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ATT, EIAD, REZELLIRTIE, COBENBILAL THbonEZTT) Phd Lb ) ELHEHTE R,
LIy kb, ok nEZFAKRELD ZHEHIESNE T, RIS, ZOEAKNAETEZATWEEL &),
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IREGMEREEFFEL TR LIICEZET, UhEd, 2EINTI0TT, THBIIHTHEALLZ V) Ew) & E, 2 TR ¢t I
BUZERLE) Db ETIE) LW)DZHHEe LTwE T, HZABMAOKHZEET 2Ry 774y F2FICLTwRELELE), &
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TONERMER MR L oo, ERICRTENICEP b E2EATOEET, C0k) alEr 5 £ ML d
BICiE, D7 LS ETREROBIA S THI LI TR E AT RERS ) T, 2005 ORI 7 M 2
IZOWTIE SR, BIZIE [4,17) R EZSHLTF X0,

4 HWEHMOING —YVERRNDFDERDSHS

SIET. Uk (EIRIROMIE) DEBDO A =7 2 THE) L) TR AERD ANSICiRE )T
TR, E0) TEREBERELTEE L, I, BERNZR L IADOEZR I LT, N HERD
2% O Z#P L L, miRic, REOEYROBMBIZED L) IELTEHhEw) 2L 2R THINS S
BT, BRIz 0 O L7cw EBVET,
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YOEANTEDOW N Z R L TOWE T, Arabidposis IZHEVIFICE T 2ETNVAEYTH Y, ZORT ) LHMFEH S
NIBRPIOMYTHH D £3, FmDBAER (wild-type) Tld, BOBE G > THTICREGHE (R e
fi) DSHANEL CBAIL T ET (M5 BB, & 2A0, U NZERKE (twisting mutants) Tlk, Z ORI
DIRY =B F IRl TLECET (M5 HE), REMEOMITEEED NIICIX, #NVED
OS2 FL ) 2 TEAR L CHfRE 2 B4 TS LT 2 0T hs, BIRIRL Z L2, R UNERKTIZ Z OBINE D
BiFI 5 & DEBETIZEE E I, EEEOERETIIAEEIChlns0TY (K5 TE) (23], flbrs, ¥
ERTRIBMINVERIZPAC Z2MHPRICEAELR>TE D, 2 2L 58 AMEZE > TwERA, D0, o AMNE
EREEINIC > TED, BEEDO S EAIEDE x5 EMFHREMD X 5 IS5 EOBIRICH 2 L) 2 LT
B> S bhroT0ET [24],

BHINARA 7 —NicA SN 5 20 &) aHHiRBRIE, 770l 7 O & I3 MEBIR IS D 2 I35



FIAHHICE > TRE> T2 ETFHSNET, A, THE) tvI)F—7—F2bLicl T, XDk
ICEZTHDE, BB ELSTRLDFEFRERICZVEOOFIET S 2 LA, Z0LELAOBRMEZ ) £ <N
TLIENTEET,

