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SUMMARY

There have been many efforts to present skin tactile
information to the fingertips. In these studies, however, the
tactile stimulus has been presented to the pad side of the
finger. In that approach, it is difficult to superimpose virtual
tactile information on the tactile information of the real
world. Consequently, this paper proposes a tactile display
device in which vibration is applied to the fingernail side,
not to the pad side of the finger, so that a virtual undulating
sensation can be superimposed on the real-world sensations
obtained during the scanning action of the finger. The
proposed device is based on the phenomenon that when a
vibration is applied while the finger is scanning an object,
a perception of undulation rather than of vibration is pro-
duced. This study measures the pressure change produced
on the pad side of the finger in such a scanning operation
and investigates the mechanism that causes the perception.
The vibration timing required to present an arbitrary virtual
convex width is determined by a psychophysical experi-
ment. © 2007 Wiley Periodicals, Inc. Electron Comm Jpn
Pt 2, 90(4): 56-65, 2007; Published online in Wiley Inter-
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1. Introduction

In studies of virtual reality, there have been efforts to
reproduce artificially such skin sensations as the undulating
sensation of the finger when touching an object. Skin tactile
presentation is generally considered different from force
presentation [1], since the frequency range of the stimulus
is different. The skin tactile presentations hitherto proposed
include methods of faithfully reproducing physical infor-
mation, such as a method of presenting an undulating
sensation by reproducing the shear stress in the perpendicu-
lar direction with an electrostatic actuator [2], a method of
deforming the contact surface shape using pins moving
vertically [3]. There are also methods of directly stimulat-
ing nerves or tactile receptors by surface acoustic waves [4],
electrical stimulation, [5] and ultrasonic stimulation [6].

Furthermore, when a human tries to sense the surface
shape of a motionless object by tactile sensation, the finger
is moved actively in most cases, as in the scanning action,
and the surface shape is inferred from the stimulus applied
to the fingertip accompanying the motion [7]. There are also

© 2007 Wiley Periodicals, Inc.
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Fig. 1. Proposed method to give tactile sensation.

studies in which the tactile sensation is presented in an
effort to reproduce such vibrations generated at the fingertip
during the scanning action by using vertical vibrating bars
[8] and pins [9], and also with a polymer gel actuator [10].

These methods of tactile sensation presentation are
utilized not only in the virtual space, but also in augmented
reality (AR) [11], where artificial sensation is superim-
posed on the real environment. In AR, the virtual informa-
tion is added to information from the real environment, and
AR must be achieved without degrading the sensation of
the real environment [12—-14].

The problem then arises that all of the tactile presen-
tation methods apply the stimulus to the pad side of the
finger. Consequently, the device is interposed between the
real environment and the finger pad, as in the left part of
Fig. 1, thus blocking tactile sensations from the real envi-
ronment. Kajimoto and colleagues [14] proposed a method
in their AR study in which the tactile sensations of the real
environment and artificial tactile sensations can be acquired
at the same time by covering the finger pads with a very
thin film to provide electrical stimulation. In this method
too, tactile sensation of the real environment is lost, since
the device is mounted on the pad side of the finger.

Consequently, this paper proposes the following
method. As shown in the right panel of Fig. 1, an adequate
vibration stimulus is applied from above the nail to generate
the virtual sensation of undulation, so that the virtual undu-
lation sensation can be superimposed on the sensations of
the real environment.

Below, Section 2 describes the principle of generat-
ing an undulation sensation from above the fingernail,
which is verified in Sections 3 and 4. Section 5 presents a
psychophysical experiment to investigate the properties of
the undulating sensation perceived in the proposed method.
Section 6 proposes a method in which the nail-mounted
tactile display is effectively utilized in an AR system, based
on the experimental results.

2. Principle of Proposed Method for
Presentation of Undulating Sensation

In the proposed method, a vibration stimulus is ap-
plied from above to the fingernail during the scanning of an
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object, so that undulation edges are perceived as a result of
an adequate impulse stimulus to the finger pad.

When a human tries to sense the surface shape of a
motionless object, the scanning action is performed in most
cases, and the surface shape is inferred from the motion of
the fingertips and the accompanying stimulus produced at
the fingertips [7]. It is known in particular that the impulse
vibration component perpendicular to the finger surface
which is produced by the undulation edge is important in
the perception of the undulating sensation [8]. Conse-
quently, it is important in the presentation of the undulating
sensation that the stimulus with an impulse component be
presented appropriately, so that it is aligned to the scanning
action.

