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Research Trend of Display and Calculation of Pseudo-Force Induced by Physical Stimuli
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Abstract — Ungrounded and light-weight force display is demanded for the daily use of
a virtual reality system in a large space. The concern with a pseudo-force display, which
displays limited or different physical stimuli compared with the reaction forces causing in
real-world, has been growing as a solution for the last several years. This paper reports
a research trend of pseudo-force displays for production of physical stimuli to fingers
or a palm. We categorize the pseudo-force display according to the approach to induce
similar sensation or event cognition to those in real-world. The problems derived from
the features of the pseudo-force display are also discussed.

Keywords

1 [FL&HIZ

T b7 7 arTiE, HERRIINZTEIR
JA 75 EWLTECARPEIRIE ~ ORI L - T, O ERSR
EAZMT AL TOATWS., FEMETA 47—
AZBWTYH, FEREDIIE->TIA/ Y LAY £
RIS Z LI K Wik L ORI RIE S
MBohdA 77 c—ARHER LTS [4]. Virtual
Reality(VR, ATHER) SV TE, WIkofAE
O, BRI A ATHICED Hd/-oic, ThE
CEBONEHRT 34 ABRMB I TE (L, 2, 3].
TEAD J)TEHEART 34 A4X, VEREZEB OGP0 RE 1 o
R SHONFIA G, HHICE X 5 BRESC R T
LTRBICERT 5 Z LIZE#ETH 7. 2Ok Hh
R b, AN BT AT o i VBBl T O R
FHRAABREHIRTWA.

SEELGE &%, AKOWBRRIRIIK & 13 5% 72 D g,
& D WIEBRE S 7l L At XA i A fe
NEERRET BT ok, S0 ERORE, RS,
HTERTHALEE, TR S BRI ST D R A R 1S
WD Z &lokn, Aok & MmTEMIZ S/ 158 4 /)
WD N— Ry =7 TEHTH.

(103, BEEIARIC BV TR S 2 P B il &
BRI TAE L 57 L1Eko iRz T
VR R P TR
2P Y Y F e H—

"SRR R LI AT
TR TR R LA
"I Graduate School of Engineering Science, Osaka University
“2Shiseido Research Center
“3Precision and Intelligence Laboratory, Tokyo Institute of
Technology

"I@Graduate School of Engineering, 'Tokyo University of
Agriculture and Technology

Pseudo-force, Force display, Wearable interface, Physical stimulus

Forces (External & Internal)

Forces (External & Internal)

Real object

1 SNSRI ;- (a) IR (b)
TR D) TEET (o) BRIERI OB DR
(d) {CE R O TE T
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(d)alternative pseudo-force display
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Fig.3 Force directions: normal and tangen-
tial forces
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event imitation)

— 384 —



KRAS HEHPRE I CRHNBORFEMHFIZEAT IHRBA

4 HBLIHYLTIZE T HEEE

NEFRT A 22 AWT, DEBRCmE % BE
THEOBREEZRTRT B0, BERCHED
B R L L 2 —FORMEICE SV T —FICif
RYREHEFHRTIHELV XY 7 LHIN D
BUEALETHS. HELF) 7RI TH
NERRTE DBHEONERRT A AL EEL THE
RENTE. oL, BFRTHHBRENTH7
D, OB TREBEINIGFEITE, ARV FY
T~DERLRBRHSTL D, ZITH, ZhETDOH
RV FY U TRELEBLANRG, RE (BERE)
B, RE (B B, 8 GRamdrgsi) Mic
i@t 5, BUARBRT A ZADEDOAEV ¥
Y 7B BORBEEE XD, B, BUAERRIC
BT, A bRl E~DOEBRbLEIC/RD T
», TITR, FROLZODOHELEDTHRL V¥
Yo7 LA,

4.1 EHHORH

ADFEFEBEIC O LT, ALRHCRS Uik h %
BRT 2 L OHRIRBIBRTE 5. BABIITT N4
ALBIZE b IEVIEARO RICT /S A AN bYE
LD AERD TN [50), Hpkzi@Ey ki
TLEIREOHMBEREZS. B I2L—FHND
WK (V) ET /S ZABARE 3 TORBATHD
B LEZTHARY VD F1% BV 3 Virtual coupling
i [51]) R HIEI Z ORREIZE & VA, Y— L OfMS
BR/TFENTLE I, IBTHEDEICHNhED L
BRRIBRORRLRS.

