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< (57) Abstract: An optical tactile sensor and an information integrating method capable of measuring large area force vector distri-
bution. The integrating method of a marker image in an optical tactile sensor comprising a tactile section consisting of a transparent
W resilient body (1) and a plurality of markers (3, 4) provided therein, and a plurality of imaging devices (6, 6) for acquiring a marker
image by photographing the behavior of the marker when an object (5) touches the tactile face (2) of the transparent resilient body
(1), the method comprising a step for acquiring a partial image by photographing the partial regions A, B, C and D of the transpar-
) ent resilient body (1) using the plurality of imaging devices (6, 6) such that each imaging device (6) has an overlapped photograph
w={ region (11), and a step for integrating the partial images acquired by each imaging device (6) such that the identical markers in the
m overlapped photograph region match.
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Lo TT b5, LTI, = — I —1FHRb I~ I MV A E T 2 FEICD
W, X7, 8B RLARDBL, v —H—DBEXIMLL )TV AiERD D
FIRICESWTEHIT 5, K7LX8LIE, M7AVEROMF A, X825 H Hh
ROEEEZRL TV RERE, RENICRILAETHS, TG RO
WIeTE (K Oy#HF ITE 22V IZOWTEZ SR, — R ERITOHETH
THNAYRLEF—ThHD,

O3B R EIZHD>D 1~V m,niTENE N Blue, RedD ST A LIz~ —H—
DCCDFH T L TOBENI M 2T, B4 RBER LI L > TH IR R 8(X7,
8TIF4AR) IZDNWTHE XD, RIRD I IR NI ENE N3RS x,y,2859)%
HOB, T T2 X, 2 EHE 25, 2Tk, O E ., Ko X5icxd5m
W5y DHBRIE 2L T 5,
£=1x(1),£(2),£x(3),x(4),z(1),£2(2),£2(3),f2(D)I D8R 53 D3 K D T2\ N ) 54 THY |
m=[m(1),m(2),m(3),m(4)],

n=[n(1),n(2),n(3),n(DIBF RSN DBEN T ML THD, ZOmnrkFLdTxEELZE
(9%,

F72bb, x=[m(1),m(2),m(3),m(4),n(1),n(2),n(3),n(@1E725,

ZZT, RUTBWTA AN ) (KREX1D ) Bz b= X B2 S s %K~
— I —DRBEIIMm,nEEED TMx(1)EEL,

Trbb,

Mx(1)=[m(1),m(2),m(3),m(4),n(1),n(2),n(3),n(4)]

when £=[1,0,0,0,0,0,0,0]

[FIRRIZ, SR UZBW A AL M D=L EICBREIND K~ — I — DB E)
I MVEMzZ(1), M2BWTxH RN ) BIZ b iz b XICBBEN2 K~ —H—D
BEII MV EMx(2)%, LT RERICED D, BB 02 vz J1 5540 L 20T
DN BILR A D SL OB, Z<DOBMKITIZOMEETG-3) D&
« — 72 J1eEx(1),1x(2),x(3), x(4),£2(1),£2(2), 2(3), ()13 5- 2 b I T2 EITAET D



WO 2005/124305 11 PCT/JP2005/003650

[0039]

[0040]

BEIIMLxITRO IO ITEIND,
X=Mzx(1)*fx(1)+Mz(1)*fz(1)+Mx(2)*fx(2)+- - - +Mz(4)*fz(4)

TSR ES T2 DB L E DB R CIoER L TS5,
BRI LITELERD IS B,
(%]

(m(1)] [Hmx(1,1) Hmz(1,1) Hmx(1,2) Hmz(1,2) Hmx(1,3) Hmz(1,3) Hmx(1,4) Hmz(1,4)"fx(1)-!
m(2) Hmx(2,1) Hmz2,1) Hmx(22) Hmz(2,2) Hmx(2,3) Hmz(2,3) Hmx(C,4) Hmz2.4) | f2(1)
m(3) Hmx(3,1) Hmz(3,1) Hmx(3,2) Hmz(3,2) Hmx(3,3) Hmz(3,3) Hmx3,4) Hmz(3,9) | x(2)
m(4) Hmx(4,1) Hmz(4,1) Hmx(4,2) Hmz2(4,2) Hmx(4,3) Hmz(4,3) Hmx(4,4) Hmz(4,4) || fz(2)
n(l) | | Hox(1,1) Hnz(1,]) Hox(1,2) Hozl2) Hox(1,3) Hnz(13) Hox(1,4) Hnz(ld) | fx(3)
n2)| | Hnx(2,)) Hnz(2]) Hnx(22) Huz(22) Hnox(23) Hnz(23) Hnx(24) Hnz(2,4) | f203)
a(3) Hnx(3,1) Hnz(3,1) Hiox(3,2) Hnz(3,2) Hnx(3,3) Hnz3,3) Hnx(3,9) HnozG.4) | fx(4)
0@ | |Hnx@,1) Hnz(4,1) Hux(42) Hiz42) Hnx(43) Hnz(43) Hnx@4) Hnz(dd) | f2(4)

7272 UHmx(x1,x2)1, FEAZ x=x20DZ [ (230> T2 x5 [ AL I X B EREx=x 1128
%, mv—A—PHLIRE TOxIF MENEEZFRK T, FERIZ, Hnz(x1,x2) 13 FEEE
x=x2DRENMID 572z 5 1A LN LD EREx=x 11231 D, nv— I —DHHERS
TOF MEMEERT,

BUSNT=xD 0 RO DIZITHDOFAT I AT TRNIT R, 7205
f=inv(H)*x (1) THD, 727ZUinviZd T8 (—RIZiT—fAbdfifT51) 23K 4,
BRI LITELLH 2D TN 2D,

[#2]

[fx(D] [Imx(1,) Imx(2,) Imx(3,) Imx(d,D) Inx(1,1) Inx(2,)) Inx3,1) Inx(4,1)Tm(1)]
f2) | |Imz(1,2) Imz(22) Imz(32) Imz(42) Inz(12) Iz(2,2) Inz32) Inz42) |m2)
&(2)| |Imx(1,3) mx(23) Imx(33) Imx(d3) Inx(13) Ix(23) Inx(3.3) Inx3)|m(3)
f22) | |Dnz(1,4) Imz24) Imz(34) Imz(4d) Inz(Ld) Inz2.4) InzG34) Inzd,d) | m4)
x(3)| |Imx(1,1) Imx(2,]) ImxG,1) Imx(4]) Ix1,D) Inx@21) x@31) Inx4,D | n(D)
f2(3)| |Imz(1,2) Mmz(2,2) Imz(32) Imz(42) Inz(1,2) Inz(22) Inz(32) Inz42) | n@2)
fx(4)| |Imx(1,3) Imx(23) Imx(33) Imx(43) Inx(1,3) Inx(23) Inx(3,3) Inx(43)| n@)
fx(4) | |Imz(1,4) Imz(2,4) Imz(34) Dnz(d,9) Inx(14) Inz2d) Wz(34) Inz(44) | o) |

7277 UImx(1, D& 1XinvH) OB ER THEIN, FERDOEZAE()E AT D7D D
m()DHFHFERT,
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[0041]

[0042]

[0043]
[0044]

[0045]

BERBAEIC > TE L TATHNDOHATINEAEIZ L TR E ED DTG . ARFEL
DIEEEBRISN =T —Z DfEED EEl> T a0 R ChHDNERH D, ZOR]
AR B0 5T LI 2ED~—h— B2 AEL. 2BD~—h—HD%
< — I —DOBEEIRDZ Lo TMSIARBIHET —# &8 O E THRLL T3,

— B2 ZRFTEOHAC ORI Ty BMENTZIGE) ., —RICBITH I~ IV
I3HHBE, ~— I —0OKTEBE~IMUI2ABHE THD, LI TV T KA
RRIZAR ThHoT2 358, Rau

=[x, (1), (1), x(2),5(2),£2(2),x(3),(3),2(3),(x(4),5(4),fz()] D 1 2{EFFLET DD
ZxL T, BRI A BB &~ ML
m=[mx(1),my(1),mx(2),my(2),mx(3),my(3),mx(4),my(H) ] DSETHY, RLILV VRV,
ZHE2RIZT TR 22 LI I 16 DBLRIT — #5522 &3 k., ZHuck
V12 DORMEAEFE T HILITRD, L EDLS7RT NV L% VT, CCDHEI#
DoIIRIMVEHEE T 5, D~ —H—% AW ORIE TS, BllllsihsT
—HBRRDIZG T, AT TRICK o TRAEDOE LY Z T2 BRI (
v —H—DEHENZBTHIE W) LD, WL LB IR EIZL ST~ 7h
WERHEET DR TIEFIC THD,

[D1J3~_7 MV 5345 O FAE R VA5 2B %K

WA ABEERE (FTFIH) &R D D7 D F AT 5, & DRHEI2 O Mk
(B Z VB RRBMEAR) [2 B\ T, RTINS /) LN O BASEL T, Bk
OPUINEIL Tl T2 T~ EBRRE RN DB LW DG T Clile T2 L3 kD
BB BROE TR AIN TS, ZOLIRBOHAIZIE, ZOBBIZAY Y 2k
(X)o7 S 3 1 (b 1) OD AT L N~ — I — D AR A R I EATHIH
pRES,

CZTEADE TR ASN TS LT, REISHEAxD), REEMEZm(x2,y2)E LTz
BEiz, m(x2,y2) = G(f(x1),x2,y2) LV O TR & )i /172 bR 8O HBAEG
BRERAINTNDENNZETHD, ZOLEFIZITHNT, K8 THRIUT /M MbolbE
D~ —H—20C BT DENIEIm?,y2) = GI1), 2,y2IZE>ThEED, 7eily2id~—
T — DRSS (BEF) ThH 2,



WO 2005/124305 13 PCT/JP2005/003650

[0046]

[0047]

[0048]

[0049]

[0050]

[0051]

BRI Lo T, M RIAR A IR KR SR E 322 LIt ko T ER
D IS HFE AV THITFIZ S TED, LAl Bl IE ek 1572 B HdhEIZ
KU TR IR MR ORE Y TID A LIIRETH D, L3> T, filH
D>DRIFB TR MBI S ENEBENL & BEA T D L E R H D,
FOIDIRERTHE —OFIEL, HE Iz —Tavic ko TRMEIS S ENERE
Pz BEAHT D RETHD, ETH VT CEATHEL L. TTREE AY
T 2ZRXYIY FAYY 2AZHAES ) (xF7 1], yIF 0], 2057 10) B o T gD ~—7
—DBENEEY I I2L—iarTEE TS,

BEZOFHRIIEBIC I EMZ DL THD, B HEE A 35RO mEIC,
BEFND JJF1,F2,F3,F4---Fn& I 2.5, MZBNTENENDI NI T H~—H—D
B~ M1, M2,M3,M4,. MnZFHRIL, ZhERFT 5, F1iX, Fix, Fly, Flz
D3DDRIMNVTHY, ZNWHD NEMZ 2L IR L KT D~ — I —DBEI~Y
MUIIM1x, M1y M1zE72%, BERID J) 245072 iF #H (BB~ MV) & VW TYTAIH
ZERT %, LT BARBIIZER 975,

s R R (R ) B2 8oV 7V S EBERIICELE 35, FELT. v
7OV E O 23 E N B IR B S NS, — DR TIL, ik E
DBERAR LI DY 7 )V SORLERIE ., BB A VW ThL g S D CFHE R [FLOIR
IZALER SHD) , OB TIX, H o 7 U3 P s TR ICEE R &35,

BH TNV RIZRBWT, xFH), vy, zH I EIER TR DO REID
& B IPERLIZENENDGE O~ — I — OB B~ ML LR BRI
BWERAET5, —2OFFELWFETIE, £ 7N RITxHIm, vy, 2076
DEFFED N1 HENENMA, ZDRD~—H—DBE~I7 M 2T ENERIL T
MRTET D, BTN RITINZ D SIRI MV OxTTIA), y I, 25 OB L, S
JWVERWT, TGN EED 2R R TELLDTHILL, EDFIH
IXRESNAR,

ZY TNV RITINZDINIBEEN D J)THY , —DDIFEL B TIX, —EDKE
S0 F), Bl 2i1T100[gfl TN L xTTIa), yITI0), 27 A 7V JITMA T, £
NENDEHED~—I— DB EFRIT 5, o, FH 7V RITNAS
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[0052]

[0053]
[0054]

[0055]

INIBER D1 THIIT, T ULBRICKREZD S TRITHEL, £AR2BEMD iz
ESNWTe—I—OBE~I MV EFRILZHR AL, % T, ~—b—0OB 8~k
NDRESEIEBLTHIEI,

TDIITL T, HEAREERIZHEDEE, L2 —2alHWEECE- T,
THREL~ — AV —DIRDENTEI T 2F 8 (B3, BENE B MEEFE AT B
ERE CHHITHIHA B T2, JFRT o PRI TR, HA LT
BEALTEY, TOEMRINIATHIHIL R RIS TS, S HEMER
OFRFEE IR LB T MR EIAEE O IAMERALILG &I, B FEIC I
T~—h—EgREIETS, AL ~—h— B bEEMBEFRICL-T, <
—H—BEI MV EFRIT S, IS~ — BB MV EATHIHIC AL
THANIFE CHEATHIET, M AOMRE mIAEA LI )TV oAb i
J1&Nns,

[E13H 5 Ry R 4 s

T T ATHIHDO ERE REL 2D EBEE Wb ) A& 3t A DR 3 & <72
S>TLED, ZHUEHDRITMABNTZ )& RDDBEI, &2 TO~—I—DOBEIER
ERWBZ LRI TS, EEICETRO T VIR LE 8T 556, HITFIBE KR
2720, (1) OATFEBRIZRFE 2353035, —BlERZIT T AY T 2551003100 TH
ST23A . BRI D310,000 58572 D IZHITF111X10,000

x 10,0008\ VW) FERARITHIE 2D, — RIS FHEENINICK ) o 728554 BRI AS
ND23RA#H BT DWZHATHN DY A RTIND 3 XND 3R L/2d, T5& (1) DT
IR IINDOARORHE BB 2D, ZOT 4T, AFEPNIRDER AL il
R (KEEMRE S ES T 558 NENEEZLND) IZBWTUIEEICEND
o LT2W3o T, BHERRAZ M T 572D OFIEB LD,

R THFRIIHITANO—HEZHNVHL TRAWVWBEWILDOTHD, LD LSz, H
ITFNCIT RO TR D e 2 TO~—h—DOBEI L OGRS
TS, LLBEREEL T, oMb e~ —I— LD BN T 7R
N OISR E L ESH T2 EB HRD, T2LF12 137, K8 Tk, N1)EFHH T
DI —2FE A D~ — I — DA, Q% FHAT DI -3FAD~V—H—DHDE
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BB ITIVERET DI LI o TTHND YA X E/ NS T HTEDBHRD, &
DFNZRITDHF L MTINTLUARDEDIT25,

[0056] 5T (3X1) f=inv(H)*xi3 3D ERY THoT2,

[443]

fx(1)] [Imx(1,1) Bmx(2,1) Imx(3,1) Imx(4,1) Inx(1,1) Inx(2,]) Inx(3,1) Inx(4,1)m()’
f2(1) | [Imz(1,2) Imz(2,2) Imz(3,2) Imz(4,2) mz(12) Iz22) Inz32) Inz4,2) | m(2)
x(2)| (Imx(1,3) nx(23) Imx(33) Imx(43) Inx(13) Inx(2,3) Inx(3,3) Inx(43)| m(3)
f2(2) | | Imz(1,4) Imz(2,4) Imz(34) Tmz(d,4) Inz(1,4) Inz2,4) nz3,4 Inz(4,4) | m(3)
fx(3)| [Imx(1,1) Imx(2,1) Imx(3,]) Mmx(4,1) Inx(1,) Inx(2,1) Inx(3,1) Inx(4,1) | m(1)
f2(3)| |Imz(1,2) Imz(2,2) Imz(3,2) Imz(42) Inz(1,2) Inz(22) Inz3,2) Inz(42)| n)
fx(4)| |Imx(1,3) Imx(2,3) Imx(3,3) Imx(4,3) Inx(1,3) Inx(2,3) Inx(3,3) Inx(4,3) | n(3)
f2(4) | |Imz(1,4) Imz(2,4) Imz(3,4) Imz44) Inz(l4) Inz(2,4) Inz(3,4) Inz(4,4) | n(4) |

[0057] ZORM, EREOBEN T2 AD % 52 BT HZ LT EAD IHIT5,

[$4]

[fx(1)] [Imx(1,1) Imx(2,1) 0 0 Inx(1,1) Inx(2,1) 0 0 Tm(l)‘
fz@) | [Imz(1,2) Imz(22) Imz(322) 0 Inz(1,2) Inz(2,2) Inz(3,2) 0 m(2)
x(2) 0 Imx(2,3) Imx(3,3) Imx(4,3) 0 Inx(2,3) Inx(3,3) Inx(4,3)|m(3)
fz(2) 0 0 Imz(3,4) Imz(4,4) 0 0 Inz(3,4) Inz(4,4) | m(4)
£x(3)| |Dmxd,1) mx2,1) 0 0 Inx(1,1) Inx(2,1) 0 0 n(1)
fz(3) | |(Imz(1,2) Imz(22) Imz(3.2) 0 Inz(1,2) Inz(2,2) Inz(32) 0 n(2)
£x(4) 0 Imx(2,3) Imx(3,3) Imx(4,3) 0 Inx(2,3) Inx(33) Inx(4,3)| n@3)
24 | 0 0 Imz(3,4) Imz(4,4) 0 0 Inz(3,4) Inz(44) | n(4) |
OLEV =L ABER T~ BEREOBEN T2 8 T D, ZOMMIIFH AT 2 LTI E

W, JOEHEIZH A THIER ]IS, ZOEELIXRTIR D EOITHs T3 A ANA

[0058]

RELRBIEENHE RN R DHLND,

X, DIV ERDTDWG TR B Lo DA TV L TS D L&l TH B (
10) , IIDHOTIL, filii 2RO 2R TTHEBIZIBN T, JI_I Moy Aid RdTe
WIRFF O EFIR AR EL TVD, Z2T, I MVERD 2O AT OUT F iR A
RIETDHHAIT, T LY, IFHEEII 2R TTEEBIC I D EERED T Ee- SV THI
WrishabDTIER, T7bb, 105 mE~—h—LOEREIIZEH R TH
>TC, v —HERHEENICEEEN TWDIRGAEICIE, ~— -8R Tbh

RSEZERLIEADEELVGAELHD,
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[0059]

[0060]

[0061] =&

i 2 B B mO%5a . —BUIEBEOBEN TG OF 5 /NSWNEL E VTR
RN, FTC, HARME M T OMOFIEERE T D, £T| FRHI I =1
— v a NI TR (Wi1T5) 23R B, ZDLH7MsE BB ORI, BEIC
ATz, FZIE, ERNZESUBEBBRDOITH O ERE BRI, TH0OHDER
DOIZIEIT AU, D02 BREMAINSv— I —IX, HDIIXTMVERDDHDITE
L THINWT = —THDEEZLND, (CEBETITIDH LB R D0IZITV
53E AEIICEHROLE W T, I MV R R TRIERTES, FlXiE, 17k
N ORI TR TEAREOBIEL R TRIEAATHIER I LU TREL
 ZBELDS/NSVMEER R T HITHEROEEZ0L T 5,

