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Abstract

) Force feedback method of Internal structure
Title
Author Kei Nakajima
Advisor Lecturer Taichi Watanabe
Key Words Force feedback, Internal structure, Layered triangular mesh model
[summary]|

Recently, the haptic device that gave the operator the outside force was developed. This
device can transfer to the user by simulating hardness and the weight of the object. The
expression of the sense that touches with such an haptic device is called force feedback.
There are many researches of force feedback, their many target touching the object with a
homogeneous material. In this research, the target is the complex object that composes of
two or more body tissues that have constitution internally. The purpose of this research
is to express the changing force feedback corresponding to the touched position to the
complex with the device.

The human body is constructed with a layered structure of the tissue, and the each
layer have a different physical properties. Since the force feedback method based on
the distance from the skin surface is not accurate. Then, this research uses the layered
triangular mesh model. In the setting of different physical properties value to each mesh, it
becomes possible to express force feedback of the object where rigid tissue exists partially.
And it can express the difference of force feedback in one object by touched position. As a
calculation algorithm, the finite element method was used together with the mass spring
model. As a result, a calculation steady based on the physical properties value was
achieved.










10

HRERERE



1.1 O0O00ooood

O0000000000000000000000000000C0C00OO0O0O0O0
00000000000000000000000O0O0O0O0OOOOOoO0OOO
Oo0000000000000000000000000O000C0O0OCOOOOOO
O00000000000000000000000000000C00C0O0O0O0O0
O000000000000000000000000000O0O0O0O0O0O00O0O0
00000000000 0000000003000000000000D00 (O
003DCG)000000000000oo0o0o0oooooooooooocCT
OMRIODOOOODOODOOOOOOOOOOOOOOOOOOOOOOOO0O0O
O000000000O000000000

sjbcGooooobooooooooooobooooooboooooobooooo
O000b0o0oO0O000ooOoO0O0o0oooOOO0o0bOoOO0OOoO0booOoOOO0OboOo0OOn
ooo0O03pccGoOOOO0OO0O00000000000000000000000OO0
oooooOoO0OO0OO0OO0OOOOOOOOOOOOOOOOOOOOOOOOOO
O000000000000000000000000000000000O0O0
00000000000000000000000000000000000O0
O000000000000000000000000000000000O0O0
000000000

O000000000000000000000000000O0O0OOO0O0O0O0O0
O00000000000000000000000000000000C0O0O0
Oo000000000000000000000000000O00O00C0O0O0O0OOO
0000000000 SensAble Technologies 0 0 PHANTOM[M O OOOOOO
Oo0000000000000000000000000000000O00O0O0
0000000000000000000000000000O00D0O0O000O0OO0
O0000000OCyberGloveO OO0 000000000 COOOOODOOOOO
Oo000000000000000000000000000000C0O00O0O



0D00000000000000000000000000000000000
000000000000000000000000000000000000
000000000000000000000000000000000000
000000000000000
00000000000000000000000000000000000
0D000000000000000000000000000000000000
D0000000000000001000Hz00000000000000000
0000000 RO000000000000000000000000000
0D00000000000000000000000000000000 3DCG
0D00000000000000000000000000000000 3DCG
000000000000000000000000000000000000
000000000000000000000000000000000000
00000000000 @0
00000000000000000000000000000000000
D00000000000000000000000000000000000
000000000000000000000000000000000000
0000000000000000000000000000000000 [50
000000000000000000000000000000000000
000000000000000000([§O00000000000000000
000000000000000000000000000000000000
000000000000000000000000000000000000
000000000000000000000000000000000000
D00000000000000000000000000000000000
000000000000000000000000000000000000
000000000000000000000000000000000000
000000000000000000000000000000000000

O000OOCOHIrotal [MD000000O00O0O0COCOOO0OOOOOOOOOO



gogbbobooobbbuoooobboood

0000000000000 00000000000O00O0000ODO00 RO
gogobobbobbboodogoooobbobbouooooooobbobboogo
goggobbobbbooodoobbbbboooooobbbbobbooago
gogobobbobbbuodgoooobboboouooooobobooobobood
gogbboobobbbooooooobbbbbbbouooooooobbbobobboo
gbogoobooboobbuoobuoobbooboobboobuoobbon
gogobboobobbouooooobbobbbooooooobbobbboogd
gogbobbbbboouooooobbbbbouooooobbobobboboogd
O0ParkO @OO0O0OO00COO0OO0O0OO0OOCOOOOODOOOOOOOOOO
gobbobbououoooooobboobbbououoouooobbobobooogo
gogobobbbbbuoooooobbbbboodoooooobbbbbadao
gogobobbobbbouodgooobobobboodooooboboobbouogad
gogbbobuoggobobodao
gbooobgboobobobobobobooobooboboboboooabo
0000000000000 000000O0000ooooO0000 Mmoooo
gogobbbbbbuoooooobbbbbouooooobbobbboodgd
gogoobbobobbodgooooboboobobboodoooooboobooboobbood
goobobbobbouodoooooobboboouooooooboobbboogd
gogobbbbodoooooobbbbbbooooooobbbbbboago
gogobobbobbouooooobbobboodoooobobooboboogad
gogobbbbuodoooooobobbbbbouoooooobbbobboo
gboobgoboobooboobo