F 9, REMILIEERE OBRE & & SIS I ~— T fE L £ ] BRUhZERE | cRUhZRE
T THUIRICERE L BBBERIRET) F(RBITE £, —/7T Bh §

BOFR=T 4y 7 ZECAISMIEEEOTZEIC BT L, Lo fiaEE RS REC
HBeNu—AWHEDOE A ELS T EPHSNTOET 25, 2FhH,
DI EIF, BEOWHITHRICBNE DY FALDBIIR S, Z DRSS % 8
L L CHIIREOREASER L Tl 2 & 2T L £ 5 [26], L7dioT, b
L UNE DBLF SR MO Kfif o L TA L ThHvTw 2 %2 61X, RIK
GBS EMOED D ID-C ) ERUAARDSHELET 27, 0L
BORARER, Co3EY LRI X 9 IcfifaiEz b oo o b ogYR
TEHCDSRSNTVET 28], BEAC Lid, MNVEORT 5 A & s
PRET 2 MEZRDDEFADHIA T ) T4 BRI ZICHS &
IHFETT, THUIRED S 72 & THIMICRMAN AR TH D, ZDHKER
CHERDE 7> a vy THNL £7, ERICBIIS N2 RoORAEIIRIE, &F . . _
ELTHDD ) BUERET bOTE, RIEE & bICRICEDOBREIE] s ey iy L
(residual stress) 2YER I 4L (8, 4], TNVEWHEAT —Nicvrulk (g vA xF2F, P 2 OROLM,
DHA TV T4 EHi ) BEASY = EUBT BB Y £, o KHMBIRIL LS SHL L <AL
EIIZLT, ML T O L AU E O THIMERORINICAE L 2D THBIFE 5 2 Mot R, 114 %2 2 0h58
PR, BMEIRE D) U THITIHC b R 7 — A7y 78, DwIcikE  MEOR, AR (RRIBIHYR
W 5EA L LTSN D 0T [20], WRF) DTRBIE S

4.1 MREOHMZE

KM% 2 R O — M L A% L, MINERGEEDOLEAZBRL TwE EL
9, VT, MREEESR (r,0,2) Z0E L &9, r= ROHIEEORLEHEZEREL £,
MNEEOSEADEM (EvF) 2 XL ET, —Mic, HrMELTANTEEZ O
%613, ZHCPAT S 2mz/ A ORI L CRIFAETT, Sk [30] 12 L72h3> T, i
BHRICZoHRBERLEERE LT (r=R,,H) ZEALET, 2ITx=p+2mz/A
Thh, HEEXRZ FLid e, e, =Vy/|[Vx| BLD ey =6, x &, TT, MEMERICKIT S
HIERZ bve,, e, e, LI

1 1
e, = ; (é, +KRe.), éy= ; (—xReé, +ée.), (7)

LI BRI OOV TOET, SO Th =21/ REVADIIE, p? =1+ x2R? T, fiﬁigﬂgggz
HBIE KD X ICEAERD 5 OBUNERDOEEM 0 ZERKT 5 & kR =tand T, () BINE ORI %
T2, (1) I E D DMEERHAIL 0 721 DRRAHIC K> T—H T2 L 2R L TwET, &Y.

5 AEERTIE dr = dré, + rcosfdxe, + dH/cosfey 750, dt@ET v VITHAE

HTY, Rifir=RICEIT2MHMIEFRIL ds? = R2cos?0dx? + dH?/cos? 0 L RBI N T,

u — AFHEOHHGIC L o T, RO KHEE I 6, BV ey ZNZNDHTAIC a B LD BELITIER



T2ELET, CORRERICE S A>T, BT VYL ThHhoitdT v Vv

2.0
gtarget = [ O(é) /82 ] (8)

EZEMMLET, o, B REREOEHRTT, MEDHE, HEHE ds? 1T ds? = a?R% cos? 0dx? + B2dH?/ cos? § £ Z1L
U, BRI RAXdH 55 dA = /Gy, o rdxdH = afrdxdH EZLL £ C,

AR Grarger DITHIZERBLZ, FEZID B ZIUIZLL £ 3, (8) DRBUIRTT Y, SEAICZ S ERERD
HERX7 PAVZBHAL TS 20, EBICIZ R LHETY, 2 2 THEEER (b LoMNEEESR) Tl oitd
FUVNLEHRTIEICLELES, 2070103, AEOEELEZETZITTL DT

a?cos? 0+ 3?sin?0  —(a® — B?)cosfsind

—_ p-1 = —
gtarget - R (9) . gtarget . R(e) - 7(042 o 62) cos@sin@ 012 sin2 0 + BQ C082 9

EBVET, ZOTVYNVDIERNAE g, = gsp = —(a? — %) cosOsinf BEMED Y DR UCNEBITHAT S
Bz EATHET,