In the method proposed in this paper, the impulse
stimulus is applied to the fingernail from above, so that
tactile information from the real environment is not
blocked. When a vibration is applied to the nail as in the
right panel of Fig. 1, a stress is indirectly produced on the
finger pad and the contact surface by the driving force.
Since the tactile receptors are concentrated in the finger
pads [15], it is expected that the vibration sensation will be
produced more strongly in the finger pads in contact with
the object than on the nail side. Thus, a virtual undulating
sensation will be superimposed when a vibrational impulse
component perpendicular to the finger surface is applied to
the fingernail during scanning action. An experiment which
indicates that an impulse component is generated in the
finger pad by the vibration stimulus to the fingernail is
presented in the next section.

3. Impulse Stimulus to Finger Pad by
Vibration Stimulus to Fingernail

This section considers the scanning of an undulating
surface, which is one of the basic textures in real environ-
ments. The pressure change (such as the impulse compo-
nent) produced in the finger pad is determined, and a
method of experimentally generating a stimulus simulating
the real environment in the finger pad is tested. In the
experiment, the dynamical stress at a local point on the
finger pad is measured in the cases of a real environment
with undulation and the virtual environment produced by a
vibration stimulus from above the fingernail. The pressure
changes in the two cases are compared.

3.1. Experiment A: Pressure change of finger
pad in scanning an edge in a real
environment

To observe experimentally the pressure change in a
real environment, a real environment with undulation is



scanned in one dimension. The displacement and the pres-
sure on the finger pad are measured [Fig. 2(A)]. The pur-
pose is to observe the vibration on the finger pad surface in
contact with the environment, when the object is scanned
by the fingers. A film-type pressure distribution sensor
(I-SCAN10 x 10, Nitta Co.) was attached to the finger pad.
It was a pressured distribution sensor in which measuring
points with a size of 0.52 mm X 0.52 mm were arranged in
a 10 x 10 grid with a 1.27-mm spacing. In the standard
specification, a measurement time of approximately 10 ms
is required for this sensor to scan all points. It was modified
in the experiment to perform the measurement in less than
1 ms so that the vibration frequency of the actuator could
be effectively observed.

In order to achieve noncontact measurement of the
distance moved, a laser distance meter (LK-500, Keyence
Co.) was used to determine the relation between the dis-
tance moved and the pressure. The sensor was fixed to the
finger pad so that the center of the sensor agrees with the
center of the contact region in the scanning action, and the
pressure at that point was measured with a precision of 0.01
N/cm? (see pressure sensor in Fig. 3).

The area of measurement by this pressure sensor is a
square of size 0.52 mm x 0.52 mm. The laser distance meter
measures the distance from the origin to the measurement
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Fig.2. Composition of experimental system.
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free-formed

Fig. 3. [Installation of experimental device.

point of the pressure distribution sensor with a resolution
of approximately 0.05 mm. These data were sampled at a
rate of 1 kHz by a PC. A real undulation environment was
provided by cementing Kent paper 0.25 mm thick with gaps
of 10 mm on an acrylic plate.

In this experimental environment, the scanning ac-
tion was performed from the origin to approximately 100
mm. The distance from the origin and the pressure on the
finger pad were measured. The speed of movement of the
finger was set as approximately 70 mm/s, and scanning was
performed by applying a stationary force of approximately
0.50 N or 1.00 N to the whole contact region of the finger
pad. The subject was trained beforehand to achieve the
required moving speed and force.

3.2. Experiment B: Pressure change on finger
pad due to vibration stimulus to fingernail

In realizing the virtual environment, the device must
be of small scale and light weight in order to be mounted
on the nail. The general means of realizing a small-scale
vibration device is to use a vibration motor. However,
considering that only vibration in the direction perpendicu-
lar to the finger surface with a fast response, such as the
impulse component, is required, a structure for recursive
motion in a single direction, such as the voice coil of a
speaker, seems suitable.

Consequently, a multiactor (Type 33, NEC Tokin
Co.) was used in this study as the vibration device. This
vibration sensor is composed of a mass and a voice coil.
The resonant frequency of vibration was approximately 132
Hz. Since the vibration output was extremely low except
for this frequency, the driving frequency was set as the
resonant frequency. When the impulse vibration (burst
waveform vibration with impulse-shaped envelope) excited
this vibration device, approximately 20 ms was required for
the amplitude to settle to a constant value.