BT, FRAREITEOY BIZOWTH T3, BROHAFRE L TL0)
RUIZBILTIL, BT O H R EHRE L U T D, R 5L TIIEI0 LR
WDV EDNERDIE BIZ DOV TD B> TNzDIZH LT, BB FEIFEIY HILEHE
WO AT 2OV TV T HERE T D, ~— I —OBEIZEL T E
THY LR OE RO B EED , TN L0 ) O EEE L TR0572
DOV TV T KD, Tbb, HIVHLERNICRT 5~ —h— 0B EIL, 1)
DI USEIRSM TN D S DB LS DFRE ST QD LB ZbNDT20, HIV I UEH
WMAIZBIT 5~ — I —OBENFHRIZE- S T)I_I MV OB IZ BV T, 810
LBEMAIEALIZTHAS I DH26T, SV LEBSMAEM LI TH A5 1%
RHT 52T, GIVHUESSMERLZ 12 E L2, S10 USRI /ER
L7e N FHBE T 50D ThHD,

2 BEIAND S DY T 7 I EI0 U BEEN D IR FIXHITRo
TYVKINTHRIE T D, ZIUTTIRDOOHENVITREN D12 E BT 2 D72
BV TV T K TREZESETHINEE X 72720 THD, K1 LCE-SWTHBT
B¢, 5XEEDOY TV T RITHIST 2/ MERE AR SOBEBIZB W TRETD
o NI TV T MARITALER %, /IR 1 DY TV T HARL
BT, NEIRAND ) DY TV 7 FIE . /M ORERE 220> TERIZALE
D, BARDEDTIL, MEEICBE T DIALIZ IV T, NN E R TR &
THU TV T REBITELEL ., B2/ NEDLREND IZHEW, 7V 7 RABIC
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[0062]

[0063]

[0064]

ALiE 3551222 >TD,

ZL T, ANEBNIZEIT 5~ — T — OBENMF A TV T /AMERRAMTECE L 729
YTV RITBIT DRIV EHRT D, stRSNIZ IV D5 G | /MEA
(DD I TN DHIR &b —EDFERD B Z Ak HIZRFH AR RELTERAL, &
795, M11OLO T, 5 X 5O/MERIZIBIT B3 X 3D DV TV T micBit
DI I N BRI AR R ELU TRAFT 5, ANEIBSMC BT TV T -
T OV IMEINIC R B AENRD T2 PV T D IR W5, L
T, I L 7/ MEIRENER 5L T, IR MV ERST5ZET, B O HIH
BEKIZBIT D IR A E IG5, K11 T, AMEO—ED 7Y
7 RIZBIT DRIV ER AL TOSH, AIMEBR O 2 TOY 7V 7 JIZBT
BIRIIVERFALTHIW, £z, K11 T, MO — B3 7V
T RIZBT DI ERFAL TOLH0, IMEBRNDO— oD% 7V 7 JIZ BT
BIRIMDBEFFALTHEW, 11Tk, 5X5H80/NMERE KU, 19 H
F/MEIRO RESIIRESILAR Y, ZOWRFIEIZEDE, BiR o> F 5 HE 1k
IZHAT, BB EITHINL CUESE BI85, md b sl Aanic 5L 1
Sy iRt R E SR 03D,

W RENZFEICHOWT, K12 ER15IZESWTHMHTS, K12TiE, B+
HBoORHAOEE E, X7, KM8ITRTHDICHAATY—I— S EEHOL THD, ~
— A IRBE R LI ZEIZ R, 3G T A EA T OBEREAH ML TLE>20
13128\ T, HDH— KONk T D~ — I —nDx, 27 MBENZ DOV TDHER
5, 3BT HATHinv(H) D EH
Imx(1,1),Imx(2,1),Imx(3,1),Imx(4,1),Imz(1,2),Imz(2,2),Imz(3,2),Imz(4, 2 Z 5%} bt D E
HOBETWOLL ., v —H— REE NS ELTLLEMTHD,

B BATD @ L FIEITRD LHEL TNB DM > TWD ROEHICHFET S~
—H—OBBFROLEHNDIETHY, HILRT I m —~m D~v—D
—DOBEERDOLEANDLDTHD, ZIUTHL, WREOEEL TR TH
Bd5E, M150I517k5, T7hbb, IOV TV 7 HEL T, F8DHRLT | F
o FLFL,F F &RETS, ZLTC sRINENSIMUTRBWTF (F 12
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[0065]
[0066]

[0067]

[0068]

BIFBEI_RIMMDHEET5,

[F1~—X—RE DAL F a5l

SeF ATV OMTEIL, IFELOEBER T, BB RIIE, D ~—
—HEPEFINTEY, F~— I —HITENENLEDO~—I—bEIN T
BY, Ber~— I —HEBE T2 — 3B TEWI AR B2/ L TRY,
DI, Y — I —FHIAEWICERDZEBESZ AL TW5, ZD5RR5 22 HrIEL
F|OFIELTiL, MR ORNERN TR RICI RSN IO~ — o — 32
Fond, BERO~— I —FO BAEFI T, ~— I —BEER T~ — I —I%
ERROTEH N THY, FJE D~ — D — R T 2Bk R~ — I — 1T EWIC D
BEA 5, hOZERMELFIOF] TIX, AVIIRZT ARSI E D~
——BEBRRIT N5, IHITMOZERAIELSIEL Tid, F~—F—BHIRTH I
FEH T DO E DOHENOERSITEY ., ZmEDIEH F R B LML, F~—h
—HETEWIRRDILOPRETOoND, A6~ —I—ORIRITFHIIRES R
WA, AFER B A 2T D EERIR. IR, FIARR, AR, SEER ORI E 25
nd,

AFEINZDONWT, — DD ELW R THLERK ~— I — ISV TRBI LT 25,
ARV NDv—h —DORRREZAR I LRTR OB DIZRES e, il
D~—H—DIRBLOBBRE R OV T 16 I E XK 191 FESWCRIFAT 5, &
NHD~——DFMNTHOWTIE, EHBRARAHRWO02/18893 AlDFL#AZ M
FTHILBTED, Tz, v —H—DIARPCRLER BRI, KIRDOSDHHV VIR E
BB ARIZFEEHS NI DIZREESN DL D TITRVY,

16121, PN 24 3 DR 1 13 7R d0 2\ AR AR A D le Do~ — A —
BRLTHD, Y HMERIDEINITIT, R E 23D RARDESITIBNT, 24
OFB~—H—30FBERICAEHL TERL-FAa~—b—#E, ZHOKRE~
—H—A40% FERICALFR L TRIR LR~ — I — BB Z LR m 212k -
TR 22D RRDRSITAERICAE RSN TS, ~—F—id, HEEARIC B
T DMK E T AT LA SRR > TIEIL TS, &~ — I — DR BRI X
ROBDIZRESNT, o, EWVCRRLBEH 532U bo~—h—HE4ikiT
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[0069]
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(57) ABSTRACT

An optical tactile sensor and an image information integrat-
ing method capable of measuring large area force vector
distribution are provided. The optical tactile sensor comprises
atactile section comprising a transparent elastic body (1) and
a plurality of markers (3, 4) provided therein, and a plurality
of imaging devices (6, 6) for obtaining a marker image by
photographing the behavior of the markers when an object (5)
contacts the tactile face (2) of the transparent elastic body (1).
The method comprises a step of obtaining a partial image by
photographing the partial regions A, B, C and D of the trans-
parent resilient body (1) using the plurality of imaging
devices (6, 6) such that each imaging device (6) has an over-
lapped photograph region (11), and a step of integrating the
partial images obtained by each imaging device (6) such that
the identical markers in the overlapped photograph region
match.

17 Claims, 11 Drawing Sheets
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1
OPTICAL TACTILE SENSOR

FIELD OF THE INVENTION

The present invention relates to an optical tactile sensor,
and preferably to a tactile sensor used for obtaining forces
applied to a relatively larger area.

BACKGROUND OF THE INVENTION

When considering understanding the contact state of a
contact surface using a tactile sensor, there are vectors of
three components representing magnitude and direction of
force acting at each point of the contact surface. This is
represented as f(x,y) in the coordinate system of FIG. 1. Here,
fis a vector, and so actually has three components X, y and z
at each point. When explicitly expressing each component, it
is represented as f(x,y)=[1x(x,y), f¥(x,y), {z(x,y)]. Since force
distribution has three components at each contact point, in
order to reconstruct force distribution for each contact surface
using a tactile sensor, it is necessary to acquire information
for each contact point on the contact surface with at least three
degrees of freedom.

Some of inventors of the present invention et al. have
proposed an optical tactile sensor that is capable of measuring
three-dimensional force vector distribution. A principle of the
optical tactile sensor will be explained based on FIG. 2. The
optical tactile sensor comprises a transparent elastic body and
a CCD camera. By photographing spherical markers embed-
ded in the transparent elastic body by the CCD camera, inter-
nal strain information of the elastic body is measured when a
force is applied on the surface of the elastic body, and force
vector distribution is reconstructed from the information.

By taking an image of the spherical markers by a CCD
camera from z-direction where an elastic body surface is
taken as the x-y plane and an orthogonal direction to the x-y
plane is taken as the z-axis, movement of a point to be mea-
sured when force is applied is measured as a movement vector
in the x-y plane. To reconstruct the force vector distribution
from the strain information, NxN red spherical markers and
blue spherical markers are arranged at different depths in the
elastic body as points to be measured to obtain two sets of
two-dimensional movement vectors with different depths as
two pieces of different information, thereby increasing the
amount of information to reconstruct the force vector distri-
bution.

As a use for such an optical tactile sensor, initially, appli-
cation to a robotic hand of a humanoid robot and so forth is
considered, and as an application for an optical tactile sensor,
study has focused on a small built-in type sensor. However,
such an optical tactile sensor, which is capable of measuring
three dimensional force vector distribution and has a sensor
surface made of a elastic body, is expected to find application
in a variety of fields, not only to a robotic hand.

As one of the expected applications, use of an optical
tactile sensor as so called an environmental type tactile sensor
can be considered. In this specification, as compared to a
built-in type tactile sensor which is incorporated for use into
a robotic hand or the like, a tactile sensor which is used in a
fixed manner in an environment is referred to as an environ-
mental type tactile sensor. However, with respect to an envi-
ronmental type tactile sensor, which is used in a fixed manner
in an environment, measurement of force distribution over a
large area is expected to be necessary because such a sensoris
assumed to be applied to, for example, a seating-surface of a
chair, a bed, a floor, or the like. This hinders application of a
conventional small optical tactile sensor, which is assumed to
be incorporated in a robot hand or the like
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Patent Reference: W002/188923 Al

An object of the present invention is to provide an optical
tactile sensor capable of measuring force distribution over a
large area.

Another object of the present invention is to provide a
marker information acquisition method and a marker image
integration method capable of measuring force distribution
over a large area. Still another object of the present invention
is to provide a force vector reconstruction method employed
in an optical tactile sensor capable of measuring force distri-
bution over a large area.

SUMMARY OF INVENTION

The present invention has been conceived in order to solve
these problems. According to the present invention, there is
provided an optical tactile sensor comprising a tactile section
having a transparent elastic body and a plurality of markers
provided therein, and imaging means for obtaining a marker
image by photographing behavior of markers when an object
contacts the sensing surface of the transparent elastic body.
The optical tactile sensor is characterized in that the imaging
means comprises a plurality of imaging devices, and each of
the plurality of imaging devices is provided such that each of
the imaging regions which is captured using each of the
respective imaging devices has an overlapped imaging region
which partially overlaps; the optical tactile sensor further
comprising image integration means for integrating each of
the marker images which are obtained using the plurality of
imaging devices, and the image integration means integrates
the imaging regions such that identical markers in the over-
lapped imaging regions are matched, to thereby form an inte-
grated image.

According to one preferred aspect, the tactile section com-
prises a large area tactile section which is formed by combin-
ing a plurality of small area tactile sections. It should be noted
that regarding the relative expressions such as a “large area”
and a “small area”, in this specification, a “large area” means
larger compared to a tactile section such as is to be incorpo-
rated into a robotic hand, while a “small area” means smaller
compared to a “large area”. While a seating surface of a chair,
a bed surface, a floor surface, and so forth may be listed as
examples of a “large area”, objects that are smaller than these
items are also included in what is referred to by a “large area”.

Further preferably, the tactile sensor comprises a unit com-
prised of one small area tactile section and one imaging
means corresponding to the small area tactile section. The
tactile sensor is formed by combining a plurality of the units.
Formation of the tactile sensor using sensor units enables
creation of a tactile section having a desired area.

The present invention employs another technical means
including a method for obtaining a marker image using an
optical tactile sensor comprising a tactile section having a
transparent elastic body and a plurality of markers provided
therein, and an imaging means for obtaining a marker image
by photographing behavior of a marker when an object con-
tacts the sensing surface of the transparent elastic body. The
method of obtaining marker information comprises a step of
providing a plurality of imaging devices as the imaging
means and obtaining a partial marker image by photograph-
ing a partial region of the transparent elastic body using each
of the plurality of imaging devices such that each imaging
device has an overlapped imaging region, and a step of form-
ing an integrated marker image by integrating the partial
marker images obtained using the imaging means such that
identical markers in the overlapped photograph regions are
matched.

The present invention employs still another technical
means including a method for integrating a marker image,
which is employed in an optical tactile sensor comprising a
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tactile section having a transparent elastic body and a plural-
ity of markers provided therein, and a plurality of imaging
devices for obtaining a marker image by photographing
behavior of a marker when an object contacts the sensing
surface of the transparent elastic body. The image integration
method comprises a step of obtaining a partial image by
photographing a partial region of the transparent elastic body
using each of the plurality of imaging devices such that each
imaging device has an overlapped imaging region, and a step
of integrating the partial images obtained using the imaging
means such that identical markers in the overlapped photo-
graph regions are matched.

As a construction of the tactile portion, preferably, the
tactile section comprises a transparent elastic body and a
plurality of groups of markers provided inside the elastic
body, each marker group being made up of a number of
colored markers, with markers making up different marker
groups having different colors for each group. The imaging
device takes animage of the behavior of colored makers in the
transparent elastic body when an object contacts the surface
of elastic body.

Also, the present invention includes calibration of each
imaging means while using a sensing marker. As the present
invention comprises a plurality of imaging devices, calibra-
tion of the imaging means is required. As the present inven-
tion has a sensing marker as an essential component, the
marker can also be used as a calibration marker. Further, the
present invention also includes a method for reconstructing a
force vector while using such an optical tactile sensor. When
a force vector is calculated without the data on the behavior of
a marker with less contribution to the force vector calculation,
time for force vector calculation can be reduced.

According to the present invention, as the information on
the behavior of a marker is obtained using a plurality of
imaging means, even a tactile section having a large area can
be preferably handled. Therefore, use of a sensor according to
the present invention makes it possible to measure force vec-
tor distribution over a large area, which in turn makes it
possible to determine a force applied to a sensing surface
having a large area, based on the obtained marker informa-
tion. Moreover, as a sensing marker can be used for integra-
tion of the image data obtained by the imaging means and
calibration of the respective imaging means, the sensor can be
formed using a reduced number of components.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a drawing showing force vector distribution
exerted between a tactile sensor and an object to be contacted.

FIG. 2 is a drawing showing the principle of an optical
tactile sensor. The upper diagram is a plane view (CCD
image) of a transparent elastic body, while the lower diagram
is a side view of the transparent elastic body. The transparent
elastic body has two kinds of marker groups embedded
therein. When force is applied to the transparent elastic body
from beneath, the marker moves from what is shown in the
left diagram to what is shown in the right diagram.

FIG. 3 is a schematic diagram showing an optical tactile
sensor according to the present invention.

FIG. 4 is a schematic diagram explaining enlargement of
the area of a sensor surface. The left diagram shows one unit
comprising one CCD camera and an elastic body section,
while the right diagram shows the result of area enlargement
combining units.

FIG. 5 is a diagram for showing a method for integrating
the image data which is obtained using a plurality of imaging
means.

FIG. 6 is aschematic diagram showing image data which is
obtained using the sensor shown in FIG. 4.
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FIG. 7 is a diagram explaining a force vector applied to a
contact surface (plane surface) and movement of the marker.

FIG. 8 is a diagram explaining a force vector applied to a
contact surface (free curving surface) and movement of the
marker.

FIG. 9 is a diagram explaining a method for creating a
transfer function for use in reconstruction of force vector
distribution.

FIG. 10 is a diagram showing an integrated image captured
using a plurality of cameras and explaining a method for
reducing the time for calculation necessary for reconstruction
of a force vector, in which, when a force applied to a point is
obtained, data on only the markers located in its vicinity are
used in the calculate of the force.

FIG. 11 is a conceptual diagram explaining an improved
manner of the calculation reduction method. In the drawing,
black and whit circles represent sampling points for force,
and the black circle shows a result of calculation to be used
after the calculation.

FIG. 12 is a diagram showing an increased number of
markers.

FIG. 13 is a diagram showing an increased number of
markers, in which movement of a marker caused relative to
the force applied to one point is focused.

FIG. 14 is a diagram explaining the speed increasing
method shown in FIG. 10, based on FIG. 13.

FIG. 15 is a drawing explaining an improved method,
based on FIG. 13.

FIG. 16 is a diagram showing another embodiment of a
marker (cylindrical marker).

FIG. 17 is a diagram showing another embodiment of a
marker. The upper diagram shows a stepwise band marker,
while the lower diagram shows a pyramidal marker.

FIG. 18 is a diagram showing another embodiment of a
marker (crossing strip marker).

FIG. 19 is a diagram showing another embodiment of a
marker (color-discriminated plane marker).

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

[A] Basic Construction of Optical Tactile Sensor

An optical tactile sensor of the present invention comprises
a sensing section and imaging means. The tactile section
comprises a transparent elastic body and a plurality of marker
groups provided in said body, each marker group being com-
prised of a number of colored markers, with markers consti-
tuting different marker groups having different colors for
each group. The imaging means is provided to take an image
of behavior of colored markers when the surface of elastic
body is contacted by an object to obtain marker images. A
force applied to the surface is reconstructed from information
as to the behavior of markers that is obtained from the marker
images.

At least one of displacement, strain and inclination of the
colored markers when the elastic body contacts an object is
observed by photographing behavior of the colored markers.
Strain information inside the transparent elastic body is
detected from information about the behavior colored mark-
ers when a contact object contacts the sensor, and the shape of
the contact object calculated from strain information, and
information about force acting on a contact interface (includ-
ing both the elastic body surface and the contact object sur-
face) are also detected. According to the present invention, it
is possible to separately collect a plurality of types of infor-
mation with a simple method called “color coding”, and it is
possible to acquire a plurality of types of tactile information
at the same time with an optical system. According to the
present invention, independent observed information (infor-
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mation as to behavior of markers) whose number is equal to or
greater than the number of unknowns are collected using
color coding, and it is possible to estimate and reconstruct
force vectors by stably resolving an inverse problem.

The colored markers are photographed by photographing
device, in a preferred example, a CCD camera, and image
processing is carried out by a processor. For example, an
image at the time of body contact and an image of a previous
condition (a condition where external force is not acting on
the transparent elastic body) are compared, and an amount of
movement of the markers is detected. Alternatively, the mark-
ers are embedded in the transparent elastic body in such an
arrangement that they can not be recognized normally (in a
state where external force is not acting on the transparent
elastic body), and a configuration is such that markers are
recognized in response to displacement deformation and
inclination of markers caused by strain in the vicinity of
positions where each of the markers exist when an object
contacts the transparent elastic body, and information is
detected from the appearance of the colored markers. In
another preferable aspect, the behavior of markers (step-like
strip markers, for example) can be obtained by variance of
marker intensity.

The optical tactile sensor stores a transfer function by
which force vectors or force vector distribution applied to the
surface of the elastic body are reconstructed from information
(movement vectors of each marker when an object contacts
the surface, for example) obtained by photographing device
as to behavior of markers. The transfer function is a function
that associates force information applied to the surface of the
sensor with information as to the behavior of markers (move-
ment vectors, for example). The image information of mark-
ers is obtained by photographing the colored markers when
the object contacts the sensing surface of the elastic body, and
the information as to the behavior of markers is obtained from
the image information of markers. The force vector is
obtained as an output by inputting the obtained information to
the transfer function. The number of information as to the
behavior of markers that is input to the transfer function is
more than the number of force vectors to be obtained.

