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Abstract

An object can be defined by a network model consisting of atoms and connections among atoms.
An object has a topology as a pattern of connections. When stress caused by large external
forces exceeds the limit, fracture phenomena occurs. Connections among atoms are broken and
a topology changes by fracture. In virtual world, if the modeling method of treating fracture
phenomena exists, an object can be repeatedly fractured without spoiling the object physically
in real world. In the past decade, VR systems that can present reaction forces are intensively
studied and applied to the various fields such as medical care and art. A lot of recently devel-
oped systems with deformable objects use the finite element models. However, the technique for
topological change by fracture phenomena in real-time has not been established. One of the key
factors is that the calculation cost of restructuring of the mesh and inverse stiffness matrix is
high. The calculation time of restructuring could be reduced by restructuring only local region
surrounding a fracture region instead of global object.

This study proposes methods to treat a fracture phenomena based on stress condition with
user’s interactive manipulations in real-time. Proposed method consists of two techniques. One
of the techniques reduces restructuring calculation costs in topological changes by fracture and
the other techniques present reaction forces that reflects topological change of objects to the
user. In order to reduce calculation cost of restructuring, local object is defined as a small
region, in only which restructuring calculation is applied, surrounding a crack. As a crack prop-
agates, local object is updated surrounding a new crack. In order to calculate reaction forces,
this study proposes a recording and replaying methods with interpolation of crack orientations.
Moreover, in order to limit the parameters of pre-calculated topological patterns to extent in
which haptic resolution of human is fulfilled, the parameters are determined with an experiment
that examines haptic resolution of human for the orientation of fracture progress.

The developed system showed that the proposed model enabled to treat a fracture phenomena
based on stress condition with user’s interactive manipulations in real-time. The user can pull
and tear a virtual object in real-time. The calculation time of restructuring with the proposed
method became shorter than that one by conventional method. Moreover, the difference of
calculation time between conventional and proposed method has grown as the number of nodes
increases. One of the factors is that the number of calculated nodes in the proposed methods
was smaller than those of the conventional method. The other factor is that inverse matrix
calculation which requires the calculation cost of cube order of model size was unnecessary.
In order to examine the effect of proposed interpolation method of reaction force, errors with
interpolation were compared with the ones without interpolation. As a result, the errors with
interpolation were smaller than the errors without interpolation in many patterns. Moreover
means and standard deviation with interpolation were smaller than the ones without interpola-
tion. From the above-mentioned results, a decrease of calculation time of restructuring and a
decrease of error were confirmed by the proposed method, so the effect of proposed method was

shown.

Keyword : Haptic representation, Fracture phenomenon, Topology change, Finite Element
Method, Real-time computation
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gbobooboobooobooooobooboooboooboobooboobbooonoo
gbbobboooboooboobbuooboooobooobbobboobobobboobon
gbooboboobooboobooboboboboboboobooboboobobobobobooboon
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30 Ubutbbottn

obooboooobobo vROODOOoobobooooooboboo4obbobooo
000000000000 VROOOOOOOOOOOOOOOOOOO [38-42100000OO0O
gbbooboobuoobuoobuoobobobobboooboobooboobooboboab
goobobooobobooboobbooobooobobobooobooboboboonoo
gbbobooobooboooboooon

3.1 0U0ooognd

gboooboobobobobboobbooobooobboobooboooboboooo
gbooboobuooouoobooboad

3.1.1 0Odgond

ubodgbuobooboobuobbobooboobuoobooboo

gobogooobbooobooobbooboboooooboobooboobooobbooogd
gbooooobooboboooooobobobobo obOobm

000000000000000000000000000000000000000000
00000000000000000000000000000000
000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000
oooooo
000000000000000000000000000000000000000000
000 FOO (3.1)000000000 «*00 (3.2)0000000000 00 (3.3)000
ooo

[SEECENSIE SRS
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*
rxr
*

vy

*
zZz

*
’Y.'ZI Yy
*
Yy
*
72 xX

S
3
9

0 (31)-(33)00000000 s000O0OOOOOOOODODOOODODOOO (340000

oooooooooobooo TOoOoOoDoOOo

/ wTFdS — / eTadV =0 (3.4)

0 34)00000000000O0O0O0O0O (2290000000000, 0000 (22500
gboooobooboobooboobooboboboboaooo

3.1.2 0000000

gooobobobooobooobobobooooooobobooooboobobooboon
gboobo3ltooooooobooboboooobooboosioobooboooooboboooono

gboobooooooboobobooooobaog

Object

Node

Finite element model

.

\ 4

Element

031l 0000o0aoao
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gbooobooooobooboobobooobad
1. 0gb0o0oo0booboobooobo

2. 000000000000 000DOO0

goboligboobobobooobobooboooboboobooboobooooobobo
000 (35 0000000000000 OO

Uy = Qo+ 01T+ gy + a3z
uy = -+ asr+agy+arz (3.5)
U, = ag-+ agr+ agy+ a2

0000w, 02z00000,w,0y00000,w,0:000000000000ag,a1,- - ,a11
0000000000000 4,5,k000000 (e, Uy, Uzi), (Uzj, Uyj, Uszg), (Ugk, Uyk, Usk),
(Ugt, Uy, u)0 00000 Vi(wi, us, 2i), Vi(@5,95,25), Va(@r, Yrs 22), Vi, y,20) 0000 (3.5) 0
gooo00000000000000 (3.6)|:J|:||:J|:||:J|:|

Ugi I oz oy oz ap
ugj | _ | 1oxyoyp oz a1 (3.6)
Ugk I zp yr 2k o%)
Uyl Lz oy oz || a3
00000 ag,a1,a0,3 000000000 (3.7)|:J|:||:J|]|:J|]
ag Tz oy o - Ugi [ aj ap w Ugi
(651 _ 1 T5 Y Zj Uz _ L bz‘ bj bk bl Ug 5 (37)
a9 1 T Yk Rk Uk 6V C; Cj C. (] Ugk
ag 1 o oy oz Uz | d; dj di d; Uy

0000VOOO0O000000000 (3700000 ag,a,a0,0300 (350000000
0 (38)000000

1
Uy = W{(ai + bix + ¢y + diz)ug + (aj + bjx + cjy + djz)ug;

+(ag + brx + gy + dpz)uar + (g + bz + qy + diz)ug (3.8)
D00 y0OOOO0O00D (39)0-0000000 (3.10)000000

1
Uy = W{(az + bz + ¢y + diz)uyi + (aj + bjx +cjy + djz)uyj

—I—(ak + bpx + cry + dkz)uyk + (al + bix + qy + dlz)uyl} (3.9)
Uy = W{(ai + bz + ¢y + diz)uz + (a5 + bjx + cjy + djz)uz;

+(ag + bpx + cry + dp2)uzg + (ap + bz + qy + diz)uy } (3.10)

