RHARER 20104F 520485 552 #H:185~ 190

doi: 10.3772/j.issn. 1002-0470.2010.02.014

B B 7L A M R 1/ S AR A RO

£ WO REEO”

EERT RDbm”

O

CFREAENBENELSTRER X 21009)
("HEREFHEEANEF AR Ex 210007)

W =

HARAHEAANEEARN T —HETEREHNN I/ BEEHE, &

AP Eeflon b A, RENBIANLERYRERER, BRERY -5
MARAR, BRARETHEF U IS AU LM ST RN, EREHEEM
Bernoulli-Euler € B R B WA A ENE O mW ERLY , AT RAERNZH, B
REBHERBERKRLREN . SRERZA, WEAT 0L, Lo, AR EE

RUEME G K% TP T HRAEM®E,

R ERGEM, H/EBER, HREFR, I K%

0 5 %

T/ BE T B RAR R R AL ) /R R AT
i R K W I 4 — R B M ELAE AR AR
15 A Wy o SRR (5 B R . BEE BB
SRR F ARG B BBV AZH . EF .
£ 3 AL LR G SR USRI B , ATTEIR
/el BB IREE RS T S B SE S R
AR MR E AR+ BRI E L,
REMA WA AR R T / il s FE B BOR b B R R 36
Vo YA TR b, - P AR AR A B
BEEER BTER, BEEHERR. B
241 HIRTTE Yk B IR SR B ) 2 2
A, AT XA AAE T BT R SE B OB (B SR
HRES), STt S W Mo A, Balaniuk
1 Salisbury $2 tH — i 442 BI04 (REM) 7, o
fih g T SN 1 RO 3 ) B TTRAE I S AR Y
ABRTE , 3 T vk R R A LR B TR AT B CR (B
HEBERLERYIEK, Luo i Xiao 21 T —FpE T
FAERI BT BRI R R T 2
B E A THARIGE (BRI A ok EHE A
EFEAR, BT LLALRR ST X o T R X AR A R
ﬁ[mo] .

WEE BB LR ARM AR BT AR5

F, BRSSOk R 2% , — U AR I ] B SR R R
BTk R LR RN AR E, BARCEY
THEZEREER LB RATRE T RIFBCR,
{3k SRR 17 7 S A 1k sl M 22 i (R R,
RAGER T E A, Towk b TR UMRHE & 2%
FIMER, ARSCRA NS BTE TR, B R
fR TR TR LR B U T SR, AR AR 4 ) 2
iR ) B Th R K Bernoulli-Euler [E ¥ , 8 57 ¥)ikia
EMZ AL R AR, NYELE SN A E R B
TESNIIVER T MR T

1 ETERNIUEEEHEA

B HEEE N/ ERBEAR P RAEEN
WF7, Duffing FXE—NIELEM Bt H 2,
12 A SR HE 5 HH Wit ) P B oR S T 8
ful Sl R A R X R B

| FIIl =m| wiD +0.758eD? | (1)
Hep, m BRNIEE S ERER, wo M Fie 53314
Duffing R HJERUAMES BALHEAMES

£ 3D A, ELA LI 5 ik Ak B P R T A AR
R, B R E A AR, B A BA & B R
B AR o 4551 (anchor point) BAEFETE T4
PRI B E SRR AELAR B RS R R — I S5

863 111l (2006AA017329, 2006AA047246) , E % B AP 3= 2 4 (60775057, 60675047 ) FIVL 3548 B 3% L R4 B %I (CXO7B _ 075Z) % Bl

=]

fﬂ/ﬂf ,E-mail: a.g.song@seu.edu.cn
(Hich B4 :2009-02-18)

)
M
% % 1981 448 18 BFE 5 1 AMIAR B 5 B IIBIEEH AR ; E-mail: cuitong _ seu@yahoo. com. cn

— 185 —



BEAREIR 2010428 $£203% FS2H

AESER SRR B RER/MER UL TR
IR IR IR TR . 3T BTG 2R, i 13k
43 AT e g D T30 3R 112 B0 o] a0, 72— BRI 9 F
i b2 DFEE 44 MR E TR

