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Helical structures with switchable and hierarchical
chirality

Huijuan Fend®* Weilin Lv**# Jiayao M&°, Wenwu Chanj Yan CheA®", Jianshan War§

$87+25 $)),/,$7,216
® H\ /DERUDWRU\ Rl OHFKDQIXESAHRW\'IDVIGQ RI OLQLVWU\ Rl (GXFDWLR
7LDQMLQ &KLQD
E 6FKRRO RI OHFKDQLFDO (QJLQHHULQJ 7LDQMLQ 8QLYHUVLW\ 7LDQMLQ
F BHFRQILJXUDEOH 5RERWLFV /DE eFROH 3RO\WHFKQLTXH )pGpUDOH G
6ZLW]JHUODQG
G BKDQJKDL 3XWXR ORGHUQ (GXFDWLRQDO 7THFKQRORJ\ &HQWHU 6KDQJKI
H 7LDQMLQ .H\ /DERUDWRU\ RI ORGHUQHEIDUQYRHQMQRIOBRRRQQENY 7LDQN
7LDQMLQ &KLQD
-RLQW ILUVW DXWKRUYV
&RUUHVSRQGLQIPDXWKBFKHQ#WMX HGX FQ

Abstract

Chirality presentss arend of research in biological and chemical communiitiess hasa significant

effect on physiological properties and pharmacological effdetsther manipulating specific
morphological birality recentlyemergs as a promising approach to design meterials ZL W K
WDLORUHG PHFKDQLFDO RSWLFD Glow&kr, the iedlivdtioR BfDnda@\H W L F
properties found in nature, such as switchable and hierarchical chiralich DOORZV
HOHFWURPDJQHWLF FRQWURO RIQWE R FHPODQWL |RWRRKK R Q IOAD
manmade structures has remained a challenge. Here, we present helical structures with switchable
and hierarchical chirality inspired by origami techniques. We propose egpgisexi chiral units for
constructing hormgeneous and heterogeneous chiral structures, and demonstrate a theoretical
approach for tuning the chirality of these structures by modulating their geometrical parameters and
for achieving chirality switching through mechanigifurcation Finally, by introducing a helical
tessellatiorbetween the chiral unitaje G H VHieddpchical structures with chirality transferring from
construction elements to the morphological level and discoveelix with two zereheight
configurations during the unwinalj process. We anticipate that our design and analysis approach
could facilitate the development of marade metamaterials witthiral features, which may serve

in engineering applications,L Q F O XGZIQW F K-DOEHFOAHW U R PBRIW IHRPDWAR UB R NVQ J
WUXFWXUHY DQG ELRQLF URERWYV



&KLUDOLW\ UHIHUV WR WKH DV\PPHWULF LKRGUE DXVLOQW LR |
REMHV¥FWXQDEOH WR EH VXSHUSRVHG&KRIQWR LMWN VL WP LW URU DI
PRUSKROPWKDB CO\FERYAKBOOLYWUXFWXUH WKDW H[LVWV ZLGH

DUWLILFLD O RDWHRLWOMQGRZY PDWHULDOV ZLWK XQXVXDO P
SURSHUWLHV DQBXPXQPWLRRSHU L R JDOBNMEFDMR ® V\P P HW U
HOHFWURPDJQHWLF ZDHAHQWODOQVPRYNVERQDWLRQ RI FKLUDOL
ZD\ WR WDLORU WKHVH SK\VLF D& US\KHSURRERWHEYA Y D R F PHDWWH (G LH
PHWDPDWHULDOV ZL\VED WHGHR RO A DMKLLRIEREBILVHI B WWLHILIQV VX |
OXLRDDQG .UHVEIHFDXVH RI WKHLU XQXVXDO SURSHUIVELH \
DSSOLFDWLR@WDPXFXKOEWWEKOW U SR O D URQIEWQ B Q RGIHOW IF MW R B
VI\VWHPV

