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Human Sensitivity Responses to Vibrotactile Stimulation
on the Hand : Measurement of Differential Thresholds
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Abstract

This study investigated human operator’s perceptual and psychophysical responses to
vibrotactile stimulation on various parts of the hand. Using a small vibrotactile display,
the effects of three mechanical parameters consisting vibrotactile stimulations, i.e.,
vibration frequency, pulse-width modulation duty_ cycle, and number of contactors, on
differential thresholds were examined at five different loci of the hand. It was observed
that differential threshold varies with vibration frequency and number of active
contactors. Differential sensitivity was the greatest at the vibration frequency of 120 Hz.
The differential sensitivity was not found to be affected by loci on the hand. The area of
stimulation on the hand was also found to be significant in that the sensitivity increased
with the number of active contactors. It should be noted that the conclusions from this
study generally correspond to those from the previous study on the absolute sensitivity,
which means that tactile sensitivity to vibrotactile stimulations can be controlled with a
systematic and consistent passion for emulating normal everyday contact on human
hands in teleoperation and virtual reality applications.
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Z712 QIzte] 7 FoA Az, Az
A LG QA gled BERY Hy
2% 4zt dolt}, o]gA Foo o8 A
gy ARae EA9 2d9 Ad, @A,
AR, 5 Bo] gt e5EA HFskel 3
AQ F&ule] sl AdsEe PR At
o] FL 9uldr ZFZ(cutaneous per-
ception)elat dti, #olvt kel 44
7 o] AH&A Q] 9o Qs g oA #
Aw 2&¢ LAY Q3 FRE A e
A%, dAY EAQ AFolv B 2 A
BE dA He B 9vl9) £74% haptics
g o2 BT of#F Q7Y F8T
ARAAY s EFZo] gigd 2H< o
&= 24 (sensation)vt 214 (perception)
9o RE JEAA t1E 7| vls) A
Hoz AU AAH A7 FLA0l
i3 AoE ARdEY.

#2182 8 (psychophysics) Y2 °l&
g Q7te] e U@ AT #7dl a
o2 Egael %oz AP Al WY
ooz Wlmd A{HY ARE dolEd
ok, 53] 9K o|de vlmd 7 A=
e AZZZ7 (vibrotactile displays)l
AL AHEE 98l 3zl AVIE 2%
e Aol Wz Hasing old mWE
ANgE s HFsst dgHot. oHE
o= jnd(just-noticeable-differences)
9} A 24EFYH(PSE, point of sub-
jective equality) 59 &73e] WEA] 43

gojol g}, ol g A7t AP ojept A
FE2AA7 AAz §44E W AF9 AA
g A A7} o] Fofd & Q17] W&ol

7} 213 Uig ugEe 3 FA oy
¥ A (twopoint discrimination thre-
shold)ell @ ZAl= ojn| FE S SHA o] Fof
Ak, 28l o)A AdAgl BdEe AN
o] Zzt84) A Pacinian Corpuscle®l
2yo e #AN dve A= HEgd
(Vallbo and Johansson, 1978). %24 #
Zo| e A4 B upet AA RZEs}

