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WDLQ V LWH RH TRWIXQIER LWLDO W UD Q VI W IRROQV® HRNGBIWD W X U F
"HSHQGHQWHWURIRPHFKD QL ADQDUE KO BR[PHANMVRKRE QYW\KUHD L Q
SDUDPHWIHUVT RI UHOD[DW LIRgR&E MDLW HQZH UB WHHRUHWLFD OO\
LQYHVWOXDWHGSGOH JODVWKWUPRP. MKIRBEH D PHPRU\
EHKDYRWKM3V KDYHHEGOQYFXMHGE WKLV QHZAROASDURIRVHG
PRGHIOQDOO\ WKH VLPXODWLRQ UHVXOWYV GBWIEQBRPSDUH
JRRG DIJUHHPHQ WX HERHWZ Bl HQHW K H
.H\ZRUBKDSH PHPRUVEBSNPPHPRER RSHFMWVLYH G\QDPLFV
L QWURGXFWLRQ
Shape memory polymer (SMP)dssfied asa stimulusresponsive material which
after a predeformationhasthe superioability of memorizing and regainints original
shapd1]. In microscalg there are mangegmentsangledeach othemside the SMP
which generag reversiby configurationalentropy and enablethe macromolecule
chairs having theshape memory effect (SME). SMPs have attracted a lot of attention
because of their sensiti@sto temperatur@andother stimulisuch as light, electricity
and chemicalg[2-5]. Various types of SMPs including electrically/megeally
actuated onesnd light/chemically responsiwmeq 2-5] have been developed in recent
years Their propertieshave been investigated and testatensivelyfor a wide range
of applicationsfrom aerospace engineeritgbiomedicing[6-9].
Overthe last few years, there halsobeen a great interest in the development of
SMPs with muléSME [10], whichis originated from themultiple glass transitions

[11,12] and structural relaxationn the SMP[13-16]. Whenmaagomoleculs of the



SMP areincorporatedvith one hard segment and more than two soft segments; multi
SME could begeneratedhrough thereversiby configurational entropyf all soft
segments under an appropriate stimul§]. As is well known an appropriate
transition temperaturdifferencebetween two adjacesbft segmentss necessary to
present aistinctmulti-SME [13]. Otherwise the transition behaviodf two processes
will be overlappediue to their cooperative transitiofesg., transitions of all segments
occur simultaneously)This isto saythat the highesttransition temperatur€T, ., ,
defined ashefinish temperature of phase transifiaf thefirst soft segmenghould be
lower than the initial transition temperaturg, (, defined as the starting temperature
of phase transitignof thesecond soft segmereveral important parameters such as
transition temperature, relaxation time, heatiage and thermomechanical modulus
play critical rolesin determiningthe multi-SME[17-21]. In terms of thermodynamics,
multi-shape memory behavi@ originated from thesegnentalrelaxation ofmultiple
segmentswhich thenrespond in a time and temperature dependent mdBa&23.
Therefore phase/stateransition andgtresgelaxationare thedriving forceof themulti-
SME and shape memory behavior, respectij/2#y29.

In the previousstudies the constitutive relationsretypically investigated using
specific modeling framef eitherglass transition temperaturé, () or relaxation time
[11,21,24. Therefore extendedMaxwell mode$ with multiple nonrequilibrium
equationdave beeemployedo explainthecomplicatedhermomechanical arghape

memory behaviors of SMPg422-24]. These modek are expected taescribethe

constitutive relationshipsf the SMPswhich are critical fodiscovery of newnaterial



[26,27] and engineeringtructural desigf28,29. However, thee phenomenological
studiesneedhugeeffort of calculationgo determire parametes of the modelsnd then
to be verifiedby means oéxperimental measurement