0000 (3.8),0 (39000000 (3.10)000000000000000000 (3.11)00
0ooo0oo00O

N; = a;+bx+cy+diz

N; = aj+bjx+cjy+djz

Ny = ag+bgx+ cpy + diz

N = aq+bx+qy+dz (3.11)
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000000 (3.12)000000

Uy = Nitgi + Njugz; + Npugr + Njug
Uy = Nity; + Njty; + Nty + Nyt (3.12)
Uy = Niuz; + Njuzj + Npuzg + Njuy

000000000 (224)00 (3.12)00000000 (3.13)000000

[ ON; ON; ION}, ON] 7| Y
B 0 0 e 0 0 Bz 0 0 e 0 0 Uy
ON; 8Nj ONy, ON, Uzg

0 3y 0 O e 0 0 ¥ 0 0 e 0 has

0 0o Mg o Mg g My, N i
] = 0z 0z 0z 0z Uz
ON; ON; 0 ON; ON; 0 ON} ONg 0 ON; ON, 0 Uk
or 0Oy oxr 0Oy or Oy oxr 0Oy Uk

0 ON; ON; 0 8Nj 8Nj 0 ON}y ONy 0 ON; ON; Uyk
oy 0z oy 0z oy 0z oy 0z Uy

ON; 0 ON; ON; 0 ON; ONj, 0 ON} ON, 0 ON; Uy

L Ox 0z Ox 0z Ox 0z Oz 0z Uy

(3.13)

0(3.13)000000000000000 BOOOOOOOODOOOOOOOODOODDOOO
0000000 w, 000000 (3.14) 0000000000000 0ODO0C0DOODOOOoOOoOO
gboooboo 00000

€ = Bu,, (3.14)

gobo200000b0oboobooobob0o FOOOODODODOOODODUODODDO
00oooo0o0O f, 000000000 w, 000000 (3.15)00000000000O0DO

/ wTFdS =u:"f, (3.15)
000000000000000000000000 (3.16)000000
/ eTodV =VeTo (3.16)
0 (31500 (3.16)0 00000000000 (3.17)0000000
wtf, =ve'lo (3.17)

00000000000 0DOO00bOO00bOOOo0ODOOO00ODbOO0ODODOO e*0bODbOOO
O0000«; 00000 31®)U0O00000 e 0O0OODOOOOD w, 00000 (3.19) 0
gbooao

e* = Bu,, (3.18)

o = De = DBu,, (3.19)
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0 (3.17)00 (3.18)00 (3.19) 0000000 (3.200000000

u,’,*LTfn = ve'le
= V(Bu:)"DBu,
= wY(VBTDB)u, (3.20)

obobobooboobooboobon u;TDDDDDD (32000000000000
(321)0000000O0O0OO

f, = (VBTDB)u, (3.21)
K.=VBTDBOOOOOOOODOOOOOOOD (3.22) 000000
fn=Kcuy (3.22)
O000000000000000000000000 (3.23)0000000000000

f=Ku (3.23)

3.1.3 UUdU0oobooooood

0000000000000 0000000000O0 323)000000OODOOODOoDOOOO
(Fixed node : 00 )0 0000 (Freenode: 00O r) 00000 (Contact node: 00O ¢) 000
goooooboobooobooobboobbooobobo 32000bo0oooboooo
gboobooooobooboboon

Contact node Fixed nodes

N/

Free nodes

032 00000000000000000O0
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00000000 324000000

fi K, K, K u;
fr = K, K, K, Uy (324)
fc Kci Kcr ch Uc

gboogoboooboobobooobooobobooooobooobooboonb oobd

0000 (3.25) 0000
O K’l"’l" K’I"C u’l"
gl ]

0(325)000000000000000000 »«00000000000000000 §,
0000000000000 w0000
0 (3.26)00 (3.27)000 (3.25) 000000000000

0=K,u, + K,.u, (3.26)

fe=Kou, + K cu, (3.27)

0000000 N,000000 N, 000000000000 N, 000000 N;0000
000 (3.26)003x (N—N;—N,)000000000000 (3.27)0000 (3xN,,3x(N—N;))
000000 3xN,0000000000000000000000000000000000
000000000000000000000000003x(N—N;—1)000000000
0000000000000000000

00000 (325 00000000000000000000000000000000000
000000000000000000000000000000000 (1100000000
000 (3.28)00000000000000 LOOOO0O (3.25)00 (329000000000

L=K"! (3.28)
T er L’/‘c 0
ol 2 (3.29)
Ue Lcr Lcc .fc

0000000000000 (3.30)00 (3.31)oooooOoO

u. = Leof, (3.30)

u, = Ly f, (3.31)

0 (3.30)003x N, 000000000000 (3.31)0000 3xN,,3xN,)000000
3xN,0000000000000000000000000000000000000000
0000000000000000000000000000000000000000000
0000000000

000000000000000000000000000000000000000000
000000000000000000000000000000000000000 (3.29) 0
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Polygon P

T

Displacement vector uq

\ /

Reaction force vector )

Reaction force vector Reaction force vector
of vertex (1 C

of vertex b of vertex

033 000000b000boo0boonbooon

Reaction force vector
of point q

b

Displacement vector uq

C

f

0000000000000000000000000000000000000000000
0000000000000 3300000000000000000000000000000
0oo

0000a b ¢0000000 POOO¢000000000 000000000000
00000 e, b, ¢c000000000000 »,000000000000000000 f,, fo
f.000000000¢O000000 f,0000000000000000000000000
00000000000000000000000000000000000000000000
03400004, b, c0000000000 A, 4y, A. 00000000000

034 000000

00000000 3.32)000000

Ao+ Ap+ A, =1 (3.32)
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oo qboobonobonon quDD(3.33)DDDDDDD

fo=Aafa+Afp+ Ack. (3.33)

3.2 JUooobon

gboooboboobooboboboboobbooboonboo

3.2.1 00O

O00000000000000000PHANToM, Falcon, SPIDAR, HapticMaster 0 00 0 O
goboooooobooboooooobobooobooobobDooDoboboobOobobDon
gboooooooooobobooboooooooboboboooobobooooboD
gbobooooobobooboooooboboobooobbbooboboboooobobon
obooobooooboboobooboooobooooooooog

PHANToM

SenseAble 0 0 PHANToM43]|0 0000 (Arm)0 0000000000000 OOOOOO
000000000000 00D00O (Pen) 000000000 OOOOODOODOOOODOO 35
O000000000ODOD0O PHANTOM Omni0O00O0 3.60000000000000O
PHANToM Premiuvm OO0 00000

0 3.5: PHANToM Omni O 00O [43] 0 3.6: PHANToM Premium 0 0 O [43]

PHANToMOODOOOODOOOODOOOOODOOODOOODOOOODOOOOODOOOOO
gbooooooobooboboooobooboboobooDo