2 B8] &g B /1 AT 3L
2 Jeht} ok (Wilska, 1954: o 44,
1998). E§ Azt 249 AFe] Fves
FUA 829 A% A& WA vzt Ao
uiziwsl Wake Aoz YA 94, £ 4
W92 = (absolute sensitivity)ol] g A+
A, RE&ztA s s 7e] HEHA] YF§
7] o] 4L A &olAe] WAEE 230 Hz
B2oA o g, Fude] Wl o
g4 Uz #ele) 24L& 2y Witk Aol
uk& A elod (Verrillo, 1963, 1968: ©] 44,
1998). vk ¥kl HEWAHo] (.02
cm® 2t} ol AFFure] G2 glojdl
t} (Verrillo, 1963, 1968). ©] ¥ix A%
4 &2 AZd g AH Bee AF AR
(Cholewiak and Collins, 1991), X& A=
& =% Ravtel EA o (Gescheider
et al., 1978), Z#x HHEAL 1io]
(Verrillo, 1982) e wzt @2ixle A2
BaEgct ol Ao A B
T A gy, 1% AF oA &4
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Hhgo] tigt AAQ] AR, § 93] o4t
28 Aol g A7 WE o] Foiy uir}
Utk AAZ A7) E45 B4 FE A
ot T4 238 AME gARTE o
74e AFo ¥k A7ke] 4z wke BA43)
ARAE FH thgt A7) vhEA] Q]
o] fofe] AT 43 HEA e Aol
123
& dFdae %4 F4Ae] AR
A& Sgta] HX| olake] 73 AFelA zb
=8 AZ17F AGA Azt AN #e] Ag
HEXE 2ABIAY. & d7e $744 U7
ZE AFAe B 29F oM A
& A%t e 7144 89, 53 (1) A
FEogge (2) AFE P Ak ¥
3}, 18z (3) AE3dh= contactord £A7}
(4)&e] A FHloA m5-of FrjAQl Wzt
%.(differential thresholds)el ojmg 43k
& MA=AE AN EHF(psychophysics)
W& ALEEte] AL dFelt), £e] A
2 UAEE FAEE A P dE
A9l jnd(ust-noticeable difference)$t CE
(Critical Error)® 2389t} AR AZ9)
o g F4AFE o] 8319 teleoperationo]\t
MR Bokoll &837] ddiM e HA 2
& Ada Uzdzrde &9 AVE
scalingdhe ®ld] Z-&5ojof & FiF 7
#Hxe] defo] By Foditta & 4 3t
2 ATe 94 ERd ddA Ud=md g
AT(14Y, 1998)sk #A &AM %z
& Ajgke 7144 899 S AL
2 gzt ;YEd e, ol FHA AF

of 98 22 A2E Aol AYF &
A mfdoln AAA g WHE AN
& e Aoz AuE
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2.1, Tad#xt

€ ddde &d ¥3E d4AY &9 2=
of A7} Sld ¥l gle ¥ Wy 3
et 7] AP FrteEct.
AgAe] dd Exe 34 43, 94 39¢]
Aot ALdHASe HF dHL 26.5 AN
ouj, ZPLAQ Adel oate] Ayl it
R, FAA|Ze] g HAo] FojHTt.

2.2, al#EH|

2 AdA7d AgE AFEGAE vF
ORBITEC Inc.7} A 23 48§ Zdo|r}, o]
AEEZ4A e Al N9 #L A F contactor
2 o[fojA] glom, A7 712 7T mm, AR
1 cm8l FHAAFo|lm, Z+ AF contactors]
A8 1 mmolt}, B4 719 Z%E contactor
© 28 13 Zo] XA ¥z wid=H 2,
7} contactor® Wa 2T F JY=E AAH
Art. 2+2k9) contactor7t HNE A FE A4
8 ume AFHo] FHHUY. AEEFLA=
12 volte] A9eg FFHeH, A3 &
B3 g o] BT PC o 93l BAI=NU
12
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a8 1. Adoll AISE TE Z2A e YHE ¢ (a) contactor 1747t TEsks 8%, (b) 2
7t BB AP, (c) 5717t 2F TEshe Foll sigt=l= 1E contactor?t &

2 Moz LEIUE.

2.3. A

2 AYe] A¥7AHL 4x2x3x5
factorial design&® o|FolA glow, HA
a7t RE AYRAL A He
repeated measures 9 W& AHESHATH

B A¥ EPAFEA ALY dFsgde
AZz94 (vibration frequency), AFH
377] (pulse-width-modulation duty
cycle, ©]3t PWMeZ 7)), ¥ con-
tactor®] 4 (number of active contac-
tor), 2@a £ore] A5 F$ (hand
locus)g] Wl 7FHelth. AFFaeE 24,

120, 240, Z83 400 Hz9Y 45Fc] A&
gk, #{% Aol F AzH(duration)
AAAE AFAAF7(PWM) = 100%%

50%9] F FFo] AHEET. FoiA F A
ZAA 50%9) AFHIHFIE 100%%4
gEch Aye] AZEur ARE A5
dch, A2 W3 A33e 894U AF
contactord £xe 171, 274, 5709 A &
Fo] AHEEH ATt