HEZR G B — RN RA A3 S R HZR M
T, R B O R R 4 1A BT 32 849517 , Bl R A
Yo TEMEZRBLIT P, MR BIRE T RERZ T
FEETEEPIRIL . SRR = He i, 52 ) b AR AR
RIvb A s R a3 A3t . A RIS
Zhm AR E, AR — T RIS, I
] eb e S T TR o R AT IR
A5 S TGA 5 52 7 v E A Y, R IR 7 B LA
REFHE RIS ES BN HERH
BRI , R BT R FT O ELAT G Dy AT, A0 1
AR SR T R R B R BT, A —
AN RBCR 5B RNE, ROV B E . A
B — AT B, T MR Beam-Skeleton 4™
ELHE TR I R v B R ) e AR AE, A TS 31 2R T
fikgo AHWARH ST HEER TR, SEiH B EAY
RERRS, TR B B A8, U REE—
TR B AT AR SR o R RO N2 A5 &, B M i (BT
B, N R1G R R B AR T

F F

\ Y

) "

-"'--_-—_-kk —=Fd-- N

b
. -]

il LB (b1 LY
H1 FMEEERGE

T ELA TR, W LSS,
WREFEARNCEAEFER. BEXTIRE
AL, BT R Bl AR A7 T 35 S LR O
B P P . ARIE I TR A E B, 7R IOE FLBT
FEFE R FLIAA AL BB 4 SN A28,
B E T B R B C BRI E SR 2R
& r tEE— sl RERR WRER €
[min(Rg, R¢) ,max(Rg, Rc) ], BRHIZR BC b SEIHH
FRPRWE R RAVE M, TR I R AE] AEE R TN Rl
L3 HBEMZ L W2 R, W% R R, € [min(Rp),
max(Rp) ]o AELLRIKHIZR L o .0 28 04 & il AF
by Zun L S i S Y e S VAL N HE N

— 186 —

b, FILE L B2ER R, = max(Rp) - ¢o Hi ¢
SRR/ NEE R — 2K, DLRR R B AT A etk
PRpy, 40 2 BTN, Np, N 5330378 X O ) 8 s vk
MR, HEEXEMUHEERILIE , R R
FRAFFTTE R 2k b s B R Kl B2 KT a8 -
B/NEER—E,

H2 EHFRIRE

E15—RERE, U R BIHESR R R RS
ERPNIREHHN S, MEEE BB TR MR
RESBE RN A —E RS, ERAHT B,
H T KB REAR D RWATBIE, RELRR
BB EE AR S L AR EE, B, E
BRERSHN, BASEENM S, TR A
HFEESH

2 EREANEHITH

2.1 BMWERHEPAERLR

M Ty SR B 8 T R TR e R R, B
EEM R, REEEREAEABHE AR E
25 JEA R HiR E AR BRI R
BRI IR R A RS DR T I G R
R RAL RSB G510 RS Mg T R B v B B 32 7%
RE, W R I TR Z R &M () R 2
B, A R UHRED) T, 5 P4 B PR BN T 1%
SRAAS B —A B e 8L 7 IR A CHe Az B 40 TR
f=1), MU 40 ) 7E e 38 Bk BT AR B B B T i
HETRORMBE, X R ES IR T EE
BORBRRI M E. Flin, S K BB~ T5
] _ER R IC AR, W A* T4 5 i
AT EAT A DR BRI

ZJ LB ZJ LU ZJ 240,

(2)

Her, M.N.Q 53 3R FERTEFTH LS5 B
FIMBI )5 mnq 735X N B4R



B % BAEBALIREE R/ SRR

BOFBY S0 E\G I A\ p 53R A IR & BT
PIRE FF AR AR B AR A BY U] R4

MTREWBEF T R, EERUNER
I o Ry A AR AR, AR IE AT R B 0 BRI IR #E S
HAMKR, WE 3 A, B 1 PRERER N EE
R ¥ AB, BC F1 CD =By, LLE &% D
AFRIE LA AB 5F T X0Z WA HR o, HEEF
H X0Z WMF5 X iy ss g, 4 D 51 1E
X0Z WR R0, ¥k BC HEHAF4E AB . CD BV AT
FY#, ERFFBEE D 4R ¢ TESEILEE
SHEFHOEH S B MHE, #&8 D 58S CH
B O , N 7R+ T R N B S — A
HZRER . X FRBFEPHENL, S mER
fImmEmM AL L, BT E.O AN 6, Bl ihp
& R AFLIABEEE R