Falcon

Novint 0 0 Faleon[44] 000000000 (Grip) 000000 D0O0OO0OOODOOOOOO
0000000000000 oooooooooooooooUoo g 3.7roo
Falecon OO OOOOO
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O 3.7: Falcon O 00O [44]

Faleon OO O0OO0OOOOO0O0ODODOOOOOOODODODODO PHANTOMOOOOOOOO
gbooboodboobooooboobooboobooboboobooonoo

SPIDAR
SPIDAR[45|0 0000000000000 O0OO0OOO0OODOODOO38000000O0

0 3.8: SPIDAR 0 0O [45]

SPIDAROOUOO0O0OO0O0OO0OOOOODOOODODOO (String) D00O00OO0OOOOOO
gboooooooboooooooboboooobobobooooooboboboooboboo
googoooooo

SPIDAROOCO0OO0OOCO0ODOOO0ODOOODOOOOOOOUODOOOODODOOOODOOOODO
gboooogooobooobobobooobooboooboboboooobooooooboobooon
goobobooboobobobooboobooboboobooboboboobooboobooobo
goobgboobobooobooboboboooboobobooooooobobooobooobo
ooooog
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HapticMaster
HapticMater[46)| 0 000 000000000000 00O0O0OOOOO0O 390000000

0 3.9: HapticMaster 0 0 0 [46]

HapticMaster 0 0000000000 (Pantograph) 00000000 DCOOOOOOOO
O0000000O00000000000000000O00O000O0O0O0000O0O0O0OCOO0O
Oo000oooo0o0o0ooo0o0o0oooooooooooon

3.2.2 00O

CyberGraspl CyberForce

Immersion 0000000 CyberGrasp[47] 0D 0000000000000 O0O0O0O0DOOOOO
000 CyberForce 000D OO0O0O00O (Robot arm) D000 CyberGrasp 0000000000
0000 CyberGrasp0 0000 3.10(a)d CyberForce D 0O OO 3.10(b) DO OO

Robot arm

— Cyber grasp

000000000 (0000000000000 0OD0O0O00Oooo (b)

Sy s ‘J- '_-;;:

0 3.10: CyberGrasp O CyberForce 0 0 O [47]
0000000000000 (a)CyberGrasp O (b)CyberForce
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CyberGrasp0 0 0000000000000 OOOO (Wire)OOOODODOODOOODOOOO
O00000D00O0OCyberGraspO0OOODOOOOOOO0OOOOOOOODODOOOOODODOO
OOo0ooOoO00oDOOoO00obDoOoOo0oDOCyberForce 0000000 DOOOODOOODOOO
gbobooboboboboboboboboboboboooboboboboboboboon
goobogobooboobooobooobboobooboooboobbooobobooboboobo
gbboboobooboobboooboobobooboobodobooooan

Gravity Grabber
Gravity Grabber48| 0 0 0 0000000000000 O0O0OOOOOOOOOOOOODOO
0000 Gravity Grabber 000000 3.110000

0 3.11: Gravity Grabber[48]

Gravity Grabber 000000000 (Motor) DO0O0OOO0O00OO0OOO0OOOOOOOOOOODO
gbobooboooooboboboboobobobobobobooooboboboboobooa
goooboooboobooboooboboobooboobooboobobooboooo

googoog
000000 49000000000 (Bellows) JOOD0OODOO0OOOOOOOODOOODOODOO
gooooo 3120000 00000000000

Bellows

0 3.12: 000000 [49]
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00ddod0ooooodoDodoDoO0o0obOo0o00ooooOOoDoOooDooOooDoooDoa
doodoodooodobOOooooOooDOoobOoooDoobOoDooOoooDoDoOooDoboOooooo
00000 00oOO0obOOoo0bOOoDOoOOobOoOOobOOoDoOobOoOoOooOoOoOoDoDOoOooDOoOOon

0do00o0ddo0DO00o0oDodoooo0ooDoOOo0oobO00ooOo0oooooooooooog
dodoDopoOoooDooooooodoooDoooooDoooOOooo0odoooooooooa
do0odoOo0o0bO0o0ob0OoobOo0bO0oobObOOooobOO0obOOo0obOooDbOOoOooDbOooboDoOoao
do0odoDo0o0DooOOodobOo0o0oo0oDo0ooOOobO0o0oooooodoooooDoboOoooog
0000 Novint 0 Falcon OO OO O

3.3 Uoooooon

gbbogobooobboobbuooobuoooboooobboobbooboboobbyg
gbooobopooobooboobnooooboon

3.3.1 UUgoobooooood

ugbooobooaood

ubogbooooboobooobbuooobooobbooboboobbooobooon
000 [50-p4)00 3.130000000000000 (Virtual membrane) 000000 (Virtual
knife) 0000000000000

<«—\/irtual knife

Virtual membrane Y

0 313: 0000000000 [50]

gbbogobooobbogoobbooobooobboobobooobbooboobbg
gbobgboooboboobobooobooboobobooboobooooboooboboobon
googoboobobooobbooobooobooobobooobobooobooobooobo
gbboboboobbuooobobuooboobbuoooboooboooboboobboobn
goobooboboooboobooon

ubooobooaood

gboogooobboobobooboboooboboobobooboobooboobooon
000000000 (B 000003.140000000000000000O
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Tensility: 8= 0°
—_— = i

Ablation

0 314: OO0O0O0OO0O [55]

gbobgooboobooooobobooboooboobobobooboobobobooooooon
goboboooooboboboooboobuobooooobobobDoobobUoboboDoobUobo
gbobooooboooooboobobooogoooooooogoon

3.3.2 UU0O0OOOOOOd

Haptic texture

Haptic texture[56)| 00000 0000000000000 00OO0O0O0O0O0O 315000000
0000 (Human body surface) 0 00O (Value of elasticity) 00 0000000000000
godobbooooobobbuooooon

Human body surface

Value of elasticity
high

low

0 3.15: Haptic texture 00 O O [56]
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Haptic texture D0 0O D 0000000 0O0OOODOODOOOO0ODOODOOOODOODOO
gobgobooboboooboooboboboobooobobbobboobboobboonbo
ggbboobobuooobobodobobuooooobooobbooobooobobooobobd
goobgoooobooboobooobooboooo

OO0ODHaptictextuwre U0 OO O0OO0DODOOOOOO0ODOODOOOO0ODOOODODODOO
gbbooboboboboobboooboobobooobboobbuoooooboooobooon
gobgoboobobobboboobooobboooooboobooboboobboonoo
goobgboooboobooboobooboobooooboobobooboobobooobg

gboooboooboooooogo

O0o0ooo 57, 8000000000000 DOODODOOODOO0OOO0OOO0OOOOOO
gbboobboobooboboobooobbuoobbooboboooboboobboobo
gbooobooobooboobooboobooboobooboboobooboobooobon
0316000000000000 (Displacement) 0000000000000 0OOO

