|

) <

The University of Osaka
Institutional Knowledge Archive

Title ERRMEDOY a2l —2 3 v AKSHRERICET
R

Author(s) |&EH, K=

Citation |KFRKZ, 2001, EHIHX

Version Type|VoR

URL https://doi.org/10.11501/3184387

rights

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



T $ISP

ERMAEDY 1L — 3 U HE
EHYIECRET AL

-

TR 12511 B

i)
58
7¥
g




BIRRMED Y 1L —> g3 A%
EHYRICET 5L

L=

Rk 12 511 A



1
1.1
1.2
1.3

2.1
2.2
2.3
2.4

2.5

2.6
2.7
2.8

3.1
3.2
3.3
3.4
3.5
3.6

0 ke = S
WFEDOHEB . . . . o e e e e s
BEETTOREEL . . . . o

BRI EO~ Yl — a3 VY EHR

FEE o e

251 ZOOBREEIHTAEMREE ... L Lo
25.2 Z=Z2LULEOBREHICHTAEMIRE . . ...
2.5.3 MHEOBREEIINTAEMREOEBE ... ... .o
2.5.4 FAMIREBBRBHBAROT —ARXFFT4 ... e
REERTRLGEMAEOBMEIR . . . . ... ...

ERHREBROLODETET VT XA o e
ERAROBAEEES] . . . . . e
BMIRIRDEBIZIMEIT . . . o e
3.6.1 BAMIRORIL . ...
362 KRFUyIHVIRANMNF-—DFESNL . ... .
3.6.3 HIHWEHOERL . . ..
3.6.4 ZEERBROBMIES . . . . . . . .



ii - HX

3.7 EACIRYRD 3KRTCEMBN . . . e 54
371 HEAITEIROEIR . .. e 54

372 EFVIVANIALF-DFERAL .. ... 56

3.7.3 HIBEGOERIL . .o 56

3.7.4 BWEROBAESIER . . . . e e 57

3.8 MEEEBR . . . . e 61
3.0 KR . e e e e e e 63

4 BRREO~Y=ZY ol -3 VEEOER 65
41 S ... e 65
4.2 =wo¥al—va VEEERICBITAIRES . .. .. o 66
4.3 EEKHEEL~=Cal—va VEEOEBRFE .. L L 66
4.4 BEFEOBRLEITTTEEE . . e 68
45 T = RRATTA e e 73
4.6 BEEEBR . . . . e e 74
AT BB . 76

5 EHIRY AR O IR DR E Ml 81
Bl B . 81
5.2 Bounded Force Closure METE . . v v v v v v v v e e e e e e e e e e e 81
5.3 Bounded Force Closure DB . . . . . . . . . e 83
5.4 IEEFREMOTMEIES] . . . . . . e 85
5D IR . . e e e e 88

6 BWRWEO~Y=—Eal—arHFROFH 91
6.1 S . . e e e e e 91
62 w=Val—TaryFEOBEBRFNE . ... ... e 91
621 MMETALAITEalb—TalMEE ... . 91

6.2.2 REBBEREBGALISHTIEL . . ... e 92

6.2.3 REBBREBRGI2ITLES . ... 98

6.2.4 REBBREES1 LREEREREI 2B . . ... oL 102

6.3 BEIR . . 103
7T R 105
A 107
SE W 109

W 113



i
Ll

o
E:

1.1 MREOEE

R, v=¥al—Taroiffid, BlE T2bEERELEY, HVIEERLEVWE ALY
LR EFEDELLNRE L THEDLNTE:, BHEHLBYVEIFOWEOERLLLLDTHA.
EFLEINEYLTEE L LEHEZE) Z L, B LEINEMIEEROEGH 25252 THY, =
OMZIIATERICH L. {BFOMS YWD - BFMICKR LD Do form closure TH ), ITh
BRMEMLZIEOAIL VARYOBHELELICE) T L 2 EKRT S, Lakshminarayana iE
EREZEEICHFRET S, bbb 6 BHELZEOYERIZH L form closure # EH T 57:H121F, &
LT HOBEMENLETHLIEEHL ML), —F, 525N 8s CHIEEOH R
FTHENCEI T, ARPWIEEOHBLIPE— AV P 2IEH S5 Z L 05TE BKEE% force clo-
sure L I8, ZHid Ohwovoriole IZ & o TREIN[2], ) OMELTWHEY - BFEHICTKRLD
DEBLTIENRTEL, COZOOWMEETIC, ROl — 3 a Vo T 550540
SN, WHROBBMNEOWRERLHEEEEZ SICICHSRTETWS, Fizi1E, PHLIE, v=
Yal—va ilBi 2 EAAHRICER ST 2 A% &M%, MEZESEEREHAVTRITL, v=
Yalb—¥a YEEOFEIGER L Tw5b 3] CoMFmEEr AV ~v=Yal—¥ 3 VEHERE
i3, BACHIEZINR TV,

Lo L, EEFBICFETLION, LFLAMERERY T, F—T7ueT7 ¥ —, T4,
B, &, RELE, FERYEZEOEXIBECHFET LS. Z0 L) I3, LAOBRITF
ErBEATAIENTERVLD, B AT 22X 588 LFEETHY), 205 2 ABDOH
IS TWA LW DOPBIRTH 5.

— 5T, Bilt, Ry MIBRICAEERE, »5VIEMEBROPLETICEETLIOTRLZL 2>
T&7:, HNEOQRY PRLAF2—0FKy b, 954X aRy vk, B8 ML - %
TMETII% L, HEAE P OHAEXESTEI T, BAVSHETCOLIVEELZ ABIRLTLI TRy
FOREEROLIZFESIEEI o TETVE ][5 TOEHIE, 4BIFEY POSILLAHER -5
BEHFFE NSBB8V TE, ABEEFEL, ABICBE»T, ABE2XBTLIZLIRkOLN
b, Z07:0ICE, NHMOAFRETHLIERFICHFET IURERZBIETAZLNLEL LS.
ZFITHRADOEBEZABML TAD L, ZZICRFHERWEIBEA TS, KHE, BE, FE, &5,
Z L TEAANBBEBERDIREMEDO—DOTH L. LD >T, ABHEOBEMEOB W, Xy b2g
DI AT L EET 57201203, FHRYWELEOEAFLEINE. ChHDI LE2RITT,
W, FHRPEO~Y_Eal -2 a YOFEINERILL 22 5 [6].
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1.2 MZROER®

—RXREIELE-TD, 2OMERIERTH L. Flzid, stEPWEd, HEE LTIEES
PV OTIEE L, MNMEBTOERS/NSVE, EEHSVIEIESIIHN LTRSS 2 VWIRIEITK
Eniow, ERESRREL, &L LTRELEREZAELS. ThLIIBRHFRISERTHES
NETHHLESZ D, THE, HEZOLONRLPWOMEHICEA, BIIBED THWHUE
BRT. AR, FREBKT AMMOERZ T TR, BERLTOKRAIICBIIZ2HROLETS
7o, SRR MENERT. T, MERITERL, MAHTDBVWIZL > THZORBVIZRL L.
BEREAKR EOERYI, BEEOREEREL, BRI OERE RS, T2, FIZIEHD
E9 %, K, KK, H50IBERTEISRSRYERDL, SHEEERE AL LFRYWEKO—D
ERBRTIENTEL, TOEHIE, FHRUROBEIISZHESLHKTH), ThENITIRFENL RE
5.

FLT, 2O FREWEEARET IEEO—DOOHRE LT, WNREYWOETOER % F
BB Fons, ziE, ANBIRLRCEELZER S, NP TH K2 ERNIIER S,
DL RTVIREEZ DOV HTIETR-TVE2H{EEVIHIZERL TWD. 7, REYWHED
BHEDL DHIEEEWNTHAHEELE V. HI2iE, BBEETE, 00N BHMNICE 5 X
I, BHMEERSCLLENDS.

Thbb, ZHMEENRLTHIHEEICBNCT, WEROERZHWEL, RkE A% L TRERDOF
EICE D ELEFRELTHILEITETIRDLY, 2OFEZETCOELERT S 2 LIIRTH
THb, LId>T, REWERER)EELHHL, ZRAEBEI AT AICE o TERT LB EI
2, REPBOERDETFY v 7 e, FREFIBALIAEEFROERFEGLEL 2D,

ZIT, TTFREPEOET) X FIZOVTEET L. FRPWAEOETT) ¥ 7T L TR, 2—
K27 4% % EORRPELNS, RED L) LERIRYE, TLOL) RERWETT, BRICEE
EFLHFEIT bR TV L, WROERLZHR I B & LTid, BERERE, ARERE, BRE
FEEFETON, I, FREZET 2HVAEERROBT T 2bhTwb, /2, av
Va—% - 757492 ADH5HTIX, B2 L 0ERYS LA L ODOMAEIfTEbTW5,
Terzopoulos & i3, EHEADOEUER 2 KRBT 0OHBETVEREL TV 8. ZOEFTV
T}, BRICLAVOTAIAVF-CHUT2EZEREL, ThIVEHHEXZE TS, £
72, MM EREZEBL-ET) Y7047 > Tw5 [9]. Gascuel i, FEHYMAE L OHM
REECL RN REREERT 57012, FHRT ¥ v )Vimplicit surface Z W72 ETY ¥
TR o Tv5[10]. Weil 51, BERICIZEBICIVHOET) ¥ 72475 > T 5 [11].
Breen 513, WKIZP I AICTELVEIER LT ¥ 7 247> TwA [12]. Zhid, 4
OWINEETHEMHATA2EABL LTREL, BRI ANVF -2 EBIZH 2V F—
LR LTHKREENTWS, F72, Baraff i, WHEHTET) V7 IIEDX, 0L E#&
TEHETLODFELRELTVWAE[13]. ThoDEFY) V7R, 2hPFhdR e T 29E
DEFRFRERD LI LIETELY, v=Fal—Ya MENDILHEEZELH5E, LT LR
WRTVEREVEEY, vo¥al—Ya MEZICBWTIE, BERIC, MBREE, 50idH
LEDEEBICBER AL LWREDNH Y, T2, WRYOMPRKR I FR M B EEFTE
TEHEELHL. TOLHIRBE, FHLETMVEICE > TELNIRELERERE, 2T VE
AW ER 225w, Lo T, RFEYWEROEFT) 72200 L THVICEZ 5D TI
R, vm¥alb—var~oO@EfrEELY:, @BHTRRTVWETMLEZITR)LEFH 5.



1.3. RFwHEX DR 3

COE)BEPODET) VT ELTE, AIHLDEABDET) ¥ FEPETONS [14].

RIZ, FEHPEENRE LIEEFROEHFIRICOVWTERT S, T#kPho~v=tal—Ta
VICELTE, BEREERRBELELR LBV, ZLOMESZ IR TV, Iz, FEiiE,
MOWMEEFH L72R—VD L DEMEICOVWTRITL, "=V DBEREL TV [15]. 7,
NE LI, BEIN AT ELL—KT OO0 T 57200 FoRE[16] °, HEERT AV,
FNER LA ORRBEEZIT R I VAT LERHBEL TW5 [17]. #HELHIX, BENY FEHAW
TATHDOIBBHFEFREL TV (18] HELIE, REYWOBRKMNI Ry boBEREZ BRI, K
i O BHEORBEZECB A7 y 2y 7o THfE L T 5 [19),[20). ANESIE, &
BREFREZHACTHITAEB IR IER L) BROYZEa b -2 a Y RIERE R, HED
YAl =Y Il 3 Z0HBFEELREL T2 [21]). BHS I, MERA~OMREEOWE AL
¥ [22],[23] ®, HMEF—-ANOHBEOHEAEEDOBITHAFNVIIOWTHN 2175 > TV 5 [24].
F7o, FHLHE, ERYEOHEBAGEZIIBVT, AT TV 2EIEE v =l — ¥ B
THMAE AT E > T b [25].

L Lads, Inooffsid, SFIFLTRICHELTEINCT2bRTEY, RHENLFE
R SR Twhv, REMR7 70—F & LTI, REWMEOHZEMBEL2 b Lic, EEDHHE
REFRIT b TS, BlZiE, Zheng Hi, ERLLT VI RICIHEAT AEE I L
T, SVDEBERDPAELLVE D RIEESFKEH TV [26]. 7z, Villarreal 513, #7EB5
DHK Y TIAT v ARRETB7:012, buffer zone DIFESFEA L, FREFIH L ClELSH
R2FWT\W5 [27]. Henrich 53, BRWEESHAE L OFMREZ AREICSHEL, sSEMIC
BT 5K E DO EVERIRFE N IZ DWW T L T\ 5 [28].

PEkzgedarl, UFOLHITh5.

o XEMEKDOET) v VI3 EBIT bR TWEDY, hTFLIvotal—Ya fiEAFRK0E
HBIZEL2bDTIE W,

o YD~ ab—Ta VMERIIHT L HRTER LR, BEDELEICRESR
b DDEL, R al—Ta YEEICBIT S FREHICHT L RHEN R TFER
FEAL SN TW iz wy, \

FRIS, MEWIE T 2 MPIIRE L BEREOANSZ O Nk, WREE LTED L) 2Bk
RPEZOR, LOL) RFFMEEREL S NE, L0 RBEFRVBEHE L TRRENZ O
oW T, —BLERZT 2o HARRREL 2. LN T, KRXTIR, FHRYELL
THRPRED L) 2 BRRHEEBNCL D, 2O Ev=Eal—Ya Y HFROGHIINT S
R L FHEEHLT A2 L 2EME L, FROGRLFAFBRCIVLET L2 L 2R A5,

1.3 AN DER

KR LIILTETHERINTVS, 208K % Fig.1.11IR.

1 ETIE, BIREOFR L HHIZOW TR,

2ETIE, BRI OREMIREBE 2OBBICEB TSI EICEY), R E~Y=Eal—T 3
CERORBAFELRETS. 3, ZROEEMIIBT 2 EERY A L B & 0BMIRE L EEN
AL, BONTREMRERMOBRICOVWTERT L. JhICL), BRRYHhov=Eal —



4 % 1E fHm

vaviBRETEMRELZOBRBICLoTERT. RIC, BEEZALIEILDIINY FeEmMIE
LULEOHLEH L ERL, COBEMENICER LKEREROFMEZIT).

3ETI, EHRRYEROBNERERIZOWTEN TS, v=tEal—Ta VEEIIBVWT, B
RIZIE N7 FERI X D BT S 2 VI DFWHFSMR 6 b, 7z, oWk EoEMIZLY,
FRO IV I EEHLMEAONE. #2T, Thb2EBTELIERBROFEFEEZREL,
W ODPORER EZRT. RIC, EREROUEERZITZV, RETHFEORUEZRGET 5.

4ETIX, SETOERBRIEFEXMATLIZLICLD), v2Eal—va VHEOENF
ErRET L. T, WHRED L BEREN L ERRDEOBRIEALT 2HE5GOHROB Y E
b FERERREEEERT S, RIS, BYLERERLTROLFELREL, BOMLERERE
HEUS L) 2EHEGEORYELY) 2@k~ al—Ya VB E T4, B2, EEEROH
EEBET RV, RETHIFHEOZUELRET 5.

5ETIX, REMBEOHLFICOVTHENEZIT L, BRFOLEEICOVWTEEYT S, 7, AME
DOHEICBIT S force closure D#E 2 %388 L 7> bounded force closure E WHIE&2EAL,
ZHWEORF B I RERORELRET S, RIT, FHWAEOERFDIKES bounded force
closure TH 270 DNESLZBICOVWTERT L, HiZ, BHRRYEZHICE Y, bounded force
closure 1220 { ERE DO L EVE % BAERIZEFAT 5.

6ETIX, THETTRELAFEEHKAL, BANE~Y=Eal - a VRIEOEHGTEIIOW
TERTS. T3, BERINZEXEEDIS, 2BTRELLY=Ea L -V 3 YORAFEILE
SV THREBBREL AR T 5. RIS, BONLERICOWT, 3ETRELLBFIFEZHVT
EROERERERD, FREFROBRICT L ED 2 EMVEL CENICHRET S, ®KEIZ, 5
ZTIRE L 72 bounded force closure D#F 2 FIZEITWT, BREHRO I L ENLL D EO»IZD
WTEET 5.

TETIE, TRODERICOVTRIEZIT).
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EiRMED~Y_E1L—2 3 KRR

2.1 #¥E

votEalb—vavid, EEHEBICES T, SFELRRBUBVULLABRERI T2 T
WHIEED—FBRETH D, —f&IC, Y=ol —Yarl@NEWe N F, do0Iidg L /e
ZRANICHET 20U E L OBMREL ZILS e LIk s TiThbh b, Fh oDk o ik
REFELZNT, HEWIIMRAEILDTELNRE—AVIFRLY, HREL THEYOEEH
HRLEBLRL-TLH, Lo T, HEYWEZERSNBMNE - EBIIv=Cal—- T3/
DIZIE, BT L, ETCEDIHIIINY FEEME TNV EBEEL 5.

AED<v_Eal—Ya Y20 TIBRICE K OB R &8 TBh, FlZiE, FHoH I, W
FLOFMKEICEH LT, ~=Cal—Ya  BEZEMRERAY VT -2 TKHT LI L 2R
£, Z0%y NI— s OHBERYTLoTWA[29]. T/, v=¥al—Ta iiBit 8%
HMARICERY 275X 502, WPEERGLHVTRETL, ~=Eal—Ya VEXDFEIC
BRALTWS 3. o, HRWEBEL OEMREFSHIEL VD borEHL, EMIK
BAY PT =0 hoR/ONTW L OPDOEEFEOFEMIT L CHREZFMEAEL L CRELE
BEBRLTROLFELREL TS [30). HILSE, ZRTKBIEFIFIAT LA - v=Eal—
v a Y OBRERTEOERIC, HRWLFHE L OBRMRBEL Y 7 7 2FH L T2 [31].