1.2 000000

gboooooobooboboboo200bo0ooooooooobgbg
gbobogobogobboobbuobbuobboobboobbooooboo



gobboobobboobbboobbboobbooobboobo3bbon
gogobobbobobbododgooooobboobbbboooooobboobbood
goobobbobbouodoooooobboobbooooooobbobboogd
gogobobbbbbouooooobbbbbbouooooooobbbbbodoo
gogooobboobbbbddoooogoobob400b0bbbbboougd
gogobbbbbobuodoooooobbbbbbuoooooobobbboogd
gbobobdogosuboboboboboboboboobobobobob



20

Jogobobboobobobobooddd



gogobbbobbodoooooobbobobbouoooobbbbboodgo
gbogboobogbouogboobobobbobbobboooboobonobo
gogobobbobbbuodoooooobbobbbouooooobbobboogd
ggobobbbbbuoooooobbbbboouooooobbbbbooo
gogobobbobbbuodgoooobbobbbuooooooboobboogd
goobobbbbbuodooooobobobobbooooooobbobboogd
gbogobgobobobobboboobod

2.1 O0OO0OO0OOO0OOOO

ggobobbobbobouoooobbbobbbbouooooobbbbboo
goboobooobbbobobooooboboboboboobobobobon
gobboboogobbboogooboo

gogggobobbbbbbbbduooobooooooobbbboouoo
gboogbbogbbobemboboogobogobooooboooobooooa
ggbobobuoooobbbooogooboooobobon



g21:000000000000

gogobobbobobodoooooobobobbbodoooooobobbogao
00000000000000004000000000000 [0

gogobobbobbbooogooobobobbbodooogoboooboboogod
gogobobbbbbotbouooobuoooooobobboboobbbooagd
gbogoobooboobbuooboobbooboobbooboobbon
goobobbobbbuooooobbobbbouoooogobbobbboogd
gogobobbbbobuodooooobbbbbououooooobbbbbodad
gbogobobooboobbooboobbooboobbooboobbon
gogopobboobobbboooobboodoooooooobbbbooagd
0000000000000000000000000O0O000 (20

gogoboboobboooooobobbobbbooooooobobooboboodod
gogobobbbbodoooooobobobbbuoooooobbobboogo
gbogobbooboobboobuoobbooboobboobboobon
gobpe2ugdoobooggbobooooboobooad



g22000000000000000

gbooobooboobobuodobooobooboobbooboobobo
gbobboooboobobuoobbuobesbogboonoboobboobod

gboooboooo

% %&
a0
e

EERT LK

023000000000 (0)0000(0)

gboboboooboboooobobobooboboboooobobo



gogobobbobobbbilibbbbbbboduooooooobobbobobbbuagd
gogooobobbbobobboobbbbtbdddooooooboboboobobood
gobobuoooobbooooboboboood
goggobbbbbobbboouoooobbbbbbbbooaooboaaao
gogbbobuogouoooobbbuogoobbogao

( (000000
nooooon
0000 0000
0000

gooo alalals

\

g
oo

gbooogog {

\

gogobobbobbbooooooobbbobbboooooobbboogod
gogobobbobbobouooooobobbbobbouoooobbobbboogo
gbobooboobboobobbooboobboobboobbooboon
goobobbobbougooobbobbbodooooobbobboboodad
gogoobobboobobbbbbbbbtbodooooooobbbbooodagd
gogoobobboobobbbbbodooooooobobbobobbboobooogd
gobooodg

ggobbbbouodgoooobbbbbbooooooobbbbboadao
gogoobbobobbbodoooooobbboboooooooobobobboogd
gogobobbobboouooooobbbobbbouooooobbobboogd
000000 @000000000000000O0O0O0O0O0O (oo

10



B[R AR

SRR AE

024000000000

gboobobooboobboobuoobbooboobbooboobbo
gogobobbobbbouodgoooobbobbouooooobobboboodad
gbogdgbbugooboboobbuooobbodobbuooobboobboo
gbobgboooobobobobobobobobobobobgooboban
goobobbobbouoooooobobboboboouoooobbobboogd
gbogbobooboobbooboobbooboobbooboobbon
gogoobobooodn

gbogbboobboobboooboobobobboobbobboobao
gbbooboobbuoobboobooooboooboobbooboon
gboboguobbuogbuooboogoboobobboouobboobooboboo
g3fgbogobooboboobooobuoobbooboobbuoobobon
gbboobooobuooooboobobuoobuoooboobbuoobbon
goobboobobbouooooobobboobouoooooobbobboogd
gboobgoboobon

gogobboobbodooooobobobbodoooogobooboogad
gogobobbbbbbbuodoooouoooooooobbobooago
gbboooboobbuoobbooobboooboooboobbuooboboon

11



oo odouboouoooooooouoooooouo
ooooon

oo ouooououoooooon
gboobootdoooobootdouoboooououooooououooooodgo
gooooodooodooooooooouoooooouoooooogo
oo ddoooououooouoooouoouo
gddoooooouoobobbbbbbobbbbbbbouonbobobboDbD
CT(Computed Tomography) 0 MRI(Magnetic Resonance Imaging) 0000 0O O

0000000000000000000 (I3]0

22 OJOoOoodooogood

goggobobobobbbotbodooooooooboboobobbbobbboagd
000000000000000000Burdead [@)|O00000O0O0OOOOOO
goboobogobbogboggbboobbooobbobbuoonooboo
gogobobbobobobodogoobobbbobbouooooobbobboogd
0000000000000 00 [UUOD0D0D0D0D0DoooooooooOoDOOoOOo
goggbbboobobbotbodoooooboobobboouoooobobougd
goboboboggbbubbuogbboogbboobboobbuoobboo
gbooboobooboon

gogoboboobbooooooobbobboooooobobboobboogd
goggobobbbbbuodoooooobbbbbbuoooooobbbboagd
gooobboboboodooooooobbobobboodooooobboboboboood
ggbboobuoggobbodao