—fRIC, BASNTdtE g IS BT A E V) DI, RV EDRIFEFET 5 LIERY $HA, 2 TRIC,
WEEZ TV L EEOHIETZ DFtED (9) 1L T2 b0 2L £§, EREOMERIOVERZ (R,,2)
THEL £, KHOERIZE b Ao TRMD ED DI~ nEE21T )56, RUWHERIZS 77 vy aid
T (r(2), 2+ 9(2),2(2)) ~NeRBBLET, 2D, BIEROZWERIZr = [r(Z) cos(®+¥(2)),r(Z) sin(P +
W(Z)),2(2)] EFEBITES LW T LT, FHRT VY MERD LS ICHESNET :

B TQ/RQ T2¢I/R

= 9
9 7"2’1/1//R T/2+7’2¢/2+Z/2 ( )

() IEZ AT eRLET, COFRET VYV gh, BREVEGET 5 target DFHET ¥ VL grarget (8) 12—
B 2560, RO 1E0 SIS 972 2 &4 MFEREICHM TS, oL &, MlEmiENEch
ZRETL IR, BERTOBRENZ AT L) LRE2ZEBTE X, HFTLHZ )W) DAL (isometric
embedding) 23fFTET % EIZBRD AN, bLH S L LAoHIEZ IV —DR/IMEI N2 Z DIEINERI NS
FCY Bl ZOXIBMERLCAEL LI, £9. o, B8R0 Z ITHKFEL BV EREL £T0 g = grarget &
ST s L, L

dz af ,_dy l(oﬂfﬁZ)cosﬁsin0
az Va2 cos? 6 + f2sin? 0 dZ  Ra2cos?f+ (2sin’ 0’

% = \/&2 cos?f 4 B2sin? 0, 2 = (10)

THIUE, 9= Grarges D72 IND Z EDMERTEE T, L7cdio TUREDEI S THINLOHEED H DRl
(twist density) w = dy/dz 1%

b % _ _10‘2 — B2

dz r af

LD T, WAMOBA, MNEBHEORMIIEMICEEI=0TTL25, w=0, 2FDRLIUIHY LA,
FO0=0/2058Cbw=0TT, wMRKICZZDIFIEERICLSTI=45°DLETT, /., bLRE
EWREHMNa=TH5%51F, 0ICX6TORICw=0TT, 2% 0. JEAHLEELFKET 2 -DICIZEE
FEANTRINE RS R, 2O LIFEETT,

cosfsiné (11)

6\/§mrget =af. r/RIFYaE7,



4.2 ERENBERRIC K ZER

LTI ATy 7OBE (BF) BPEE5E%EFEHELE L, Jrusx LT, MR IZHAIERE S 72 D
—EDHEHEG T L —AMHEIHIG SN LB TH 2 L AT T, KEMISHERNZ 70 A LEZ LIV
., —H, Iz L, 72 SADRAT Yy 75 EHTRI 5 EE 25 2 L THANICHRVPRT (A5 T
EDRHNET, ZONHFEBICLEDPOELEI), FTxlE (n—1) ATy 7BOBR (D) Z2HHEC LT, n AT v
THDOER v 2B L £ 7,

dr™ =F, . dr"V (12)
EVIHIERTYYNE, ZROET, ZLTEHET VYN g, =FL - Fp D3 grarges IWHE L5 X9 BIBREHEL
THEL XY, v = (r,_1en1 2, ) ZEHEL LTr, ZRBLT 2 L v = (r,etPn 1T Un=vn-1) 2 YV TF,
7o LEEBOER LGRS o,y R LT E LT, R EDiERE Z D F FEERTIUL (10) 1M T % /512
R2BETDT, Z =12, 1 CHETIRETZETLT

T'n

2n—1 (a® — B?) cosfsinf
Tn—1 a2 cos? 0 + B2sin? 6’

(13)
PEoNET, BMRES ) OEBIEKEL ZNF 01, 00, 1 AT v 7H70) OREREZ dt & THUE o=
1+oydt, B=1+0odt TT, 0% (13) ITRAL, dt D 1 RFTTEL TRREEHFEN 2 LB OGE O X2 8
T5L

