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ABSTRACT This paper proposes a method to improve the tactile sensitivity of the fingertip by placing
multiple vibrators at a remote position away from the fingertip. It is known that a fingertip’s tactile sensitivity
improves when vibrotactile noise is applied to the fingertip or to a position away from the fingertip, such as
the wrist. This is the application of stochastic resonance to the field of haptics. Preliminary experiments in
this study have shown that the improvement of a fingertip’s tactile sensitivity via remote vibrotactile noise
depends on the propagation of the vibration on human skin. From the results of the preliminary experiments,
it is expected that the larger the noise reaching the fingertip, the smaller the detectable input. Therefore,
we consider that multiple vibrators at a remote position can propagate a larger noise to the fingertip and
further improve the fingertip’s tactile sensitivity compared to the use of only one vibrator as occurred in
a previous study. Finite element analysis was performed so that the noises from multiple vibrators were
properly superimposed at the fingertip. To synchronize the arrival of the noises at the fingertip from the
multiple vibrators, we determined the positions of the vibrators and the time when each vibrator started
generating noise. The results of a subject experiment confirmed that the proposed method significantly
improved fingertip sensitivity compared to the case without SR or the case where only one vibrator was

used.

INDEX TERMS Fingertip, haptic sensation, multiple remote noises, stochastic resonance.

I. INTRODUCTION

The use of stochastic resonance (SR) has been attracting
attention as a method to increase tactile sensitivity and
improve performance during precise work using the hands
or when tactile function is degraded due to diseases such as
neuropathy or aging [1]. It is known that when an optimal
noise is added to a nonlinear system with a weak input,
the undetected input becomes apparent and the sensitivity
is improved [2]. This phenomenon is called stochastic res-
onance. SR is often discussed in a bistable system, i.e., a
system with two stable states. For recent progress of SR,
see [3], [4]. However, SR was also observed in an excitabil-
ity model such as a human tactile receptor: when a certain
threshold state is reached, there occurs a large excursion in
the state variable, followed by a recovery to a resting state [5].
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In the SR of the excitability model, there are three necessary
components: a threshold, a subthreshold input, and noise [6].
If the original input applied to the model is smaller than
the threshold, the input cannot be detected. Here, when an
optimal noise is added to the subthreshold input, the input
exceeds the threshold and can be detected, and the period
exceeding the threshold is synchronized with the original
input. On the other hand, if the added noise is too large,
the probability of exceeding the threshold increases, but the
period is not synchronized with the original input; that is,
the input is buried in the noise, and the information on the
original input cannot be obtained from the output. SR is a
phenomenon in which the signal is enhanced and the response
is improved at a certain probability by adding noise of an
optimal intensity to the subthreshold input. Collins et al.
first applied SR to human tactile function [1]. They found
that humans can detect an input when noise is added to a
subthreshold input that they cannot perceive.
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Thus far, many studies have applied SR to human tactile
functions such as fingertips [1], [7], hands [8], and feet [6],
[9]. Furthermore, it has been reported that SR improves bal-
ance control [10]-[12], control of finger force [13], [14],
and motor learning using fingers [15]. Collins et al. found
that humans can detect a subthreshold input when Gaussian
noise is superimposed on the input applied to the finger-
tip [1]. However, considering that we perform tasks using
our fingertips, it is not realistic that an input with noise
superimposed is presented to the fingertips. Kurita er al.
developed a glove-type wearable device that can improve the
tactile sensitivity of a fingertip by applying white Gaussian
noise to the lateral aspect of the fingertip [7]. However,
for precise work using the hands, it is necessary to allow
the user’s hands to move as freely as possible. Therefore,
it is desired that the tactile sensitivity of the fingertip can
be improved even when vibrotactile noise is applied to a
remote position, such as the dorsal hand or wrist away from
the fingertip, that does not restrict the user’s hand move-
ment, instead of attaching a vibrator directly to the fingertip.
Enders et al. found that the tactile sensitivity of the fingertip
can be improved even when vibrotactile noise is applied
to a position away from the fingertip [16]. They showed
experimentally that white noise applied to the dorsal hand
or wrist can improve the tactile sensitivity of the fingertip.
However, the fundamental principle that remote vibrotactile
noise improves the tactile sensitivity of the fingertip is still
unexplained.