The transfer function, depending on the shape of the elastic
body, may be obtained based on an equation derived from
theory of elasticity. However, when the surface of elastic body
is an arbitrary curved surface, preferably, the transfer function
is obtained by measurement or simulation. The transfer func-
tion by measurement or simulation can be obtained from
information (movement vectors, for example) as to behavior
of markers when x-directional force, y-directional force, and
z-directional force having predetermined magnitude, for
example, are applied to sampling points arranged on the sur-
face of the sensor.

Referring to FIG. 3, the construction of an optical tactile
sensor of the present invention is shown. The sensor com-
prises a transparent elastic body 1 formed of a transparent
elastic material and a curved surface 2, or a surface for sens-
ing. The transparent elastic body 1 is provided with a plurality
of colored markers 3, 4 embedded in the transparent elastic
body 1 in the vicinity of the surface 2 and along the curved
surface 2. A sensing section is comprised of the transparent
elastic body 1 and the colored markers 3, 4 arranged inside the
elastic body.

The colored markers 3, 4 are comprised of two groups of
colored markers and the two marker groups are embedded in
different depths respectively from the surface 2. Colored
markers 3 constituting one marker group and colored markers
4 constituting the other marker group have ditferent colors to
each other. For example, one marker group consists of a
plurality of blue markers 3 and the other marker group con-
sists of a plurality of red markers 4.
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When an object 5 comes into contact with the transparent
elastic body 1, the colored markers 3, 4 provided inside the
transparent elastic body 1 are moved due to the internal strain
of'the elastic body. The sensor is also provided with a camera
6 as a photographing device and a light source 7. The optical
camera 6 is arranged at a position on an opposite side to where
an object 5 contacts so that the transparent elastic body 1 is
provided between the optical camera 6 and the object 5, and
behavior or movement of the markers 3, 4 is photographed by
the camera 6. The light source 7 may transmit light through a
waveguide such as an optical fiber for example. Images of
markers 3, 4 obtained by camera 6 as imaging means are
transmitted to a computer 8 and the marker images are dis-
played on a display. The processor of the computer 8 calcu-
lates the marker information (movement vectors as move-
ment information, for example) regarding the behavior
(displacement, strain or inclination) of markers. The proces-
sor reconstructs the distribution of forces applied to the sur-
face 2 by an object 5 using the marker information (movement
information, for example) and a transfer function that is
stored in the memory device of the computer 8.

The transparent elastic body 1 is preferably made of sili-
cone rubber, but it can also be made from another elastic
material such as another type of rubber or elastomer. The
markers are preferably made from an elastic material, and
more preferably made from the same material as the trans-
parent elastic body 1. In one preferred embodiment, the col-
ored markers are formed by adding pigment to silicone rub-
ber. Since deformation of the elastic body should not be
inhibited by the markers, the markers are also preferably
made from an elastic material (preferably having the same
elastic constant as the elastic body). The material of the mark-
ers is not particularly limited as long as the extent to which
deformation of the elastic body is inhibited is sufficiently
small. It is also possible for a part of the elastic body to
constitute the markers.

With the present invention, a plurality of optical markers
are distributed within the transparent elastic body 1, and
information about a contacting object and information about
displacement and deformation within the elastic body pro-
duced by contact are detected by photographing situations
where displacement, deformation and inclination arise in the
markers due to deformation of the elastic body 1 as a result of
the object coming into contact with the elastic body 1 using a
camera. FIG. 3 shows two marker groups, but the number of
marker group is not limited, and three marker groups may be
located in a layered manner along the surface 2.

A camera, as a photographing device, is a digital camera,
namely a camera for outputting image data as electrical sig-
nals, and in one preferred example is a CCD camera. Itis also
possible to use, for example, a digital camera using a C-MOS
type image sensor. If three types of markers are prepared in
red, green and blue, there are two methods of perceiving these
three colors individually. The first method is to use color
filters for separation where each marker can be regarded as
being individually photographed directly by looking at RGB
output from the camera. The second method is a method
where imaging elements perceive only light intensity and
light sources of red green and blue are prepared. When red is
shone, light is only reflected from the red markers while the
red light is absorbed by the markers of the other two colors,
and so the camera effectively only perceives the red markers.
If'this is also carried out at separate times for green and blue,
information equivalent to that using the first method can be
acquired.

[B] Environment Type Tactile Sensor

An embodiment of an environmental type tactile sensor
according to the present invention will be described. An envi-
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ronmental type tactile sensor comprises a plurality of sensor
units. As shown in the left diagram in FIG. 4, a sensor unit
comprises one small area tactile section 10 and one CCD
camera 6 which serves as an imaging means for photograph-
ing the small area tactile section 10. As described above in
connection with a basic structure, the small area tactile sec-
tion 10 comprises a transparent elastic body and colored
markers provided inside the transparent elastic body. When
an object contacts the sensing surface of the transparent elas-
tic body, the colored markers provided inside the transparent
elastic body move, and the CCD camera 6 photographs the
movements of the colored markers. Then, as shown in the
right diagram in FIG. 4, a plurality of sensor units are com-
bined to form a sensor surface having a large area. By carpet-
ing the small area tactile sections 10 so as to form the same
plane such that the edges of the tactile sections abut to one
another, a large area tactile section 100 is formed. The small
area tactile section 10 shown has a square shape in a plane
view. Although the shape of the small area tactile section is
not limited to square, a square tactile section is advantageous
when a plurality of small area tactile sections are carpeted.
Also, although a small area tactile section having a plane
sensing surface 10 is shown in the drawing, the sensing sur-
face 10 is not limited to plane. A sensing surface having an
arbitrary curved surface is also applicable.

Asaplurality of CCD cameras 6 are used, integration of the
image data obtained using the respective cameras 6 is neces-
sary. FIG. 5 is a diagram explaining integration of the images
obtained using a plurality of cameras. Such an image is dis-
played, for example, on a display of a computer 8. Initially,
using a plurality of cameras 6, images of the small area tactile
section 10 are taken such that the respective photograph
regions partially overlap to one another. Thereafter, the
respective images from the cameras are integrated such that
the markers in the overlapped photograph regions 11 are
matched, thus integrating image data. In FIG. 5, a black circle
represents a blue marker, while a white circle represents a red
marker, and the photograph regions of the camera 1 and the
camera 2 have an overlapped photograph region 11. The blue
and red markers within a region corresponding to the over-
lapped photograph region 11 in the photograph region for the
camera 1 and those within a region corresponding to the
overlapped photograph region 11 in the photograph region for
the camera 2 are matched to one another, whereby the partial
images captured using the camera 1 and 2 respectively are
integrated. It should be noted that although a spherical marker
is referred to here, a marker in other shapes such as is
described later can be similarly used for image integration.

Animage captured using four CCD cameras shown in FI1G.
4 is shown in FIG. 6. Supposing that the respective photo-
graph regions photographed by the respective CCD cameras
arereferredto as A, B, C, and D, the photograph regions A, B,
C, and D are integrated such that overlapped photograph
regions 11 are resulted in Regions A and B, Regions A and C,
Regions B and D, and Regions C and D, respectively. It
should be noted that markers are omitted from FIG. 6. Each
camera is configured so as to photograph the behavior of the
markers located in a region allocated in advance to the cam-
era, and the respective allocated regions have mutually over-
lapped regions. According to one aspect, each of the respec-
tive cameras is set in advance so as to photograph a
predetermined partial region of the transparent elastic body,
and configured such that integration of the images of the
respective predetermined partial regions obtained using the
respective cameras enables formation of the entire image of
the transparent elastic body.

Calibration of a camera to be applied when a plurality of
imaging means (CCD cameras) are used is described. Gen-
erally, camera calibration is applied for correction of distor-
tion caused in the captured image due to the lens and also for
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determination of the position and orientation of the camera in
the world coordination system. Occurrence of distortion due
to a lens is inevitable when a wide lens is used. The position
and orientation of the camera is most accurately determined
when using image data. In this tactile sensor, as correlation
between the image data and the actual position needs to be
determined, it is necessary to apply camera calibration. Gen-
erally, in a measurement system using a plurality of cameras,
the following procedure needs to be followed. Initially, a
stripe or black-white tile pattern with known pattern intervals
is placed in a position which is known relative to the world
coordination system, and the pattern is photographed. Then,
displacement from an image which would be captured when
the lens had no distortion is calculated using the captured
image, and the lens distortion and the position and orientation
of'the camera are determined. Here, in an environmental type
tactile sensor which similarly employs a plurality of cameras,
the stripe or black-white tile pattern with known pattern inter-
vals is already arranged in a known position as a colored
marker for sensing and ready to be acquired as an image.
Therefore, camera calibration, which originally needs to be
conducted before assembly of the measurement system can
be conducted anytime after the assemblage.

[C] Method of Reconstructing Force Vector
Distribution on Sensing Surface

To obtain force vector distribution applied to a surface of
the sensor from obtained information (movement vectors of
markers, for example) as to behavior of markers by an optical
tactile sensor, a transformation from information (movement
information, for example) M as to the behavior of markers to
force information F is required. The transformation from the
marker information M to the force information F is obtained
by an equation F=HM. Referring to FIG. 7 and FIG. 8, a
method of reconstructing the force vector distribution from
the marker information will now be described based on a
method of obtaining the force vector distribution from the
movement vectors of markers. FIG. 7 and FIG. 8 are substan-
tially the same except that FIG. 7 shows a plane sensing
surface while FIG. 8 shows an arbitrary curved sensing sur-
face. Here, though, for the purpose of simplification, only
two-dimensional section (y-axial direction is omitted) is con-
sidered, an algorithm is the same for a general three-dimen-
sional space.

Reference f refers to a force vector applied to a contact
surface, and references m and n refer to a movement vector of
a blue marker and movement vector of a red marker in the
CCD element. Discrete finite points (four points in FIG. 7 and
FIG. 8) are considered. As foregoing, force vector distribution
has three components (x component, y component and z
component), but only two components (x component and z
component) are considered. Generally, taking an image by a
camera means a projection of a three-dimensional object to a
pixel plane of a two-dimensional plane so that marker move-
ments only in the horizontal direction (x component and y
component) are projected in the plane. Here, marker move-
ment only in X direction component is observed.

Here, eight components, f=[{x(1), {x(2), {x(3), {x(4), {z(1),
f2(2), 1z(3), fz(4)] are force vector distribution to be obtained,
where m=[m(1), m(2), m(3). m(4)] and n=[n(1), n(2), n(3),
n(4)] are movement vectors to be measured. The vectors m
and n are represented as X. Namely, X=[m(1), m(2), m(3),
m(4), n(1), n(2), n(3), n(4)]. Here, movement vectors m and n
that are observed when a unit force (magnitude of 1) in the
x-direction is applied to a point 1 are represented as Mx(1).

Namely, Mx(1)=[m(1), m(2), m(3), m(4), n(1), n(2), n(3),
n(4)] when =1, 0,0, 0, 0, 0, 0, 0].

Similarly, a movement vector of each marker when a unit
force in the z-direction is applied to a point 1 are represented
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as Mz(1), a movement vector of each marker when a unit
force in the x-direction is applied to a point 2 are represented
as Mx(2), and so on. In case of a linear elastic body where
linear summation relationship holds between applied forces
and strains (most elastic bodies meet this characteristics),
movement vectors are represented as

X=Mx()xfe(1)+Mz(1)xf2(D)+Mx(2)xfx(2)+ . . . +Mz
@)xfz(4),

when general forces f=[fx(1),fx(2),x(3),x(4),fz(1),fz(2),

10

data up to eight by observing a movement of each marker in
the two layered marker groups.

In case of three-dimensional space (where y-axis is added
to the drawing), at a point, a force vector has three degrees of
freedom, and a horizontal movement vector of markers has
two degrees of freedom. If the number of sampling points is
four, the number of unknowns f is twelve,

where f=[fx(1), fy(1), fz(1), £&x(2), fy(2), fz(2), £x(3), fy(3),
fz(3), fx(4), fy(4), fz(4)], whereas the number of observed

fZ(3),fz(4)] are given. Conversely, the fact that the movement 10 movement vectors is eight and is insufficient,
vectors can be represented as foregoing means that superpo- -
sition of forces h%lds, therefore, t%le elgastic body is aplirrlre):ar Kllf(:‘r:): 111111;([411)1])( (D), my(D), mx(2), my(2), mx(3), my(),
elastic body. .. . By iaroviding two layered markers, it is possible to obtain

When the equation is represented as a matrix form, X=Hx{f, . .
where H[Mx(1); Mx(2); . . . ; Mz(4)]. The H is called a 15 51xteen.0bserved databy observing the layeredma.rkers andto
transfer function because the H is a map that transfers a force determine twelve unknowns. Due to redundancy in the num-
f to deformation x. The matrix form written with an element ber of obtained information, robust extrapolation can be per-
is the following. formed. Using the foregoing algorithms, the force vectors are

m(l) Hmx(1,1) Hmz(l,1) Hmx(1,2) Hmgz(l,2) Hmx(1,3) Hmz(1,3) Hnx(1,4) Hmz(l,4)7[ fx(1)

m(2) Hmx(2,1) Hmz(2,1) Hmx(2,2) Hmz(2,2) Hmx(2,3) Hmz(2,3) Hmx(2,4) Hmz(2,4) || fz(l)

m(3) Hmx(3,1) Hmz(3,1) Hmx(3,2) Hmz(3,2) Hmx(3,3) Hmz(3,3) Hmx(3,4) Hmz(3,4) || x(2)

m(4) Hmx(4,1) Hmz(4,1) Hmx(4,2) Hmz(4,2) Hmx(4,3) Hmz4,3) Hmx(4,4) Hmz4,4) || f(2)

n(l) B Hnx(1,1) Hnz(l,1) Hnx(1,2) Hnz(1,2) Hnx(1,3) Hnz(1,3) Hnx(1,4) Hnz(1,4) || £3)

n(2) Hnx(2,1) Hnz(2,1) Hnx(2,2) Hnz(2,2) Hnx(2,3) Hnz(2,3) Hnx(2,4) Hnz(2,4) || z3)

n(3) Hnx(3,1) Hnz(3,1) Hnx(3,2) Hnz(3,2) Hnx(3,3) Hnz(3,3) Hnx(3,4) Hnz(3,4) || x4

n4) Hnx(4,1) Hnz(4,1) Hnx(4,2) Hnz(4,2) Hnx(4,3) Hnz(4,3) Hnx(4,4) Hnz4, 4) || fz(4)
where Hmx(x1, x2) represents a displacement amount in extrapolated from the CCD image. Even with other measure-
x-direction of m marker in a certain depth at a coordinate  ment methods of the present invention using other types of
x=x1 with a unit force in the x-direction applied to a surface 35 marker configurations, for example, the measurement meth-
at a coordinate X=x2. Slml}arly.; Hnz(x1, x2) represents a d bstantiallv the same.
displacement amount in z-direction of n marker in a certain ods are su Y
depth at a coordinate x=x1 Wlth aunit force in the z-direction [D] Transfer Function Used for Reconstructing Force
applied to a surface at a coordinate x=x2. s

This is a simple multiplication of matrices where reference Vector Distribution

X is 1x8 matrix reference H is 8x8 square matrix, and refer- 40
ence f comprises 1x8 components. Thus, f can be obtained Next, a method of obtaining the transfer function will be
from observed x by multiplying an inverse matrix of H. described. In an elastic body having a characteristic shape (a
Namely, f=inv(H)xX (Equation 1) where inv represents semi-infinite elastic body, for example), as a function defining
inverse matrix (generalized matrix inverse). a force applied to a surface and an internal strain, a function
The matrix form written with an element is the following. where the foregoing equation held in the microscopic region

fe(l) Imx(1, 1) Imx(2, 1) Imx(3,1) Imx4, 1) Inx(1,1) Inx(2,1) Inx(3,1) Inx(4, 1)][m(l)

fz(1) Imz(1,2) Imz(2,2) Imz(3,2) Imz(4,2) Inz(1,2) Inz2,2) Inz(3,2) Inz(4,2) || m2)

f(2) Imx(1,3) Imx(2,3) Imx(3,3) Imx(4,3) Inx(1,3) Inx(2,3) Inx(3,3) Inx(4,3)| m@3)

f2(2) Imz(1,4) Imz(2,4) Imz(3,4) Imz(4,4) Inz(1,4) Inz2,4) Inz(3,4) Inz4,4) || m@4)

A |7 | Imx(L, D) Imx@, 1) lxG, D) dmx@, D) e, D) Inx@2, 1) InxG, 1) Inx@, 1) || s(d)

fz(3) Imz(1,2) Imz(2,2) Imz(3,2) Imz(4,2) Inz(1,2) Inz(2,2) Inz(3,2) Inz(4,2) || n(2)

fr(d) Imx(1,3) Imx(2,3) Imx(3,3) Imx4,3) Inx(1,3) Inx(2,3) Inx(3,3) Inx(4,3) || n(3)

fz4) Imz(1,4) Imz(2,4) Imz(3,4) Imz(4,4) Inz(1,4) Inz(2,4) Inz(3,4) Inz4,4) || n4)

where Imx(1,1) and the like represent each element of inv(H)
and represent contribution of m(1) for calculating x(1).

The important thing is that the number of observed data
must be equal to or more than the number of unknowns when
determining unknowns by using an inverse matrix defined by
a transfer function. To solve this problem, the present inven-
tion employs two layers of differentially colored marker
groups so as to increase the number of independent observed

60 can hold in any regions of the internal portion of the elastic

65

body has been found as a numerical equation. In this case, a
matrix H can be obtained by substituting coordinates of finely
divided elastic body surfaces and coordinates of internal
markers into the function.

Here, the numerical equation is a function G by which the
internal strain can be obtained from the surface stress in the
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form of m(x2, y2)=G(f(x1), x2, y2), where f(x1) represents
surface stress and m(x2, y2) represent internal strain. For
example, when a force is applied to a point 1 in FIG. 7 and
FIG. 8, displacement of marker 2 can be obtained by m(2,
y2)=G(f(1), 2, y2), where y2 is a known marker depth.

Depending on the shape of elastic body, a matrix H is
obtained using the foregoing equation assuming that an elas-
tic body is a semi-infinite elastic body. It is found that surface
stress cannot be correctly obtained when the equation for
semi-infinite elastic body is applied for an arbitrary curved
surface such as a hemispherical surface. It is therefore nec-
essary to associate a surface stress with an internal strain by
any other means.

A first method is to associate a surface stress with an
internal strain by numerical simulation. By dividing the sur-
face of the sensor into meshes, it is possible to calculate the
movement amount of markers when a unit force is applied to
each mesh in x-direction, y-direction and z-direction by simu-
lation.

A second method is to actually apply a force to the surface.
Forces F1, F2, F3,F4 . . ., Fn having known magnitude are
applied to an arbitrary curved surface of elastic body. Move-
ment vectors (Movements of markers caused by each known
force) M1, M2, M3, M4, .. ., Mn of markers as to each force
applied are measured and stored. F1 represents three vectors
Flx, F1y, F1z and movement vectors of respective markers
are given as M1x, M1y, M1z when these forces are applied. A
matrix H is obtained from the forces having known magni-
tude and obtained information (movement vector). The sec-
ond method will be explained in detail.

Firstly, numerous sampling points are discretely arranged
on the surface of elastic body. In one preferable aspect, the
sampling points are arranged so as to cover an overall area of
the surface. In one aspect, numerous discrete sampling points
are arranged (concentrically arranged in plan view) according
to curvilinear coordinates. In another aspect, the sampling
points are arranged to provide a grid arrangement in a plan
view.