&KLUDO VWDWEWXUHDODIGK® 5+KRQYGEBIW+ FKLUDOLW)
EHWZHHQ WKHVH FRQILIJXUDWLRQV KDV W HF@ HRFELFHDEDY H BV HY
%HVLBAHWLHYLQJ SDUWLFXODU FEHIRCIRILWD O/ AXWFWILRD ZRXO G
HQJLQHHULQJ VAMWHQO®WDY HOHFWUR P DJQ® M BRORLWRM OR @
HQKDQFHPHQW RI PHFRRQLIFDP SQWHR S ADW HKWD &X\D TG WE QG VIV
GLITHUHQW W U D Q VFRLLUAXSIREQIDMIG] I W URR® D J Q H W 16K ZID PHSU R S H
FRXOG EH XVHISOLMRWLA@UIIKGWYLFHY DQG GHWHFWRUYV

7KH H[LVWLQJ FKLUDOLW\ VZLWFKLQ B KV HG PR ON-AMPLORD ©
LQ YDULRXV RUD\WXYWROLFWBOLDOVWKREZXYB UWHQWDLO JUHDW F
PDQXIDFWXULQJ DQG GLIILFXOW\ LQ FRQWUROOLQJ VWUXFW
VZLWFKLQJ ZLWKRXW LQWURGXEDQIF BICHY M@ DM@/ \WREDDDTF K
PHWDPROHFXOH ERW KRWRDIEML YHH PXIGLIK\P

&KLUDOLW\ FDQ DOVR H[LVW DW PXOWLSOH VFDOHV LQ
KLHUDUFKLFDO FKLUDOLW\ 7KH KLHUDUFK\ Rl FKLUDOLW\ L
PDWHULDOV IRU H[DPSRMWURD VP FPHRWVSKGK B QFNE@ND Q RFED O
SURSHUWDOHWRPH ELRORJLFDO VWUXFWXFEKYUDREK DFDWQKEHHED
|URP QKPR P RIDGIHF X O D U RCHFYU-RW MIRSWR ERJLFDOLEH DY BKOE VO F |
DOVR VID[WVWKH VDPH VFDOH DLERDQRWNXEHWQR&SHWLF SRO
QDQREUDQW QAKYVXOLQ DPARRYLE VMEWXPOWXUHV DUH DOO FRLO
XQF O X WWHIRIMMBWELWFKDEOH DQG KLHUDUFKLFDO FKWDDORW\
PHFKDQLFDO RSWLFDO RU HOHFWURPDJQHWKHHSIHR S/AUVELLH
VHSDUDWHO\ DQG KDYH QHYHU EHHQ DFKLHYHG EHIRUH ZLWHK

,Q WKHWZHHESRVH KHOLFDO V WRKXFVEDW RINEER QY D @K SLOUEHIH
FKLUDO XQLW :H GHPRQVWUDWH WKHRUHWLFDOO\ DQG YDO



DGMXVWLQJ JHRPHWULF GHVLJQ SDUDPHWHUYVY ‘H UHDOL]H FK
ELIXUFRAOAWKRXW DQ\ HIWH G @R SYRLIP )XOOKVHUDUFKLFDOO\ FKL!
KHLIJKW FRQILIJXUDWLRQV

7R DFKLHYH WKHREG&RO\LRD OKRRIEZEKR YVUWBWRKANN® HG RULJD
7KH EDVLF RUMXDHRE ISWHWINPFRI[WDEBEYHORSPEHOGIBVRXSDWWHUQ 7Z
HJJER[HV DUH SODFHG V\PPHWULFDOO\ WR7RKRRQKRNXOG W RD
VLPXOWDRHRAWHOH WZLVWLQJ SURSHUWLHY 7KHUHIRUH D SI
FRSODQDIDPBHEHWYG 2&' BLJKHQ DOO IRXU IDFHW SDLUV LQ
FRQQHFWHG LQ WKLV ZD\ DQ LQWKHN PREIWSWH G ORFINE L MV
FRPSUHVWEZEMMRGENZLVH ZKH Y RH@OHRQ@MBWHE 5+ FKLUDO XQLW
WKH FRQQHFWLRQ VHIPHQW WR WK @DVYFEROUD®R XUDLPN2LH) &R E
WZLVWYVY FORFNZLVH ZKHQ FRPSUHVVHG

Two design parametersy and L are adoptedto characterize the chiral unit (Fig(d)),
which are the lateral edge length and sector angle of the eggbox, respeivglyantitatively

analyze the chirality, three more parameters are introduced, wiaeethe dihedral angle between
the two lowertrapezoidfacets (i.e., the unit configuran angle), Jis the angle between the two

horizontal alternative creases (i.e., the unit twist angle)lamslthedistancebetween the bottom and
top faces (i.e., the unit heigh§eedetailedinformationin Supplemeral Materialll.

