHQFH RU

$ PDMRU EHQHILW RRERREXODRQ P R VARKUNM \LY HW K H UHPZ
7KH VHOl SURSHOOLQJ PHFKDQLFDO H®HMJ\LKRIXHOX
$73 LQ D KLJKO\ HQRADQQHIULFRHOQRHQWLRQHG LQ \
FRPSDULVRQ WKH /DQGDXHU OLPLW 8 WH WLR) JK MMX
JHQHUDWLRQ IRU DQ\ FRPSXWDWLRODNDt¥{@®8HP DQ
SHU ELQDU\ RBKN DPWQHRQ\ FRVW LQ PROHFXODU PRWF
VIVWHPV FDQ EH GHILQHG DV WKH DPRXG@WR®@H H{
FRPSXWDWLRQDO RSHUDWLRQ VXFK DV PRYLQJ D |
MXQFWLRQ SRLQW WR DQRWKHU WHKSW LTHWQEQHQW U
SHU VWHS ZKLFK GHSHQGV RQ WKH QXPEHU RI KHDC
XQELQGLQJ HYHQW UHTXLUHV  $7tvP RGHF&E®&H FRU
- 7KH HQHUJ\ FRQVXPSWLRQ SHU RSHUDWLRQ IRL
FRPSXWHIFRGLQJ WKH 663)LMMHHHROPSRH LQILUVW ¢
QXPEHUV LV RQ®B¥HUBRUHERWK P\RVLQ ,, DQG NLQF
ILODPHQWY L H WKH HQHUJ\ UHTWLMXGFWRRWYD Y
PXFK ORZHU WKDQ IRU DQ HOHFWURQRSSWRSHRD ARR
tau Fwal® srSHU ELQDU\ RSHUDWLRQ VHH PRDK GHW
HW UDRSSRUWLQJ LQIRUPDWLRQ 6 VHYHUDO RUGHU
PRWRUV 7KLV PDNHV PROHFXODU PRWRO H IDQHGG
ZRUWKZKLOH SDUDOOHO FRPSXWDWLRIHW i BKQLDTXH
13 FRPSOHWH SUREOHPV



6 XUIDFH WUHDWPHQW

The material chemistry of molecular motor devices must be compatible with the
sensitive biological systems used to ensure selective motility and protein binding.
This chapter describes how we have optimized the chemical surface treatment of the
channel floors (Paper I) and developed atmoel for cleaning and re-using our
nanodevices (Paper 1V). We also descrikeittitial results of anew device system
using two different polymers as hathannel walls and floors.

ORWLYDWURQLLRXY ERUN

7R HQDEOH VHOHFWLYH PRWLOLW\ LQ EMRKRRONKXL
FKHPLVWU\ RI WKH FKDQQHO IORRUV PXVW GLIIHU |
DFKLHYHG KHUH E\ XVLQJ GLITHUHPQWURGGWW B LWRON ¥
ZKHUH WKH PRWLOLW\ RQ WKH ZDO®WY WK M XISOSRRHW
SURPRWHG

%RWK WKH VXUIDFE ¥KDIWMFH KYGUWRBKRELWIKWM\ ELQ
PHFKDQLVP RI +00 WRHDQWARIQKHAE LY HKWDVE WIHU KD W IOt
H[FHVV QHJDWLYH FKDUJH ZKHUHDYV \LIWAWL YW R KKCH.DJ
(DUOLHU YWROGMHHVKRZQ PRWLOLW\ RQ SRVLWLYHO\ F
WKDW HOHFWURVWDWLF IRUFHV SURPRWH WKH DGV
WDLO )XUWKHU VWXGLHV RQ WKH DIFOWALICGF PWH/ VDK BV
K\GURSKRELF VXUIDFHV WHQG WR SURRQWBXLDBWILER
ZLWK WKH KHDGV HIWHQGIKQY RDXOQWUQWIRFNROKW UR Y F
EHOLHYHG WR EH UHODWRHGWWR $0UWDDO XOWRW & HQ
ZDV EHHQ FOHDYHG RII IURP OLJKW PHURP\RVLQ E\ |

7KHUH DUH VHYHUDO PHWKRGV WR FKDQJHE\WHKH H/X |
SODVPD WUHDW P HI)FM RXYQW WU R X DKOHAMEUY WR\QL D IDWQ Kl \G L
SUHYLRXV VRMDXGLNXRZQ WKDW WULPHWK\OFKORURV!
VXUIDFHVY SURPRWH KLJK TXDOLW\ BRIWQQHOQAODRIRQW
DFWLQ P\RVLQ GHYLFHV IRUP VLOD@RMOIMHGLZtWW KL
70&6 70&6 UHDFWV ZLWK VXUIDFH VLOKQRORSHE®ELIR
PHWK\O JURXSV WKURXJK D FKHPLFD® )YDSBNU GHSF



TR LQWURGXFH PRUH K\G WK OD FUREXCSY EW KOH W/ILL2Y D W |
SObVPD 7KLV R[\JHQ SODVPD WUHDWPHQW DOVR RII
XVHG LQ RXU GHYLFHV PDNLQJ WKHPLPRWH WWR ER
VXSUHVVHG

JLIXUH 6FKHPDWLF LOOXVRHW KAIORFF® GRR WRKVHDORDMDLIFR Q7 Z& BVKUK\GUR[\O JURXSV RQ D 6
VXUIDFH 7KH FKORUOEQHIHDRWY IZQWK K\RBQ RBURURILRXISY PRQROD\HU RI PHWK\O JUF
K\GURSKRELF PRLHWLHYV

,Q SUHYLRXV 70& MKW XEBLHSWURFHVY RFFXUUHG LQ D |
VIVWHP ,QLWLDOO\ ZH XVHG D VLPYWBQFSWRFHY W I
EHKDYLRXU ZLWK UHVSHFW WR ERWK WKH PHDVXU!
DFWLQ ILODPHQW VOLGLQJ YHORFLWH HOL QRUH GG W KH
REVHUYDWLRQV WR WKH SULPLWLYH QDWXUH RI Wk
XQFRQWUROOHG HQYLURQPHQW ¥@ ER[OCODWNGMB\UPKR O
XVHUV IRU D ODW IHUHMWW. HFWMHRLF® O SURFHGXUHV