EdAe A5 B2 a7 2 dEd
9l%o], AR £71g ¥ (palmar side of
ond distal phalanx, ©]3 DpE ®71), A
el AA vlt] (palmar side of 2nd
proximal phalanx, ©l3 Pp&E #7]), A
g ol#e] &neg #5-E (palmar side
of head of 2nd metacarpal, ©|3 Hm2
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2 ¥7)), 291 &ntgY] dAS 25 1E
(thenar eminence, ©|3} TeZ #7]), &u}
g9 22& 2§ ¥ (hypothenar emin-
ence, °|3} HeZ ¥7]) &, 5 719 & ¥4
7t AAL dde] HAT AAE7EES A9
ol FAAIETIEe] e &71gd wF 7}
4 AAE B oplg}l, &vlEA e A
|A 9 EX7t ZE &N Mz A
ElUal glen, E1E HoEe T3 U9
Al A8 A M AF, FREA AHEH
7] q&o|ut, E§ ofu] g, AHHUL &

JOoo
ao
O
é\\

Joo

¥

-10 #m8 FFF AloldlA 4G AL
2 gojd 6 9 IAFHo| HaAFoR
AREAG. NEATS PHAES B =
Aol Aguizdz=d JAF ATF(lHY,
1998)8te] d#AHE /A Hsld Ze
A7 AFHUAR. o] A 7R EHEP
o &t BF 120709 ¥zl Y
k. WHE¥E contactorZt AFE o
& v2v 159 HNZE(peak-to-peak
displacement) 2.2 3tHo, o]9 @Ye
pm (10° m)elc},

Dp (palmar side of 2nd distal phalanx)

Pp (palmar side of 2nd proximal phalanx)

Hm (palmar side of 2nd metacarpal

He (hypothenar eminence)

Te (thenar eminence)

O3] 2. AHo ARRE £9 X2 e

2.4. o¥ER

A2 &8 ¥4 (psychometric function)2l
5 fst] AAAddge] FvE AT
W (method of constant stimuli with
forced-choice)o] AMHEEULW, 4 AFPx
Atk 14 umeg  FjA  INEAF
(reference) C25H Hl +10 gm, H4

T HAPAEC] 100%9 AAZ} Fed A
o2 g9 AV A TN A A2
Agoz gt 4 59 ¥mZAF o
A gele] &A= 10 WMo Z4o] o|Fof
Ren, APt waATe] JIEAF
(reference) Bt 7Z3lthn =71 Aed whg
3 4o vlgo] FAER T ALt A
SH. webd JAdgxe e ddx
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608l9] o] BasA B, 3.8 o
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npg-2o] RaE AFHAAE &% 1.5 New-
tong] §(1.38 N~1.84 N)2.2 <slAl
21 e AHE fAAeH, o ¥2 4
o] 28 Al EAHATE. o] L vt
A8 ZYsA] ¥& 139 2HHE Yo2AN,
Na¥Ae] A&7 AFEHDA ] A48}
E e 9A8A /A A8 AEHA
. 9AE P& FAHR ¥E Afele 3
F&2HA71 Qo 98 edo=2H g IF
o| &g wg £ 7] f&olc).

A7} vigd] & JrEE FiA AT
o] WA 21, IBRH 1 2 Fd 7|E
AZo] Fojgon, 71EAFe] B 12 ¥
J ®liAFe] FARHT F AL EF 12
EQte] AFoz oFojon, HAYA=
o8& H7F ANFAR AFFAAE T
A2 F AL AUz =7 Fd, waAF
o] 71&EAFRT} 7 A9 ARE HEEA
t}. HA#Ae ko] Futm 52 Fo te
A2 dele Aldgo] WS, W4l
A A & 98E 60 39 23 (trial) F
oA 30 o] 24 o|Fd AFHH #ZH
BEE 93 1 B39 Foo] FoRx, ©
Al 30 ®We 24& viAA HE Frdn.
HAYASA APZAd g AP FRe
dA FolA A gkkew, 7t YHAPA R F
12079 Agzo] deje #MURE Fo|H
1=