At each sampling point, information that associates forces
having known magnitude applied in x-direction, y-direction,
and z-direction with corresponding movement vectors of
markers when the forces are applied is obtained. In one pref-
erable method, forces having the predetermined magnitude
are independently applied to each sampling point in x-direc-
tion, y-direction and z-direction, and each movement vector
of markers is measured and stored. Orientations of x-direc-
tion, y-direction and x-direction of force vectors applied on
the sampling points are not limited as long as an arbitrary
force applied to the surface can be represented by using these
force vectors.

Forces applied to each sampling point have known magni-
tude, and in one preferable aspect, a force with constant
magnitude, 100 [gf] for example, is applied to the sampling
point in x-direction, y-direction, and z-direction, respectively
and movement vectors of each instance are measured. It is not
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necessary that forces applied to each sampling point have the
same magnitude as long as the magnitude of each force is
known. Movement vector of markers may be measured based
on forces having different magnitudes, and later on, the mag-
nitude of movement vector can be normalized.

As foregoing, the matrix H can be obtained by simulation
or measurement where the matrix H is the transfer function
that associates force information F with information M as to
the behavior of marker (movement information, for
example). The optical tactile sensor comprises a memory
device and a processor. The matrix H obtained is stored in the
memory device. A marker image is obtained by a photograph-
ing device when an object contacts the transparent elastic
body and an arbitrary force is applied to a surface of a sensor.
A movement vector of marker is measured from the obtained
marker image by the processor. The measured movement
vector of marker is input to the matrix H and calculated by the
processor, thereby outputting force vector that is applied to
the surface of the elastic body.

[E] Computation Time Reduction Method

Here, if the number of elements of a matrix H becomes
large, the time for calculating force distribution from move-
ment information becomes long. This is due to use of move-
ment information for all markers when obtaining force
applied to a particular point. In actual fact, in the case of
adopting the previously described algorithm, the H matrix
becomes gigantic, and time is taken in matrix operation for
equation 1. Giving one example, in the case of a mesh of
100x100, there are 10,000 observation points which means
that H matrix becomes a gigantic matrix of 10,000x10,000.
Generally, in the case of a sensor surface partitioned into
NxN, since the number of observation points are N squared,
the size of the H matrix becomes N squared by N squared.
Thus, time of four times N is taken for matrix operation of
equation 1. It means that this problem is brought to the fore for
the environment type sensor of the present invention that
often comprises a large area surface. Accordingly, it becomes
necessary to have a method for shortening the computation
time.

The proposed method extracts a part of the H matrix and
utilizes the same. As described above, a correspondence rela-
tionship for force applied to all lattice points and movement
of all markers is described in the H matrix. However, as an
actual problem, for example, it is possible to ignore the effect
marker provided that a distance between the force application
points and the marker is sufficient. If this is done, for example,
in FIG. 7 and FIG. 8, by assuming that it is acceptable to use
only first to second markers in calculating f(1), and to use only
first to third markers in calculating f(2), it is possible to make
the size of the matrix small. A new matrix in this example is
as follows.
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Original equation 1 f=inv(H) x is as follows:

Fx(1) Imx(1,1) Imx(2,1) Imx(3,1) Imx(4,1) Inx(1,1) Inx(2,1)
Jz(D) Imz(1,2) Imz(2,2) Imz(3,2) Imz(4,2) Inz(1,2) Inz(2,2)
Fx(2) Imx(1,3) Imx(2,3) Imx(3,3) Imx(4,3) Inx(1,3) Inx(2,3)
f2(2) Imz(1,4) Imz(2,4) Imz(3,4) Imz4,4) Inz(1,4) Inz2,4)
(3 = Imx(1,1) Imx(2,1) Imx(3,1) Imx(4,1) Inx(1,1) Inx(2,1)
z(3) Imz(1,2) Imz(2,2) Imz(3,2) Imz(4,2) Inz(1,2) Inz(2,2)
x4 Imx(1,3) Imx(2,3) Imx(3,3) Imx(4,3) Inx(1,3) Inx(2,3)
24 Imz(1,4) Imz(2,4) Imz(3,4) Imz4,4) Inz(1,4) Inz2,4)

This equation becomes an equation as follows by ignoring
contribution at places separated by distance.

§2108) Imx(1,1) Imx(2, 1) 0 0 Inx(1, 1) Inx(2, 1)
Jz(D) Imz(1,2) Imz(2,2) Imz(3,2) 0 Inz(1,2) Inz(2,2)
Fx(2) 0 Imx(2,3) Imx(3,3) Imx(4,3) 0 Inx(2, 3)
f2(2) 0 0 Imz(3,4) Imz(4, 4) 0 0

£(3) = Imx(1,1) Imx(2, 1) 0 0 Inx(1, 1) Inx(2, 1)
z(3) Imz(1,2) Imz(2,2) Imz(3,2) 0 Inz(1,2) Inz(2,2)
x4 0 Imx(2,3) Imx(3,3) Imx(4,3) 0 Inx(2, 3)
24 0 0 Imz(3,4) Imz(4, 4) 0 0

Places with zero are points separated by distance that should
be ignored. Calculation at higher speed can be effectuated
because there is no need to compute them. This speed increase
provides an accelerated effect as the lattice size N becomes
larger, as described previously.

This is equivalent to using an extracted surface area con-
taining a place where it is desired to obtain force vectors (FIG.
10). With the situation in the drawing, in a two dimensional
image of the entire contact surface, a region in the vicinity of
a place where it is desired to obtain force vector distribution
is set. Here, in the event that a region in the vicinity ofa place
where it is desired to obtain force vectors is set, the neighbor-
ing region is not necessarily determined based on only a
distance in the two dimensional image. Namely, a distance
between force application points and a marker is a spatial
distance, and in cases such as where marker groups are lay-
ered inside an elastic body, there may be cases where it is
desirable to consider depth with the marker is provided.

In the case of a contact surface that is an arbitrary curved
surface, contribution of places separated by a distance is not
always small. Therefore another method of shortening com-
putation time is proposed. First of all, a transfer function (an
inverse matrix) is obtained by actual measurement or simu-
lation. A method for producing this type of transfer function
has already been described. For example, when looking at
elements of a matrix for a transfer function based on actual
measurement, if a particular element of the matrix approaches
zero, a marker corresponding to the element can be consid-
ered to be a marker that can be ignored for the purpose of
obtaining a particular force vector. It is possible to compute
the force vector with sections where the particular element of
the matrix of the transfer function approaches zero automati-
cally omitted from the computation. For example, a threshold
representing an index of the extent to which it is possible to
ignore in force vector reconstruction is set for the matrix

Inx(3, 1) Inx(4, 1) ][ m(l)
Inz(3,2) Inz4,2) || m2)
Inx(3,3) Inx(4,3) || m(3)
Inz(3,4) Inz4,4) || m&)
Inx(3, 1) Inx(4, 1) || n(1)
Inz(3,2) Inz4,2) || n(2)
Inx(3,3) Inx4,3) || n(3)
Inz(3,4) Inz4,4) |l n(d)
15

0 0 m(1)
Inz(3, 2) 0 m(2)
Inx(3,3) Inx(4,3) || m(3)
Inz(3,4) Inz4,4) || m4)

0 0 n(l)
Inz(3,2) 0 n(2)
Inx(3,3) Inx4,3) || n(3)
Inz(3,4) Inz4,4) |l n(d)
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elements, and the value of matrix elements having a value
smaller than the threshold value are made zero.

Further, improvement for the computation shortening
method will be described. With respect to the point of extract-
ing a particular region of the image, it is the same as for the
foregoing computation shortening method. The foregoing
method deals with only information inside the extracted
region while the improved method provides sampling points
outside the extracted region for force to be computed. With
respect to movement of the marker, only information inside
the extracted region is handled. The sampling points are
points for taking into consideration the effect of force from
the outside region. That is, movement of a marker inside the
extracted region can be affected to a certain extent by force
applied outside the extracted region. At the time of recon-
structing force vectors based on movement information of
markers inside the extracted region, by computing not only
force acting inside the extracted region force but also force
acting outside the extracted region, force acting inside the
extracted region is reconstructed while taken into consider-
ation force acting outside the extracted region.

Also, force sampling points outside the region are set
sparsely with distance from the extracted region. This is
because it is considered that representation is possible with
fewer sampling points because the effect with becomes
slighter with increased distance of separation from the region.
If description is given based on FIG. 11, a small region cor-
responding to sampling points of 5x5 points is set in an image
of a tactile sense section. Sampling points are set densely
inside the small region. Sampling points for force are also
arranged outside the small region. Sampling points for force
outside the small region are arranged more sparsely with
distance from the small region. With the example in the draw-
ing, at sites close to the small region, sampling points are
arranged densely, at the same density as inside the small
region, and as separation from the small region increases, the
sampling points are arranged more sparsely.



US 7,659,502 B2

15

Then, force vectors for sampling points arranged inside
and outside the small region are calculated using movement
information of markers inside the small region. Of the calcu-
lated force vectors, only the results for at least some of the
force vectors inside the small region are adopted and saved as
final computation results. With the example in FI1G. 11, force
vectors for sampling points for force arranged 3x3 inside the
small region of 5x5 are saved as final calculation results.
Sampling points outside the small region and sampling points
not adopted inside the small region are discarded. The
extracted small region is then sequentially shifted as obtain-
ing force vectors for the region, so that force vector distribu-
tion for the entire measurement region of the sensor is
obtained. In FIG. 11, force vectors for a part of sampling
points of the small region are utilized, but it is also possible to
utilize force vectors for all sampling points inside the small
region. Also, in FIG. 11, force vectors for a plurality of
sampling points for a part of the small region are utilized, but
it is also possible to utilize only force vectors for one sam-
pling point inside the small region. In FIG. 11, a small region
of 5x5 points is shown, but the size of the extracted region is
not limited. Using this improved method, compared to the
above described computation shortening method, the amount
of computation may be increased but there is sufficient short-
ening of the computation time compared to before adopting a
speed increasing method.

Description will be given for an improved method, based
on FIG. 12 to FIG. 15. With FIG. 12, for ease of description of
the improved method the number of marker points is
increased compared to that shown in FIG. 7 and FIG. 8. Due
to the increased number of marker points, there is a corre-
sponding increase in the number of elements in the equations,
and for that reason, in FIG. 13, only x, z directional move-
ments for a marker n corresponding to force for one particular
point is shown. This is equivalent to a situation where only
sections corresponding to elements Imx(1,1), Imx(2,1), Imx
(3,1), Imx(4,1), Imx(1,2), Imx(2,2), Imx(3,2) and Imx(4,2) of
matrix inv(H) in equation 3 are extracted and the number of
marker points is increased.

The speed increasing method before improvement uses
only movement information of markers that exists close to
points to which force being obtained is applied, and as shown
in FIG. 14, only movement information for markers m,, to
m,, is used. In this respect, if the speed increasing method
after improvement is illustrated, it is as shown in FIG. 15.
That is, not only Fg, but also F,, F, F,, F;, and F,, are
arranged as force sampling points. In the computed force
vectors, only force vectors for F,5 and F ; are utilized.

[F] Other Embodiments of Marker Group

As for atactile portion of optical tactile sensor, in preferred
embodiments, a plurality of groups of markers are embedded
in the transparent elastic body, each group of markers being
made up of a large number of markers, markers constituting
different marker groups having different colors for each
group, and the marker groups having a different spatial
arrangement. As an example of this differing spatial arrange-
ment, a plurality of marker groups are arranged in a layered
manner inside the elastic body. As an example of layered
markers, the markers constituting the marker groups are
microscopic spherical particles and the spherical markers
constituting the marker group for each layer have different
colors from each other. As another example of this differing
spatial arrangement, a plurality of marker groups are arranged
s0 as to intersect each other. As still another example of this
differing spatial arrangement, each marker group is a plane
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group comprised of a plurality of planes extending in the
same direction, and extending directions and colors thereof
are different between each marker group. The shape of the
colored markers is not particularly limited, and preferable
examples can be spherical, cylindrical, columnar, strip
shaped or flat.

Though the present invention is described based on the
spherical markers as one of preferable aspects, the shape
and/or arrangement of markers are not limited to the forego-
ing. Referring to FIGS. 16 to 19, other shapes and arrange-
ments of markers will now be described. Detail descriptions
of these markers are described in W002/18893 A1 and incor-
porated herein by reference. Further, the shape and/or
arrangement of markers are not limited to the drawings ofthe
present application and WO02/18893 Al.

Referring to FIG. 16, colored markers being comprised of
extremely thin cylinders or columns having microscopic
cross sections are shown. Two marker groups are arranged at
different depths from the surface 2. A marker group made up
of extremely thin blue cylindrical markers 40 and another
marker group made up of extremely thin red cylindrical mark-
ers 30 are embedded along the surface 2 and are layered at
different depths from the surface. The markers extend along
imaginary lines connecting an object coming into contact
with the elastic body and a camera. Arrangement of each
marker is not limited to the drawing, and it is possible to
provide three or more groups of marker each having different
colors.

Referring to an upper view of FIG. 17, inclined plane
markers 300, 400 are arranged in the elastic body 1 in a
step-like fashion. In one preferable aspect, parts (a step-
shaped interface) ofthe elastic body 1 constitute markers 300,
400. In another aspect, separate plane markers may be embed-
ded in the elastic body 1. The interface can be divided into two
surface groups, all surfaces in a group having the same direc-
tion. The surfaces in each group are made the same color (here
one interface 300 is blue, and the other interface 400 is red).
It is possible to acquire observation values containing vertical
and horizontal components of force vectors at a particular
point as information by observation of intensity of the two
colors at that point. By sensing the observed intensity, it is
possible to reconstruct surface distribution of force vectors.

The surface markers having two colors are illustrated in the
upper view of FIG. 17, but surface markers having three
colors may be used. As shown in the lower view of FIG. 17,
using so called pyramid manufacturing where microscopic
cubes are gathered at a bottom surface, if three groups of
surfaces facing in the same direction are respectively made
the same color (for example, red, green and blue), it is pos-
sible to respectively obtain degrees of freedom for force act-
ing in a horizontal direction on a contact surface as intensity
ratios for three colors, and force acting in a vertical direction
using a total intensity of the three colors.

Referring to FIG. 18, two marker groups (a marker group
comprising a plurality of thin red strips arranged in a row and
a marker group comprising a plurality of thin blue strips
arranged in a row) are aligned so that respective markers are
orthogonal to each other, but the spatial arrangement relation-
ship between the plurality of marker groups is not limited. It
is also possible for the two sides of the strips constituting the
marker to have different colors. In the drawing, side portions
of'the strip markers extend along an observation direction but
the side portions of the strip markers may be inclined to an
observation direction.

FIG. 19 shows a sensing part having a plurality of plane
markers. The plane markers are normally concealed by con-
cealment markers and each plane marker is partitioned into a
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plurality of portions having different colors for each portion,
and the partitioned portions having the same color constitute
each marker group. The plane markers and said concealment
markers are provided and spaced with each other in the elastic
body, and an arrangement is made such that said the markers
are concealed by the concealment markers and not observed
in a state where external force is not acting on the transparent
elastic body. When shear strain arises, the positions of the
concealment markers 6 and the colored markers 20 become
offset, giving color. With the sensor in the drawing, the mark-
ers are coated with three colors RGB, and it is possible to
ascertain the strain direction from the color produced.

INDUSTRIAL APPLICABILITY

The present invention can be widely applied to a tactile
sensor. As a preferable example, use of the sensor on a seating
surface of a chair enables measurement of the distribution of
pressure applied to the hip portion of a person sitting on the
chair. Also, use of the sensor on a bed enables measurement of
the distribution of pressure caused by a person lying on the
bed, and use of a sensor installed on a floor surface enables
measurement of walking and gravitational agitation.

The invention claimed is:

1. An optical tactile sensor comprising:

a tactile section having a transparent elastic body and a

plurality of markers provided therein;
imaging means for obtaining a marker image by photo-
graphing behavior of markers when an object contacts
the sensing surface of the transparent elastic body,

wherein said imaging means comprises a plurality of imag-
ing devices, and each of the plurality of imaging devices
is provided such that each of the imaging regions which
is captured using each of the respective imaging devices
has an overlapped imaging region which partially over-
laps; and

said optical tactile sensor further comprising image inte-

gration means for integrating each of the marker images
which are obtained using the plurality of imaging
devices,

wherein the image integration means integrates the imag-

ing regions such that identical markers in the overlapped
imaging regions are matched, to thereby form an inte-
grated image.

2. The sensor of claim 1, said sensor comprising a display
for displaying an image obtained by each imaging device.

3. The sensor of claim 1 wherein said tactile section com-
prises a large area tactile section which is formed by combin-
ing a plurality of small area tactile sections.

4. The sensor of claim 3 wherein the tactile sensor com-
prises a unit comprised of one small area tactile section and
one imaging means corresponding to the small area tactile
section and the tactile sensor is formed by combining a plu-
rality of the units.

5. The sensor of claim 1 wherein said tactile section is
comprised of a transparent elastic body and a plurality of
groups of markers provided therein, each marker group being
made up of a number of colored markers, with markers mak-
ing up different marker groups having different colors for
each group, and the imaging device taking an image of the
behavior of colored makers in the transparent elastic body
when an object contacts the surface of elastic body.

6. A method of reconstructing force vector using the sensor
of claim 5, said method comprising the steps of:

obtaining a marker image by taking an image of behavior

of colored markers when an object contacts a contact
surface of the elastic body;
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obtaining information relating to the marker behavior from
the marker image, said information being more than the
number of force vectors to be obtained; and
obtaining force vectors as outputs by inputting said
obtained information relating to the marker behavior to
a transfer function,

wherein said obtaining force vectors calculates force vec-
tors omitting information relating to behavior of the
marker that has low extent of contribution to force vector
calculation.

7. The method of claim 6, said obtaining force vectors
comprising calculating force vectors using only information
relating to behavior of markers in the vicinity of a position
where it is desired to obtain force vectors.

8. The method of claim 7, wherein said position comprises
one or more sampling points.

9. The method of claim 8, said method further comprising
the steps of:

arranging a plurality of sampling points around said posi-

tion;
obtaining force vectors acting at the sampling points at and
around said position using information relating to
marker behavior in the vicinity of said position; and

adopting only force vectors acting at said position in the
calculated force vectors.

10. The method of claim 9, wherein the sampling points are
arranged more sparsely as separation from said position.

11. The method of claim 6, wherein said obtaining force
vectors comprising calculating force vectors omitting ele-
ments that are close zero in elements of the matrix.

12. A method of reconstructing force vector using the sen-
sor of claim 5, said method comprising the steps of:

obtaining a marker image by taking an image of behavior

of colored markers when an object contacts a contact
surface of the elastic body;

obtaining information relating to the marker behavior from

the marker image, said information being more than the
number of force vectors to be obtained;

setting a small region of a specified size in the marker

image and arranging a plurality of force vector sampling
points inside and outside the small region;
calculating force vectors acting on the sampling points by
supplying marker information inside the small region to
a transfer function; and

adopting force vectors acting on at least some sampling
points of the plurality of sampling points arranged inside
the small region.

13. The method of claim 12, wherein the sampling points
are arranged densely inside the small region, and arranged
sparsely with distance from the small region.

14. A method for obtaining a marker image using an optical
tactile sensor comprising a tactile section having a transpar-
ent elastic body and a plurality of markers provided therein,
and an imaging means for obtaining a marker image by pho-
tographing behavior of markers when an object contacts the
sensing surface of the transparent elastic body, said method
comprises steps of:

providing a plurality of imaging devices as the imaging

means and obtaining a partial marker image by photo-
graphing a partial region of the transparent elastic body
using each of the plurality of imaging devices such that
each imaging device has an overlapped imaging region;
and

forming an integrated marker image by integrating the

partial marker images obtained, using the imaging
means such that identical markers in the overlapped
photograph regions are matched.
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15. The method of claim 14 wherein said tactile portion
comprises a transparent elastic body and a plurality of marker
groups provided in said body, each marker group is com-
prised of a number of colored markers, with markers consti-
tuting different marker groups having different colors for
each group, and said imaging device takes an image of behav-
ior of colored markers when said curved surface of elastic
body is contacted by an object.