In this study, we proposea coupling modelto explore the cooperative dynamias
multi-SME of the SMP undergoing multiple glass transitions % ROW]PDQQTV
superposition principlas initially introduced to characterize thaverall coupling
interactions and relaxation behaviorof all the segmentg§24]. Dependences of
thermomechanical propertiasdrelaxation straisonthetemperature, relaxation time
and heating rateerethentheoretically investigated using this newly proposed model
Finally, the simulation results were compared with the experimelatal reported
inliterature [23,30,31] for further verificatiors. In this study,the onedimensional
coupling model was proposed to explore theperative dynamicef multiple glass
transitions and théhermomechanical behavioo$ the SMPsThe studies 08D and
large deformation of SMRsithout mult-SME havepreviouslybeen investigated and

reported irliterature[28,32,33].

&RQVWLWXWLYH PRGHO
$FFRUGMWQSHMWR LB NS RYKHORPHQROWKIREDW LV DVVXPHG
WKDWOWKB 6A3RULJLQDWMHBHUDG@RLWRRW VHIPRIKQNL U
IUR]SIQDVOWR BEXZLVMQ Q FUH@AHP S H TR WXQHW.L R @
L Q W U RIBUX MHKE® HY RUDY WVLKRHQR JRIQ SRVDVHRIW VHIRHQ W

LW LPWERWMKMHUH LV QRKWOIBQVDWLRAWUDQVLIDWMXP HG
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XVLWIRWHS KHDWAQHUBDWHY XVHG LQ WKHgILUVW VWH S
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VWUDLQ RI WKH VDPH PDWHVUEZRE DMV XDWLMDPBEOH KKRAQ Q.
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EHXKOHG KHUH WW RMKHH\WPWRPHFWEBQLFDO DQG VRKIDSH UHER
WKH 603 ZKLFK XRWGHUIRNY WYDQE WHRD [ DAKIHR Q V
VL P HEHY ROWWRUDJH PRGXO XVRD QN\GK HK-EPRHY HE bl \H QWSLOCR\VQ W |

LQQPLJ DDQG&J E UHVSHRFWRPHEHRUWK WKH H[SHU@GPHQWDO C



7KH FRQM/® GV VRVPH® HIPYXWKH RDYG DUHLVIVIBE& O H
W LV |IRXQGL XD WKIR VIWHRKIMIWR/P R/ KON 3AH WK A L W K
HISHULPHQWRREPDIWND 7KI803 XQGHURRWDOMAYYV WUDQVLWLR

ZKHUH WK H FIFGKNQVWRKQHH W HHDSQHILIHDRVY X U H. W R

Z K U MDAH  V H FIRRIFX RODEQU R P . WR . OHDQZKLOH
LW VK RSXFOLG) W W & DRAX WKW U R QLIV FIR X B D MWMZR FMRHWW HIP HQ W V
WR KK SHUSRY WKL @WHB © 8 HW DRQN HV \E KADIXWOH WUDQVLW
WHPSHUDWXUHRWKH VRYWWP HQW LV \WKIDKFKRIW K D Q

RI WREORZHORF@BWMIPHQW

7TDEOBDOYRH SDUDPHWHUWKHE EB&LKZWRW D OHD VV VMROQIVOQN Q&

VWWHHOWDL [DWLRQV

3DUDPHW 7KH ILUVW WUL 7KH VHFRQG WUI

m

n

Tmin ( K)




)LJ D&RPSDWRVROQWRROUBY D IXQFWLRQ RHWZHHPH® UNDRAHX U
H[SHULPHQW® Q\GE PXDDW LR Q (ITKKDX\OA\R @ &P YD WRV R Q
V VHRGU VMDUD DQIXQFWLRQ RIEH W B FDQV WK W LPHED ORGH QW D O (