7R SURYLGH PRUH UHOLDEOH UHVRQW B QEHW.IQ DNHRIE
PRWLOLW)\ RRKXBMKGIHEL20RRUYV ZH GHYHORSHG D &9' \
LQ D PRUH FRQWUROOHG PDQQHU BQSHLFWLRE® VF UL
‘H IRXQG WKDW WKH VXUIDFH K\GURSBKRBUFWWMN FR X
SDUWLDO SUHVVXUH DQG VLODQLVDWLRQ GXUDWLRC

+LWKHUWR PDLQO\ SRO\ PHWK\O P HWHEDRW KOIRW H % /3 0
DQG 1,,)RU DFWLQ P\RVLQ ,, GHYLFHV 3UXGLRXVRDF\
GLIIHUHQW SRMPWBXEOLVKHG RYHU D GHFDGH DJR
PDWHULDOV DUH FREQWSE OF KHHWIHY R VBE RZ HQ \HWZX &
LPSURYHG SRO\PHU DBGLYSN VI REB $3 DRVHOH ¥ DSTDON W
E\ (%/ DQG 1,/ UHVSHFWLYHO\ :H IRSQBWKDGWEPRWL
SODVPD WUHDWPHQW PDNLQJ ERWK FSR ORPHEK/D Q QW
ZDOOV ORUHRYHU QR DXWRIOXRUH VAHQKE ¥ KPS DRRE\C
SKDOORLGLQ ODEHOOHG DFWLQ ILOPRWQ®MVWD @& HER
XQ WUHDWHG E\ R[\JHQ SODVPD LQGM\DWHQD OLVRO



GHYHORSHG D QHZ GHYLFH VA\VWHP XVLQJ D FRPELQI
IORRUV DQG FKDQQHO ZDOOV FRPSOHWBOMUMP RNKL
6L2VXUIDFH E\ VLODQLVDWLRQ $OEHIW REVRBMNMMQ J
VWLOO ORZHU RQ WKHVH VXUIDFHV GMULRDSNDUIMHGE W
DQG ZLOO QHHG IXUWKHU GHYHORSPHQWKHENIHR W XC
DUH IXUWKHU GHVFULEHG LQ VHFWLRQ

7KH UH XVH RI QDQRVWUXFWXUHG GHGE LIFFHS/OZ EW WILR
KLIJIKO\ GHVLUDEOH GXH WR WKH H[SHQVLYH DQG Wl
DV ZHOO DV IURP D VXVWDLQDELOW WY& UD/GE PXDLPYS
VKLSSHG HOVHZKHUH FDQ EH UHF\FOHGHIRRUH PXBW
GHYHORSHG D SURFHVV IRU FKHPLFIN®&R®\ FOG BQIRQVE
ZLWKRXW GLVDVVHPEOLQJ WKH QDQRR@XLGLF IORZ F

&RQWUROOHG VIXBIDFIHRP® 3DSHU

JLIXUHVKRZV D ' UHQGHU RI RXU KRPH EXQOTKK9' V
VLODQLVDWLRQ FKDBREQUWR SXPSHPEDWH VW RUBIH G X F
DPRXQW RI FRQWDPLQDWLRQ DQG R[\EOG\OBYWUWRJ
SXUJLQJ WR FOHDQ WKH VXUIDFHV NQGDWK M DA/KIDRPE +
WKH 70&6 LV QHYHU H[SRVHG RXWVL®HK MW KHOD QW HP
H[SHFWHG WR EH SURORQJHG DQGKWRE WRRWHMOIE)RA |
D JORYH ER[ )XUWKHUPRUH WKH Y DOW N DUVRM\P SIX
SUHVVXUHV RI 70&6



JLIXUH D 6FKHPDWLF GLDUJUHR ®HIG R WKH FKHERFDIOVYBQRWMRR@® EXLOW IRU VLOD!
VLODQLVDWLRQ FKDPEHU LV SXPSHG GRZQ WR YLDF XX I$ D W R BX ERALOHME KIHD DWPIRK@ X |
RI FRQWDPLQDWLRQ VIXKUHH SDIUAM KB AL @ UNWK HFREXDPEBGOHG E\ YDOYHV

(DUOLHU VWXIGREWQ LQFUHDVH LQ WKH DFWL® ILODI
LQFUHDVLQJ ZDWHU FRQWDFW DQJOM OXY WWRK#&l £00
SURWHLQV DUH OLNHO\ WR GHQDW XYMV R RXWKLIKU D
PD\ DIIHFW WKH VOLGLQJ YHORFLW)\ GXQH OWRG LQLIF WXL
QRQ XQLIRUP FRYHUDJH ZLWK +00 $00 SUHYLRXV \
FRQWDFW DQJOH KDYH EHHQ GRQH RWDMQOIUDIDNIDG J H
VKRZV KRZ ZH ZHUH DEOH WR WDLORU R®E\ VRQHL

W\SH RI VLODQH 70&6 E\ YDU\LQJ WIRK \SLUHD/Q XU
70&6



JLIJXUH :DWHU FRQWDFW DR&DORI IFK DP IEHOF \§ BN i DO GLYDWLRQ WLPHV 7KH FI
SUHVVXUH LV SXPSHBE®RIZQQGRLQFUHDV H® &8 I DRIZ IVQ.D DQ LW BW LIRIH & LIPH WKH WLP
DIWHU UHDFKLQJ VKIDIR EHLY SHEW VXM HF  7KM 2 QWHH LFQRRUDAD V& R UHDW HG FKDPEHU
SUHVVXUH DQG LQFUHDVHG VLODQLVDWLRQ GXUDWLRQ

