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(a)

Slowly adapting type (SA)

Fast adapting unit (FA)
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Merkel’s disk (SAl)

Meissner’s corpuscle (FAI)

Low resolution (Il)
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Pacinian corpuscle (FAII)

(b)
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— Hypodermis

Fig.2-1. Variations of mechanoreceptors in natural skin: (a) characteristics of receptors and (b) a
schematic view of distributed receptors.
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Fig.2-2. Frequency sensitivities of four mechanoreceptors.
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Fig.2-3. Spatial resolutions of human skin surveyed by two-point discrimination (referred from
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Fig.2-4. Five psychophysical dimensions of tactile perception (referred from [9]).



filil TR U 2z ER&b Lz, L OELRNG, R MEEMOMEE 72 ERFEIN TN D.
IhE Tt oR G2 B 1) & U fa e B AT £ o Y [11]0F d & FHAH o 4a it
Y2IRBTFE ST WD, 90 b 2NBAJE L I RSB AR & o - [11]1 3588 > O ik CHRED R
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INTERET Z & C, MM ORHS AR TE 5 Z L 2 LIZ(Fig. 2-5 1R T). £/, SR
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PEREISAEGHIA o EREECIEH D, LinL, BV OFRELENFEOTHESCE v RIROERE
B ThHY, FRCEEORM - WIRAE? NS WRREFIRIC W CERIEEILERE 1 cm 2
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Fingerstall o
PVDF film sensor

Upper plate with linear ridges ~

wires
Lower plate with linear ridges

Device fabric covering the lower plate

PVDF film sensor

1 <" Lower plate covered
Upper plate with a device fabric

(b) Side view (c) Usage

Fig.2-5. Finger-wearable texture sensor (referred from [11]).

Haptic
Interface

PPS

Environment
Force Sensor

Fig.2-6. Palpation sensor for minimally invasive surgery (referred from [19]).
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(a) Installation of sensitive skin on a robot arm
acTR— ]

(b) Sensing mechanism of capacitive sensors

Lower electrodes — =

Fig.2-7. Artificial sensitive skin based on capacitive sensors (referred from [21]).
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(b) Schematic drawing

Fig.2-8. Schematics of GelForce (referred from [25]).
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Fingernail Hydro-Acoustic

\ Pressure Sensor

(Hydrophone)

T ==

Elastomeric (
skin @ >\
Integrated
Electronics
Thermistor \
Y Impedance Sensing o
Incompressible Electrodes Rigid Core
Conductive Fluid
(a) Overview (b) Schematic drawing

Fig.2-9. Biomimetic artificial finger BioTac developed by SynTouch LLC. (referred from [26]).
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(b) Photograph of the fingertip installed to a robot finger

Fig.2-10. Anthropomorphic robotic soft finger with distributed sensors (referred from [33]).
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(a) Overview

Fig.2-11. Extrinsic fiber optic tactile sensor probe for minimally invasive surgery (referred from [39]).
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Fig.2-12. Soft artificial skin embedded with microbending optical fiber sensors (referred from

[46]).
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Fig.3-3. Hetero-core fiber optic tactile sensor for texture detection: (a) Photo of the sensor head
and (b) a schematic drawing of the sensing mechanism.
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Fig.3-4. Optical loss variation in the proposed tactile sensor as functions of (a) vertically-applied
contact force and (b) pushing depth.
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Fig.3-5. Experimental setup for the tactile sensor scanning on tested surfaces such as aligned
bump dots with different heights from 10 um to 100 um and two fabrics made of polyester and
denim, each of which has a fiber interval of 0.55 mm and 1.20 mm, respectively.
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Fig.3-6. Optical loss changes in the tactile sensor during scanning motion on aligned bump dots
with different heights H and scanning directions 6: (a) H=10 um, 6 =0°, (b)) H=10 um, 6 =
45°, () H=100 um, 6 = 0°, and (d) H = 100 pum, 6 = 45°.
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Fig.3-7. Variations of peak value and offset value for the tactile sensor scanning on aligned bump
dots with different heights H from 10 pm to 100 um with a scanning direction 6 = 0°.
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Fig.3-8 Sensor responses to periodic surfaces: (x.1) Time-domain optical loss responses, (x.2)
spatial frequency spectra, (x.3) spectra of differential value, and (x.4) spectra of second order
differential value in the proposed tactile sensor: (x = a) polyester fabric and (x = b) denim fabric.
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Fig.3-9 Sensor responses to non-periodic surfaces: (x.1) Time-domain optical loss responses and
(x.2) spatial frequency spectra of differential value in the proposed tactile sensor: (x = a) rayon

