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Abstract

In this study, our objective is to analyze human tactile mechanism behavior in recognizing extremely thin foils using the psychophysics
method. Seven pairs of copper foils ranging in thickness from 20 ~ 150 zm were used in the experiment. We applied the method of con-
stant stimuli to define the difference threshold between the materials. In order to increase the detection rate, contact between human tac-
tile function and the metal foils was maintained. As a result, the Weber fraction ¢ consistently reduces as thickness increases. However,
the slope decrement is steep compared to previous experimentation (using stainless steel as base). We also validated the behavior of the
undetected regions up to 150-um thicknesses. This achievement was quite significant considering the higher thickness test ratio. In future,

further comparison shall be made using different material type.
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1. Introduction

The ability of human tactile sensations to distinguish foil thickness
until several 10 um of thicknesses; when such ultra-thin thickness
cannot be monitored through joint sensory organs, is a tremendous
skill. Since tactile sensations play a major role in this thickness
discrimination process of ultra-thin foils, elucidating this mecha-
nism is the main focus of our study.

Previous psychophysics studies by Miyaoka and Ohka have
shown the existence of an undetected region when analyzing ma-
terials of 70 to 350 pum in thickness [1, 2]. This hypothesis can be
summarized from Fig.1, where the accuracy in detecting material
thickness is shown. For humans, the process of thickness discrim-
ination is influenced by two major sensing systems: the cutaneous
function (related to delicate contact or touch) and the kinesthetic
function (influenced by muscle joint motion) [3, 4].

In previous simulation work, we have discussed on the application
of finite element analysis (FEA) towards the study of human tac-
tile sensation [5]. Using human finger model, we have showed the
capability of human in defining specific properties of material,
such as the stainless steel and copper type material. At first, con-
tact is made between human tactile function (index finger and
thumb) and the foil. Next, the skin deforms and adapts to the foils’
shape. The mechanoreceptor senses and perceives change, and
transforms information into electrical signals (neural pulses). The
stimulus is then carried via an extensive nerve network to the Cen-
tral Nervous System (specifically towards the somatosensory cor-
tex region) for the next processing phase.

One hypothesis is that both systems are functioning simultaneous-
ly and the transition state occurs somewhere within this region. As
mentioned previously, the activation of such critical skill could
come from mechanoreceptors that are sensitive to constant pres-

sure, constant velocity, or acceleration-type information, such as
SA-I, SA-Il, FA-I, and FA-II. It could be possible that plastic
deformation also influence the judging process, especially when
discriminating extremely thin materials [1]. From Just Noticeable
Difference (JND) evaluation, it is concluded that when the plate
was thinner than critical thickness, the curvature became large
enough to provide cue through tactile function. Whereas, when the
plate was effectively unbendable, the kinesthetic function was the
only cue for discriminating thickness.

t<70um t=70 ~ 350pm t>350um
2D
9 Ev. nd
System System
; (Mechano:- Undetected (Finger
o~ "“f"? 1or Region opening
= Unit) angle)
g
3 1
15 .*
< i~
~
g, |
e '
: N
Foil Thickness

Fig. 1: Hypothesis for the material thickness detecting rate

The human mechanoreceptor consist of four main components
which is the Meissner’s Corpuscles (FA-I), the Pacinian Corpus-
cles (FA-II), the Merkel’s Discs (SA-I) and the Ruffini’s End
organs (SA-II). The FA-I is sensitive towards skin indentation,
capable of detecting changes in terms of normal vibration (around
50 Hz) and adapts rapidly regardless the stimulus size. The FA-II
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detects rapid vibrations (around 200~300 Hz) according to stimu-
lus size. As for SA-1, it detects sustained touch and pressure, and
having high-sustained sensitivity especially to static force. Finally,
the SA-11 is sensitive to low dynamic sensation and able to detect
tension deep within the skin regardless the stimulus size [6~9].
The main focus in this research is towards the SA-I mechanore-
ceptor unit, which plays the role of defining sensitive sensation
from the skin (Refer Fig. 2)

Fig. 2: The Merkel’s discs (Slowly Adaptive Mechanoreceptive Type |
unit or SA-I) in the skin (Adapted from Blausen gallery) [10]

In this paper, we shall discuss on the basic function of psycho-
physics, and the possibility to use it to explain on human’s tactile
behavior using copper material as base. Application wise, during
the development of a dexterous mechanical hand capable of han-
dling delicate functions is needed, especially for daily use. To
create a device able to perform such critical tasks, the best option
is to study the complexity of the human tactile mechanism.
Through such study, we will be able to improve and optimize the
performance of tactile sensors, especially in robotics.