7KH PHDVXUHG ZDWHU FRQWDFW DQQOG X U@RULHRIY D
FKDPEHU SUHVVXUH LQGLFDWLQJ D KIZKKHKLYKH VDN
FKDPEHU SUHVVXUH ZH FRXOG REWDLQ/ ZWWR D RED
VDWXUDWHG 70&6 V\VWHP DW URRP WEBBHQDWKXWIHG
YHORFLW\ DW GLIIHUHQW GHJUHHV RI 70&6 FRYHUDJ
VROXWLRQV DPF LRQLF VWUHQJWHQG PO ZILR\XKL R
VWUHQJWK PO 7KH KLJKHU LRQLFQVS/WRIRRIWYK VL [H }
EXW ORQJHU DFWLQ ILODPHQWY D\DFWKLHY LRRNHRPIHAM
VWURQJHU )XUWKHUPRUH WKH DPF ORWRIOXWLRK
SUHYHQWY DFWLQ ILODPHQWYV IURPYEDIIXVW®&H\DEZDH
WHWKHUHG) IEAXYUHVKRZY WKH REWDLQHG VOLGLQJ Y|
VROXWLRQV IRU GLITHUHQW ZDWH W B R®YWIZFM HD\Q J Of

f RQO\ WKH PHWK\OFHOOXORVH FRQWDWQQE JDFM
ILODPHQWY DOEHLW DW UHGXFHG ®HW® RFEQ\WI\H JDW M
FKDUJHGWHKE PDMRULW\ R OMK/HDAOH 1P FSHHFRXH GUW R E
PRWRU GRPDLQV DQG QRW YLD MDK-LWD WD LO®H ¥ H HDH
QXPEHU RI PRWLOLW\ SURPRWLQJ +00LFAR CLKFPUHDW L
ZLWK DQ LQFUHDVHG FRQWDFW DQDWH VXJERYWL\QWN
WKDW WKH IUDFWLRQ RI +00 PROHFXIORMUEBRXBG XIL
ODUJHU FRQWDFW DQJOHV +RZHYHU GHVSLWH WEK



ILODPHQWY DW KLJKHU FRQWDFWWIQH YDV SDGIVRZWX |
$W f ZH FRXOG REVHUYH DUHDV OO KWE&HVWROW DW R
Rl PRWLOH ILODPHQW®RZD R Q@ OAKRH WH L\QDOP 8O RV K IV X\
YDULDWLRQV LQ WKH GHQVLW\ RI DGVYRUEHRG HIXHF
UHJLRQV

JLIXUH $FWLQ ILODPHQW VOLGLQJ YHORFLQUIGHW DRD G D K 6 GHQWNDVRIV B \E 55 Q BVDIF W |
D DQG DPF SURWHLRQNVYEHWILGLBUHMHIRFEWNK®Q LQFUHDVLQJ ZDWHU FRQ\
ORZHVW FRQWDFW DQJOHV LQ D QR RREALDUWR Z\DV RKES/HRUBLVPHHBDIVING GHFAWSH U IR U P
DW + °& D DQG& °& DPF ILODPH Q@ YOHR DML WQID O\\DHOGP D KN RH @WH
ER[SORW VKRZV WK BWEOLDIOWR IWKKHWRS HGJIH RKSWMKIF HERW VER DWQ W KHKH ORZHU H
ER[ VKRZV "HSHHUFHQWLOH 7KH ZHRIRMM BYWKRZHWGTHWRQ S RGE WNGQRW EH RXWOLHUV
DQ RXWOLHU LV GHILQHG DV D SRLQWMUTYBDWHO HWKDQJ W FOX IBAH € RAKMRIPORI WKH ER
PDUNHG LQ UHG 5HSULQWHG ZIRBKUSHKWLVVLREPHIRFDQ &KHPLFDO 6RFLHW\

 QYHVWLJIJDWLRQ RI QHZ SRO\PHU

7KH WZR PDLQ UHTXLUHPHQWYV IRU SFPREHEXOWR PR
EDVHG QDQRWHFKQRORJ\ GHYLFHV DUWHHV LWKW ELR
PROHFXODU PRWRU V\VWHP DQG  WKRH QEXOHWAH®F
PRWLOLW\ RQO\ WKHD QQ BV WALX\FRNV X0 &6  BHXU WK H U
H[SHULPHQWY XWLOLVH IOXRUHVFQQF W PLWUR K ARSR
DUH QRW DXWRIOXRUHVFHQW

2XU VWDQGDUG GHYLFHV DUH PDGH ZLWK SRO\PHU
IORRUV 7KHUHIRUH DOO WHVW GHWFHV VDNV AF
SURFHVVLQJ QDQRVWUXFWXUHG GHIYQRH®J EHMA Q & Hi
LQ 3DSHU , 3RVW SURFHVVLQJ D IHZ FKLSV ZHUH
VXEVHW RI WKHVH ZHUH VLODQLVHG FZZ\WDW HO &BR QMW
DQJOHV RI WKH GLIIHURDRIH DWUG BPRAMEDVBIBSW K YV V
ILODPHQW Y HORBIHG ®XWIX@W,\8 REM[BHULPHQWV



7KH R[\JHQ SODVPD WUHDWHG VXUIRHRH\R Y KWDZFWG [DQ d
FRPSDUHG WR WKH XQWUHDWHG FKLSAWH®REN WK K
VLODQLVDWLRQ LQGLFDWLQJ WKDW WKH SRO\PHU\
ELQGLQJ RQWR WKH FKDQQHO IORRKNV ZQ8 PRWM LWR
E\ WKH UHVXOWYV IURP WKH ,90% H[SHULPHG®W VW KK
SRO\PHU VXUIDFHV WKDW KDG EHHQ RRH VWY MW®& HD W
TXDOLW\ PRWLOLW\ ZLWK FRPSDUWEBW \I R WALKD M CRX,
GHULYDWLVRIQG BRWK 78 DQG &6%5 WKDW KDG QRW
SODVPD 7KHVH UHVXOWV LQGLFDRWPS DWKIDED H RAW W K
VI\VWHP