Time

0 3.16: 0000000000000 O0O0OOOOO0O [58]

gbobooobooooboooboboobbooooooboooboboooboboooobog
ggbooobobooobbooobooobboobboobboobbuooobboooboba
gbboboboobooboobboooboobooon

Haptic video

Haptic video[59]| 0 00000000000 0DOO0OOOOODOOOOOOOODOOOOOODO
0000000000000 00000000000000000000O000DO DO 0O d0 Haptic
VideoOOOOOOOODOOOODOOODOOODOOODODOODODODODOOODODOODOODOO
0000000O0bO0obO0ob00o0obD0bO0boob0OoDoOobOOobOoDD 3.1700 Haptic video O
ooooooo
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Haptic
Device

Foree Sensor
Y

Expert Traince
Object

0 3.17: Haptic video O O 0O [59]

Haptic videoO O OO OO (Expert) 0000000000000 00OODOOODOOODO (Haptic
device) 00O 0O0O0O0OO0OO0DO0OOOOODO0OODOODOODN (camera) JOO0OO0OODOOOODO
00 (Trainee) 000 0000000000000 OODOOOOOLCDOOOOOOOOOOO
gobgobooobooboobboooboobboooboobboboboobboobboonbo
NN

ubodgboobugbouooboobbuooobooobooobobooobbobooboon
gbooboboooboobooobbooobooboobooobooboobooboobo
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40 UOOoUOUootdbotgdo

gboooboobobobobboobboooboobbooobboooboboobobooonon
gbbooboboboobobooobbobobobobobooobobuooboboobobbobo
gbobobuoobobuobuoogbobooboobobobobobooooobobong
goo,0b000bo0booboobobooboobonoon

4.1 0O00OO0OOO

gboogooboobobboobbooobboobobobooobooboooooboon
gbooogooobobobooboobobooobooooobooboboooobobobobDan
gbobobooooobobooboooboboboboboboobobobobb 41000
goooboooboobooog

Local object

S

Boundary nodes AN

\

\
Global object

Crack

041 000000000000000

vboboboboboboooooobobobobouooooboboboboboboyd
0000000000000000000000000D0000000 (Global object) 0 00O
(Crack) 00000000 0ODOOOOOOODOODOOO0OOO (Localobject) DOOOOOOOOO
0000000000000 000000000000000 (Boundary node)0 0000000
goobgobooobooboobboobooobobooboog
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—(Pre-calculation phase)

Calculation of inverse stiffness matrices

—(Real-time calculation phase

Calculation of reaction forces
A
J

|
( Rendering )

mages of an object
A

Displacement

Reaction force

¥ Global object\
FEM1

A 4
X
\ Reaction forces database
2 AN
A2 N

Displacement of ® \m

boundary nodes 2 A

s —\\ 3 Z

4+ Local object ® y X 7 J
o )
k FEM2 3
Stress =3 Pre-calculated reaction forces data
e i
Detorminad p ~ Inverse stiffness matrices database
etermination o
[crack propagation)
e ) l ) sl
Mesh and matrix restructuring /
(Calculation of stiffness matrix) PN
. J
\ y,

i Pre-calculated

Inverse stiffness matrices
FEML1 : Solves a stiffness equation with inverse stiffness matrix

FEM2 : Solves a stiffness equation as simultaneous equation

....................................................

042 00000

oooboooobobobobob420b0bobobgooo

00000 (Pre-calculation phase) 00 0000000000000 O0O0O0O0O0O0OOOOO
gbooaon

gbobobooboobobobobooooboobobobobooboboboobobayd
goboboobboooboboobbooooobboobobooobboobboooboDboo
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000000 (Ng)

000000 (Ng)

00000 (Ny)

000000000 (Npp)

00000000 (Npg)

0000000 (N

gbbogoboooobbooobooobboobbooooobboobbooong
goboboooooboobooboboboobooboooboooobooboboboonoo
gboobgboooboboobobooobboobbooobooooobobooboboboobon
gbbooboobbuooobobobuoobbooboboboobbooobboooooobooon
0000000000000 0000000O00DO00DO00DO0O0DO0O00 M(byte)ODOODO
00003000000 (8bytey JOOODOOODODODDOOODDOOODDOOODODOOOD 4HOODO
00000ooo0O 42)0000oo

Nep

Mx§: Neg x Ny)° (4.1)
Nep
3 % 8 X Nyt X Nypp X Nyna X Y (Neg x Neg)’ (4.2)

=1

000000 (Real-time calculation phase) D0 0000000000000 (User)DOOODO
gooboobbobboobobooboobooobooobboooboooboobooo
O0000O00o00o0o0ooOooo0oOo (FEM)ODDOOOOOOOOODOOOOODOODOOOOO
gogoboodoooobobogobugbouoobboobboubonboobboobbooan
O00000O0o0oO0ooOooU0oOooooooU0oO (FEM2)ODODOOOOODOOOOOOD
gooboobbooboboobooobboooboobboooboobooobboooboon
000 (Determination of crack propagation) 0000000000000 00O00OOOOODO
000000000000 00000000000000000 (Mesh and matrix restructuring)
gogdooooooobobobotbodddudududuududdudduuo bbb buouno
gogoogooooooooobobddddddddodddduddudududuuuno
ggodoooobboototddjjdiiiii bbb oo O
00000000 (Pre-calculated inverse stiffness matrices) 00 0 0000000000000
gy UUUUUULL UL @
gL bbbbbbbobobbobobbobDbbobbbObobDO
0000000000000 000000O00000D00oOOoOoOooboooO00 (Pre-calculated
reaction forces data) 00 00 0000000000000 O00OOOO0OOOOOOOOOOODO
goood
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4.2 OO0O0O0OOOO0O

gbbooobooobbooboboobbuooobooobobooobboobboobbd
goboogoobooboooboboobboooboboobboooboooboooboooboba
gbooobooobooboooboooobon

gbodgboboobobboobbooboboooboboobbooobboobbobg
gobobooboboobbooobobooobobobooobbooobooobboooboo
gboboboooboobooobboooboobooooon

4.2.1 0O0OO0O0OOobOOOOOOOObOOOOOOn

ugbgbboooboogbbuooboobuooobboooboooobbuoobobooobobyg
gobboobooboboooboboboobobooooboonD chbooooogob e, 0boobogoo
opooooooooooooood sleoooooooofFOOOOODODODOOOOOO
O00000O0o00DO00oO00oo00 43)0ooooo

Uc Lcc Lbc Loc fc
uy, | = | Lo Ly Lop I (4.3)
Uo Lco Lbo Loo fo

0(43)0000000000000000000 w. 00000000000 OOOODODOOO
O00000o00oooOo f, f,000000000D00O00O0O00ODO0ODO0O0O0DO0O0O0O (44)
oooooooobooobo 000000

fo= L. tu, (4.4)