FRYBOT ol —Ta iZBL TR, BHCHH ORNOFAMEE [41], 5\ IZRKE
EPRBEEL LICBNWT, £ DOMEIKR S TS [15],[16],[17],[18],[19],[20]. LH»L7%&HS,
CHhoDORFFEIE, 2T IELTRICHLTEIN AT 2L TEY, NRYWIBEOBED X ) k%R
R FEREL IR TR,

Lo T, RETIHE, REWKE L TERRYEZBICE D, ZOEMIREE L IREERICEH
THIEIEY, MY Cal—Ya VBBOKRRAFELE2 L. 7, ZRTEBICBT
5 BRI & BOR L OBMIRE T EHMICHET 5. RIC, BonSEMREROER IOV
TEETS. ThICL), SRRYWEO Y=Y al—Ya VBB BMREE 20BBICL>TE
TR, BREELIRDLADIINY FEEMESCILEOH2EFEERL, T OEMERTIC
HRLCREBRRER b A2 LItk h~voal— Y s VEFEEMONIEE KA D,

7



8 %0 E BRRGEOT=Yal—avyER

2.2 FEHYHEEWRETEIVIE2L—2 3 08EE

vZVal—ya MMEEEEICBT 2 EMIREOEENR X, WRYWIMEORE b RKWEKDS
SIRABTHAH. 12720, FRDEOHAIE, Y ESEMRESEIEOSE LB TED TS
BEnd, 22T, KX TR, FRUEROBEMIRELERNICHET LI L2E25. IR,
Fig.2. LIZ/R T HARRYEDOTEA LIFIEEZ, 6 HMORKEI ORI EERHI LY TESL. A4DR
HETIE, NY FRF— 7000 BHEIRWEICI 2 5 2 B ENMEISR L ), BRRYECBT
BERGMVRELIERE LD, BMAOREBRIE, Ny FOEMPER, SREDEOT -7V
DOOBERR Y, BERIREBORILEE) B—0BEITET 5. FlziE, Fig2.1(a) DREP L
Fig.2.1(b) ~DEBIZ, NV F a2 BRYAICHEM S 282, Fig2.1(d) DRER L Fig.2.1(e)
~DEBIT, NV FRETRECHY TS, 2, e 0REI, BRREIRINLHBE T%
b, WEOBEPLTRER ST 5. 121, Fig.2.1(c) \RTIREIE, EHRRYEH L &L
TV RIEPFMEIC T 2 EH S8, WERICHTER 2z £ U S 5HBMEIC, Fig2.l(e) IIRTIREL,
R LEARHD L, ERRBAE BB I ELBECHL TS, Z0XHERDL, FERWEDOY
ZV¥al—¥a viBiRiz, EMREORINLER - BEREIIHLT 2ERBED / — FL,
WD ZEALT 2 il - BERRMEIOHET 2HREOT -2 LD OMA Ry T =27 XL Y RHEATS
LN TEL, IO, vZVal—va MEER, /- FET— 7Y T 2 —EHORKRRED
FITH5Z 65,

22T, DBTR, vo¥al-Ya v EEEBT A/ - KT -2, TabbBmREL #
AIREE BRI OV TERZITR ).

hand A
fingertips object

table

(a)

Fig.2.1  Picking up process of thin object

2.3 FERBEOES

T, TRTZEBMATOERKIEOT ol —Ya v eEZL, EEEBAIENYF
RF—TNEOYWEPFELELTVEIDET S, TIT, Ny FDX I 7%, RETHEMKYE



2.3. EE¥EREOER 9

WHEMT LI OVNRYONE - £E - BREZERMHETE WKL, 7TV L%,
B 52 LICL DRRYONE - £E - BIRFICHBEEZ DI LIITELDS, BEHHT 22
LI3TERVIEL ZREILTER, SEZHEDE, RECREWELIFRI LT 5. BREY
R, BEROBBEICL > TEZONMENBEMEZRALTEb0ETE, 22T, REEIC
WP - RO GNZE <, T, REWEROF O OBREOMER, MFEERICI - THRESIND
bDETH, Tbb, Fig22(a) RS &I LEECBNT, [FFEHCIHEML TR 542
LV RS BEEIE, Fig2.2(b) IRT L) WREEIISEE 20, 20X Ril#d kv
B Fig2.2(c) IORT I ) ICBRERIZ3MMEART I ENTE 5.

RIS, BIEE S; OEMAZ PV VIVY Lm S EBAs ML L OARESFEIRED )12, B’
HES; OREE VY LREVY 28D 5. ZZT, Fig2.3(a)wk )iz, BEES; OREIBRIEHE
Sk PEAEICE LVISE, BIEHE S, IUEE S, CEREL T2 Lwgl, TEE S, RIUEE S,
B LTWD EERT S, 7, Fig2.3(b) 0% ) CBEE S; DA - KA SECBIETE Sy
DIEEHHVIIEE LS L AVEE, BERS; LEEES, RBEL WAV EERT 5.

KETTIZ, ZO&) LEEHO—2 L ERRWIE L OEMREL L UZDBRICOVWTERZAT

s

thin object
in initial position objective position

o N o~
\\\\}\\\\%\ Wne B  planeD N NN
§§‘s\qplane A‘g\\\\ \\ plane C %\\plans: b§§\l‘\\§
\Q\\\k\\&\\\\\\\\&&\ "\\\\\\\\\‘2\\ N
IR NN
Mwwﬁ&wmaw@wwwx§@%\§§§§§s

(a)

environmental environmental
surface 2 surface 4

%\\\\\\\\ \\\\\ environmental \\\\\\ \\\\%
§\ nvironmental3{Y | surface 3 \env1ronmenta],\
%\ surface 1 + E\\\\s\{{{{\ce 5 2%

y R AR
§§§§§§§s MAMMmIIN

®
3 \\\\\\\\ \§\§ ‘: environmental N
‘§env1ronmental\\\§ surface 2 : \env1ronmental§\
3\ surface 1 W ; surface 3 :\
) o \\\\\\\\\\\\‘\\ _ * &WQ
:‘\\\\\\\\\\\\\\\\\\\\ T T T T HTH T T it

©

Fig.2.2 Number of environmental surfaces depending upon required operation
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environmental Vi v environmental  environmental Vsj v environmental
) e = Vs . e s
surface Sj surface Sk surface S;j surface Sk

R
RN
AR

e

N

R R N §
&%X&‘«%\\\\AQ A ]
(2 (b)

o
R
TR
s
N R

7
e

7
7,

Fig.2.3 Definition of normal adjoining, reverse adjoining, and no adjoining
2.4 H—-OREEICHT 2EMRE L Z0ER

2.4.1 HB—0OREERICHT SEMIRE
¥9, TRTEEBICEITAERRYEICOVT, DTOL)ICERT 5.

EHEO-1 HRRYWEL, HA V(i =0,---,n) EBRE;(G=1,---,n) EVIBRDEEL LT
RET 5.

FEO0-2 HRYWEKOM®IE, THE Vo BLUV, ThHbEL, Vo i, V, 2RELIESR,
EFO0-3 THAV, LBRE; ILTRECHN, FULERVBEIE) L3k,
DEDXIIZERL-ERRYE L B—0BRIEE & OFEMIREICOWT, UTOLHICEETA.

EFE1-1 SEFRICHL, B—0REEEEML TV 2REBLZEMIRE 1, #ML TV iRVWRE?
Bk O0 L &HT 5.

TE1-2 EEABIUEBRIE, thERLE—2o0EMIKELZ D,

FE1-3 MEIOEE V1, V; DEMREOWTRLA—FI1THO, EH»0 D, HIhs
BRE, OBMiREZ 0 L55.

FFE1-212& D, Fig.240 L) CBROEP CHEMREIEILT LI 3%, FLEHLIK
£0, Fig2biRt &) 2 BMREBRIFEELLZVILICERS. Lo T, Fig2.6(a) iZRT &
) R EBROEMIREER Fig.2.6(b) D L ) IIRHAINS. 2B, DBEORTE, HREEREE 2K
270, ERrBE(EBLTHE.

TE1-4 BHE, OEMIREDN 1 OB, X7 MV V,_(V; &, BL T I2PWEREOER S bV
LONBEOSKEICH L CEELAE 261, BRE OFMAmE 1L L, EETHE 20, &
A% -1 &35, EAMREN 0 THLBHRE, OBMAMIZ0 L §5.



2.4, H—OBURE I 5 EMKE L 20ER 11

Vo E{ Vi
—_—
contact state : 1 1 0 0

Fig.2.4 Contact state prohabited by definition #1-2

O
km
Vo E4 Vi
contact state : 1 1 0

Fig.2.5 Contact state prohabited by definition #1-3

Vo E1 Vi E; V,
contact state : 1 1 1 0 0

(@ (b)

Fig.2.6 Example of actual contact state and its representation
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EFL-412L D, Fig2.7(a) D& ) ICHERKY KO A ETEASHEML T B8 E, Fig.2.7 (b)
DEHITTITEFEMLTVIHELEXNT LI LB TES.

Vo E, Vi Vi E, Vo
Vo E,; Vi Vo E; Vv
contact state : 1 1 1 contact state : 1 1 1
direction : 1 direction : -1
() (b)

Fig.2.7 Distinguishable contact states by definition #1-4

TFH1-5 TEHEV, OBEMIREN 1 OB, X7 MV V, Vi EX2 MV VLV, ONESKE I L
TEEEME25E, EAV, CBT2WEoLEFmE 1L, BETHE 26X, EEAEzZ-1&
T4, BMIREN 0 THIEAV, 25 ICHWRERDIBE Vo BLXUKREV, OERFMIZ0 LT 5.

FFE 151250, Fig2.8(a) D &) pEMREL Fig. 2.8(b) &) mEEMIKE L 2XHI¥T 52

ENTE 5.

V; E; Vy E; Vg Vo E1 Vi E; V,

Vo Et Vi E2 W, Vo Ei Vi E; V,
contactstate: O O 1 0 0 contact state : 0 0 1 0 O
direction: 0 0 1 0 O direction : 0O 0 -1 0 O

(@ ()

Fig.2.8 Distinguishable contact states by definition #1-5

EFE1-6 WEOESV,_,,

V; OEMRENS L BIZ1 O, RINLBRE, OBMKELZ 1 &
5.

EFE1-61CL D, Fig2.9(a) D L) 2EMIREZ, Wy SEHICHUST 2HBHK E, ORI
L, MoOWEISEERTRET b b EMATEETH 5720, Fig2.9(b) LRI UHEMIRETHL LR
%Y.

EFE1-7T BHRE;, E KHRINLCERV; OFEHED0 O, THAV; BEIRTE, Einq

=E;
&b,
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Vo E; Vi Vo E, Vi

contact state : 1 0 1 contact state : 1 1 1

direction: O 0 0 direction: 0 1 0
(@ )]

Fig.2.9 Identifiable contact states by definition #1-6

EFL-TI2E D, Fig.2.10(a) O & 9 2 EAIREEIE, Fig. 2.10(b) LR UEMIRETH S L A%
7.

7\
W f\b\m

Vo E;1 Vi E» V, Vo E, \'A

contact state : 1 1 1 1 1 contact state : 0 1 0

direction: 0 1 0 1 0 direction: O 1 0
(@) (b)

Fig.2.10 Identifiable contact states by definition #1-7

EFE1-8 HRE; OEMIKED | OF, R E; OEMTMETELV,; OXBHH L OEHPFIE (8)
25, BRE 3B E OF (F) WHETS. I/, BRE OBMAMEER V. DX
Hime ORAIE (B) %2561, BRE; 3BRE_, 0L (T) CFET 5.

i%l 9 mLEIHFETLIEME ZOMBORAUNDOERIRX, £ THEALTRTH L. FIA
B BEOBMAREIIZETL & ¥ 5.

EH&E1-10 WEIOBKE,, E g PEEATETH LGS, MINA-THAV, THIKTE, E
=E; %5,

EF1-8, ®E 19, BLUEH1-1012L Y, Fig2.11ZRT (a), (b), (c) DEMREL, &
T Fig.2.11(d) L R CH#MIRETH 5 L R

EFE1-11 HDECHFHREL, BMAFRPS 1 THAIBERE, CBRETIEAV, 2E8MAHmE L, TE
BV, 2EfMEme$A. $/2, RODEICHEAEL, BMAMN?-1 THAIBERE, CEEITLTHES
Vi 2EfAwRE L, HAV, 2 EMAERET5.

DEnEREFHAVLEIEICEY, B—ORE®E IS5 ERRWAOEMIREEL LT, 2380
DIREENE»I NS, b 23 @) DEMIREEL, FRFNEMSY — 2 Py 2L F — 2 Py
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Vo Eit i E2 W\ Vo Ei1 ViE2 V2 E3V3

contact state : 1 0. 1 0 O contact state : 1011101

direction: 0 0 1 0 O direction: 0 0 1 -1 1 0 0
(@ ()

Vo E1ViE2 V2 E3V3 Vo Ei1 Vi E2 W

contact state : 1010111 contact state : 1 1 1 1 1

direction: 0 0 1 0 -1 1 0 direction: 0 1 1 -1 0
© (d)

Fig.2.11 Identifiable contact states by definition #1-8, #1-9, and #1-10

LRI LT A, KEMSY -V Fig2.1210, IAKEMSY -V ICBI 2 SEROBMIRE
BLUEMA® - KM% Table 2.1I2777 .

2.4.2 B—OBIEEICHT 3EMKRDER

BIfIZB VT, B—0REE IS 2 EHRRWEKOEAMIRELZ, 23BYOEM Y —iZLo
TEHTELI L ZRLA. 2T, HEMANY—VEOBBTEREICOWTERET S, 7, #
BIREED BRIZOWT, UTDX ) IZEHRT 5.

EF2-1 —EOBETE, UTOonFhhr—20EMREORLIRIZEDETSH. BfLL:
BARIB I L CER 1-1 2 HE& 1-10 28 L 72 b O BBHROEM Y — v L 2B,

5.

o HHEMNY =BT, HMIKES 0 THLIBME, ¢ E; & By LIXH0EITAH LV
B Vi BPEE SR, 2OEMEKEIZNLT 5.

o HHFMINY — L ITBNT, EARES 1 THroBETREBRE; #°E; &£ Ei L IHHES
n, FOZODBBRE;, Eipq OWTLrOEMANIELLT 5.

EF2-2 EBHR21ZHCHILIE), By -V P hOEMNY - P; ~NOBBYTEEL -
rGE, BRSY — VP OB -V P ~NOBBITERTHL LT 5.
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Table 2.1
each contact pattern

15

Contact state, contact direction, and deformation direction of each element in

Vo | Ei | Vi Vo|E1| Vi|Ex| Va| |VolE(|V1|E2V2 EslVs
Py Pg 1 1 Pi7]0/0/1]1]1]0
0 0,01 ]-1,0 1 -1]1
Vo E; Vi Vo E1| V1| E2 | V2 Vo/E1/ V1 E2 V2 E3| V3
P, 0 0 [Pwo] 1] 1]1 PiglOo 0|1 /11 1
0 o, 1 -1 0 -1/1]1-1]0
Vo Eq Vi Vo Ei1| V1| Exy| V3 VolE11V1 E2V2/E3| V3
P3 P 1 1 O |PpolO O]1]|1 11
0 0| -1 1 0 1/-1/-11110
Vo Eq Vi Vo ! E1 | Vi| E2 | Vs Vo/E1|V1|E2 V2|E3| V3
Py 1 Ppol 1 11 1 1P|l 11 110
0 1 0 0 1 1 -1, 0 0|-111)1i-1
Vo E; Vi Vo| E1| V1| Ex| Vs Vo/E1/V1 E2 V2 E3|V3
Ps 1 Piz| 1 1 1 1 1 |Ppjl1]11]1]1 0
0 -1 0 0 -1} 1 1 0 0/1(-1-1/1,0
Vo|Ei | VI E2 W Vo E1| Vi Ex V2 Vo|E1| V1| E2|V2|E3| V3
Ps] O | O 1 0 Pual 1 1 1 1 | %) 11111
0,0 -1/0 o, -1]-1] 1,0 O/-1,1;1/1/-1]0
Vo E1 Vi E2 V2 Vol E1| V1| Ex| V3 VolE1/ V1 E2V2E3| V3
P7 {0 1 Pis| 1 1 1 1 P23 11111
1 O,-1-1]1 .0 O/1/-1/-1-1/1/0
Vo|E1 | V1 Ey | V2 Vo E1| V1| E2| V2lE3 V3
Pg 1 1 1 | Pis 1111
11110 -101 -1
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&—0

OSSO
(a) pattern P1

—

(g) pattern P7

SSS S

(m) pattern P13

==

(s) pattern P19

——

(b) pattern P2

=

(h) pattern P8

—_—

(c) pattern P3

e

(i) pattern P9

SSSARS

(n) pattern P14

=

(t) pattern P2¢

Fig.2.12

»)
M\\\\\\Q

(o) pattern P1s

N

(u) pattern P21

%9 & BiRikWho~w=rYal -3 ryEH

Fmes

(d) pattern P4

—

(j) pattern P1o

A

(p) pattern P16

FTFTe

(e) pattern Ps

—~—t

(k) pattern P1t

S

(q) pattern P17

eSS

(v) pattern P22

Contact patterns

Fra

(w) pattern P23

—~

(f) pattern Ps

£

(1) pattern P12

=

(r) pattern P18

LREER 2L EER22EMHILIILY, FEMNY -V P O EMY - Y Py NEBBT
EBGEE M) =1, BRTERVEEE M), =0TRTL, R(21) DX ) %8y — BB}
v 7 AM NEIPND.

Mt (2.1)

COQOOOO0OOHFMOOOOMKMOOMROOM
QOO0 COCO0OO0QOORFOFOROROOODOKRIO
COQ0O0OCOO0OO=O-HOHOMOOOOO MO
HOMFEMFHHSMMORM®MMOFEFOQOHFOROODOOOO
OQFHFHMFHMHMHHRFOQOHOFRHFO-HOOODOOQDO
HFOQOWMHORHOHRMOOOOOO=HOHHOO
OHOOFHFHFOHFOOFOQOOFHOROROO
HOHFHFODOOR=OOFRFOOOOOROFOROD
OHHFEHOOHOO~HOOOOLO=HOROORD
OHOOF M F OQOOOOO==HOMHOOROMO®O
HFOOO-HHFOFOQOQOOHOOQOR=OORO
OFFHEOQOROOOOOHOOEMOQOFEOO
HOHFOOOFRFROOOOQO W HOOHMROMOO
HOFEFHHRMROOHOFHFOO=mO-OROODOODO
OFRFHHHMFRQOQOQOHOFEFMOFEFOFOOODOOCO
HHEOQOHFHOHFHFOQOQORFOOMMMMROOOOO®
HHEOQOOMKMHOOHFHOQOQOHEFHEMRMROOOOO
HEHOQOQOOHFKEMWMOOHHFQOORROODOOCO
HHEFOFOOHRKHRHOOH~AR,ROO=ROOOOO
COFHHFHFFRFRQOHOFEMO=OHOODOOOOO
COHFHHHOFHFRPROHOOR,OMOROOOOOR

COOCOCOO0OO0OQO=FRFFHFFOQOCOHOOQ

COO0OOCO0OO0OO0O0O000OOO0O=RFHOO MO

L7285 T, B—OREE I T 2 BRI AROFEMIKE L 20E81%, EM Ny — VIZET
523D/ —Fk, R21TEENLET— 2o hbiy b I—2IlLoTERTAIENTES.
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2.5 REBOREHICHT SEMEREE ZDEE

2.5.1 ZODRIREICH T 5 EAIKEE

IhE T, B—oREE I 5 B EOBEMIKEE 20BRBIZOVWTARTE 2, 22
TiX, HBORBEEIOH T 2 BMREBICOVWTEE TS, 7, ZOo00REENFETLIHEICD
WTEZR D, ZOOREE IS 2 ERRYAOEMREL, STOREITT 28/ — O
AEbLEELTERBET S, BI2iE, Fig2.130 & ) ZEACREEIX, TRIEE 1123 L CTEfly —
Pig, M 1 ICIEBET 2EE 2 1O L THEMNY — 2 Py THEEARTIENTEL, 272
L, & TOEMNY — L OMAEDOEDSTREL R ARTIE RV, H2IE, Fig.140 k) i2, &R
B 1S L TI8% — ¥ Py OEAIRRE IS 2 BRI, Ty — 28k €%
<, BRIBTH 1 W CERBTAREE 21 LT3y — > Py OEMUREEEZN AL Z LIZTE RV, L
HoT, WELEM Y - OHAELRIZDOVTERL T L.

environmental
surface 2 —mml N
environmental
surface 1
pattern Py

N

pattern P16

Fig.2.13 Example of two contact pattern combination
ZODORBEHIFET HHEICREZEMREBICONT, UTOX)ITERT S.

EFE3-1 RBEES; 10 L THEMIREA 0 THATHEMV, 3, WREMH S, ICHEMIELI LN TE
5.

EF3-2 HBEMES; (o0 L TEMREN 0 THIBMRE, 13, AEIC—2DHFERV,; 2AEBLT
ZNEREHE Sk 43, HENVITIZODFTES Vi, Vi+1 PERLTINSIZETE ﬂ%%ﬁﬁéﬁEH.l %
RS Sp ICHEM ST L TES.

EFE3-3 REES; SN L TEMAMILTHY, POBETREHBRKE; X, AFIZ—DDHIH
BV, #ERLTINEZRER S, &, $E2VIETO0HERV,;, Vi ZEBRLTIALIIHT A
SHBMR E; TIREE Sy [CHEMI LI LNTESL. O, TIEE S, ST H5HEHR E L, O
BAm-1 & %%,
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environmental
surface 2 —am

environmental
surface 1

pattern P2

pattern P22

Fig.2.14 Example of no combinable contact patterns

EFE3-4 REES; (I LCTEMBMA -1 THY, »OBEVTELBRE, 3, ARIC—oOHTE
BV, 2HERLTINEBIEE S, 13, 5V TO0HESV;, Vi 2ERLTIASICHRTER
SEHBMRE, 1 ZIREE S ICHEMIELILAFTEL, ZOR, REES, ST 2HHBRE L O
BEMAENL 1 L2 5.