7DEOH:DWHU FRQWDFW DGIOOVPRIPVREUHE S5 DQG 6L2

78 78 &6%$5 &6$5 6L2

QR 70&6 “f “f “f “f f
70&6 “f “f “f “f “f

([SRVHG WR R[\DHAQ SFCHDMUP DR U \Y
1RW R[\JHQ SODVPD WUHDWHG

7R IXUWKHU H[SDQG RXU GHYLFH WRR® EBRRHVPDGE
&6%$5 ZDOOV $IWHU VSLQ FRDWLQJILDMNG & MNLH $ R\
WKURXJK D 89/ IORRG H[SRVXUH QP R &6 I5Q GRW K
WRS $IWHU D VHFRQG EDNH ZH SDWoW BQGHSHWIKR-U At
DQ R[\JHQ SODVPD WUHDWPHQW EHIRUNOGB¥YHORSL
R[\JHQ SODVPD WUHDWLQJ WKH VXUIDWHGE MIRK HV B
&6%$5 VXUIDFH WR EH R[LGL]HG ZKLOSIURKMH F& HRX B G
XQGHYHORSHG &6$5 $V D UHIHUHQFH DZMW WHIW 9C
&6%$5 VXUIDFH VKRZHG PRWLOLW)\ D\D\&HKDBDG DEH B C
R[\JHQ SODVPD WUHDWHG DQG WKHQ V XPERPMIUJEME\ L
LQGLFDWLQJ RXU SODVPD WUHDWPHQ@W ZDV XQDIIHF

,Q WKH QDQRVW UXRWKX&6EE VKIDEEMMEAY B G W HAOH R)
PRWLOLW\ OLPLWHG WR WKH 78 FKDQQHO IORRUYV
YHORFLW)\ DQGJXR®VHKRZW\WKH VHRKDWWRG DFWLQ |
VOLGLQJ YHORFLWLHV R @ H DH6 HEHUWL Y BWID\FHE 6RD W
f& DQG f& RQ IODW &6%$5 DO VR DWX WIDR MAH PSQ
LQVLGH QDQRVWUXFWXUHV PDGH ZLWK &6%5 ZDOO'
FKDQQHO IORRUV DV ZHOO DV 78 F KMBQ WK HORRON |
DUH PXFK KLJKHU LQ WKH KLJKHU VBH PISIHIMIDW K UB-H W
WKH WZR GLIITHUHQW W\SHV Rl QDQRVDWGX&ENSHEUHG
70&6 LV WKH PXFK ORZHU YHORFLW\ R/QR WKHKIH7 § 0 B
IORBUMXUH VKRZV DWRPLF IRUFH PLFURJUDSKV RI IO
WKH QDQRVWUXFWXUHGHREXH HG8URRINXPKQVVTXDW



VLPLODU IRU ERWK 78 DQG &6%5 XW ERWID ®GJIK
DQG PRUH XQHYHQ IRU WKH 78 FKDQ@WA®HORRRYWD
ORW RI UHVLVW UHVLGXH GXH WR ODHS RR/IXBH JBIQ
GHYHORSPHQW 7 KRHOAM W\M M R QWAL \BXK MAHKUH VXGH D WM K DR
FDXVH D GHFUHDVH LQ WKH VOLGLQXUWHK 8B FSWR FG
RSWLPLVDWLRQV DQG QDQRVWUXF®XMWLQNHG WE HAH

3DSHU ,,, DQG SDSHU ,,

JLIXUH D $FWLQ ILODPHQW V QRIQG L@D W H 0&K6 IGHMIUN X D MDIEHIVG 68G2I ODW I® FHY DQG

IODW 78 ZLWKRXW RBRN®USDDD/P® RIQ QDQRVWUXFWXUBQT 086 BHOQYBWLORE B\ Z
&6$5 ZDOOV 7KH PRRMHOWW\ZK[SWHH SHU I ROWHRWG MDAWG [f8& | LOIDIKMQWY ER[SORW ZHU}t
DQDO\WHG 7KHUME@WWEE ER[SORW VK KHVGEDKD PHHGN DRKRY WIR & RIGUKRZYV WK H

SHUFHQWLOH DQG RV KMKE RZRUVIK &S WKHHQWLOH 7KH ZKPRNMUN[WKRP MW IEDWD SRLC
QRW FRQVLGHUHG WR EH RXWOLHUV ZRHQW DQHDXWHDMAKKLNQ G/HVLTKHEUBAL ®H UDQJ
IURP WKH WRS RU ERWIMRWHE| WMDKBHER [ UKHUMJMKRZPDOO LQGLYLGXDO GDWD SRLQV
PLFURJUDSKV RI IODW &6%$5 |ODW 78HIDQGDRIJWHKH W8 XPWRUHLQYLSDWWHUQHG &6



6 XUIDFH UHJHQHUDWLRQ 3DSHU

'XULQJ ,90$ H[SHULPHQWYV ZH KDYH UHBZWMDWHE® R
IROORZ WKH VLGHZDOOV RI QDQRVWUWRXFWEHK HM | HFRA
GLIIHUHQW FKHPLFDO PRGLILEDWLRRIVWRK H K Q QOQXHH® |
WKH ZDOOV ZH GHYHORSHG VRPH QEMXWHWW XA W XOQBIR
DFURVV D OLPLWHG VXUIDFH DUHDWVRDWD\ IDJRE W
FKDQQHO ZD O OWulgds RQMWEIREGKFWGQJ IORZHU OLNH VYV
IDEULFDWLQJ DQ\ UHDO VWUXFW X DHWVL RZGHV | L&N WL LD
DQDO\VLV GRQH E\ PH VLPXODWLRQV GRQH E\ 7LOO
WR SURYLGH D SUHGLFWLR Q) LRIXWH H7KH\DHP N QWX & B K
ZHUH GRQH IRU WKH PLFURWXEXOGHNILQAVLIH L\QWWR
D FHQWUDO SLOODU WR WU\ DQG LQGPUHHDVY MKMW |
+RZHYHU DFFRUGLQJ WR WKH VLP®&DQWLRIQNF W KFHR/R
$ % ZLWK & ' () 7KH GLIIHUHQF H DEH WIZBFHDMH$VD & E
WKH IORZHU SDWWHUQ WR GLIIHUH@W DHYW\W RM VS H
LQWHUVHFWLRQV FE&OHROKH OD Q5 WPHYOEXK HVH W KOHD DICO
PRUH WRZDUGY WKH FHQWUH :H YDWLHG WKH ©@XPE
., WR - DQG IRX®BWWDRDW PRYEDBE LN HR WUIHO B P
GLVWULEXWLRQ 7KXV IRU WKH GK Y3LLA HA/U HGIWG 8 X P EC
SHWDOV DQG LDIQWU GILIVKFOHQWD GLL
YDULHG SHWDO UDGLL FIHWPDHHRQGIXWG VKREZ WKH
PD[LPXP SURMHFWLRQ Rl WZR IOXRUHVFHQFH PLFU
DFWXDO GHYLFH ZLAWXOR LGFLUWRMUX EEXOVHMVG HDFF URV V. W K H