0000 (45)000000000000000O0O0OOOOODO

-

gbobgobobobobobobooobobobooboooobooboboboboon
gbbooboobuoobdudbyw,0bobbobuooboobobobobbooboaboong
000000000000 0O0O0000 600000 DOO0DOO0OLOOOWOODDOOODO
0000 o000Dw000O0f0D0D0O0KOODOOODDOOOODODOOOOOO

K K
Fo | _ o Kob uy, (4.6)
.fo Kbo Koo (%)
0(.6)00000000000000000000 w, 000000000 OODOOOOOO
oO00oO0oO00DOOo00ooOD f,00000D0000DOCOOODOODODOOODOOOOO fO
o000 w, 00000000 oooooooboooooooooa

gbbobbooobuoobooobouobooboobbooobooobboboobobo
oooooooo f,000000000000O0OO0ODOO0ODOOOODOOD @WHODooo

ch

|t (4.5

0= Kpup + Koo, (47)
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oooo0oo NODOOOOOO N, OOO0O00OO0O 470 3xN,000D00O00O0o0ooo

gbooogbogbooboboobobobooobooboobbooooboooboobon
gboooogoooogoooboobooooboobobooboboooooboboboobooo
goobgboooobooboobbooobooooobooboobobooobobooobo
gooboooon

gooogooboooooooboobobooooobobobooooboboboo
gogoobooobooobooobboobboooboobboobbooobbooogo
goboboobooobbooboboooboooboboooboooboobboobboo
gboooooogooooooooboobooboboboboboobooobobobobobobobo
gboobgboooboboobbooobboobbooboboooobobbobooboobon
goobgoobobobooobobooobbooobooobobooobooobobboooboobo
ooooooobooOoooooooooOoO0obbo0ooobO0ooDOOooDO0oUO0DOO Ky
vooobooogoooboboooboooorLvoooogooooboboooooooboo
oboooogoboboooobgo

gbobgooboooooboobgboobooooooobobooobooobobooooooo
gboooooooboooboobobogoogboboobobooDooDuD KO Luog
goooog

4.2.2 0O0O0O0OO0OO0O0OOOOOOOOOOO

goboobbdooobooobboobooboboobooobooobboooobooooboobo
goooobobooooooooboobooboooboobogooo430bbbobboobboOoD
gbobooooboboboooboooooooooogoooon

Local object Stress

.Max

Min

Boundary nodes Global object

043 00000000DO0ODOOOO0OD

gbooogoobdooboobooboboooboboobooobobobooboobooon
gooboobooboobboobboooboooboboboobooboooboboooobo
gboooooooobooboboboboobooobooboboooooboboboobooo
gboboobooboobooboobobbobboobboboooboobooboobooon
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000000000000000 (Region of fracture progress) 10 0000000000000
goooooooooooooooooooOoOoOOOO0OO0OOOO0OOOOOOO0O00O000a
coobOo0o0o0oodoooooooooooooonooonoooooooooon 440000
odoooooooooooooooooooobooo

Region of fracture progress
Stress

.Max

Min

044 00000000

goboooobooboooboobboobobooboobooboobobooboboooboo
gbooooooooooboboooobooooooboooooobooboooooboobobooboooo
goooooooboboboobooobobobooooobobooboo42400b00obobobO
4.5000000000000000

Stress

.Max

New crack

Min

045 0000

gboooboobgoobooboobooobobooooboobbooobobooobooboo
goboboooboooboooboobobooboooobooboboobob46bb00O00bO
gboooooboobobobobooo
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Stress

Updata of local object

»

Min

U46: 0000000O0ODO0O0OO

000000000000 0000000000000000000000000000000
0000000000000000000000000000000000000000000
0000000000000 000000000000000000000000000000
0000000000000 000000000000000000000000000000
0000000000000000000000000000000+000000000000
000000 ¢(E)D0000000 L()000000000000000 ;()000000000
000 Ry(d), j=1,2,--- ,Neg, k=1,2,--- ,Ny,OOO. 0000D0D0D00000000000
0000000000000000 ¢min()0000000 Rpin()) 00000 (4.8) O thyin(d)0
0 (4.9)0 Rnin()) 00 000000min 00000000

V(i) = min10(5) = 0) (1)
Roin(i) =, min |L() = Ru(0) (49)

00000000000000000000000000000000000000000000

0000000000000 ¢min(1), Ymin(2), -+ s ¥min (@) 000000000 Rupin (1), Ronin(2),
-, Rmix(/)00000000000000000000000
00000000000000000000000000
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423 0ODO0OO0O0O0OOOOOO

vbogbooboobobbobbuoobobboooooboobobooboobuooon
gobgoboobbooobooobobobobobooboobooooboboobboonoo
gbbooboobobbobbooobuooboobobooboobboood

googooon

O (Plane)SO0O0O0O A, BOOOOO ABOOOOOOOOOODODOOODOOOOOOO
(Normal vector) 0 nO0 0000000000000 O0O XOOOOO 470000000000
googd

Plane S

Normal vector n

047 000o0ooog

d0000SH)00000000000000 (410)00000 (411)00000000000
(411)00¢0000000000<t<10000000000A000O0OO AOOOOOO0O
ABODO AOOOBOOOOOOOOOOO

d=n-X (4.10)

S(t) = OA+tAB (4.11)

000000000 QUOUOOO0O0ODOQUOSO0oooooono ABOoooooooo
(411) 0000000 ABOO S)UO0OO 41000 XOOOOOoOoOoootoooooooo
t00 (411)00000000000DO0O0DO0O0ODO0OD 412)00QOOO0O

—n-0OA
Q=0A+ %AB (4.12)

0000 A0OO0SOOD0UOOOOD k0000000 (413)0 k00000000000 AXDO
OA0O0OO0XOOOOOOOOoOooOoOo

k= ‘AX 2 (4.13)

|
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gooooboooao

0000000000000 000000000o00ooO0o0OooOO eojDo0oUooood
boboootbooboboboooooboooobooboboooboboobooobobOooDbo
O000000000O00O000OO0DO0O0OoOOOoOooD [el-5)D0DOO0O0OOOOODO
gboboooooobooooboobooooooboboobooooboooboobobooboooo
gbooooboooboobooobooobooboboobooon

0000000000000 00000 (Crossed line) 000000 ODOOOODOOODOOO
gobooobooboooboooboobobogbboooobobooboboboobo480b0b000DOOD
gboooooboobooogno

Determination of
crossed lines

Crack )
Crossed lines

048 000000

0000000000000 00000000000000000 SOooO00ooo00oO AB
0000000 413)0000000000000000O000O000O0OOOObOOOD
00000000 (Newerack) JOOO0OO0OO 490000000000000000000OO
gbooooo

