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Abstract

The purpose of this study was to analyze human
sensory information processing of fine-surface teztures
in three psychophysical experiments. We measured dif-
ference thresholds of fine step-height discrimination.
These values are important in ezamining the sensitiv-
ity of human mechanoreceptive units. To begin with,
we developed a computer-controlled measurement sys-
tem to present fine step-heights of 0 to 30 um to five
human’ subjects. To obtuin the thresholds efficiently,
the subjects distinguished between two step-heights pre-
sented in a PEST (Parameter Estimation by Sequen-
tial Testing) trial sequence. In Experiment A, the sub-
jects actively touched the step-heights (active-touch).
In Experiment B, they passively touched the step-
heights that were driven linearly by an X-table with
cyclic movement (passive-touch). In Ezperiment C,
they actively touched the step-heights cooled to 15°C.
The result was. that the thresholds in the active-touch.

experiment agreed almost with those in the passive-

touch experiment. Also, the distinctive sensitivity did
not decline even if the step-heights were cooled at 15
°C. Therefore, we concluded that human tactile dis-
crimination ability was independent of touching man-
ner, and that FA I of human tactile mechanoreceptors
plays an important role in determing the degree of a
fine-surface texture.

1 Introduction

Human beings can recognize subtle differences in
fine-surface textures. Researchers have investigated
the mechanism of fine-surface texture recognitionf1]-
{5). An inspection machine implemented on the basis
of this recognition mechanism shall be applied widely
to inspection works, since the human sensation is more
robust than a surface roughness tester. Therefore, the
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analysis of the recognition mechanism is important for
engineering as well as neuroscience. -

So far several researchers have examined the tac-
tile recognition mechanism of the human hand in de-
tail with microneurography and psychophysical exper-
imentation. Microneurography is a method to exam-
ine a reaction to a given stimulus via signals sensed by
a tungsten microelectrode inserted into a nerve fiber.
Psychophysical experiments are methods to examine
a human subject’s replies to questions regarding the
strength of stimulus. The studies have used these ex-
perimental methods to reach several conclusions. The
mechanoreceptive units of human tactile organs are
the Fast adapting type I unit (FA 1), Fast adapting
type II unit (FA II), Slowly adapting type I unit (SA
I) and Slowly adapting type II unit (SA I)[1][2]. FA
II can perceive a mechanical vibration of 0.2 pm in
amplitude[3].- FA I or FA II can perceive a surface-
unevenness of 3 um in amplitude[4]. SATcan percelve
a pattern formed by Braille dots5].

The mechanical vibration and the Braille pattern

- are perceived essily by common instruments. Ac-
. celeration sensors can measure small mechanical vi-

brations and robot vision can recognize Braille pat-
terns. However, perceiving the surface texture of var-
ious items incapable of being brought into a measur-
ing room is difficult to realize with the surface rough-
ness tester because the tester needs an environment
controlled by an sir conditioner and a vibration-proof
foundation. The analysis of the recognition mecha-
nism for surface-unevenness shall create a new method -
for surface-inspection machines and matenal—ha.ndhng

robots used outside of the measuring room. There- .
fore, this paper attempts to analyze experimentally
the surface—unevenn&s recogmtmn mechamsm of hu-
man tactile organs.
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."The authors reported.in another. paper that.the hus
ma,n- taetile- sensatwn capability. 0.1 :
surface textures: (as evaluated with a dlﬁerence th.resh—
old)-was determined to be between. 2.4 a.ud 3.0. pmina

ipsychophysmal expenmeut that used alum.mum oxide

abrasive:papers as. the stimuli: It.was suggested that
the human subjects detemnned degrees of; roughness
“from amplitudes. present: in the.surface .unevenness.

" Howeyver, more :feasonable stunuh ehould be chosen‘
to:confirm the above: mentloned conclusmn, sinee the
abrasive: Ppaper; stunuh included. both, a.mph’sude d
frequency-. information, In. addmon, the. expenmenta.l

procedures. were: troublesome»because the stimuli-had .
tobe changed several bundred times by hand to nbtam

a smgle difference threshold, , .:: :
Therefore, we demded 0" use the ﬁne-steps a.s the
stlmuh a.nd developed a computer controlleéd measure-
ment system that] presenbed fine step-heights of 0'to
: Furi.hermore 1o’ de-

experiment. I_n Experiment’ A; the “sibjects.

aetlvely touched' aluminum pletes at 37 °C (active-
touch). Standard step-heightsof 5, 7.5, 10,.12.5'and 15