2. Literature Review

At first, we shall discuss regarding fundamental psychophysics
application. Psychophysics can be defined as the study of the rela-
tionship between the physical properties of a stimulus and percep-
tion ability. In theory, the Weber fraction shows the ability of a
subject to detect distortion of stimuli and discriminate stimuli
thicknesses from the amount of distortion [11~13]. The ratio be-
tween the change of stimulus intensity that is just noticeable (A &)
and the actual value of stimulus # could be described using the
constant value c, resulting in Eq. (1) below.

c=(AD) @ (€]

Fechner further expanded this law, resulting in Fechner’s Law.
The main difference is that Weber defines the psychophysics rela-
tion using a linear function, whereas Fechner’s Law postulated the
relation using a logarithmic function, which fits most psychophys-
ics experimentation phenomena. This results in Eq. (2), where S
and k represent the sensation magnitude and a constant value,
respectively [12].

S=k log(#) 2

Next, we discuss regarding related psychophysics studies. The
research done by John et al. [14] in discriminating the thickness of
thin copper plates shows that the test subjects were capable of
discriminating thicknesses from t = 200 ~ 500 um (within a 75-
pm range). John et al. also discussed the influence of the gripping
angle between the fingers, as there were no differences when dis-
criminating between the foil’s edge and the surface.

Miyaoka and Ohka also performed similar experimentation, but
with thinner SUS and Cu foils, proposing that humans are capable
of discriminating until t = 8 ~ 50-um thickness (which normally
cannot be detected by the angular sensory organs of the human
finger) [1, 2]. Their hypothesis is that evaluations of material of
less than 70-um thickness must be performed using the cutaneous
function (of SA-1 mechanoreceptor units) and, for thicknesses
above 350 pm, the kinesthetic function. There is an undetected
region between 70- and 350-um thicknesses that marks the transi-
tion state from one system to another, suggesting the inter-
function state between both systems that we described in the ear-
lier section.

The previous simulation work demonstrates the importance of
finite element analysis towards indirect monitoring of human tac-
tile behaviour [5]. We also highlighted the impact of angular load
on the result and the need to maintain contact between human
tactile function and the metal foils to improve the detection rate.
Whereas, the previous psychophysics experiment shows that the
test subject is capable of detecting the thickness of stimuli through
this gripping method using stainless material as base [15]. We
employed a specific procedure to maintain contact between the
human finger and SUS foils throughout the experiment. The test
subject was required to grip the material between the index finger
and thumb without releasing contact with the foils in order to en-
sure that the only mechanism that activates during contact is the
cutaneous stimuli (or mechanoreceptor), especially in detecting
distortion. Finally, comparison between the behavior of human
tactile mechanism versus a robotic hand equipped with 3-axis
tactile sensors, in recognizing extremely thin sheets (or foils) and
plates was also performed [16]. Hypothetically, when comparing
extremely thin material, human shall judge the thickness based
from the spring constant of the material instead of physical (geo-
metrical) thickness. This hypothesis also applies to robot hand
during similar evaluation process.

The clarification between psychophysics test and FE simulation
result was made by referring to the Weber Fraction. The method
of constant stimuli was used for this experiment by adapting the
concept of difference threshold, where comparison and judgement
must be made by the test subject between standard stimulus and
comparison stimulus. It is considered as one of the most accurate
method in psychophysics, yet also the most time consuming com-
pared to others. Until today, the application of psychophysics is
still relevant in describing the relationship between a person’s
sensations versus psychological judgement; as supported by
Gescheider [11] and Read [17].

3. Methodology

The main purpose of the experimentation procedure is to measure
the thickness difference thresholds using a pair of copper foils. Six
males aged in their twenties participated in this experiment as our
test subjects, all with zero experience in psychophysics experi-
ments, particularly in regard to the thickness differentiating proc-
ess. Based on a simple interview, all test subjects were determined
to be right handed.

Seven pairs of copper foils were used as stimuli with thicknesses
of 20, 40, 60, 80, 100, 120, and 150 um. Each foil was clamped
between aluminum jigs with a 60-mm diameter exposed opening.
The temperature of the jig was controlled using two hot plates (AS
ONE, EHP-250N), each positioned beside the test subject’s hand
(Refer Fig. 3 & 4).