THHLT, YIalb—2NIZHBORVERD
Wk (Fax ) 2Ex, T/ ALDOBIZARET NV
EEZXTHAFON%EMVS God object #%° Proxy
(62, 53, 54] TixY — A DA IIR RTINS, BHED
FCfN - BEFRTTE 5. Kikuuwe b [55) 112
DFECST R ERHPRAOGFEERBL TS,

Virtual coupling #*° Proxy #5 T, 5734 2D/
BTHRREIY—ART X O EBIZBBORAS ¥
ERRTHI LT, BB EIIRAS 2 BHEIBAL
TWRWEDSIZRERZ ENTES. &biT, #7RH
DRAEZYPEIIMZ, BHE IaL—2E2HANTY
HEBE S I 2L —a T L ERENTTLD L
B, Fi, BEOT AL RAEEROBICEHT
5T & THFRERITOZ L L TE 3.

4.2 FHOBEPLHEDOEZE

ZDLE, WELIFY TR, 2—FLR—Fy
NPEDORNERT A2 HWEELKBEHT A L%, £
RRTRT A R, RHENHZERICERT S
LRROOLND. ), BEHERTT A R, #
RYTBHANBREH TH o0, fhoWEIIC L 518

HThot-0 T35, ELLEHEN-HZESH
TRFZEIR-TH, ELVWARMELNS &R
Bgwv. B, BES L TREECR s mboi:
LELRICLEATHEAZEALTYH, £RBTDIHER
RRDAREMENRDHE. E6iZ, BRARDIMETHEEZN
BT 3BT, b RET 3RBE~OTRH Y
BETHBHET TR, BEBRERRLRDHEIT, #
WOWEIL X 2B HEOMMELR ORIV LEICRS.

i, ANERRTHLEa—FE VR VAT AT
DT 4— KRRy I N THREREND -OLEMEC
LEE T ALERHDIN, BUNERRT /34 A TiX
N- THRER IRV, EE*ICX 3P E4EL
RV, LERST, @YRHEARBIMEINB LD,
BRI HIE A8 2 FORERTRELZ L 6N
. ZHIIHLT, IhETIRERSLABEDOT
A RE LTHETFFITH, EBROREENRRE A
DRI E ERAN KRS TREGEEZRE L TWH 8,
FHRM 2 OMRPUEIIIE > TR LT, KD
BRIISCEARLVC Y v VYoRMPREENS.

B, AEBETRICBWTIE, AZOLODFRT
32 <, WREZILI-REORMZEEZ BN LT ST
BLWMVES. MROMENRAZARBEHEHHTS
BARE, WEOERS LY b TFHORER EHHR
MOEEEOm EE AN L TIHEICE, S HICHE
HRL o FY 7T AT) AOHREORREM S # X
bha.

4.3 BAZLTELZVWILDOEE

FIBORELCHMEIZIMZ T, BEDERTT 54 X
A HZRTHERN 0, F/RM R ENSA—F ¥ L
ERIZBAZIETH, TNEZRLET ARG 2.
ZO7, a—¥REX L EIZT /A1 253N
IR BAL, DEICBXARNBER LR, ik
EIXLEREILTCLEIFANAELD. Lo T,
BUNERART A REHWIZ VAT AT, B4
HERD T DI TR E NS THIHLENRELS. &
ORI, BEOHERRT AL AT LARL—
arTh, FHEOEFHEST A4 2OFIELRE
BEREITAELDN, BENET AL RTBWTHIC
FEIZR Y, Fujita b [56] 1%, RLUNERBRT /A 2
TOEFRIEDT-DONE LV FY v T OFMES%
BHLTWS.,

RIFBEANENL, BRI L T IR
DRELBROTHETE S L )2 E TSR,
5. ZODERMORMIENNA CIRENREIC
2%, ZOREIX, Virtual coupling #%° Proxy #:%
LIRRDIHENEREIND EPBEEL 2508, ik
RECEZ 2IRMEZRFRT DO L THRETHZ EMNHL
hTw3 [57).

— 385 —



BEN—=Fr LY TV T4 L2EXE Vol.16, No.3,2011

£z, BDERICEPECBATIZ LG, v ik
T BRI, IR RRT ST
DICBEERE WM Z ENVBELERVBELEL
BRAENRREIC RS20 5. ZOREOREEIIR S
DHRVE, NREFAORDY CHPEETT V%5 %
v, BRARAZEFTAOEHBICL > TERTZ LA
ENREZOLNS.

4.4 ERALNOHORRIZHITHHEE

HEMAOLSNOES, BN, BhREDhIX, Bk
OEGHEHER I al—arTRBICERERST-
¥, Virtual coupling <° Proxy #/F L TIRRTHZ &
MTED. ZTOFRER, HARERT /A AOEERM
REEAHEE B < BHRICE RWVEIE TH AR S Mzl
NBRRTED L VIFRERHES. LL, EEUAR
TRT S RAOFNBEFMHRE E LI/ SR & 7 SREDN
SVFRTH, MUBKESLRVBENEL 2D, &
7o, MHERREMIC L 28N (FAAA REHEMLTY
AN, okl L-BIcE L8 H) 13,
RRF 7 MFHBPENEEDLYIIS D), A
HTERVWEEMNELS.