* i Aeresused toexamine the: relatwlshlf) between dif-

ferenice thresholds and. step—helghts in the active-touch

‘method. " In Expenment B, the subjects passively

Fouchied aluminum plates driven: hneax}y by an X-table
with cyclic movements (passwetouch) Passive-touch
velocmee of 10, 20, 30, 40 and 60 mm/s-were used to -
examine the rela’r,lonsth betWeen difference thresholds-
and velocities in the passwe-touch method. The tem- -
peratiite ani ‘gtandard ‘step-height of thie ‘plates were
37 °C and 10 pm, respectively. In: Expefiment C, the
subjects- actively- touched. plates-that-weresicooled ‘to
15.7C and the.standard step-lieight-was 10 .um. The

. dependence of surface unevenness sensitivity on tem-
_perature will be discussed based on the results of Ex- -

periment C.

2 '“"‘PEST (Parameter E il
" quential Testing). method_

It is-assumed that human subjects thstmgulsh be—
tWeen twoistimuli with theirfingers: In-this:paper we
uged thestep-height as the stimuli-'One ofithe'stimuli
ig:a standard-stimulus -and the other is:a-comparison
stitnulus. ~The strength of the standard :stimulus and
thié: comparison stimulus -are.denoted by :8; /and &,, re- -
spectively:* ‘Fhe standard: stimuhis;.§;; is designated -
to"be fixed stréngth-and:the corhpatisorn stimulusi-&;,
is varied. - Several pairs:of 6, and-d; were presented
t0" examine the discriminating. ability: of :the -stimuli

-and-have the human subjects: judge whiclr stiriulus

isistroriger;” 8 or6,. “When-6, was:smaller than: &, A

- only a-small-percentage of responses selected. §, asbe-

ing higher: ‘Convetsely, when &; ‘was:larger than. g,

.- the‘majority ‘of responses selected :5;* asvbeing highér

than: 5;. Figure 1-shiows'a chatactenstm carverof the
percentage that selected 5,51 Theé comparison stimuli, -
for thé proportions ‘equal to O 25,-0.5 :and; 0.75 ‘are de:
noted by So.35, So.5-and So.#s; respectively. The valies
of Ay, ="Sexs ~ Sos and Az =:So.:s ~So:zs -are-the
upper-and: the. lower thresholds; respectively.- More-

‘ owier the-average of the: uppei+and:lower:thresholds

= (Ay + AL)/2 is called the (avérage)-difference -
th:e;hold The generic name for the upper thresh--
old, the lower threshold and the (average} -difference

. threshold is the difference thresho]d smce they usually
- com(‘:xde‘\m th each other.:

dom otder in each trial. The'stinulus strength in each‘ '
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trial is determined based on the human subject’s suc-
cessive responses according to the following PEST al-
gorithm constituted by three groups of rules.

Rule #1. Condition for cha.ngmg stimulus
strength - :

A PEST sequence consists of several trial blocks
composed of several trials. Let us consider the n-
th trial block. The comparison stimulus is constant
throughout the same block. Let Ly, T, and C,, be the
stimulus strength, the trial number and the number
of the human subject’s correct answers at the current
block, .respectively. For a specified P, the proportion
of C,, against Ty, the fault-answer number E, is given
as the following; .

Ep = P+Ty — Ch. @

Let Ep be the permitted error number. If the condi-
tion: . ) .

. |Ea| < B @
is satisfied, then the experiment continues with the
same comparison stimulus. If the condition is not sat-
1sﬁed then the comparison stimulus is varied and the
trial block is incremented to the (n + 1)-th trial block.
The comparison stimulus is decreased whenever Eq.
(3) is satisfied and increased whenever Eq. (4) is sat~
isfied.

B s -E @
Bz EB ()

Rule #2. Incremeﬁtal stimulus strenigth

The incremental width of the stimulus strength in
the n-th trial block, Wy, should decrease as the num-
ber of trials increase to converge the comparison stim-
ulus. If the current comparison stimulus differs con-
siderably from the convergent value of the compari-
son stimulus, the incremental width should increase
to reach rapidly the convergent value. Taylor and
Creelman empirically determined the rules for the ad-
justment of the incremental width. In their rules, the
convergence condition is judged by the variation in
fluctuation direction of the stimulus strength. The
fluctuation direction (increase or decrease) in the n-th
trial block is denoted by Dy,. The incremental width
in the (n + 1)-th block is specified as the following:

" (a) X the direction Dy, becomes contrary to the di-
rection Dn_1 of the (n — 1)—th trial block, then
the incremental width W, is a half of W,,_1, the

incremental width in the (n — 1)-th trial block. =~

(d) If Dn—2, Dn—-l: Dng n+1, .-‘--

1 T T T ¥ Rl T
g : _ Standardstep beight, & = 104m ]
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Fig. 2 Variation in comparison step-height calculated
by the PEST algorithm

(b) If Dy, and Dn+1 are the same dn‘ectlon, then
. Wha+a is the same as Wh, :

(¢c) If Dyp_1, Dy, and Dypyy are the same dn'ectmn
and Wy, is twice W,_a, then Wp41 is the same
as Wy, However, if Dp_1, Dy, and Dy, are the
same direction and Wp_2 is equa.l to W3, then
W Is twice W,

continue in the
same direction, then Wp41, Wat2; Whis, --. are
each twice the previous incremental width.