Preliminary experiments in this study showed that whether
or not remote vibrotactile noise improves a fingertip’s tactile
sensitivity depends on vibration propagation on human skin.
For example, we consider a case where a vibrotactile noise is
applied to the wrist. This noise propagates on the skin and
reaches the fingertip. Then, it has been confirmed that the
noise adds to the subthreshold input presented at the fingertip,
thus increasing the input until it can be detected.

From this verification of the fact, it is expected that the
larger the noise reaching the fingertip, the smaller the input
that can be detected. In this study, we propose a method to
place multiple vibrators at a remote position away from the
fingertip, such as the wrist. In the previous studies, only one
vibrator is placed in a remote position. By using multiple
vibrators, vibrotactile noises propagated from the vibrators
are superimposed on the fingertip, so the noise at the fingertip
is larger than when only one vibrator is used. As a result, it is
expected that the sensitivity of the fingertip would be greater
than if only one vibrator is used, thus allowing an even smaller
input to be detected.

The paper is organized as follows. In Section II, we exper-
imentally investigate the fact that remote vibrotactile noise
improves the tactile sensitivity of the fingertip. In Section III,
we describe a method of placing multiple vibrators at
a remote position to improve the sensitivity of the fin-
gertip. In Section IV, we explain a subject experiment
to verify the effectiveness of the proposed method. In
Section V, we describe the experimental results and discuss
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the effectiveness of the proposed method. Finally, we con-
clude this paper in Section V1.

Il. ENHANCEMENT OF FINGERTIP TACTILE SENSITIVITY
BY REMOTE VIBROTACTILE NOISE

In this section, we describe the experiments to show that
remote vibrotactile noise improves a fingertip’s tactile sen-
sitivity. We confirm that the sensitivity of the fingertip
improves when a sufficiently large noise reaches it, and that
the sensitivity does not improve otherwise.

A. SENSORY THRESHOLD OF THE FINGERTIP FOR
SINUSOIDAL VIBRATION

1) METHOD

In this experiment, the fingertip sensory threshold for sinu-
soidal vibration is measured when white Gaussian noise is
applied to the wrist or forearm (a position about 200 mm
from the wrist in the forearm direction). Here, note that
many studies have been conducted to improve the tactile
sensitivity of fingertips by using white Gaussian noise ( [1],
[7], [15], [16], and others), and we have already described this
fact in the introduction. According to these results, we used
white Gaussian noise as the noise in this paper. Fig. 1 shows
an overview of the experimental environment. A voice coil
actuator (Haptuator Planar, Tactile Labs, Montreal, Canada)
for applying sinusoidal vibration was attached to the index
fingertip, and a piezoelectric actuator (APA400M, Cedrat
Technologies, Meylan, France) for presenting white Gaussian
noise for SR was attached to the wrist or forearm. Each vibra-
tor was fixed to the subject using a hook and loop (Velcro)
tape.

First, the subject’s sensory threshold at the wrist and fore-
arm for white Gaussian noise is examined. Then, the fingertip
sensory threshold for sinusoidal vibration is measured with
and without SR. Six healthy subjects (mean age + SD: 23.8
=+ 0.69 years, all males) participated in this experiment, where
SD indicates standard deviation. All participants understood
and consented to the experimental protocol approved by The
Ethics Committee, Graduate School of Engineering, Kyoto
University (No. 201707).

First, we measured the subject’s sensory threshold at the
wrist and forearm for white Gaussian noise. Considering
the frequency characteristics of the tactile receptors on the
human fingertips, we selected white Gaussian noise with a
frequency band of O — 300 Hz. There are four known types
of tactile receptors on human fingertips, each with different
frequency characteristics [17]. In other words, the frequency
with the highest sensitivity differs for each receptor. There-
fore, we decided to use 0 — 300 Hz white Gaussian noise,
which included all of the most sensitive frequencies of the
four types of tactile receptors. White Gaussian noise was
obtained by applying a low-pass filter with a cutoff frequency
of 300 Hz to f(z) generated using the Box-Muller method
expressed by the following equation [18]:

f(@) =0y —2InU;(t)sin 2r Uz(1)), (1)
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Amplifier for piezoelectric actuator | | Voicecoil actuator for sinewave

Headset | | Piezoelectric actuator for SR |

FIGURE 1. Experimental environment for measurement of sensory
threshold for sinusoidal vibration.

where Uj(t) and U,(¢) are independent random variables on
the interval (0, 1), o is the noise intensity, and ¢ is time.