Minamizawa © [58] {3, EMEKEIEFSEL LT,
RN L BRI RN T BT A AL, £
Fext s L s R 2k oA, HE, BiEdE
RLTWD. ZOBRIZ, T35 AONEEZHET I 2
L—Z NOFEtRIctEzy bL, 7ax o TiaidiE
B RIZMb ST hERRTH LT, hERNRXRY
UUEROBEAERE L TV, F#kZ, Kamuro b
(59]) 1%, RUBOREATERRT /514 2 DNLE = HE
VI ab—FNOPRIINAR Y R ERAWTER, £
ORI H%E s I 2 L—MnbRGLTERRL
T35,

INHOWMETIE, BIEEORMHEED SR %
HET HEEOYE S I 2 L —# (60, 61) ZAWT
WA=, BIEEILRBALTHLRRXRINBKELY
VR, RIAT DY T2 b—F (B2 [62]) T,
WKR LR ER S BRICARENINRET H1-OHEH
T&ig. Ei, EHOREREROLEDH HERR
Ex ZOFEETTRIT S LBEELWVEEIZE,
BHOEMENEEDICBMTED LYY T HEOR
ERLELINS.

4.5 ERHEZTOMDNDHE

D EETNUND N EHSEELTHR D T L 3WHET
bivd, Bfl7217 % Virtual coupling ¥ Proxy &
ZPHOTERRL, oIy T2 b—4hbBRELT
BRI B ZEICE 2T, NSRRI GZED
BN E~DEBEEET I HENELLND.

SEUUNERRT /34 A TR A DIRTRBFRERT
WA AR E LI TH 5 A%, Hasegawa © (63

12, A EHET 0O RREFVICEEAR Y
OAIBMb B &, FBEIOEEAE L 72 0 R OHER
NYLARDL2BRHL, SAhinEheomgEL T
HAT A EE2RELTWAS. Zhid, Yoshikawa &
DFE [64] BN OHEHBATIHRTRLEZLED
IR T& 5. Yoshikawa & D FETIHRIRRT /34
R X hEHEYTHEIL, REXROEIH%
FHEIC SV THREDOIERE 2K, 7734 2A0EHH
FHELTWA. ZOFETHE, hEMEEORTT
FRLTWABRMEERRL T, BEICE

D IEMOERICEENERMT 5. £ 2 THEBICARE
TFNEANTND,

¥7-, Susa b [65] iX, wAFL— b HEBROE
WDIZ, ARRRT A ACEEE - BgICEMLTWS
BIEBENREST DL, BUERHIZET /- IC B ORI
BRU-BMCAE LR BAOEBEL CTHRT D Z L2 RR
LT\5%. Constantinescu b [66] (2 & >T, FFERAE
RO RE(L & E LR TR A BT 5 5k
LIPREINTWA.

B —IC K B ItRERESRmIC I\ VT, Sankara-
narayanan b X 512, HHE O Virtual coupling & 1%
MDRRF 3% AT —F &R T 5 Fik [67)
R, N—F p LHRIZBIT B2 —FHOHERICE > T
RAETHEEMEDOTNE XL %N LTRTT
51k (68] iR &%, EFEEMENSOHORMCH
MEEZXLND.

4.6 F&OH

BUNRRRICEL, HORESCRE, BAREA
MU FY U T bika REBERIETZ LICHLT,
FROLIICHBERT Tu—FBRFN IR TS, B
RIZBAOEBCEL T, BHEHORSN, EEEE
HONRE, "—=Fy MERICBNT2—WITHkA 2
HWBERTBHZ b, INOE2E—DNART %
ALTERARTEOTIIARL, BYICHRELTLFY
VY EBIRD D LIZL o THREERCEMEM AW L
T5EFHIN, SHOBREMLMEENS. ),
HORERLRBEOFEIC L R MFFEOHEICE LT
i3, WRTHMBICEKTET 52 & bd RO
REW., BRFRIELE, Lv@EgRL ¥y T
FROBIBMLETHD.