Z+ Adgzddr 38 WH4d9x 24z
AARE AHgt] A41EE ¥4 (psychometric
function) & T3ttt AdA RZA=E AL
7] sy 4 FAEYFFAA  upper
limen# lower limen? FZHgE((UL-LL)
/2)8 AEEoR 71919 jndE AL,
CEx BAEFEFY #hol 50%% AFH,
Z FURAH(PSE)AIA 71EASY AEH
& 7 gez At Gescheider,
1985). & AgzAdAN Sz AL
jnd 2 CE®| Haae E1x 19 39 A
3 veht ok AFNeEe] ol E 4diA
nEd vAe 9% E43] Hdod F
AR ARE 98 BNl FYHen
I Ade E 29 JERMY. 7EHem
jnd$} CEdl tig EaE-el Ayt 423}
B2 FIAe jnd A A BARAT
& RAFT|R g}
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o S 5 Mind
& e .| FCE
g 1t . R § 1 -
& 05 F---- _._\:“_w. __________________ _%
ﬁ X -~ 3 Q.5
a
Py E————— Mh:.._i'r_lu_u; 0
—0.510 100 190 DpP Pr Hrm Te He
Freauency (Hz) Hand Locus
(a) (b)
—e—ind
25
= (- CE
5 IR F_'Z‘__‘T?--—._._. . - ‘CC:
L 5
£ 8
R R £
c
E L. £
¢ 1 5
g o
@ o
[ a
805 [rosrrer oo 8
=] a
-___,_.
0 1 2 3 4 5
0 50 100 150 0.5
PWM Duly Cycle (%) Number of Active Contactors
(c) (d)

a8 3. 2 dE=gdolA SHE jnd2 CES BTt

B 1. 2 dy=2olM 53E jnd2t CES| Hda(um)

Agz | ind | CE
(a) AFFH
24 Hz - 2.5 0.8
120 Hz 1.8 0.0
240 Hz 2.1 -0.05
400 Hz 2.0 0.1
(b) &ollM e 25 74
Dp 2.1 0.1
Pr 2.0 0.3
Hm 2.0 0.4
Te 1.9 0.2
He 2.3 0.3
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1. 2t AEzolM EHE ind2 CES| HFU(um)

Azl | ind | CE
(c) AFARFY]
50 % 2.1 0.15
100 % 2.0 0.21
(d) A% contactor &
174 24 0.7
2 74 2.1 -0.1
5 70 1.8 0.05

E 2. jnd &Fx|9 2424 E (ANOVA)

Source SS df MS F p¢
Subjects 0.06 6 0.01 0.02 .968
AgFHE (F) 61.68 3 20.56 13.18 .001**
A5 59 (L) 8.68 4 2.17 1.39 .166
A Fcontactors(C) 51.55 2 25.77 16.52 .001™*
AFgE7) (P) 0.52 1 0.52 0.33 .920
F XL 9.63 12 0.80 0.51 .819
FXxP 6.17 3 2.06 1.32 .145
FxC 14.56 6 2.43 1.56 .194
L XP 10.82 4 2.70 1.73 .152
LXxC 8.51 8 1.06 10.68 872
PxC A1 2 0.06 0.04 .966
FXLXP 8.90 12 0.74 0.47 .885
FXLXC 22.19 24 0.92 0.59 754
FXPXC 7.12 6 1.29 0.83 B77
LXPxC 11.37 8 1.42 0.91 538
FXLXPXC 37.63 24 1.57 1.00 .194
Error 1124.68 720 1.56
Total 1384.78 839

3.1. J&SH e dr 71 W& jnd #eol FFHUT. 24

(Vibration Frequency) Hz® 120 Hze ¥ Fuolx &34 ind
FES NE2 FAAF A e RoE YEkt

Azt A4 A72=d nAe 98 o (p€0.01).
& #E% Ao eyt 24 Hze AF  CEd W AFFusre 3= @ A
o] 714 %2 jnd < JEH e, 120Hz <22 JUE%Th CENAME 24 Hzo AFAA
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Vg 2 At EFEAeH, olHF A
o AFo HAYAEL 71EAFTRY 7
AFA X NNEATIH LT AV AL =
71 A2 Vet UeA] A E9 %
Me 71T A9 A Al A 7183k
S FUE AV JAFe =7 AR #5
et oAl EEA 24 HzE A9 vw=
Futeo e CE gtEe] 2F 0] A 3
o2 2Rt AgzACT ALY Fup
A A9 jnd & CE gEe] 1¥ 3(a)dl e}
12 11=3