VLPXODWLRQ (UKDXAWY XVLQJ

2Q WKH RWWHKH X DRG0 DWW R BHEHHVQEHARW R WA MWW B HQ
603\ DUH DOVR Q8O R\EWMMNEK ARP SBALMW K WKH H[SHWXGWEWDO
> @W LV VMRKIDGWRUHG VW U DH®D \LNGJ UDRGR XQ &/\K GIHF
LQFUHDWB D@ WILRRP RLMPRH PLQQ WIQHWUDQVLWLRQ WHPSHU
UDQJH IURWR . WKH VIVQRW K B \WMBYOH DVQHF ZHWKH LQ
WKH WHPSHUDW X UH TKHG 6 VBRERINDIWHIRR@ SAKMMBD Q VLW LR Q
SURFHVVY DW WKH [IXO0ORWUD Q V.L VK HRIGWIMA P § RIEADIINU H

WUDQNLWIKRQVHFRQGLVROBXIVAHERH YWD QWIHWY SRI@D W XUH



. \WR&NPLQ WR FRPSOHW HF WRWH\@ UDAD Z DW LKRHD BUHRG
. )XUWKHUPRUH WK HUHOLD/ DWERRSRUDNER YWRIW VHJ
WLPH UDQJH IURP PLQ WR PLQ 7KDW LV WR VD\ WKH
WKH FRRSHUDWLYH UHOD[DWLRQV RI WZR VRIW VHIJPHQW
WR  7KHVH QXPHULFD @ HOHY 00 WH HBMKG WHI SHW KR HQWDO C
UHSRUWHG @QVERW DO VYV W B R Q IHMWVRIHHOD [ D WIKRIQ V
603 WDBZH®D FKDUDFWHUL]HG DQG SHHRBSRWHG XKRGEDO RXU Q
.| WKH FRRSHUDWL YHO M B 06 VIV MRABRHE HE RS W Z R
V W WHAOD [\DWVIR IRV H WD B K D UBLRMWZANRWL BIH JODVYV WUDQV L\
WKH PROHFXODKWHYEBIOHP H@RW R O | GRQUBIESRUWHG @ Q 5HI
KDYH EHHQ HPSOR\HG WR FRPSDUHREWBKQMEBHXVLBXOP)
SURSRRBERWEKRIFK DUHQLKRZKGRQVWD QW Y TX\DHWGELRQ WKH
DQG DWH VIVPR EOH

7TDEOSDOVRH SDUDPHWHUYKXKN&REBZ L W K Ol

VW | ¢ . | % PL( . T. PLQ

WUDQ\

SKDV

QG | $ . | % PL( . T. PLQ

WUDQ\

SKDYV

$V UHYHDWOHB )LQ FDQE&J H WKH UHFRWHWOBAWIDLQ

VXFFHVREX\DRWHIGHKHRQWLQRI UDWH LQ . PLQ DQG . PL(



UHVSHFWERHGLQJ WR WKHVE EDSHUVPRRWDWLEQWH VX0
RQWW DO VYV W U FGWIMRENRHQU BWBKH VWUDLQ WKHARYDM\ SUR!
ZH NQRZVWNRRXOEHZR JODVV RW DR WIRWW RBVIP KD \W¥/3
7TKWHDVRQ ZWZWRKIOWDNV W U D EWINKLRZ@V LK/DAMBIN QBRX W H G

WKRRSHUDWLYH HITHFWLRI WKIR ¢FRIW VHIPHQWYV

)L D F H 5HFRYHWRNMN®WOBDDY D IXQFWLRQ WHPSHUDWXUH
RI . PLQ. PLQ DQ®LQ UHVSHFWLYHOYRWGHU GHULYDWLY

FXUYHNFRYHUVD/MWDDXKQFWLRQ WHPSHUDWXUWH@W D KHDYV



PLQ DQBLQ UHMSHFWLYHO

7R UHYHDO PRUH GHWDL O MGLHR/WDGIN FEWR I QYDRIDAMLR Q
VW RD LVQIOHL REBZ DV FDOFXDEMIR®/ A GEL)DRI GDQGJ

| DWKH GLKHDMIQRI UDWHLQ . PLQ DQG . FK8 UHVSHF
H[SHULPHQWDO DQG INOAXRED WILARLQD F¥EBYINNWWUQJI RI WZI
RSSRVLWHKEHDDNW YV W U D Q WF\B QREHWH P S BQD@\EUGI WK H
FRUUH YV SRH@ELMX H VURIF RIKHU\ V WKRIZ@HADD VYHY F