Zn o
= \/@2 cos2 0 + 32 sin’ 0, = s Yn =1 =
Zn-1 +/a2cos? 0 + 32 sin? 0

Tn—1

) =our(t), A0 =0y, b(H) = (o1~ 0—2% sin 20, (14)

D FES, SITRMAADKRER o = 0y sin?f + o9cos? 0 BEUOZN L BEHLBHRSTHOREL ¢, =

0100820 + 0oosin? 0 ZERLE L, TNEt=0I1Cr=10, 0 =0, 2 =29 &V IFHIGMED FITMEL &
r(t) =roe”",  2(t) = z0e”, ¢@%=—%'éw_ﬂﬁ—ltmﬂa (15)

ZZFT, MIEORS 2(¢) IFEEEIENICIR T2 2 EMERTE E L, FililiE o D) DRELEK 7 13 dy = 7odz
PoRED

dpdt 1 (01— 02)sin26 2 «asin26
T dtdz 7 o sin? 0 + o cos2 0 T r1+acos20
ZZETT, T Ta= (02 —01)/(02+ 01) FREDRTEZ H S b TMEILRT X —8 T, FEOBIMGL
k2 e, MEOERr TIZEAEEMLZVDT, (16) KBV T r FEREABLET, Lad->7T, AEEHE
(U AURER) 13 ¢ 13K, BERO RS L BNEROMEE M0 &) oD T A= DHDE
BTY,

COx7yavTHEHFHALLVI LIE, MMNEORIANELICTNS 2 Lic k> THllEdER s ¢ AREZE 2 %
I, EWVI)HETY, N TH - RREEVICRS & (16) D &) ko RAZ2B/5 2 eNTEET, C
DEE, MIEEEZE] S 1X) BIED & bbb, D F hENOIIEZRIEHEZRTNIC isometric 123 & 3A A TTHE
TS, —i. BUNZENHED S &> REMIEZERTTREIE S &, SHARICH U N AMIESE S
T 32 ZOFEEERIZ, R UNEMKO LU NORIED 7 LS REML RVicdh 2 2 L zmd mRL Tw
9, ERIRHC, BISIIZENTRERAES NS L) SEBEIKRL TV ET, 2O E LT, ZEEDOHUN
BORIAME 0 FMIc D> T—E EIERS B0W 5 TT, & 21X 0280 IKAFET 254, MAEKmN O M2
WE TG Z DIREREDELE 20T, T4 XA ZVOJFEE ) 12X ) huddillic £ FEEIFELINnE T, 20
fE, Az 2 LCoRAREZ L2 ZEDTFHISINET (K7 (a)) [33] HBWIE. L ODZ SFNITE
fLLTw3 ET 2L, BAMDBRELD Z IKIFT 20T, & r(2) DELTZRBHEEL T (20854
HNAEE RS £9) (K7 (b)) EBIC, ZDSEDDHEIMAAGDLIZLE (0=0(0,2) DL E), FbkE
RIIER I X A PIBREE I E T (K7 (0).

Tk [29] T1E (16) DIRE 2 BHRIFEB T E T, I ZIKEIEL £ T

7o(T, @) (16)




(@) (b) © (d)

T 2 ROTHIEEEE TOUICH E O CREIES S 2 L — a3 VR (18], RHRUICH O ZBEEOHE € 7OV IR 12 3\ TR
12X 25T ¥ VIV gap % D Foppl-von Karman ABRRIC—HT 2, ¥—7 v Fil&ElT (9), 7L 7ZL0IF 2 BLU @Ik
£l 9 %, (a) HEA 0 BT o ICZ6T 2546, MIlIZSCATEEZ L2 (b) 0 2Mili51A 2 12T 2854 () (a) & (b)
DAGED T 57358 (d) () EEUZREIC K E;’d‘/u[i‘ﬁ (shear) R ETE 2 & LMz M) IRNELIEL 5,