In this experiment, the actuator was driven at approxi-
mately 90% of the rated output. Figures 2(B) and 3 show
the installation state. The vibration device was fixed firmly



on the nail by means of nail-shaped formed adaptor. The
equivalent edges were set at the same positions as in the
previous experiment. Based on the distance information
from the distance meter, the device was vibrated for 20 ms
when crossing the virtual edge; this was the narrowest pulse
that could be output from the device.

Under these conditions, scanning action was per-
formed on a smooth acrylic plate, and the distance from the
origin, and also the force generated on the finger pad, were
measured. In this experiment too, the speed of movement
of the finger is set as approximately 70 mm/s, and a station-
ary force of approximately 0.50 N or 1.00 N was applied to
the contact area of the finger pad. The subjects performed
the trials after training.

3.3. Measurements of pressure change

Figure 4 shows the force at the central point of the
pressure distribution sensor in experiment A, converted to
pressure. It is evident from the figure that an impulsive force
is generated when the finger arrives at the edge. The im-
pulse is observed in the progress from both a concave to a
convex surface, and a convex to a concave surface.

It is evident that the greatest pressure is observed
when a small area of measurement at the center of the
contact region of the film sensor, which deforms in accord-
ance with the shape of the finger pad, passes over an edge
with a concave/convex change of shape [such as (a) 10 ms
and (b) 20 ms in Fig. 4]. This is attributed to the state in
which the point on the finger pad (measurement region of
the sensor) arrives at the edge, receiving an impulsive force.

Figure 5 shows the weight of the central point of the
pressure distribution sensor in experiment B, converted to
pressure. It can be seen that a fast vibration (burst wave-
form) is generated at the instant when the point passes over
the equivalent edge.
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In order to compare clearly the force characteristics
in the real environment (experiment A) and the virtual
environment (experiment B), the waveform is separated
into the impulse component at the edge and other compo-
nents. For the waveform in Fig. 4, the edge impulse com-
ponent is shown in the upper part of Fig. 6(a), and the other
components are shown in the lower part of Fig. 6(a). Simi-
larly, the force in Fig. 5 is separated as in Fig. 6(b). Com-
paring Figs. 6(a) and 6(b), it can be seen that a force with a
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burst waveform (considered equivalent to an impulsive
stimulus) is produced at the same position and with the
same timing.

It can be seen from the upper part of Fig. 6(a) that the
impulsive force at the edge increases in proportion to the
applied stationary force. On the other hand, it is evident
from the upper part of Fig. 6(b) that the impulsive force at
the edge changes little with the stationary applied force. In
the lower part of Fig. 6(a), there is a pressure variation due
to the undulation (thickness), but no such pressure change
is observed in the lower part of Fig. 6(b), since the surface
is smooth.

3.4. Discussion of experiment on pressure
change measurement

In a real environment, the impulsive force is gener-
ated at edges. In the virtual environment, on the other hand,
fast vibration (burst waveform) is presented to the finger
pad by a vibration stimulus from above the nail. The dura-
tion of vibration of the burst waveform is short, namely, 20
ms. It is inferred that, as pointed out in Refs. 7 and 15, the
rapid rise is strongly perceived and the perception of vibra-
tion is faint. That is, a perception similar to the case of a
stimulus with an impulsive rise is obtained.

In the real environment, the amplitude of the impul-
sive pressure at the edge increases with the applied station-
ary pressure [upper part of Fig. 6(a)]. In the virtual
environment, on the other hand, the waveform changes little
when the applied stationary applied force is increased [up-
per part of Fig. 6(b)]. It is inferred that the impulsive force
increases in the real environment in proportion to the ap-
plied force, while the impulsive force in the virtual environ-
ment is affected only by the amplitude of the vibrator output
and is independent of the applied force.

4. Tactile Presentation by Nail-Side
Vibration Stimulus

A device was constructed on the basis of the results
of this study (Fig. 7), and its operation was displayed [16].
The content of the display is as follows. A sheet of paper
with a printed black and white pattern was set below the
acrylic plate. The border between white and black was
detected by a reflection photosensor attached to the nail.
The same vibration device as in the previous experiment
was attached to the nail, and a vibration of 20 ms was
produced when the sensor crossed the boundary.