5 BRENBERTROSERORE

ZRBOGEBEREBOHFRE, AMOAHME
BAEER L EFIH LR BRUNER R ER L,
SN ERTRER A FIAY S L T4 L SBIBEICHET
D= OHEFEOHENERICLREINTVD. XK
XTI, BHEBEEZTET 27 /31 R ERRICEEE
WCHEERTT A HE2ER LA, SHEsRI—Y

— 386 —



RES HPENFRRICELUNBORFEHTICAT IARDA

NOFEEFAICHEGUB % B U 5 Pseudo-Haptics[5]
LI, WRREOMOBHEL, =—FAFICL5HE
R ZRAEHEIC K 2 B R &b ARiIc sy
DT EBMBATVS. Tsuchiya @ VibTouch(69]
i, RAT 4 TRAT 4o 7 ICRBEBZHEL,
A=Y NOBEEE L IR ZHATHZ LT, h—Y
MIERTH2RADOELERB L=, BELTTRL,
RA T AV TAT 4y 7 2FATHL T, HO®
BREMN LEEEHRRAIBAEIND EHHAHDOR
MIFELTWD LEXHND. Minamizawa 5 [58]
i, YL thoYROEMERET I, £
BRI ED T LIk R AR, =—FIZHEl)
FNCOhER X85 Z &2 L 3 HOZRERECEIE S
OFLEIE—%, FiIHOT /A R [30] 12 & 5 B R
JERE L OFA L TW3. Okamoto & [70] 1%, EEH o
FHROBIRZ B IR~ DORIFY D RIERT R O ER R
DOHEICHBE 525 71 2L 2FAL, ENEER
T 5RO VI, EEYOMERE L FEE I L= iRiE D
R ERTT 5 Z & T, WEROBEMEBRCRMERA
MEShBZEERLE. ZhoDflDX S, HEE
LA OB, & b —F ORESNENE
FRHEAOICRIAT A& T, LY IERNRERZED
ROPMMMEIND EBXHNS.

£, FRIXTIE, HEPECRIELRELRWVA
HRRE, WHNIHBRN— FY =7 CEBRT 0%
PN B R 2 BB L 7oA, 3o T OhEREN R
NEBREZREIC L VAT S Yao b [72] OBFRER,
Sekiguchi © [73] D ELMLEHIEHIC L 2B ORE
DL I, BATHIHBIMECHEELRET DS LIC
Lo TG REBIZLDNERREERTH7 S u—
Fbdbd. Thbb, YATLARMHLEMCaT
I BEMICBET S Z LICL - T, #BRYES2—
VEMERHESH, &LIZRENERREBROISAS
ERLEAD LD LHFESNS.

UEDE DI, BRI, Bkl FEoRIiz
ERT 3 TH) Z0bLbO0TIEARL, HfEEMLT
Bmshd R 2/HBELLOILTDHLOTHY,
HNFERAL BT a L D—F v bk BT D0
LW ENTESD. RADNAS—=F ¥ MLIZL-T,
a—FOEBEEL R L2VE A hEOEENERRS
WREICRAUE, KV BRARA—F ¥y VERE DA 5
F 7 va ilmAT, REMRRIT A FT 7V a
vADHBEOHMPKEREDIEALELLNS.
Thbb, 229 ERICRBFIEREMAZZ LT,
MMROHERE R A 7= Ando H D SmartFinger[74] 2,
BATPICRICIEBI A MX 5 2 & CTER L R 55Tl
#327R7 5 Turchet & [75) DRAZD L S IT, BEIHE
{2 & 5 Augmented Reality ~ORBBALHIFIND. £

o, IERIROYRIZHIT TIE, NURRERPE B H
BB T4 <, V9 &%, SPIDAR-mouse[76]
DESIHET R MER— 2 —F~DHEEFORL L4
EHTH5.

6 BbhYlIc

ARICTHE, HEOFEE AR D RERRT S
ARZELT, ThETOREBRZERLE. &K
DBREFIT & IRIEH DV L, BEORE0m%
BB ROBEEITI LT, AN EE
Il U 1 % BRI 3R S 5 F S SRR
ANt WERONWERRT A A TIHERNEREL &
nie, AR IEEE - EEEEERE - BEHONE
BTREBNRELUAED T o —Fic Lo T—HERL
TS, U7 77 NVCTHREOED ThRW IR
TEBEZERT DI, 4% BRTFHOZAHE
L ER2RBLEZHEDIMLERHD. Zhd i@
TBHEHDITK, T—FREOEHRUNDT T u—F
(FHRIE T OREE-CTR B ROBHE) ORBEE DR
MFIARKLEIZRD EZZ NS, KBRICTIE, 8E
NERTEOFE LBEORELZ T L L, RAOHE
E, ZOHEETH 2HARIRFEDOFHEIZ SV TR
O E Liz. £/, BEARICIVAEL B —F ¥
NEBICEITAHEOREILX, 4%, BB IaL—
2 & OB TIZB W TR Z AW =28k A ¥
T areliEin EET D7D LT 4
ERHSH.

b oM LW BURTAEERBET 5 HHTA VR
ThdHETHRLIE, hBEOKREZIRL, AKL R
DHREERLE D LW O BRUAWEORRL, EII
VR E V2D, A%, V=T 7 7NVRRUINTE
BRT AL AT B LItk o T, &3, HE,
g, =BT A MRE~DISAICBWTEE
DYEECHEIGEEFH D FE L LTHERAEhDZ L
B END. AR VR FRE DS % OBRD—
B iahiEnTths.