4.3 MHBOESELICHOEE

ST, TZETEREML AVOBHRIZOWTATEE LA, M#EZ, 2oL L ThEL 20 NE
EREIPoTROERIMD 7 usliviy—v~t TRAr—Lu7y 7)) N0, ZOMHATT, WIH F
TH% L, MEROMIERZDEDL VIR LN SEELTH, 2025 D8R GIRY (IS8R AET 2
2l LB THEOAENFIERIINEZEBHD EHA,

L2 L. EEOBRORETIE, M 722002l ) & MM (epidermal cell)

BELCED, HRINERE 2K L o E T, REMEON
D cortex 1 Z & & a0 %3 L sHkCchH D, £

Wﬂﬂ‘éﬂ)ﬁiEﬁﬁ]

O E M EBE T2 EICL>TalkE LToR Twisted growth
ELTOBREZRBEEL TWET, TS tissue tension (R l &¢’“

BEIR) & KIEAL X S ARG S M OIE R BRT 3 5 wﬁi
ZTRLZEDTERVIEZRTT [34], 2O tissue tension 23d  (microtubulebundie) \__
L7z, lxDERLMEIZRA N BB EFoT CHELZLT
b, TERWV, B Ebhic T2y, §32LR3#EFIN
TRRLRSTT, ZORD, FRAMECIEE, AN 8: Arabidopsis DIRDFRMENICA SN ERLNLD
WIRICHDIAE N T LT D FT, BT, BMEICED R BT zETL.
IEBOWELF L X —2D L TH T &) &, REIZNHID R

Bz B EAAT, ROFEMDEHLDICEAELE L TOIP2ICR NS LV eI D ET, Znds,
ﬁ&ﬁ@@h“ﬁ%@ﬁ@%ﬁ’ﬁﬁﬁéﬁhﬂy—yfToC@B@A@Ey%ﬁ8®ﬁﬁ’&bi%#&m5
Tl REIRE 2R ENDIE 10(,0) 217 Th <, REMIERE & Nl HRRE O ER O I bR E KA
LET, B2 oMOMMERD IR ECHEOELZ KRELALAT S L0 FHEE, YIRS T, fho
B4 e R TOHEFRCABRINSE L) ICE>TETWET [35, 36,

RORE/NZ—V

T TR T b A I I T 31 1E, SROBENO £ TR RN L v o BT ERIERT E O
£ k) BRSO TRBIL UL D ¢ A, ZOHINDR DI 2% ) ORHEREL L3
T3, Baah’ s T CIMRIIERE £ L, MEHEOIRIZ DL TR [0, 7] A 8% B RS L,

5 FEOH

CDRVEEE — P T, THE) 2% -7 —FicL T, WEHOMRDBD 250 6 0 illifk D73 AR
COWTHBL TE X L, UM TIR, Mo T TOIBTICWEOMRNH 2 &) 5RIEBT 2 2 L
BETHY FEAL, BERIVICZ ) ot b D2 RT3 L) T EIchEyZamkz e 2 L b# L wTL &



vo#ﬁf L EMOEIVK - R T 1 777 v O APHEHEHE 2 R L BE IR OIFEOEL 2R b, ZnET

RUICEGBPEOTLINIEHEETH D FLEL, 6 dbZ2IEA) LRVET, ARTEELLREDN
?%it\%®ﬁgﬁﬁﬁhﬁﬁ?%zkéﬁﬁbt(m&%%bw):;%&®U&OT%%szi?oT?
D, kAL E RED L6 TR, B T X =8 DZITHIET 2 AL O T ARDERLY
7 b=y =l SR TEEPHIER 2RI S, ELIRIZOVTHHMEL L7, FHE, Insoficik
RN R Eo M@k oMmtErd 2 2 LRI NOOH D T (1], 2FhH. o0 HIEH 2 EHE, H
SOTEHDTHY [37]. ZNIZHARTI DL I REYWIEYETRD EF BT,