The sensory threshold was measured using the up-down
method [19]. Additionally, the subjects wore passive
noise-canceling headsets to avoid hearing the vibration actu-
ator. The subject’s sensory thresholds for the white Gaussian
noise at the wrist and forearm obtained here are Tyt and
Ttorearm, respectively.

Next, we measured the fingertip sensory threshold for
sinusoidal vibration with and without SR. The frequency of
the sinusoidal vibration applied to the fingertip was set to
100 Hz. In the case of vibration with SR, white Gaussian
noise with 0.6 Tyyist and 0.6 Tforearm Was applied to the
wrist and forearm, respectively. Here, note that the noise with
0.6 T means that the noise intensity is 60 % of the sensory
threshold 7. The following are known to be true, depending
on the task: [15], [22]: 1) applying noise with an intensity
of less than 1.0 T to the wrist significantly improves the
tactile sensitivity of the fingertip compared to when no noise
is applied; 2) on the other hand, the tactile sensitivity of the
fingertip does not improve when noise with an intensity of
1.0 T or higher is applied to the wrist; and 3) the tactile
sensitivity of the fingertip is highest at 0.6 T. Therefore,
in this experiment 0.6 T is chosen as the condition when using
SR. The experiments were performed under three conditions:
without SR, when vibrotactile noise was applied to the wrist,
and when vibrotactile noise was applied to the forearm. The
order of these conditions was random. The fingertip sensory
threshold for sinusoidal vibration was also measured using
the up-down method.

2) RESULTS

Fig. 2 shows the experimental results. The horizontal axis
indicates the SR condition while the vertical axis shows the
subject’s fingertip sensory threshold for sinusoidal vibration,
which is the smallest amplitude of sinusoidal vibration that
the subject could detect at the fingertip. Therefore, a small
value indicates that a smaller vibration was detected; that is,
the sensitivity was high. In addition, the T-topped error bars
show the standard deviation for each value. We carried out
a two-tailed paired ¢-test. There was a significant difference
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FIGURE 2. Sensory threshold for sinusoidal vibration with SR (Wrist,
Forearm) and without SR (No vibration). In the Wrist and Forearm
applications, noise was applied to those respective parts. A statistically

significant difference was observed between Wrist case and No vibration
case (“+*" means p < 0.01).

between the Wrist case and the No-vibration case (¢t = 5.05,
DOF = 5, p = 0.004), and there was no significant difference
between the Forearm case and the No-vibration case (f =
0.72, DOF = 5, p = 0.502).

The results show that the sensitivity of the fingertip was
significantly improved when white Gaussian noise with
0.6 Tyrist was applied to the wrist compared to the case
without SR (No vibration). However, it can be seen that the
sensitivity did not improve when the noise was applied to
the forearm. From these results, we expect that when noise
was applied to the wrist, stochastic resonance appeared and
the sensitivity improved because a sufficiently large noise
reached the fingertip. On the other hand, it is considered
that, when noise was applied to the forearm, a sufficiently
large noise did not reach the fingertip, so stochastic resonance
did not appear and sensitivity did not improve. In the next
experiment, we measure the noise propagating to the fingertip
in order to investigate the hypothesis mentioned above.

B. NOISE PROPAGATING TO THE FINGERTIP

1) METHOD

In this experiment, the noise propagating to the fingertip
is measured using a polyvinylidene fluoride (PVDF) film
when the white Gaussian noise used in the first exper-
iment is applied to the wrist or forearm. We used the
same method in [20] to measure the noise at the fin-
gertip using a PVDF film. Fig. 3 shows an overview
of the experiment. A piezoelectric actuator (APA400M,
Cedrat Technologies) for presenting white Gaussian noise
was attached to the wrist or forearm, and PVDF film
(LDT1-028K, TE Connectivity, Schaffhausen, Switzerland)
was wound around the index fingertip with a skin adhe-
sive. We measured the acceleration of the fingertip skin
in the normal direction when white Gaussian noise with
0.6 Tyrist or 0.6 Tiorearm Was applied to the wrist or forearm,
respectively.
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FIGURE 3. Experimental environment for measuring noise at the fingertip
with PVDF film.
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FIGURE 4. Power spectrum of the noise at the fingertip when white
Gaussian noise is applied to (a) wrist or (b) forearm.