16. The method of claim 14 wherein calibration of the
respective imaging device is conducted using the markers.

17. A method for integrating a marker image, which is
employed in an optical tactile sensor comprising a tactile
section having a transparent elastic body and a plurality of

5

10

20

markers provided therein, and a plurality of imaging devices
for obtaining a marker image by photographing behavior of
markers when an object contacts the sensing surface of the
transparent elastic body, said image integration method com-
prising the steps of:
obtaining a partial image by photographing a partial region
of'the transparent elastic body using each of the plurality
of imaging devices such that each imaging device has an
overlapped imaging region; and
integrating the partial images obtained using the imaging
means such that identical markers in the overlapped
photograph regions are matched.
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AL HFRAER ZMGEPRERRFIREN XHEGRE L, P
BP A% Ak RS @ AR K LT A6 RGBT xt, Bk, BERAALR
B e AR ITRERALELSAMNE, HREFHNFSFERK
b i LA KE@FNETE LY. LESESRYRERFHERELE
e f A B YRENBRAETY, RAREEANEE, BRAESNENE
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ERAMBSLEE

M B 584

B1RRATERTGRELERB ZIO ALY NRENANE,;

A2 A AT %‘%ﬁ@ﬁ@.ﬁ@iﬁ%#i%%%@@ﬁmD
Big), TRARERAREKROMNEE, EEWHRMEARPIZET Hiicsa,
BERANT AR EERREAR LN, REKNLBSLE B,

B3 RARLAAFXMTHRBHEXA;

B4 2AAERSHRORLGBERE, LBLATHAE—4 CCD B
AAMA SR AR MR — AN LA, £FB R TR BIT4EH —NEARBAT
X & FAL;

B 5 ARTRH ZNABYREBRFGBEE EHITEEGFTENA;

6 RiATH 4 A 7R SRMAYBKAZEHBEE;

B7RAAERNEEREE (FE) LR ESHIBHHA;

BA8sRZHPERLAERED (Ahe®E) LY HXEEFIBHINE;

B 9RAENKENHGFBMRTIER 942 2 H R E G HLIA B ;

10 2 HWES S 6 BAAMABREOBER, AKX ERMHRTE
M4 EM AR, AKMAERX S LA AN, U AL T HEM LR KT
EBHIEERITED;

B 1 R A G E T RETAOBAR, BY ZRFORATHNR
A, BEREATWEB ARG R,

B 12 & & FHEAirE LA,

B 13 REATHEWIFEEHMNE, LI TE S8 HmirEH 38

B 14 4IEE 13 k5 10 T HikkFxe9H8;

B 15 ZARIEE 13 kAR ETFHGE;

16 A THEHEE G (BAEKFE) 9B,

B 17 REAFTHRENLECERHAHE, LHEXTIZEMRGFTRIFE,
T B AT RAREHKGRE;

B 18 RATHENEE E#6) (RIKRFHARE) 698,

B 19 & TiFENET ERE (o tamtrd) ¢9H.
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FARE 375 X

[AL % X AR oA B B a9 R R4

AL R FE X AR B ﬂé@h%#ﬁ;mé,wﬁm%m oA
MM AR AR B AR MR A 6 3 AN AR E A M A, o d 3N AR E
ArEM A, HARTRERE ﬁ%ﬁ*ﬁ&mﬂﬁﬂixﬂ%ﬁé R
fR T iz AR A AR B TR R YR AT IE A EARE G SHERATRY IR
BARE B, 1A MZAREBRIFTE 6 £ T AR EHMNHE &R K I iL R
Hd kg A,

BT iZA EAFE M SHERITEREY, AMNAENRERD] T ZBRRE
BHEREGEE. BH. METHEY —AR—A UL, RFBEMTZ
BB RBAN A EAFENES, RENERNRBAAFGELEE.
EA B B AR R RRERRG (4R T, AR
W@ ) LR A eME S, ARBALY, @idlde S AE LHAT ‘@O

”%ﬁﬁﬁ%%mLﬁAﬂ%%,“Lkﬁ%&ﬂﬁﬁﬂgﬁﬁ%ﬁég
RIBALE, B “06” MREXTRFTALHARKE OB IALNAE
(£ FAHREHSHENIEE), BIRTIBEPR, PRI FBHRIK

=

2o

e ArERLEHRE, E—ARIFH)3#ZL CCD BAANMRET
FHATEARL I, e, HFEGHEREABRBY GIFEBRRAEA K
%ﬁ*%ﬁﬁa%&ﬁ,m%%%@wﬁﬁkuwkt(mﬁﬁﬁﬁmﬁ
HOAEMAK LKA ) BB HATIVE, MR ENBEHE L (Bl d)
KE) REFF w(mﬁ%ﬁﬁm&ﬁ%#iWL%%t)ux%ﬁ%ﬁ
EHRERATAIATE LR ATWRMKRN, EMKRERDTEREMS
KA, ARBHEFELALACEERALTHER R RGREN T, AN
A RRARRE, RBA EARENINFRENEE., RERLCHER
HRXRIEFE (Bl s ROFRFER) sEEARETRE O T
K IBRAF .

KFXATERS T A SR RK, B E LA TRE 9 ZRY
BABATE £ FIEDHEGEE (FllohhEme] T AKX SN SRS S
HITL, BBAHET) BMAMEREO LONRKENENRESH. 1
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$EHMR G MERTE LG NEERXTHRENEGEE (FleBshRE)
AR BEEG T, EMRERRD) T MR AR @R Z A EARERATIRFY
AEFFEBRE, RBIEAFIBERREFLTFTHRESDENE L, BTRRF
HIT B AR AR T RN R ER AR B R L. ORI TN
HETREDENFENRERERBEOARXENHKES.

8 B B B AR B S IR FAR B AN IR IR 08 o 09 X T ATt
B, fefBHAmitoR Aand@mOaERLT, 43 HHRFABLERN
KA RS, FRURAEMGER R, LARBEARE TRILE L
MR HESmE x FE .y FE .z F I DX TARENEGE L (H
te#FHEE ) KKB,

A3 RAALPAAFAREABRREEINARER, #AEALELARE
otk S AR AL R A MR 1, R 1 BAwEROBIEE (£
BEE) 2, HABMIK] AEERTE 2&\'}’1@‘"“@ 2 @@i@iﬁiﬁ%—%/l\
HeirE 3. 4, HEREMRIK | fof E&ARE M AR

HEERTRANAR EFREAMR, ANFE ﬁ”ﬂﬁﬁmﬁﬁ%@*
@2 REAFEEL., MAR—NFEENA ERE 3 RS —NREEY
HEerrt A BAMERRNRE (Flio—FRUEMH—FAZLE).

ﬁ%%s&@ﬂﬁwﬁéwlﬁﬁ tE 28, REAEZPEMK LA
KA EHFRES. ARTATERAEN. HABKELEEMEABRI LS
%ﬁﬂ6#tﬁ%i&i%ﬂﬂ6%ﬁ%ﬁé%l%ﬁ?@%&ﬁiﬁ%
K5 AERRM e AR (AR E 2 B e—Mm) £E L, BLRAMN 6 e
A3 48T, THAFEY. LR TELTUMERRSFE (L) @47
2) & BitiE YK LI BANM 6 IRIFHIRE 3. 4 A BRAZ SARK E BT
ﬁw,%ﬁﬁﬁﬁi%ﬁﬁ#ﬂS%Lfﬂi ) AFEBRRYXTHED
He (Tdn. BH. M4 BARERE (FletEAB DB EI—NIBIHRE)
ﬁﬁﬁﬁ%g%k#%kWMEoEﬁ#mgﬁﬁ%%¢@%ﬁ%ﬁ%%
k2, iRATiE B HE A EA R R EAZAESE (FleBHEE) H®

L B MBI S AR E 2R A,

HIRMK | BRIFRAGAREKEY A, 2T Ah L e RRE R
HELTHBRFATA. FERFLRRENFEA, 2EANIEEHE
ik | ADR WM AR, HAEALXZ—RERRKR Y A EF 0

10
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M, BT AEORELBBARARERFRIF, AMAEIFELh RS
4 (RIFREA SRR FRETHG) UAALERY, REFER
FELAS 38 M AR AR T S 6942 B2 R B4k 09, M ARE MR KA 45 5] 64 TR
£, BT d EARIR S RMARATE.

AEREEANAAFAFESHAELRRMAK 1 F, mm%%&%&@
K1 B EHAR 1 TR A ZAAETA. T8, MeeREE
mmgﬁﬁ%,L#%ﬁm&@ﬁ%%ﬁa%m%@ﬂﬁ%#ﬁ%m%%
Tii, EHEEL, B3 R-EATTAMREL, EASAGHEFTHMEL,
%J&a«iarrul iéﬁ tE 2 BB = BRE ZAATREL,

1 A B RIXE G RBANR T XA, FRRBERUESEHDLES
AT4r b e B ARAL, 4F A 24X —eg & CCD BAaiL. $i%%ﬁ%ﬁ%%
AR F,2 CCD BAAM, Blio Tl 24 F C-MOS X B 15452 & egiL
ABARN, HEAREREE T . . ZXZAe, AT AARmILEA,
A (1) BEBHEAHEER ST (X REFBANEG RGB #rih, #

5o B4t R A FIE B EARE ) F kA (2) BY B HIUHILYERAE,
HehHRAEELT, % £ (BOLAM, 9 TREARALHIFERHMN,
BT BAGAREAMBIK, AT e R BRI FE, el
AR BT B B AEat k. L utATe, NEFES (1) FNiE L) 6F
EIX A,

[BIEFR3E A Ak 045 R B 09 45 4

WAL PRER AT BB EwG)., REUBRTEAED S A

BREAMMR., B4 EBFT, HAS $7&¢1-—/\ I o #2503 10 Foxt
J@ﬁ@mﬂ1oﬁw& e 3R % 8 &, BP—A CCD BARMLATH A, I @
AR 10 A FTE R AR M P IHLANARAE, HhER AR ELEE
B M AR RGO H EAREM R, EWRERDEREARGRETEN, X
Eﬁﬁmﬁi%m%%ﬁéﬁumﬁw jek eArE a9 hid L CCD B4l
W6 HATIRY. wB 4 BT, BIASSMMBBRLETRERIERS
&8 K @A, il itde)s BARAR L AR 10 A8 A R B — AN & HAR Ak 0BT 69 3%
2 AR AR AR R AR EAAT R 100, B P AT TR BRI 10
ﬁﬁm%@ﬁ%%%%% SEBRREROHBRARBET TN, 247E

ANNERARIAHEN, FHARERAAAN. LAY FHRALS
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F @R E 10 49 BAREL, 28T E 10 FARELTEAF@, L4
TURE A @R E.

B FRAEA %A CCD BARM 6, FILE Zied &4 RATMRFH BAE
£ 84750, B 5 a2 45 RBANBGKGSSTHAGE. ZBEH
4o BT/ AN 8 R TH L, HABES RN 6 REBRYKBAL
HHE LB BRRTIH 10 9B%R. RELTIHEYRK 11 F
WA EAR L — R i 1T A R S BAAM A G RHATERAZ LS, BS T,
k2 e ks, aRRLERE, BAN 1 R R B RN 2 4R
BRBEAFTEAHBYRIB 1. ATHREMRN | B HRERRTOLLEEHEA
BEURR 1 RS LEMRERELERS. HRAAN 2 HBRTIRRT
LEEFEAHBYRBINTERBHLERERPLEAEN K, miekAR
M1 BB BED BAAN 2 BRI sBRATER. A, TRIE
Bk AR ERATH B, PP A B R L EHARGIFE, LR AT
B g4,

e 4 Fr w4 CCD BARMEH ¢ BE R TEB 6.8 8% CCD %47
MBAFHAES R R, REAZA. B. C. DI, MEHAEHEXKB. K
BALERKC. EHBLERED. KHRCERKDWEATHAAEELR
B S BEYREK A B. C. Di#tiTEs. BT ARTHE., &
B AL E T A BARM T L 2 T RR T RS HFRATRY, ZARRT
MEBEAAAMELE LY EIK. AKX —, ERBAANR LR RE A
stif IR M AK G AL R I R R ATIR Y, @ idde b B BADMIRIF 8 SR
HH R BRSATES, shRFE AR EIRGBE,

3¢ A % 4158 %& (CCD BAatL) B &) BARMLAY KR HATHER. B
FAMEAE— R A T FHHBET F A BRI RN RARITRES
AT RBHREREZTRBAANGEERF . BROGKARRAT AKX
ATl K A Y, BAAVMILE . F e BIRIE &RATR T REHR.
ARAERARTHEEREBBRELEEREEIANXE, FR2HAMR
JapLE ., BESEA S SBAMMGRNE R, HALEEET @O,
b hat FHRBAFALE O, E LR E R oA M S BHERE 26
KB, HESTIRY. REEAZBRYBRERIAZRRAANGHEALT
(A EERBYBRENBLE, XEEEEAEAFRBAANNGELE. F@. £k,

12
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EEAARRAE R 3 6 BANA IR R ILAE A BT, Aidey “Elit)
LELE AR EAKBAERG ZHRKBHE" ZIEAHEEANAE
WELZHERE, AHABERZARFHRE, B, RRALXMNEZL
ZAT B 56 IR AT 64 BBARAUAR B AR LK R F R S B JEAF AT A 1) AR ST A it
AT,

[CYofefd 38 80 L8 J) & 2 5 7 B A% ik

ATHRBEHAFABEAZAEFINXTIFEHENE L (Hllird
MBHIEEZ—WIBHIEAE) RREMERTB LN HIKESH, HEE
MEFAHREDENEL (BleBHEL) M ANEEF #ITRHE. KiFE
TEME H1E 8 F e E#R2EEXTF F=HM k#4789, A TRXTHAIFE
TERMBRAEESHRAOTF R, —AARE 7. B 8 —AREMITLEGHS D)
AERNKEIAAFTHBTHA. B 7B 8KHRTH 7 ATHEFEK
frd, mA 8§ ATFHAALMWERYBRTEZ, ERELEALAR.
A THE, FRAZ-SEE (AFEBRG yMHTH), 2E—RHZ
HHEALT, FEARAARG,

fRATHALEERABLAOARE, m. n DANETHRA L. L&A
AR EE CCD A LB & T, @itid Sa) BELE BA R 24 (B
7. B8 F24.5) ik, hAELAEA=ZA49E (xoy. 20 F),
PEMEEANASE (x. z25F), BRATHALGFTE, wBRFLL
W x FEGTE.

f=[fx (1), fx (2), fx (3), fx (4), fz (1), fz(2), £2(3), £z (4)]
BN ERERBOADH,

m=[m (1), m(2), m(3), m(4)]

n=[ n (1), n(2), n(3), n(4) RAEAMNGHHKXE. #£Z m. n
LB A X.

B x==[m (1), m(2), m(3), m(4), n(1), n(2), n(3), n(4)].

A, FeESE 1 Lot xFEEiah (KAOR 1 6H) L4
FEHBHEE m. nHITILE, BAMx (1), B

Mx (1) =[m (1), m(2), m(3), m(4), n(1), n(2), n(3),
n(4)].

% f£=[1, 0, 0, 0, 0, 0, 0, O]&F

13
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FlAfsh, e85 1 Lok z 7 EOELANBARNGEREBHRKEES
A Mz (1), 82 bl x FER4E BN SIFEBFHRES R
Mx (2) %, ATRRBRHNHELT. EREBEHKR (B HoHE T
Z A R Mk R R R LMK, RS HEHIKBEZHRA) LT,
P —Ri A =[x (1), X (2), X (3), x(4), fz(1), fz(2), fz(3),
fz (4) T EFANHBHAE X, LRBTHEE.

X=Mx (1) *fx (1) +Mz (1) *fz (1) +Mx (2) *fx (2) +...4+Mz (4)
*fz (4)

e SEEH R BB, WRAH X=H*f. @ H=[Mx (1); Mx (2);
Mz (4)]. ZHAAFAD f G EAL x BB RG TS, PO ME
ERCE
HRENEEZREHE, NPT,
[X 1]
Mm(1)] ('me(l,l) Hmz(1,1) Hmx(1.2) BEmz(1,2) Hmz(13) Hmz(1,3) Hmx(1,4) Hmz(1,4)Tx(3)]
m(2) Hmx(2,1) Hmz(2,1) Hmx(22) Hmz(22) Hmx(2,3) Hmz(2,3) Hmx(2,4} Hmz(2.4) § f2(1)
m(3) Hmx(3,1) Hmz(3,1) Hmx(3,2) Hmz(3,2) Hmx(3,3) Hmz(3,3) Hmx(3,49 Hmz(3.4) =x(2)
m(4)| |Hmwx(4,1) Hmz(4,1) Hmx(42) Hmz(42) Hmx(43) Hmz4,5) Emx(4,4) Hmz(4,9) | fz(2)
(1) Hox(1,1) Hnz(1,1) Hox(12) Hoz(l,2) Hex(13) Hnz(1,3) Hinx(1,4) Hnz(1,4) | £x(3)
(2} Hnx(2,1) Hnz(2,1) Hox(22) Hoz(22) Hux(23) Hnz2,3) Hnx(Z4) Hnz(2,4) { fz(3)

n(3) Hux(3,1) Hnz(3,]) Bux(32) Hnz32) Hnx(33) Hnz33) HoxG,d) Hnz(3,4) | fx(4}
n(4) | ( Hux(4,1) Hnz(4,}) Hox(4,2) Hnz(42) Hnx(43) Hnz4,3) Hnx(4,4) H!H(“,-')_t_f!(-’)_

L

¥ Hmx (x1, x2) R T2 O EAFx=x2 K& LW x T @O E4LH
Fro|Autg Batx=x] LEA mHFEHEERG x FEE{LE. B4, Hnz
(x1,x2 VR T8 2 I e B AT x=x2 R & L z 7 & F4% /) P 7] AL B AT x=x1
EEA n HEHRELG x FOREE,

AT HMEIE x K f, RERL HeHEIEEAZST, BPA f=inv (H)
*x (X, 1), 12 inv A Ty Ri#4EMH (—HRHRE —MRILIFIERE),

BRENZEHEHE, NX2,

[ ES 2] (fx(1)] [imx(1,]) Dnx(21) Inx@G3,]) Imx4,D) Inx(1,]) Inx(2,1) Inx(3,]) Inx(4,)[m(1)]

f1)| [Imz(1,2) IJmx22) Imz(32) Imz(42) Inx(12) hnz(22) Inz(3.2) Inz(42){m(2)
‘B(2)] |Imx(1,3 Imx(23) Imx(33) Imz(43) Inx(1,3) Ix(23) Inx(3,3) Inx(4,3){m(3)
{202) | {Ioz(Ld) Doz(24) Imz(3,8) Imz(4,4) Inz(1,49) Inz(2,4) Inz(3,4) Inz(4,4)|m(4)
tx(3)| (Imx(1,]) Imx(2,]) Imx(3)) Imx(4,) Inx(L,1) Inx(2,1) Inx(3,) Inx(4,1){ n(1)
23)| |Imz(12) Imz(22) Imz32) Imz42) Inz(12) Inz(22) Inz3,2) Inz(4.2)| n(2)
(@ |Imx(3) Imx(23) Inx(33) Imx(43) Inx(1,3) Ix(23) Inx(3,3) Inx(43)} n(3)
24| |Imzx(1,4) Imz24) Imz(3,4) Imx(44) Inz(l4) Ina24) Inz(3,4) Inz(4.4) | n(d) ]

14
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£F Imx (1, 1) & inv (H) $9&2%, 2R2LAFTHRA T
BEfx (1) #m (1) Rk,

WILAE A A R R TSR R R KRB EALT, §
Z1E R S S A SRR AL 69 HAE N R R R AR 942, AT MriZ
B, ZAEE,EHMEFREL, BEREHEFEEAEFENBD,
1% X% <5 64 L) 203 69 2L F 38 B A\,

E—ROZBHEALT GZBAREWT y#HERL), — S L HEER
EABEE, HRENKIBHIRERA AN AHE. BoRHELEHELIT
EET, MR R

=[x (1), fy (1), fz (1), x(2), fy (2), fz(2), x (3), fy (3),
fz (3), fx (4), fy (4), fz (4) |HFEA 124, A543, AR 1EFH 3
KER

m=[mx (1), my (1), mx(2), my (2), mx (3), my (3), mx (4),
my (4) JEAA, BRARE, BEfLEHAHHERLR, 455 16 MU
A, XA, EE 12 MRsodk. A L6y FiEMRIE CCD B kit T
hEE., FEREALTCAHRSOETMNES K, LARIN R TE,
Bt S E LRI FRREL RN K TS ORI ANE (£ TF4ED
9128 ), MARIBERBEPNRLREL HKEN S LRMEY,

[DIE S & E9H 6B AT LA 945 R d

TEVAM TFRERL B (4EF H) 955, £BA EFHFENH L
AR (BdeF LIRMAR) &, AR d Do) hE AR TALe) REL,
F)R AR KK T TR RIREL # R 69 K & N AR B AR ) 23R 8%
P AT AL AR R g, ERXFHGHFALT, REBR5IRMERG RS
WERE (R E) 6 EAFA A HATE QG EAFRANR L RF, e R4
% H.

ft, AAXHTHXBLRRIIERBE HXREH x (1), FLRHE
123X EAH m (x2, y2) B, YA m(x2, y2) =G (fx (1), x2, y2) 69K
ARNTHEBEHRRKAFREZGHH G, XNFER 7. BSvmil

15
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Ao Ayet, #R&E 2 49 T4 M@ E m (x2, y2) =G (fx (1), x2, y2) kK.
Hd y2 RAFENRE (E4),

)R FE AR R d il A AR T KA T R F PR KRR, W 4E A
iR ey KA IRIF H 4/, f26)doxt F 2RI H 65 § & o & B A 3bE A
FRMBKEHRAGAXNZEAEY. A, FE2EUALEFLCHTFRIEHZ
A& H Fe A I EALAD XK,

B, BENF —FERZBILMEAREERE S A Fo il 30 R A240 X B
5k, EEARENEREN, AARlA s E ARE, A AAET
FhABR& LA BGmH (xFEO. yF@. z78) e dE e E.