DQ&J H %DVHG RQ WKHVH VLPXODWLRQ UHVXOWYV WKHU

LGHQWLIHHG . . . . DQG
UHVSHFRZHNOW VKRXOG EH QRWHG WKDW W

VLIJQLILFDQWO\ GHWHUPLQHGVEL QV KHKWREIW DWUIDYH GWQE
SURFH VK HW KENERWW VVWRKH SHDN Y D @¥IS\D RRECNHHK b1 Q W
KHDWLQJ UDWHYV

7R | X UXWHKNWKEHR X S 0 Q @V H WVIBAHVEHR@ KR RSHUDWLYH G\QDPLF
WKMOO WUDQVLWTIRQRW MAKSH VR WODWHE A HQW. Q7PKHY W LJIDW H
UH V X OH § HFFWBHHGY WMERE F R X S O L QB HVQZAWMHHIDD WX R RRIG VHIP H
FRRSHUDWL Y W& HQ mDIFAIDIVY W UKV H W H R ORMM K IHU V W
VRIW VHIPHQW R/QVWENQEH AR YHWRNOMOHEX E R GV \BUIHQ W V
OLVWIPGOHKHY VKR2Z2QJIJLRDQEJ E WREWDL\WRIMEDQ G
| L UR/WGEHHU L Y D WALDYUHH VSAUGHDRAQIV HX Q F W L R QDR BV HE IR RV WWCDV/DXAL

KHDWLQJTUDWMPMLRTKH SHROV/NWWLRQ REWIOH (GHHAWJ UYBWLYH VW



FXURKHNMI ELGHILRDWOKHUD CRAIHWKH VRIWW HYPIIRXWE WKDW \
LV JUDGXDOO\ VKLIWHG IURP  LVWRFUHAKH® IWRA
W R . 'KLOHRVKWHFRQG V KIDW \BRHIHBBMRAW WD QW 6LPXODW
UHVROMD/U QY KIKRZVKH FRXSOLQJ L QW HURIRFSWMIUDQV LY HG H W H R
RI DQG :LWKGBHFUHDVH LQ WKHDGG HWRIR FH. LVQR
WKH WWSNEWDIDOHD V'V W 1S D Q P WDWRHQ Q R WL UW Y HQWHHF®R Y H U\

VWUDLG@X¥XHXWHHD VWURQJ FRRSHUDWLYH HIITHFW

)LJ D6LPXODWLRQ WMARNEAGDLR) DVKHQ FWLRQ RI WHPSHUD
WKH LV LQFUHDVHG IURP . WR . E)LURWGHU GHULYDWLY
FXUYHV RVWWIRIQAV® . . . DQG . F 6LPXODWLRQ

UHVXOWWRINMIEDRY) D IXQFWLRQ RI WK SIHW D QY KWHD \ZHKGE O |

IURP . . . WR . G)LURWGHU GHXUYDBIW LRI WRUH G

ZLWK . . . DQG .