The subject was required to scan the finger on the
stripe pattern shown in Fig. 7 from the upper end to the
lower end in the direction perpendicular to the stripe. Then
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Fig. 7. Nail-mounted tactile display.

the subject was asked to select one of the following three
answers.

(a) The stimulus was sensed as vibration.

(b) A certain undulation (nonflat texture) was sensed
on the scanned plane.

(c) Nothing was felt (or could not tell).

In 300 subjects, answers (a) and (c) comprised less than 5%
of the total.

As another trigger for vibration generation, instead
of the black and white border, an invisible stripe environ-
ment was also provided. The material, which is excited by
ultraviolet radiation and produces emissions, was applied
in the same stripe pattern on the sheet as in Fig. 7. The sheet
was set under the transparent acrylic plate. The setup was
visible as a white paper to the subject. The same experiment
was performed and the same sensation was reported. Thus,
the subject was not sensing the written line visually as an
edge.

The responses of the subjects verified the following
property. When the vibration stimulus is presented in syn-
chrony with the finger motion, burst vibrations of short
duration, such as 20 ms, are not sensed as vibration, but are
sensed virtually as a tactile sensation of undulation. It was
also noted by the subjects that although the stimulus was
applied to the whole region of contact of the finger pad with
the environment, the difference in width could be recog-
nized for undulation widths narrower than the width of the
contact region.

There was also a comment that the subject sensed the
undulations but could not decide in the course of scanning
whether the surface scanned at each instant was concave or
convex. In the experiment in a real environment described
in Section 3, it was possible to determine whether the finger
was progressing onto a convex surface or a concave surface.



On the other hand, it was impossible to distinguish these
two cases in the virtual environment. This is interpreted as
follows. In the real environment, differences in height can
be recognized as pressure differences under a stationary
applied pressure other than the impulse component [lower
parts of Fig. 6(a) and 6(b)]. But in the equivalent environ-
ment, no such difference exists, making concave/convex
discrimination impossible. There were also many com-
ments that the sensation of a broad edge rather than sharp
edge undulation was obtained.

Thus, it is verified that an undulating sensation can
be presented by the proposed method. The next section
discusses what vibration stimulus should be provided in
order to present undulations of the specified magnitude.

5. Properties of Undulating Sensation
Perceived by Nail-Side Vibration Stimulus

It was shown in the previous section that a virtual
undulation surface could be presented by applying a vibra-
tion stimulus to the fingernail during the scanning action.
According to comments by the subjects, the presented edge
sensation differs from the sensation in the real environment.
This section describes a psychophysical experiment to in-
vestigate the perceived convex surface width, in order to
determine the differences between the properties of the
undulating sensations produced in the real environment and
the virtual environment.

5.1. Measurement of perceived convex surface
width

A psychophysical experiment was performed to in-
vestigate the difference in the perception characteristics
when the convex surface width is varied in the real and
virtual environments. As the real environment, 10 plates A
(20 x 80 mm) with a convex surface of height 0.25 mm and
width 1 to 10 mm were prepared as shown in Fig. 8. In order
to investigate the characteristics of human perception of
convex surface widths in a real environment, a plate B (20
x 160 mm) with all of the above convex surfaces (1 to 10
mm) was prepared.

The subject was asked to state which of the convex
surfaces of plate B had the same width as the convex surface
of plate A. In order to prevent perception of the width from
visual information, the subject performed the scanning
action through a blurring filter composed of frosted glass.
The position of the finger could be roughly recognized
through the filter, but the width of the convex surface cannot
be viewed. Ten plates A were selected at random each time,
avoiding the same width, and the trials and answers for all
10 plates were defined as a set. The subject was not in-
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Fig. 8. Perception experiment of convex width.

formed of the exact width. Each of five subjects performed
three sets, giving 30 trials in all.

The scanning action is performed using the index
finger of the right hand (Table 1 shows the length to the first
joint of the index finger). The force to be applied by the
finger to the plate is set as approximately 1.00 N, and the
subject is trained beforehand to apply this force. The scan-
ning speed is arbitrary. The subject is free to touch the
undulations for approximately 30 s, and is then asked to
answer.

Next, two equivalent edges are presented below plate
A without the convex surface (lower part of Fig. 8). Based
on the distance information from the distance meter, vibra-
tion is presented at the physically equivalent timing when
the finger crosses the equivalent edge (vibration of 20-ms
duration when arriving at and departing from the edge). The
vibration device is firmly fixed on the fingernail in the same
way as in the previous experiment.