Elimination of crossed
lines and crossed elements

/

New crack

049 000000D000O0D0O
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4.3 UU0O0O0O0OOOOOOODOOOOOOOO

gbogboobboobboboobuooboobbooobobooboobbuooon
goboboobbooooobooobbooobooobbooobooobboooboDboo
gobobobooboobooobobobooobooboobooboobboobboonoo
gbboobooboobodgbuoobouooboobobobobobobooboobooboaaoo

gbobooooooooobobobobobobobooooboooooobobobog
gboboobooooobobobobobobobobonoooooboboooooboobobo
gbbooboobuoobooboobuoobuoobooboboobbobooboboboab
gbooobooobooboobooboobobbooboobooboobooboobooon
gobgoboobboooboooboboobbooooboooboooboobobooobooon
gbboboboobbuooobooobboobooboobobobooobboobboobo
gobobooboboooboboooobobooobooobboooboooobooooboba
gobobooboobooobboobooo

4.3.1 OD0OOOgOoOobOObOOoOoOoOgbbbouoooboboboo

00000000000000000000000000000000000000000000
00000000000000000000000000000000000000000000
00000000000:000000000000000000 6()0000000 N,gOOO
000000000 ¢1(i),¢(i), - ,4¢n,() 00000000000000000000 L@E)D
000000 N,00000000000 Ry(i), Re(i),--+ , Ry, (1) 0000000000000
00000000000000000000 p000000000000000 ¢,¢e,-++ 5N,
0000000000000000000000 M,00000000000000000 M,0
ooooooooo P,0000

00000000000000000000000000000000000 »nO00000
00000.-100000000000 6(1),62),---,0(r)000000000000000
P1(3),92(d),-- ,¥n,() 0000000000000 0000000000000R-1000
0000000 L(1),L(2),---,L(n)00000000000000 Ry(i),Ra(i),--- , Ry, (i) O
000000000i=1,2,--,mn0000000000000 000000000 6G)00
00000000000 ¢;()0000000000000000 LGEO0D00000000
00 R,() 0000000000006 =1,2,---,n05 = 1,2,--- ,NygOk = 1,2,--- Ny O
00000D000000000000000 nO00000000000 ¢, ,¢N,, 0000
G<n<(@u000000000000000=1,2,---,N,0000000000 0000
0000 fpp, (0(1), - ,0(n),L(1), -+ ,L(n)) D0 v,vu 00 (414) 00000000 (4.15)
oooooo

Gs1—n
v Q41— G
o on=G
R (4.14)
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I+1 M T
fn,n,Pm(H(l)a"' ,H(H),L(l), 7L(n)) = ZUGM—ST
a=l p

X fn,Ca,Pm(wj(l)v T 7¢j(n)7 Rk(l)v T 7R/€(n))
(4.15)

gbogboobboobboobbuoobobbooobboobobobobobobbuooon
goboboobboooboooboboobboooooboobooboboobbooonoo
gboboobodgbuoobuoobooboobod

4.3.2 OD0OOO0OO0O0OOOOOOOOODObObOOOO0On

000000000000000000000000000000000000000000
0000000000000000000000000000
0000000000000000 00000000000000000000000000
0000000000000000000000000 900000000000 ¢1,¢, -+ 4N,
0000G<n<(u000000000000001=1,2,---,Nn—1000000000
000000000000 4(1)0000000000000000 (1) <6(1) < ¢ (1) 00
000000000000i=1,2,--,Ny—1000000000000000000000
L(1)000000000000000 Ry(1)<L(1) <R,w(1)00000000000000
m=1,2--,Ny;—100000410000000000000000000000000000
00000000000000000000000000000000000000000000

Pre-calculated crack direction

Current crack direction

Pre-calculated crack direction

\ ™~
(1) (1) ipa(1) *

0 410 000000000 O0ODO0DOO0OO0OOO0bOObOObObOOobOO
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0000000000000 00000000000000000000000 ¢4(1), 4,41 (1O
oooooooog Ry(1),R,m(HODODOODODOOOODOOODOOD ¢,quO000000D00OO
00000oo00ooo0oo000o000o000000 w;,w+ 00000 (416000000000
0000 wimwmmq1 00000 (417)D0000000000000 v,y 00000 (4.18)
goobooo

o =0
! Yir1(1) — (1)
‘ (1) — (1)
W1, i+1 D (D) = (1) (4.16)
. Rms1(1) = L(1)
bm Rm-i-l(l)_Rm(l)
L(1) = Rm(1)
ULm+1 B (1) — Ron(1) (4.17)
S Q1 —n
G+1— G
=G
T GG (4.18)

0 (4.16)00 (4.17) 000000 4W)D0ODODO0OOODO0OO0OO0OODOOOOODOODOOOODOO
0000000000000 0O0O000O000ODO00OO0ODOO0ObODOOOODOOOO (4.19)
gooaoo

T 1+1 i+1 m+1

fl,n,Pm(‘g(l)v M T ZUCZ Z wi,qu1,bf1 ¢, P (Ya(1), Ry(1)) (4.19)

a=1i b=m

0000000000000000000000000000000000000 4(2)0000
000000000000 ¢;(2)<6(2) <¢;;1(2)000000000000000000000
0000000000000 L(2)00000000000000000 Ru(2) < L(2) < Ruya(2)
00000000000000j=1,2,-+-,Neg—1,n=1,2,---,Ny—1000004.11000
0000000000000000000000000000000000000000000
0000000000000000000000000
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\ Past crack direction

'l/)z( ) ( )wa—l-l( )

0 411: 00000b0O00ooobooboboboobobooboboooo

0000000000000000000000000008 wyj,ws;41 000 (4200000
god

Yi11(2) —0(2)
Vi11(2) —¥;(2)
0(2) — ¢;(2)
VYir1(2) — ¥;(2)
00000000000000000000000000000 ugp, ugne: D00 (4.21)00
0000

w2,; =

w2 41 (4.20)

u _ n+1(2) L(2)

2 n+1(2) Rn(2)
L(2) — Ra(2)

Rn+1(2) - Rn(2)

0000000000000 0O0O0O000oooODOOO0O0o0OUOD 4220000

U2,n+1 (4.21)

T 41 i+1 m+1 j+1 n+1
'Ue

f2,n,Pm (‘9(1)7 0(2)7 L(l)v L(2)) =

a=i b=m c=j d=n

X fz,ge,Pm(?/)a( ):1he(2), Ry (1), Ra(2)) (4.22)

000000000000000000000000000000000 »0000000 n—-1
00000000000000000 6(1),6(2),---,0(r)000000000000000000
000000 (423)0000000000000000i=1,2,---,n000s() =1,2,---, Neg—1
oooo

Yoy (1) < 0(i) < hs(iy41(2) (4.23)
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000000 R-10000000000000000O L(1),L(2),---,L(n)0000OODOO
O00000000O0000000 424)0000000000000000¢(4) =1,2,-++-,Ng—1
good