HHE

KESHBBEORREHAZADITE, ARXEE
LOBBEEWTWE, TIRBHHOEERTS.
S, BLEIARIZOWTERW 2 W LR F R
HemI ek, BERERIA TR RAAE, HEKF A
wmziAE, NTT 2 2 o =fr—a VER MU
EESRICERTS. -, FRICELAE R A Y
b &2 BN RS SO LA L LY.

— 387 —



(1
2

3

[
(5]

(6]

(7l

(8

(9

(10]

(1]

(12]

[13)

[14]

(15]

[16]

(17]

(18]

(19]

BERNA—F LY 7Y T4 PERIE Vol.16, No.3,2011

BHE IR
8, PERE, (), ARAS—F XAV T YT 4¥R
() S—=F VYT IVT 4%, aatil, 2011,
H. Iwata: Artificial Reality with Force-feedback:
Development of Desktop Virtual Space with Com-
pact Master Manipulator, ACM Computer Graph-
ics, Vol. 24, No. 4, pp.165-170, 1990.
Ve, Tl WA 2Efl4 v ¥ 7 = — X% SPIDAR
ORRE, EFWHEEFFRIRIEE D, Vol. J74-D2, No.
7, pp- 887-894, 1991.
Wii remote, www.nintendo.co.jp/wii/controllers/,
(accessed 2011)
A. Lecuyer: Simulating Haptic Feedback Using Vi-
sion: A Survey of Research and Applications of
Pseudo-Haptic Feedback, MI'T' Presence, Vol. 18,
No. 1, pp. 39-53, 2009.
K. O. Johnson: The Roles and Functions of Cuta-
neous Mechanoreceptors, Current Opinion in Neu-
robiology, Vol. 11, pp. 455-461, 2001.
M. A. Srinivasan and K. Dandekar: An Investi-
gation of The Mechanics of Tactile Sense Using
‘I'wo-dimensional Models of T’he Primate Finger-
tip. J Biomech Eng, Vol. 118, No. 1, pp. 48-55,
1996.
W. H. Talbot, I. Darian-Smith, H. H. Kornhu-
ber and, V. B.Mountcastle: 'I'he Sense of Flutter-
Vibration: Comparison of the Human Capacity
With Response Patterns of Mechanoreceptive Af-
ferents From the Monkey Hand, J. Neurophysiol.,
Vol. 31, pp. 301-334, 1967.
A. M. Freeman and K. O. Johnson: A Model
Accounting for Effects of Vibratory Amplitude
on Responses of Cutaneous Mechanoreceptors in
Macaque Monkey, J Physiol, Vol. 323, pp. 43-64,
1982.
M. C. Brown, 1. Engberg and P. B. C. Matthews:
The Relative Sensitivity to Vibration of Muscle
Receptors of 'T'he Cat, J Physiol, Vol.192, pp. 773-
800, 1967.
A BRI X D HIEEE R L h B RED
BN, FllAta—<= A FT2—RYURIY
LEG3CEE, pp. 329-334, 1995.
V. Occelli, C. Spence, M. Zampini: Audiotactile
interactions in temporal perception, Psychonomic
Bulletin & Review, 2011.
Rili, &3, fuk (B) : iR B - MELEE N~V
R7 v, BIGEE, 1994.
S. J. Lederman and R. K. Klatzky: Hand move-
ments: A window into haptic object recognition,
Cognitive Psychology, Vol. 19, No. 3, pp. 342-368,
1987.
G. Robles-De-La-"Torre, V. Hayward: Force Can
Overcome Object Geometry In the perception of
Shape T'hrough Active Touch, Nature, Vol. 412,
pp. 445-844, 2001.
T. H. Massie, J. K. Salisbury: 'The PHANToM
haptic interface: a device for probing virtual ob-
jects, Proc. ASME Dynamic Systems and Control
Division, DSC-Vol.55-1, pp. 295-301 , 1994.
&, BRI, N, . 7TBRENET AL
SPIDAR-G DR, BERASA—F ¥ VYT VT4 %2
#3C3E, Vol. 7, No. 3, pp.403-412, 2002.
Y. Sekiguchi, K. Hirota, M. Hirose: 'I'he Design
and Implementation of Ubiquitous Haptic Device,
Proc. World Haptics 2005, pp. 527-528, 2005.
K, TR =3 ¥—ERMNERTER, B
FRA=FXNY T YT 4 F2URBRE, Vol 16., No.