DEDZERZMEZLICEY, FHRES; BLU S, ISH§ 28y —>0) b, EHTEEL
HAEDEE M5, =1, EBRATREZMAAGLEE M5, = 0 TR L, X (22) D& RIFEBRER
BREHT 585 —VHAEDRT MY v 7 A M ZEL I LEHFTES,

M° (2.2)

Il
[l e B R e e R T R e T T e o S Sy Sy Gy iy S Y
COQ O ik OO0 OORKFKRRFROQOROH
COmMMKMOQORFHFOOOOHHOORFEFOOO R
COO0O0CO0OMFHFOQOLOODOOOOHOOOOOR
COO0O0O0O0OOHOOOO0OQOOOORODOOOR
P QD b b ek b e e ek O e O e b b e e e O e
O b bt b e O O ke b e e e e O R e
COmMm OO MMOOOORMKOOFRFOOOKRH
COHROOHFOOOORHFHOOHFHOOO MM
COCOOHHFEFFOOOOOOFMMKEKOORO M
OCOQOORHFHFFHFFOOOOQORKEERMRMOOREOQOR
CODOCOO-HOOODOOOOOOHOOOOO R
COQOOQOCOCOHFOOOOOOOOOHOOOOM
COO0OQCQOOMOOODOO0O0OOOHOOOOO R
CO0OO0QCOO-HOOOOODOOOOHOOOO
=T = Rl R e e N o S e ay ey . S W
Do b b b O R O ke e e b b bl O e
COHFHFOOFRFHFOOOOHFHFOOMMKMKOOORK
CO M OO HOQOOOHHOOFHFEFOQOQORKMH
COQOF mmMmMOOOOCOOKKEFERODODOMOH
COCOHHRHEFOOOCOOOHRMEMERMRQOOROR
COQOOQO-OOO0OO0OLOLOOCO~ROODO O
COQCOCOCOHOOODO0OO0ODOOOOHOOO O

12, ZO0RBEVBEE T AHAICE, UTOX ) ICEETS.



2.5. EROBREHIIT 5 HFMIRE & 2 DER 19

EFH 3-4 BORE S, 0P BRIEME S; ICIEBEE T 358123, BREEE S; 139 2 B v & IREEE Sk
CERM S LI ENTES. $72, TIWE S, IS0 T M AR 2 IRIBE S; CTEMIELZ LHPT
25.

EHE3-5 BUEE S, VHIRE S; [SHBERT 561203, BIRE S, 1y A E Al i 2 BREE S;
RIS I LATE S, T/, WEES; (O 2 M AN 2 BRIEE Sp ICHEMME T LT
25,

TRICED, BETAIREES; BLUS, T 28/ s - D)L, ERELEAGLE
¥ M7 =1, ERATREAAELEE MG = 0 TR &, K (2.3) D &) 2BEREE IS
B —VHAEDET )y I A MR 2B IENFTES, 1L, YbY v 7 AhDaldBR
BETE S AERIEE S; [CIEBET A1, UBETABE0 L4, bIIBURE S ATBURE S; 2
ERETLHE0, HRETIHE1 L4 5.

M® = (2.3)

T o Y o S T G S S e o S g = N T ey
[ G N T e e e e -
CORHOOHMHOODOOHHOORFEFOQO R~
COFRMFOOMMOOOCOEFEFOOFERFOOO MM
CQOCQOOHH=HKMQOQOOQOOOFMKRMERMFROOMmOH-
CQOOORMHKERMERNOODOQOQOORHMMOOR O~
OCO0O0OQOOOHFOOOOOOOODOHOOOO O M
[eNoNoNoNoNoNoN N -NolloNeNoNeNoNeNol el ol o N ol

ke b b b e b e b e e R e b b e e
OO O FFFREFOOR R Ok kD K =
OO OO MM R OO MM OB kMO R -
CO0Q0OOHFODODOOOR OCO=HOOO>R =
QOO O0OO0O0O0CCOCHOQQOOOTOR OHOLOa o=
O e e b b b bt b D) e O et b e e O b b
O O OMKMMHIBEKHRKHH O = =
CORMEMOOMPTOOQOHFIIOHF™O - M
COMHNQOFR RO COFRMFOR HMFEFOR & = =
OCO0OO0OOHFRFHFFR,OOR OR OMF MMM O Q
OO HHREKOOOOC OO H MM QO O O =
QOO0 O0OO0O-HOLODODO2 OCOOHFHFOOOOR =
CO0O0QOLOHOLOOOTTODOOFHOOO R
OO0 OFOO0OOOOO0LOT OHOOQOOT OM
QOO0 O0OO0CHOQOOOOOOL OODOa OF

2.5.2 = 2L EDREEICH T 5 EAKEE

BT IRERIZ U EHFET 2HEOEMREL, TTHRETLZZ00REES;, S;+1
A UCTRE BRI Y — Y 2R, RICEOZOOBEREFH 720 —20ORBERS, AL, %
OBRIEHE & FNICHET 2REW Sj42 L ORI THASHLEWRELREM Y - 2 RD S, ULED
BEYETOREEISH L TTR ) 28T, EHMERLEMREZRDLZEHFTES.

TTC, ZOOREEICHT AEMS - OMAEDbE R, —OOREEIIHT MY —
UANEETAHEIE LT, UTOLI) 2 0iEHRT 5.

CHEA LTV ARBRE; o, TREEE S, IO 2HMAENI 1 L35, $72, THA Vo #75REE S

(2, TEEV; ABUEE S; ML TV AR E, o, BEES; ([T AEMAImIE- 1235,
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EFEA4-2 THA Vi, Vi07E SICHEES; (CHM L T A% E;, OBRIEE S;/ (20 2%
W%, BRIEE S; IO§ HAAMIIFE L, THR Vioy, V,2%% S ICERIEE Sy XML T s

#E; OBEE S; (Y 2 EMT NS, BRIEE Sp (XY B EATIEIIE L,

EF4-3 BEES, (T HBBE,_1, E; OBMAHPSTERV, ZBWTET 256, HAV;
DBIEE S, (T ARSI, BEE S, 55 VIZBUEE S, ST 2B FMICE L., B
B S; \SXNT BB E_y, E; OBRMANATEAV, CBWTELLZVEE, HAV; ORERS;
AR A0 T 5.

LLEosgEsick b, BHEW S; & ZAUCIERET 2 BEE Sy I3 2,85 — VfllagbET ) v
7AMONA R, R(24) DL ICHSWEI DI LN TESL. 22T, MFA O, Zo0RE
EI T 28y — v OflAGbEE, —DOBRBEEICH T8/ Y — U ~NEFRLAHEEOE
filosy —vE&RLTEY, MG = 00HEE, 20L) LB/ — Y ORAEDRIEIRT
BBTHHIEERLTVD. 7, Y MYy 7 AROEFITOOREE I 2 HEMIREBIC LY
BRBEDOTEMNY — U PEBEEZONEZLERLTEBY, #1eFh, A=16,23, B=18,19, C=
20,21, D=17,22 &> TWwa. 72, BIEWMS; & £ HBEEE T 2 RIEE Sk 1S5 588 — >
ﬁ&%bﬁvbuv¢XMﬂmuAﬂmA=@wmﬂTtﬁé.

MONA _
[ 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 7
2 2 4 4 0 10 12 4 12 10 0 12 O 0 0 10 12 12 12 O 0 0 0
3 5 3 0 5 15 9 0 9 15 5 0 0 0 15 15 9 0 o 15 15 0 0
4 0 4 0 0 0 12 0 12 0 0 0 0 0 0 0 12 0 0 0 0 0 0
5 5 0 0 0o 15 0O 0 0 15 0 0 0 0 6 15 0 0 0 0 0 0 0
6 13 8 0 13 A B 8 18 23 13 0 13 0 15 A B 18 18 23 23 0 23
7 1 14 14 0 C D 14 22 20 11 22 0 14 0 C D 22 22 21 21 22 O
8 13 8 0 13 23 19 0 19 23 13 0 0 0 23 23 19 0 0 23 23 O 0
9 5 0 0 0 15 9 0 0 15 5 0 0 0 0 15 9 0 0 15 15 0 0
10 O 4 0 0 10 12 4 12 O 0 0 0 0 0 10 12 12 12 O 0 0 0
1 11 14 14 0 20 22 14 22 21 0 22 O 0 0 20 22 22 22 O 0 0 0
12 0 0 0 0 0o 12 0 0 0 0 0 0 0 0 0 12 0 0 0 0 0 0
13 13 O 0 o 23 0 0 0 23 0 0 0 0 o 22 0 0 0 0 0 0 0
14 0 14 O 0 0 22 0 22 O 0 0 0 0 0 0 22 0 0 0 0 0 0
15 0 0 0 0 15 0 0 0 0 0 0 0 0 0 15 0 0 0 0 0 0 0
16 13 8 0 13 A B 8 18 23 13 0 13 0 23 A B 18 18 23 23 0 23
17 11 14 14 0 C D 14 22 21 11 22 0 22 O C D 22 22 21 21 22 O
18 13 0 0 0 23 19 0 0 23 13 0 0 0 0 23 19 O 0 23 23 O 0
19 13 0 0 0 23 19 0O 0 23 13 0 0 0 0 23 19 O 0 23 23 O 0
20 0 14 O 0 20 22 14 22 O 0 0 0 0 0 20 22 22 22 O 0 0 0
21 0 14 O 0 20 22 14 22 O 0 0 0 0 0 20 22 22 22 O 0 0 0
22 0 0 0 0 0 22. 0 0 0 0 0 0 0 0 0 22 O 0 0 0 0 0

. 23 O 0 0 0 23 0 0 0 0 0 0 0 0 0 23 0 0 0 0 0 0 0

—_
N
L

~—

IO MYy z ALK, BIZIE, BREEE LISk LRSS — U0 Ps, BEE 1 ICERETS
BREEME 2 100 LB/ RS — VW3 Pys TH D &) LEMRRIEIL, ERBOBEM NS — 5Py Th
Bz, RBE2ICERETARER3ICAHLT, iy - Psdbd Wit Pig 2 b I LHT
EBHZ LW LD, BILZOEMIREL —DOBMNY - VICEKTH L, BUNY -V Py s
7o, BREH 3 ICERETAIREm4 IS L TEMNY -~V PedhbWIEPle kb DI LATES.
CHDEHITLT, Fig2.150 k) 2HEBORER IS T 2 BMREL, ThFhoORERICHT S
BNy — OB EORICL o TRET LI ENTE S,



2.5. HEBOBREEHINT SEMINEL 20EE 21

: N
environmental Y k environmental
% "
surface 1 .i surface 4

\\i: ‘/"“

::\\ > \. ( X

@environmental N environmental}

¥ surface 2 \ surface 3 3

i\\\\\\\\\\\\\\\\\\h\ R R

Fig.2.15 Example of contact state with several environmental surfaces ( pattern conbination
: Pg-P15-Ps-P1s )

2.5.3 FEHOBE@ICH T I IEMIREDERE

AT, BROBEE T 2EMREOERICOVWTEET LS. HEOBRER L OEMDE
&, ~EOBBT—20RBEICH L TOAEMNY — BT EIOLTH. 22T, EBE
DEMIREE, ThbbLEMNY — Y OHEAEDLRFRRDELHIICLTRKDEIENTESL., 9, ¥
F— VBRI ZAMYICKY, HARBEEIIHTIEM Y — I LERTEE L EM/ NS —
VERRDDL, ROOLNENT—VOFREFRICH LIS — VlAEbET M)y 2 2 MONA B X
" MORA 2 HA L, MOBRBEICOHTAEMN Y — Y L OHAEDENTRTH I LI PER
R5., HAEDLENFTRTHIEL, FOBEM/NY — U HPBBURLAEM Y - )T Lilhb.
TNEILT, BERIEEEETABEIIOVTY, BREDERLRBT LI LITTE S,

Bl 2 1E, Fig.2.16(a) D& H 12, ERETIREEASZOFEL, MHREY, TRE®E 1 ISHL
Hfih/Sy — > Py, RIBE 213 LEM Y -V Py ThHo/zl T4, CORAFOEMREDER
WZoWTEZ2Z5A, 7, REE1LICHT 2EMNY -V OARAEEBRIESL, Ny —VBRT M) Y
ALY, BN -V P OBBTELEMNY —VIE Py, Py, Ps, P12, Pis, Pie,
Pso, Po1, Pos &5, RIZ, X —VHEAEDET M) v 7 ALY, ThODER/ -V
BEE 2 8T 58y — > Py L OHEAGDOENTEETH MY - 2RDS L Py, Py,
Ps, Pis, Poo,Poy &% %, —7, REEM2ICHTL2EMNNY - DAL BRIEL L, BRI
THOBREE 1 130T 28y — v L OMAEDOENEELEM/ Y — 13 Py, P, Pr, Ps,
Po &%, L7t oT, ZOMIIREDS BB ZEEM/ Sy — 13, Fig.2.16(b) ~ (j) I/
3 Py-P3, P4-P3, Pe-P3, Pi6-P3, Pyo-Ps, P21-P3, Pio-P1, Pig-Ps, Pio-Po D 9FEHE %
5.

2.5.4 EMREEBEERAESEROT—XZ2T 1

INTTOFERE O &I, EMREEBEROBBAR O/ 7 L Z25EREIEELZ. #ilk
LT, Fig2l7lR7T &) 2 ERBETLI=Z20RBEI/FET SRET, Fig2.17(a) DX g,
FRENOBRIEE I LEM SF — V3 Py-P1-Py TH 5 L) 2MHRE,S, Fig. 2.17(b) D &
9 % F = P1-P1-Py OBERBENERBLENLSELFEOREERER L KOS, &b, Z
T 3D ETOREBRICL) BERENFZETZLLD0DAZRERL Twb, #R% Fig. 2.1812
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environmental
surface 2 T

environmental
surface 1

(a) P1o-P3

(b) P2-P3 () Ps-P3 "~ (d) Pe-P3

(e) Pi16-P3

(h) Pio-P1

Fig.2.16 Example of contact state transition with two environmental surfaces
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RY. KR HTREBBRRIEHMTI0EYFEL, Fig2.180 Xk )22 MDIKREERICX
DEEREBICINETCEI2EBREKY, JHMOREERICL ) HERBICIETE 2 BEER L PF
ETHZENThs.

M
\:\\\‘Q\ &\\\\\\\\‘\\:\\Q * \)‘ \\\\ \\\ \\ o \\*
N0 N0
N MM NN

(a) Initial state (b) Objective state
( pattern combination : P4-P1-Py ) ( pattern combination : Py-P;-Py )

Fig.2.17 Operation for contact state transition network generation

Initial state : P4-P1-P1

P2-P1-P1 P3-P1-P1 Ps-P1-P1  Pi1o-P1-P1  P12-P1-P1 “NP1s-P1-P1

P2-P1-P1

Objective state : P1-P1-P1 P3-P1-P1  Ps-P1-P1 P7-P1-P1

Objective state : P1-P1-P1

Fig.2.18 Result of contact state transition network generation

TOLHIC, MHRE L BEIRE, BICHEBERBICHET S ETICHF SN REEBORKZ
ABTHILI2E ), WHLREEBRERL BBERT 52 L7CTE 5. T, B [REE
BOMS2BEEICIZEMLTRLY /BRLL 2] oz zdmi sz eicky), &%
Wi7zs &) L BBRBEZEIILITES.
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2.6 REREBAIEEL B AR DEMRE

AE T C, HEBORER TS 2 BRRYEOBMIRE L 20BRICOWTEELL., 22T
12, BARYARICH 2 EMIREBER LA LI L2012, Ny FEOREMEL &2 1B
HVVBRIZOVTERET S, HEMEREOEMIZL ) H2REERLE L2 WEERDO D 2 EHRIKY
ROMKEZ Y, BRTHREMERLIIERZ LIZT S, 22T, H5HREEEBNS X OLNIBED
BRTREMERTUTOL ) ICEET L.

EFES-1 REEBOMBTEMITR TS, KEERICL ) EMRBORIT 2THAIZ, EBT

RERMEINTH 5.

EHES5-2 REEBOWMRTEMITETH ), REBEBIL VBERT 2BBROEMAEIERILT S

EFHS-3 EEXS1BIVERS2OEAICHEEL, KEEBOMNR CHEMITRLBROL ETEH
HHVIFT T, BRTREMERTSH .

EFS5-4 EFES3TERLABRICEEL, KEEBORKT, HMTETH ) »roEf/ Y —
YOBALT ABRBEIIN L THEMIREY 0 THATHAIIZ, ERTREMERTHS.

DEog&IL ), B2 Fig.2.19(a) (IR #fl/ 8y — ¥ Pg 55 Fig.2.19(b) ISR T Hl/ s 5 —
¥ Py ~LREEEBT 254, BEBTREMERI Fig2.19() KRTREOERBL LY, #ic
Fig.2.19(b) »* & Fig.2.19(a) ~DIREER BT 2 BB W EEHEAE T Fig.2.19(b) IR TIKED
BEFRM L5, REAPEEFETAHEICD, FRIC L CEBWREMBERL EHT LI LT
-

W N
(@) ®

Fig.2.19 Example of touchable region for state transition Pg to P3

722U, Fig2.20(a) D & ) 28NS — VA Py 5 Pe ~NEEALT B5HE %, Fig.2.20(b) ©
LI ICEMNY — V3P B 5 Pig NE BT BB AL, BRETREMEBIIKIOR T HEE,
M, BLUKBEOEIT LR, HMROBERFLMMOERI L BB TREMBER L L THRIZRE
REBIERTER,

B, REEBRICLEL ZDHEYED X ) BAKNZEMETICOWTERT L. §iiRE LT,
REES, 3BMEE LTKFE»SOAKE 0% 28230 T4, T/, HIHWEKIIERKTSR
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(a-1) (a-2)
(a-1) contact pattern Pig (a-2) contact pattern Pg
(a) touchable region for state transition P16 to Pg

N

(b-1D (b-2)
(b-1) contact pattern Pg (b-2) contact pattern Pyg

(b) touchable region for state transition Pg to Pie

Fig.2.20 Example of touchable region for state transition

W EEMmTAEIRETS. 7, HLERREBIBIIIYHREREZOBE HFRIZOWVWTUTD
XIIEET S.

EFH6-1 HIYWROEEZNHIL, EBWHEEMBERICEBIRINTVWEIEERX, ¢ {V,, E; } 75,
REEBICBWTBH LT RS 20HMZRTAEED O OAE X OEE%ERBE SN
wH M LT3,

EFH6-2 FHEES; (O LEARES 1 TH 1, REBBICL ) EMRES 0 L 2 2EX X o
THOERBEHIES MX 3 M5 = {45 0% < 4% < 0% + 7} Th 5.

TH6-3 BEREES 0T, REBBICL ) EEES; o8 LBMIREN 1 & 22 BEX X, (o
B ERBHHIES MY 12 MS = { 4% | 0% 47 < pXi < 0% +21 } Th .

EH#6-4 HOIYWEROEFEDI L, ERTREMBEIRICBRINTOLRVWERX; 2%, REEBBIC
BUIHBETE 3 A2 RTKEED O OHE VX ORELHERBHINES N LT,

EH6-5 BUEE S; ot LEMIREN 1 TH A ER X, T 2HEBH H LS N 3 N =
{0%, 0% +7}THhHas.