(b) B 1(b)PHIREE
B3 HERATHNER

Lo PIERMS A RER, TEEHREBEMR
AT (OFF \OFF . OFF) L= B 5E . Ji A4
FERERM. RIE B RE, A RET 8 LR i
PERS , IR BE7 b B0 48 1) 3D ol B2 K2 48
fo WMXITFIR B, BN ff FEERTRRB R

BRI (OFT . OFF ) R A= B8 il A AR 9
. RI|BAKXQ)WHE RS F 7 FP I
RS AL

A = Z(J "fMFA +J%Mﬁdx +J%¢Adx)

(3)
Her, i o0 P 58000880 £ 3L EFERF 4R
F5. T, XG) S M sy ¥R
&, ZIARERAMGRERH,

JSRAE A B SN S P BB TS ENLR,
7o i FL AR AR 28 23 BIHS = A bRt o] e b B jig 4
T (1.1, SRIB=AFm EEIN RS (A2, A,
AD)UF A B BR=AFTHMABHEN KR
. AP = AR AR, AF,

BRI, B, FRE TSR AF AR B AL
fife 095 8 C, AR ZBAN L 5 A il hEQFF
EERIBRTT
2.2 BEEBHTERIN

B = T AL AR, B — i
& EFT B E AT EMeRm s . A TE
EEAH, LEER D RS, AT ETEBAT
A X B E X SR AT ERTE S,
FEEF I AEREY R, ZHEET Y FH.5%
tFEHEYAERREHEARRR.CE 4 R,

e

B4 EEFHEZEISN

Hl Bemoulli-Euler #ERBLIS K1, ERATEE T H
a2 il g NE e SR S o A S i i
T FEFFE S50 BT P | XY H, BOR AT A
AR R (1,0,0), HAERE AR ER K
(8:,0,,8.), HMTHBEEH N 0(o,,0,,0.)
551 F ZIRRFo HRER | FFH3Z5
F(F,,F,) SHiR¥H L

F, FJ
o=t By a0 4)

%@mﬁ%@%ﬁ,ﬁj@%ﬁﬁ%ﬁ&é&ﬁ?ﬂ
— 187 —



BEAREIR 2010428 $£203% FS2H

0 - 19, R HBREEAN 60, WIMERZFHIN o
Mbo A URE S0 AR 0 ) Fy YT 5 )
Fyo tRIBMBRE M e, F, M FL7EME R&H (&,
0) AR DL 3 FY 1 B 353 7% 2

F F 2 b2 2b2
. = (Wlsin@ - chos@)(r - % + a_3)

r

(5)
F F 2 2 212
1. @—WZCOS@)(ST_M _%)

o = (Wsm r ;
(6)

HfI N = a? - B2+ (a4 B2,

T HEBFARREGE R, ERABIR R
W E AR R

(65,0y,0,) = $(o,,0p) (7)

B4R Beam-Skeleton BB 70 M ARMEZR 254
o IR HAE B R E E SR, BT B A A A
HF#E&EEwE, ET2BErSmEETEE
WL SRR 2 MR A ERS

i}
ou
Ix 0 ,
oM
ER
dAw &
oz
1 - v —21[0%
—i[ v 1 v]{a]
=7\ - - y
-7 - 1 o,

(8)

BElEdwmE & {Au, Ao, Aw) RNIZE e TR
AT KE ERHER, HEEFRERBERT
B RE S B AR T A B A e R [ R Fe AL B 150 A
RS BT BIRRTHER R {Ax, Ay, Azi:

Ax Au
[Ay] = R[A'v ] (9)
Az Aw

2.3 REBERSEREHE

TERI PR 5 St R B Ao A vh Al T SE 2 2
A, TR B B T A SR AR SRk i b R B e ik
fiafishiap ek s ZA