2Q WKH RWKHU KDQG RNX MV HKHIHFRMSBIURIF WIZRQVRIW
VHIPHQ\WW WEBHYHD LQYHVW EJDWEHSG GVKREKH VLPXODWLRQ
UHVXOWYV RI VWLRBHG /W G B MOWIBMBYKHR 6 0BKH FDVHV RI

. DQIKHDWLRU UPW@ELP XODW L KQ HMHYXO WV

VKREKDW WHKHJUD GXTUMHDY/RIRG . WR . ZKHQVWKH
LQFUHDVHG. IWRP. 7KH FRXSOLQJ LQWHUDFWLRQ RI WZR
GHWHUPLQHG E\ WKH

%DVHG RQ WKHVH WALRZRDY WHIARRN\BMWXIOMWMW RQJ GHWHUPL
E\ WKH WKHUPRPHFKDQLFDO SURIS®! bW 3V WKIHWKRUWR IV
FRRSHUPWDYHF LV SUHVHQWHG EHWZHHQ WKHVH VRI\
VLPXOWINHORD{D W L RDRR $ F/BDUAREWHP DNHV LK\R B ID IEG KOW W
W Z\RW DUHOD[DWLRQ DV UHYHDOHG E\ WKFHRRSPXOBDMYRQ
G\QDPL@G\ZWRW DO VV W UIVDRH @/ MY @ WWDEVDBM 3 Z LRWKKO W L

60 (

&RQFOXVLRQ

,Q WKLV RWEGRHQVARQIBIRGHO ZDV SURSRVHG WR GH\
PXOWLSOH JODVWWMINGVPW PR G ¥ DIMQRE VEEHEHK DW KR U V
PXOBW L 7KNHJP HQNDIOVRP XRQMBIOWHVHIPHQWY KDYH EHHQ
DV WKH GULYLQJBORDGBKIRR PXOMNLO UHOR P B HEBKDYL
WKH %ROW]PDQQTV VXSKH FRRISWMIUDW BYH QFIIERH\EY RI P X

EHHQ FKDUDFWHUL]J]HG DQG YHULILHG E\ WKSH § GPQTBIW L R (



RI WKH FRXS O LRW KQOMOWDRWV RRQW H PISOLEND WX DB WUDQVLYV
WHPSHUDWXBH VRIW VHIJPHQWRYHKDWEIZEBWERQVWLWXWLY
UHODWLRQVYWRMW RERQHFR YMULIUYWSHHULYDWLYH VWUD
UHOD[DWLRQ WLPH IDW & HK Bl CBAMNIN HROUMMV LFD OBDQ A Q Y HV WL
GLVFXYNVOBOO\ WKH VLPXODWLRQ DQWNDQR\HWEKHUH FRP
H[SHULPGDWB®RUWHG LQ WKH OLWHUDWXUH DQG JRRC
WKHRUHWLFDO DQG K PSH ERFKDNWRY UHVXGWEWHG WR

SURYMBHHRUHWL FDRO XEGEDYWH QG DEQG IGHEQ3Q RI PXOWL

$FNQRZOHGJHPHQWYV
7KLV ZRUN ZDV ILQDQFLDOO\ VXSSRUWHG E\ WKH 1DWLR
&KLQD 16)& XQGHU *UDQW 1R OREGO LW\ *UDQIW I

, ( WKURXJK 5R\DO 6RFLHW\ DQG 1)6&

S5HIHUMQFH
> @7 ODWKHU ;) /XR , $ 5RXVVHDX 6KDISHQKHBRY\ SRO\

ODWHU 65HYV



\Y

\Y

\Y

\Y

\Y

\Y

\Y

\Y

@ % /X <7 <DR :0 +XDQJ '+XL 1RQFRYDOHQWO\ IXQ
E\ JUDIWBI\GVMREBOHG JUDSKHQH R[LGH DQG WKH V\QHU.
VKDSH PHPRU\ QDQRFRPSRVLWHY &RPSRV % (QJ

@ /HQGOHLQ +-XQDRU 3 /DQUEGXFHIRWRRSH
SRO\PHUV 1DWXUH

@ ORKU . .UDW] 7 :HLJHO * 0 /XEND 0 ORQHNH $ /
VKDBHPRU\ HIIHFW E\ LQGXFWLYH KHDWLQJ RI PDJ
WKHUPRSODVWLF SRO\PHUV 3URF 1DWO $FDG 6FL 8
@ +LOPDU .3 *DU\ $3 1DWKDQ $ OD[ $ 9 5LFKDUC
SRO\PHU QDQRKRWPBHRWARWHY\ RI| QDRRWESHH G
WKHUPRSODVWLF HODVWRPHUV 1DWXUH ODWHU