2) RESULTS

Fig. 4 shows the results of the experiment. The horizontal axis
indicates frequency, and the vertical axis indicates the power
spectrum of the noise propagating to the fingertip from the
wrist or forearm.

The experimental results show that when white Gaussian
noise was applied to the forearm, a sufficiently large noise
did not reach the fingertip, unlike the case where the noise
was applied to the wrist. It is known that the number of
tactile receptors decreases as the distance from the fingertip
increases, which means the tactile sensitivity decreases [21].
Therefore, the sensory threshold at the forearm for white
Gaussian noise (Tforearm) 1S larger than the sensory threshold
at the wrist (Tyrist). Then, the white Gaussian noise applied
to the forearm (0.6 Torearm) Was larger than the noise applied
to the wrist (0.6 Twrist). However, since the distance from the
forearm to the fingertip was long, the noise was attenuated
and a sufficiently large noise did not reach the fingertip.
It is considered that the sensitivity of the fingertip did not
improve as shown in Fig. 2 because the noise propagating
to the fingertip was small when the noise was applied to the
forearm.

C. DISCUSSION

The present results confirmed that the tactile sensitivity of the
fingertip improves when a sufficiently large noise reaches the
fingertip but does not improve otherwise, as shown in Figs. 2
and 4. Therefore, from the result showing that the intensity
of the noise propagating to the fingertip determines the
appearance of stochastic resonance, we can conclude that
remote vibrotactile noise improves the tactile sensitivity of
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the fingertip by the propagation of vibration on human skin.
In other words, the noise propagated from the remote position
appears to detect the subthreshold input presented to the
fingertip.

In addition, the improvement of the index finger’s tactile
sensitivity for sinusoidal vibration was confirmed, but the
improvement of the sensitivity of other fingers or of the
palm can be expected by applying noise to the wrist. The
noise propagating to the middle finger was also measured
using PVDF film in the same way as described above, and
it was confirmed that the noise with the same intensity as the
index finger reached the middle finger. Thus, the advantage
of adding noise to remote positions is that it can also improve
the tactile sensitivity of all five fingers or the palm in addition
to the known advantage mentioned in [16], [22], which allows
the user to move their hand as freely as possible.

llIl. PROPOSED METHOD TO IMPROVE TACTILE
SENSITIVITY AT THE FINGERTIP USING MULTIPLE
REMOTE NOISES

A. BACKGROUND

From Section II, we found that when noise is applied to a
remote position such as the wrist, it propagates to the fingertip
and adds to the subthreshold input at the fingertip, so that the
input can be detected. Based on this principle, we can expect
that the larger the noise reaching the fingertip, the smaller
the detectable input. Therefore, white Gaussian noise with
an intensity of 0.6 T was used in the subject experiment in
Section II, but if a larger noise, such as 1.0 7 or 1.5 T,
is applied, the noise reaching the fingertip also increases, so it
may be possible to detect an even smaller input. However,
it is known that the sensitivity of the fingertip does not always
improve even if a noise larger than 1.0 T is applied [15], [22].
This seems to be a matter of human attention rather than SR
principle. Since T represents the subject’s sensory threshold
for white Gaussian noise, when white Gaussian noise with
1.0 T or more is applied, the subject perceives the vibrotactile
noise itself at the wrist, for example. While performing the
task of detecting a weak input below the sensory threshold at
the fingertip, all subjects felt the vibrotactile noise in another
part. Thus, it is considered that noise with 1.0 7' or more did
not improve the tactile sensitivity of the fingertip, though a
larger noise should have propagated to the finger.