[20]

(21]

(22)

(23]
(24]

(25)

(26]

[27]

(28]

(29

(30]

(31

(32]

(33]

34]

(35]

(36]

37]

(38]

— 388 —

HDC-03, pp. 37-40, 2009.

H. Yano, M. Yoshie, H. Iwata: Development of
a Non-grounded Haptic Interface Using the Gyro
Effect, Proc. 11th Symp. haptic interfaces for Vir-
tual enviromment and Teleoperator Systems, pp.
32-39, 2003.

o, @ HSHFRERIHRIEBE T D ATAMEEN
DORFEBIE~ HF—ZBENHEA ¥ 72— R Gy-
roCube " IZOWT~ |, 734 F A K = X Lh%¥LEE, Vol
31, No. 2, pp.80-94, 2007.

B, REF, FRHE, K, R BARMERERICRIT D
HERRT /34 A Haptic GEAR D% & & DF¥H,
HAA—=F 2 L) 7 YT 42583, Vol. 5, No.
4, pp. 1113-1120, 2000.

S, I ERARNAHERRY a4 AT 4v 7, Human
Interface N&R, Vol. 13, No. 2, pp.135-185, 1998.
CyberGrasp™ and CyberForce™, Immersion
Corp., www.immersion.com, (accessed 2011)
S, PIL PG RIELEOBIARBETDHLHO
TA—AFAL AT VA, ba—e A BT x—RY
YR U A, pp. 55-58, 1991.

gy, 38, BF: OB NTT v 745 —T =
A4 R; BARBRy bESEE Vol. 23, No. 4, pp. 449-
456, 2005.

BUIeg, 2%, AR, ). 2EUBYNTT 197
TS ADFMEMEHTE, ARA—-F¥L YT Y
7 4 ¥2 9 BRI, pp. 1342-4564 , 2004.
PRI, A, JIE, ML, 8 FLATVRS R
DS (55 41 ) WBR B~ A 4~ FE AV
BOwREAL—THE, AER—FxAYT VT4
#£ 8 EARKEIM, pp. 469-470, 2003.

FRZE, MM BEEAIK & UK IR REEOBRE
LR, BFRA—F VYT VT 4 FRBRIEE, Vol
12, No. 1, pp. 95-102, 2007.

MR, TEET, BA, JIE, B R—Fy 2tk ol
REL RIS 27 AT HHERUMAOE
FARL A, BERA—F 2 VY T U T 4 F2RI0HE,
Vol. 13, No. 1, pp. 15-23, 2008.

#HAR, ZR, BRI, LB U4 YIc kDB
W H 18 RS RIERSRR T /34 R, AR/ —
FxNYT VT 1 FEHIEE, Vol. 14, No. 3, pp.
421-428, 2009.

R. Sheibe, M. Moehring, B. Froehlich; 'l'actile
Feedback at the Finger ‘l'ips for Improved Di-
rect Interaction in Immersive Environments, IEEE
Symposium on 3D User Interfaces, pp. 293-294,
2007.

B. T. Gleeson, W. R. Provancher: Design of a
Fingertip-Mounted Tactile Display with Tangen-
tial Skin Displacement Feedback, IEEE 'Iransac-
tions on Haptics, pp. 297-301, 2010.

R. J. Webster, III, T. E. Murphy, L. N. Verner, A.
M. Okamura: A Novel T'wo-dimensional Tactile
Slip Display: Design, Kinematics and Perceptual
Experiments. ACM ‘Irans. Appl. Percept. Vol. 2,
pp. 150-165, 2005.

V. Hayward: Display of Haptic Shape at Different
Scales, Eurohaptics 2004, pp. 20-27, 2004.

PO, BEW: WSIERIBIC L HAEEARE, AR —
FrNYT YT 4 LB, Vol. 11, No. 1, pp.
123-132, 2006.

B, 580, B1%F, P ERERHRBIC L TR
LMNERORREY, 11 BoRF 4 7 AR
7 HTBERCE, pp. 179-185, 2006.

K. A. Kaczmarek, J. G. Webster, P. B.y.-Rita,
W. J.Tompkins: Electrotactile and Vibrotactile
Displays for Sensory Substitution Systems, IEEE



(39]

[40)

[41]

(42]

(43]

[44]

(45]

(46]

[a7]
la8]

[49]

[50]

[51]

(52]

[53]

[54]

[55)

(56]

REL PEMARRICRENBORFR EHIIZHT SHRMMA

Transactions on Biomedical Engineering, Vol. 38,
No. 1, pp. 1-16, 1991.

E. R. Kandel, J. H. Schwartz, and T. M. Jessell:
Principles of Neural Science, 4th edition, McGraw-
Hill Medical, 2000.

B, )L, g, 8: REREMRALBIRMICRIES
DERMET + 2714, BFHBUBE¥ESE, Vol
J84-D-II, No. 1, pp. 120-128, 2001.