12



23 UO0OO0OOoooooooood

guobbbboooobbogooobobboobbbooooobbuooooon
goboboooodooobboooooooobob oo boboooooo
gobboboooooobboooouobobbooooobbbuoooooo
gogoobboobbodoooooobobbboooooooboboobobbboooo
gooooooobbbbbooooooodad

gpbgbdgoobodboboboboobobboobooboboobooo
000000000 0000000D0O00000000DDOSensAble Technologies
OO0 PHANTOMOOOO [OoO000000000O0O0O00OOO SPIDAR(SPace
Interface Device for Artificial Reality)[I6]0 Novint 0 O Falcon[I7] D 000000
goboboooogoobobboooooobobbooooooboboooooo
ggoobboboooggonobbooobuoboobbuobooobooooboobooo
gogoobooboboodooooobboboboooooooobobobbboooo
Faleon 0000000000000 O0O0DOOOOOOODOODO Z530 PHANTOM
00000 PHANToM Omnill O 80 SPIDARO O 2720 Falcon O 0O OO

13



026:000000 SPIDAR
025000000 PHANTOM Omni

027000000 Falcon

O00000000D0O000OCyberGlove Systems O O CyberForceld Cyber-
GloveUODDO P0000000OOOODOOOOOOOOOOOODOOOOOO
0000000000 bOO0oDOoooo0oo0ooodbOobOooDOooooooon
00000000000 0DODO000O00DODOO00DO00DODO0DO0ObODO0O0DO
O0000000o0DO0ooDOooDooDoDOOooooooooooooooooon
00000000000 DO0DO0DO0DO0000D0D0O0D00O0DoOooDooon

O00000o0b0oeROO0OO0OO0O0ODODO0OO CyberGraspd 0 OO

14



028 000000 CyberGrasp

24 U0O0O0OO0OOOOOOOOO

gboobobooboobboobuoobbooboobbooboobbo
gogobobbobbbodoooooobbbboouooooobbobobbogd
gbogoboobboobbooboobbooboobbooboobbon
gogoobboobobbbooogooobobobbobouooooobobboogad
gogobobbobobobbbbbbotbuooooooobbobobbboouagd
gboobobooboobboobuoobbooboobbooboobbon
gobbobuooobbboooobbobuoono

ggobobbbbtbodoooooobbbbbbouoooobbobobooo
oooboooboooooooboboooboo 3beccobooooboooooobooboono
goobobbobbbodoooooobbobbuooooooobbobbboogo
gbobgobooboboboooobobboooboboboobobobon
gogobobbobbbuodgoooobboobobbobouooooobobooboboogad
gogbobobooogbobobodo

gboobobooobooboobboobbooboobbooboobbo
gooobbbobbbooooooobbobobbboouoooboboboboooagad

15



gogobobbbbbbobbbbduooooooobobbobobbboouagd
gogbobobooooboboooon

16



1 3 0

HRERERE



gbogbbobobotobooboobobobobboboboobobobonog
gobogbbogbbooobbuobbogngooobooobboonoobooa
gboboogobbug20bboodgbbugobobooobbuoogobuoonbo
goooobooboobboobooboobbooboobeEmbusgEann
gbobuogbbogbuogbbuodbooobuoobom@muouuobouognood
ggooood

3.1 ODOO0OoOooooound

000000000000000000000000000 [@Oo0oooooo
godboooooobbooooobboooubboooobbbooooooo
00000 R®OCTOOOOODOD0OO0O0DOoOoOoOoOooooooooooooo
oooooooooooooonooooooooboooooooooon
O000000000000000000000000000000 CT(Computed
Tomography) 0 MRI(Magnetic Resonance Imaging) 0000000000000
oooboboooddooooooboooooobobooo3bbboooon
godobooooooooooooooooooooooooooooooon
0oooooooooooooooooodoodoooooooooooon
gooobooooooobboogooobbbboooooobboooooon
goooooodooooooouoodoooooooooooooooon
0o0ooooooooooodoodooooodoonooonooonooogn
godobooooooooooooooooooooooooooooooon
0oooooooooooodoodooooodoooonoooooooon
gogoobooooooooooon

godoooooooooodooooooooooooooooooooa
0o0ooooodooooooooooooooooooonoooooooon
O00DbO0DbOoDOOoo3bCcGOooDOoooooooonoonoonoooDonDonoon
godoooooooooouoooooooooooooooooooon

18



gbboububbogbuogobboobuobuoobbobobooobbobobo

gobogobogboogobbooobbooobboobboooboooboo
gbboobganobudgboogbooobbuobbooobbuooboo

ggbbbuoooobbooodoobobo

g3lgobbbuooobbbooodgn

gogobobobbbodooogooobbobbboooooooboobboogd
gobooo

gogobobobobbooooooooboobbodoooooobboboboooa
gogoobboobbooogobbobbbooooooobobbobbooogd
0000000000000000000 PPO0O00O0OO0O0OOIO00000
gobbobuogoobbooooobbbboooobbobooon

gogoobbbobobbbouoooooobbboobboboooooooooo
000000000000000000000000000000 PPOOOOO
goooobo N,OD00b0oobboobuoobooN,Oboobbooobon
000000000000000/00000P.O0000000!-10010
000000000 000000 @EmUOOODOOODOOOOO