Ry (1) < L(i) < Ry(iy11(0) (4.24)

000000 0000000000000000000 w4, Wis@1 00 (4250000
000

o s+ (D) —0(0)
BT 1 () — e ()
0(i) — Vs (7)

W; s(4 = - - 4.25
S+ Vs(i)+1(8) — Ys(ay (9) (4:25)
000000000000000000 w0, i 00 (42600000000
o Ry 41 (1) — L(7)
SO Ry (1) — Ry (0)
L(7) — Ry (7)
U; (4 = - - 4.26
HiH Ryiy+1(1) — Rygiy (@) (4.26)

00000000000 fu,p,(01),--,0(n),L(1), - ,L(n)) D000 n—-1000000
0000000000 (427)0000

M.T I+1 1)+1 s(n)+1¢(1)+ t(n)+1
fn,n,Pm(9(1)7"' 79(”)7L(1)7"' 7L(n)) = M TZUB Z : Z
e=l  a=s(1) b=s(n) c=t(1) d=t(n)

X Wig:  WppUlc: " Und

X fn,(e,Pm(¢a(1)7 T 7wb(n)7 RC(1)7 T 7Rd(n))
(4.27)

0(427)00000000000000n000000002"2 0000000000000
gbboboobbuooobobbooboboobobbooboobobooobboobboobon
gooooboooboooo
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50 oottt

gbooobooboobooobooboobooboobooboobobbobooboon
gboboboouooooobobobobobobobobobobobobobooooon
ggbobodoboobbuoobobooobbuoooboooboboobobooobobooboboo
gbobooboooobooboobooboobobobooboboboobooboobooboo

5.1 JUooon

000000000000 5100000000000000000000000000000
(Novint 0 0 Faleon[44]) 00 0000LCDO,0000000PCOO000000O00O0O
00000000000 510000000520000

Haptic device LCD

g s1: 0000000
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05100000

pPC CPU Intel 0 O Core 2 Quad 2.4GHz (4 core)
oood 4
Memory 4.0GB
GPU NVIDIA 00O GeForce8300GTX
LCD oono LG OO FLATRON L194WT-BF
ooo WXGA+ 1440x900
oooooooo goo Novint 0 O Falcon
gooad 101.6mm x 101.6mm x 101.6mm
ooooo 0.06mm
ooooooo USB2.0
052 0000
OS Microsoft 0 0 Windows XP Professional
gooad Microsoft 0 O Visual Studio 2005
ooooooogo Intel O 0 Math Kernel Library 10.0
ooooao Mercury O 0 Amira 4.1

5.2 UJUO0oogn
5.2.1 0OO00OO0OO

gooobooobooboooooobooboboboooboobobooDooobboooogobo
obooooooobobbos200000000000O0O0O0O0OS30000DO00O0OOOODOO
goooo

v Initial local object Initial crack

o

052 00000
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Us53: 000000000000

ogdn 506
ood 1266
ooo 240mm x 240mm x 10mm
goon 1.0MPa
googdn 0.4
googdn 0.4MPa
oogoooo 0.2MPa

5.2.2 U00OO0OOOOOOO0

gobobgobobobobooobobobobobobonoooobobobobobobobo
gbboboobbuooobooobbuooobuobboobobboboobboobboobn
gbbobbooboboobobooobbobobbobbooobobuobuooboobooodad
goobogboobooooboobooon

e 00DDODO (Ny)

e 100000 (Ny)

00000 (Ny)

0000000 (Nmp)

e 00000000 (Nng)

0000000 (N

gboooboobboobobbobboooboooboboooboobooboooboon
gbogbobuoooboboboboboooboobobooooobbobobobobon
gogbbodobobuobuoaobooobbooobooobobooobooobbooboboo
gogooboooobobdoobooobobooobooobobooobooobbooooboba
gbbobbooobooboooboobobooboobooobooobboobboobn
gbbodgboobooobboooboobooboboboobboobbooooobooon
gobobooboboooboobooboboboobooboooboooboboobboonoo
gbbogbuooboooobobooboobbuobobbobooobboobbooboo
gbboobbooboooboobobboooboobuoobooboooboboobbooboo
gbobooobooobbobobobobooooooobobobobonooooboobobon
gbbobbooobooooboobuooboooobooobooboobboobbooboo
goobgbooooboobbooobbooobbobooboobooooboooboboobon
gboboboogbos230b0b0booonooobboboobboobooboobooobo
gbbobbooboboobobooobbooobobobobobobbooboboobbooodgd
goooboooboobooboobooboobooboobooboobobooboobon
gboobogboobooobobboobooobobobooboobobooobobooobobooon
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000000000000 0000000000000000000000000000000
00000000000000000000000000000000000 (Ny=1)0000
000000000 0000000000000000000000000000000000
00000000000000000000000000000000000000 (40.3mm)0
000000000000 000000000000000000000000000000
0000001000000000 (N,y=1)00000000000000000000000
0000 4000 120mm00000000000000000000000000000000
0000000000000000000 53000000000000000000000 428
000 (Nmp=428)0000000000000000000000000000000y00
000000000000000000000000 360000000100000 36000036
0000000 (Npg = 36)0

5.2.3 0O0OO0OOO

gboogoboooboboobobooboboooboobooboboobbooobooobooon
googboobobooobboobobooboooboboobooobooboboobooobo
gbbooboobbooobboooboobobooobobooboobobooobuooooo
gbobobooobooboobooobobs3booboobooboobn

Examinee
-

Display

ptic device

0s3: 00000000

0000000000000 00000000 ADBOOOOODOOODOOODOOOOO 5400
O00000 AOBOODOOOOOOOOOOOOOOOOD 2000 9degd 00000000
O00000000AOBOOODOOODOOOOOOOOOOOO0O0000000000 Geurrent
D000000000000000000 0deg< Oeyrrent < 90deg 0 0 0 O

50



Sample Model A Model B

9( UTTETL
1_. }_, D_. :

0()000000000000 (b)OOOO0O0000000 ()

054 000000000000000 AOB
()000 (b)OOOAO (¢)0O00B

OO00CCOOOO0OO0 AO0BOOOOODOODOOOCOOOOOOOOOOOOOOODODOO
goooooOoOoOoOoOoOoOooo AO0OBOOOOOOOOOOOOOODOOOOOODODODODO
goboboobbooobbooobobooobboobboooboboooboooboooboba
gooooo0o0ooOoOoOo0oOoooUooDooDooUoooOOoOoOoooDoDODO ADCODOOOOOoo
BOOOOoOOoobOOoobooboooooobooboobbooooooooboboobbooDboo
gobobooboboooboboobobboobbooobboobobooobbooboboonag
gbbobboooboogbobboobobooboobooobboobboboobobo
gobobooobooooobbooboboooboobooboooboboboboonoo
gooobooobooboobboboobooboobooboobooboboobobon
gbboboobuooboooogbuoobuoobobobobbooooon