H. Kajimoto, N. Kawakami, S. Tachi, M. Inami:
SmartTouch: Electric Skin to Touch the Untouch-
able; IEEE Trans. Computer Graphics and Appli-
cations, Vol. 24, No. 1, pp.36-43, 2004.

K. Sato, and S. Tachi: Design of Electrotactile
Stimulation to Represent Distribution of Force
Vectors, IEEE Haptics Symposium 2010, pp. 121-
128, 2010.

e, R, AifM: MO LRI LIk
BARFEFHEORE L FE, AARAS—F¥LYTY
T 4%%, Vol. 11, No. 1, pp. 47-58, 2006.

T. Amemiya, T. Maeda: Asymmetric Oscillation
Distorts the Perceived Heaviness of Handheld Ob-
jects, IEEE Transactions on Haptics, Vol. 1, No.
1, pp. 9-18, 2008.

LA, NH, Fig, #H: Phantom sensation & {KH
AR LT 4 R 7L A, BRFLBIE A,
Vol. 127, No. 6, pp. 277-284, 2007.

KE, #EH: E# 77 batrtz—a D
HEIC L 2 BE~DER N LTV OREFIR, B
ER=F VYT YT 1 ¥R, Vol. 15, No. 2,
pp. 263-272, 2010.

PN () - BEES - AhEE - BIIBRIREE, WA &5, 2008.
M. Konyo, H. Yamada, S. Okamoto, Satoshi T'a-
dokoro: Alternative Display of Friction Repre-
sented by Tactile Stimulation without Tangential
Force, Haptics: Perception, Devices and Scenar-
ios, Lecture Notes in Computer Science, Volume
5024/2008, pp. 619-629, 2008.

CyberTouch™, Immersion Corp.,
www.immersion.com, (accessed 2011)

K. Salisbury, D. Brock, I'. Massie, N. Swarup, C.
Zilles: Haptic rendering: programming touch in-
teraction with virtual objects, Proc. of the 1995
symposium on Interactive 3D graphics, pp. 123-
130, 1995.

J. E. Colgate, M. C. Stanley, J. M. Brown: Issues
in the Haptic Display of Tool Use, Proc. of the
IEEE/RSJ Intl. Conf. on Intelligent Robots and
Systems (IROS), Vol. 3, pp. 140-145, 1995.

C. Zilles, K. Salisbury: A Constraint-Based God
Object Method for Haptic Display, IEEE/RSJ Int.
Conference on Intelligent Robots and Systems, pp.
146-151, 1995.

D.C. Ruspini, K. Kolarov, and O. Khatib: The
Haptic Display of Complex Graphical Environ-
ments, Proc. ACM SIGGRAPH 97, 1997.

M. Ortega, S. Redon, S. Coquillart: A Six Degree-
of-Freedom God-Object Method for Haptic Dis-
play of Rigid Bodies with Surface Properties,
IEEE ‘Iransactions on Visualization and Com-
puter Graphics, Vol. 13, No. 3, pp. 458-469. 2007.
B, A BEOTFEPOAERTTALILY XLOHE
HRRL A LV E—Y VRARIBL VT FIyy o 2R
DEEWE, BARDRy FESE, Vol. 25, No. 2, pp.
142-151, 2007.

A, $m, Sk BREARRTRERLE VCOMLE
DECKIT IHERORY, BAS—F¥AYTY
7 4 #2FFFHE4E, Vol. 1, No. HDCO5, pp. 31-34,

(57)

(58]

[59]

[60]

[61]
[62]

(63]

(64]

(65]

[66]

[67]

(68]

(69]

[70]

(71]

(72]

(73]

(74]

[75]

— 389 —

2010.

D. A. Kontarinis, R.D. Howe: Tactile Display of
Vibratory Information in Teleoperation and Vir-
tual Environments, Presence, 1996, Vol. 4, pp. 387-
402, 1996.

K. Minamizawa, H. Kajimoto, N. and S. Tachi:
Wearable Haptic Display to Present Gravity Sen-
sation - Preliminary Observations and Device De-
sign, Proc. World Haptics 2007, pp. 133-138, 2007.
RE, B8, HE, )L 8 F—2 AU BHHE
FTART VA ZRN A= F v N8k L DA v
50 ay, ARNS—FxANITIT 4% H 14
Bk £, 1A2-4, 2009.

R.Smith, Open Dynamics
http://www.ode.org/, (accessed 2011).
Nvidia Corporation: PhysX.