T35 6-6 BMREF0THIEEX, KT 2HFABHHAES NS I NY: = {50 <
v <o} Tha. '

PEog#ick Y, #1213 Fig2.21(a) IRT L 9%, AEOS = 0 0REE S, o LEALS
¥ — Py DREDP S, Fig.2.21(b) D X ) IZHMN Y — 2 H3 Ps DIRE~NEBBTH5E, ZO
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WEOBREROERBE HMES MY, FEBBHNES N 322N Fig221(c) D k)
WKHRT&5%, 22T,

MYo={ Vo lo<pu¥o <} (2.5)
ME = { B 0< Bt <7} (2.6)
N1 ={0, 7} (2.7)
NEB2 = {0, 7} (2.8)
NVz={0, 7} (2.9)

&b,

t\m Q\m
(@) )

MV() MEl NV1 NEz NV2

@ (N N O
N AN A
©

Fig.2.21 Example of required/allowable moving direction set

K, WARICED LS ICHEMEREEMX L2 LIk, BEREFZB{LZ3 LI ENTES
OWEEBETL-OIIZ, DTOLIICEHT .

THET-1 HIYWEKROEZ X, IS L, EE/NOWEIEMTE 5 HMEETAKEED O OfE 75
DESLFBEMBAES TS L5, 812, BRE &, TE7EECHT2EMARES TS L7
T M ES T 250,

EHET-2 BREES; T IEMEMESTS &, TS ={r% |05% <% <0% yr} ey
5.,

EFET-3 BHE 13, KFEH»S DA OF: 28,

EHT-4 BMIRES 0 ThLEAV, 1T 2EMA %S TV (&, BT 2Hm0MAE 05,
OF+ &K, Thbb, TVi={0<rVi<or, Vi 0%, rVigobin } bys,

EHET-5 REES; (Ot LEMUIREDN 1 THHTEA V, by 2 mES TV i3, BREES;
xS BB REE TS LEMIREN 0 THIBEDOV, i 28MAMESLOBESL T
%.
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EHT-6 BHUREED 0 Th B B (A B BT AES T B XU T RehTh TP =
(OB <P <@}, TF={r |08 +r<r <OF +2r} 35,

T T-7T BUEE S, W LERKEES 1 TH SR B (T 2 M ASA T 13, REES;
AP B B MBS TS LEMIREN 0 THIHEDE, [T 2 EMAmMESLORESL T
5.

DEogEHRICE Y, $I21E Fig.2.22(a) ISRT LD %, A OS5 = 0 OBEME Sy (xt Lkl
5 — 5Py DIRETH 2WEOBREROFEMITALEE, Figl22(b) 0Lk ) CRRTES. &
T,

TVo={7Vo |o<r¥o <7} (2.10)
TE = (P o<t <}, T =0 (2.11)
TVi={rV1|0<V1 <7} (2.12)
TR =P l0<r® <}, T =0 (2.13)
TV:={7V2|0<7V2 <7} (2.14)

b,

(@ (®)

Fig.2.22 Example of touchable direction set

BT, HIEWAESEMT A LI o TYWHRICNZAB I EDTELHIZOWT, LT LH I
EETS.

FEHES-1 HIEZX; ICHTAEMBMIE R TRENDIE, ZOEMICZI>TMALZELEDT
AN FA (XY ol X R oXi =X 2T 5.

EHES8-2 ETDX 2G50 LI REE AN 2 BEX X, T AERAN LS LT 5.

FTHS8-3 1EAN FR( X)L, oK +1 TRENDFMEFOWH vXi(eXi + 1) BFET S
BA, ERANHBESGA B A ={a% [oX —n/2< X <X 402} L% 5.

T 8-4 BEES, 13, ZOBEE K LEMIRES 1 Th 2 WHEOBKESE X, TERS £5(0%+
T/2) BHNZ SN, $i rSi(0% 4 31/2) R HETE .
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Dl by, B2 Fig2.23(a) ISRT &I %, AEOS = 0 OBREEME S, 1o Ll
5 — VB Py DRETH 2 Y EROBREROIEAN LS AKX BLU A% 13, 2h2h Fig.2.23(b)
BLUFig223(c)DEHICKRTES. %8B, Fig2.23(c) THRETS, 200N EEL,
PADPEET 2 HMOERT f(X) 2 EKEHTRLTWS, ZIT,

AV ={aV |7t <a¥ < 27 } (2.15)
AR = { o | r<aft<2n), AP =0 (2.16)
AV ={aV |1 <oVt <21} (2.17)
AR = Lol | r <o con), A2 =9 (2.18)
AV2 ={aV? |7 <aV?2 <21} (2.19)
AVo = { Vo | < Vo <21 ) (2.20)
AT ={ | r<afr<or), AP =9 (2.21)
AVI = { V1 |7 <oV <21} (2.22)
A2 ={ a2 |r<afr<on ), AP = (2.23)
AVz = {oV2 |7 <oV <21} (2.24)

5.

h h

AV
5969
@@

(b) ©

Fig.2.23 Example of acting direction set

DEog#&RicL ), ERTHEEMERIGRRI N YEOSEZII LT, MXn(AXiud™) £
0 HEL YD SLOBE, %wdﬁﬁ‘é%%ci%ﬁ'& LWEEMLVHD, FOROEERIIHT L HHWED
E@ﬁmﬁm X, X=X kb, 7L, oXie (MX N (AR UAK)) T B,

ZT, Fig.2.21(a) 5 Fig.2.21(b) ~DREER L Z L 56, EANHAES AX BIU

A’X XN 2ZNFig.2.22(b) BL U Fig2.22(c) DX )iy, MEN(AKUAX) =0 %5,
L7zhtoT, TOFFTIEP,— Py DIREBBEERTE LV,

22T, EESILAVTae MY R2ERN fla) 2 EHTLILE2ELL. HIZIT, ai(‘ =
0, aj' =7 &%5 f (o)), F3'(a)) PEETBHE, F1(0)) IKHL 3 (a)*) 2, f3i(037)
HL ) NS T 0T, K83 LY X =x/2e MK LB, L7ztSoT,
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BRTREMERIGERSN TV Vo BLUE DA EFEIHL, f1' (o) BLT 3 (a))
TRENZEANEMA S ZEATENR, REBBRIERTEL LIRS, 2T, AIIH
LI BIERANICOVTUTOL ) ITEFET 5.

EES-5 WERICEROERNMERL TV AEHE, HAV, ~OERD Vi) L, BV,
Vict, Vipr BXOBRE, ~oERN Y (Vi + 1), fY1(aVi + 1), Y+ (aVi4 + 1),
FEeB 4 )@ Db. T, BRE ~OERN fEB) L, HE Vo, ViBIU
B E; ~oEED Vi@V 41, fYieVi+ ), Y ) 3k s.

EaogEHEb iz, o € MY RAERN f(oX) R EHT B 7201, HEMEE LI
fpsgzorvbheEzL L, UTOL)II%5.

1. TEE Vo \FERTT £7°(0), £3°(r) #RESERHEIE, 0€ AV, 1€ AV L %50
T, BixE, Vo =, V0 = /2 TRENSFAPSEMINITI VI EICLD. &
7L, WREEBBICI DIES Vo OEMIKEEIZ0 L 25720, fYo(31/2) xd aHuids%kb
, f¥°(7r) ERETER(EAD. £07T, (rVo,rVo) = (7,7/2) L) HMAELETIHIK
RERTERTE L.

2. THE Vo \FEFA £Y°(0), #8% By BRI f31(7) 2 RAE SR BHAIE, 0€ AV, 0¢€
AVo, r e AB1 L30T, BlZIE, VoL TidrVo = x, Ej LTt 7B = /2
TRENLZFEPSEMT T LN EIC2 2. JOBELIREERICL ) HAE, OFAMIK
BRI 0 L2 B75, VEAA £Y°(0), Fo(r) ik DB By REHT 2720, OF = @F1(s) #
05 =0&%%b. ZIT, sIHTHME Vo2 OBME, Ko ZHlLRT. LudoTO(s)=
37/2 &2 3 X9 B CHEDEYERSETNE, el s, (VB =
(m,7/2) L VI HAELETREBBYERTEZWHEIHL I LICk 5.

ay® € AVo, oyt € AV1 kY, BDaft € NV & %BDT, HIZIE, VoltkLTid
Vo — T, Vi LTt Vi = 71'/2 THEINLFALSEMTIIEL VI LICR S, 20D
i’%é\, 'Ikﬁ;%\%%?ﬁ% fYO(QYO)’ f;’l(a;"l) lifﬁﬁ%é n%f:fb, (Tvo,Tvl) - (7‘(‘,71‘/2) IR
3 A A DRSS 4 £HT X 5 THHAH 5.

BME KOVWTHRABRICEZZZ EICX D, HAYERLEMS € 5MUEBIE Fig2 2487 &)
kb, TIT, REEBBTRLEMNEOMAEDEIL C-Cy, C1-C3, C3-Cy, Cp-C3D 4@
Deed, T/, BIZE, BRAMEN C-C; DBAIZE, BRRMZERAN FO<a< ) ZRES
E B0, BEMAE C, Tik £Vo(r), BMME Cs Tk 5 (1 < oft < 31/2) TRENBIEH
HNPPBETHLIEHH5D5.

B2, Fig2.25/R T X )i, K 05 = 0 OBEE S, (Oxt LEM/ Sy — V25 Py DRESL S,
Fig.2.25(c) D & 5 il X 7 — V55 Py DIREANL BET 5581013, EBICIE Fig.2.25(b) D &
5 hEREL IS 0T, BERBEFAEE MY, FEBHIMNES NN Beheh

NVo — {0, 7} (2.25)
MP ={pl0<pu<or} (2.26)



30 595 EREKO~Y_ Y2l -3 yEE

G G

G % éi
=

Fig.2.24 Example of contact points for transition from P4 to Pg

MY ={pl0<p<2r} (2:27)
NE:=({y|0<v<on} (2.28)
NVz={0,7} (2.29)

b, ThOZERL72b D% Fig2.25(d) 2R $. —F, BiAmES TX i, K (2.10) 25
R (2.14) 5, ERAFMES AX BLO AR L, 2henk (2.15) »5R (2.19) B L UR (2.20)

PO (2.24) ITFE LW,

@

Fig.2.25 Transition from P4 to P;2 and its required/allowable moving direction set
L7zhS> T, HlEWk%s B 208 Fig2.26l0RT &)1k 5b. 22T, KREEBTRER
BEMUEOMAEGDEIRC1-Cy, Cr-CoD2EY L2 5.

Cz

G %
B

Fig.2.26 Example of contact points for transition from P4 to Pq2

:mlan,&é%@ﬁ%&%ﬁ%i%nt%,E%W%ﬁ%ﬁﬁﬁiﬁ%ﬂﬁﬁ%%ﬁ?é:
LIZE D, FOREEBRIFIERBICERTELZONED, EHTEXA LTI, BERKDEO LIz
B r B s, FOLHIhHES5 I NTL VO bh b,

2.7 REEBOXHAJGEMICH T IEER

BlE LT, Fig22TaRT &5 2 ERET 2 S00BBEAIFAET 28T, Fig2.27(a) 0 &
312, ZRENOBEEIH LEM S — > 4Py PPy Thd L5 HaiiikES S, Fig. 2.27(b)
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DD %Y — 2 P1-P-Ps DBEEIREANLREZZL S5 F0OREBERB L RO L. 1B,
CITRTHEITOREBBICL) HERENFIETEZL20D0DAEZRIRLTE. BBROBEHE
BSOS AR EFTAILICED, £ ZHATIREBRERIIESHTIS4 BOFETLHIZ L
Bohbh, LTTIR, BoNREBBEEOVOPIZOVWTEET 5.

T _—_—_
f.’m &\\t\\\\\\\:
(a) Initial state (b) Objective state

( pattern combination : P4-P1-Py ) ( pattern combination : P1-P;-Ps )

Fig.2.27 Operation for verification of state transition realization

(B11) Fig.2.28i2, Bl 1 DFEOEMIREER & B TREEMBIRLRY. I/, Table2.2iC
Fig.2. 280 &R I BT 2 MM BREOHAEGHLEERT. ZOFITIE, REBBEAZAEL T,
YK DRE A S BRTRREMAEIRIEBIRE N TS, L > T, AN Y FEORIEYEE
B S TRETIE, —BEIRHLEIL L HERBANLRBNLBRIELI LY TE S,
%B, TITFig228(b) 2B 2 MM BERMOMAGHEL LT Cy-Cy HED > TV DH DI,
Fig.2.28(a) I2BWT, Bl ITHAEDE Co-Cy ZBIRLBEIT, BREL PR L, Fig.2.28(b)
RBWTLEREDERAEMAONSE L) BBIRICEZoTWRBEDOATH Y, £0 L) LERH
RVIBAITE, WY SEH L ORNHPEEL 2w, ERMAE Cy-Cy IS AL M ST
SYERIC EBEOERANZMAS I EIXTET, REBEBLERTER .

Table 2.2  List of contact point combination in each state in Fig.2.28

pattern combination | list of contact point combination

(a) P4-P1-Py C1-Cy, Cy-C3, C2-Cq, Co-C3

(b) Ps-Py-Py Ci(when ©F1 #£ 37/2), C1-Cq, C3(when ©Ft > 37/2), Cs-
Cs, C3-C4, Cy(when OFr < 371/2), C4-Cy4, Cs5-Csq, C5-Cr,
Cs-Cg, CG—CG, CG'C7
(¢c) P3-Py-Py Ci(when ©F1 #£ 37/2), C;-Cz, Ca(when ©F1 > 37/2), Cs-
C3, C3-C4, C4(when OF1 < 37/2), C4-Cy4, Cs(when ok £
37/2), C5-Ce
(d) Py-Py-Py Ci(when ©F £ 0), C;-Cq, C3(when 0 < OF1 < 1), C3-Cs,
C3-Cy, C4(when m < OF1 < 27), C4-Cy, Cs(when OF1 £ 0),
Cs-Ce
(e) P1-P3-Py C1-Ca, Cg, C3-C3, C3-Cy, C4, C4-Cy, C5-Cs, Cs
(f) P1-P3-Ps C1-Cs, Cy, C3, C3-C3
(g) P1-P3-Pg Cy, Cy, Cs, C3-C3, C4




@

C2 (:3 C4
C M .

(8 (h)
Fig.2.28 Contact state transition example #1
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(#B12) Fig.2.2912, B2 OBAOEMIRAEES L BB TREEMBESE/RY. F/, Table 2.31C
Fig.2. 200 £IRFEIZ BT 2 MU BFEHOMAEDLEERT. ZOFITIX, Fig. 2.29(a) 75 Fig.
2.29(b) ~DIREEBBIC BT 2 BB REEMBER L, Fig. 2.29(b) 25 Fig. 2.29(c) ~DREER
ICB 2 BBTEBEMEREFE EEoTWwA, LA >T, ZOFNIRLIZIREER 2 BIRL
72ty, Fig2.29(b) DIRETHGHE —EFLER LD, BEONY FPLREELRS.

C, Cy Cs
R e S I N
W

©

C2 Cs
Ci o—-""U0

A

(h)

Fig.2.29 Contact state transition example #2

(13) Fig.2.30i12, B3 OFHAOEMIKAEERS & ERTREMBERLZRYT. 72, Table 2.4i2
Fig.2. 300 ZREIC BT 2 BEMMNBERBOMAGDLEELRT. ZOFTIE, REBBDOALAZZEL
7354, BIEEREENCERET LI LT EBA, Fig2.30(c) 25 Fig.2.30(d) ~DIREBEHZIZB W
TEBTREMERICER SN TV IEENFELRV. Lo T, TOFIIRLAKREERI
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Table 2.3  List of contact point combination in each state in Fig.2.29

pattern combination | list of contact point combination

(a) P4-P1-P1 Cl-CZ, Cl-C3, C2'CQ, C2'C3

(b) Ps-Py-Py C1-Cq, C1-C3, C3-Cy, C2-C3

(c) P16-P1-P1 Ci(when ©Ft £ 371/2), C;-Cs, Cz(when ©%1 < 371/2),
C4(when ok > 371'/2), Cs-Cas, C3-C4, C4-C4, C5-C7, Cs-
Cs, Cs5-Cog, C6-Cg, C7-C7, C7-C7, C7-Cq, C10-Ci0, C10-C11,
C11-C11, Cro(when OF < 7/2), C11(when ©F3 > 7/2), Cio-
Cu, Clz(when @E3 76 71'/2), 012-013
(d) Pe-Py-Py Ci(when OF1 # 37/2), C;1-Cy, C3(when ©F1 < 37/2), Cs-
Cs, C3-C4, C4(When o > 371'/2), C4-Cy4, Cs5-Ce, C7(When
0% < 7/2), C7-Cq, C7-Cs, Cg(when ©F2 > 7/2), Cs-Cs,
Co(when OF2 # 1/2), C9-Cyo '
(e) Pl-Pl-Pl Cl-Cz, Cz, C3-C3, 03-04, C4, C4-C4, C5-Ce, Ce
(f) Py-Py-Py C1-Cq, Cq, C3-C3, C3-Cy4, C4, C4-Cy, Cq, C5-Cq, C7, C7-Cr
(g) P1-Py-Pyy C1-Cy, Cg, C3, C3-C3

EBRIZIIEFARTEL VW) Z LIRS,

ZDXHZ, EMREEEERESAR YOI 2LV BONBERROZAETIINL,
BRI REMERETZRT LI L), 203X 2REEBBLELI~Y=Yal —T a3 VIR
WEBRWBETHL0ED, b LWTEZLIE, Ny FEOHEYE LT BIRRDEO L ZIZEMSEh
DR eHrREEZENTEL. B2, WEROEBOLEBIREN 2 2 EhoRE I
TE2EENGFMEFELEAGDELI LICLY, BERRYGEOY =2 L — T a3 VEIEEHOXE
HTEEbDEEZLNS,

Table 2.4  List of contact point combination in each state in Fig.2.30

pattern combination | list of contact point combination
(a) P4-P1-P1 Cl-CQ, Cl-C3, Cz-Cg, CZ'C?,
(b) Pg-Py-Py Cy, C1-Cy, C3, C3-C3, C4
(c) Pg-Py-Py —
(d) Ps-Po-Py Cy, Cy-Cq, C4-C3, C3-Cq, C3-Cy
(e) Py-Py-Py Ci(when ©F1 # 1), C;-Cy, Ca(when OF1 < 1), C3-C3, Cs-
C4, C4(when 0 > 7), C4-Cy4, C5-Ce
(f) Py-P1-Py Cy, C1-Cg, C3, C3-C3, C3-Cy, C4-Cy, Cs, C5-Cg
(g) Pl—Pl—P2 Cl-Cg, Cz, Cg, C3-C3

1
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%

G G G G G G
V v, V

A A A
C, Cis GCg

© ®

(®

Fig.2.30 Contact state transition example #3
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2.8 5

AETIE, ZRILICBT2ERRYEERER L 0BEMIREICEOWT, v=¥al—TarviB
BEEEMICRAL, v=¥al—Ta MEtEEROTBE Y AR, REOEHRZEUTICHRNS,

o EMRYALE—DREE L OEMREY, ERMNIC23 B0/ - IZoBELE. £
72, BEOREG L OFEMIREEZ, By - ofASbEIZENVEBRTELIEEZRL
7z,

o BHRMAEDOEMIRBEOBRBIIOVTERL, v=¥al—¥ 3 VBESEMREL ) —F,
REBRET -2 L3532y PT—JICko THRHATELILERLL,

o MEDEMRBEER T L7003 L THHYRELEMT LILENHL I LD, H5HEE
FHELSEL-DICHEYESEML 2 TR 25 WET 2B WEEMERE L TESE
L.

o HMRRYAOMAIREE & BIRREAS S 2 ok, BHERICLD, SHLHEATEMIRES
BERTHBERTEL I 2Rl

o BONEMKEBEREKIINL, ERTREMEREZERTLIZ LX), BRKRYED
FIUIINY FEREMEIENE, 205 EBBEPELA~Y=Pal—3a VAU ELZOD %
B ENTEBLTERRLT.