Rule #3. Condition of termination

The incremental width Wy, becomes small as the
comparison stimulus approaches the standard stimu-
lus. The minimum incremental width, Wp;n, is spec-
ified by the PEST algorithm. If the condition of ter=
mination:

Wn é Wmim_ . (5)

is satlsﬁed then the processing is terminated. The
difference between the next stimulus, Ly+1, and the
standard stimulus, &, is the difference threshold.
Experimental results using PEST are exemplified in
Figure 2 to explain the above mentioned PEST proce-
dure. In the example, P, E,, and W,,;;, were assumed
to be 0.75, 1.0, and 0.3 pum, respectively. Also, 6; and’
the initial increment W) were presumed to be 10 pm
and 3 pm, respectively. While the calculated result
of Eq. (1) satisfies the condition given by Eq. (2), the
human subject repeats the comparison of the standard
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Fig:3 Step-hei'gghtfpr&eﬁfaﬁon device: :

step-height of 10/ jim With'the initial companson step-.

- height-of 20 ym. Since after twelve trials the right side
of Eq. (1).yields 0.75 X 12 — 10 = —1 and the result
- satisfles-the.condition given by Eq: (3);: the ‘compari-
_ son step-height is reduced t0:%7 . pm:- aaccordmg t6;Rule
#2 (incremental of stimulus strength). - As is evident

from Figure'?; the ¢ coltiparison stép-height ¢ decteasesas

the tna"l tiurnber’ inicfeases.. Théreafter; the compan—

. Eq (4) is satisfiad: for a-the’trial block hiandl pm-
“step-height.. Therefore the comparrst)n stepahelght s

Based on our previous studies, we utilized' théfiad:

‘steps as ‘the stimuli and developed 4 measurement, sys-
tem to present thesé™0 to 30 pri high fine-steps: to

- hurnan:subjects. . The, fine-steps. ave. formed. between

) two' alummum plat% bf 20 X 3(l>< 5:mm mougts

-Dlsplaéement measured by the d]splac' !
transmitted to.a.computer: that uses.fe back contrel

’teclmlquas 40. ~control-the. step—he;ght withi-ap- aecus -

- “the alummum pla.tes at. constant temperature mth.m

Flg 4 Schematlc dJa.gram of step-height
presentation device

racy of 0.2 pm.: Also, Peltier el’eﬁ;ents (theerétéci .
tric cooling elemenits: that use.Peltier effect) maintain

4. Expenmental method

. The difference threshold for ﬁne—steps was. deter—

: ,mmed through three psychophymca.l experiments us-

ing the measurement system. we.developed..-Piverhu- -
man b_]ects approxlmately 20 years old touched two

 beight "was prﬁented twice' and thé subjects judged

wh1d’1 ; p—hexght was 1arger i & trial -
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Fig. '5 Relationship between upper threshold
and standard step-height in active-touch
discrimination tasks

In this experiment, the human subjects actively
touched step-heights formed between two aluminum
plates of 37 °C . The subjects determined both move-
ment velocity and the number of times they touched
the step-height with their fingers. Step-heights of 5,
7.5, 10, 12.5 and 15 pm used: as the standard stimuli
were compared with initial comparison step-heights of
15, 17.5, 20, 22.5 and 25 pm, respectively.
Experiment B

The. human_subjects passively touched the “alu-
minum plates of 37 °C that were driven linearly by
the X-table until they could distinguish the difference
between the first and second step-heights. The aver-
age movement velocities were 10, 20, 30, 40 and 60
mm/s. The standard step-height and the initial com-
parison step-height -were 10 a.ud 20 pm, rwpectlvely
Experiment C

-FA 1 and FA II are believed to be mechanore—
ceptive units used to sense the surface unevenness.
Bolanowski and Verrillo reported that at temperatures
below 20 °C, the sensitivity of FA II decreased con-
siderably from that of room temperature{7]. Using
this phenomenon, we masked the sensitivity of FA
1I by cooling the aluminum plates to-15 °C. In Ex-
periment C the human subjects actively touched the
cool step-heights. As in Experiment A, the subjects
determined both . movement velocity and the number
of times to touch the step-height with their fingers.
Moreover, the human subjects placed their fingers on
an ice pack while waiting between PEST trials to pre-
vent their fingers from returning to body temperature.