000000 AOBOOOODOOOODOOOODOOODOOOOD ADBOODOOOOOO
0000000000000 0000000000000000000000 6pee 00O (5.1)0
OOob009%degd O OOOO

90 - chrren
enext = ch’r’rent + % (51)

0000000000000 000 6re: 00 (5.2)000009%deg0OOOOO

enext :ch’r’rent_ W (52)
00000 000bO00O00boO0O0000o0O00bODO0O0DOO000DOO0O0Ob0DOOd 4bdeg
gobs0g0boboobobuooobboobobuooobboobL 200bbboonbooobO
goooboryoooga
gs4d00000b0bbOobObUOOoob0oobooobOoIb2b00boUobOoUobbOoOO
godob stdoooobbbodddoobdooobobb bbb ooooo
0ooooooooooooboooonooooooooob oo oooooooon
gooboooooooooobooobooooboobdooooooooooon
0o0oooooooobooogogs40000b0ooboooDoobooooboooobooo
0o0o0o0oooooooooooooooobooooooooboooooon

51



0bs4: 00000000

D00D0000D (deg) | 000D |00D |ODODOO
0000 15000 124 58 72
1500030000 128 85" 74
3000045000 41 295 27
4500060000 114 920 67

60000 14 135 11

U00doooboboonognD 1deg oo boboobobobbboboboo
I A A O Y A ¥ (3
gbobobooooboobooobooboooboboobooboobooobobon

oobboooboobboobboooboobbooboobouobogndegiooooonboog
gbbobobooboobboboobouogbooobbooobooobboobboobo
gooobooobbooobooobbooobooobbooobooobboooboboo
goobobooobobooboobood

gbodgbugoboooboobbooboobooboobogbuoobooobooboobon
ldeg DO ODDOOODODOODODOOOODODOODOODOOODODOOODODODOUODDOODDOOD
O0000 0deg O 180degD 00D DO0OOOOODOOODOOOODODOOOODOO180deg 0 15deg
ob0 B3go0booooobooon

gobobboboboooooobboboboooobbobobonooooobobobo
0000000000000 000DOO000DODO00DODOOO0O00o0oOoOoOOOonon 4GByte
gbbobooboobobboboobooboobooboobooobooboboobobooobd
ooooooooboboobod00b00bO0b0obboob0oboDobUobOoOoog 18MByte
00000000000 4)D0O00o00 (b3)D000b000bz0000O0OOOO

xT
(18.0 x 10 x 1)° x Y " 13" < 4.0 x 10° (5.3)
=1

0(.3)000200000000:<2000000000000000000O0200000
gssbbobboobooboobooobooobn

Uss: 00agogon

oooooo 20
oooooo 1300
ooooo 100 (40.3mm)
oooooo 428 00
ooooooo 36 00
oooooo 100 (120.0mm)

D0O0000000| O 3.3GByte

00000000 | O 67.3MByte
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000d0Oo0dgooooooOoO0oOooOobooboo0goooDoooOUoOo pPCOOODOoOOoOoOO
gobobooboboobbboobbooobboobbooobooobbooobooon
obogds6e0000000000ODO0OOSOODOODOOOOODOOO

Os56: 0000000000

0000000 CPU | AMD OO Opteron 2.0GHz (4 core) x4
goon 16
Memory 32GB
GPU NVIDIA OO Quadro FX 5500
LCD ooo BenQ OO FP2092
goo UXGA 1600%x1200

Display Haptic device

s ; I oo
000 (0000000000000 000DO0O0 (h)oooDoOoo

055 000000
() 0000 (b)00O00D0D000
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5.3 UUOOOoooon

goboobooogoboooooobooboooooobobooogn sebbOOnbsed
goboooboooboooboboobbooobooobooobbooobboooboo
god

Local object

L

Reaction force vector

g s6: 0000000000DOODOOO0OO

ugbboooboobboobbuoobbuoobobooobboobbuooobooooobbg
goboboobobbbooobboobbooobooobbooobbooboooobboon
gooboooon
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54 0O0OOO

gbboobobooobobuboobouobobooobooooboboobobooboobobon

5.4.1 0O0O0OOOOOOO0

goboboboobobooooooboobobobobobobobobobobobobg
goboboooobbdooobooobooobobooobooobooobboobbooag
gbogslibgbuoboooobouooboobobuoobobobobobobooboobobon
gobgoboobobooobooboobooboooobooobooboobobobooonoo
gos70odbobbooboobobobosybooooboooooboboboooDooogoooDO
oboooo200000000000

s dboobogooobobboooonog

goo | 506 | 765 | 1012 | 1270
OO0 | 1266 | 2017 | 2718 | 3487

6000

@ Proposed method

5000 @ Conventional method

T

T

4000

3000

T

Calculation time (ms)

2000

T

T

1000

l 12.6 27.5 30.4
7.4 e % J

0 o= @ L @

0 500 750 1000 1250

The number of nodes

s dbooooog

bodbuogoboobuoobooobooboobobbooobooboobooonod
goboobooobooboooboonoogooobon
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5.4.2 0O0OO0OO0DOOO

4300000000000000O00O00OO0OO0DOOOObOOoDbOobOOODODbOnOO
goobogboobbooobbooobobooboobbooboobooobobooooooboonoo
gbbogoboobuooobuoobbooobbuoooboobboboobboboobooboo
googoDs80000

Us58: 000000000000 000O00O00O00O0O0

good 20

oooo (18000
god 428 0
oooo | 600

gbodgbgobbobobbobbuoooboboobooobbooobooboobon
gobgoboobboooboooboboboobooboooboobooboobooonoo
gbbobooboobodgbuoobouooboobooboobooobooboobooboon
gbooobobooboboobobobooooboobo1b0b0obobobooobogsonunDn
2000000000 5100000

059 0000000000000100

0000000 2773440
0000000000 2574967
00000000000 92.8 0
0000 (0000) | 40x107342.6x 1072
0000 (@0o000) |21x10734+1.9x 1072

0 s5.10: O0D0O0OO0DOODO0ODOO0ODO 200

googooon 499219200
ugbooobooabood 355727627
gbbooboobobon 71.3 0

0000 (0000) | 48x107342.7x 1072
0000 (0000) |32x10734+1.7x 1072

gbbodgbbuobobuooobbuooobbuooobboobbuoobooboboboboo
goboboobobooobobooobobooobbooobooobooobbooobooooba
goobgboobobooobobbobooobboooooboobooboooooobooo
gbbobobooboboboobooobbooobuooooboboobuoobooobboobo
goobooo

gobogoobooobobooobooboobbooobooobooobooobobooobbg
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gbobooboooooobobobobobbuoooooobobobobobobobooood
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