By connecting identical chiral units at parallel edges on the bottom or top faces, we can obtain
homogeneous RH or LH chiral structures. The rotational angle and distance between top and bottom
faces of the structure are defined as streictural twist angle,*, and thestructural heightH ,
respectively. Since we place chiral units in seneshave * N JandH Nh, whereN is the
number of units in the structure. Figuie) (Multimedia view)presentphotographs can RH chiral
paper modetonstructed by three RH unitgith O 60°. Similarly, we can obtain an LH chiral
structurg(Fig. 1(f), Multimedia view). Thechirality of the structure is characterized by a virtual helix
formed by connecting the same vertex in each unit, as indicated by the red linel{r) Fitne helical

pitch andhelical angleof the structure arpand A, respectively(SeeSupplementaMaterialll for

more information about the helix)

Additionally, heterogeneous chiral structures can be generated by mixing RH and LH units.
The expressed chirality of the structure is determined by the number of RH and LH units, whereas
the arrangement of these units changes only the internal twist angle in the structure. An achiral
structure will be obtained when the nunef RH and LHunitsareequal. For example, Fid(g)
(Multimedia view)shows an achiral structure with a maximum inérnwist angle of 360°. le
change the arrangement of chiral units as shown inlghy(Multimedia view) the structure remains

achiral but with a decreased maximum internal twist angle of. 120°



Chirality of single chiral structures can be tuned by adjusting their design paramet¢ng,
sector angle,L, the unit lengtha, andthe number of unitsN . While a has no effecon chirality
andthe effect of N is linear, we focus on achieving chirality tunability by modulatibdnere.We
studied three cases df= 40°, 60° and 80°The relationship among the ndimensional unit height,
h/ a, the unit twist angle,J, and the unit configuration angle,, is presented in Fig(a). When
we fold the chiral unif / increases fron®° to 18¢°), Jincreases t@ L and h decreases to zero.
‘H IRXQG WKDW | FoU OOCUHIRMBWDH V SR Q GBAa /RGO DO XHY +HQFH D
VWUXFWXUH ZLWRUWHZQANMWIHA ZKHQ HTXDOO\ IROGHG

The folding of chiral units generates helical winding of the whole structure. In gereisl,

taken as the characteristic quantity for a helical structure. During the folding prozesajter the

: 2 : .
value of L, p reduces to zero, whereaincreases to9 2 due to? ﬁ The relationship
a tan

between A and / is presented in Fig2(b). It shows that/Ais positively related toL when / is

kept constantneaninghat a larger L generatea more highly wound helix. With the increase iy

p/a and h decrease, whereas increases (Fig2(c), (d)). Furthermaoe, the helix winds along with
the twistng of chiral unis. The couplingoetween thens revealed by the relationship curve between
Jand Ain Fig. 2(d), whichshowsthat for helices with identical\, a larger L always produces a

larger J, i.e., requiresewerunits to complete &ll helix turn

The phenomena described for RH chiral models with differéntis demonstrated
experimentally in Fig2(e) (Multimedia view) wherethreerepresentativeonfigurationgphotographs
are shown for eagpapermodel with J= 40°, 60° and80°. Thestructural height increased with a
reduction in J for all cases. However, the structure is less folded with a lafgégading to a larger
height for a givenJ. Therefore we can tuneL to design chiral structures with desigdpertiesof
helices(e.g. height, degree of foldingtg.
7KH DQDO\WLFDO UHVXOWYV ZHUH YDOLGDWHG WKURXJK

FKLUDQVIMYHUNREAWRQ® 60 V HSdipplementa Material V | R G HW D)IROXW
UHSUHVHQWDW L SR WRQRID®RKYE WEWRVH GXULQJ WKH WHQVLRQ
)L I OXOWLPHGL™XMLWEHRUHWLFDO DQG H[SHULPHQWDO UH
WZLVW DQJOH LIFG HPKH WW U X FW X UB OD KBl Bl K W QVQH G HDPH B QX |
EODFN OLQRVUKVAHFWLYMHO\ PKHUHEQ 'H H H, DQGLV WKH
LQLWLDO VWUXFWXUDO RWZLVRH HQS 8 H LIPRHAIBRKD O G DWIKO W KH D Q
UHVXOWVG BRWHDYRQ H @QWH DL@QEGU HHIKHHVOLJKW GHYLDWLRQ RI