JLIJXUH +HDW PDSV IURP ORQO\DHNV& RQUR $VL PXQGP LEXRUHBBEKQFH/ RI PLFURWXEXOH
IORZHU VWUXFWXUHV ZLWK YDU\LQJ SRIRSHWW®OMYV SHW D I0@R WP RIWHFQ BREBGL XV  6R
VWUXFWXUHV DO VIRDOR §MODOLIU D ZAH. QW ¢ BPDOMGEOUYHLQ7. DQG / DUH ERWK  —P

JRU RXU LQLWLDO DFWLQ P\RVLQ HRSHUO&B HZHWI\ Y DMV I
JODVV DQEH6RPH PRYLQJ RQ WR ODUJH DUHDN\RW XQ

SDUWLDOO\ FRYHULQJ D VX&6DG HU DXQIBNVIL\DHD® 6L DD Q
&6$5 FKDQQHO ZDOOV DQG 7TFORBQEHIDL YORRWWH G 6L 2

JLIXUHVFKHPDWLFDOO\ LOOXVWUDWHYV WKHQEHDMWQAR
LQYROYLQJ WKH SURWHRO\WLF HQJ\PHUSWRWQHLQDV
SURWHLQDVH . LV D QRQ VHOHFWWWYH NKLWHK®\ DHIW LY C
EHWZHHQ VHYHUDO GLIINMHYGE QW BRBPVORHBERLBYHG SUH
DFWL@KHUHIRUH ZH H[SHFWHG WKH SURWHLQDVH

SURWHLQ FRQFHQWUDWLRQ WKURXJK GURSKREQLW |



LOQWHUDFWLRQVY DQG DUH WKHUHIPUWAVLEBRQVRHW®WIZNHHHC
+00 PROHFXOHY DQG WKH VXUIDFH

JLIXUH 6FKHPDWLF LO O XWX\UDMH RIGI R QMK WL R @ CBHURFMHHNAW DYMH DGVRUEHG RQWR [
VXUIDFH DQG DQ ,90% H[S® UTZRH QAB A.S O HD MVH & KZHL®/ K Q\FKKHE QRQ VHOHFWLYH SURWHR
SURWHLQDVH . LQ RWIGHYOWRP ROHPXGHV LQWR IUDJPHQWYWKR VPR HY DW HQFXEW
ZLWK SKHQ\OPHWKDQH \3%6) R BMNORIDK RDQ O OWKAHO W BU | DWW HALIMHIQ W KHJI IGVRQ ; WR
UHPRYH DQ\ UHPDLQLQJ SURWHLQ IUDJPHQWYV

JLIXUHVKRZV WKH UHJHQHUDWLRQ UH VX®WRWRFEIRDN
2XU LQLWLDO WHVWYV ZHUH GRQH RO U® &BRGE KWHI\S
ZDV XVHG +RZHYHU ZH REVHUYHG DVOHEURDWHO®
DIWHU UHJHQHUDWLRQ DV ZHOO DYJW® LAKAOHD VHKE
ILODPHQWY GHWDFKHG PRUH UDSLHG®00 7GH Y \VOMG XD
ORZHU RQ WKH UHJHQHUDWHG VX DIQFH W RS B\GWIREB\V
IUHVK +00 E\ +00 UHPQDQWY IURP WKH SUHYLRXV ,90
WR RSWLPL]JH WKLV UHJHQHUDWLRQ @ Q\H REW RL QD F
ILODPHQW YHORFLW\ E\ LQFOXGLQJ DQ DGGLWLRQDC
GRGHF\O VXOSKDWSSURBFK7KRYHDIJRRG HRHNQ (LWWH 0
PXOWLSOH UHJHQHUDWLRQ F\FOHV :H WRKHQUHPRY
&6$5 70&6 GHULYDWENHSV 6lZLWK HTXDOO\ VXFFEL



UHIJHQHUDWLRQ RI WKH 7@&6806HUWKRWIWNOF&OULALFL
LQKLELWLRQ RQ WKH &6%5 UHVLVW

JLIXUH $FWLQ ILODPHQW YK RRFIZWADQBUQMRWWVHG JODVV VXUIDFHV D )RU GLIIH
ZLWK SURWHLQDVH . WKH QXPEHU RI MXHM FH % BWBEHVODWHGL OQ FSHDQWQWKHUH DG
HDFK H[SHULPHQW EW%HIBHHHDGG DWLMQ. ZLYRXEDRWAIBLQR DW GLITHUHQW H[SH!
RFFDVLRQV F )RU .KLQBREMHWQPYHROGFRZWG HDW PHQW DW WKH QXPE
VXUIDFHV DUH VWDWHWG L@ BWDHQWKHVILODPHQWY ZKHUH DQDO\VHG IRU HDFK H[S
YHORFLWLHV DUH QRUPDOLVHG WR W KRIQV IEP H6 ¥ XRIJUBIF Bl QESH DR WHH W WHIGIQWDWW LR Q
SURWHLQDVH . LQFXEDWRIR® | RO RAHD VGRHAWHDW H[SHULPHQWDO RFFDVLRQV H
SURWHLQDVH . LQFXEDWRIR® TROWRZHGHDWPHOW RQ VXWD &2 ILODPHQWYV
DQDO\WHG DQG LQ QDQRVWUXFWXUHW\VHWGXUID®HH IR U HI IDWIEP B QMHU DUGHI®I Q HUD W L R (
SURWHLQDVH . LQFXEDWRIR® TROWREHGUHDWPHOW RRQQGOW QIPQRVWUXFWXUHV $C
DUH JLYHQ DV WKFREHD®HQFH LQWHUYDO