3.2. &=\ contactord
(Number of Active Contactor)

% contactor® #*7t jnd% CESl vlX|
e 9% #o% ez AL ¥
contactor7} 171Y wWrEctles o2 AU de
@& jnd% CE7l $48=At. Contactor 5
W7 BE RAEFE wo 7P ¥ jnd kel
2350, A% contactors] 71 2709
549 W€l jnd9 CE #E9 Heole FAF
o2 f9&Ae g%t CES 75, 1719
contactor’t ZE¥ W, F ASFUZH| At
< g JIEATEY A ¥ mASA
NEXAFTTH FUE A9 AFE =7 Ao
2 et oAl dEiA ASe] AgHe
5o AFAHe| 2245, FYH444 (PSE)
+ 37| AdMe BEo A9 A5 gad
Aoz T ¢ A ol EF A9 A
olF /A AT vhe Y AFHY ind
ftol 5 H&Ho] F& A9t ¥F ¥FH
o] & Z%Et v Ave Aot IF

contactor®] o W& jnd ¢ CE #&e]
a8 3(d)el et gt

3.3. SSHEFT|
(Pulse-Width-Modulaton Duty Cycle)

AU wREe i AgRFTr)e] 9
< BAAE folatx] @& AoZ e
o AFAFFI] sl AAHHOR e
e & AFAIRE F 0.5 29 1 29 AF
A zlol oA FdiA iimd &
FEE MAA GEE & F Aok AFESH
Z7)o] W& jnd ¢ CE #So] 2¥ 3(c)dl
ek,

3.4. £0M2 = 82l (Hand Locus)

&e] 297t jndst CEl vlAE oo
Jge BAE & G, e 2Ae
&l (Te)lA 71 2L jnd @el, AAE
Figel EREDp)IN 13 e CE ol
27t 24EHoY, 25 OE & 20jAe
XET BAMCE %93 AolE WAL 5
QAT =, &9} 2 ¥AE 94X ¥ A
1% 71 RS Ug AhE DREoAE
2% M4 e HAth: Ae & 9
o. & %9¥ jnd % CE gEL 19
3(b)ell 1FeRt gict,

4. E2| 3 dE

A oM W H7F vl iy U3t
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Ze Ay udsde 433 o2 g B
g A% & UAT. B A7 AAE 8
oJalabd, FEe Au4 RAE, § JAR
o A AZoM e AF9 A7 ¥t o
F ugEe EdMe 94 #Alel AF
Fr4et AFAH 6 Mt FEgE LT
£ Aolth,

ARz #g o dFoA HFe
&7l 2 BRAA AFd /Mg U AL
2 RaEgev (Verrillo, 1963 °©148Y,
1998), AdA wztzel Wil AYNA®
o] Wztoe e AL HAJt} ole &3
A Vg g Fio] AFe] Wsld®
uizker Aolge &3 AVt e 2%
ite

Aznge] AFE £dA ol EFAF A
oz o|Me] AhuIZE A oMt oz
E dFdqAs A=, AUz
A% HAL] ApoMe o] o] AFy
ol AFegE Efdeln AEd FAHPR
o Agel ARA gL ¢ 4 Uk 1Y
B AFdA vehd AFgFEeee] fde 2
Fa47t 120 Hz oldde & Aolg 4
A ggth &, EolEe A RS
Botd Algel £o) g At € A
2o AME3lor & AFL 1 FHEE 120
EE 240 Hzzt 7V &dFelgke ZEE
AFAANAFL UE Aolth

Contactor®] #A2 uehd A= A<
ERE A W] WESE A ve
e}, olx % ouA|7} contactor®] &N
2 ZeiA Agdcvhd duA e =23 §
A3 ot HNE 4 ot ole A=

o] By Agdh= o7t vlwA Fd 7
-, Bl 33 AN TY3AH(PSE)
Fe Ao 48 ¢ gon, A3 Fo|
g Afor 277] 98t 94 jnd #ol
dquiz] Adde] wimd 2 o /i con-
tactore] ZA$-Ht} vk Fo| o|& i
Hre Aoz HMY 5 Ut