GDWD LV PDWEG\ \EPOD @ RJ R W DRVIHIQAH&/HY /K \VQAP® RBHFLPHQ
LQ WKH WKHRUHW LGYDR® PHR GHHIWDRLY DVVXPH
' H KDAKDUDFWHUYWIERJ DQG KHOLFDO SURSHUWLHV RI K
GHPRQVWUDWHG FKLUDOLW)\ WORXHDIGE E € LNR'S HAKWHNGDORA WEHBKMDY
WKH KDQGHGQHVYV FKDQJHV LQ WKHVH VWUXFWXUHYWHRLWK |
H[WHQG RXU PRGHO WR DFKLHYH FKLUDOLW)\ VZLWFKLQJ DQG
,Q JHQHUDO W KGiH N K I/GELGLPAM XR/WMER/DIQ OHAER] DG KK HY BIO L W\
VZLWHAKLOPMGH FKLUDO VWUXFWXUHV RZLQJ WR WKBIXE M XHIUHR
7KLV SUREOHP DOVR H[LVWV LQ RXU SDSHU PR GIMONU R\LI}D W R
ZKHQ WKH PRGHO UHDFKHV WKH IXO0O\ HORQDURR BDGP YWD V
SHUVSHEWLYH WKH FKLUDBODVWU®RAWX BH FIXDOES KM BIH V
DQG GLIIHUHQW FKLUDOLW\ FRUUHVSRQGYV WR GRIZHJARWY |
DFKLHYH FKEKD®KWR XIK WHFKDQL\H HEG HVWLERWLRKD V:WUXFW X L
LOQWHUIHUHQFH ZKIEQHXP B DQW RS EMISHWS D SH U | FHHSMID D U H
ZLWK FRUWPEGWKRXW FKDQJLQJ WK HNHH B RMWKHV N RQ 1D DBV[IHEVIH T
DGYDQWDJH Rl WKH EL IXDEG V8 CFER D MWK HIUQ BB COF K I[EDIEDOWW U
RI WUDQVLIRWRLEG /+ RQH WKURXJK WKH RYLGH HMARIQAIDAK H G OFG
VZLWFKLQJ SURFHVV LVESIXHIMIOWHE ZIQHYH FRQILIJXUDWLR
FRUUHVSRQG WR 5+ FKLUDOLW\ ,9 DQG SinguRirity-SRR/ILWDLARIQN X K B
WKH VZLWEKLQJ REFXUV
7R GHWHUPLQH WKH YDULDWLRQ LQ WZLVWLQJIQDQ@G KHO
SORWI/G®Ga DV IXQFWLIRRYLEI G UHVSHFWLYHO\ 7KLV DQDO\V

VZLWFK RFFXO @ \DHNOARRRBHDL \WXIED WM. PQD RKGHOU H7 KLYV VZLWFKLQJ E

LV GLIIHUHQW IURP PRVW SUHYLRXVO\ UHSRUWHG H[DPSOHYV
VWLPXOPO®VR WKRFPRQWDQHRXV FKLUDOLW\ VZLWWKBEQD\R X G
RFFXUB\WD UQVH DICREQAD FH WKH/ EKWEBOQW\LQ WKH VWUXFWXUH LV
ELIXUFDWLRQE UWFPMWMM G HPRA i RERFUSDMBRFCY W L QL WRIQ PR O H F X C
VWUXFWXUB B FIDKD/QI BW K HWKZH UDQJH RI WKH KHIO’LIOHO DQJIC
ZKLFK LV WZL FSHD SVHRUIUWX FRW XWUKHH S U HIVRI @ RV HIGI X QH) IRIWW WKH UHT
IRU FKLUD QQUAHVRVNWERH WKDW WKHUH LV QR GHIRUPDWLRQ
VWUXFWXUH LV PDLQO\YHVI&®UWE® UL RAGKHO MASLUZARR \LKD \HWD E K Q)
FRHIILFGHQMVQM & IO HQHUJ\ R WKW XAKFHMEH WWRIW DO HODVWLF S