P, =P+ (~dN,) (3.1)

19



00000 P OO0 POO0OO0OODO0OOP 00000 PPOOOOODO
0000000000 PO0D0O0 PAY(00D0>000000000000
0oo
00000000000000000000000000000000000
00000000000000000000000B000000000000
D00000000B200000P°0 POPY0 PPO0OOOOOOOOOO

P, P

032000000000 0000

gogoboboobbooooooobbobbodoooooobobboodad
ggbbboboobbobbbbbbbbboboddooooooobbobboood
gogobobbobbobodgoooobobbboooooooobobbobooaod
goobobbobbouooooobobbobboouoooobbobboogo
gbobobobobuodg@abooooooobobobobbobobonoon
gogboobooggooo

20



g3 gubbbugooboboooobon

gogobbbobbbodoooooobbobbbuoooooobbbbboodao
goooobbobobbbbtooooooooobboobobbobobboouad
ggbbobuoooobbs3sbuoogobbobuoooon

gogobbbbbuoooooobobbbbbooooooobobbboodad
gogobobbobbbuodogoooobboboboouoooobobobboogad
gbogbobobbobbobbobobooboboobooboobogbao
gbogoobooboobbuooboobbooboobbooboobobon
goobobbobbbouooooooobobbooooooobbobbboogad
ggboouoodgooo

3.2 UO0OUOO0obOOoOobuobouoboooogn

ggobbbbboooooobbbbbboooooobbbbboadao
gobogobooobboobbuooooboboobboobbooooboo
goobobbbbouooooobobbbbbououooooobbbboogo
gboooboobodoboboobooboooboobbooboobbon
gooobbobbbuodooooobobobobboodooooobboobbood

21



gogobobbbbbuodoooooobbbbououooooobbbobbodao
ggbboboogobobbooooooobbboboooobbbuooonoon
gbogbobobbobobogobogbuobooboobboobbobd
ggobobbbbbuoooooobbbbboouooooobbbboadao
gbbuodgbbubogoouooobuogbbuodbboouguuuuooo
gogbbobuoobobbboooobooboooobobbooooboo

034 000000000000

ggobbbobbooooogbobbobbbouoooobbbbboodo

gbbobooboooboobobodobboobbooboobboobobon
goobobbbbbuodoooooobbbbouooooobbobbboogad
000000000000 00 (B3@2)00000000000000 FOOOOO
Ob0dduwbO0obOoobobokbbObDOODOn

F = ku (3.2)

00000000000000000000000000000000 [9o0o
00000000 poj0000000000000000000000000O0O
goobobbobbouodgoooobobbooooooobbobbboodad

22



gooobbooobbbbbbudooooooobobbbobobbbooagd
gogoobobobboooooobboobbboodooooobboobboooga
goobobboboboboogoooobboobboouooogobbobboogd
ggbobbbbbboooooobbbbbboooooooobbbboago
gdgoooooobbbobbbboddooooooobboobbboougd
goobobobobbbouooooobobbbbbbouoooooobobboogo
gbogoobooboobbuoobooobooboobboobuoobbon
gogobobbobbbouodooooobbobobbouooooobbboobodad
gogbbobuoobobboooobbbooogbboao
gogobobboboodoooooboboobobbodoooooobbobooooa
goobobbobbobouodoooooobbbobbbuooooooboboboboogd
gogobbbbbbouooooobbbbbouoooooobobbbbboodao
gogbbobuogbuoggobbboooobbbooooobobboooonooon

3.3 Ubuoobouoboooooonod

gogobbbbbuoooooobobbbbboooooobbbbboadao
gbouoguobuogbobugbbodgbboobboobbbeE@@mbbogooo
gogbbobuoooobbodao

e 85
A BRI

g3s:gobobuogan

23



gogobbbobbbodoooooobbbbbuoooooobbbbboodao
ggbboboooobbi1ibboooobbobbooooooboa
gobbobuogobobboooob 1bobboooobbbuooosgsboogn

(_START D

EXBITETS
DYERK
v
EREFERBRL:
ELLDAS
v
Zl L £FEIETIE
FELTIEAZREH
v
BT DEH
v

BITHZERNT
ERROEMEF S
N

Tz
NERTNE

|
C_END D

g3e6:dbboouogaoon

3.3.1 UOOOoooooon

gobbobuoooobbbtoluoooobbbuoooobbboog«:dyuo
00000000000000000 BE®U00000000000 B®Oooo
DDDﬁijDDDDDDDDDDDDDDDDDDDDDDDD@D%DDDD

24



ooooboookskbOODy00000000000

()% 212

300000000000000000000000000000000000
00000000000000000000%x000000000000000
0000000000000 3000000000000 (8300000000
0000:0;00000000 (a,0,a;) 0 (4;,7;,w;) 000000040500

ooooood (f_zivf_yiaf_zi)TD (f_xi7f_yiaf_zi)T gogo

. [k 00 —k0O0] [ @
fy 0 00 0 00 ;i
fo{_] 0 00 0 00 i (3.4)
fo -k 00 kK 00 i
1y 0 00 0 00 v;
1. 0 00 0 00 W;
0000@a)000000000000000
F =KU (3.5)

gbobboboboooobobobobobuoboobogE@mboboog
Jo0U00boooboOxOyUzO0OOOOODOODOOOOoooooooxdyOd
zODODUOOooooooOxbouoooooboobooooboobooboooobo