The standard step-height and the initial comparison
step-height were 10 and 20 pm, respectlvely

5 Experimental results and Dlscussmn

5.1 Relationship between difference -
thresholds and step-hexghts for
active-touching

The difference thresholds for discriminating be-
tween step-heights were determined in the active-
touch experiments. Each human subject was tested
twice to determine 10.upper thresholds for each stan-
dard step-height. However, if the deviation of an up-
per threshold was greater than 20 (two times the stan-
dard deviation of 10 data points) from an average of
the 10 data values, the upper threshold was not used
and an additional test was performed to obtain 10 data
values that had deviations within 2.

Figure 5 demonstrates the relationship between the
upper thresholds and the step-heights in the active-
touch experiment. The upper threshold of step-height
is almost constant in the range from 2 to 3 pm for
variations'in the standard step-height of 5 to 15 pm.
‘We have previously reported that for aluminum oxide
abrasive paper with maximum particle diameters of
3, 5, 9 and 12 pm, the average thresholds were 2.4,
2.5, 2.7 and 3.3 pm, respectively. The average thresh-
olds of abrasive paper were approximately equal to
the upper thresholds obtained from tests using fine-
step stimuli. - Therefore; we confirmed that our mea-
surement system has the capability to measure precise
difference thresholds. for fine-step discrimination.

5.2 Relationship between difference
thresholds and velocities for passive-
touching .

The difference thresholds for dlscnmmatmg a 10
um step-height were determined for five velocities in
the passive-touch experiment. Each human subject
was tested twice for each veloclty to detemune 10 up-
per thresholds. ' :

Figure 6 shows the reiatxonshxp between upper
thresholds and velocities in the passive-touch exper-
iment. The upper threshold of step-height remains
almost constant in the range of 2 to 3 um when the
velocity is varied from 10 to 60 mm/s. Moreover, the
difference. thresholds for a-10 pm step-height agreed
approximately with the value of 2.2 pm obtained in -
the previous-active-touch experiment. As a result, it
was found that the human capability for discriminat--
ing fine-steps. with the passxvet.ouchmg was equal to
that of active-touching,
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' .Standaxdsiephelgm, 6y =10 1mm-

threshold of step height, &, |

constant‘agamst vanatmns in; the Qelocﬂ:y ef ﬁng
thovement-and that-the human ‘capability fordiscrim:

= inating ﬁne—steps :did-net: depend on the ‘Tnanner: they

- Dlﬁ'erence.thresholds or:acti e
) touchmg at.a temperature of 15 °C

In Experinient C'the difference thrishiolds for dis:
criminating 10 pm step-heights were determined for
active-toucliinig>at 15 °C. ‘Bach hiiman’ stibject Was
tested Eiice o ‘déterimine” 10 per
" average upper threshold is 2.8 um, a5 shown in Table
LI FA. A1 part ipates in the récognition, of surface
_‘unevennass th ,

sxderably '

a:nalyze the mecha.ﬂﬂsm i
" that"detects siirfade’ uneventiess; wedeveloped-afine

step-height presentation: system'to-determine the dif- .
fereneé thresholds of ‘discriminating fine: step-heights.

using & PEST-algorithu. » The! five humgu-subjects

distinguished step-heights in"the tliree- psychophysical -

" Experiment B the difference-thesholds

estiolds. The

' experlments' using this system. In Expenmeht A the .
difference, thresholds for_passive-touching were deter-
" mined to be in ‘the range between. 2’ and 3 758 In

touching: agreed approximately: with the’ tflresholds
for active-touching regardless of the toucmng man-
ner. Therefore the human subjects discriminated the

fine step-helghts wﬂ:hqut having mformation of active
. mnovement. To examine *which. mecha.noreceptor FA

I or FA'Tl, participates in fine-step recé)gnmon we. |
performed Expériment C and.obtained the dlﬁ’erence' '

thresholds at 15
clined considera

ty
“The resulting d]ﬁerence thresh- -

. old was 2.8.pm and the sensitivity: declimed shghtly' '

‘Therefore-we conclude.that-FA L plays an important
role in-discriminating between degrees of step-heights.

Tab 1 Upper threshold for actlve-touchmg at a

e Step elght 10 pm
‘Human sub_]ects | Upper threshold {pm) .
- 29 .
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