First, each test subject was seated and required to wear an eye
mask to prevent viewing any of the test materials. They were also
required to wear earphones inputting white noise sounds to neu-
tralize any external noise that could influence their judgement.
Next, the tester randomly selected a pair of foils from each com-
parison stimulus and standard stimulus group, and placed the pair
near the test subject’s hands. After receiving a tap signal from the
tester, the test subject gripped each foil simultaneously using the
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index fingers and thumbs of both hands. This was to determine
which foil was perceived to be thicker using the two-alternative,
forced-choice technique.

The test subject was allowed to move their fingers with five times
gripping motion only, maintaining contact with the metal foil
throughout the whole process. Finally, each test subject signalled
which material was perceived to be thicker by raising the hand
which perceived the thicker feeling.

The maximum time to give their feedback was 20 sec (including
15 sec of the gripping process) for each combination of stimulus.
The inter-stimulus interval is important for the tester to record data
and to exchange material for the next combination of stimulus.
Basically, pair-wise combinations of seven distinct stimuli (plus
self-combinations) produces 28 steps, with comparison between
same thicknesses done twice. As it was necessary to counterbal-
ance the right and left positions of stimuli, the total number of
combinations doubles up to 56 steps. Overall, each subject per-
formed around ten trials for each combination of stimuli, resulting
in a total of 560 steps each. The total simulation time per trial was
about 30 minutes (including 10 minutes resting time during each
interval). In order to maintain the decision-making quality, the
maximum experiment time was kept below two hours, which lim-
its the number of trials to a maximum of four per day.

(@) (b)
Fig. 3: Humidity chamber to preserve material sample (a) and various
thickness of copper material arranged on hot plate (b).

Fig. 4: Experimental setup where the test subject is comparing the stimu-
lus between two copper samples with specified thickness.

In order to estimate the gripping force of previous psychophysics
experimentation, at first the anthropometric data from FAA Wil-
liam J Hughes Technical Center has been referred to; resulting in
gripping force of 48 N (momentary) and 28 N (sustained hold)
between thumb and index finger during handling. Due to such
excessive figure compared with actual physical confirmation, the
resultant force has been reduced with average of 1.0 N for both
index finger and thumb.

As for current setting, we have decided the temperature to set the
room temperature to 25°C. As for humidity, it should be con-
trolled within 60% range (Currently the average is about 50%, as
the optimum indoor setting for either heating or cooling climate is
around this value). The temperature of the hot plate shall be kept
around 35 + 1 °C, and the temperature of the foil is targeted
around 32+ 4 °C, which is set as close as possible to normal body
temperature. Even though the heat dispersion factor might effect
the temperature of the foils (due to varieties of thickness, material
type and others), as long as the temperature is kept within this
range, the test subject could not differentiate the temperature dif-
ferences between the foils.

4. Result

In this section, we shall discuss the psychophysics experimental
result, using copper as the base material. The psychometrics func-
tion using p values can be referred from Fig. 5. The vertical axis
shows the probability for the comparison stimuli to be judged
thicker than standard stimuli, while the horizontal axis shows the
thickness of the comparison stimuli. Each of the lines represents
the probability trend of base material. For example, referring to
the data on the upper left corner, which represents the trend line
for copper comparison stimulus material (with t=40 um) with
probability of 0.98 to be judge thicker when compared with 20 um
base or standard material. Overall, when p=0.5, it marks the
threshold point where the probability of judging both type of ma-
terial’s thicknesses as similar.

By referring to this data, we could see the relation between each
plot, which reflects the accumulated result for each standard stim-
uli. From here, we could verify that the psychometric function
increases as the thickness of comparison stimuli increases. This
shows the ability of the tactile function (of test subject) to discrim-
inate the thickness of the stimuli, which increases as the thickness
of comparison stimulus material increases.

As for the z-score function (Fig. 6), basically it produces similar
result because initially the data of psychometric functions were
normalized and normal distribution curves were fitted using the
least square method for the main purpose of difference threshold
calculation. Compared to the previous result using stainless steel
material [15], the probability of detection for copper material
shows a rapid increase especially for t = 20~40 um thickness. This
also could be seen during experimentation where the usage of 20
um as comparison or base resulting in almost 100% detection
compared to other thicknesses. The probability function and z-
score function also shows an increase.