LOQOO MRLQWYV :H DVVXIVH QVIOHW WIKUIHD BHUMW RERIZRHG WK H
LV LQ WIKRDBXHO® Y+ FRQILUKODWILRQ VEKIP AEGNNAHH QF K L LA L W\



LWKBBULYHG DQG SORWWK®ANIMjtad 7KH UBRMUBHG HQHUJ\ F
VZLWRK WKH HQHUJ\ PIWWWK K H WZLVERKX B R/E0N LB K Q DLW K R Q W IKRQ
)LJ EZKLFK LV IRAEG7WRUEHRK HRIQQOWRZHU WKH H QFHLIY DRIRLWW
VZLWHAKLQHGXFLQJ WKH VWLITRH\G/HRRHIOIHG FQWBXKSSDWE R Q W.I

ODWH,ULDO

7R DFKLHYH D KLHUD U RZLRMKOPR U HALKUIHIOD. SR FADX K H JJE
QRW ORFDWHKG VOR®IDOLYLJIV ZKDBK UM DXQLWER QQHFWLRQ EH\
DGMDFHQW FKLUDO XQLWV 7KH FKLUDO FRQ VWU XFWIKRQ K QL
RQH DGGLWLR@EDIOV SIDUDPRIGMFHG ZKLFK WK HVKRIQDHHFWR B (D

FUHDVHV RI WISH FRK GHHWHRQVHG DV GB VIKHHG KQ HQ BV AKQL F DD
VWUXFWXUH KDV WZR KHOLMFDW K I[KRFHKORIUEREBE ML QB G GCD 8§ WHK/H
WKLFN DQG WKLIQ UH® DMLSHPWLYPHO\ 7KH PDMRU KHOL[ LV Il
HIJJER[ ZKHRHIRHWIKHLY IRUPHG E\ RQH LGHQWLFDO YHUWH] |
LV WKH VDPH DV WKH VLQJOH KHOL[ L®@LRPXD SRR RRG\HOH\SG
VIQWKHWLF KLHUDUFKLFDOORXBK VWX PXWKUWHF WXUDHOQN THUV  F
PDFURYRROKDUBPHWHUQIG DH LQWURGXFHG WR FKDUDFWHUL
DUH WKH KHOLFDO DQJOH KHOLFDO SLWBK VWH\VGHKBWHQIEO
6X S S O H&HQWHDL) ,LAEH W D QORGP D W L R BFBHRVX W W KH
‘HWKHQ]BQIKMHOLFDO SURSHUWLHV RI WKW K MWHKUHD UG WLLHDG
RI WKH PDMRU KHOL[ BQ WIQKWX{MHW BSWRASHDWO\ FKLUDO VW
HILVWLQJ VIQWKHWLF DQG ELRORJLFDQJRKHHLN KW WXX B R@QR W
SURFIMFHO\ WKH KMLUXMPMVRKIUWKHUVW LQFUHDVHV IURP JHUR
GHFUHDVHV WR JHUR ZBEWQ/ ERZIQJIG QPZAWQBHGRBR\Y LFZ®OHP
SKRWRIJUDBSKWRSUHVHQWDWLYH FRQILIXUDWLRQG P DPHWHHR I
SUHVHQWHG 7K PIOBMQRIUFHDWQ KDY H L GHAKQWNHK R R WFHRHH U DD L QY3
KLHUDUFKLFDOO\ FKLUDO \'\@ G X F D/RFRUGNMREAQVE BGRIFKIHE B MMPUIND O |
RRXWUXFWXUH +RZHYHU KHOLFIPQ GRMRGIHHWLE VI IFRHIUWIKJHH P&
IROGLQJ RI WKHPVQRIKFW X2LH) GWKAKLOH WKH PDMRAHRHBDNV K
ZKHUADWKH D QJOtHe miHOANhEIH i@ its axial line2 the major helix LQFUHDVHYV
LQGLFDWHG E\ WKH VROLG DQI& GBVE&H BWE B FNK®GI LWL E QY HLLD
WKH PDMRU KHOL[] DQG WKH PLQRU KHOL[ DUH LQ WKHOWDPH

H[LVWLQJ KLHUD U F K L KIDOG) GAHI Q@ ®H DWW UFZREQVBALDIW  KIHVDK [W K |
FDVH ZLWK P R®HRFNBH@WVAMIOSLWFK DQG XQLW OHQUILIWH)GXULQ.