FETRELYZE2 V-2 a VORBAFEREENLZIOTH Y, ThhoEHEEANE<
Z¥al—-vavElEEAERT AL BRETH L. Lz > T, REURTIE, BERRDEOZE
ERmFEBI O~ b — ¥ a VEEERTFE, BIMHERCB) 2 RERFMFELIREL,
RETOEUMRBFELHAAGDLELILICLY, LV EAWEY=_Eal—Y 3 VEHEOEM
IZDOWVWTEZTWL,
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3.1 #8

MW ER COBRIRYE LIRS ~ =Y a Lb— T a e, EEHEBRPBIMEE, H5\WIitH
FEEFEIIBVWT, SLRZTIOLNIMEETHY, ERLL TR ERRET ST Kol —T 3
VEEDVDEODHMEITH L., DL ) BREEICBVTI, HRPOERHRSTHET E 525D
IkoT, BBEDALLT, BEFEFDIDICKEL BB 5250, v=¥al—Yar%k
AEMICHETT 57201013, ERBRELSUIEXORITPFEEL 2 5.

BRI DOERMBIICOWTR, AREZREFLTHVTBRIIZ OMAEN ZEhTWwE. Zh
SOBMEER, WEOBBELERERE KDL LIITELY, v=al—Ya VMEE~NDE
BAEE225E, LTLIFVRTVWERSVEY, v=Val—Ya MEEIBWTE, FA—D
EZIZBWTH, WEWENTVF, H20ENRYEEBOREL ORI EICREZEL 5T HE
HhHBH, oT, ThIVBONIAHELMESHEL D LICLBRERI, I )ERANLE
PR, $72, vo¥al—Ya VMEERERLZGAICE, LT LIBREBELBETLEEL
HWIEBEYTH L. BT, BREDEOT=_ Ll —Ya v iZBn Tk, HRYONEHH~NDE
BB CTEX L, Lo T, voV¥alb—Ya v~z ZBLALVBELEFMVMEE TR
SUERH L, BIZ, vmVPal—Ta U EETR, Wy ¥, BHOREL PEMT S
L2k, HEMBEOELBHBENE . XOFETE, TOL)LHLEZHRI Z L rHEEEL &
5,

2T, AETIE, v=¥al—Ta MEECBAERIRMEROBNERZIRIZOWTHRTY
B, ¥, FEEMEP ZREE L, BELERERERD L7012, BRIKYEORT Iy VT
FUF— LIS SN B BMENE L UOENFHH L ERT 5. RIZ, FEHRETEE AR
LERBROFET VT X6 2L, W OPDOEMEBIZRT. HiVvT, ERFEZIEHL
T, =RTEMIZET 2BIRWEB X UKD EOERBIRICOWT OB 2T . ’REZRIC, &
ERROPEEREZIT 2, RETIFEOZLEEZRAT 5.

3.2 EAKFRE

WROERIRIE, WERICER T2, MoWEds S50 5 8MFMHE, e DREICBITS
WAROWEBI G HEICHKET S, LA -T, EREREEL & X210, WEREREOWHDY
WE, O EFNRSOBMOMEERAZZRBICANILENH S, RETIE, ERIEIBHHFED
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BB, TRTUERTEILZDOLEEL, BRRYEOBNLEERRE RO L FENET
. ZIT, BHRORT VYA NI ANF -, BHREERRTRAIMNCES([32) £ 95, 22T,
KETIE, RIS ZONIHHDOTT, RFY Iy VA VEF—-DR/PMMILB L) 2R EE
THIEIZEY, EEEKRERDS, LA oT, ERBRERDLFIEL, X052k 5,
T, WHRONE L HRERHAT 2 —BILEBELEAT L. RIS, WEORF VI r VTR LF—&
e, —RICEEzHVTEZIRT. K0T, HHDOL LT, MEORT VY VIR VF—
BB L) —BACBEREE T2 L2 0, MEROBH L RERIRE KD 5.
RoEaL— 2 IBITHERN ML LT, MERBEIHB 2S5, HEHBTIE, ~
Z¥alb =3 0%, BEINLME - £E8%232X )12, v ¥al— 42T 2. ok
) RMEBERE~Y =L — ¥ TR BRIET 258, WEROME - LB D 2BHRICE D L9 12H
HENDEDOT, WERICIBTENLRHOIBREEORE, —F, BT, ~=¥al—% Dk
WCBETLEH E—A M, WESNAMEC 2D E) v Calb—22H8#T5. Z0kH%
D= o L— ¥ TYREZRET 256, W, FRICEoTHEIZONE - E—X VL
DYEIEICERTH20T, WRICRDENLRHOIGEEONE, T L), BIEWEKIIR
LRAHIE, FHRICE-o TRER->TL B, T/, WERIZERNY FRF—TUVE, (EXBEICHE
T 29 OB X ) BITEE L FHANEEONE. 20D 2E8IEERT ) I v 7 2K
b, L72doT, BT, ZoX) LA ERHE, DM, BIXOEFT ) I v 7 2RO
DFNIZDOWTHHBET S,

3.3 FFLIHIIRIF—LEEZAEDOERL
KE T3, A CTARRLERFERLERL T, ERRYEOLERRIELBTT 5. Fig3.1IaR
FTEIIE, WERIEFAFMIIOAMITERETAODERET S, 22 TiE, ¥— 7V EOHEHRIKY

FROMITHEZNRE L THERZED L0, BREKYEO—BDOv=Ea L - a MMEENL B
WHETH 5.

fingertips

object

Fig.3.1 Bending deformation of thin object in 2 dimensional space

Y, BRRYEOERER R T —BAUBELEAT L. EEMOERRIDEOES* [, ¥
WMO—Swh O DHREE s TRL, EEs 2B 2WEOKFHEHILDOAEE 0(s) TET. Figd.lic
AT EDIE, KEFMNC ¢ B, SREFMIC 2 8% &5, B s 1SS T 5 2, 2 BEEIX, #FRFRXK
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NEHIREND.
z(s) = / cos 0 ds + zo, (3.1)
0
z(s) = / sin@ ds + zo (3.2)
0

T, ®o,Z0 XFENFR, s=01 LT EMED z, 2z BEEZERT.
BHRRPEORTF Yy VIZANVE— Up 35, MIFTERIC L 28T RN F— Upena L ENICE
AMEIRANFE = Ugay EOHTHEZONLHEICONTERS. Thbb,

Up = Ubend + Ugrav (33)

ZEOMBIIMITE- XAV MCHHIT D ERET S, HFSAE I OBMBERTERLONLDT, Y
HOMITERI X 2HBET RV F — Upenq 13, RTINS,

Lp,.
%md=/ L6 ds (3.4)
0

IITOW, AEOOKEEs CHTAMBRE, Ry ik, WAOWTREIRERT. ENCLAME
IANE— Ugay 1, KR CTHLONE.

L
Ugrav =/ Mgz ds (3.5)
0

IITMIE, BNEIRZ)OYEOEEL, g IENMEEZET.

KRF— TN EOMER L OEMICE Y, BRRYARIISRMEND 5 VI3 EE 2Rl FH5R
EoNb, WERKICMAOhLZDE) 2l rERLTS. 7, WhERBEFEMT LI LICX
D, WEERICBITAHECHBIMZ SRS, HiRicB T2 BRKYEOAER, —EIlRih
BERETH. kv, GMICBIBLHAELE, TNEN0,0L LTDL, ROFHPHRELNSL.

6(0) =6y, 6(L)=20r (3.6)

ZDXIHZ, WELEDD D EP(s,) KBIIZERBOEEDN 0, THROLNEHEITIZ, BRER
BRATEREINLFH M-S TR EZL RV,

0(s4) — 0, =0 (3.7)
ERAOKSH OB, A, @AM THEDT, ROFHXIELNS.

(L) =ao+1, (3.8)
2(L) = 2 (3.9)

—EIC, WIELED 2 B P(s,), P(se) DERBOMBREE x(s.) — ®(s,) D5l = [ 1, 1, ]T TH52
LNLE, BREBRIRANTESINLHH 2% TIh bW,

/%[cﬁo]ds—zzo (3.10)

sin @
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AFHEOIRDEE 2 L ERMET 25813, WEMOBEREISEESNLDT, X (3.8) 138M
R O—D2THD. —F, NHHTZHEIE, WHRCMALNFHFEEShTBY, HEil
PRAETH L DT, K (3.8) IBMEMHBICEET eV, LAaHoT, LX) 2B THE
WEl# 2R T2 2 L3 TER N,

NFEWIRF L ERT 572012, WHROBBERLEAD LSS, Figl 2R T &9 C—x—ioxt
BT 5 ERET S, WMEOBEHEEEL - [ISHIETA2ERNZ F L35, 20K, WhORT ~
VXNVIRNVF = Upid, Figd32QlURTHBOEETE2ONE. 22T, 1EAN L BHERORK
F(L-1)kt, RFrV X2 VIANF-U, b DEZ Up 55, BF(L-1) 13, WHEORIKICED
LF—ELDT, KTV IV Y VIAINF— U, BRADOK, Uy, 3EKTHS. Thbb,

~Uep =Up— F(L-1) (3.11)
BRANCE D, ERADE, WESKAAEHDF 2 &8s, 72, WAMOERELN, (L) - z(0)
THEALNBDT, RF VX VIAMF—U, L LD, AEODOBHTHL. Led>T, 7
HEOBEITR, —Ugp 2B/METAZ210L ), BRELEBHKERDZZLNTE S,
—H%iZ, WHEDBHLEP(s), ((=1,---,m)HD £, BME SR, Ax(s;) TRENBEM
A LZEE, WK S hi-fAEW,; ik
W; = f; - A=x(s;) (3.12)

LREND, Lo T, WhOBRICEE L ERRRIZ
—Up=Up=> W, (3.13)

FBNET D 0(s) Ik o TREND,

displacement

Fig.3.2 Relationship between displacement and applied force

MANT, WERET— TN OEMIZ L2 RAFHHBZERLT S, BERETF—-TVEFTHL
BV, WEREOEEDOEIE, F— T NVOE LD AWM R T ER S v, TO%&E
i3, kXL Hickshs.

2(8) > 20, Vse€|0, L] (3.14)
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—fEl, TEEEEICE, EEARPOERLHRYT 2 L) ZREWHIHFET 5. 4, f(z,2) <0
TRENLIEEYND L LT 5L, ERBRIIRAD L) 2Hl#Z #2872 TR LRV,

f(z(s),2(s)) >0, Vsel0, L] (3.15)

PEo X9z, ERRKICEZ O NDH#E, B - ZEHEIRRY 5 H# Lokl o
FHICRRT MG & OMD. wEE, —RICEEIHLTREFXEHTERON, RER,
YRR L ORI L 2 IEPBEGUERRTH 5720, FERKHTREINS.

DEFEwarl, Figdlnk) s — 7V EOERRMEOMITEREIZBWT, KEHFEORE
DES 2 MEHMT 254, HHR (3.6)(3.8)(3.9)3.14) 0 TFT, X(33) THE2LNBEKRT VI v
NIFNVFE—ZRMET B I RAKEIs) T RDBZ LT, ERRBEOREHREFTHET 5
ZEHETEL. K, REOKEEE, WHKX(3.6)(3.9)(3.14) D TFT, X(B.11) THr2LI AT
INFEF—ZR/MET A LD RAEIs) B RDDZ LICL ), BRRIARORERRLFHET L&
BWTED.

I —mhkv=¥al—va MEEOBEICE, MK (3.7)(3.10)(3.15) D TT, X (3.13) T
BExONBIRNE—HBAELRDLLI % 0(s) ZROAZILIZLY, BHRWEOERIRZ FHE
THIENTES.

¥R, ERERROGEIL, —&IUERE 6(s) ICBT 2 RSMEICREINS.

3.4 FTHHEREHOL-HDOFHEFILIY XL

B CRLZZE 912, BRI EROERIIKE KD ZHMEIR, BoMEIRESINS. BIHE
AL T, BBZEMOEE&ENEE D LUz Euler DBESFAILNTWA, Thbb, 577
VaDREERR AT, HHRNELBNBEKICEDAR, E5IXFHA T - OB HTREREMZ L
&), BREESFETH S, ZOMEOMERE LT, ROTADFHITOND.

o NERMKEEETHILHTERW,
o WA HBEALMH I LA RICE LW,

BEOWESFEVIZTELEZVEW ) &I, XB.14) 0L )i, FERHHICIIRINE, Z
D& ) EAERFEI, BB REMCERL, ERT ) Iv 7 eWEO—-DOTHS [33]. ZO&
A BEHBBEIIE, RF VY VI RAVF DAL R DBIRD, BEEMFZET L IR
Llzwy, L7zdo T, BEEHIEILIAT—DOFELEATAILIITE R,

LiL, o~ al—va VEREZBWTR, R0/ Iy 7 2t §UEMIREIRS
BEETLEEZEZONALD, PERFHEERTELRVFIRIE, vVl —¥a VMEEOBF
FHELLTEARTSTHS.

Z 2 TARZETIE, Ritz#[34] LIEBEEEEL D LT L7, FERMHIZRTE 2EHENZ
FHRICEWVRIRERD D, T, BEKO(s) 2 REBEE e1(5), e2(8), - -+, en(s) DML TRIT 5.

8(s) = ai-ei(s) 2 aT - e(s) (3.16)
=1
IT, a=lay, -, ap |[TIRBRZ MV, e(s)=[es), -, en(s)|T REEBEERTH

o (v
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KIZ, BF Yy VIANF =56 ICRMENHBEZ, BRENZ Mva TET. DT, KFH
BOFOEE LM EBHE T HHEZHEILY, HPLEDL. WEHIIRT LIS, MEHBORE,
KTV Ty VT AVF-13K (3.3) T, RMEHHKIIK (3.6) (3.8) (3.9) (3.14) THEA LI B, K
(3.16) X (3.3) ILAAT B L, RF VI P VIALF- U i3, BRENZ MlvadBEHELT,
KDL HITREN S,

Up(a) = /OL %(aT &) ds+ AL My {/Os sin(a’ - e) ds} ds (3.17)

E#C, #l#K(3.6) (3.8) (3.9) (3.14) b, BEANI M Vva lCHT2EHRNICREESINGE. &5
2, K0, L] # N Eo/AXEICSE], f#K(3.14) 2 EEbL, AREOHIHRNICEEEL 2.
ZORER, HHRIL, kokHickEhs, \

al - e(0) =0y, af-e(L)=0, (3.18)
L

/ cos(al - e) ds = zo + 1, (3.19)
0
L

/ sin(al - e) ds = z, (3.20)
R

/ sin(al -e)ds > 2, Vk=0,1,---,N (3.21)
0

DED XS, MEORT v VIRV F— 45 ICEMERHIKIE, ARRTOBRENZ bV
a DEFE LTEREIND. &R, WhoRRE, ##HR(3.18) (3.19) (3.20) 3.21)»b & T, &
BIT) ZRNCT B L) LRI PV a 2FETHILICLD, ROLILHFTES. Zhid,
FREHLOTIIAERNEHO DL L TCOR/MLBIETH 1, FEREEFTEERO—FETH 5 FHES
AWTEBEMICHES ZEHRTE S [35]. KEHFRDOKEOEEZ DM T 255 CHELTY, ALF
NI L7288o T, MEROEBHERERDLLEITEL.

—iz, ##K(3.7) (3.10) (3.15) IZBREANZ ML a BB E LTERT I LA TEL. Lido
T, BOESHEIRENZ M a BT HUTOL ) 2EE/LREICERSINS.

minimize : O(a)= Uy(a)— Z Wi(a)
subject to : g;(a) <0, (j= 1,12, o) (3.22)
he(a) =10, (k=1,2,--")

ZZT, gila) <0, K(3.15) D& I LAFERXMW, hi(a) = 01, K (3.7) DL %FEXH
BERT. Ihz, FREEEOFEICL - THMNZ LRELMECERT 2 &, HRENER
O'(a) i3,
0'(a) = Up(a) = 3 Wi(a) + 3 X" -gj(a) + 3 3 - hu(a)
7 J k

LY, TREBLIEICEST, BB FLa LARC, RERBNR, AliRkos Il
TE5. ThOLDRERMIL, gj(a) < 0DV hi(a) = 0 TRENDHIRHIME SR TV B K
D ENBHEVIZE-AY MI—ETS. L7zAoT, ERBROFEICLY, HHHOBEIC
BORLE-XAY FOERARICBIT2WEONEDS LPRBEBILI L7221 T, NEHBOBAIC
REEMZRHFOMZ SNRZZHZPPLDENRE—A Y P ROBIEHFTE S,
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3.5 ZBEHHIROBIEETES

AETIR, W OLOREBEZRL, ERIMEADOEEERP LD L ) CHE IR 22 RT.
¥, 11T, KFEHROROEB SN BHHOBEOGEMZRT. K2, 62 TiE, KFH
BOEOEB S NHMOBEOFHEF LR, H3 T, BRER~NOENOLEEZRT. REIWS,
4L LT, WSONDEERICETINATVD & XZOFERRDBOEBHIKOFESZRT. Wk
DEX L3 100mm, HITHEIYE Ry OfEild 9.81 x 10'N-m? & ¥ 2. BROFERICB T 2 KK
RELT, RO=ZABHEEAVS.

e(s)=[e(s), els) ess), es(s), es(s)]”

27s . 4rws 47s

=1, sin cos ——, sin——, cos—— (3.23)

]

Ta
1) BT, KEFEOFOEE)E, MERE S NS LKET L. BREONSHOERE
12, WSohDELZ5 2T, ERBRZFIETS. 2720, ENCLANELAVF—IEHAT
X20DLRETSH. Thbb, FFy Iy VIR VE—iF, HITERICL 2BEZRILT—DH
DORKS. MDA 00,0, 1%, L HI20(rad) &5 5. HEEI OfL LTIEXR90,70,50,30mm %
52, B ay, a5 ROTIERTF VI VIANF— Uy, OELETE L7FERE, Table 3.11C7R
. RIRTEIE, a DAOREE, §XTORELW. Thbb, ZOHITIE, BWHOEE
Foikid, EEEEE e (BT 288 as DAL o THEBMIT SRS, Fig3.3id, RIRLZEK
DPOEELZWEROERERTH S, HIRT LI, RELALFELHAVLIILICLD, RK&%
BHEED EHRDEDOBRZFTET A LA TES, 22T, ERERE @I L THRTH
HIEXEETS. BEM e, e3,e5 2T 5B ar,a3,a5 1%, WTRH0THE. Thid, &
AR TR TH S Z L ERT 5.

Table 3.1  Computed values of coefficient vectors and potential energy

l a g a3 ay as Uy [J]

90 | 0.000 0.641 0.000 0.000 0.000 | 0.397x102
70 | 0.000 1.141 0.000 0.000 0.000 | 1.260x10~2
50 | 0.000 1.521 0.000 0.000 0.000 | 2.240x10~2
30| 0.000 1.869 0.000 0.000 0.000 | 3.380x10~2

Bl2) B2, KFEHFEOROESDS, DRSNS LIKET 5. fEAHN Fi2wohDfE
#5.2C, BEEREFETS. (EANF LimEoENE L - | L OBF%Z, Figld4iimd. X
WWRT &I, DOKEEHN0AN DS VE XL, WEOEMA0THS. T4bL, BHRIK
WRICHITER 2R 88570124, %L b 039N ORIV LETH LI EHFbr b, 2
B, ZOHEIE, BENEATR;/L2 1K T 5.