AFEoge] Mg FEFAA | F2 33
fRo] yhgo] FUsthe Ao FolE A
7} vk, AFdeee] AFL AT o i
Bolo] A&347 aFukgd Hl# AA H
2@ vid Addle AFAsE A
oz A}, o)y HEUHH gt AFA
7t AL A% fAet e & 4 vt w
A AAE Fdod A Wiz F3elA
= A2 fA FalEe A e JEkd
5 dE R dAAY, a2y JAFEE
Z71d] 9@ A#7L A FAE W Aol
e Hg sk, AEZ Aol HA
9% duix] Adelele Adde AN A
Zick, wabd Aold 9gzexe] duplex
theory (Verrillo, 1968)% fAgE AjZH4,
283 A& dAd g BAd&HA A
YZoletn Be o] ©2E X3t

B ARdxe 9 whg4e] Wsgol
A2 @A mgl opz} HR F9jo wehA
= gfde] EIHAG. F, AT A0
ol it E4& A Ade
AR s B g AFste A ¥
Z3ithe AL € 5 Ak %A I ¥4
o] wigErl gades AME 22 AR A
g & AA 93 Ae3] A e
7} 39 wte A7t 2] o2A AL
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US4 &2t Aol tigh £9] Juid Qgx g 11

sojof ks AMd S Uehdth ol& 93ty
7t B e Ao A AR A%
of thdt AT/t HA Euk ohg I o]
A 7ol M E BIFsojor & Harl gl
79 fingertipolgt Eele # ¥
o] 7k wdPEd, ol Pacinian
corpuscleEo| €712 € o iy e
2 Bol ¥XH Y&E 1T o &
Erlg M E ¥&g S RY HAeg F
&9t} (Bolanowski et al., 1988).

AEA NEsEe B2 telerobotic system
o 2] exoskeleton #HEHe] master con-
trollertt 7H3E4A  Al2HlA9]  control
gloveg F7oz Aoj¥ 8rt F43 T
3 S A3t FAAEAY F2o] A Fst
© Ao ywo] o||g Ajagle] JFAL
Al REA] Hast] wWiEeld. & Fe,
robotic gripperZ Ed& FHoley 7L,
o]& FZ3= controllerd YA} HAA|&71
ol B HEY I} AEHA] g1 Al
o g o] AGHE, EAES #AAY
AURA & P& FA =Hol EQ] FHE v
&A71A Ak, 179 P& g B
AR & RAR 20 24A 2S£ 719
S 2H 253 AEE 4 Uk, ©]E Aol 7}
4 AAdstn A2 E £ e BE Y9
o= Vebd JE, Z force feedbacke] H
RAA T, o)& AEAF7] g e Fust
A3 FAFBE ole] gAFE2A ZFe A
71€ 322 Yehiie Wyo] AME 4 gl
£ Q7oA AHEE AR 22 PE o &
AAE @cd] ol i FETlo] ole} o
Lolzba] 3l &t 259 2ot Al

2o geo #F HEE AL 4 Y= A
ol At A5 PR 4 JRE &
o] 7} ¥-9lo] Amdtn AALYA Adde W
Y& obF 2 w4 EFeta oj@AY, ol g
o &g FEL FEF YR F4 P
E & 12T 9 A, Yol B PR
A7} vjio] B} 847 gl B84 &
Al(tactile displays)®] &-8&°] 7}5& Ao
AlgEch, =3, FdHos o AEsy
HEE AGES £ gl FoJAES A8 54
AA G =7 A AN T £ bl #
£3ln AFT 247 dolt}, 24L& 38 4
e AlAle B9 v Ay @ate g v
+ e A =8 &2k oA F3o]l &
ooz o e g8o] shesictn
& & slch ’

B ATE 3o &M AFd g 4
4 AAE7} ojmF Ho o8] IS
X g FAHez wotd 4 gt 53
£ d7dAE dAe] @78l BFEX @&t
| &9 ARAQ BEA A Uix
7t AFE P e ddte] o¥A W
FeAE 248U, ©£F AAE $o] B
el FEFA WA He g3 olid & §
o] ¥l A FIt ogA Bgd=r)
E ARG EA 9] 4olA Boh f-83 A
g 2d ¢ 4 ol Adui=s 4
NEd FH4AE %A zAdol AEsin
E}AQ AR Ado] Hgdte] Wi 5
L% FJEE AT & AR AAREH
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