FoFEREFENA, GREA H O EGREKRITE Lo ity
/1 F1. F2. F3. F4. ..Fn. MBS FHmE A hWFENHBHRKE M1,
M2. M3. M4. ..Mn, ##474% 4. F1 £ Filx. Fly. Flz&Z=4%¥%, £
heiX gk Aot & B af A ARE 9B R ER MIx. Mly. Mlz, 2 &40 6) )
FoiR B 12 8 (HHKRE) RFIMFELESE H A TRATEARHA.

ERMAERD (BRTH) LERMEE S NRAL. BRGIERME
ERERBEBTOEANARE. AKX —ZREELEKN S NRE
S E RAE AR EAFHATERE (HABRERI AR SK), HEeHXER
A S B B AR ARALE M AKX .

EEFHELBRREEXFE . yH @, 2% 6 Lo AR Sk K
MALEZAERNESAEATHRES IR ERAKNA XL, LEA
FikL—RAEESFHEE LA FE. yFTE. zHFQIEH S, 4 AR
FTUuRRENSHRE, FRITHREG. WERFELNAKEN xFTE. y
FE .z A QERFFERAEREAAKE, AR THARE® LY
EEWH A, NEFEFREBRE.

MEBFHE LN AR CRN S, FEAH X —RIAE KK,
Bl4e 100[gf] A x F®) . yF& . zFEmAERHELL, MELEAHALT
MAREB LT, REWASRBELE LY AR OIS, METUAR—E
R KN, AFRRAHCEARNERESDEEN, RE, A
ZirEAS S K T6 KD HATIRART,

A, AFRMAEAFEEIAX., EMREREFERAFEF &
£ FHEDEGEL (o hiE &) Mk ket d &3, 4% H.
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AFXBEERABRELAAMEEREFAERE, MAaf1Eer44 H
WAMEAMEET. AYRERAZNERAGEREEO L, FEEH]
YR AT EAHEAT, BB EAESEABREFRERL. RIBBRFHIT
ERBRAAAZFRELERMNENRESDRE. ENENRESFHXE
WrNEB)4EME H P oriidid FAEK EHATHE, R AR & L
MAKESH AT S,

[E]+t H- o 1) 45 48 %

Fst, H4EM H®ZEHX, WARESIHEZ L EHSH sk
k. XRAMAERWAEL S LB RA RES I & MIIALH.
EEEAEERAFEEEAEAT, HERRZEXY, (X 1) #94EKE Fi
#BFiE), A—p k5, £ RAEZ 100 x 100 694 AT, Al EzH2 10000 %,
Fir v H 4B M35 2 10000 x 10000 &9 E X 4B, —fi ke A S aaF AN
x N B, LS h2 NG 2 RFA, Fivih HEBFRMHRTHA NI 2 RF x
N#2ARR, IH—k, £ (X1) HWEERZHEHRTE NG 4RRFNEE, X
ERLZARERNREEBREF (FEEAXORBLHRGFELS ) KA
%, A 2R TFoHat L iix,

REGFHRAIRHERG—Homd RIEA., LTk, RAET HAE
Mt @ A 0T B Lt h 5B 69 AR ER ST E X R, BEAIR
Rl Bl o e HE) 5 B EMEE RBANEF, LRI n. UH
—%, BlwhaB 7. B8, BAMAAFEI(]) HUMEAF 1~2 T4F
EWNHBHE. EiHEF(2) HREAE 13 SHRENHBHTRET, midk
SEME GG R T4, BB T,

Bty (X 1) f=inv (H) *x #AH T X 3.

[X 3]

[tx(1)] [Imx(1,1) Imx(2,1) Imx(3,]) Imx(4,1) Inx(1,]) Inx(2,]) Inx(3,1) Inx(4,1)Tm()]
iz(1)| |Imz(1,2) Imz(2,2) Im232) Imz4,2) Inz(12) Inz(2,2) Inz3,2) Inz4,2) | m(2)
&(2)| |Imx(1,3) Dox2,3) Imx(3,3) Imx(4,3) Inx(13) Inx(2,3) Iox(3,3) Inx(43)|m(3)
f22)| |Dnz(1,49) Imz2,4) Imz(3,4) Imz(4,4) Inz(1,d) Inz(24) Inz(3,4) Inz(4,4) | m(4)
x(3)| (Imx(1,1) Imx(2,1) Imx(3,1) Imx{d,]) Inx(1,]) Inx(2,]) Inz(3,]) Inx(4,1)} n(1)
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ABSTRACT

An optical tactile sensor and an image information integrating method capable of
measuring large area force vector distribution are provided. The optical tactile sensor
comprises a tactile section comprising a transparent elastic body (1) and a plurality of
markers (3, 4) provided therein, and a plurality of imaging devices (6, 6) for obtaining
a marker image by photographing the behavior of the markers when an object (5)
contacts the tactile face (2) of the transparent elastic body (1). The method comprises a
step of obtaining a partial image by photographing the partial regions A, B, C and D of
the transparent resilient body (1) using the plurality of imaging devices (6, 6) such that
each imaging device (6) has an overlapped photograph region (11), and a step of
integrating the partial images obtained by each imaging device (6) such that the

identical markers in the overlapped photograph region match.
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SPECIFICATION

OPTICAL TACTILE SENSOR

FIELD OF THE INVENTION
The present invention relates to an optical tactile sensor, and preferably to a

tactile sensor used for obtaining forces applied to a relatively larger area.

BACKGROUND OF THE INVENTION

When considering understanding the contact state of a contact surface using a
tactile sensor, there are vectors of three components representing magnitude and
direction of force acting at each point of the contact surface. This is represented as
f(x,y) in the coordinate system of Fig. 1. Here, f is a vector, and so actually has three
components x, y and z at each point. When explicitly expressing each component, it is
represented as f(x,y) = [fx(x,y), fy(x,y), fz(x,y)]. Since force distribution has three
components at each contact point, in order to reconstruct force distribution for each
contact surface using a tactile sensor, it is necessary to acquire information for each
contact point on the contact surface with at least three degrees of freedom.

Some of inventors of the present invention et al. have proposed an optical
tactile sensor that is capable of measuring three-dimensional force vector distribution.
A principle of the optical tactile sensor will be explained based on Fig. 2. The optical
tactile sensor comprises a transparent elastic body and a CCD camera. By
photographing spherical markers embedded in the transparent elastic body by the CCD
camera, internal strain information of the elastic body is measured when a force is
applied on the surface of the elastic body, and force vector distribution is reconstructed
from the information.

By taking an image of the spherical markers by a CCD camera from
z-direction where an elastic body surface is taken as the x-y plane and an orthogonal

direction to the x-y plane is taken as the z-axis, movement of a point to be measured
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when force is applied is measured as a movement vector in the x-y plane. To
reconstruct the force vector distribution from the strain information, N x N red
spherical markers and blue spherical markers are arranged at different depths in the
elastic body as points to be measured to obtain two sets of two-dimensional movement
vectors with different depths as two pieces of different information, thereby increasing
the amount of information to reconstruct the force vector distribution.

As a use for such an optical tactile sensor, initially, application to a robotic
hand of a humanoid robot and so forth is considered, and as an application for an
optical tactile sensor, study has focused on a small built-in type sensor. However, such
an optical tactile sensor, which is capable of measuring three dimensional force vector
distribution and has a sensor surface made of a elastic body, is expected to find
application in a variety of fields, not only to a robotic hand.

As one of the expected applications, use of an optical tactile sensor as so
called an environmental type tactile sensor can be considered. In this specification, as
compared to a built-in type tactile sensor which is incorporated for use into a robotic
hand or the like, a tactile sensor which is used in a fixed manner in an environment is
referred to as an environmental type tactile sensor. However, with respect to an
environmental type tactile sensor, which is used in a fixed manner in an environment,
measurement of force distribution over a large area is expected to be necessary because
such a sensor is assumed to be applied to, for example, a seating surface of a chair, a
bed, a floor, or the like. This hinders application of a conventional small optical tactile
sensor, which is assumed to be incorporated in a robot hand or the like
Patent Reference: WO02/188923 Al

An object of the present invention is to provide an optical tactile sensor
capable of measuring force distribution over a large area.

Another object of the present invention is to provide a marker information
acquisition method and a marker image integration method capable of measuring force
distribution over a large area. Still another object of the present invention is to provide
a force vector reconstruction method employed in an optical tactile sensor capable of

measuring force distribution over a large area.
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SUMMARY OF INVENTION

The present invention has been conceived in order to solve these problems.
According to the present invention, there is provided an optical tactile sensor
comprising a tactile section having a transparent elastic body and a plurality of markers
provided therein, and imaging means for obtaining a marker image by photographing
behavior of markers when an object contacts the sensing surface of the transparent
elastic body. The optical tactile sensor is characterized in that the imaging means
comprises a plurality of imaging devices, and each of the plurality of imaging devices
is provided such that each of the imaging regions which is captured using each of the
respective imaging devices has an overlapped imaging region which partially overlaps;
the optical tactile sensor further comprising image integration means for integrating
each of the marker images which are obtained using the plurality of imaging devices,
and the image integration means integrates the imaging regions such that identical
markers in the overlapped imaging regions are matched, to thereby form an integrated
image.

According to one preferred aspect, the tactile section comprises a large area
tactile section which is formed by combining a plurality of small area tactile sections.
It should be noted that regarding the relative expressions such as a "large area" and a
“small area", in this specification, a "large area" means larger compared to a tactile
section such as is to be incorporated into a robotic hand, while a "small area" means
smaller compared to a "large area". While a seating surface of a chair, a bed surface, a
floor surface, and so forth may be listed as examples of a "large area", objects that are
smaller than these items are also included in what is referred to by a "large area".

Further preferably, the tactile sensor comprises a unit comprised of one small
area tactile section and one imaging means corresponding to the small area tactile
section. The tactile sensor is formed by combining a plurality of the units. Formation
of the tactile sensor using sensor units enables creation of a tactile section having a
desired area.

The present invention employs another technical means including a method
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for obtaining a marker image using an optical tactile sensor comprising a tactile section
having a transparent elastic body and a plurality of markers provided therein, and an
imaging means for obtaining a marker image by photographing behavior of a marker
when an object contacts the sensing surface of the transparent elastic body. The method
of obtaining marker information comprises a step of providing a plurality of imaging
devices as the imaging means and obtaining a partial marker image by photographing a
partial region of the transparent elastic body using each of the plurality of imaging
devices such that each imaging device has an overlapped imaging region, and a step of
forming an integrated marker image by integrating the partial marker images obtained
using the imaging means such that identical markers in the overlapped photograph
regions are matched.

The present invention employs still another technical means including a
method for integrating a marker image, which is employed in an optical tactile sensor
comprising a tactile section having a transparent elastic body and a plurality of markers
provided therein, and a plurality of imaging devices for obtaining a marker image by
photographing behavior of a marker when an object contacts the sensing surface of the
transparent elastic body. The image integration method comprises a step of obtaining a
partial image by photographing a partial region of the transparent elastic body using
each of the plurality of imaging devices such that each imaging device has an
overlapped imaging region, and a step of integrating the partial images obtained using
the imaging means such that identical markers in the overlapped photograph regions
are matched.

As a construction of the tactile portion, preferably, the tactile section
comprises a transparent elastic body and a plurality of groups of markers provided
inside the elastic body, each marker group being made up of a number of colored
markers, with markers making up different marker groups having different colors for
each group. The imaging device takes an image of the behavior of colored makers in
the transparent elastic body when an object contacts the surface of elastic body.

Also, the present invention includes calibration of each imaging means while

using a sensing marker. As the present invention comprises a plurality of imaging
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devices, calibration of the imaging means is required. As the present invention has a
sensing marker as an essential component, the marker can also be used as a calibration
marker. Further, the present invention also includes a method for reconstructing a force
vector while using such an optical tactile sensor. When a force vector is calculated
without the data on the behavior of a marker with less contribution to the force vector
calculation, time for force vector calculation can be reduced.

According to the present invention, as the information on the behavior of a
marker is obtained using a plurality of imaging means, even a tactile section having a
large area can be preferably handled. Therefore, use of a sensor according to the
present invention makes it possible to measure force vector distribution over a large
area, which in turn makes it possible to determine a force applied to a sensing surface
having a large area, based on the obtained marker information. Moreover, as a sensing
marker can be used for integration of the image data obtained by the imaging means
and calibration of the respective imaging means, the sensor can be formed using a

reduced number of components.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a drawing showing force vector distribution exerted between a tactile sensor
and an object to be contacted.

Fig. 2 is a drawing showing the principle of an optical tactile sensor. The upper
diagram is a plane view (CCD image) of a transparent elastic body, while the lower
diagram is a side view of the transparent elastic body. The transparent elastic body has
two kinds of marker groups embedded therein. When force is applied to the transparent
elastic body from beneath, the marker moves from what is shown in the left diagram to
what is shown in the right diagram.

Fig. 3 is a schematic diagram showing an optical tactile sensor according to the present
invention.

Fig. 4 is a schematic diagram explaining enlargement of the area of a sensor surface.
The left diagram shows one unit comprising one CCD camera and an elastic body

section, while the right diagram shows the result of area enlargement combining units.
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Fig. 5 is a diagram for showing a method for integrating the image data which is
obtained using a plurality of imaging means.

Fig. 6 is a schematic diagram showing image data which is obtained using the sensor
shown in Fig. 4.

Fig. 7 is a diagram explaining a force vector applied to a contact surface (plane
surface) and movement of the marker.

Fig. 8 is a diagram explaining a force vector applied to a contact surface (free curving
surface) and movement of the marker.

Fig. 9 is a diagram explaining a method for creating a transfer function for use in
reconstruction of force vector distribution.

Fig. 10 is a diagram showing an integrated image captured using a plurality of cameras
and explaining a method for reducing the time for calculation necessary for
reconstruction of a force vector, in which, when a force applied to a point is obtained,
data on only the markers located in its vicinity are used in the calculate of the force.
Fig. 11 is a conceptual diagram explaining an improved manner of the calculation
reduction method. In the drawing, black and whit circles represent sampling points
for force, and the black circle shows a result of calculation to be used after the
calculation.

Fig. 12 is a diagram showing an increased number of markers.

Fig. 13 is a diagram showing an increased number of markers, in which movement of a
marker caused relative to the force applied to one point is focused.

Fig. 14 is a diagram explaining the speed increasing method shown in Fig. 10, based
on Fig. 13.

Fig. 15 is a drawing explaining an improved method, based on Fig. 13.

Fig. 16 is a diagram showing another embodiment of a marker (cylindrical marker).
Fig. 17 is a diagram showing another embodiment of a marker. The upper diagram
shows a stepwise band marker, while the lower diagram shows a pyramidal marker.
Fig. 18 is a diagram showing another embodiment of a marker (crossing strip marker).
Fig. 19 is a diagram showing another embodiment of a marker (color-discriminated

plane marker).
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

[A] BASIC CONSTRUCTION OF OPTICAL TACTILE SENSOR

An optical tactile sensor of the present invention comprises a sensing section and
imaging means. The tactile section comprises a transparent elastic body and a plurality
of marker groups provided in said body, each marker group being comprised of a
number of colored markers, with markers constituting different marker groups having
different colors for each group. The imaging means is provided to take an image of
behavior of colored markers when the surface of elastic body is contacted by an object
to obtain marker images. A force applied to the surface is reconstructed from
information as to the behavior of markers that is obtained from the marker images.

At least one of displacement, strain and inclination of the colored markers when
the elastic body contacts an object is observed by photographing behavior of the
colored markers. Strain information inside the transparent elastic body is detected from
information about the behavior colored markers when a contact object contacts the
sensor, and the shape of the contact object calculated from strain information, and
information about force acting on a contact interface (including both the elastic body
surface and the contact object surface) are also detected. According to the present
invention, it is possible to separately collect a plurality of types of information with a
simple method called "color coding", and it is possible to acquire a plurality of types of
tactile information at the same time with an optical system. According to the present
invention, independent observed information (information as to behavior of markers)
whose number is equal to or greater than the number of unknowns are collected using
color coding, and it is possible to estimate and reconstruct force vectors by stably
resolving an inverse problem.

The colored markers are photographed by photographing device, in a preferred
example, a CCD camera, and image processing is carried out by a processor. For
example, an image at the time of body contact and an image of a previous condition (a

condition where external force is not acting on the transparent elastic body) are
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compared, and an amount of movement of the markers is detected. Alternatively, the
markers are embedded in the transparent elastic body in such an arrangement that they
can not be recognized normally (in a state where external force is not acting on the
transparent elastic body), and a configuration is such that markers are recognized in
response to displacement deformation and inclination of markers caused by strain in
the vicinity of positions where each of the markers exist when an object contacts the
transparent elastic body, and information is detected from the appearance of the
colored markers. In another preferable aspect, the behavior of markers (step-like strip
markers, for example) can be obtained by variance of marker intensity.