M AR — KRR BRI RAR TSI =4
BAL, SHBTR ME R , T RS RT3
ML , R A =4 M4 43k 04 - B3RS ek

— 188 —

EMEAN—HBEAR .S B RARPEREN . H
A B Ko DR TR B Hi 2R AE 9 B X B
AR BrA W R i R B/ MEF R T EN& B —
AME—BAR S K BT A B il R R RE A B
KR ETIRI N RE FRERERR. S84
B/ IMELARAE Sy P o T 40 46 208 KB, T 46 B
T bE#E B BT A BUTA K. aEl%S
S F O TR LR TG B S RSP T B
DG B ARSI B S AR A A 20 B X B i 5
BB B A Ay s 9 b R R 4 ) B /DML, PR 8 T 66
R o A 7E KR 5 b, an i 5Ca) fiw, K
TrRE PSR TE S AR T EARE AN K
o XTI 5(b)KIARME, B T4 s K i R
&, TG — Y AR I X

[
"

I j-:ﬁa;li'-i_".- CE N e Y CIEIREaRE 7
B5 SKEEZIREXER

H— i R AR TR — XA R 4
B RERIE KA —A R, A 5 iR, K
TR BIR A AR A Pr-Ps XA KIBH R
Ro RBHHE—ITANE TARRKIEH—1 8L
MRER. HXBAKERABE, RAERRK
SRR AT KA G — TR B, A
TSR ERET

3 HARMESRR

KAl 3D MAX # R WA, 7£ dual Intel
Xeon 3.0 G MHz ,2G WFH BV & LM Phan-
Tom Omini FH#E 78 LI AR LR R 1 ) /2B Tp 1k
SoFF 2 1 [F R 0 SRtk A, AR AR R Y th A R A SR Y
OB, B BTE AN R B/ NEE R, R ZR
RAEHFEREBEM, UEEFILARLYBREA
Sk ) SR ST R RS EANE 1 TR,

TR L8 S AR TE M TR, 6
R BEAR BRBRE M B, i 1(a) . 1R1E
Four Vertex 1 , v 7 _- [ FL il 22 1) il 2R b Ab A 45,
SEISTBR DY s A A A, W 1(b) i, M4 hFER



B % BAEBALIREE R/ SRR

£1 HBEHFREEXSH

ey i
AR S m(ke) 1.0
HEE E(m') 1% 10f
HHEE G(GPa) 0.0006
FF A E (kg o) 100
HUEN 0.47
Duffing =, 2 T MESE Se 0.4
Duffing =, F I HIMES T wy 0.2

PSR i, DL SR B SRR O B 52 ST , S0
WML, R ERB R RN EIESR
B S N51E THEZR P 3 RS, AR A AR
T Sh S A B B R T , SR IR B 22 R (% AR
B E TR s AR 38 L T R i o R R T MR R (B B 45
RUNE 6 s, MWAHEZRABEEY [ T DL A T 2 4L
TR SR, 7T 20 30 %ok A LA A AR A FR
f HARE AT, Wil 7. 8 B

Be BIARMGKEMERR

]
I
1
b

e

(b) BB LK I SR R
B7 WAKAFERRR

==
S-T-2

B8 WARMGERER

£ 2 5 H & MR R A SR B B0 , 72 V2005
IRHE T X 3000 Z 9000 TH F 19 B Y HEAT LB A
BB B AERREE T He, KRR AER
T TRWEMMEQGN E, ERERFEN N
BARFERT I 2% 224 . 7ELLJE B9 TAE S R] LR BUE
PR R I Bk B B B R R R R e B
,

w2 FTEEMNXREE

ERSH B, BEA BENL HE4L
A3 5600 3216 844 5008
T 3 280 1608 420 2502
ERITFEFERA (ms)  0.624  0.021  0.033 0.032
& HE (He) 810 1095 612 840
AR 160 160 160 160

4 & it

AT S S R RE T 4R TR R S R A B
PR, R i 10 DR S SR P B — A IR Ao 8 DR [ R
FICRN T — M R R E R F e R =
i o M R L iR — LB i . B0
SEARE P LSRR M B R MR R EE 2R
258,12 AT PRHE SRR B R A AR,
i e R T LR TR ERF . 5
Ab, WdR i T ARR RIS TAET 7, 8P (1) BRI )
YRS & R 1 T W B TRER B R T AR A5
(25 fHfi) 3z FAHE 2R 2 P A Al o 22 3 /N FL IR B 3R
A2 R