@ 0 <DNDFNL 5 6KDV & /DQQLQJ % 5HFK $ (FNVWH
UHFRYHU\ FKDUDFWRHHRRDW SRQ\RHVKQISWZRUNV IRU FD
DSSOLFDWLRQV %LRPDWHULDOV

@ /HQGOHLX 66KMHIH{PHPRU\ SRO\PHUV DV VWLPXOL(
PDWHULDOV &OLQ +HPRUKHRO OLFURFLUF

@ 3 /LX . *DOO 0/ 'XQQ 30 &OXVNH\ 7KHUPRPHEKD
SRO\PHU QDQRFRPSRVLWHY OHFK ODWHU

@ 7REKL + +DUD ( <DPDGD 6 +D\DVKL 7KHUPRPHFI

WKLQ ILOP RI VKDSH PHPRU\ SRO\PHU RI SRO\XUHWKD C

@ 4 OHQJ - +X $ UHYLHZ RI VKDSH PHPRU\ SRO\PHL



&RPSRW 3DIB5SO 6FL 0DQXI

@ %YHKO $ - /HQG®&BBE® SIROeSTcHUV ODWHU &KHP

@6 .ROHVRY + - 5DGXVFKHPRUW WELISIOMY VWD SIMQ G WK
PHFKDQLFDO SURSHUNRIHG NRHIGS BO R LGHKARFIWELLGH DU D Q
EUDQFKHG SRO\HWK\OHQHV ([SUHVV 3RO\P /HWW

@ ; /XR 37 ODOWOBH 3BDSPHIULF &RPSRVLWHYV 763&YV
ODWHU

@$ +HXHU 0 :LOKHQP + :=I6BSRHVYRD5DWH PHPRU\ RI \

UHOD[DWLRQ LQ JODVVHV DQG LWV GHWHFWLRQ E\ PXC

@ < /LX . *DOO 0/ 'XQQ $ 57 KHJBMHRAEHHAKID QLFMDRL VK

PHPRU\ SRO\PHUWSBOQLPH@WY DQG FR QW LW B\WDYH PR

@ + /X ; :DQJ <$<DBRKHQPXYROXPH™ WUDQVLWLRQ PRC
PHFKDQLVP IRU WKH VKDSH PHPRU\ HIRBBRW I0Q VDHPRUS
6WUXFW

@ < /L - +% FRQUWLWXWLYH PRGHO RI VKDSH PHPRU

JODVV WUDQVLWLRQ DQG WKH FRQFPMSW &R OUB M WX

@ 4 <bDQJ * /L 7THPSHUDWXUH DQG UDWH GHSHQGHQV\

VKDSH PHPRU\ SRO\PHUV ZLWK SK\VLEW ED\VOD WDV HW



\Y

@ 3 *LORUPLQL - 'LDQL 2Q PRGHOLQJ WKLFHWPZARP R U\
SKDVH FRPSRVLWH PDWHULDOV &RPSWHV 5HQGXV OpF
@ 6 5HHVH 0 %|O0 ' &KEDWAG PROMWIP RGHOBQ®J RI Vi
PHPRU\ SRO\PHU VWHQWYVY &RPSXW OHWKRG $SSO 0
@ & )DQJ +- 6X@JI- *X BUPXQFEWLWKHUPRYLVFRHODVWLF
RQ IUDFWLRQDO GHULYDWLYHV IRU IUHH UHFRYHU\ EH
OHFK ODWHU