B. PROPOSED METHOD

Based on the above background, aiming to further improve
tactile sensitivity and performance, we consider applying
multiple white Gaussian noises with intensities less than the
threshold from multiple vibrators. If the intensity of white
Gaussian noise is less than the threshold, humans do not
feel the noise at the positions where the vibrators are placed.
We thus expect that, since the vibrotactile noises propagated
from the multiple vibrators are superimposed on the fingertip,
the noise at the fingertip will increase and the sensitivity will
improve; that is, even smaller inputs can be detected.
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However, since the vibrotactile noises are presented from
different positions, there are differences in the time for the
noises from various positions to reach the fingertip even if
noises with the same waveform are applied. Thus, the use
of multiple vibrators does not always increase the noise at
the fingertip because the noises do not arrive at the fingertip
at the same time. Furthermore, depending on the position of
the vibrators and the noise intensity, humans may feel the
vibrotactile noise at unexpected positions. Therefore, we will
develop a simple 3D finite element hand model with reference
to the study by Wu et al. [23], and observe the behavior of
vibration propagation on human skin by conducting finite
element analysis. By properly determining the positions of
the vibrators and the time when each vibrator starts generat-
ing noise through the simulation, we aim to synchronize the
arrival of the noises at the fingertip and thus increase the noise
compared to using only one vibrator.

C. 3D FINITE ELEMENT HAND MODEL

To determine the positions of the vibrators and the time
when each vibrator starts generating noise, we developed a
simple 3D finite element hand model consisting of a finger
(assuming the index finger), a hand, and a wrist as shown
in Fig. 5. Further, Fig. 6 shows a finger cross section. The
finger, the hand, and the wrist are composed of four elements:
outer skin, inner skin, subcutaneous tissues, and bone. The
size of each component, the physical properties, and the hand
size are based on related studies [23]-[25].

D. SIMULATION

We consider applying white Gaussian noises with exactly
the same waveform from different positions. Because the
distance from each position to the fingertip differs, the time

Hand

Finger

FIGURE 5. 3D finite element hand model.
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FIGURE 6. Cross section of the finger.
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required for the vibrotactile noise to reach the fingertip also
differs. These differences in the arrival times of the noises
are filled by shifting the time at which each vibrator starts
generating noise. Then, we aim to propagate the resulting
larger noise to the fingertip than when using only one vibrator.

We have decided to place multiple (two) vibrators, one at
the upper part of the wrist and the other at the lower. This time,
we consider using multiple vibrators to increase the noise at
the index finger, but it is necessary to consider the possibility
of expanding to multiple fingers in the future. This is because,
as described in Section II, the biggest advantage of applying
vibrotactile noise to a remote position like a wrist is that
remote vibrotactile noise can improve the tactile sensitivity
of all five fingers without attaching a vibrator to each finger.
Therefore, it is not effective if the noise is increased only at
the index finger when using multiple vibrators. Then, in this
study, the positions of two vibrators were set at the upper and
lower parts of the wrist. Since the difference in distance from
the upper and lower parts of the wrist to the finger pad does
not change significantly for each finger, we consider that if
the arrival time of the noises is adjusted at the index finger,
the noise can be increased at the other four fingers.

First, the noise of the fingertip is calculated when white
Gaussian noise is applied independently to the upper and
lower parts of the wrist, as shown in Fig. 7. Next, from these
results, considering the differences in arrival times of the
vibrotactile noise, the time at which one of the two vibrators
starts generating noise shifts, so that the arrival of the noise
is adjusted at the fingertip. Finally, we obtain the noise at
the fingertip when white Gaussian noise is applied to both
the upper and lower parts of the wrist, and confirm that the
noise at the fingertip is larger than it is when using only one
vibrator.

The position where the white Gaussian noise was applied
was shifted 20 mm from the wrist joint toward the forearm,
and the noise intensity was set to 0.6 7. We set the frequency
band of white Gaussian noise to 0 — 300 Hz, as shown in
Section II. The simulation time was set to 0.1 s, considering
it was not necessary to perform a long simulation because the
objective was to observe the differences in the arrival times
of the noise. It is known that 0 — 300 Hz white Gaussian noise
applied to the wrist can reach the fingertip even if the noise
lasts only 0.1 s [26]. As shown in Fig. §, the bones at the end
of the wrist and the fingertip were completely constrained as
boundary conditions. The simulations were performed using
the commercially available FE software package Abaqus
(Dassault Systemes, Vélizy-Villacoublay, France).