Shoichi Hasegawa, Makoto Sato:Real-time Rigid
Body Simulation for Haptic Interactions Based on
Contact Volume of Polygonal Objects, Computer
Graphics Forum, Vol. 23, No. 3, pp. 529-538, 2004.
B/, i, il 74 —RF 4 AT LA AV
BIHARMED 7= D DMITEAR & A D DRI EE, HA
N—=F ¥ N VT YT 4 F2FRL3E, Vol. 7, No. 3, pp.
323-328, 2002.

N, BUNES, A, #5: Witk E@E LRk
BERORH, AADRy FERE, Vol. 11, No. 8,
pp. 132-139, 1993.

A, KN, BT, (i, BB BEemEme
Yial—Ya il HERREARRTOEE, B
ANR—=F ¥ VYT )T ¢ #2333, Vol. 14, No. 4,
pp. 463-471, 2009.

D. Constantinescu, S. E. Salcudean, E. A. Croft:
Haptic Rendering of Rigid Contacts using Impul-
sive and Penalty Forces; IEEE Trans. Robotics,
21(3), 309-323, 2005.

G. Sankaranarayanan, B. Hannaford; Virtual cou-
pling schemes for position coherency in networked
haptic environments, Proc. IEEE RAS-EMBS
BioRob., 853-858, 2006.

S, R SEREAAMERIED 12 D OERREEE N
DEOMROKE, AR N~F ¥ VY T Y T 1 Z20F
4, Vol. 16, No. HDCO1, pp.7-10, 2011.

S. Tsuchiya, M. Konyo, H. Yamada, T. Yamauchi,
S. Okamoto and S. ''adokoro: Vib-Touch: Vir-
tual Active Touch Interface for Handheld Devices,
Proc. IEEE RO-MAN’09, pp.12-17, 2009.

A, B, HET: fEE~oRMESEgc L3 A%
BR, BABBY 2o RT (7R - Ah bo=s 25
fii<x 2010 HEEZCH, 1A1-D08, 2010.

S. Okamoto, M. Konyo, S. Saga, S. Tadokoro:
Detectability and Perceptual Consequences of De-
layed Feedback in a Vibrotactile Texture Display,
IEEE 'Transactions on Haptics, Vol. 2, No. 2, pp.
73-84, 2009.

H. Yao, V. Hayward: An Experiment on Length
Perception with a Virtual Rolling Stone, Proc. Eu-
rohaptics 2006, pp. 325-330, 2006.

Mn, EA : WOBMRHET <A 2L 5NEDH
RBOYR, BERA—F ¥ VYT YT 4 228 12EK
£, 2007.

H. Ando, T. Miki, M. Inami and I Maeda:
SmartFinger: nail-mounted tactile display, ACM
SIGGRAPH 2002 conference abstracts and appli-
cations, p. 78, 2002.

L. Turchet, R. Norddahl, S. Serafin, A. Berrezag,
S.D imitrov and V. Hayward: Audio-haptic
physically-based simulation of walking on differ-

Engine,



[76]

BAA—F v LUT T4 2RBXE Vol.16, No.3,2011

ent grounds, IEEE Int. Workshop on Multimedia
Signal Processing, pp. 269-273, 2010.

e, —f, #, #F: Open Source Interface,
Spidar-mouse (22 C, 2009 4P HOG i
L (FETAFEUBIE S22 |, No. HCG2009-C6-2, 2009.

(2011 £ 3 B 7H)

— 390 —

AH ER

fha IESR

B8 &—

[3F & # 4]
(E2HR)

2000 LR S ARSI AL 2005
R R R R e e R L i
PREMET . FMERHE SRR E ST
BHRETBI T, 2006 45 KB E K RERE
TR, BAECES. hfito
ok L EHEFE B S, BRI VR, fil
TRFBULE, BEIM S AT M5
WFFEICBE. T (R ) .

(ELH)

2008 FEHURUR SRR HBE e
EERRERAE T. 2008 4EE LR Y —TF 1
vH— A, BIEICES, i o
AEMEEESHE. A= X A
BT 4 AT LA O, TECHTILE
B 2@ LI 7Y A oM R SR
4 (FEE ) .

(E=H)

1997 4EHT AL T ¥R T i 1
TEERASEE, 1999 R AR R Ele e o
AT ARERYELET, WY =B
ot AL, 2000 4O LEERERE T
SERFFERTEN TR, 2007 ARG S K HIGE
Bk TR, 2010 AEMRD T4
& TR e TR, MECEDL. D
fhE O L EFERIE R B s, S
FAnVTIVT 4, WEA L FT7=—2A,
Eoa—viA AT e— AONFFECTEYE.
it ().

1988 45 B HE 5 4R K 2 RSB PR TN
FERHET. MHI TS, dAbKFES
o, BFERFEZRT, BAERER TS
KEREE. Wb oy L GHRRE
BaZRE. i ods b s e
¥ R a I a=r—a, A
OPIRHETE 7e & OBFFEICHES. AL