25



g37o0dbuogbooobooboon

000000000000 (fai, fuio f20) "0 (fuy, fujs f-;) 0000000000
0000 (fuir fuir f2) 'O (fejy fujr f-;) 0000000000000 0DOOODOO
0000D0000000000D00D00 (B8000000000000000 T
0000000000000000000000000000

F=TF (3.6)

gobbobuooobobboooobobobooon

D000000000000000 @\00 BE)000EH 00000000

TF = KTU (3.8)

26



Oo0oo@Bx)DUoooooo

F=T"'KTU (3.9)

gooo
gogobobobobbooooooobobobbbodoooooboboobboooa
00000 E@E@mUODo0o00000o0o000ooooooox00 x00000d

0 00000lmen00000000000O00O
[ = coslyz, m = cosOyz,n = cos 0,z

gboboboobogodb xbogoboobboobbddyddozbodoooo

gogodg
2 m In -2 —Im —In |
lm m? mn —Ilm —m? —mn
In  mn n> —Iln —mn —n?
T'KT =k 3.10
12 —Ilm —=In [? lm In ( )
—Im —-m?> —mn Im m?> mn
—In —mn —n? In mn n?

3.3.2 U0OOUOogoon

gogobbbobbodoooooobbbbbuoooooobbbbboodao
000000000000 030000 ADBOCO BOODOOoooooooDO
000000000 ABOUOOOD BEO)00ooooooo@Emooood
A0 00000000 ADBOOOOOOOODO@EBIOODODOOOOOOO
00000000000 00O0O0000O000oo0O (L,1)Doo0DA0ODOO
00000000000(1,2)000BOA0DD0O0OOO0OOOOOOOOOO0O2,1)
000 AO0BOOODODOOOOOOOOOOO(R2)D00BOOOODOOOO

UobobobDuooddbuabusgD0D0OOO0O0OO0OOOOOOOOOO

27



fa o ki —k ua
()-awlte) e
BCOOOOOODOOO BE@2OO00O

I RERIICO N

B0 E@00000000000EB®WUOOODOODOoOoOooOo

fA ]fl _kl 0 UA
fBi+fee | =| —k1 ki+ky —ko uB (3.13)
fC 0 _k2 kQ Uuc

000 fei+ fe000BOOOOOOOO

fB1+ fB2=fB

O000@EIOD0D0D0EBXRODODODOD0OD0OD0OD0O0OOO ADBOCOOOOOO
goooon

gbogbuogbuooboobobobbobboboobuoobuogbaoobo
gbooobgbobooboobooobobbobooboobobbobossun
gogbbobuooobobboooobooboooobbooooad

28



D C

g3 uuboouogan

ob0obobobOo ABOOO BCcOODO Chooooooooobooooo
gogobobbobbbodooooobbobobbbuoooooooboboobbood
BDOOOOOOODOD ADODODODbObOOoOOooooooooooooo
ggbbbuooobbboooobbbuooobobboooon

O0BDOOODOOOOBRIOOOD ADODOOUODOUODBERO0000000O
ggaoodooBO BOUOODOOoDoO BOODooooooooooodooBO D
goooBODOOOODOODOODODOODOODOODO BOOOO DO BOOO
gbobobobobuoobuobuoooobobobobobuobooooon
gdbg2u0di0bboouoan

031:BDOOOOO O03.2.AD0O0OO0OOO
B D A D
B kBD _kBD A kAD _kAD
D _kBD kBD D _kAD kAD

gogobboboboodooooobbobobbodoooooboboobbooad
00000000000000000 ABCDOOOODOODOOO0OO0OO (3a)dd
gboboobooboobooboogobobbobbobbooboobon

29



ka —ka 0 0 0 0 0 0
0 0 0 0 0 —kgc Fkc O
0 0 0 0 0 0 0 0
kaB + kap —kaB 0 —kap
—kaB kaB + kBp + kBC —kBc —kBD (3.14)
0 —kBC kBc + kep —kcp
—kap —kBD —kcp kap + kBp + kcp

0BR000000000O00O000O00O0O000OOOE®OOOOOODO
gogbbobuoooobbboogobbboooobbougEmmugE2o0o0o00d
00 (B@m@0O00000000000000000000000000000OO
gogooobboboogobbbooobboboooobbbuooonooon

00000 EO00000000000o0ooDo0oooooooooooooo
00000000 (E@000000000oo00ooos3so0oooooooo
gobooboboooboboboobuoooobobuoobobobooboo NDOO
gooobgs3sNyoooooobooon

3.3.3 U0

gogobbbbbooooooobbbbboooooobbbbboadao
gogobobobobbbuodgoooobbobobboooooooboboboboogad
gogobobbbobbbbbbbodooooooobobbobbboodagd
gbbooobobooboooboobuoobobuoobboobbooboboon
goobobbobboooooobobbbbbouooogobbobboogd
ggboouoodgooo

gogobobobobboooooooobobbodooooobbooboboood

nUnU00000w 00000000 .00 :00000000000000¢0

30



000000000000 100000000000 I®0000000000
gogboboboooobobooogn

[k 0 - Ky, ][ W S
0 .
0 0 1 0 0 u | =1 o (3.15)
O ' . .
ko 0 K | w, 1,

gogobobbobbbodooooobobbbbboooooooobobobbboogod
goobbobobodoooooobbbobbouoooooobobboogo
gogobobbbbouooooobbbbbbuooooooobbbbboago
gogobobbobbbuoogoooobbobobbouoooooobobobboogd
gogobobbobbbuoooooobbbbbuooooooobbobboogo
gbooboobogd

goooboobooboboooboooboobbo vMyoboooboooobo
oo M ODOOODOODOO

3.34 UOUOOOOOOOLOOOOO0OO0OOO

0D00000000000000000000000000000000000
0000000000000000000000000000000000000
0000000000000001000000000000000000000
000000000000U;(0<i<n—-1)0000000U = (Uy,---,U,_)T
00000000000000000P = (P,---,P,,)' 000000000
DOOR=(Ry,---,R,4)"01000000000000000000000
000
00000000000000@HO000000UDOOOPOOOOOO
D00D0ORO1000000000000000000000