White Gaussian noise

FIGURE 7. Sideview of 3D finite element hand model.
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FIGURE 8. Boundary conditions of 3D finite element hand model.
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FIGURE 10. Comparison of (a) white Gaussian noise applied to the lower
wrist and (b) the noise at the index fingertip.

E. RESULTS

1) APPLYING WHITE GAUSSIAN NOISE ONLY TO THE UPPER
WRIST

Figure 9 (b) shows the noise at the fingertip when white
Gaussian noise with 0.6 Typper wrist €xpressed by Fig. 9 (a) is
applied only to the upper wrist.

2) APPLYING WHITE GAUSSIAN NOISE ONLY TO THE
LOWER WRIST

Figure 10 (b) shows the noise at the fingertip when white
Gaussian noise with 0.6 Tiower wrist €xpressed by Fig. 10 (a) is
applied only to the lower wrist.

It can be seen that the amplitude of white Gaussian noise
applied to the upper wrist is larger than that of the noise
applied to the lower wrist, as shown in Fig. 9 (a) and
Fig. 10 (a). This is because the sensory threshold at the upper
wrist for white Gaussian noise (Tupperwrist) Was larger than
that at the lower wrist (Tiower wrist)- This time, the noise at the
finger pad was calculated, so the noise from the lower wrist
arrived earlier than the noise from the upper wrist as shown
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FIGURE 12. White-Gaussian-noise vibration applied to (a) the upper wrist
and (b) the lower wrist.

in Fig. 9 (b) and Fig. 10 (b). Therefore, in order to synchronize
the arrival times of the noises, the vibrator at the lower wrist
should start generating noise slightly after the vibrator at the
upper wrist does so.

3) APPLYING WHITE GAUSSIAN NOISE TO BOTH THE
UPPER AND LOWER PARTS OF THE WRIST

Figure 11 (b) shows the noise at the fingertip when white
Gaussian noise with 0.6 Typper wrist €xpressed by Fig. 12 (a) is
applied to the upper wrist and white Gaussian noise with
0.6 Tiower wrist €xpressed by Fig. 12 (b) is applied to the lower
wrist. Note that Fig. 12 (b) slightly delays the white Gaussian
noise shown in Fig. 10 (a), taking into account the difference
in the arrival times of the noises.

Figure 11 shows that the use of multiple vibrators can
propagate a larger noise to the fingertip than when using
only one vibrator by properly designing the positions of the
vibrators and the time when each vibrator starts generating
noise. Therefore, it is expected that stochastic resonance will
be more likely to occur because the noise propagated to the
fingertip is larger by using multiple vibrators, thus enabling
the detection of even smaller inputs.

F. MEASUREMENT OF NOISE PROPAGATING TO THE
FINGERTIP WHEN USING MULTIPLE VIBRATORS
Here, by using a PVDF film, we check whether the vibro-
tactile noise propagated to the fingertip is larger when using
multiple vibrators than when using only one vibrator. The
positions of the vibrators and the time when each vibrator
starts generating noise were the same as in the simulation.
Figure 13 shows the results of the experiment. The hori-
zontal axis indicates frequency, and the vertical axis indicates
the power spectrum of the noise propagating to the fingertip
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when using only one vibrator (Fig. 13 (a)) or two vibra-
tors (Fig. 13 (b)). This result shows that multiple vibrators
can propagate a larger noise to the fingertip than only one
vibrator.

Through the finite element analysis and the measurement
with PVDF film, we can confirm that multiple vibrators can
propagate a larger noise to the fingertip than only one vibrator
if the positions of the vibrators and the time when each
vibrator starts generating the noise are properly arranged.
Therefore, it is expected that stochastic resonance will be
more likely to occur by using multiple vibrators, and it will
be possible to detect even smaller inputs and thus to further
improve performance.

IV. EXPERIMENTS USING THE PROPOSED METHOD
Now we verify the effectiveness of SR using multiple vibra-
tors through a subject experiment.

The task of the subject experiment was a texture discrimi-
nation task that calculates the ratio of sandpaper grade iden-
tification. In this experiment, we aim to improve the ratio of
correct sandpaper grade identification by using multiple (two)
vibrators compared to without SR or using one vibrator.