fabric, (x = b) wood plate, and
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Fig.3-10. Experimental setup for the tactile sensor pushing into tested materials such as silicone
rubbers with different hardness, acryl plate, urethane foam, chicken meat, and clay.
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Fig.3-11. Optical loss responses of the tactile sensor to silicone rubbers with different hardness
in the range of 5° - 80° in Shore hardness A scale: (a) Temporal profiles and (b) optical losses
during the tactile sensor pushed into rubbers at 0.30 mm in depth.
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Fig.3-12. Temporal variations of optical loss for the tactile sensor pressing on four materials of
acryl plate, urethane foam, chicken meat, and clay after the optical loss increment reached 0.2
dB by pushing the sensor.

Yool

Fig.3-13. Schematic drawing of a three-element theological model.

37



JETEFINC X D HBROK FES/ NS, 2 2 THIRARDEERMEE, * R0 5320 D TN
W 570, ol T EOE, W UALFITIIEE OB OFEM EFFOIRL BV EZ L, T0%
MM LD RFENIHE LR T T 2mn R oniz. SRLRE Y L X 7+ —A0F, LA
FHHNZE Y P2 D RFEINCRE BRI ONROD, JRIHERNC L - TR ZR I EE NI
W 7227 7 U BIHIEIZ 6 LTI S VIS OfERE, 7 27 U AVBIIRORHETIR R B R FRIK
DRFEMERER R SN2 DTZEEZBND. MR E LT, FREHIHT 2 o F O LIAZIC
F o TG ST —EEE DM LIARITH T 2 MR RL L L OIS IRERERIC & 0 G4 DRk
BRIERFPE A HER T & 2 2 L iR S T,

JETIREFIBLG N & R A i 92 ik & LT, (D3 ERREHMEE 7 /WD < FHME, @Peleg’s
equation (2D < FHIYE, O R CRME 21T/~ 7=, £, 3 BEIREWHMET T UIEES < FHlE
IZOWTHHT 2. ZOET /WL, IS EITHEIT 2 IR & B DR S
DIZET VT, SRR MR 2 LR T & Db v TV MERE T L D—>THh 5. Fig.
313 IIAFIETHWD 3 EHRMMMET VORAKZRT. 7 /WITRT B, E I THMEEE OV
VIH, CORMEEROMMREEERT 5. e KO ITEEIRNERL, ZRENIHLIAZL
BENBINHBIT D ENET . Ee bl o DBBERIZLLTO LS IcFKEND.

Q;+E+cd)g (E+Cd> 33
1 2 d E1 2 dt ()

JSITRERRF DA, MLUIARRIT ETH LD e XEE 25720, K(3.3)I1T o DEFRIZ %

R ERY, o \ZHBIT B FIZLLTO L 5 2 fesfisl L TR D.
F(t) = Fo[1 — cgec{l — exp(—t/caee)}] (3.4)

ZZT, Fldt=0IZB T ORBEHOIMEETEL, /NT A —% Chec = BE/(E1+Er)Id t = 0D & &
DI DWERZFET . F72 Can = CHEHE)TIE N DR LIC SE4EL, WIKDOEITK
DIPLORRE 2RI HEIE &\ 2 5. Fig. 3-4(0)70 b IXFE S Fo lIEHEAEN L RO HNDHDT, F/h
TIRIIPUC X 0SSR O AR RIE RN D oD R T AL ERINT D LN TE B,

38



—7J7, Peleg’sequation I%, FEMEELIG A & TGRS IR B A 2 5l 95 2 & & HAIZ
REN, EFHECREY & W o T RHEE 7L TIERBT 2 2 & A LIRS I RE i #RA
IR X L 7E I TH H[6]. ARBFFETIE, &2 3G LS /R fndifRIc X 0 @
ECU S E 572, Myhan 5[7]232% L7=, Modified Peleg’s equation % F\ CUTRl 21772 o 7-.