(B13) H3TiE, BEHOFBEEZERLLFEERLRY. KEFAOKOERL, MEHIMS
NbeTh, BRsHESLTHY, RV vy Vi NF— L #MENHMZERLTH L, &
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Fig.3.4

% 3B ERRY ORI LT
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I =90.0(mm) i —
35 i }-=70:0(mm)
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30 ;! S ! = 30.0(mm) | -eree
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Fig.3.3 Example of computed object shapes
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Relationship between applied force and computed displacement
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BRI AEOERHRIZ, ROBRITEILL VFHHTONE Z L DR S,

p= -A;—fL?’ (3.24)
WATE p 13, BRI T2ENORBEOFSEZRT. I, p = 0L 25581, ENO
PR LA VOIS S, BATLE p DEFKE 2SI LH T, BAICE 2HET
INVE—DOELEIKEL 2D, EREOHSEOESE [ 13 70mm, EHDOAE 6,0 1 & 12 Orad
Y55, 85 A—% pDfik LTO0,1000,2000,3000,5000 % 5 %, BT FPVERT XN
IANE—-DMEZFHELEREZ, Table 3.2I27RF. RICRTIHIZ, p DEAT2000 2R 72 &
X, B es, e5 [T BB az 2 5 N a5 DEIZ 0 TH V. Zhid, ERBRIEIFRTR
WZEEET. Figd.hld, RICRLARBIOHET 2ERBREFRELERERT. HIIRT &
I, pDEDFKREL RB LD 2T, ENHMIIBRORENEL, MERROTHAD T A%
bbb, 2512, pDEH2000 FBL L E, BROMKRESBNRS, 2L, T0LEY
i3, BAWICEBLZZo0BKE LD D 5. Mi2iZ, —HORKRDOAZRLTHS. FEFHK
KR BONDE Z L2 WET L7201, BRIGHTH S LIREL TERERERD, £DLED
RFVUXYNVIAVT—%25ET L. AHEERELZVEE, 728 213 p DIEA 3000 D & &,
IRANVE— Up O 5.081x1072 TH 5. —Fh, dftkeRELHE, U, DEL LT 7.319%
1072 g b N7z, TDX I, WHRBRIAVF-BANEG 2L SRVOT, BIROIHES
BRI bt Thbh, BATE p HFHIMELBR DL, BERBROMIMEILEDNS.
DL RBIHFCIEFRE o0 HERIE, EHEL A VF-RAZELHIZLTY
B, LA oT, ERBRIFELSOERICE 0%, BANCTFRITSLZ L3 L V. Fig3.1iIR
TwoCal—varEEEELHE, Figdl(d) Bz R ELDicny FeELRA
LI EDTEHEMERIE, WEOERHRISIHLIEGHEIIEET S, Licd>T, v=Ea
V=3 a VMEELFTET RIS, BRTE p DEZERICANLLEND L.

Table 3.2 Computed values of coefficient vectors and potential energy considering gravity
effect

p a1 as as ay as Up 9]
0(0.000 1.141 0.000 0.000 0.000| 1.285x103
1000 | 0.000 1.135 0.000 -0.130 0.000 | 2.758x 1072
2000 [ 0.000 1.074 -0.004 -0.420 0.005 |4.091x10~2
3000 | 0.000 0.900 0.462 -0.332 -0.462 | 5.081x 102
5000 | 0.000 0.672 0.673 0.000 -0.673 |6.888x10~2

#B4a) BlaTik, WSOMDEEYIIHT N ERRYEOEREREZHET L. KFEHED
feoES)E, MBEMH SRS LRET S, B TEXZ LI, RFEORHO—DE LT, W
EH)LBTFHELEVEV) FHICORET S, RERLGEZRTEL L) AVEIToNE. 7
TWVICERT 2 #AZHHBICNZ T, JOBEEWHFDHL5E0FEERERYT. EBIE (35.0mm,
25.0mm) IZHOAERS L 9IS, FEr ORBOBEYLEC. Z0&E, BB PVERT Y
X NVIANF—REFELIER%E, Table 3.31TRT. Ricid, BEYOPEr %, 5.0, 100,
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35
p= 0 —
30 L
poom
D = 3000
25 \ p=5000 -—-
20
£ ‘\
E1s e
N '.“ \\\
10 \\ ‘\ \
5 x \. \\ \\
0 LI T N
-5
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Fig.3.5 Example of computed object shapes considering gravity effect

15.0, 20.0mm &BX, FFELHALZRLTHS. Figld.7il, ZREFNOBEOWERERT.
BRI ESREEY LB L EESERBLTWE I L, BROGHESRER TV I b h5b.
72720, MRDPEBICEEY L EMT A5, BEDVSRET AN, ZITEREEL TRV,

Table 3.3 Computed values of coefficient vectors with obstacles

r ai ay as 4 as Up [J]

5.0 |-0.073 0.969 -0.406 0.113 0.479 | 2.005x102
10.0 | -0.079 0.806 -0.510 0.332 0.589 | 2.650x 102
15.0 | -0.046 0.419 -0.483 0.817 0.529 | 4.066x102
20.0 | -0.094 0.471 -0.764 0.588 0.393 | 3.827x10~2

N
N,
5
iR R

Now
S
N
X
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\
| P !
. - .
SN o R 7
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o
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4
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Fig.3.7 Example of computed object shapes with obstacles
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(b) Deformed shape

Fig.3.8 Deformation of string object

3.6 IRRWIEDEFRIER BEM

AE T, B I TCOPEZICHAL T, BRYED 3 RCEMATOERRHRZ B4, 32—
K274 Y —% EOMIRMAEE, —RiICHGEBmICRW 20, ERIRDEEFELC L9, BUME
BTOEREIINESLTY, FRALDBRBTLILICE T, Yk 502 ZEHMEBENKE L
ZALT 5. 72, BMTFEROE»ICPLEE D O UASb 579, kinking[36] D & 5 %K
WA EDREZHEL D, OB, WRIBINICERICERT 5720, 23— FOBEILIEITOE
BOWIRT 2 EOBRIBLZITAR—RAYEH L. LdoT, TOL) ki< =talL— 175
2o, ZERERETFHL, DERICEEE5Z2MREOD 2ERHRORELHC I LI
BEEI 5.

ZIT, ROFEORT LV VIR NF—IT, B COERRYEOERIREN L F L X
I, BHLEERERRICBWTIRNMIZAEL, 520N CHBEEDOTT, K7y v
FoPBAE R L) BRESFET A EICLD, ERERERD 2.

3.6.1 HfAIMIRDOTRER

Fig.3.81a/R T & ) 2 E & [ DEHRRWED ZRILEHATOERBEROBMRIIZ OV TERX
b4 5. FEEZEPNCERBIESR O-zyz %, WERO—FORmEIIYWEREER O-n¢ 2L 5. WA
PO o7 ElEE s TEL, FOHICBT2Hkob.0hmNc (#y, T/-OKE, ¢
bbb EBERREICBOTEED E,nHmD, ZEREERD ¢,y BIC—HTLLH)IEDL. &
WHROEEIZBITHAEBOELE, 45— ¢(s), 0(s), ¢¥(s) TERT. TOK, KHIIBITS
BEREERATHIE AL T5HL,

cos @ cospcos iy — sinpsintp — cosfcos psiny —sinpcosy sinbcos ¢
A= cosfsinpcos + cosdsiny — cosfsin@sintp + cos pcosty sinfsin @ (3.25)
—sin 6 cos ¢ sin @ sin ¥ cos @
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EERINB, IRED, HP(s) 2B BBRLEMATNY PV () 1}, ROL ) IZEENS.

0 sin 8 cos ¢
((s)=A| 0| =] sinfsing (3.26)
1 cos ¢
Tz, BRBOMELDOD S HP(s) DEBMEIX, ROXIIKRTILPTES,
x(s) =@xo + /s ¢(s) ds (3.27)
0

ZIT, mo IERBROMEREERDOESOZMUELERT. /2, BRBEDOLP(s) IIBIT5Wk
DR, ALhZFL, Fheth

K = (%)2 +sin” @ (Z—f)Z (3.28)
L2 = <% cos § + ‘fj—f)z (3.29)

LRYIEHTES. DL, RIKWEOERHBRIE, TR (), 0(s), (s)IokoTHE
BHTAHZEMNTESL.

3.6.2 FRFLIvIIXNF—DERIL

RIZ, BROEOFOIANF -2 2R T 5. BIREME LT, WERICIIHEEROAD AL
250k L, WK, RLOBEEIZEHELEZNDIDETS, Thbb, BFry Iy VI RALE—
LTI, BT ACAERICE 2B A VF -k, ENCIANBEIANVF-L2EX . &
ROBIFE=A Y MIWE LIS, ALY T2V PRALARw ICHHIT 2 LIRET S &, WO
RFV Iy VIANF—Up i, ARICLVRT I LD TE S,

L L L
Up = / %fz%ls + / %—taﬂds + g/ Myds (3.30)
0 0 0

I, Ry GHITEME, R, GRUDEM, M BEMESSA)0REERRT. 17, WELO
BP(s), (6= 1, ,m) AT £ DA SN, Aw(s;) TRENDERAE L 2B, WHICH
AONZAEEW, 3R (3.12) ERAL LS i

W, = f; - Awx(s;) (3.31)

EREND. HR, WEOBHIZRELRERIIRE
—Up=Up =D W, (3.32)

i=1

FRUNE T BB G(s), 0(s), P(s)IckoTRENS.
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3.6.3 #HlHERGEDERL

MR, N FREREMIC L > TS EEERHMFEHEIREINE. 2ITR, 20 &) %l
etz ety 5.

Wk LD 2 B P(ss), P(s.) DEWHDMEBERIR x(s.) — ®(ss) L =Lz, 1y, L]T THEZOR
L0, EREREIAR TR SN ZH SR TR LRV,

/%C@ﬁh—lzo (3.33)
7o, MELEDOB P(s,) KBITAEREDLEEN a = [ ¢, 8o, Yo |T THRXONIHAEIIE, &
ERREIRR TR INDHHZMH S TR EL RV,

#(34)
0(sa)
P(Sa)

EEZERNIC f(2,y,2) S O0TRIND L) EBEYFHLLTH L, ZOBEYLTHLER
720z, BERRERERAO L) iz S 2 TREL %W,

-—a=o0 (3.34)

f(z(s),y(s),2(s)) >0, Vs €0, L] (3.35)

B, WAKESBEE L THELRVAZDIE, &), 0(s), ¢(s) RUTOEBG2MHA %< TR

HH%Ww,
|2(s:) — ®(s;)| 2 7(s:) + 7(s5),
Vsi,s; € [0, L], s.t. |s; — s;] > r(s;) 4+ r(s;)

T, r(s) IXEP(s) KB IYEROEELRT. LA oT, ¢(s), 0(s), ¥(s)iF, X (3.33)
(3.34) (3.35) (3.36) THREN D L) LHl#HEH 2z S H TR ZE LR,

BED XS, $RmEIcE 2 oz, B 4e(s), 0(s), v(s) BT 2%4XBLURS
REBTRING.

L7455 T, #l#5% (3.33) (3.34) (3.35) (3.36) DT T, K(3.32) THEALRLLANF—%&K
IMET B & BB S(s), 0(s), ¥(s)xKDBILICEY, WRMEORERREHETH L
BNTEL. &7, EHRROFER, o), 0(s), ¥(s) CATIEFHEIIREE SN,

(3.36)

3.6.4 ZEMHMROBIEETER

BT, £80(s) # BEBBOBBMTRERT 22 LI, 0(s) ST 2ESFEL RE
N7 PVICET 2 RGECREICER L, BRRWEOREBIR: BENICEH LA, 22T, FH
THFEAMLEFECTHRIDEDOERRIRE KDL, BE H(s), 0(s), ¥(s) EEERE e1(s), e2(s),
oo, en(8) DRIBAE LTUTO L) 12RET 5.

He) = 3oaf ei(s) 2 0¥ -e(s) (3.37)
6(s) = 2“: al - e;(s) 2a07" -e(s) (3.38)

=1
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9(s) =D eis) 2 0" -e(s) (3.39)
a’

a2 | a’ (3.40)
a?

CRIZEY, MR EOEREIROFEL, B & EKIC, X (3.22) TRENE L) LERRT
DR PV a BT 5 RELHBICER SN, 22 TRETIE, RlfbFEZRHVERMENIZ
ROV EOERIKI 2 VW 20RT. $72, IRTEBMATHERMEEZ =2l - L
TPHERINVBIFRRIIOVWTERE TS, KHOHEFE THV 2 BEEK L U TIORT.

ei(s) =1, eas)=s,

2
e2n+1(8) = sin nL7r3, (n=1,2,3,4)

2nrs

ean+2(8) = cos (n=1,2,3,4)

B1) RS L=10BEHRKWEKC, UToL 2Hl#5GELm 5.

L 0

A qu&-[o =0 (3.41)
!

#(0) #(L)

6(0) } = | 61) [ =0 (3.42)

¥(0) (L)

$72, Ry/R, = 1t L, EHORBIIESRT . F—8# L CRARY KO T i o B g+ #E 7-
BEDERHROFEREE % Fig. 3.9 TR Y. MRYEL #iy T < &, BMROERFIRD Fig.3.9%
DEIRQE, TEOLLMITEROASFEL TWAERKSS, Figl3IG5nXd%LH, v4bb
HIFEE LR ECNEREFEL TV EBRNEEILT 2560555, 22T}, BMIBEE-F1E
HK BEEZE-PF2BREEEZLICT S, Figld. 1020 & ) 2HRICB T 2MIRWEORT ~
TANIANF-ERT. 72, WEROBRNFE-F 1 2HETL2L ) CHBEZMALBEDET
YA NIANF-LSEPITRT. KLY, WERFE-F1IBERPLE-F2ERICZLZ LIS
T, MITERICL Z2HELAVF DO —BFRUENERICL MU A VF—ICEREh, &KL
LT, E=F1EBREEFRLAZBALIVDORTF VI X VIAVF—D/NEL BoTWBE I EHSHh
b, LIhoT, 20X ERHROEIL, WEFLVEVI AV -RELBRT 572012
RELBBETHHEEZRHILNTEL. ZOHRR, AFELHAVL I EICLD, Figd9nk)
¥ Ialb— T2 EHNTES,

(Bl2) Rs/R, =1, $-EHORBIERATEZLL, FA—#HLTHRRBECRTY ZM
RIGEDERHIKOGERERE Fig.3.11LIRT. HRWELR L > Twl L, WEOERIEIRAS
Fig.3.11£D & ) ZEHKP S Fig.3.11 ED L) MY L Ro 7ZIRENE BT 256055 5.
D& %HBRII kinking &IN5, Fig.3.12(C kinking HEIZB I 2 MRKPEORT ¥y v
IANVF—ZRT. WO LR CNA wo Pwy = 4r L 25 ETEMABBOERI %[ = L
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Fig.3.9 Computational results of bending deformation

W 1 1
without torsional defclmation
.
=) 40 \%/
E -
5 N
= 20 bending energy
=
2 10
= b ~__— torsional energy
1

0.6 0.5 0.4 03 0.2 0.1

distance between two endpoints : [

Fig.3.10 Potential energy of bending deformation



52 %3 B EBCRY RO 2T AT

IZEEL, £DR&, wo=4r DFFTIZ/NIL LTV ZZHEOHEDORT v v ¥ VTR )L F—
ERLTWD, ML), WMAEFHAY)CREZEICE->T, RUNERICEZHEZ A LF—D—
IATHT AN L BT AN F—ICEBmIh, 2L LTRTF VIV Y VA LF—2NEL o
TWBHZEDyhb. $7%bL, kinking &1, MRWEKZ QAL - 25412, EHEHFIRE ) fhd
DR TRO BB ANF—REINEL BB 0IELLHLETHLEEZONS, 20k
IBBRY, AFEICELoTYIal—bTBHIENATES,

Fig.3.11 Computational results of torsional deformation

/
60 RN
% / . N
5 torsional energy S~
= 40 Vi
(]
=
= |
E 2 £
=3 bending energy

0 —

2n 3n 4m 1.0 038 0.6 04 02
torsional angle : ®, distance between

two endpoints : [

Fig.3.12  Potential energy of torsional deformation

(BI1) BX (BI2) [TRLZ2E D %, BRBECBI 2RI EFEORE TN TEL L
W) Z ik, MK OY =Kol - a VEHEE TR ) ETHEICEETH L. 2o, HikY
FORSH =TI, TbbMTRIERQ L) IS TR 2 VIEER, FEEZBPICRE
EVD D H5EDEEHRS, AFEICED Fig.3.13, Figl. 140X H)IZKDLIEHNTES. L
7ehoT, AFFERL) B EHEEEO~Y = 2L — Y 3 VEBRERFBICBOTIEEICHH
THHEEZEZOLND.
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Fig.3.13 Computed shape of deformed objects whose radius changes along their central axis

Fig.3.14 Computed shape of deformed object with obstacle
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3.7 SEWRRMED 3 RITEM R

AETIZ, BIE I COFELICALT, BRRIWED 3RTEBMATOERRE BT 5. 3.2
Biro 35 8Tk, WRIEFHMICOAMTERLELEL S, THROBEBFMICIE—RICERTS
bDEREL T2, KETIEX, WRIIRFHE, BHAOWMAFICERT2008 L, BIFE2T
9. Lo T, MIFERZTTERL, ANERSCETF - BHAEANOR LN EET ZLEND
. Zhick Y, ERRDEO KL ERFEIROFRTRRE % 5.

3.7.1 HBAMIAORR

Fig.3.15 Deformation of thin object in 3 dimensional space

du
(___du—) ’YV 4//
dv
n dv. 1M
g g Yo

P(uyv) & P(uv) &

Fig.3.16 Deformation of infinitesimal element dudv

EXU, I8V OEMEERRDEO SR TEMN COERBHROBMEII 2V CERLT 5.
Fig.3.151RF & 9 1S, fERZERMPNICZRERR O-zy: &, WHRO—RICWEERR 0-in &
Lh. WESOEHADREF I o ML u, WHOWHIIIH - ML o TRL, 20K
B DWEOERAEIC (HhE, TLOBRE, T2bLBEMRBICBVTEADE, n#)
hs, ZHEEROz, yEIC—KT 5L ICED D, WEOBMNER dudv 11 Fig.3.16(b) D X 5
KERT DL L, ERBEDOERICBIILE, 1, (BMOFADELE, F15—H ¢(u,v), 0(u,v),
P(u,v) TERY. ZIZT, FH2IT Yu(y,v) = ¥(u,v) + yulu,v), Yo(u,v) = P(u,v) — % (u,v) &
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BE, (MBI N 2BEERRTHIZENRENABLITB LTS L,

cos 8 cos ¢ cos P, — sin psin vy, — cos f cos dsin, — sindcos, sinfcos¢g ]
A= | cos@sin ¢costp, + cospsinth, —cosfsin@sinp, + cospcosp, sinbsing | (3.43)
— sin @ cos ¥, sin 0 sin 1, cos 6

cos 8 cos ¢ cos ¥, — sin ¢psintp, — cosf cos ¢sin b, — sin pcostp, sinfcos |

B = | cos@sindcosi, + cosgsinty, — cosfsin¢psinp, + cosPpcosy, sinbsing | (3.44)

— sin @ cos ¥, sin @ sin 1, cos

LREND, ZhEY, EP(u,0) KB KEF MBS PV E(u,v), n(u,v), ((u,v)ld,
FNEFNRDELIIIRENS.

1 0 0
(u,v)=A4|0|, nu,v)=B|1]|, ((uv)=A|0|=58 (3.45)
0 0 1 1

Fig.3.17  Curvature of curved surface

—%, 3RTHMEORMEICBNT, HAS : = = x(u,v) LDH B P IIBIT L HNERY
MV a FHOBE IZ—RIZROIHIZKSI NS,

Kk = (@yy - €)cos?a+ 2(®y, - €)cosasina + (2, - €)sin? a (3.46)
ezl 5
x x .
a= :?—J!P-cosa+ —%P-sma (3.47)
ThohE¥dsb. 22T,
&z  0¢
0’z o€
Tw = Fm = B (3.49)
0z On
0’x on
T = S = Bu (3.51)

e=—C (3.52)
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THHDT, u,v AHDOME kyky BLUTRUEINE w, w, KDL HIZEENS.