Figure 14 shows an overview of the experiment. Piezo-
electric actuators (APA400M, Cedrat Technologies) for pre-
senting white Gaussian noise for SR were attached to the
upper and lower parts of the wrist, respectively, using hooks
and loop tape. There were six grades of sandpaper (#120,
#150, #180, #220, #240, #280) as shown in Fig. 15. Eight
healthy subjects (mean age £+ SD: 23.6 + 1.22 years, all
males) participated in this study. All participants understood
and consented to the experimental protocol approved by The
Ethics Committee, Graduate School of Engineering, Kyoto
University (No. 201707).

First, we measured the subject’s sensory threshold at the
upper and lower parts of the wrist for 0 — 300 Hz white
Gaussian noise. The sensory threshold was measured using
the method described in Section II. The subject’s sensory
threshold at the upper and lower parts of the wrist for white
Gaussian noise obtained here are Tyupperwrist and Tlower wrists
respectively.

Next, using the subject’s sensory threshold for white Gaus-
sian noise, the ratio of sandpaper identification was measured
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FIGURE 15. Sandpaper grades used in the texture discrimination test:
numbers indicate U.S. CAMI grit sizes.

under three conditions: without SR, with SR by one vibrator,
and with SR by two vibrators. In the case of “with SR by
one vibrator”, white Gaussian noise with an intensity of
0.6 Tyupperwrist Was applied to the upper wrist. In the case
of “with SR by two vibrators”, white Gaussian noise with
an intensity of 0.6 Tyupperwrist Was applied to the upper wrist
and white Gaussian noise with an intensity 0.6 Tiower wrist Was
applied to the lower wrist. The noise to the lower wrist began
slightly after that to the upper wrist, as in the simulation.

The procedure of the subject experiment is explained.
First, the experimenter randomly presented one of the six
sandpaper grades to the subject as a test sandpaper. At this
time, the subject was asked to wear an eye mask so that they
could not see the sandpaper. Next, the subject temporarily
removed the eye mask and then touched the six sandpaper
grades shown in Fig. 15. Finally, the subject selected the same
sandpaper as the test sandpaper from the six grades and the
ratio of correct sandpaper identification was recorded. The
subject was allowed to repeatedly touch the test sandpaper
as needed before answering, and the subject touched the
sandpaper using the index finger. This was performed four
times for each sandpaper grade under the three SR conditions
mentioned above. The order of the presented sandpaper and
that of the three conditions were randomized.

V. RESULTS AND DISCUSSION

Figure 16 shows the experimental results. The horizontal axis
indicates the SR condition, and the vertical axis indicates
the ratio of correct sandpaper grade identification. Therefore,
a high value indicates that the subject could identify the sand-
papers more accurately. In addition, the T-topped error bars
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FIGURE 16. Comparison of the ratio of correct sandpaper grade
identification. Single SR means noise was applied only to the upper wrist.
Multi SR means the noise was applied to both the upper and lower parts
of the wrist. Statistically significant differences were observed between
the No vibration and Multi SR and between the Single SR and Multi SR
cases (“+” means p < 0.05).

show the standard deviation for each value. One-way ANOVA
showed a significant main effect from the SR conditions
(F(2,21) = 3.47, p = 0.0061). The result of Tukey’s test
revealed significant differences between the ““without SR (No
vibration)” case and the “with SR by two vibrators (Multi
SR)” case (p < 0.05), and between the “with SR by one
vibrator (Single SR)” case and the “with SR by two vibrators
(Multi SR)” case (p < 0.05).

The results show that the ratio of correct sandpaper iden-
tification was significantly improved in the proposed method
“with SR by two vibrators” compared to “without SR” and
“with SR by one vibrator”. On the other hand, in this experi-
ment, no significant difference was observed between ““with-
out SR and “with SR by one vibrator”. It is considered that
recognizing the difference in the frequency of skin vibration
generated at the fingertip when tracing the surface of a grade
of sandpaper greatly contributes to the identification of the
sandpaper. The periodic input applied to the fingertip is small
when tracing the surface of the fine sandpaper with small pro-
trusions, as used in this experiment. Therefore, it was difficult
to identify the grade of sandpaper in the case of “without SR”
or “with SR by one vibrator”” where the noise propagating to
the fingertip was small. On the other hand, in the proposed
method “SR with two vibrators™, a sufficiently large noise
reached the fingertip, and the probability that the periodic
input exceeds the sensory threshold increased, so the subject
could detect the input and identify the sandpaper grades more
accurately.