Under these conditions, the subject adjusts the
equivalent edge width so that it is perceived to be the same
as that of the convex surfaces on plate A. The adjustment is
performed by using two switches indicated as + and —. Each

Table 1. Result of straight-line regression analysis
Subject (age-sex-length to| Real environment | Virtual environment
first joint, mm) Segment [mm]| Slope |Segment [mm]| Slope

A (26-male-25) 0.29 0.94 3.29 1.09

B (27-male26) 0.31 0.94 4.11 0.92

C (30-male30) 1.44 0.80 3.71 0.85

D (26-female-25) 0.62 0.91 4.32 0.79

E (28-male—26) 0.31 0.94 3.58 1.05
Average 0.60 0.91 3.80 ]0.94




time a switch is operated, the edge width is varied by 0.5
mm. The subject is not informed of the true edge width. The
scanning speed is arbitrary. The subject is free to touch the
surface for approximately 30 s, and the final width after
adjustment is defined as the measured value. The force that
the finger applies to the plate is set as approximately 1.00
N, and the subject is trained before the experiment. As in
the previous experiment, the subject observes the scanning
action through the filter. Ten plates A are selected at ran-
dom, each once. The adjustment for all 10 plates is defined
as a set. Each subject performs 3 experiment sets, or 30 trials
in all.

5.2. Results of perception experiment

Figure 9 shows the mean and standard deviation of
the perceived convex surface width for 5 subjects as a
function of the convex surface width on plate A. Straight-
line regression analysis is applied to the perceived convex
surface width for each subject, and also for the mean. Table
1 shows the segment and the slope.

It can be seen by comparison of the real and virtual
environments (Fig. 9) that the straight line function of the
convex surface width in the real environment has the same
slope but different segment length. That is, a stationary
deviation is revealed. The existence of the deviation is also
verified from the segment of the straight-line regression
analysis (Table 1). Thus, the segment is perceived in the
virtual environment as approximately 3.8 mm longer than
in the real environment. Since the slope in Table 1 is close
to 1, we see that the above property does not depend on the
convex surface width. In the comparison of the real envi-
ronments in Fig. 9, the standard deviation is approximately
1 mm. In contrast, the standard deviation in the comparison
of the real and virtual environments is approximately 3 mm.
This tendency is the same for all subjects.
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The properties of the comparison between the real
and virtual environments which were recognized in this
experiment are summarized as follows.

(1) Comparing the convex surface widths in the real—
real and real—virtual environments, the relation can be
approximated by straight lines with the same slope, but in
the real-virtual environments, the perception is always
approximately 3.8 mm longer in the latter.

(2) The standard deviation in the comparison of the
convex surface width between real-real environments is
approximately 1 mm, and the standard deviation in the
comparison of the convex surface width between real—vir-
tual environments is approximately 3 mm.

5.3. Discussion of perception experiment

Property 1, that the convex surface width is always
perceived as longer in the virtual environment, seems due
to the fact that the vibration is applied to the whole contact
region. In the experiment, the impulsive stimulus is given
when the central point of the contact region arrives at the
equivalent convex surface, and similarly, the impulsive
stimulus is given when the point leaves the convex surface.
However, the contact region is not a point but has an area.
Consequently, the perception will occur that the stimulus is
given before arriving at the equivalent convex surface, and
after leaving the surface. This is the reason that the convex
surface width is perceived as longer (Fig. 10). However, the
deviation in the longer perception is approximately con-
stant, and it will be possible to realize the same perception
of the convex surface width as in the real environment if the
convex surface width in the virtual environment is set
shorter by an amount equal to the standard deviation (ap-
proximately 3.8 mm).

The standard deviation in property 2 is next consid-
ered. When a human senses the width of a convex surface,

direction of movement ‘

side view of
scanning action;

-

finger

contact

rear side view of surface
contact surface

perceived width

stimulated width

Fig. 10. Perception gap of convex width.



the information from a large number of tactile receptors
distributed on the finger pad is integrated. The standard
deviation of approximately 1 mm obtained in the real
environment seems reasonable considering that the recep-
tors on the fingers are uniformly distributed with a density
of approximately 100/cm?, that is, with a spacing of ap-
proximately 1 mm [15].