Ky = gi (= __0£ COS 1y, — 8(;5 sm0s1n U, (3.53)

Ky = —%Z— (= — sm hy — —¢s1n0cos by (3.54)
_ O 80 8(;5 X

v =5 (= sm Py — Pa sin # cos 9, (3.55)

wvz—% C_——(?—qco WPy — ¢sm051111/)u (3.56)

3.7.2 RFL T4 NIZNXE-—-DFER(E

Rz, BRRYEOHOLANVT—2ERILT 5. difREM L LT, WRICITHBEEEO A0 E
Ladbnt L, MEDOHPIEHIMHEL2VbDETE, Thbh, RF VP VIRAMF—-ELT
&, B - RACHRIZEBVFTARIANF L, BHCIANBIANVF-LE2EZD.

ERRYE OB INEE dudvdw SRR T ¥ ¥ v VLA VF— dU, 12, Kirchhoff-Love DX E
ZHWAHZEIZLD, RDEHICH LIS,

1 1
dUp = {5(8u2 +e,° - 2veyEy) + §7uv2 + Dgz} dudvdw (3.57)

T, e BEVe BENTNu BLT v FROEEVTH, 1, EEAMOTH, v KTV
vIit, DREELRYT. FHAOBREVTAE L RABDT A %R (3.53)(3.54)(3.55)(3.56) TH
AONBMER, &, BIURLAKw,, w, TRTILITL), BRRBEOEOKT v v
IANVF—-Up 13

U = E /U/V(2+ 2 o ) dud +@/U/V(¢ bo)? dud
p = 24(1__1/2) Kyt Ky VKyKy) dudv 2 Jo Jo » » udv

Gﬁ
// Wy dudv-l—Dgt// z dudv (3.58)

Ehb, 2720, Eli'\”/? E, GUERMEE, tIIRELZERT.

3.7.3 #HIHEHFDOERL

WIS, N FREEEMICL o TS TS FLMHEGHITREENS., 22T, 20X %4l
¥t ERILT 5.

9, K (3.49)(351) & v, WEOEEDET

0%x %z
vdu  dudv T
EVI BRI R TIRELLRVDT, NI Mlay, BEWx,, DE 0, ( MBS % HE
THILICEY, UTF0X) 2EHEEIEINS,

(a¢u+_¢coso> cos($u — ) =0, V{uv |u€[0, ULve[0, V]} (3.60)

(3.59)

Lyy =

0 i}

(%%+¢§am®c%( %) =0, Y{uv|uel0, ULve[0,V]} (361)

(90

08 ¢ . .
. cos Py, + 9 sin @ sin ¥, = 0,

‘v’{u,v lue[0, Ulvelo, V]} (3.62)

51 n i, — (?gb sm 0 cos i, +



3.7. BAURBED 3 RICEFEMENT 57

%’ﬁ;_[:o) 2 ,‘f—f': P(us, 7)5), P(us,ve) @%ﬁ2f§®1iﬁﬁgﬁ% w(ue, ve)—w(us, vs) »l= [ lz‘) lya lz ]T
TH5ZON58, ZEEBRITARNTREINDHNZFH IR TREL R,

/ €|U—v3du+/ Tl'u uedv

= / MNu=u, dv +/ Elo=p du—1l=0 (3.63)

F7:, WHELEDD D P(ug,v,) BT BEBHD u HEBEAERNY PAVHE, = [Loay Eyas Eoa ]Ts
o HEEEHERNZ P VD0, = [Thas Tyas Tea [T THRONBHEIE, BRBREXATES
NBBIBE S B THE R

E(Ua,va) = &4y M(Ua,Va) = 7, (3.64)

RN f(z,y,2) S OCREND L) REEWHFHLLTHL, COREYLTHELZV
7oz, BERBIREIRAD &) il 2wz 32 TER LR\,

f(z(u,v), y(u,v), 2(u,v)) 20, V{w,v [ue[0, U]ve[0,V]} (3.65)

L7zdto> T, #il# (3.60) (3.61) (3.62) (3.63) (3.64) (3.65) DT T, X (3.58) THALNAHT
ANF—FRMET 2 8 BEB G(u,0), 0(u,v), Pu(u,v), dy(u,v) ERDZZEICLY, &
WK ORERREFET LI LHTE B, #R, BRBROFHEIZ, ¢(u,v), 0(u,v), Yu(u,v),
Yo(u,v) 1B ARFHEIRESINS.

3.7.4 EWHROBIESESH

B T3, ZH0() 2 XEMBOBBMTRET LI LT, 0(s) BT A2ETMEZRE
Ry MVICET A RECEEICER L, BRRYEOEREREBENICER LA, £2T, K
THEBELRFETHERRRDBEOERERERD S, B o(u,v), 0(u,v), Yu(u,v), ¥u(u,v)
BB e (u) e;(v), ((=1,-+,n, j=1,-+-,n) OHFEME LTUTO L) ICKHRT 5.

¢(u,v) = é; al; - ei(u) - €;(v) (3.66)
0(u,v) = ggafj -ei(u) - ej(v) (3.67)
bu(u,v) = ig al - ei(u) - €;(v) | (3.68)
Po(u,v) = ;Z;a ~ei(u) - €(v) (3.69)
a* £ [ df, ja;; e a? ]T (3.70)

A T
a’ = [afl a, - aen] (3.71)
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A ” T
a¥ = [a;pf a;pz aﬁ; ] (3.72)
A . . T
¥ & [a;ﬁ aly - aﬁz] (3.73)
a®
A | af
a2 |® (3.74)
a u
a¢”

HIZEY, BRRMEOETEIROFEI, Aifie Fkic, X (3.22) TREND LI RREAN

7 MValCBY 2REMEICERINL. £ THRETR, FRRWEOERIIKE BMHENIZK
V5. AHOBESNETHV 2 REMEZ UTIURT.
ei(u) =1, exu)=u,

2nTu

ezn+1(u) = sin 7 (n=1,2,3,4)
ean+2(u) = cos 2n£ru (n=1,2,3,4)
e1(v) =1, ezv) =,

ean+1(v) = sin 2n£rv7 (n=1,2,3,4)
ean+2(v) = cos 21y (n=1,2,3,4)

Fig 3.18ICEMRMEDOLF 2R $. MEARE, T2 bbEABIREICB VT Figd.18(a) I
AT L) RREAT L EREERRYEL, Fig3.18(b) IRT L) KERESEE. ZOBOH
PEBRUTOL ) ItRESN S,

®(0,V)=[-0.1U, 0.9V, 0]F (3.75)
x(U,0)=[0.70, 0, 0]F (3.76)
=(U,V) =[0.8U, 0.9V, 0 ]T (3.77)
€(0,0) = £(0,V)=[0.92, 0.4, 0.0]T (3.78)
&U,0)=¢(U,V)=10.92, —0.4, 0.0 ]T (3.79)
7(0,0) = (0, V) = [ 0.4, 0.92, 0.0 ]T (3.80)
n(U,0) = n(U,V) =04, 0.92, 0.0]F (3.81)
2(u,v) >0, V{u,v |ue[0, Ulve[0, V]} (3.82)

PUED LX) ZHl#5ED S & THE LAWEROEREIKE Fig.3.1910R . RN X HiZ, 3.5H
TR L72E ) RIEFBIC—RBRER TR R VBEII2WTYH, KRFEEFHWSLZ EI2X ) ERBR
PEHTLIENTES,
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0.9U

E
—
B
=

o_ X 0.7U

(b)

Fig.3.18 Example of thin object deformation
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(a) 3 dimensional view

(b) Top, front, side view

Fig.3.19 Example of computed shape of thin object
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3.8 IRALEER

AT, ERERONEHERERL, FEOEAOZLEMEZRIET 5. ¥, Fig.d.20ll7R
FTTOORKD ¥ —ARKICHITERZEL ¥, ZOERBREAEL, 3.5 8 CRLERE
LTS, gV —HHKOE SR, 2312t =92x10"?mm Th 5. Fig.3.20(a) ISR EAHD
AT, TR R, 25 ICHURES LV DERE Mg o' —ETH L. —7, Fig.3.20(b) i
FRTHROBKTIE, Ry, Mg LdbllEB s C Lt o TERT 5. FEOFEEHVLE, 2
D& HFEICD, BRBRERD S ZLHFTES.

200mm
£ -y -
HiE
on
(@)
200mm
-y -

50mm
il — -
100mm

Fig.3.20 Shape of copy paper used in experiment

¥, Fig.3.20(a) ORI RO 2 ¥ -ARKOERBRIRE WE T 5. AKOK SiX 200mm, &L
30mm Th 5. BEOMITEIE Ry 139.81x10'N-m?, BfiRE KA OEE Mg 13 1.96x 1072N/m
Thb. EREOBEHOESE! A, 180, 140, 70mm 2% 5 & XOERFRKOFTEERE, |
HOFEIC L BEHEJKRE % Fig. 32157 T. ERIFIERR, SRIGHIRRZERT. SHEICS
W, BMEDOHEG, 01X, £dic0rad THAHLRELK. 72, ENOFSGE2RTERTE p
OfElE, 1.60 TH5BH. hiF, BENOFBNIILALERTELILERLTYS, SIEKREF
PR L Oz OB AREIZ, 1lmm THAH. Zhik, AKOESIIHL T, H6% DIRET
»H5.

SHEEEEIMEE OEIL, BEOAE 6, 0, PDA—BIERTLEEZ LIS, ElEI LA
B0y, 0 DEEHEETHE, FNLEFNO0.17rad, Orad THDHI L bholz. TNLDHEEEE
AWCERERsBatE LR %, Figl.22iI0R7. COHBE, z#MAMORRRZEIT 2 mm T
HY, BEOEZIINTHEER, 1B BRI LT ENDbRS.

RIZ, mgmmmuﬁ?ﬁ%ﬁﬁ®36~mﬁwﬁﬁﬁﬁ%M%t,ﬂ%ﬁ&wﬁﬁétmu
AT LI, BE200mm, A, AHOEBIZENEFN 50mm, 100mm THb. Fig.3.20(a) DBFI
LR, AROMITEIN Ry 20 ICHEMEIYL)OER Mg i3, B> TELT 5. BT
bmm &$5E, B R,IZ3.23b x 10°N-m?, E8 Mg i3 0.690N/m T5xbhb. $7z, IEb
1250 + 0.25s mm TH2 6N 5. BifiOFELHEVEE, HITHIECEMNRS YA DERED, BIE
S L TELTAH/EICBVT Y, ERBRE2FET I LA TE5. ERBROTEHR LF
WiER L %, Fig.3.23I0RY. FHERRLFHIERE O 2 @ RORKEZEIZ, 8mm THAS. Z
i, AOEXIHLT, 4% 0BEETH L. JiElrSHEE L -WROAEEZ AW, £
Wik BEtE LR T, Fig3. 4Ry, Zo%A, 2 FHORKEZEIR 2mm THH, AED
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100 T
éomputation§l=1 80(mm)) —
iexperiment (=1 30§mm§ +
computation(i=140(mm)) -----
experiment (I=140(mm)) o

computation(l=70(mm)) -----
experiment (I=720(mm))  x
3 -
E Ry
™ B
YoF
[} +
. +
X
g D
N
B D>
x (mm)

Fig.3.21 Comparison between computed shapes of paper illustrated in Fig.3.20(a) and ex-
perimental results

100 y
':omputation§l=1:80(mm)) —
experiment (l=180(mm)} +
80 X computation(l=140(mm)) ------
FUN éxpetiment (IFT40(iim)) o
X by computation(l=70(mm))" -----
/ 4 experiment (=70(mm)) x
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Fig.3.22 Computed shapes of paper illustrated in Fig.3.20(a) using actual angles at end
points in measured shapes
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Fig.3.23 Comparison between computed shape of paper illustrated in Fig.3.20(b) and ex-
perimental result
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Fig.3.24 Computed shape of paper illustrated in Fig.3.20(b) using actual angles at end points
in measured shape
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Fig.4.4 Potential energy along deformation path
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Fig.4.5 Result of proposed procedure in chapter 3 when position and direction of P(0.5) are
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Fig.4.7 Potential energy corresponding to deformation as shown in Fig.4.5 and that corre-
sponding to deformation as shown in Fig.4.6
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Fig.4.8 Example of potential energy corresponding to two deformation pathes
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Fig.4.9 Potential energy corresponding to deformation as shown in Fig.4.5 and that corre-
sponding to deformation as shown in Fig.4.6 considering deformation path
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Fig.4.11 Result of deformation path vector computation
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Fig.4.12 Positional and derectional control values for optimal trajectory
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Fig.4.13 Potential energy corresponding to optimal trajectory
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Fig.4.14 Comparison among shapes computed from deformation path vector, those computed

from proposed procedure in chapter 3, and experimental results
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BETd 5.

¥3°, form closure I22WT# 2 5. Form closure (X, ¥Wiko HHEZBMAZHICHET L L
WAL AL TIENTEL, Lo L, THWEE, EROBHEAR2LEALNLNT, C
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Fig.5.1 Rigid object where external force and moment are imposed
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Fig.5.2 Deformable object where external force is imposed
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Fig.5.3 Deformable object where external moment is imposed
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Fig.5.4 Relationship between body force b and region
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(a) Grasping 1

(b) Grasping 2
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(c) Grasping 3

Fig.5.5 2-dimensional examples of deformable object grasping
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Fig.5.6 Computational results of deformed object shapes caused by external force
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Fig.5.7 Relationship between maximum magnitude of admissible force and friction coefficient
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Fig.6.1 Example for manipulation strategy derivation
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Fig.6.2 Contact state transition example #1 for manipulation strategy derivation

Table 6.1  List of contact point combination in each state in Fig.6.2

pattern combination | list of contact point combination

(a) Pi-Py C1-Cs,, C1-C3, C1-Cy, C2-Co, C3-C3, C2-Cy

(b) Py-Ps Ci(when ©Ft # 37/2), C;-Ca, Cs(when 0 < 0Fr < /2 or
37{'/2 < @El < 27T), 03-03, 03-04, C4(when 71'/2 < @El <
37/2), C4-C4q, Cs(when 0F £ 371/2), Cs5-Ce

ZERUARE (a) (1T B MM ERE

Fig.6.2(a) I2BWVT, Fig.6.2(b) ~&IREL BH T & 2 WHED & 5 Bl 4O ML E R O
Xﬂ&%ﬁb-&&i, Table 6.1 & V), Cl-Cz, C]~C3, Cl-C4, CQ-CQ, C2-C3, Cz-C4 k&% .U\Iﬁ’é
Tit, ThHOEMVEBRBOEASHLEEINEFNIZDOVWTEELIT).

L4 %ﬁﬂfﬁf’i@?ﬁ (a):C1-C2
HAEDEN C1-Co DA, EBROTIKEITIC BT 5 HlHEMA

8(s1) = 0 (6.1)
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/Osl cosfds— 1, = 0 (6.2)
lx—/oscoseds>0, ¥se [0, L] (6.3)
/Oscosods>0, Vs e [0, L] (6.4)
zo+/ossin0ds>0, Vse[0, L] (6.5)

b, 2T, s BEMBAC, OMEBEL, L 3HEYERO z FROERE, 2 3#K
WRIEERD 2 BEET S, T2T, 3ETRLALEMFRFEEZRAVLI L2, K(6.1)
o (6.5) TREND X RHIHELFIIBVT, s = L OBERAOERD £7°0), £5(r)
THEREER SR ZENTE, |£°0) = |fB1(r)] = 1.21 x 1072N &% 5. LRETIE
s 2 LELTHERLEDD., 22T, Fig6.2(b) ICREZ BRI L201CIF, HEWE
DEMNVE Cy 12BVT HIRFWE S & BARRYE L OBMREI 0 L 26 TRELR WV
B, R (6.1) 5K (6.4) DL RHMEHFEEFTE R, Lr>T, SEWESERIK
WEDORTMEERY 2O BET LI L hVwERET 2L, HEYED Fig6.2(a) DIRE
ZBWT, s = sy PADONBETERRYELEML TCVILENH L. Bl 2E, Fig6.3ic
R &) RIRBORE, s = LIZBIT2BRRY AL BER S, & ogMskbhTd, B4
B OF AP I HARRG FI L EBEOERANEMR 5 LHTE S, Fig630 & ) o
R E LR EE L0103, 2%l d sy = LIZBWTKRE S 3.72 x 1072N oEBH
A (n) EMABLENDY, ZOBOHBWEMO z FEOEBE [, = 36mm, HRKY
BORMTERICEBRT Yy VIAMF -3 U, =337 x1073] &% 5. F72, ZORE
DH 2o > 122mm &R B L) ICEMIOERNEZMR 5 &, HEMIKE Fig.6.2(b) ~ kLB
B¥5.

B ERA (2):C1-Cs
HMAEDEDN C1-C3 DG, EROTRETICBIT B HIHERMA

8(L) = 0 (6.6)
/OLcoso ds— 1, = 0 (6.7)
lx—/oscos0ds>o, Vs [0, L] (6.8)
/Oscos0d3>0, Vs e [0, L] (6.9)
ZO+/Ossinods>o, Vse[0, L] (6.10)

b, TOBEE, REDS Fig6.2(b) N BBL T EXTRINZHOLMIMEF SR
50T, BIZIZ, [ =199mm, 2 =lmm OF, HiRE OB S, IS5HT 5 BRI
0t7%h, REIZFig620Db) L BETS. ZOBROWEROMITERIZLIAEF Y vV
FUF—126.11 x 107°T &2 5. ZDE) LREBBSELL20D 1, 2 IEBGEET
B 72l B L SACRE L OB OBEERES 0.2 Th o1, HEMEKOEHC
L, BB THE Vo 2BREEED20121, s = 0ICBITARID 2z RS E
z FERT D |, [re| P02 UTTHELEND 5.
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Fig.6.3 Example of shape when contact point combination is C;-Cq

o B BB (2):C1-Cy
H A DD C,-Cy DB, EROTARFN I B b HIRRMEE

/OL cosfds—1;=0 | (6.11)
lx—/oscos0 ds>0, Vse[0, L] (6.12)
/oscoso ds>0, Vse[0, L] (6.13)
zo+/:sin0ds>0, Vse [0, L] (6.14)

%%, Fig6dll, s = 0BLUs = LIZBIFIRDO 2 FHAS & ¢ HARG LDl
|ro/re| &, HEABEEO c FRIOERE, OBFEZRYT. KXY, wEmEs SRRy EL
DB DOEBBEA 0.2 DHAICIE, I > 190mm THNIE, s =0BLWs = LIZBVT
EROEELLZERL, WHREZIEETAI LN TEL. ZOB, WEmMKICBITA2ERD
i |£Vo(0)) = |FV1(n)] = 9.27 x 103N, WAEOMITERICLZRF Y Yy VAL F—id
Up =598 x 1073 L2 b. F7:, ZOREDPDL 2 > 0mm & %5 &) ICEEEDERN %
mz 5 &, IR Fig6.2(b) N EBT 5.

o PEAMPIEBER (2):C2-Co
HAEHED Cy-Cy DA, EBEORARBATICBIT HHIFEMLX
(s1) =0 ‘ (6.15)
8(s2)=0 (6.16)
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Fig.6.4 Example of shape when contact point combination is C;-Cy

/82 cosfds—1, =0 (6.17)

51

lx—/scos0ds>0, Vs €[ 81, 82 ] (6.18)
51

/scosﬁ ds>0, Vsée[s, s2] (6.19)

81

z0+/ossin0ds>0, Vse[0, L] (6.20)

Lhh. s =0, sg = LOBE, BAOERNFL0), f51(r) ckeERsEs L
<%, |[F2(0) = |F5 (r) = 2.36 x 1072N &% 5. 72751, Fig6.2(b) ICikiEZ B x4
B70ITid, BRIE C-C, DA LIRS, SIMMIEOBEMIE C B 2B S, &
BRI E DEMIREN 0 L 252 TE AR b Awviz), K (6.15) »5R (6.19) DL H %
HFEMEHRFTE 2V, L2 o T, fIEWAEIL Fig.6.2(a) DREBIZBVT, s = 5,59
DA DAL B CHATRY R L Bl L COALENSH S, 0D, Ixltdbs=08L
Us = LIZBWTKEE 431 x 107N OFEAH f72(0) BLU f32 (7)) MR HLEND
D, ZOROHMEYEEO ¢ FraoKEEll, = 30mm, WHEROMIFERICLEZETF Iy
IANF - U, =532x1073] &5, F72, ZOWREDRS 2 > 10.8mm & %25 X )ik
MEDERNZME 5L, HALIRE Fig.6.2(b) ~ & BT 5.