The optical tactile sensor stores a transfer function by which force vectors or
force vector distribution applied to the surface of the elastic body are reconstructed
from information (movement vectors of each marker when an object contacts the
surface, for example) obtained by photographing device as to behavior of markers. The
transfer function is a function that associates force information applied to the surface
of the sensor with information as to the behavior of markers (movement vectors, for
example). The image information of markers is obtained by photographing the colored
markers when the object contacts the sensing surface of the elastic body, and the
information as to the behavior of markers is obtained from the image information of
markers. The force vector is obtained as an output by inputting the obtained
information to the transfer function. The number of information as to the behavior of
markers that is input to the transfer function is more than the number of force vectors
to be obtained.

The transfer function, depending on the shape of the elastic body, may be
obtained based on an equation derived from theory of elasticity. However, when the
surface of elastic body is an arbitrary curved surface, preferably, the transfer function
is obtained by measurement or simulation. The transfer function by measurement or
simulation can be obtained from information (movement vectors, for example) as to
behavior of markers when x-directional force, y-directional force, and z-directional
force having predetermined magnitude, for example, are applied to sampling points

arranged on the surface of the sensor.
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Referring to Fig. 3, the construction of an optical tactile sensor of the present
invention is shown. The sensor comprises a transparent elastic body 1 formed of a
transparcnt elastic material and a curved surface 2, or a surface for sensing. The
transparent elastic body 1 is provided with a plurality of colored markers 3, 4
embedded in the transparent elastic body 1 in the vicinity of the surface 2 and along the
curved surface 2. A sensing section is comprised of the transparent elastic body 1 and
the colored markers 3, 4 arranged inside the elastic body.

The colored markers 3, 4 are comprised of two groups of colored markers and the
two marker groups are embedded in different depths respectively from the surface 2.
Colored markers 3 constituting one marker group and colored markers 4 constituting
the other marker group have different colors to each other. For example, one marker
group consists of a plurality of blue markers 3 and the other marker group consists of a
plurality of red markers 4.

When an object 5 comes into contact with thc transparcnt clastic body 1, thc
colored markers 3, 4 provided inside the transparent elastic body 1 are moved due to
the internal strain of the elastic body. The sensor is also provided with a camera 6 as a
photographing device and a light source 7. The optical camera 6 is arranged at a
position on an opposite side to where an object 5 contacts so that the transparent elastic
body 1 is provided between the optical camera 6 and the object 5, and behavior or
movement of the markers 3, 4 is photographed by the camera 6. The light source 7 may
transmit light through a waveguide such as an optical fiber for example. Images of
markers 3, 4 obtained by camera 6 as imaging means are transmitted to a computer 8
and the marker images are displayed on a display. The processor of the computer 8
calculates the marker information (movement vectors as movement information, for
example) regarding the behavior (displacement, strain or inclination) of markers. The
processor reconstructs the distribution of forces applied to the surface 2 by an object 5
using the marker information (movement information, for example) and a transfer
function that is stored in the memory device of the computer 8.

The transparent elastic body 1 is preferably made of silicone rubber, but it can

also be made from another elastic material such as another type of rubber or elastomer.
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The markers are preferably made from an elastic material, and more preferably made
from the same material as the transparent elastic body 1. In one preferred embodiment,
the colored markers are formed by adding pigment to silicone rubber. Since
deformation of the elastic body should not be inhibited by the markers, the markers are
also preferably made from an elastic material (preferably having the same elastic
constant as the elastic body). The material of the markers is not particularly limited as
long as the extent to which deformation of the elastic body is inhibited is sufficiently
small. It is also possible for a part of the elastic body to constitute the markers.

With the present invention, a plurality of optical markers are distributed within the
transparent elastic body 1, and information about a contacting object and information
about displacement and deformation within the elastic body produced by contact are
detected by photographing situations where displacement, deformation and inclination
arise in the markers due to deformation of the elastic body 1 as a result of the object
coming into contact with the elastic body 1 using a camera. Fig. 3 shows two marker
groups, but the number of marker group is not limited, and three marker groups may be
located in a layered manner along the surface 2.

A camera, as a photographing device, is a digital camera, namely a camera for
outputting image data as electrical signals, and in one preferred example is a CCD
camera. It is also possible to use, for example, a digital camera using a C-MOS type
image sensor. If three types of markers are prepared in red, green and blue, there are
two methods of perceiving these three colors individually. The first method is to use
color filters for separation where each marker can be regarded as being individually
photographed directly by looking at RGB output from the camera. The second method
is a method where imaging elements perceive only light intensity and light sources of
red green and blue are prepared. When red is shone, light is only reflected from the red
markers while the red light is absorbed by the markers of the other two colors, and so
the camera effectively only perceives the red markers. If this is also carried out at
separate times for green and blue, information equivalent to that using the first method
can be acquired.

[B] ENVIRONMENT TYPE TACTILE SENSOR
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An embodiment of an environmental type tactile sensor according to the
present invention will be described. An environmental type tactile sensor comprises a
plurality of sensor units. As shown in the left diagram in Fig. 4, a sensor unit comprises
one small area tactile section 10 and one CCD camera 6 which serves as an imaging
means for photographing the small area tactile section 10. As described above in
connection with a basic structure, the small area tactile section 10 comprises a
transparent elastic body and colored markers provided inside the transparent elastic
body. When an object contacts the sensing surface of the transparent elastic body, the
colored markers provided inside the transparent elastic body move, and the CCD
camera 6 photographs the movements of the colored markers. Then, as shown in the
right diagram in Fig. 4, a plurality of sensor units are combined to form a sensor
surface having a large area. By carpeting the small area tactile sections 10 so as to form
the same plane such that the edges of the tactile sections abut to one another, a large
arca tactile section 100 is formed. The small area tactile section 10 shown has a square
shape in a plane view. Although the shape of the small area tactile section is not limited
to square, a square tactile section is advantageous when a plurality of small area tactile
sections are carpeted. Also, although a small area tactile section having a plane sensing
surface 10 is shown in the drawing, the sensing surface 10 is not limited to plane. A
sensing surface having an arbitrary curved surface is also applicable.

As a plurality of CCD cameras 6 are used, imntegration of the image data
obtained using the respective cameras 6 is necessary. Fig. 5 is a diagram explaining
integration of the images obtained using a plurality of cameras. Such an image is
displayed, for example, on a display of a computer 8. Initially, using a plurality of
cameras 6, images of the small area tactile section 10 are taken such that the respective
photograph regions partially overlap to one another. Thereafter, the respective images
from the cameras are integrated such that the markers in the overlapped photograph
regions 11 are matched, thus integrating image data. In Fig. 5, a black circle represents
a blue marker, while a white circle represents a red marker, and the photograph regions
of the camera | and the camera 2 have an overlapped photograph region 11. The blue

and red markers within a region corresponding to the overlapped photograph region 11
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in the photograph region for the camera 1 and those within a region corresponding to
the overlapped photograph region 11 in the photograph region for the camera 2 are
matched to one another, whereby the partial images captured using the camera 1 and 2
respectively are integrated. It should be noted that although a spherical marker is
referred to here, a marker in other shapes such as is described later can be similarly
used for image integration.

An image captured using four CCD cameras shown in Fig. 4 is shown in Fig.
6. Supposing that the respective photograph regions photographed by the respective
CCD cameras are referred to as A, B, C, and D, the photograph regions A, B, C, and D
are integrated such that overlapped photograph regions 11 are resulted in Regions A
and B, Regions A and C, Regions B and D, and Regions C and D, respectively. It
should be noted that markers are omitted from Fig. 6. Each camera is configured so as
to photograph the behavior of the markers located in a region allocated in advance to
the camera, and the respective allocated regions have mutually overlapped regions.
According to one aspect, each of the respective cameras is set in advance so as to
photograph a predetermined partial region of the transparent elastic body, and
configured such that integration of the images of the respective predetermined partial
regions obtained using the respective cameras enables formation of the entire image of
the transparent elastic body.

Calibration of a camera to be applied when a plurality of imaging means
(CCD cameras) are used is described. Generally, camera calibration is applied for
correction of distortion caused in the captured image due to the lens and also for
determination of the position and orientation of the camera in the world coordination
system. Occurrence of distortion due to a lens is inevitable when a wide lens is used.
The position and orientation of the camera is most accurately determined when using
image data. In this tactile sensor, as correlation between the image data and the actual
position needs to be determined, it is necessary to apply camera calibration. Generally,
in a measurement system using a plurality of cameras, the following procedure needs
to be followed. Initially, a stripe or black-white tile pattern with known pattern

intervals is placed in a position which is known relative to the world coordination



CA 02538040 2006-03-06

13

system, and the pattern is photographed. Then, displacement from an image which
would be captured when the lens had no distortion is calculated using the captured
image, and the lens distortion and the position and orientation of the camera are
determined. Here, in an environmental type tactile sensor which similarly cmploys a
plurality of cameras, the stripe or black-white tile pattern with known pattern intervals
is already arranged in a known position as a colored marker for sensing and ready to be
acquired as an image. Therefore, camera calibration, which originally needs to be
conducted before assembly of the measurement system can be conducted anytime after

the assemblage.

[C] METHOD OF RECONSTRUCTING FORCE VECTOR DISTRIBUTION ON
SENSING SURFACE

To obtain force vector distribution applied to a surface of the sensor from
obtained information (movement vectors of markers, for example) as to behavior of
markers by an optical tactile sensor, a transformation from information (movement
information, for example) M as to the behavior of markers to force information F is
required. The transformation from the marker information M to the force information F
is obtained by an equation F=HM. Referring to Fig. 7 and Fig. 8, a method of
reconstructing the force vector distribution from the marker information will now be
described based on a method of obtaining the force vector distribution from the
movement vectors of markers. Fig. 7 and Fig. 8 are substantially the same except that
Fig. 7 shows a plane sensing surface while Fig. 8 shows an arbitrary curved sensing
surface. Here, though, for the purpose of simplification, only two-dimensional section
(y-axial direction is omitted) is considered, an algorithm is the same for a general
three-dimensional space.

Reference f refers to a force vector applied to a contact surface, and
references m and n refer to a movement vector of a blue marker and movement vector
of a red marker in the CCD element. Discrete finite points (four points in Fig. 7 and
Fig. 8) are considered. As foregoing, force vector distribution has three components (x

component, y component and z component), but only two components (x component
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and z component) are considered. Generally, taking an image by a camera means a
projection of a three-dimensional object to a pixel plane of a two-dimensional plane so
that marker movements only in the horizontal direction (x component and y
component) are projected in the plane. Here, marker movement only in x direction
component is observed.

Here, eight components, f=[fx(1), fx(2), fx(3), tx(4), fz(1), {z(2), fz(3), fz(4)]
are force vector distribution to be obtained, where m=[m(1), m(2), m(3), m(4)] and
n=[n(1), n(2), n(3), n(4)] are movement vectors to be measured. The vectors m and n
are represented as X. Namely, X=[m(1), m(2), m(3), m(4), n(1), n(2), n(3), n(4)]. Here,
movement vectors m and n that are observed when a unit force (magnitude of 1) in the
x-direction is applied to a point 1 are represented as Mx(1).

Namely, Mx(1)=[m(1), m(2), m(3), m(4), n(1), n(2), n(3), n(4)] when f=[1, 0, 0,
0,0,0,0,0].

Similarly, a movement vector of each marker when a unit force in the
z-direction is applied to a point 1 are represented as Mz(1), a movement vector of each
marker when a unit force in the x-direction is applied to a point 2 are represented as
Mx(2), and so on. In case of a linear elastic body where linear summation relationship
holds between applied forces and strains (most elastic bodies meet this characteristics),
movement vectors are represented as

X=Mx(1) x fx(1) + Mz(1) x fz(1) + Mx(2) x fx(2)+...+Mz(4) x 1z(4),

when general forces f=[fx(1),fx(2),fx(3),fx(4),fz(1),fz(2),fz(3),fz(4)] are given.
Conversely, the fact that the movement vectors can be represented as foregoing means
that superposition of forces holds, therefore, the elastic body is a linear elastic body.

When the equation is represented as a matrix form, X = H x f, where
H=[Mx(1); Mx(2); ...; Mz(4)]. The H is called a transfer function because the H is a
map that transfers a force f to deformation x. The matrix form written with an element

is the following.
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m(1)] [Hmx(1,]) Hmz1,1) Hmx(1,2) Hmz(1,2) Hmx(1,3) Hmz(13) Hmx(1,4) Hmz(1,4)]fx(1)]
m2)| |Hmx(2,1) Hmz(2,1) Hmx(2,2) Hmz22) Hmx(2,3) Hmz(23) Hmx(2,4) Hmz(2,4) | fz(1)
m3) | |Hmx3,1) Hmz(3,1) Hmx(3,2) Hmz(3,2) Hmx(3,3) Hmz3,3) Hmx(3,4) Hmz(3,4)|fx(2)
m(4)| | Hmx(4,1) Hmz(4,1) Hmx(4,2) Hmz(42) Hmx(4,3) Hmz(43) Hmx(4,4) Hmz4,9) | fz(2)
n(1) | | Hox(1,1) Enz(1,]) Hox(1,2) Hnz12) Hox(1,3) Hnz(1,3) Hnox(1,4) Hnz(1,4) |£x3)
n(2) | | Hox(2,1) Hnz2,1) Hnx(2,2) Hnz(22) Hnx(2,3) Hnz(2,3) Hnx(2,4) Hnz(2,4) | fz(3)
23) | | Bnx(3,1) Hnz(3,1) Hnx(3,2) Hnz32) Hnx(3,3) Hnz(33) Hnx(3,4) HnzG,4) | fx@)
| n(4) | | Hox(4,1) Hopz(4,1) Hnx(42) Hnz(d2) Hox(43) Hnz(43) Hnx(d4) Hnz(4,d) | f2(4)

where Hmx(x1, x2) represents a displacement amount in x-direction of m marker in a
certain depth at a coordinate x=x1 with a unit force in the x-direction applied to a
surface at a coordinate x=x2. Similarly, Hnz(x1, x2) represents a displacement amount
in z-direction of n marker in a certain depth at a coordinate x=x1 with a unit force in
the z-direction applied to a surface at a coordinate x=x2.

This is a simple multiplication of matrices where reference x is 1 x 8 matrix
reference H is 8x8 square matrix, and reference f comprises 1 x 8 components. Thus,
can be obtained from observed x by multiplying an inverse matrix of H. Namely, f =
inv(H) x X Equation 1 where inv represents inverse matrix (generalized matrix
inverse).

The matrix form written with an element is the following.

fx(1)] [Imx(1,D) Imx(2,1) Imx(3)) Imx(4)) Inx(1,D) Inx(2,D) x@G,D) x4, m(1)]
f21) | |Imz(1,2) Imz(22) Imz(32) Imz(d2) Inz(12) z(22) Inz(32) Inz(42) |m(2)
fx(2)| |Imx(1,3) Imx(2,5) ImnxG3,3) Imx(43) Inx(13) Inx(2,3) Inx(3,3) Inx(43)}m(3)
f22)| |Imz(L,4) Imz(2,4) Imz(34) Imz(4,9) Dhz(ld) W24 M234) hadd) | md)
£x(3)| |Imx(1,1) Imx(2,) Imx(3,) Imx(4,) Inx(1,]) Inx2,D) Inx(3,) Inx(4,1)| (1)
f3)| [Imz(1,2) Imz(22) Imz(32) Imz(42) Inz(12) z(22) Imz(32) Inz(42) | n@)
fx(4| |Imx(1,3) Imx(2,3) Imx(3,3) Imx(4.3) Inx(1,3) Inx(2,3) Inx(3,3) Inx(4,3)| n(3)
f2(4)| |Imz(1,4) Im2(2,4) Imz(34d) Imz(d9) Inz(14) Inx24) Inz(34) 44| n)

where Imx(1,1) and the like represent each element of inv(H) and represent
contribution of m(1) for calculating fx(1).

The important thing is that the number of observed data must be equal to or
more than the number of unknowns when determining unknowns by using an inverse
matrix defined by a transfer function. To solve this problem, the present invention
employs two layers of differentially colored marker groups so as to increase the

number of independent observed data up to eight by observing a movement of each
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marker in the two layered marker groups.

In case of three-dimensional space (where y-axis is added to the drawing), at a
point, a force vector has three degrees of freedom, and a horizontal movement vector
of markers has two degrees of freedom. If the number of sampling points is four, the
number of unknowns fis twelve,
where f=[fx(1), fy(1), fz(1), £x(2), fy(2), fz(2), £x(3), ty(3), {z(3), tx(4), fy(4), fz(4)],
whereas the number of observed movement vectors is eight and is insufficient,
where m = [mx(1), my(1), mx(2), my(2), mx(3), my(3), mx(4), my(4)].

By providing two layered markers, it is possible to obtain sixteen observed data
by observing the layered markers and to determine twelve unknowns. Due to
redundancy in the number of obtained information, robust extrapolation can be
performed. Using the foregoing algorithms, the force vectors are extrapolated from the
CCD image. Even with other measurement methods of the present invention using
other types of marker configurations, for example, the measurement methods are
substantially the same.

[D] TRANSFER FUNCTION USED FOR RECONSTRUCTING FORCE VECTOR
DISTRIBUTION

Next, a method of obtaining the transfer function will be described. In an
elastic body having a characteristic shape (a semi-infinite elastic body, for example), as
a function defining a force applied to a surface and an internal strain, a function where
the foregoing equation held in the microscopic region can hold in any regions of the
internal portion of the elastic body has been found as a numerical equation. In this case,
a matrix H can be obtained by substituting coordinates of finely divided elastic body
surfaces and coordinates of internal markers into the function.

Here, the numerical equation is a function G by which the internal strain can be
obtained from the surface stress in the form of m(x2, y2) = G(f(x1), x2, y2), where
f(x1) represents surface stress and m(x2, y2) represent internal strain. For example,
when a force is applied to a point 1 in Fig. 7 and Fig. 8, displacement of marker 2 can
be obtained by m(2, y2) = G(f(1), 2, y2), where y2 is a known marker depth.

Depending on the shape of elastic body, a matrix H is obtained using the
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foregoing equation assuming that an elastic body is a semi-infinite elastic body. It is
found that surface stress cannot be correctly obtained when the equation for
semi-infinite elastic body is applied for an arbitrary curved surface such as a
hemispherical surface. It is therefore necessary to associate a surface stress with an
internal strain by any other means.

A first method is to associate a surface stress with an internal strain by
numerical simulation. By dividing the surface of the sensor into meshes, it is possible
to calculate the movement amount of markers when a unit force is applied to each
mesh in x-direction, y-direction and z-direction by simulation.

A second method is to actually apply a force to the surface. Forces F1, F2, F3,
F4..., Fn having known magnitude are applied to an arbitrary curved surface of elastic
body. Movement vectors (Movements of markers caused by each known force) M1,
M2, M3, M4, .., Mn of markers as to each force applied are measured and stored. Fl
represents three vectors F1x, Fly, F1z and movement vectors of respective markers are
given as M1x, M1y, M1z when these forces are applied. A matrix H is obtained from
the forces having known magnitude and obtained information (movement vector). The
second method will be explained in detail.

Firstly, numerous sampling points are discretely arranged on the surface of
elastic body. In one preferable aspect, the sampling points are arranged so as to cover
an overall area of the surface. In one aspect, numerous discrete sampling points are
arranged (concentrically arranged in plan view) according to curvilinear coordinates.
In another aspect, the sampling points are arranged to provide a grid arrangement in a
plan view.

At each sampling point, information that associates forces having known
magnitude applied in x-direction, y-direction, and z-direction with corresponding
movement vectors of markers when the forces are applied is obtained. In one
preferable method, forces having the predetermined magnitude are independently
applied to each sampling point in x-direction, y-direction and z-direction, and each
movement vector of markers is measured and stored. Orientations of x-direction,

y-direction and x-direction of force vectors applied on the sampling points are not
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limited as long as an arbitrary force applied to the surface can be represented by using
these force vectors.