&I
J 1] TR, HES. BRENRLAERATETFSE
BEEET . HEVRBBOT S EBEER, 2007,
19 (10):1334-1341
[ 2] BBHTF, EREK, KEWH. ENHRXEFHEBYUS
— 189 —



BEAREIR 2010428 $£203% FS2H

WERERFE. RS BR KFEEH, 2004, 30 physics-based deformable models. IEEE Transactions on Im-
(6) :539-542 age Processing , 2009, 18 (1): 1-11
[ 3] B&,XE4E, 2. ETEXREENZEREIEE [10] Ma Z G, Liu B, Zhang H B. Skeleton based 3D mesh defor-
BGE . TTENERT S EBEER, 2007,19(4) mation. In: Proceedings of the 6th Intemational Conference
480-486 on Information, Communications and Signal Processing, Sin-
[ 4] Sylvester A, Vinesh R. Simulating a deformable object using gapore, 2007. 1-5
a surface mass spring system. In: Proceedings of the 3rd In- [11] Luo Q, Staffentti E, Xiao J. Representation of contact states
ternational Conference on Geometric Modeling and Imaging: between curved object. In: Proceedings of IEEE International
Modern Techniques and Applications, London, UK, 2008. Conference on Robotics and Automation, Barcelona, Spain,
21-26 2004. 3589-3595
[ 5] Cui T, Song A G, Wu J. A mass-spring model for haptic [12] Tabachnikov S. The four-vertex theorem revisited-Two varia-
display of flexible object global deformation. In: Proceedings tions on the old theme. Amer Math Monthly, 1995, 102:
of IEEE Intemational Conference on Mechatronics and Au- 912-916
tomation, Harbin, China, 2007.2753-2757 [13] Cui T, Xiao J. Simulation of grasping deformable objects with
[ 6] Berkley J, Turkiyyah G, Berg D, Ganter M., and Weghorst a virtual human hand. In: Proceedings of IEEE/RSJ Interna-
S. . Realtime finite element modeling for surgery simulation: tional Conference on Intelligent Robots and Systems, Nice,
An application to virtual suturing. IEEE Transaction on Visu- France, 2008. 3965-3970
alization & Computer Graphics, 2004, 10(3) :314-325 [14] Luo Q, Xiao J. Geometric properties of contacts involving a
[ 7] Balaniuk R, Salisbury K. Soft-tissue simulation using the ra- deformable object. In: Proceedings of IEEE Symposium on
dial elements method. Surgery Simulation and Soft Tissue Haptic Interfaces for Virtual Environment and Teleoperator
Modeling , 2003, 2673: 1003-1014 Systems, Washington D.C., USA, 2006.533-538
[ 8] Luo Q, Xiao J. Contact and deformation modeling for interac- [15] Mangan A, Whitaker R. Partitioning 3D surface meshes using
tive environments. IEEE Transactions on Robotics , 2007, 23 Watershed segmentation. IEEE Transactions on Visualization
(3):416-430 and Computer Graphics , 1999, 5 (4): 308-321

[ 9] Stelios K, Vassilios C. A skeleton family generator via

A frame-skeleton model for deformable objects with simple holes

Cui Tong™ ™™, Song Aiguo™ , Wang Aimin™ , Zhang Xiaorui* , Lu Xiong”
(™ School of Instrument Science and Engineering, Southeast University, Nanjing 210096)
(™ The 28th Research Institute of China Electronics Technology Group Corporation, Nanjing 210007)
Abstract

This paper introduces a frame-skeleton model for deformable objects with simple holes. The model uses the rigid
jointed frame to construct the skeleton with a common end as the contact point. Anchor points are distributed based on the
geometry characteristics of the deformable object in the inner or outer surface as the rigid joints or fixed ends of the
frames. And the anchor points are linked with each other based on their positions and the shape of the holes. The deflec-
tions of the anchor points can be computed using the virtual work principle and the Bernoulli-Euler bending beam theory .
And the deflections can be used to calculaie the global deformation of the elastic object by the linear interpolation
method. All the simulations can be performed in a combined update rate, and the experiments on several examples prove
the model’ s advantages of simplicity and real-time, easy operation.

Key words: frame-skeleton, force/deformation model, haptic rendering, force feedback
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