On the other hand, the standard deviation in the
virtual environment is approximately 3 mm. This is inter-
preted as follows. The contact region between the finger pad
and the environment in this experiment is a circle with a
diameter of approximately 8 mm. When the stimulus is
given from above the fingernail, all tactile receptors in the
contact region will be stimulated, and a width less than the
contact width should not be perceived. In spite of this fact,
the standard deviation is approximately 3 mm. This result
seems to suggest that spatial texture information is con-
verted to temporal information through the scanning action,
and that the spatial resolution is improved.

In this experiment too, the subjects reported that the
edge sensation (sharpness) was poorer in the virtual envi-
ronment than in the real environment, as in Section 4. The
decrease in the edge sensation is considered as a factor
increasing the standard deviation. The edge sensation in the
real environment is produced not only by the impulsive
force, but also by the change of the contact area and the
change of the pressure distribution due to undulations
within the contact region. In the proposed device, these
factors are not reproduced, which is considered to be the
reason for the increased standard deviation.

Consequently, the following three points are consid-
ered for improvement of the edge sensation.

(1) Improvement of the temporal performance of the
device

(2) Stimulation of multiple receptors

(3) Adjustment of presentation according to the pres-
sure

In the device used in this study, the vibration fre-
quency was approximately 130 Hz. From the viewpoint of
frequency, the sensory receptors under the skin that can fire
are considered as FA-II (Pacinian) and SA-I (Merkel).

(1) FA-II has the spatial additive property in terms of
the contact area. Since the proposed device has a wide
contact area, this type of receptor will have the dominant
effect. Since the FA-II receptor responds to frequencies
higher than the presently applied frequency, it is expected
that the temporal characteristics, and also the edge sensa-
tion, will be improved by using an actuator with higher-fre-
quency and higher-output performance.

(2) When the finger is stationary, SA-I has an impor-
tant role in detecting small edges [19]. Since this receptor
works as a differential filter in terms of the spatial fre-
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quency, it fires less when the vibration stimulus is applied
to the whole contact area, as in this system. This seems to
be the reason for the decreased sharpness of edge sensation.
It is expected that the edge sensation will be improved by
forming the spatial distribution of pressure by a method
such as the generation of surface acoustic waves on the
contact surface by multiple vibrators [4].

(3) Reference 8 notes the importance of adjusting the
presentation according to the pressure. In the upper part of
Fig. 6(a) in Section 3, we see that the amplitude of the
impulsive stimulus changes according to the applied static
force in the real environment. But there is no change in the
upper part of Fig. 6(b). Thus, the information needed to
adjust the presentation according to the pressure is missing
in the proposed method. In order to supply this information,
it will be reasonable to control the amplitude of the finger-
mounted device according to the pressure. This will be
achieved by utilizing force measurement on the finger pad
from above the fingernail [17, 18].

6. Application to Augmented Reality

In the application of the proposed method to the
augmented reality, the following functions must be realized
from the fingernail side in the scanning action.

(1) Detection of position to be presented
(2) Detection of finger movement
(3) Vibration stimulus

The proposed method produces tactile sensation
through the scanning action, and is not suited to applica-
tions such as Braille, where the information is acquired by
pressing the whole finger pad against the object. On the
other hand, the device is similar to a fingernail-mounted
device in the sense that the motion is not disturbed. It can
be contained in a device the size of a wristwatch, including
the power supply and the control circuit, and there are few
spatial constraints. Thus, tactile sensation can be realized
over a wide range accompanying the motion of the whole
arm. For example, it will be possible to add tactile sensation
to the contour of a picture drawn on a poster, and to provide
interaction through tactile sensation in combination with a
large-scale monitor, such as a plasma display. The proposed
device will also be applied to problems such as improve-
ment of operability by adding click sensations to a touch
panel [22]. It will be possible to include the method in shape
presentation systems in VR [20, 21], in order to add tactile
sensation to the surface and to improve realism.



7. Conclusions

This paper has proposed a new tactile sensation de-
vice which can superimpose tactile sensation onto real
environments by providing the vibration from the fingernail
side while leaving the finger-pad side free. The vibration
(change of force) on the finger pad when the scanning
action is performed by using the device is measured, and
the result is compared to the case of scanning action in a
real environment. An experiment was performed to com-
pare the widths of the convex surface in the virtual and real
environments, and the presentation performance of the
device was investigated. A nail-mounted tactile display
combining a set of small sensors is discussed, aiming at
effective application to augmented reality systems.
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