+RZHYHU DIWHU WKH UHJHQHUDWLRQFWNXBDY.P &G
FKDQQHO ZDOOV DQG 70&KEHYH @ DIWRRWE 6QR PRW
REVHUYHG 2QH S&RWHKIEO B HDUWLVVIRXQGSEM IRQWE QD
EHWZHHQ WKH ORQJ K\GURFDUERQ FRDLQWGES56'6 2
$QRWKHU UHDVRQ RRXPGQEWXWHKHRD GULE FW G B UV Kk
SHUIRUPDQFH RI &6$5QHPRUHQSWKM QDRBFEDQIHL
VXUIDFHV 7KHUHIRUH ZH WHVWH®D QHZKOLR® GRGOIL
QRW FRQWDLQ DQ\ OR@VK \ G URFDH BRGDE KD K& A FW R \R
UHJHQHUDWHG VXUXDPOHW\ZDWW LKL IRQDEPRO@W PRYGL
GHULYDWLVHG JODVV DQG RQ QDQRVWUXFWXUHG VX

YLIJXUH OD[LPXP SURMHFW L RQNVHRR LPXRWAHR/F\HU HF REJMG RQUH/ DQG DIWHU UHJHQHUDWL
SDUWLDOO\ FRYBQBG7&&65G H U LY DXWLNQHIGS®IRW HL Q BVBHD.QIBQE QDQRVWUXFWXUHV L
&6%$5 ZLWK 70&6 GHULYORRVM XWLQRJ SURWHIZQDWHRQ DQG 7KHLYFDGHEDQ DOO
LPDJHV &6%$5 ZDV VSLQVKRMWSD IVQ B O OW K FRIYOMGU DUR PRIQORQ @ IDWDI ¥ E  ERWK
LPDJHV DUH IURP WKH VDPSOH VDPSOH EXW DW GLIIHUHQW ORFDWLRQV



&RQFOXGLQJ UHPDUNYV

%\ PRGLI\LQJ WKH VXUIDFH K\GURS KRB ZIHNW\HL © EDO F
WXQH WKH DFWLQ ILODPHQW VOLGLSH YRHO/RMPOIDMHZ
PDWHULDO ZKLFK KDV JUHDWO\ LPSWURFPHYG WKBOWI
GHPRQVWUDWHG D QRYHO PHWKRG IRW WZRU 5 RDWALK
UHVLVWYV &6$5 DQG 78 DV WKH\ ERWEHSWRPRWUHHDR
ZHOO DV LQKLELW PRWLOLW\ LI WKHY KHUHMRUKHD VER
UHVLVWYVY VHUYH ZHOO DV FKDQQHOUZF®OQ QHX LUBPIF
PDGH RI PRWLOLW\ SURPRWLQJ XQWWHDRWHR[\JHQ
WUHDWHG &6%$5 ZDOOV QHHG IXUWRMUQR SWH\PLGX'
UHVLVW UHPRYDO DIWHU (%/ H[SR VK[SH QIKLYJIPWK IE K/
WR LQFOXGH GLIIHUHQW GHYHORSHUWRUHRKHB L D
GHYHORSHG D WHFKQLTXH IRU UHF\HYLRY LRRIOW RXO(
VHOHFWLYH SURWHDVH 3URWHLQDVHDWDQE D/ XPR DI
VXVWDLQDEOH IDEULFDWLRQ SURRHSD QGKWYKH M\@ %G
FKHPLFDOO\ FRQILQLQJ PROHFXODU PEWRQNOKXGS LAD
QHZ PDWHULDOV DQG WUHDWPHQWI SWK WHRE FEQW F WK\
WKH ILQDO FKDSWHU RI WKLV WKHVLYV



3SIDWWHUQLQJ QDQRVW

The scalable fabrication of our biocomputation devices require advanced
nanofabrication techniques frovide nanometre-scale features, combined with a
high throughput of larger scale satap for system development and experimental
optimisation. This chapter describes ttievelopment of fabrication methods for
patterning the channel walls for the actin-myosin Il system by electron beam
lithography and nanoimprint lithography.

ORWLYDWURQLLRXY ERUN

7KH QDQRVWUXFWXIURD/O RV HF® QRLQ BRY P R/GHFPANO BD QP
SDWWHUQHG E\ PXOWLSOH WHFKQLTDXHM V7 BHKD KV V' Q
UHVROXWLRQ GRZQ WR D IHZ QD QR PHIWHUWL] H DNKIOEQ-R
ZLGWKV DURXQG QP ZLWK GHWOXDOR/QUHRXLMX Q|
GHWDLOV VHH &KDSWHU /DUJHUS8YW WDKALWD XU WK H
PDMRULW\ RI WKH SDWWHUQV QHH G WRRERHXS/BI\@ WHRJ €
D KLJKHU IDEULFDWLRQ WKUR XJK SPON QRW DOLOULIHIU DG
UHVROXWLRQ