From the results of the subject experiment, we can confirm
the effectiveness of the proposed method, in which multiple
vibrators are placed at remote positions. A comparison cannot
be made because the grades of sandpaper differed, but a
similar subject experiment was also performed in a previous
study [7]. The ratio of correct sandpaper identification in the
case of the proposed method ““SR with two vibrators” in this
study is slightly lower than the ratio in the case where one
vibrator is attached to the lateral aspect of the fingertip in
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the previous study. This is because it was more difficult to
correctly identify the grades of sandpaper in this study than in
the previous study. Therefore, if the experiment is performed
with the same grades of sandpaper used in the previous study,
the same ratio may be obtained by the proposed method.
In addition, in the previous study, a vibrator is attached
to the side of the index finger to apply noise, so we can
expect the sensitivity of only the index finger to improve.
However, in the proposed method the vibrators are placed at
remote positions, so the same sensitivity improvement can
be expected not only for the index finger but also for other
fingers.

On the other hand, the studies [16], [22] have been inves-
tigated the tactile sensitivity at the fingertips to the noise
intensity at the wrist. These results are task-dependent, but
it has been shown that noise greater than 0.6T on the wrist
reduces the tactile sensitivity at the fingertips. In addition,
the result [16] shows that the tactile sensitivity at the fingertip
is reduced even when noise smaller than 0.6T is applied at the
wrist. Thus, the results caused by SR has a non-monotonic
behavior with respect to the noise intensity. That is, for
smaller noise or larger noise, the sensitivity results caused
by SR are worse than those under moderate noise conditions.
Here, note that we did not examine non-monotonic behavior
because it is outside this study’s scope. However, we think
that our proposed method has this behavior. This investigation
is considered to be an issue for the future.

VI. CONCLUSION
This paper proposed a method to improve a fingertip’s tactile
sensitivity by placing multiple vibrators at a remote position
away from the fingertip. First, we experimentally examined
why remote vibrotactile noise improves the tactile sensitivity
of the fingertip. When white Gaussian noise was applied
to the wrist, the sensitivity of the fingertip for sinusoidal
vibration improved. At this time, it was confirmed that noise
applied to the wrist propagated on the human skin and
reached the fingertip. On the other hand, it was also found
that sensitivity did not improve if a sufficiently large noise
did not reach the fingertip. Therefore, from the result that the
intensity of the noise propagating to the fingertip determines
the appearance of stochastic resonance, we can conclude that
remote vibrotactile noise improves the tactile sensitivity of
the fingertip based on vibration propagation on human skin.
Based on this investigation, we expected that the larger the
noise reaching the fingertip, the smaller the input that can
be detected. In this study, we proposed a method to place
multiple vibrators at a remote position away from the finger-
tip, such as the wrist. First, we conducted a finite element
analysis to properly superimpose the noises from multiple
vibrators at the fingertip. In order to synchronize the arrival of
the noises at the fingertip, we determined the positions of the
vibrators and the time when each vibrator started generating
noise. As a result, by using multiple vibrators, the noise
at the fingertip became larger than when using only one
vibrator. We then conducted a subject experiment to verify
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the effectiveness of the proposed method. The results of that
experiment confirmed that the use of multiple vibrators sig-
nificantly improved fingertip sensitivity compared to the case
of without SR or the case where only one vibrator was used.

In the future, it will be necessary to adapt the proposed
method to specific tasks using multiple fingers, not only the
index finger. In addition, we plan to examine the frequency
band and type of noise for SR in order to further improve
the tactile sensitivity of the fingertip. On the other hand,
we believe that the amount of improvement in the tactile
sensitivity of the fingertip depends on the sensory threshold at
the fingertip. Thus, the relationship between the improvement
of the fingertip’s tactile sensitivity by our proposed method
and the fingertip’s sensory threshold should be investigated
in the future.
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