@4 *H . <X < 'LQJ + - 4L 3UEBSAWGRIQWRRWHIMSHUD
EHKDYLRUV RI DPRUSKRXV \6KRDWHOPMWR\RUY SRO\PHUYV

@ 0 J/HL . <X + /X + - 4L ,QIOXHQFH RI VWUHX
WKHUPRPHFKDQLFDO DQG VKDSH PHPRU\ SHUIRUPDQF
3RO\PHU

@ . <X 7 ;LH - /HQJ < 'LQJ + - ¥KDGHFREPRUPV R

HITHFWV DQG DVVRFLDWHG HQHUJ\ UGRIMDYBWWHWKDS|

@) &DVWUR . . :HVWEURRN . 1 /RQJ 5 B6KDV + -
RQ WKH WKHUPRPHFKDQLFDO EHKDYLRUVORHIFIKPRUSKR X
7LPHSHQGHQW ODWHU

@, %HOOLQ 6 .HOFK 3RODNPHMHUBWSHSEEOMH QLDOV 3L
1DWO $FDG 6FL 86%$

@ 7 3UHWWHAKD SHUISSIRREHUWLHYV RI D WKHUPRUHVSRQVL



\Y

\Y

6PDUW ODWHU 6WUXFW

@ +X$ 5'DPDQSDFBRGDJIKL/IDR,QFUHDVLQJ GLPHQVLRC
VWUXFWXSBVOEMLQJ VKDSH PHPRU\ SROVPHUV YLD IXVH
6PDUW ODWHU 6WUXFW

@ %RGDJKL $ 5 'DPDQSDFN :+ /LDR $GDSWLYH PHWEL
JUDGHG ' SULQWLQJ ODWHU 'HV

@ ;LH ; ;LDR < 7 &KHQJ6KBBHDIBIPRUYYLSIGMW E\ 3RO\
%LODOBBYRPRO 5DSLG &RPPXQ

@ - /L 7 ;LH 6LJQLILFDQWF K@D ®RJI&RQGLMRRQV RQ
7ULS®BSH OHPRU\DFIHERROHFXOHYV

@ /L = /LX $ QRYHO FRQVWLWXWLYH PRGHO RI VKDSI|
SKDVH WUDQVLWLRQ DQG YLVFRHODVWLFLW\ 3RO\PHU
@ %RGDJKL $5 'DPDQSDFN :+ /LDR 7ULSOH VKDSH
SULQWLQJ 6FPWUMWFWWDWHU

@ + /X ; DQJ . <X < )X - /HQJ $ SKHQRPHQRORJLF
VKDSH WHPSHUDWXUH PHPRU\ HIITHFW LQ/WDPRUSKRX\
FRPSRQHQWY 6PDUW ODWHU BWUXFW