31



U=P-R (3.16)

BEmOooooooo0ooM,000000000o0ooooooooooo
0000000000000 DOoEmOoOOoooOo0oDODODODOo0o0ooooOOog
oobooob K, 0b0boobooboboboobooobooboobooboobobooDn
ERERE

F; = MU (3.17)

B O0O00000 0000000000 1000000000000 0O
goobbbobbouoooooobbbobbbouoooooobbobboogd
goo0oboboboobobobobooboobobobooboboboobOobO FalconO
000000 1000000DOOo00oDoo0oD1obo0ooboOoooDo At
000000000Em@®UOODOD0O0D0OD0O0O0O0OD0DO0OO0O0O0 FRO0000000
goon

F=-" (3.18)

BEX®UOD0O0O0F,000000000000000OOO00DOODOO0OOO
goobobbobbouoggooobobbobboooooooobobboboogd
ggooood

gogoboboobobbodoooooobobbbodoooooboobboooda

32



000000000E™mMOO0O000000000000000000O0O0000
gogoobbobbboodooooooboboboobbbooooooobboobood
Ur.0dboobbooobobooobobobooboboboobobobon
goooooboooobo M,O00OO0bOooboor, 00000000 obonbn
gogooodg

EmU0000000000oo00uoooEm@mMUoooooovU ooooon
goooon

U =M,'F, (3.19)

BO)U00000000O00000POO0DOOOOOODOOOODOODOOODO
000000000000 O00000000000000000 (3Ez20)0
Oo0oooPOOOOO0OOOoOoOoooDooOOO

P =P+U (3.20)

3.4 U0OO0OOOOOOOOOOO

B 0000000000000 0000000000000oO0O0ooOoOo
gogobobbobbbodooooobbobboooooooobobobboboogd
goggobboobbbouooooooobbobobbbuoooooobobbobogo
goooooobooooo p, 000000000000 ODOODOODDO

ooooooopPy(1£¢=sj)000000000000O0O0O 4;0000kK0O

33



ggboobuoodgooo

ZJ: ki(d; — [P; — P|)(P; — P,) (3.21)

=1

U, =

00 EX@2)000000000000000000000000O00OOODOO
googbooobooboobg

U, = k(P, —S,) (3.22)

goovu,0o0ooo0ooooooop,000D00COOOO0OOOODO
gooooooos,0booooogboek0bobobobon

3.5 0o

gogboboooobbobooooboboboodod
. ggboboboooobobogoo

2. 000000000000 000DODODOODOOOOODODOODO nO
goon

. 0b0bogooboboooon
4. 000bOgobooboobobbob
o. 1ogdobbo

cogdbbodbogbbogbbuoobobooobboobboooboo
goboogobooogboobbbooobboooboobbooonoboo
gboboogobbuoobobuodnbboobboobbuooeEabbugoooo

gogobbbbbrnbbObbOO0Ob0bO00000 n0oooobbbbbogo

34



gogobobbbbbuoooooobbbbbououooooobbbobbogan
upEadbbddbbooooooboboobbooboooboobboobobo
goobodboooboboobuoobobboboobobboeEanooon
gggobbbbbbbbotuodoooooooobbobbboo1bbobodad
ggboooboogd

35



4 0

HRERERERE



go0boobooobooobooobuooobooobDooobooooog
000000000000 oO0o0bO00oboo0oo0Dbo0obDbOOoobOo0ooDoDOon
0000000000 0000000 APID OpenGLRIOOOOOOO 300
O000000000000000 Fine Kernel ToolKit System[22|[23] 0 0000
00 Falecon 0O OO0 FaleconSDKOOOODOOODOO

4.1 0O0O0OO0

gogogobbbbbbbboduoooooooobbbobbbbbboodadd
oooooooobopCcOb00bOO0EnDOOOOOO

04.1: 000000000000
CPU | Intel Core2Duo E8400 @3GHz

RAM | 4GB
GPU | NVIDIA GeForce 9800GTX+

O000000o0b0ob0oo0ooooobgbd NovintO FaleconOOOODO
gogoboboobobbodooooobbobbboooooooboboobboodad
goggobobbbbobodoooooobbbbbbuoooooobbbbbago
gogbobobooooboboooon
gbobobobobobobobobobobobobobospobgobog
gogobbbbbbouooooobbbbbuooooooobbobobboago

gogbobobooooboboooon

37



041:0000000000

gogooobobobobobobooooobobobobobobo
gboobboobodobboobuobbooboobbooboobbod
gobogoobooboobbuooboobobooboobbuoobooobbon
gbooooobobobooboboboboooboboboobobobon

4.2 JO0O0OO0OOOOOOOOO

ggobbobobboooooobbbbbboooooobobbbboogo
gbogobgobobbobooboobooboobobobooobobn
gobouboobobooboobboobboobbobog8un40bounbog