7KH PDMRU GUDZEDFNV RI 89/ DQG 1,/ IRU RXU FXUL
UHTXLUHPHQW IRU D 89/ PDVN IRU VHWHFW LWYHN\OLVHNY
WKH QHFHVVLW\ RI D 1,/ VWDPS IRU LPSULQWLQJ IH
GHYHORSLQJ QHZ L\ON D X WDXVURIYD EDW KAW PPN NVDPE G |
VWDPSY QHHG WR EH IDEULFDWHG I1Q WD H/DXRRVQ B HHD
GHVLJQ LV GHILQHG ERWK WKHVH WHFKQLTXHYV FDQ
IHDVLEOH DQG VXVWDLQDEOH PDQQHUV 7KW KHI DRR
FRPPRQO\ XVHG WRROV XVH YLVLEOHRDD H@HXQHI WKV
WR GLIITUDFWLRQ OLPLWYVY ZKLFK PDNHV WKLV WHF
GHYLFHVY 7KHUH DUH DOVR PRUH DGY BXNVKEQRHWKIE
UHVROXWLRQ WREVXELQDFHU\ VKRUW ZDYHOHQJWKYV
GHVLIJQ GHYHORSPHQW (%/ LV VWLRG BHKHDEVHIRUU
IOH[LELOLW\ GHVSLWH WKH ORQJHU H[SRVXUH WLPI



7KH GHYLFH IDEULFDWLBQ IGRROQW REWEKXY WKRKXSLV ZR
LQH[SHQVLYH DQG WLPH HIILFLHQW GXRHEHWR UW R\HK K
LQFUHDVHG GLPHQVWKQINQDXYWRFDLO WM FUEHP KRG M[ILRL\V L
IRU KLIJIKHU WKURXJKSXW IDEULFDWLR®WBPISWHHG, WK
SURFHVVLQJ SDUDPHWHUY DQG GHWHHQRBWMWG&DIS/URFI

7R UHGXFH (%/ H[SRVXUH WLPHV ZH EHYDRQWZLWRKP
3004 WR &6%$5 ZKLFK KDV D KLJKHU WH @ VSRWLYU KV
WLPHV 6LPLODU WR 300% &6%5 LV D PEHXWKDWUKOD)
KLJKHU FRQWUDVW DQG UHVROXWDRQ BVOSRFWEBUH
QP UHVROXWLRQ MV SHRVXLUEHD\H K E XKNRW HDOH.FW Q R( /
VIVWHP DQG GHYHORSSEDUDIRHWHISR V RU Q6 BVRW HQ Q1.
VWUXFWXUHV LQ &6$5 DUH SUHVHQWHG LQ 3DSHU |,

1,/ KDV SUHYLRXVO\ EHHQ XVHG IRU IDEUQFDWRIDJ
DFWLQ P\RVLQ ,, GHYLFHV LQ 300 KD Wo X QD HIWW DAOU |
WHPSHUDWXUH DURXQG f& DRSUZQWH® DIXQN f
WHPSHUDWXUHV DERYH f& WKHURDRUPBWQRQRQT
VXEVWUDWH DQG VWDPS DUH+ QRN 2ZHKKIP DO QH P DLW
UHVLVW 78 GHYHORSHG E\ 2EG XFQ W HFSWHK DWOXRIH
FDQ EH LPSULQWHG DW f&

)XUWKHUPRUH VWBXDPW X UPHRWIRWY PIRBHRY WCHITHKDL W HOWR
JRQHV)LMKMH WR FROOHFW WKH ILODPHQW DJHQWYV |
WRZDUGV WKH FRQQHFWLQKHVHD QREGLQHWRRHM DU
LPSULQW E\ 1,/ DV DUHDV ZLWK D ORPWJIHHZXGWH \
GLVSODFHPHQW RI SRO\PHU :BIFHRWHQGBHIEI W GH. \SW Bl @
WR LQFOXGH D PHWKRG RI IDEULF IXWMQ Z IV QHZ GHB Lt
WR FRQWDLQ QD QRUVAEDLOGHS FSOLFOCHYE\. BAMRW R § W HE WARW
EH GLVSODFHG 3DSHU ,, %\ FKRRVSRYWEB HJHAH. \Z
DEOH WR RSWLPLVH WKH VWDPS ILODQ®WR bR B RBLO0!
PDQDJHG WR REWDLQ PRWLOLW\ LQD/LGRIZWHKHY 6 RRGE
FRPSDUHG WR (%/ SDWWHUQHG ORDGPEOOWQAY W
ILODPHQW PRYHPHQW VLPXODWLRQV R3R QH ELGH 0D
QHZ ORDGLQJ JRQHV FRQWDLQLQJ SLODPMHEWZPRNRKR
FDQ EH VKLIWHG M R DEPLHVQUANL BHXYVH IQUCADKIBHF URRJV W R\ZKOHU @
VLGH 7KH GHYHORSHG LPSULQWLQDGGRFEHVMAWLERSO

SURFHVV RSWLPLVDWLRQ IRU (%/

JLIXUHVKRZVY D GRVH WHVW IRU H[SRVLQJ &8B5H DW
SUHYLRXVO\ ZH ZHUH H[SRVLQJ 300%$ . BWDQ®9 ZL



GHYHORSLQJ LQ D PLIWXUH RI LWRIS0AWUREHD QROVBXQ B
VZLWFKLQJ WR &6%5 ZH ZHUH DE OHXWIRQU HAGKXKHF W/ NF
DFFHOHUDWLRQ YROWDJH ZKHQGRAYPHW R SHG—KQF R
ZKLFK HQDEOHV a WLPHV VKRUWH UL H{ SIRWKRIGIXW E R [

JLIXUH 6FDQQLQJ HOHFWUR @ 6™I5F UR PID\SHKEY BW D@P® -N& FIPQG GHYHORSH!
LQ 2 [\OHQH 7KH VFDOHEDU LV —P LQ DOO LPDJHV

7R IXUWKHU GHFUHDVH WKH H[SRVXOSHWWRHWY \ZIH HV|
HOHFWURQ FROXPE®U7KDXV¥D @ GRZARND BVKHH LMORUB! \ERJ®
HOHFWURQ SUREH 7KHUHIRUH ZH SHELRUWPHIGWEQLS
SRVVLEOH GHFUHDVH LQ UHVROXWLRQ ZRXOG DIIH
FKDQQHOV PRVW LPSRUWDQWO\ LI ZH ZR XIOIX WAV L O C