RI WKH PDMRU KHOL[ ILUVW LQFUHDVH DQG@KWKHQHGHF BRH D\



KLHUD OF KIKKMWMEFWXUH FDQ DOVR EBDFD OBXQ BW SPEBNION K H
VWLIIQHVYV SRY | KLGFLLWIQNFKGH) W@ WHIDFX  F U N BWUHK RV BNKISA VDX B J
WKDW WKH XQLW HO&=20VE KR WHQW KB OWIIMEWODWLRQVKLS E

e/a DQGZLWK ILYH GLIITHEEZG&WQYSDO RN RXVWUDWHGQLQZKLFK
k,=0.3N/rac ,WQGLFDWHV WKDW WKH HQHUJ\AR/IHW K H QW U X\FWXUH

IRU WKH PRYHPHQW RI WKH W W H QRN 68)8S ISIO Bl FOHDQUNIRR@/ KB W H L

GHWBFDOHFEODWLRQ

,Q VXPPBISURSRVHG KHOLFDO KDV MY BQWH DISHIK FRWDIED B/ L
WX QMHKEKLUDOLW)\ E\ DGM ¥WDW D® H WHIVDNH Wi XACHG DV WWHRR U H
XQGHUVWDQG WKH PHFKDQLMA RH[BRX®BOS URS R\OH G DIWEXW M D C
V L P L OVD EHWORMRZGH O J R X @ GVWKH RMESAK\DIY G K 8 Q HFVOL PE L Q JWZR VDK D
VXSSRUWLQJ REMPRWHBMXE\RQRXWKARGHO K H\OSH/ AKR LEDHOV W
PHFKDQLWKHMHQ GALOWFKDEOH FKLUDOLW\ ZDV DFKLMIYHG |
NLQHPDWLFDQW)\ CHTQ®KLIFKHZLO O P D NHR L VO WRMIVAKIHRESQV L F D
HOHFWURSWRYHUME R1 W KAHR BN W DURERW VBHI0 & H:GIL B D ¥ RX Q HW M J Q
KLHUDUFKLFDOO\ ZAKNK CPMD NARAD EMEK BHY DW WKH VDPMKRADFU
ZLQGLQJRRIKMIOL[ GULYHV WKH XQZLQGLQJ Rl WKH PDMRU KH(
L@VZR FRPSDFW IROGLRQURFRE@ RS B DNRX ®EWIONQ F WRRQBIOL Q J
VWUXFWHURVSDFH HQOUYKHUPRUH GXH WR LWV VLQJOH GH
VWUXFWXUHV SURBRYGNGR EHED L. O RERHN S OZH WRQWURO V\VWH
VWHS UHVHDUFK

2ULIJDRBUHWMBMW DQ HIIHFWLYH ZD\ WR GHVLJQ UHFRC
PHWDPDW HDWQEDIOMVE LWHG J U HW MR ¥ RAVZIH QKD RARKLBDIRSBBW L G H V
WKHBRP WKHUH DUH PDQ\ RWKHU W\SLFDO SDWW HRUREXVUR® i
IROGLQJ ZKLOH WHVVHOODWLRQ SOD\\W RIQDLP & RALBKEB RYKUBR/O
WKH ULJLG SDWWHUQ LV SUHIHUUHG WRJLGBWR Q H OLDENDIHE W | V7
SURSHUW\ :H FDQ IR UMW HHS SWKPDWF KV RBEQSEHVHSSOLFDEOH WR
ZL G HOA\VHGWD UJBIRW OLPLWHG WR WKH FKLUDOLW\

6833/(0(1780%$7(5,$/
6 H K /S O H EP-DQVAHIR U D®H @/HDUL IOYHEBT X R QY. RXQIVENED E O H V

$&.12:/("*0(17



< & DFNQRZOHGJHV WKH VXSSRUW RI WKH 1DWLRQDO 1DW
51825503 and 51721003 - O DFNQRZOHGJHV WKH VXSSRUW RI WK
JRXQGDWLRQ RI &KLQD 3URMHFWYV
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$87+25%2175,%87,216
+) O DXG& ZURWH WKH+tPDPOXYEWKLRKIW SURSRVHCHWIRRWEREGVW
FKLXROWYV DQWGWKHKBUWAISHVHG IURP WKHGRANUDGO& EH[DJRQ
FRQGXFWHG WKH H[SHULVRPHOOVFWRBHGCAHW.K QHEWRKDEOH DQG
WKH VXSHUYLWLBRQGR+ & DQG : / SUHSDUHI 6 OMOX SA\BEDHH PIHX
LQIRUPDWLBQRYLGHG DGYLFH RQ WKH DQDO\VLV RI FKLUDO \