p (Comparison > Standard)
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Fig. 5: Psychometric function using p values for Cu vs Cu
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Fig. 6: Psychometric function using Z-Score for Cu vs Cu
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Next is to refer to the Weber fraction result for copper material in
Fig. 7, beginning from 0.68 when t=20 um and further reduced to
0.28 when the thickness decreased to t=150 um thickness. As in-
formed previously, the Weber Fraction shows the ability of a sub-
ject to detect distortion of stimuli and discriminate between the
thicknesses of stimuli from the amount of distortion. The Weber
fraction for copper (Cu) reduces almost consistently with linear
trends compared to the result from stainless steel (SUS) material,
which have extremely high Weber fraction value at the beginning
(around 3.5). This shows that the test subject is still capable of
differentiating the thickness for within this range of data when
using copper material. The evidence could been seen from the
accuracy level graph, where the average accuracy level increases
to almost 87% compared when using stainless steel material as
base. Also, the slope of stimuli for stainless steel material is high
during low thickness showing signs of limitation when evaluating
extremely thin material and further reduces to normal, when the
Weber fraction becomes more consistent.

From the duplex theory [1], one of the conclusions is that the
thickness discrimination was possible only when the stimuli were
either extremely thin, from 20~70 um thickness, or from
350~1000 um thickness. The discrimination of thickness was con-
sidered difficult by the test subjects when the thickness of the
stimuli were between 70~350 xm, marking the possibility of a
changing points from one discriminating system to another. The
previous hypothesis also discussed on the possibilities of intersec-
tion between two discriminating system processes. However,
based from current experimentation, it is quite hard to judge the
discriminating system by just looking at the probability or z-score
function result.

One of the limitations is due to the nature of our experimentation.
We need to control the testing environment so that the test subject
could produce good judgement within specified timeline. At the
same time, this also means that we need to break the material into

certain thickness categories. Our judgement also needs to be based
from observing the Weber fraction graph.

5. Discussion & Conclusion

Miyaoka and Ohka [1] shows that the test subjects were able to
detect distortion of stimuli and discriminate between the thick-
nesses of stimuli from the amount of distortion. When the amount
of distortion is small, the material thickness shall be defined as
thick and vice versa. This concept could also be monitored
through the behavior of human during contact with soft object, as
mentioned by Fujita and Ohmori [18]. One of the conclusions is
the mechanoreceptor responding to velocity or acceleration infor-
mation has been used in detecting such distortion as mentioned by
Johansson and Vallbo [6~7].

From this experiment result, it could be possible that SA-I or FA-I
is responsible in detecting the distortion during extremely thin
thickness (Based from this experiment result is around t=20~50
um). Burgess et al. [19] also states that compression signalled by
cutaneous mechanoreceptor particularly the slow adapting class.
However, Srinivasan and La Motte [20] states that the softness
perception rely primaly on cutaneous and kinestatic have no effect
in discriminating softness. Goodwin [21] also reports that SA-I
responds the best to static stimuli when encoding object with cur-
vature, while only 50% of FA-I responds and none for FA-II. This
could mean that SA-1 is the primary source for tactile discrimina-
tion.

For current experiment, although majority of the effort is focused
towards controlling the detection feeling through static load, it is
quite impossible for the test subject to perform and response
throughout the whole experiment without involving dynamic mo-
tion. As the thickness increases from around 50~90 um, the detec-
tion could have been made by another mechanoreceptor unit such
as the FA-1I. The basis on such hypothesis was made referring to
the findings by Bolanowski et al. [22].

As highlighted during the beginning of the experiment, the test
subject are required to grip the material between index finger and
also thumb without releasing contact with the foil. Thus, the only
mechanism that should work during this motion is the stimuli in
detecting distortion, which is available at the mechanoreceptor
within our skin. This shows that the test subject is capable of de-
tecting the thickness of stimuli even by gripping the sample and
by moving their thumb and index finger only.

From the latest psychophysics experiment, we have further veri-
fied the tactile ratio during detection of extremely thin object. Due
to further specification of material handling, basically we achieved
similar trend. The only difference is the value of tactile ratio is
more focused. Unfortunately, we are unable to monitor the
changes of accuracy rate. The reason is because there is no major
changes detected on the Weber function for t > 70 um onwards.
Eventhough some of the individual result shows such progress
especially from 120 x«m onwards, in average the increase is mini-
mum and barely noticeable. Also, the duplex theory is not verified
in this experiment. But the fact that it exists cannot be denied
based from previous experimentation result, where the threshold
exists when thickness is more than 100 um. This is due to the na-
ture of our experiment, where we specifically instruct the test
subject to analyse differences of thickness using each hand simul-
taneously, and not the combination of two index finger as per-
formed during duplex theory.
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