flrs, Wz dbEoYERRIZSHLEETH Y, YtYHE L 07
Fu Y =7 TIRANE A N— L ENROAENIZH L WERRPE &S
FRIZHD FT, ZNoD) BIEOTEEODIFonTw3DId, £710F
ADHLTPREEEVET, L L, FFEDOHRCYWEOHMICKET 2 ¥ 9 mipEEe P LoiEs I 21— 3
BRI I $ 2 2 & L R E VIR ERBAL 2 & TARY ;giﬁi;;igaﬁﬁiigﬁim%

z N N R i 7 X Z 7z H L,
E’J ﬁl/lz r%@@%ﬁj %%_LLJ: ') b 7@7‘7 . 2D \E}%WLJE Ok 13 il (12) nE X A, Sy (y) nE

DLEDRENTT, POV ARY PORICES &, KDODDH DS & B offliE (LFHEiosR) o =7 b
B, WEOWEAEA L, 52 \IFEENEBICEE UL, 5 AR g = 1+ 0.5(y/B)° + 0.5 740,

. B3 b o C b AW DR % oy = Gya = 0, gyy = 1 ZIREL T35,
AREIPPREILHOTL L. TH, 2 BE g OET BT — 2 ) v FIITH
PO BRI E VI, V=D LI RbDIFEDLS K, PO HIEETEZVALD, BEICZHIT LRI SR

SHE 7 ¥ JE = 137 < D#EIC X B2 22V X — 2 i/MET B DS
HEZ YD 2 DIFIRER/KOBRPEHDORE I TIE R, Zhor (v S 05 [(31, 17, 14], BIEEAS L < 5
Ty IRIRA=F ELTHBT 22TV —DIZ) T, "ADBRIZ 2 2 r spFicod77210 0. SFEEEHE L3
ILTVRBEDIE, ZOMHEHATY, YL mEY 2 ) 5, lE  EER,
®%5?%ﬁ%&m%ﬁﬁ#%%ﬁ%&%@@%ﬁ%?%&% ZZT

BoNAZMESREANC ENTZITDL L OBRPLEREFHOIAD 5D, FNDZ OMETE OREE? & v F
Tol9iﬁﬁ@%i%va%ma%ﬁot#/x«U?@#kéwﬁﬁ??oﬁ%g%ﬁb?%@ﬁ%%&
FHAERZ Z LIZTEZ LIS TEFE LAY, MDRE g 2D 200, B 6 g ~DT7 4 —FNy
ZE) B> T2 D% [38,39], & ERMHDORMED 7 C SAMiTb>THET,

R DG T 2 71 OGN IIBIE, &I F LLBOTEHINTE D, B2 BRNOICHPHIEL W S

hfwi? REHD LY RIAE DB Y TR T E o BB OMBEIC 212 b 26§ L, HE
%%%ttfwi?uﬂo_®£ﬁ/—bfi%h%@l%#474/7&mnmwﬁ PEHELZOM

ﬁif?iﬁATLLOA%%%#nﬁ FRE[40] ZERATVAEELVERVET,

A el Lk %E@k%é%bt . EE TN BTT, BEOFEBEMOKEER 51X, ko 0T A
RIS Z DSBS HEANERICED S 2 ENTEET, N6 DllEIE, \%%hm%%ﬁibﬁfﬂk
%%%ﬁ%@b#%&wt%vauwi? bL, EPEHEDLH)% T II7 70 ATE S PHED» SIHEIC
PATHEELRAREZS AT 2Ty ZICHEHT I ENTE S L) IChUR, BREZOBGICEVLWTING DS
EHUEEREBELRHWMELE 2D 5 B0, BRICIEEHES H D A, HEOMEUL TOL VL TRETHWE I E L,
LT OIRPEE 2 LT OO T 2 HEBERIED 7T v b 7 4 — L% FEHT 2 72012, WHEERICHECAZS
BETEITRSILEDTELRVEMDTFICRZ EPRINET,
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