38



00003600000000000000000000000000 4em(40mm)
goboogbbogobooiliobgo2bu3spogooooobbonbobooa
goboboobbobooobbooobbooobbooobbooobo20000 3
gbobobgobooooboboboboooob3gbob4b0bonoon
gogobobbobbobuodgoooobboobbuoooooobboobbboogd
gogobobbbbooooooobbbobbbouooooobobbboboogd
gboobbooboobbooboobbooboobbooboobbon
goobobbobooogooobobobbooggoeoouonobbbbboodd
gobloobobooboooooceGsoogouooobooooooonbonDn
00000000 MKSOODOOOOODOOOODOOOOOoODOO 100000
ggbbobuoooobobooooobooo

gbobdb\eoboooooobobooobobobobobobobo
gogobobbobbiouoooooobobobobboodooooobobobbouogad
gogobobbbbobuodooooobobbobbbooooooobbobboogd
gboobooboobon

RADKEE-FBEDES
a0
80
70 /
N i
%0 / — BEITIRHOAES
40 // — EAMETORIDAEE
N Z
o i
o pd
oz

0 0 3 6 91417222530343739414547505256

FRE@mHHSOREEE (Mmm)

42 00000000000000000O00O00000

39



gbobobe3zoooboboobob20000300000000000d
gbbooobooboobobuooboboobbooboobboobbg 1100
gboo04mmO0gooo200000040mm 00000000 0O0ODOO0
gboogoobooboobboobuoobobooboobbooboobbon

ggbbobuogobobboooobobuooooboboooon

N RADKES:
)] —_
(dyn) P RBICEVLVDELHDHIESE
180
160 //
140 //-'
120 ///J
100
80 /
/ —— EESNBRNOAZE
60
w0 / —EHETORADAES
20
0 _%]ll]]lI]]Illlll]lIIIIITTIITT]lllll]l]‘]ll]‘l]]]‘]]|1]]]
01 5101622253034384144495661667174798285909296
HREESOERE (mm)

043 0000000000000O000DO0O0OOOOODOO0OOOd

bbb aijogbgboobob3sboon4bonooooobong
goboobbobobooobbooobboobbosbbuoonob 80mmdOd
gogobobbobbbooooooobbboboooooooobobboogd
gogobobbobbouooooobobbbbouoooooobbobobboogd
goooo

40



RADKES:
ESICEVVIELHLES

RAHOKZESE (dyn)
250
Va
150 /
100 /
50 /

o oo 0O n T N O~ 0O
- N M o un W ~ ™~ 0 o O
-

FREEDPHSOEEE (mm)

— BEIIRNOKREE
— REETCORNDKRES

(=
-

107

o~
-
-

044 0000000000000000O000D0OO0DOOODOODO

goobobobobbooogoobobbbbboooooooboboobboodad
gogobobbbbbudooooobbbbbbobouoooobbobbbboodao
gogobobbobbobodooooobobobbbouoooooobobobboboood
gogbbbuooobbbooogboobuoooobboooobobobogd

4.3 UO0OOO

gogobobobobbbooooooobobobbbodoooooboboobboood
ggbbobouoggobobodao

ggobbbbouodooooobbbbbbodoooooobbbboadao
gogoobboobbbdggoooobbobboodoooooobooboboad
O000000FPS(Frame Per Second) 00 0010000000000 0000O0O
gbobobooeEbobuoooobbboobobobobooobobon
gooobbobbbouodooooobbobbouooooobbobbboogd
gobboboogbbbod

41



4200000000000

000000 |0D00 (000 |0o00o0 (Fps)O
8 3 27 64 FPS
8 4 36 32 FPS
18 3 48 15 FPS
18 4 64 7 FPS

gogoooobobbobbbootdddooooooooobobobooobbbooga
oorpSOD00OD0ODOODOOOOOOOOODOODOODODODODODODLO
ggoobobbbbooodabobuoduoooooobbbbbobbbooodagd
000000000000 DO0DO0ObO0bO0OU0OOU0O0DO0ODOOOODOOFPSO
ooooooooboobooboboboboboooboooorpPSObObOnO
gboobgoobobboboobuoobooboobobbobooboon

4.4 0O0OOOOO

gbogbobooboudgboobboboboobuooboonoboooobg
gogobbbbbbuoooooobbbbbboooooobbbbboodao
gogobobbbouodooooobbboobbbooooobbobbbood
goggobbbbbobotuodoooooobbbbobbououooooobobobooo
gogoobbobbobooooooobobobboooooooobobobbboood
gooobobbobbbobougoooooobboboboobboodoooooogo
ggbobbbbbooooooobobbbbbouooooobbobobboboogad
goooodg

42



5 [

HRERERE



ggobbbboudooooobobbbbbodooooobbobbboogo
gbogboooboobobobooboobooboobobobbobboboba
goobobbobbouoooooobbbobbouooooobbobboboogd
ggobbbbbouooooobbbbbouooooooobbbobbooo
gogobobobbouodgoooobboobbouooooobooboboogd
ggbbobuoooobbooooboboboood

gboobobooboobobuoobboobooboobbuoobobobbo
gogoobbobbbboodooooooboobobboobbboodoooooog
gogobobbbbbuodoooooobbbbuooooooobbobobboagd
gogoobbobbbodooooobbobobbuoooooooboboobobboogad
gogobobbobbouooooobobobobbbouooooobbobboogd
gogobbbbboouoooobobbbbbouooooobbobbbboadao
goboooogd

ggobbobbbouooooooobbobbbodoooobbbbboodao
gboboobooobuobooboobbooboooboobbuooboon
ggbbobuooobbboooobobobooogboooo

ggobbbobbuodoooooobbbbbbouooooobbbboadgo
gogoobbobobbodgooooobbobbbbooooooobobbbooaa
gogobbbobodoooooobbobbbodooooobbobboogo
gogbbbuooobobbooodobbboood