Modified Peleg's equation (Z2(3.6) D L H IZF S b.

tTl
1
Ny =7 (3.7)
ka
K= K (3.8)

2T, RBNTRTI/NT A—X g IS IEFNC L DK OWEREZIEL, n=1THDHIFE
MERISENZ E 2 BT 5. £, NBBIIRT NI A—F k ITa v AT v —fEEiEL,
I HHEPIEDORRE 2 EWT 5. Fig. 3-14 12 R(3.6) 1T HSU TS JifEfn il 2 U Bl U 7= i 5
Zad. Fig.3-14 22503005 £ 918, ARUEHI 3 2 Pl ahtiE 3 BEFREHMEE 7 L Dl b #RiC
A TEWIERIER S BT, Fig. 3-15 ([ZKBHI BT 25/ N7 XA — & Z g Lo R A T,
BT DOWFERITAHYE T 537 A —H Chec & iy, ETEFATKTT D RPUEDORRIEIZERT S can & &
BENENEST D &, Fig. 3-15(a), (0)IZ/RT XL D12, TNENNREEROM N 2779 2 & D3 R
e, BIZE, WitEO®mWT 7 U ARIERFE N ORERITR IR, RIS T 28tdsmbm0n
FERZR Lo, YO SR IR D OEERITR b &<, BRI L Thi bRtk E
WHERA R LTz, —J7, BRICBIT D&/ ST A —21%, FHIEIC LY K& @R R ohiz.
ZOEHIX, Fig. 3-14(@)1 b5 K 912, 3 BEFAEHMETE T MW TH RIS DI85 D
IR OREE DB o T2 Z S I2 XD & X BbIvD . Fig.3-15 K 0, Il D& v Modified Peleg’s
equation |Z &> TH LRI, BRI OWPEERICEA L UM Ia<, ZRICxHT 51K
PUIHE Y L X > 7 4 — BENE W I FEREZ R L TR Y, BANOMERS T LIARBIEIC L - T
AN S L TRERMNICIORELSER LI Z L 2R L TN 5.

39



Pushing phase

<

Stress relaxation phase Pushing phase Stress relaxation phase

>l >4
L > >

Y

0.25 ! 0.25
— Experimental data — Experimental data
- Fitted curves ---= Fitted curves
0.2 (A) Acryl plate 0.2 (A) Acryl plate
' Caee = 0.06,Cypy = 1.35 ' iy = 0.09,% = 1.80
g 0.15 (B) Urethane foam g 0.15 (B) Urethane foam
2 Caee = 0.20, ¢4, = 1.46 ] e = 0.27,1c = 1.56
= 3
= °©
g 01| g ol i
o (B (C) Chicken meat o 8) (C) Chicken meat
(© ~ Caoe = 041, Cgpe = 115 ' i = 0.57,% = 1.56
0.05 -;I.); T 0.05 | ‘€.
ay D)l
&l NS Caee = 0.73, ez = 0.69 ) 60,0 = 035
(AT I —
0 0
-4 2 0 2 4 6 8 10 12 -4 2 0 2 4 6 8 10 12
Time t [s] Time [s]
(a) (b)
Fig.3-14. Relaxation curve evaluations based on (a) three-element rheological model and
(b) modified Peleg’s equation [7].
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Fig.3-15. Evaluation parameters assessed by two evaluation methods: (a) Rates of force decrement described
as Cdec and 7y, and (b) Resistance to deformation by press described as carand «.
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Fig.3-16. (a) Structure of a rubber-compression type tactile sensor and (b) sensing mechanism.
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Fig. 3-17. Force property of the rubber-compression type tactile sensor.
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Fig. 3-18. Roughness discrimination by the tactile sensor in case of three papers: (a) Schematic

view of experimental setup. (x.1) Optical loss variation as a function of scanning displacement

and (x.2) spatial spectra of the differential data. Tested papers were cardboard (x = b), drawing
paper (x = ¢), and regular paper (x = d).
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Fig. 3-19. Hardness discrimination of three papers by the tactile sensor pressing on the papers at
0.1 mm/s.
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Fig. 3-20. Schematics of foreign matter detection in soft silicone rubbers by the sensor pressing
on the rubbers with changing pressing points.
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Fig. 3-20. Optical loss distributions on the surface of silicone rubber with (a) a dot foreign matter
and (b) a linear foreign matter, when the sensor pressing by 1.2 mm in depth.
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Fig. 3-21. Schematic view of a humanoid robotic fingertip which contains a proposed tactile sensor, (b) a
photograph of the fingertip, and (c) an overview of an InMoov robot finger with the tactile sensor.
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Fig.4-1. (a) Structure and (b) sensing mechanism of a hetero-core fiber optic based
mechanoreceptor, and (c) a schematic drawing of measurement instruments.
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Fig.4-2. Optical loss response of the fiber optic mechanoreceptor to bending by means of a sharp
probe pushing the joint of the receptor head.
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Fig.4-3. Silicone rubber specimens with two fiber optic mechanoreceptors embedded at different

positions and depths: (a) Type I in which the mechanoreceptors are embedded at different depths,
(b) type Il in which the mechanoreceptors at different positions, and (c) a photo of type I.
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Fig.4-4. Experimental setup for receptors performance evaluations with respect to spatial
resolution and sensitivity in cases of silicone rubber specimens type | and II.
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Fig.4-5. Optical loss increments of receptors R1 and R2 of type | in reaction to contact force at