%ﬁﬂ{ilﬁfﬁ?ﬁ (a)ZC2-C3

HAEDLED Co-Cs DEIL, Co-Co DIFALFAKKICEZ AT LATE, LERIMEATIIX
IFE1(0)] = |F52(n)] = 4.31 x 1072gw, WEOMITERICE KT ¥ v VIRV F— it
Up=532x10"3] L% 5.

o SMTE B (2):C2-Cy
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HMABDED Co-Cy DAL, C1-Co DBELRABICER LI EHFTE, LERMERNIZ
|FE1(0)] = 3.73 x 1072N, WHEOBMITERICL B RF Y V¥ VIR VF—i3 Uy = 3.37 X
1073) L% 5.

PEX Y, BMAIBERHOMAESDED (2):C1-C3 BL U (a):C1-Cy DHBEITIX, £RDSOM
AREDRICHRTURNERRT VXY VIANF =T, T4bbYh2dI VBRI EL I ERY,
Fig.6.2(b) ISR TIRENE BRIH LI LNTES.

ZRRRE (D) (ICH 1T B MBS

Table 6.1127R L 72 Fig.6.2(b) (2817 2 MU BHEMOMAGDED ) b, EMLERHEC) B
UCs REMIC—HTEMLTY=E2L -T2 ) 2T, HEHTREZY., LoTZhI
NOBERMBICOVTEET L. 22T, Fig6.2(b) IZRTHEMREIZB VT, Fig.6.2(a) DEAM
R B (a):C1-Cay (a):C2-Ca, (a):Cy-Cs, B U (a):Co-Cy 3B E B (b):Cy-Cy (HHE
5. RS, BAERE (2):C1-C3 B XU (a):C1-Cy 1 ZEMALE EH (b):Cy-Cs 13T 5.

o BT EBR (b):Cs-Cy

Fig.6.2(b) i B\ THMALE R (b):Cy-Cy (IS B HEMALEBRH (a):C1-Ca, (2):C2-Co,
BIU(a):Co-C3 DB IIE, HIHWENTHE Vy ICHEML Tu vz, ZORMVEY

ErbZ %, HAV, CEMEDERAIEZME, Fig6.2(c)~NLRELXBREELI L

BTEL. AU EMAEE (b):Ca-Cy ([SHIET 2 B B R (a):Co-Cq DHEITIE, HIH

WIRASTEAS V ICEM L T35, BRSS! = 0 Thi700, ZoBedEMEY

ExHZ ek, HAV, CEmMEOEANEZMR, Fig.6.2(c) IIRTHEMRENLIREZ

BRIEDLILENTES,

ERA BB ():C1-Ca DBHAITIE, THA V) BT 25 koBEmE R V1 = n/2 T
Hol, BMNEBLEXSLEFHL. TIT, HHWEIFIERIYEORTEHED %

Trnd, HEV, DAOBERLEMIE R TREL RV, LchoT, BRI Fig.6.3
R &) RIRBEBS 11081 2 M B (a):C1-C, DHE LA S, ZORK,
Fig.6.2(b) 2BV Tix, FEROBELFEMKI, BMUELYZEZ 52 %<, Fig6.2(c)~&
REZ BB IR ENTES.

o BGIEEM (b):C,-Cs

Fig.6.2(b) {2 B\ THEMAL BB (b):C1-Cs (AT 5 B ERH (2):C1-Cs DBEITII,
HEPADSTES V IS L T 25, BARE Y = 0THo500, BMMNBELEZS
TEnl, HAVCEmMEOERATIEMEZ, Figb2c) N RELEREEHILAPTE
5.

o ZHLIS DB E B

%®1ﬁ’,®¢%ﬁﬁﬁﬁ{ﬁ¥ﬁ@%ﬂ&%b’é (b):C3, (b):C3-Cg, (b):Cg-C4, (b)ZC4, (b):C5—Ce ﬂi,
HED AP BRI EORTZ2ERY) 2P OBET A LIV EVIRENH D720,
Fig.6.2(a) COMEAWEOBEMMBRMOMAGHLENPSLFERTLZ EATE R, 2K
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L, f#MGErE=oU EHEET HE2E, Zo2HUROMMEYE L FIcEMmESYE, 20
% Fig.6.2(a) IZBWTHEMI S -HEMELERD 5 VIR S 22Xy, fiadD
VEEHRATEXLTMREEND 5.

DEXY, REERERE 1128V TIE, BMUIBRHOEAREDLED (2):C1-C4 — (b):C1-Cs
DGE, MPNDRTF VI XY VIRANVFE—T, TobbHERYEZRIZES®ELI %L,
Fig.6.2(c) R T HIEREANE Y= a L — N TE LI LTGH 5,

6.2.3 KEBBZRGI2ICHTIER

Fig.6.512, REERERG 2 BT 2 HAKEER & BRTREEMERZRYT. 7, Table6.2iC
Fig.6.5NFREIC BT 2 BB RHEOHEAGHLEERT. ZOFTIE, WHEIZODBIEHICHE
ik, THIOREERICL)BERENLEELTWS, LTFTHE, Figb50%8KBIZOoVWTED
HAMICERET 5.

Table 6.2  List of contact point combination in each state in Fig.6.5

pattern combination | list of contact point combination

(a) Pl—P4 Cl, CQ, C3, C4

(b) P3-Py C1-C3, C1-Cy4, C3-Cy, C2-C3, Ca-Cy

(C) P3-P8 Cl, Cl-Cl, C2

(d) P1o-Ps C1-Cq, C1-C3, C1-Cy4, C3-C3, C3-C3, C2-Cy

(e) Pg-Pg Ci(when ©F # 37/2), C;-Cz, C3(when ©F1 > 37/2), Cs-
C4, C4(when oF <« 37/2), Cs, Cs, C7, Cs

(f) P1-Psg Ci(when OF # 371/2), C;-Cz, C3(when ©F1 > 37/2), Ca-
C4, C4(when ©F1 < 37/2), C5-Cs, Cs5-Cr, C5-Cs, Cs-C,
CG-C7

(g) P1-P3 C1-Cy, Ca, C3-Cy, C4, C5-Cg, Ce

BRLIRAE (a) 105 1) B12AT BIER

Fig.6.5(a) I2BWT, Fig.6.5(b) ~&IRAE%Z BR T X 5 WHEH D & 2 HHWAE OB E OH A
Gh¥ix, Table6.2&Y, C;, C;, C3, Cy i3,

Bl BB (2):C1, (2):Cy, BLU (a):Cs ixEEMAM 7% = 71/2 X 1, BEMAEBEE (a):Cy
FEBEE VY = 0 X EIEYRLBERSY, ERXOERNESZ5L0IbDTHY, B
WERLREE L OBRBRE;0THEZ D0, WhEELERSES L%, Fig6.5(b) IIRT#
FIRBAN L IKEE BT HZ LT E 5.

IIT, ERICETEAT) &, BMEEM (a):C, (2):Cs, BLU(a):Cy DHEITIE, ZD
BMVEBS L CERIOFREEZ S 82, HMNy — > Ps-Py O EREEM/NY —  Pe-Ps
~, T%bb Fig.6.5(b) IR THEAIRED O Fig.6.5(e) IR THMKBNL BRTE LI L5
b,
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Contact state transition example #2 for manipulation strategy derivation
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EAIREE () I3 3 M BIEH

T L D, Fig.6.5(e) IR THMIREICB VT, Fig6.5(f) KRTHEMIREIIBIA2ERNEY
WA % &, Sy — >~ Pe-Pg 5 O EEEM/ Y — > P1-P3~, T4&bb Fig.6.5(e) ITRTIHK
DD Fig.6.5(g) IWRTIREBNLBRETEL I L0505, LT, BT T Fig.6.5(f) 2R
TREEICB T 5 B BEREORASHLEIIOVTEET S, 77, EME C IowTitH
EWTRZVZOER L2\, TIT, Fig65(f) IR THEMREIZBWT, Fig.6.5(a) DML
EEER (a):Cr i ():C1 12, (a):Ce i3 (f):Cy HBVIZ (£):C6 12, (a):C3id (f):C7 1T, #L T (a):Cy
1% (£):Cs \HHIET 5.

o MG E BEH (1):C1-Co
HMAGHLED C-Cy DIFE, EBORBITIIBIT 2 HH5EM:
8(0) = 6o (6.21)
zo+/ssin0ds>0, ‘v’{s se[0, L], :I:O-I—/SCOSHdSZO} (6.22)
0 0

% %. 6y = —0.501rad, 2o > 50mm DB, Fig.6.5(g) (SR TEMIREN LIREIER
L, COROYEROMITERIZLZRT Y2y VIR VF I3 1.76 X 107°] TR/ANE 2 5.
HMAEDHED Cs BLU (£):C3-C3 DIFEIZ, BAEPICHEBIRY KL SIEPAK L OBICIERDY
ZEL, BARDbITLE)TRENSH L7200, BYLEMVEB LISz V. T4, ¥
iz B Al ():C3-Cs DFHAEIX, —OHTOEMKREIC BT, B E ([ LIEED FHICE
HAEmMzonbX)eER2ELSELNLVD, PELELD.

o HEMNIEMA (f):C3-Cy
HAEHED C3-Cy DFEF, EROTRITIZB T 5 HlF MR

0(81) = 00 (623)
z0+/ sin@ ds > 0, ‘v’{s s€[0, L], xo+/ cos0d320} (6.24)
0 0

Ehb. sy =LJ2, 6y = 0rad, 2z > Omm DK, Fig.6.5(g) IR THEAMIREA & KB
BRL, COBOYWEKOMITERIZLARTF Y v VAL E—133.73 x 1077 TR/ %
5.

o BERLOIE B (T):Cy
HMAEHEDN Cy DBE, EREROBHI LD 0 rad < OF1 < 0815 rad & %2 5720, Z0
BRI E CIIREER s EBRTE LW,

o BMMIEMRM (1):Cs-Cy

HAGDED Cy-Cq DHEIR, —DOHIOBMKRREBIZIENT, BEE, IS LEEDOHEI/E
RAOZMAONE &) LEREELSEBLEFHS. LzAoT, Fig6.50b) I8NV,
T AIERMAE (2):Co-Co 1ML, AT AERADZMA 2T ETES 2w, Zhid,
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REEEBH 1 128V 2 BB ER (2):Co-Co 2B L 2 b 720, LERMERNZ |F£(0) =
lfgu(ﬂ.)l = 4.31 x 102N, WHROMIFERICLERTF Y Vv VAV F -3 U, = 5.32 X
1073) &% 5.

L ?%ﬁﬂiﬁ@?ﬁ (f)ZC5-C¢3, (f)IC5-C7, BIU (f)ZC5-Cs
BB Cs 2 EUEMULBOMAGLEIR, BB ROMBTL Y, BMANE Cs 1S LA
MOERNZMA D ZENTERVZD, REEBATRERE 5.

[ ?%ﬁﬂﬂiﬁ@?ﬁ (f)ZCG-Ce BIU (f):CG‘C7
A bED (£):0s-Co B LU Co-Cr DHAIR, RABBH 11251 2 BMATE B (2):Co-
Co 2L B 720, BWERMEAR [£520)] = |£5(7)| = 4.31 x 102N, WEO#T
ERICIZRT VI x VIAVF -3 U, =532 x 1073) & & 5.

o BB B ():Co-Cs

HAEDED Co-Cg DFAN, REBBH 1 12B1T 2HMALE ():Co-Cy ICHE L BB,
WER/MERTZ | F£1(0)] = 3.73 X 107N, YWHROMITERICL 2 HT ¥ ¥ v VAL F—
H U, =337Tx 1074 &4 3.

ERUIREE (g) I BT 3 MM BB

Fig.6.5(g) IR T EMIKEIZB VT, Fig.6.5(f) QBB EREE (£):C1-Co (EMILE ():C1-C,
2, BERMLIB B (£):Ca-Cy (MR BB ():Cs-Cy 10, BMMTBEM (1):C4-Cs, (£):Co-Ce,
():Ce-Cr, 3 LU (1):Cg-Cs M BREM (2):C4-Cy 12, ZHENIET 5.

o BMAIERM ():C1-Co
HAEDEN C1-Cy DA, EBROTIRIENT 2 BT 2 HlFRMAE

6(0) = O (6.25)
z0+/ sinf ds > 0, ‘v’{s s€[0, L], x0+/ cosOdsZO} (6.26)
0 0

Eh, ZZT, 29 = —100mm, 2o = 100mm & L7234, 6 > 0.13rad T Fig.6.5(h)
RS EERENLRENBEL, ZOBROYWEROBMITFERICLART VY VLAV F—
12849 x 107%] THR/hE 42 5.

o FEAMNL B A (g)ZC'g,-C4 BLU (g)IC4-C4

Fig.6.5(g) 1o 5\ CHEMIBEM (2):Ca-Cya AT 5 AT BREA (£):C3-Cs DHE I,

B AR Vy 1B LTV, ZOBMIEEEL 5L ad, BRE, I LR
XOMANEMEL, Fig6sh) ~EREL BRI EL I ENTES.

37, Fig6.2(g) BV CEMTEBM (2):Co-Cy (HIET 2 BMABEGM (1):C4-Cy, (£):Ce-
Ce, (£):Ce-Cy, BEU():Ce-Cs DHAITD, ZOBEMEBLZLSZ %<, Fig6.5(h)
NERET BRI LIENFTES,
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o ZNUS DML E R

OB BEHOMAEDE (8):Cs, (2):Cs-Cs, (8):C3-Cy, (£):Cy, (2):C5-Ce 12,
HIAE YRS AR RO T 2 1B D 2SO BEIT 2 2 L 32w VI REND 3 720,
Fig.6.5(f) TORMEMEDOEMTBEHOEAGHLEL L RERT LI LN TE LV, 727
L, REGBBB) 11281 5 EMRE (b) OB& L E#IC, SEDEOBRS=oULFEET 2
BEIIER TR D WHESD 5.

BB, REBBEHE 2125V TI, BUMEREHOMAEDEN (a):0; — (£):05-C4 —
(€):C5-Cs DB BN, BADKTF VL v VIINLFE—T, TabbBMRNESBLEHS ¢
L% <, Fig6.5(h) CRTERRE~ET=Val— T3 L5505,

6.2.4 REBBRERM 1 EREEBZRM 2 L DR

CNETOFEBICLY, REBBEBS L ICBWTREMUBRBOMAAEDLED (a):C1-Cy —
(b):C1-Cs DA, BADHEF ¥ ¥ VLIV F— U, = 5.98 x 1075 T, REGEHEBH 212
BWTIL, BMNEEHOMAEDLED (a):Cy > (1):C3-C4 — (g):C3-Cy DFEI, BDADKET ¥
SANIFNF—U, = 3.73 x 1071 T Fig.6.1(b) iR T HEREAL v =2l — L TE 3.
Table 6.312, BERERAI 1 BI U218 T 2EMIREL, FREBCBT2EMUBESD X OfE
RAAOFMELD TRT. TORD LI %, HHRED L BEREANLY=_Eal—Ya gl
DRELENSE DDLU BELBRECHE T ERIL, vl —YarFRo—D2bARTZ
EBTEL, WERORF VY VIANE -3 ZBELI-EBEAICE, EBERHA1OL I <=
L—YarvhKInd, EBREREI2DE )~V al—Ta v AEDRED, TV@EYTHLE
Ex5.

Table 6.3 Contact point combination and acting force direction of example #1 and those of

example #2
example #1
pattern combination | contact point combination acting force direction
(a) P1-Py C;-Cy 7(0), £V (n)
(b) P;-P3 C;-Cs fV(a), f¥'(a) (0 < a < 7)
example #2
pattern combination | contact point combination acting force direction
(a) P1-Py Cs 5 ()
(b) P5-P, Cs G
(e) Pg-Pg Cs-Cq (@), fi'(@) (0 < a <)
(8) P1-Ps C3-Cy fi'(), £"(e) (0<a <)

B|IZ, HETIREL 7 bounded force closure IZE W/ BFHORERTFMEIT) &, EBREK
Bl1 Tikl, < 190mm IZIZTELR VI LS, BERRFI2OL) Zv=¥al—Ya vy HFROK
B, WREZEICIBETETWAZ LIZh 5.
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72721, ZofITIR, Zo0HHYAPEEICBY L CENT S D LREL TWADY, Fig.6.6iC
RT XD Ny RS54, EBREHRE2 2B 5B BREOMASE DY (a):Co — ():Cs-
Cs—(g):Ca-Cy RERARTRL LS., T0LHIZ, v2¥al—YaryFRIHHEYHEROEER
FTARIZUEIET 5. L7zhoTC, LOX ) RREEBEBIRLTY, 526 HEYED S VIL
EBETRERSNAEENERTELRVIESIE, HHPERL2VIIEEREZOLDEER
THIEICEY, ERHWELY=Cal—2a YV HRPFETHIDE)DPRRETLILEFH 5.

I7:, BERERIS—DICRE SN, FREFNOEMIRGEICEIT 5 BRRYEORERN LRI,
Bl 2 BRG] 1128175 Fig6.30 & ) 2BRIBES AT, 4BTRELALFELHVSZ
Lickh, FREFROREBHRTOT=Eal—Ya VElE, BIUZFhFhoRERTHO~Y=Ea
L= a VELEEZRDDH I LHTE 5.

Fig.6.6 Example of shape and structure of mechanical hand

6.3 &

FETIE, SNTFTRELAFEZREL, BRRDEREZNSRE L, B~ =¥Yal—Ta
VEEOBRFEIIOWTEELL., BEFHERDTO LIRS,

1. ERGEEDSS 2 ONIBE, THRICESWTEERNSY, EERE, W@z erviby
5, ZOB, H28THMNAL) % REEBOMS 2 BHEICITEM L TRLW BLL
] Lo BRI S HlF S S AINT 5.

2. 2ETHRELEMREEBREASAER T 77 A2 BT, BRIEEZHLT L) RRE
BRRELAERT S, JhCL), BRTREMER, SRR EORMMERSLHE
LG,

3. IEBTRELAFELAVLILICLY, LTHELNSEMIREBEIT 2 ZEMAEFH I
L, ERRBDEOEEERLEENICKRD S, X, B ERROFMATTEEL
A, ZIT, BONEMUEBEREHD 5 VIZKREEBEEAD S 5 HAKES EBA 58
THEHEIE, EESRY, EERE, WEWEE SO LBERERIFEYTH 5 &I
L, ThozBETA.

4. 5 ETIRZE L7 bounded force closure DEEAICET X, RIREBEBRRKICBIT WAL
OEERZEBWICTEMT S, ThICXY, BULRREERERZBETE 5.
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5 RREBECLVREEREHBIRETEINT, 4BTRLLFEZAVIILICEDY, &K
BATHOY=Eal—Ya VB, BLUOKRENTOY=Yal—Ya vigsRo s,
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