O00O0o0o0oO0o0 250 NICOGRAPHOODODODOUODODODODOD “DbO0bOD
000000000000000000”000000000000 [24)0

oooooobogooobosobobobobbobobono “obobooboobgon
gooobo”obobboobooobooboon

44



L] [



ggobbbbboooogobbbbbbuooooooobbbboago
gbo0b3awthor DO O OO0OO0O0OOODODOOOODOODOODODODDOOOO

gobooogd

46



HRERERE



1]

[10]

T. Massie, and K. Salisbury, “The PHANToM Haptic Interface: A Device for
Probing Virtual Objects,” ASME Winter Annual Meeting DSC 55-1, 295-300
(1994).

CyberGlove Systems O, “CyberGrove.” http://www.cyberglovesystems.

com/..

Hasegawa.S, Ishii.M, Koike.Y, Sato.M, “Inter-process communication for force
display of dynamic virtual world,” ASME DYN SYST CONTROL DIV PUBL
DSC 67, 211-218 (1999).

oooo,0000,“0cb0bobooboobboobooboooooooDn

ooooooboooboobgoyoboobobbobooobnoo .

OOoo0O0,0000,0000,and000O0O, “0O000000DO0ODOOOO
oooboooboooboobooboobobooybbooboobooD

0000, /E 0000 100(607), 71-76 (2001).

oooo,boob, “coobboobuoobobooboyoobboob

00000 34(8), 232-238 (1998).

Hirota, K. and Kaneko, T., “Haptic representation of elastic objects,” Pres-

ence: Teleoperators & Virtual Environments 10(5), 525-536 (2001).

ooooo,o0bo0,0, “bodbbooobuoobboobobooonb

0000, 000000000000000 , 93-96 (2004).

Park, J. and Kim, S.Y. and Son, S'W. and Kwon, D.S., “Shape retaining
chain linked model for real-time volume haptic rendering,” Proceedings of the

2002 IEEE symposium on Volume visualization and graphics , 65-72 (2002).

OO0, 0000,0000,“C0000000000000000D0O0OO0
00, 000000000000000 ,9-16 (1998).

48


http://www.cyberglovesystems.com/
http://www.cyberglovesystems.com/

[11]
[12]

[13]

[17]
[18]
[19]

[20]

[21]

[22]

23]

0000,[000000)],00000000 (2002).
000,[00000000000000],000 (1999).

Muthupillai, R., Lomas, D., Rossman, P., Greenleaf, J., Manduca, A., and
Ehman, R., “Magnetic resonance elastography by direct visualization of prop-

agating acoustic strain waves,” Science 269(5232), 1854 (1995).

G.C.Burdea, M.Akay, “Force and Touch Feedback for Virtual reality,” Wiley

Interescience (1996).

000,00 00,00 00,[0000000000000000],000
O (1994).

Sato.M, “Development of string-based force display: SPIDAR,” 8th Interna-

tional Conference on Virtual Systems and Multimedia (2002).

Novint [0, “Falcon.” http://home.novint.com/.
0000,[000000000000001, 11-18, 0000 (2000).
O0000,[00000000000000000 cGoO], 000 (2008).

W.H.Press, B.P.Flannery, S.A.Teukolsky, W.T.Vetterling, 0000, 00O
O0,0000,000, [Numerical Recipes in C : COODOD0O0O0DO0OOOOO

00], 00000 (1993).
OpenGL.org, “Opengl.” http://www.opengl.org/.

oo, guuguouauoaoboobbbbbbbboooooood,
Master’s thesis, 000 0000000000000 0O0O0O0O0OO (1996).

Fine Kernel Project, “Fine Kernel ToolKit System.” http://fktoolkit.

sourceforge. jp/.

49


http://home.novint.com/
http://www.opengl.org/
http://fktoolkit.sourceforge.jp/
http://fktoolkit.sourceforge.jp/

24 00O 00,00 00,“000000000000000000000000
S NICOGRAPHO OO DOOODOOOO (2009).

20



	第1章 はじめに
	1.1 研究の背景と目的
	1.2 本論文の構成

	第2章 人体の皮下組織構造と触覚への作用
	2.1 人体の皮下組織構造
	2.2 人の感覚知覚の生理的側面
	2.3 力覚デバイスによる触覚への作用
	2.4 本研究の位置づけと研究方針

	第3章 提案手法
	3.1 皮下組織構造のモデル化
	3.2 形状変形と反力計算のシミュレーション手法
	3.3 有限要素法を用いた変形と反力計算
	3.3.1 要素剛性行列の作成
	3.3.2 全体剛性行列の作成
	3.3.3 拘束点の設定
	3.3.4 力覚デバイスへの力の設定と変形処理

	3.4 オイラー陽解法による補正処理
	3.5 計算手順

	第4章 評価と検証
	4.1 実行結果
	4.2 設定した値による反力の違い
	4.3 速度検証
	4.4 現状の問題点

	第5章 おわりに
	  謝辞
	  参考文献