two representative positions of (a) (x, ¥) = (0, 0), and (b) (X, y) = (0, -3).
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Fig.4-6. Spatially-distributed sensitivities of R1 and R2 with respect to optical losses when the 1-
N force applied to the silicone rubber specimen type I: (a) Optical loss responses in R1, (b) those
in R2, and (c) comparison of sensitivity distribution between R1 and R2 on the x-axis.
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Fig.4-7. Optical loss increments of receptors R1 and R2 of type Il in reaction to contact force at
two representative positions of (a) (x, y) = (-5, 0), and (b) (x, y) = (5, 0).
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Fig.4-8. Spatially-distributed sensitivities of R1 and R2 with respect to optical losses when the 1-
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those in R2, and (c) comparison of sensitivity distribution between R1 and R2 on the y-axis.
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Fig.5-1. (a) Schematic drawing of a soft pseudo finger consisting of a fiber optic
mechanoreceptor and a plastic nail part, both of which are molded in a silicone rubber body, and
(b) the photo of a prototype.

TERLTRRIZB W T, 2 Azt HIREDOR S 2 6 o CHRMEMIcESE T2 LT, v a—r
TLER SRS B DN ) a— 0 TARMMINE L, ~T 1 3 7% & T akig

N—EDOHFE L DL I ITHDIALZ LN TE 5.

5.3. BEARKRME
5.3.1. iRk D A R

PERL U 72 N TTHRIC 0T 2 MM sz 2R 2R O BRI\t 3~ D IR S0 Al 2 e 0D B 723D, Mtz 45 i 1
DIAATENTIRICHR U TER L mm OEHEZES Lmm ETH T L, #fLIAREICKH 26 RE
L& FH L7z, Fig. 5-2 \CEBRHERZ <. AN THRITHBSZARN 7 4+ — A7 =V OIEEIZK D &
IICEE SN, ZHAEA T —DICEE SN T 4 — A7 = VRO 2 @B ET 5 2 & T
SFEUICEY AHT DI ERE A N TR O R m A M Liate. TREFE N LTI & OHAMIE T x, y @l R T1
mm fEIfR CHALE A A X RN B E Lc. 1 LIAB BRI T D8l ) & /a0 B ZEL, £h
ENT A —RT =T L, BT T a4 LTSN T OLIEE 1.31 um @ LED/PD FH#IERZ X 0 &l

SNz, F2T7 4 — A =TI ZP-50N(IMADA Co.) & V7=,

61



z
’i—é
p End effector

Probing
needle

0.00N

Force gauge

(A=1.31 um)
Coupler LED

g PD
] [

AD |

L]

3-axis computer-controlled
mechanical stage

converter
y Top of receptor
% yImml “(0,0)
z X ™
= » x [mm)]

Vi
Pushing point
(Xlr yI)

Fig.5-2. Experimental setup for the sensitivity distribution measurement of the pseudo finger.
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Fig.5-4.Experimental setup to find the contact force dependence of the pseudo finger.
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Fig.5-5. Relation between optical loss and contact force for the proposed pseudo finger as a
function of pushing depth x; in the range from 0.1 to 2.1 mm.
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Fig.5-6. Experimental setup of the pseudo finger for vibration detection.
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Fig.5-7. (x.1) Temporal responses and (x.2) frequency spectra of the optical losses and the input
signals to the audio speaker when the pseudo finger touches a diaphragm surface driven by
frequency of (a) 50 Hz, (b) 100 Hz, (c) 500 Hz, and (d) 1 kHz.
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Fig.5-8. Frequency spectra of the optical losses and the input signals to the audio speaker when
the pseudo finger touches a diaphragm surface driven by frequency of (a) 10 kHz, (b) 15 kHz,
(c) 20 kHz, and (d) 25 kHz.
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Fig.5-9. (a) Schematics of experimental configuration, and the results of surface shape detection
using a laser displacement sensor (upper) and the proposed pseudo finger (lower) for (b) a sine-
curved surface and (c) a stepwise surface.
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Fig.5-10. Hardness discrimination by the pseudo finger based on contact force. Tested materials
were silicone rubbers with different hardness ranging from 5° to 80° in Shore A hardness scale.
(a) Schematics of the experimental setup, (b) a temporal profile of optical loss response in case
of 50°, and (c) the variations of optical loss increments in 0.5 s passing from to at which the
optical loss reached 0.1 dB.
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