VKRZV WZR IOXRUHVFHQFH PLFURJUDBXE RI—-SBD WV
DSHUWXUHV 1R QRWLFHDEOH ORVYHUXHIRBWXWYHG HL
KLJKHU DSHUWXUH VWUXFWXUHY LQGLFDWLQJ ZH F
DSHUWXUH KHUH —P LQVWHDG RIU EHPP FRLUW HQ W
a Q% WR a Q@ J IRXFWWERWYIR XJKSXW E\ D IDFWRU

JLIXUH )OXRUHVFHQFH PLFURQUDIBIS\RRHG XWWKWIXUH-BRQBSHU-P DSHUWXUH DW N
LPDJHV VKRZ WKH PD[LIRXPDLQWHWVRW\ODBYHOPRYQHPRRVLQ ,90$%$ H[SHULPHQW 7KH
—P LQ ERWK LPDJHV

$ IHZ \HDUV LQWR WKLV WKHVLV ZRVMHY ROWK @DDELH
DFFHOHUDWLRQ YROWDJH N9 WKBW S WRY HOWHKG E
FXUUHQWYV RI a Q$ 7KXV WKLV ZBROIXK $>XQW EGOKHH |
IDVWHU H[SRVXUH WLPHVY +RZHYHU HW FHEHOHUDHA
YROWDJHY ZLOO GHRUHRBVHADW K HV RDXWHADHRUF MG FSQ\ P D



KLJKHU HOHFWURQ GRVHV ZLOO EH WG THQKFHE U RXQU M
ZLOO FDXVH WKH EHDP WR SHQHWUDWH JG PRSHU
EDFNVFDWWHUHG DRV VIHHRRHQUMDMUL QIOSURRY U F IRWH [ 1B [PSLF
WKH SDWWHUQ EURDGHQLQJ DW GLIRVHHQYWVGRYBQ
IURP — QWP — & FPYWHSV RI :H-DOWVR VZLWFKH
GHYHORSHU WR DP\O DFHWDWH ZKLFKLLKHUXBERBQ WHI
EHWZHHQ H[SRVHG DQG XQHR[BHRWHEG &#$5 DFHWDWH
ODUJH DPRXQWV RI UHVLGXH RQ W KW AKQDODIQH® ILO/R F
ZK\ 2 [\OHQH ZDV XVHG DV D GHYHORSHE® LQIWKH GR
H[SHULPHQW GHVFULEHG LQLYHFANZRORXQGSW KBWQL'
SRVVLEOH WR DFKLHYH ZHOO GHILMWXHDBQ HIFW X5 WD DG
EURDGHQLQJ QP

JLIXUH 6FDQQLQJ HOHFWUR @ 6®I5F UR PUD\SHKE BW DQG —&W®MP N9
GHYHORSHG LQ DP\OFDOHWDWHV 7KHQWY LQ DOO LPDJHV

1,/ IRU PROHFXWNXPWRWMRHN 3DSH

JLIXUHVKRZV KHDW PDSV Rl ORQWH &DUOR VLPXOD)
VLPXODWLRQV E\ 7LOO .RUWHQ 78D WIH}M ZHK\D LB MH
VWUXFWXUDO UH GHVLJQ RI WKH GIRD®E WXKH]RBOW LZQ \M
EHKDYLRXU :H IRXQG WKDW WKH VWUKKFVEX0DO WBH ¥
XVHG WR WDLORU WKMKUHP SWRPOQWKIHDWRDGLQJ JRQH
ILODPHQW JXLGDQFH 'HVLJQV $ %R QGV*ZKQOKKDMN
WR SURYLGH D ODUJHU GLIIHUHQFH KM VDKIR ® B 5D RGJI W
SODFHG SLOODU SDWWHUQV DV FRPAD KDY HVR QGHH VK
FRUQHU )XUWKHUPRUH WKH FRPS@@H®HWDLIJQWP P-HIVQ
DUH QHDUO\ LGHQWLFDO ERWK FRPBDH® GVWHR KIHD[PK
DQG VTXDUH SOUWGWE U QWR $WFKH L EXWDRVPDKSH QRW W H U
FRPSOHWHO\ VIPPHWULFDO GHVLJQV DOVR VHHP W
LQVLGH WKH ORDWMMHUIRWQ AL WKHDSWKDUS FRUQHU SF
ERWK KDYH DQ RYHUDOO KLJKHU HP®QW SIW WHDWH W

f FRPSDUH $ YV % 'YV ( DQG ) YP/SW\LDDQJ ZHCH DL\
VIXDUH SDWWHUQ DHEBWWW L®R® HD X HE®PEBEBIOP B M B/
QRWLFHDEOH HUXEM) QQ PROMK FDQ EH VHHQ EHWZ



DQG * ZKLFK KDYH WKUHH VKDUS FROMWHWY @ Q@ G X LK}
ILODPHQWY WR FOHDUO\ VKLIW WRZTKHGVHDYHR YUEBH
LV OLNHO\ WKDW WKH ILODPHQWYV RDW\W L QUIH VGH K HF
DFFRUGLQJ WR WKHLUKIPSERLQFL BV IHH OO ZLWK W
H[SHULPHQWDO UHVXOWY GHVFULEHG LQ VHFWLRQ

EHHQ VXFFHVVIXOGWKYHGVKRU EFHKHD®ILRVRY LRY W KIHQ C
PLFURWXEXOH NLQHVLQ V\VWHP LQ QDQRVWUXFWX

JLIXUH /RDGLQJ JRQH GHVLJQVQRUOQWEKRLURS S KKWHGEUIHMD\WB® ISLOODU SDWWHUQ\V

D VIXDUH DQG KH[DJRQDO SDWW HWDG WU NKEIR M DVY PRI X W/LGHMKAHIDL E DFWLQ ILODPHQWYV

SHUVLVWHQFH OHQUWK VL AXIOHD WRIGRIRE EOW W R UMK Q XPW MUY RV IWARQRHIDFK SL[HC

7KH LPSULQWLQS PQG\D WRUKIN DPRXQWDROREB® 6RP +00 ELQGLQ&RSMSIIKMWHG U
,236FLHQEGIG RSHQ DFFHVV
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