&203(7,1* ),1$1&,$/ ,17(®(67
7KH DXWKRUV GHFODUH QR FRPSHWLQJ ILQDQFLDO LQWHUHV



10 mm

),* *HRPHWU\ RI WIQH RIWHG PAKL DB OEDWLFX HWXBHQW FR P SR
HJJER[ RULJD/PE $RRGMWIQXFW K@ | H B LIBAFZKW WH) G B DOH3 WG
/+ LQ \HX@QEKHUH WKH GRW WHKG GLUBHDKIHBERIKHWWIMFDO SDUL
LQ WKH FKHUKDID SQUWRKEBWRVRBEKVRBFKLUDO VWUXFWXUHV
PLGGOH DQG ULJKW ILJXUHV UHSUHVHQW QWK HXQRO CH O R
FRQILIXUDWLRQUXOWYBHBWEYEHORKLUDO VI FWXWBIO VWUXF
JOODFKIVWDUXFWXUH ZLWK WKH 5:@LW+D ¥ UD QN R B HDR\DEERBABW R P
IDFKLUDO VWUXFWXUH ZLW K5 WS¢H +X/Q L5W D YHURDRQHI\M B HRMO RI D' W [
LQ WKH FKLUDO VWUXFWXUH
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),* +HOLFDO FKDUDFWHULVWLEV RiLWK HE B i KPIUBDEDVEW WXLV
DG UHG ODOHODWLRQVKDSIDIAIRESHODWLRQVKMSQBEHW ZHHQ
SHODWLRQVKEBSDBDWWGEBHQDWLRQVKED QBH W ZKBBHR QILIXUDWLF
SKRWRJIRDSBSOM HU FZRGHKOML |1 H U H QG\X WLZQ Y WOBLYMILHPE G LK N L H Z
5RPDQ QXPHUDOV , ,, B®IGHSUHYISQWHERQJL 3xX UDW DRESY Z L W k
UHVSHFWL7HIQO\LOH H[SHULPHQW RI \Wkstf BODBVWUXPFPWRXH ZL'
UHSUHVHQWDW L %K RFPR R IUDEUSDIMHVRHIMY H G G X WDDXQDIWW R H GHL[IS HWL|
J7KHRUHWLFDO EODFN OLQH DQG H[SHULPHQWRBDODVX\D XH LG
LQFUHMHQMH 5RPDQ QXPHUDOV L LL LLL DQG LY FRUUHVSH
WHVWLQQ \BORYAHD L






),* 5+ DQG /+ FKLUDO LDAMN WLZIQVRKMWXH VZLWFKDEOH FKLUDO
FDQ DFKLHYH WKH VZLWFKLQJ ZK EYHM PR IQHL SEREWRLIRRIDS KO/
WKHSULQWHG D QmV \PIDREKDW® \OLEXDUEJPRGBRGUDIOLW\ VZLW
OXOWLRHBEP5HODWLRQV KIDSQ BEXWAHHQF K L UD O G\WM O/ WW R R V®&
EHWZKDD@EGXULQJ FKLUDOHWN O/ZWWRRVRIBQEBEWAHADH FKLUD
VZLWFKLQJ






),* 'HVLJQ DQG KHOLFDO FKDUDFWHULVWLFVDRO WHKHH & L FIKILC
FRQVW XOQEWLIRRQY W KE7 ZRVD R PVAXWHEG X Q L \WAH B B H VW RIQRDHF WBIGD F
WKH VWUXFWXUH ZKHUH WKH W KL BIDNGRW RHEHOUH G EEVCSHHE W
GILYH FRQILIXKFEOOMRLIRMDWBHKH VWA U H DQG
OXOWLPHGLHEWQBW LRFOVEHB/@® Q/G | SHODW LIRMQVEHBD DQ G

J BODWLRQVKLSDEHANZHHQ