@ ; :DQJ +6KL ;. <X < )X $ WKHUPRPHFRKIXQPISADO PRG
PHPRU\ HIIHFW IRU DPRUSKRXV SRO\PHU ZLWK WXQE
&RPSRV 3DUW % (QJ

@$ - .RYDFV -0 +XWFKLQVRQ ,VREDULF WRHUPDO EH

FRROLQJ DQG KHDWLQJ 'HSHQGHQFH RI WKH FKDUDFW



FRQWULEXWLRQV RI WHPSHUDWXUH DQG VWUXFWXUH

SDUDPHWHU PRGHO DSSURDFK - 3RO\P 6FL 3RO &KH

\Y

@ (0 $UUXGBHROFH (YROXWLRQ RI SODVWLF DQLVRWUR
GXULQJ ILQLWH VWUDLQLQJ , QW - 30DVW

> @ 0 / 0ODQVILHOG ORGHO RI WKH JODVV WUBQVLWLRQ

> @ * :LOOLDPV ' & DWWRQ ORDMHXDDODRRW VWDWH 7
WHPSHUDWXUH DQG SUHYWNADH WQRQKRII GIRFOOME@ADL FK C

)DUDGD\ 6RF

\Y

@ & 7 OR\QLKDQ $ - (DVWHDO - :LOGHU - 7XFENHU

WUDQVLWLRQ WBRIKQUDDNPG ARRM® KQJ UDWH - 3K\V &K

\Y

@ 26 1DUD\DQDVZDP\ 7KHUPRUKHRORJLFDO VLPSOLFL

&HUDP 6RF *

\Y

@ 3 $ 27&RQQHOO * % WRASHQ QYD PSHUDMXUXY GHSHQG
VHIJPHQWDO UHQDIDWKRP BHOWRZ 7

>@ 0 / :LOOLDPV 5 ) 7HB WHPSHWWXUH IHSHQGHQFH
PHEKDQLVPV LQ DPRUSKRXV SRR PEA U D IDTXGE ®RW K H B PJ O8O

6RF

7TDEOHV FDSWLRQ



7TDEOSDOXH RI SDUDRHWHNWVRQMHGGLQRU WKH 603
7TDEOMKDOXH RI SDUDRHMWMKIE LMARKABN DOHD VYV WUDQVLWLRQWV
VWUXFWXUDO UHOD[DWLRQV

7DEO®DOXH RI SDUDRHWBUNREEZ H® K 06 [

JLIXWHDSWLRQ



)L &RPSDULWRVRWRDJH PRBXBNY WKH H[SHOLPWQGWDO G

VLPXODWLRQ (UKDXMA\RIZK KVUKGDMH Y DUPWG . PLQ DQG
PLQ

)LJ &RPSDULWKISRIUHFRYHBHWEHKDYWRKH H[S K DRXQWDO

VLPXODWLRQ (UKDXMA\RIK KUK MH Y DUPWG . PLQ DQG
PLQD)RU WKH UHFRYHU\ VWUDLQ DN )R UXW R W LLRHF RY RHH

VWUDLQ DV D IXQFWLRQ RI WLPH

)L DT, ZLWK UHVSHFW WRQEHMDDAMHQUHFARWHU\ VWUDLQ D\

RI WHPS BWXMMUMLQJ UPMM. PLQ DQGPLQF7ZR/WDJH

UHFRYHU\ VWUDLQ DV D DXNKRH/DRQ QR WBHWESKILLGDHN X U H
PLQ. PLQ DQGPLQ

)L &RPSDULVRRSRI UHFRYHWPRBOHIKWKHRH[SHUL®HQWDO G

VLPXODWLRQ UHVXOWYV XVLQJ (TXDW@RDMW Y D SIURNRAL RX\D \R

UDWH . PLQ .PLQ DQG . PLQ

)LJ D&RPSDULVRQ FRROXDXWD INQFWLRQ RHWZHHPH® WDKMHX U

H[SHULPHQ W@ QW& B WODWLRQ (FKKDXWOL\R® &RPSODULVRQ RI

VWRGUVWUDLQ DV D IXQFWELHRMDZ R H Q HOKH DM 5 RE IGRCH DMV D O C

VLPXODWLRQ (UKDXA\RQ XVLQJ

)LJ D F H 5HFRYHU\ VWUDLQ RI 603 DV D IXQFWLRQ WHP

RI . PLQ. PLQ DQ®LQ UHVSHFWLYHOIRWGHU GHULYDWLY

FXUYHNFRI HU\DWW DXQFWLRQ WHPSHUDWXUWHL @W D KHDW

PLQ DQBLQ UHVSHFWLYHO\



)LJ DG6LPXODWLRQ WMARNEAGDLN) DVKHQ FWLRQ RI WHPSHUD
WKH LV LQFUHDVHG IURP . WR . E)LURWGHU GHULYDWLY
FXUYHV RVWWIIVE . . . DQG . F 6LPXODWLRQ

UHVXOWWRIMIEDRLY) D IXQFWLRQ RI WK SIHW D QY KWHID \ZHKGE O |

IURP . . . WR . G)LURWGHU GHXYUYDW LRINYWRUH G

ZLWK . . . DQG .