Forces applied to each sampling point have known magnitude, and in one
preferable aspect, a force with constant magnitude, 100 [gf] for example, is applied to
the sampling point in x-direction, y-direction, and z-direction, respectively and
movement vectors of each instance are measured. It is not necessary that forces applied
to each sampling point have the same magnitude as long as the magnitude of each
force is known. Movement vector of markers may be measured based on forces having
different magnitudes, and later on, the magnitude of movement vector can be
normalized.

As foregoing, the matrix H can be obtained by simulation or measurement
where the matrix H is the transfer function that associates force information F with
information M as to the behavior of marker (movement information, for example). The
optical tactile sensor comprises a memory device and a processor. The matrix H
obtained is stored in the memory device. A marker image is obtaincd by a
photographing device when an object contacts the transparent elastic body and an
arbitrary force is applied to a surface of a sensor. A movement vector of marker is
measured from the obtained marker image by the processor. The measured movement
vector of marker is input to the matrix H and calculated by the processor, thereby

outputting force vector that is applied to the surface of the elastic body.

[E] COMPUTATION TIME REDUCTION METHOD

Here, if the number of elements of a matrix H becomes large, the time for
calculating force distribution from movement information becomes long. This is due to
use of movement information for all markers when obtaining force applied to a
particular point. In actual fact, in the case of adopting the previously described
algorithm, the H matrix becomes gigantic, and time is taken in matrix operation for
equation 1. Giving one example, in the case of a mesh of 100 x 100, there are 10,000
observation points which means that H matrix becomes a gigantic matrix of 10,000 x

10,000. Generally, in the case of a sensor surface partitioned into N x N, since the
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number of observation points are N squared, the size of the H matrix becomes N
squared by N squared. Thus, time of four times N is taken for matrix operation of
equation 1. It means that this problem is brought to the fore for the environment type
sensor of the present invention that often comprises a large area surface. Accordingly, it
becomes necessary to have a method for shortening the computation time.

The proposed method extracts a part of the H matrix and utilizes the same. As
described above, a correspondence relationship for force applied to all lattice points and
movement of all markers is described in the H matrix. However, as an actual problem,
for example, it is possible to ignore the effect marker provided that a distance between
the force application points and the marker is sufficient. If this is done, for example, in
Fig. 7 and Fig. 8, by assuming that it is acceptable to use only first to second markers in
calculating f(1), and to use only first to third markers in calculating f(2), it is possible to
make the size of the matrix small. A new matrix in this example is as follows.

Original equation 1 f=inv(H) x is as follows:

(fx(1)] [Imx(1,1) Dox(2,1) Imx(3,)) Imx(4,1) Inx(1,1) Inx(2,1) Inx(3,)) Inx(4,1) [m(1)]
f2(1) | |Im2(1,2) Imz(2,2) Imz(3,2) Imz(42) Inz(12) Inz(22) [0232) Inz(4,2) | m(2)
fx(2)) |Imx(1,3) Dnx(23) Imx(3,3) Imx(4,3) Inx(13) Inx(2,3) Inx(3,3) Inx(4,3)} m(3)
2(2)| [Imz(l4) Imz(2,4) Imz(34) Imz(d4) Inzld) Wz24) hzG4) hzdd) |m@)
fx(3)| |Imx(1,1) Imx(2,1) Imx(3,1) Imx(4,1) Inx(1,]) Inx(2,) Inx(3,1) Imx(4,1)| n(1)
f3)| |Imz(1,2) Imz22) Imz(32) Imz(42) Inz(1,2) z(22) Inz(32) Inz(42) | n()
fx(4| [Imx(1,3) Imx(2,3) Imx(3,3) Imx(43) Inx(1,3) Inx(23) Inx(3,3) Inx(423)} n(3)
fz(4) | |Imz(1,4) Imz(2,4) Imz3,4) Imz4,4) Inz(14) mIz24) Inz(34) I[nz(4,4) | n(4) |

This equation becomes an equation as follows by ignoring contribution at places

separated by distance.

fx(1)] [Tmx(1,1) Imx(2,1) 0 0 Inx(1,1) Imx(2,1) 0 0 Tm(D)]
f2(1) | |Imz(1,2) Imz(2,2) Imz(3,2) 0 Inz(1,2) Inz(2,2) Inz(3,2) 0 m(2)
fx(2) 0 Imx(2,3) Imx(3,3) Imx(4.3) 0 Inx(2,3) Inx(3,3) Inx(4,3) | m(3)
fz(2) | 0 0 Imz(3,4) Imz(4,4) 0 0 Inz(3,4) Inz(4,4) | m(4)
fx(3)| |Imx(1,1) Imx(2,1) 0 0 Inx(1,1) Inx(2,1) 0 0 n(1)
f2(3) | |Imz(1,2) Imz(2,2) Imz(3,2) 0 Inz(1,2) Inz(2,2) Inz(32) 0 n(2)
fx(4) 0 Imx(2,3) Imx(3,3) Imx(4,3) 0 Inx(2,3) Inx(3,3) Inx(4,3)| n(3)
fz(4) | © ) Imz(3,4) Imz(4,4) 0 0 Inz(34) Inz(4,4) | n(4) |

Places with zero are points separated by distance that should be ignored. Calculation at
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higher speed can be effectuated because there is no need to compute them. This speed
increase provides an accelerated effect as the lattice size N becomes larger, as
described previously.

This is equivalent to using an extracted surface area containing a place where it
is desired to obtain force vectors (Fig. 10). With the situation in the drawing, in a two
dimensional image of the entire contact surface, a region in the vicinity of a place
where it is desired to obtain force vector distribution is set. Here, in the event that a
region in the vicinity of a place where it is desired to obtain force vectors is set, the
neighboring region is not necessarily determined based on only a distance in the two
dimensional image. Namely, a distance between force application points and a marker
is a spatial distance, and in cases such as where marker groups are layered inside an
elastic body, there may be cases where it is desirable to consider depth with the marker
is provided.

In the case of a contact surface that is an arbitrary curved surface, contribution of
places separated by a distance is not always small. Therefore another method of
shortening computation time is proposed. First of all, a transfer function (an inverse
matrix) is obtained by actual measurement or simulation. A method for producing this
type of transfer function has already been described. For example, when looking at
elements of a matrix for a transfer function based on actual measurement, if a
particular element of the matrix approaches zero, a marker corresponding to the
element can be considered to be a marker that can be ignored for the purpose of
obtaining a particular force vector. It is possible to compute the force vector with
sections where the particular element of the matrix of the transfer function approaches
zero automatically omitted from the computation. For example, a threshold
representing an index of the extent to which it is possible to ignore in force vector
reconstruction is set for the matrix elements, and the value of matrix elements having a
value smaller than the threshold value are made zero.

Further, improvement for the computation shortening method will be
described. With respect to the point of extracting a particular region of the image, it is

the same as for the foregoing computation shortening method. The foregoing method
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deals with only information inside the extracted region while the improved method
provides sampling points outside the extracted region for force to be computed. With
respect to movement of the marker, only information inside the extracted region is
handled. The sampling points are points for taking into consideration the effect of force
from the outside region. That is, movement of a marker inside the extracted region can
be affected to a certain extent by force applied outside the extracted region. At the time
of reconstructing force vectors based on movement information of markers inside the
extracted region, by computing not only force acting inside the extracted region force
but also force acting outside the extracted region, force acting inside the extracted
region is reconstructed while taken into consideration force acting outside the extracted
region.

Also, force sampling points outside the region are set sparsely with distance
from the extracted region. This is because it is considered that representation is
possible with fewer sampling points because the effect with becomes slighter with
increased distance of separation from the region. If description is given based on Fig.
11, a small region corresponding to sampling points of 5 x 5 points is set in an image
of a tactile sense section. Sampling points are set densely inside the small region.
Sampling points for force are also arranged outside the small region. Sampling points
for force outside the small region are arranged more sparsely with distance from the
small region. With the example in the drawing, at sites close to the small region,
sampling points are arranged densely, at the same density as inside the small region,
and as separation from the small region increases, the sampling points are arranged
more sparsely.

Then, force vectors for sampling points arranged inside and outside the small
region are calculated using movement information of markers inside the small region.
Of the calculated force vectors, only the results for at least some of the force vectors
inside the small region are adopted and saved as final computation results. With the
example in Fig. 11, force vectors for sampling points for force arranged 3 x 3 inside
the small region of 5 x 5 are saved as final calculation results. Sampling points outside

the small region and sampling points not adopted inside the small region are discarded.
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The extracted small region is then sequentially shifted as obtaining force vectors for
the region, so that force vector distribution for the entire measurement region of the
sensor is obtained. In Fig. 11, force vectors for a part of sampling points of the small
region are utilized, but it is also possible to utilize force vectors for all sampling points
inside the small region. Also, in Fig. 11, force vectors for a plurality of sampling points
for a part of the small region are utilized, but it is also possible to utilize only force
vectors for one sampling point inside the small region. In Fig. 11, a small region of 5 x
5 points is shown, but the size of the extracted region is not limited. Using this
improved method, compared to the above described computation shortening method,
the amount of computation may be increased but there is sufficient shortening of the
computation time compared to before adopting a speed increasing method.

Description will be given for an improved method, based on Fig. 12 to Fig. 15.
With Fig. 12, for ease of description of the improved method the number of marker
points is increased compared to that shown in Fig. 7 and Fig. 8. Due to the increased
number of marker points, there is a corresponding increasc in the number of elements
in the equations, and for that reason, in Fig. 13, only x, z directional movements for a
marker n corresponding to force for one particular point is shown. This is equivalent to
a situation where only sections corresponding to elements Imx(1,1), Imx(2,1), Imx(3,1),
Imx(4,1), Imx(1,2), Imx(2,2), Imx(3,2) and Imx(4,2) of matrix inv(H)in equation 3 are
extracted and the number of marker points is increased.

The speed increasing method before improvement uses only movement
information of markers that exists close to points to which force being obtained is
applied, and as shown in Fig. 14, only movement information for markers mjo to my4 is
used. In this respect, if the speed increasing method after improvement is illustrated, it
is as shown in Fig. 15. That is, not only Fs, but also F», Fs, Fo, Fi; and F 4 are arranged
as force sampling points. In the computed force vectors, only force vectors for Fxg and

Fyzg are utilized.

[F] OTHER EMBODIMENTS OF MARKER GROUP

As for a tactile portion of optical tactile sensor, in preferred embodiments, a
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plurality of groups of markers are embedded in the transparent elastic body, each group
of markers being made up of a large number of markers, markers constituting different
marker groups having different colors for each group, and the marker groups having a
different spatial arrangement. As an example of this differing spatial arrangement, a
plurality of marker groups are arranged in a layered manner inside the elastic body. As
an example of layered markers, the markers constituting the marker groups are
microscopic spherical particles and the spherical markers constituting the marker group
for each layer have different colors from each other. As another example of this
differing spatial arrangement, a plurality of marker groups are arranged so as to
intersect each other. As still another example of this differing spatial arrangement, each
marker group is a plane group comprised of a plurality of planes extending in the same
direction, and extending directions and colors thereof are different between each
marker group. The shape of the colored markers is not particularly limited, and
preferable examples can be spherical, cylindrical, columnar, strip shaped or flat.

Though the present invention is described based on the spherical markers as
one of preferable aspects, the shape and/or arrangement of markers are not limited to
the foregoing. Referring to Figs 16 to 19, other shapes and arrangements of markers
will now be described. Detail descriptions of these markers are described in
WO002/18893 Al and incorporated herein by reference. Further, the shape and/or
arrangement of markers are not limited to the drawings of the present application and
WO02/18893 Al.

Referring to Fig. 16, colored markers being comprised of extremely thin
cylinders or columns having microscopic cross sections are shown. Two marker groups
are arranged at different depths from the surface 2. A marker group made up of
extremely thin blue cylindrical markers 40 and another marker group made up of
extremcly thin red cylindrical markers 30 are embedded along the surface 2 and are
layered at different depths from the surface. The markers extend along imaginary lines
connecting an object coming into contact with the elastic body and a camera.
Arrangement of each marker is not limited to the drawing, and it is possible to provide

three or more groups of marker each having different colors.
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Referring to an upper view of Fig. 17, inclined plane markers 300, 400 are
arranged in the elastic body 1 in a step-like fashion. In one preferable aspect, parts (a
step-shaped interface) of the elastic body 1 constitute markers 300, 400. In another
aspect, separate plane markers may be embedded in the elastic body 1. The interface
can be divided into two surface groups, all surfaces in a group having the same
direction. The surfaces in each group are made the same color (here one interface 300
is blue, and the other interface 400 is red). It is possible to acquire observation values
containing vertical and horizontal components of force vectors at a particular point as
information by observation of intensity of the two colors at that point. By sensing the
observed intensity, it is possible to reconstruct surface distribution of force vectors.

The surface markers having two colors are illustrated in the upper view of Fig.
17, but surface markers having three colors may be used. As shown in the lower view
of Fig. 17, using so called pyramid manufacturing where microscopic cubes are
gathered at a bottom surface, if three groups of surfaces facing in the same direction
are respectively made the same color (for example, red, green and blue), it is possible
to respectively obtain degrees of freedom for force acting in a horizontal direction on a
contact surface as intensity ratios for three colors, and force acting in a vertical
direction using a total intensity of the three colors.

Referring to Fig.18, two marker groups (a marker group comprising a plurality
of thin red strips arranged in a row and a marker group comprising a plurality of thin
blue strips arranged in a row) are aligned so that respective markers are orthogonal to
each other, but the spatial arrangement relationship between the plurality of marker
groups is not limited. It is also possible for the two sides of the strips constituting the
marker to have different colors. In the drawing, side portions of the strip markers
extend along an observation direction but the side portions of the strip markers may be
inclined to an observation direction.

Fig. 19 shows a sensing part having a plurality of plane markers. The plane
markers are normally concealed by concealment markers and each plane marker is
partitioned into a plurality of portions having different colors for each portion, and the

partitioned portions having the same color constitute each marker group. The plane
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markers and said concealment markers are provided and spaced with each other in the
elastic body, and an arrangement is made such that said the markers are concealed by
the concealment markers and not observed in a state where external force is not acting
on the transparent elastic body. When shear strain arises, the positions of the
concealment markers 6 and the colored markers 20 become offset, giving color. With
the sensor in the drawing, the markers are coated with three colors RGB, and it is

possible to ascertain the strain direction from the color produced.

INDUSTRIAL APPLICABILITY

The present invention can be widely applied to a tactile sensor. As a preferable
example, use of the sensor on a seating surface of a chair enables measurement of the
distribution of pressure applied to the hip portion of a person sitting on the chair. Also,
use of the sensor on a bed enables measurement of the distribution of pressure caused
by a person lying on the bed, and use of a sensor installed on a floor surface enables

measurement of walking and gravitational agitation.
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CLAIMS

1. An optical tactile sensor comprising:

a tactile section having a transparent elastic body and a plurality of markers
provided therein;

imaging means for obtaining a marker image by photographing behavior of markers
when an object contacts the sensing surface of the transparent elastic body,

wherein said imaging means comprises a plurality of imaging devices, and each of
the plurality of imaging devices is provided such that each of the imaging regions
which is captured using each of the respective imaging devices has an overlapped
imaging region which partially overlaps; and

said optical tactile sensor further comprising image integration means for integrating
each of the marker images which are obtained using the plurality of imaging devices,

wherein the image integration means integrates the imaging regions such that

identical markers in the overlapped imaging regions are matched, to thereby form an

integrated image.

2. The sensor of claim 1, said sensor comprising a display for displaying an image

obtained by each imaging device.

3. The sensor of claim 1 or 2 wherein said tactile section comprises a large area

tactile section which is formed by combining a plurality of small area tactile sections.

4. The sensor of claim 3 wherein the tactile sensor comprises a unit comprised of one
small area tactile section and one imaging means corresponding to the small area

tactile section and the tactile sensor is formed by combining a plurality of the units.

5. The sensor of any one of claims 1 to 4 wherein said tactile section is comprised of
a transparent elastic body and a plurality of groups of markers provided therein, each

marker group being made up of a number of colored markers, with markers making up
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different marker groups having different colors for each group, and the imaging device
taking an image of the behavior of colored makers in the transparent elastic body when

an object contacts the surface of elastic body.

6. A method for obtaining a marker image using an optical tactile sensor comprising
a tactile section having a transparent elastic body and a plurality of markers provided
therein, and an imaging means for obtaining a marker image by photographing
behavior of markers when an object contacts the sensing surface of the transparent
elastic body, said method comprises steps of:

providing a plurality of imaging devices as the imaging means and obtaining a
partial marker image by photographing a partial region of the transparent elastic body
using each of the plurality of imaging devices such that each imaging device has an
overlapped imaging region; and

forming an integrated marker image by integrating the partial marker images
obtained using the imaging means such that identical markers in the overlapped

photograph regions are matched.

7. The method of claim 6 wherein said tactile portion comprises a transparent elastic
body and a plurality of marker groups provided in said body, each marker group is
comprised of a number of colored markers, with markers constituting different marker
groups having different colors for each group, and said imaging device takes an image
of behavior of colored markers when said curved surface of elastic body is contacted

by an object.

8. The method of claim 6 or 7 wherein calibration of the respective imaging device is

conducted using the markers.

9. A method for integrating a marker image, which is employed in an optical tactile
sensor comprising a tactile section having a transparent elastic body and a plurality of

markers provided therein, and a plurality of imaging devices for obtaining a marker
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image by photographing behavior of markers when an object contacts the sensing
surface of the transparent elastic body, said image integration method comprising the
steps of:

obtaining a partial image by photographing a partial region of the transparent elastic
body using each of the plurality of imaging devices such that each imaging device has
an overlapped imaging region; and

integrating the partial images obtained using the imaging means such that identical

markers in the overlapped photograph regions are matched.

10. A method of reconstructing force vector using the sensor of claim 5, said method
comprising the steps of:

obtaining a marker image by taking an image of behavior of colored markers when
an object contacts a contact surface of the elastic body;

obtaining information relating to the marker behavior from the marker image, said
information being more than the number of force vectors to be obtained; and

obtaining force vectors as outputs by inputting said obtained information relating
to the marker behavior to a transfer function,

wherein said obtaining force vectors calculates force vectors omitting information
relating to behavior of the marker that has low extent of contribution to force vector

calculation.

11. The method of claim 10, said obtaining force vectors comprising calculating force
vectors using only information relating to behavior of markers in the vicinity of a

position where it is desired to obtain force vectors.

12. The method of claim 11, wherein said position comprises one or more sampling

points.

13. The method of claim 12, said method further comprising the steps of:

arranging a plurality of sampling points around said position;



CA 02538040 2006-03-06

29

obtaining force vectors acting at the sampling points at and around said position
using information relating to marker behavior in the vicinity of said position; and

adopting only force vectors acting at said position in the calculated force vectors.

14. The method of claim 13, wherein the sampling points are arranged more sparsely

as separation from said position.

15. The method of claim 10, wherein said obtaining force vectors comprising

calculating force vectors omitting elements that are close zero in elements of the matrix.

16. A method of reconstructing force vector using the sensor of claim 5, said method
comprising the steps of:

obtaining a marker image by taking an image of behavior of colored markers
when an object contacts a contact surface of the elastic body;

obtaining information relating to the marker behavior from the marker image,
said information being more than the number of force vectors to be obtained;

setting a small region of a specified size in the marker image and arranging a
plurality of force vector sampling points inside and outside the small region;

calculating force vectors acting on the sampling points by supplying marker
information inside the small region to a transfer function; and

adopting force vectors acting on at least some sampling points of the plurality

of sampling points arranged inside the small region.

17. The method of claim 16, wherein the sampling points are arranged densely inside

the small region, and arranged sparsely with distance from the small region.
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