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ABSTRACT

With the advantages of small size and light weight, electrical
stimulation devices have been investigated for providing haptic
feedback in relation to virtual objects. Electrical stimulation
devices can directly activate sensory receptors to produce a reaction
force or touch sensations. In the current study, we tested a new
method of electrically inducing force sensation in the fingertip,
presenting haptic feedback designed to alter perceptions of softness,
hardness and stickiness. We developed a 3D virtual reality system
combined with finger-motion capture and electrical stimulation
devices. We conducted two experiments to evaluate our electrical
stimulation method and analyzed the effects of electrical
stimulation on perception. The first experiment confirmed that
participants could distinguish between the directions of the illusory
force sensation, reporting whether the stimulation flexed their
index finger forward or extended it backward. The second
experiment examined the effects of the electric current itself on the
intensity of their perception of the softness, hardness and stickiness
of a virtual object.

Keywords: Softness-hardness perception, stickiness perception,
electrical stimulation, virtual touch.

Index Terms: H.5.2 [Information Interfaces and Presentation]:
User Interfaces—Haptic 1/0

1 INTRODUCTION

Technological progress in computer graphics and head-mounted
displays has enabled increasingly high-quality visual interaction
with the virtual environment. Fully immersive virtual reality
requires a high-quality tactile device to reproduce sensations such
as softness-hardness and stickiness. To be used in free-space virtual
environments, devices must also be wearable.

Many wearable tactile devices for virtual reality have been
proposed [16][18][19], but most are vibrotactile systems, which are
limited in terms of the object properties they can represent. For
example, softness, hardness and stickiness, which are all important
material properties that can be fully presented with conventional
ground-fixed haptic displays [12][21][17], cannot be presented by
currently available wearable vibrotactile devices. To present the
sensation of softness-hardness or stickiness of a virtual object to the
fingertips, in addition to the sensation of a contact area [27][4], it
also requires a force sensation on the skin of the fingertips to induce
a sensation of forward-flexion or backward-extension. Several
previous studies have used asymmetric vibration to produce
illusory force sensations in the finger [30][2]. However, use of a
mechanical actuator increases the size of the device.
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Systems that use electrical stimulation have been extensively
studied in efforts to produce a small device with high
responsiveness and energy efficiency. This method uses an electric
current to directly activate sensory receptors in the finger. Most
previous studies of electrical stimulation have presented tactile
sensations to the palm [8], or force feedback to the forearm, elbow
or wrist [13][9][5][25][14]. However, these previous studies have
not presented a force sensation to the finger, which is important for
haptic feedback of an operation using the fingertips. Moreover, they
have not investigated the effects of this stimulation method on the
perception of softness-hardness and stickiness while presenting
haptic feedback of virtual touch.

In the current study, we tested a system that uses electrical
stimulation as haptic feedback to induce the sensations of the
softness-hardness and stickiness of a virtual object in the fingertip.
As Fig. 1 shows, the electrode array for stimulation mounted on the
fingertip was dense, small, and lightweight. We proposed a method
of generating an illusory sensation of a force flexing the fingertip
forward or extending it backward. Here we examine the use of
electrical stimulation to present these types of force sensations, and
the effects of the electric current itself on the perceived intensity of
softness, hardness and stickiness while touching a virtual object.

Figure 1: A 3D virtual reality system using electrical stimulation to
present force feedback sensations of softness-hardness and
stickiness to the index finger while pressing or releasing a virtual
ball

2 REeLATED WORK

2.1 Haptic Feedback on the Fingertip for Virtual Reality
Interaction

Haptic technologies have traditionally used grounded actuators to
produce force feedback in virtual environments [12][21][17].
Outputting a force through an end effector driven by an actuator
enables the user to perceive the stiffness of a virtual object, from
very soft to hard. However, such a device requires a large space,
and stimulation involves a tool-based interaction that limits the
movement of the user’s fingers. Other devices deliver kinesthetic
sensations using a wearable robotic mechanism [15][1]. These are
typically exoskeleton devices that can deliver grasping force



feedback to the fingertips, without workspace limitations. Other
devices provide force feedback to the finger pads by presenting a
pressure or skin deformation sensation [11][26]. These cutaneous
stimulation devices are mainly used for touch or surface
exploration interactions in the virtual environment. However,
because all the above wearable devices use mechanical actuators to
generate a physical force for the haptic sensation, they are still
limited by their large size and low responsiveness. In addition,
previous studies have not confirmed that these devices can present
force feedback that induces the sensation of stickiness.

Several other studies have focused on the illusion that is induced
by changing the contact area, reporting that changing the contact
area of the force applied to the skin affects the sensation of an
object’s softness and stickiness [27][4]. In contrast, the current
study focused on the illusory force sensation produced by electrical
stimulation delivering haptic feedback to the fingertip. We studied
the effects of the electric current itself on the perception of softness-
hardness and stickiness while touching the virtual object.

2.2 Sensory Receptors and Electrical Stimulation

Haptic (force) perception is thought to rely on the activities of
proprioceptive sensory receptors that exist inside muscles (muscle
spindles) and tendons (Golgi tendon organs). The muscle spindles
are sensitive to muscle contractions, and receive information about
the distance and rate of stretch within the muscle. The Golgi tendon
organs are receptors that activated by active contraction of a muscle,
and receive the information about muscle tension. On the other
hand, tactile perception is thought to rely on the activities of
mechanoreceptors inside the skin [6]. They are Merkel cells for
pressure, Meissner’s corpuscles for low frequency vibration,
Pacinian corpuscles for high-frequency vibration, and Ruffini
endings for skin shear deformation. Vibration is mainly used to
present the sensation of material roughness, whereas pressure and
skin shear deformation are used to induce the sensation of a reaction
force while grasping or rubbing an object.

Several studies have attempted to reproduce haptic or tactile
feedback using electrical stimulation to directly activate these
receptor nerves. Based on previous reports, in the current study we
classified electrical stimulation into three methods. The first
method employs electrical muscle stimulation (EMS) to stimulate
the muscles, thereby generating a sensation of force, and to control
of the angle of the joint. Widely used in human interface
development [13][25][14], in the field of rehabilitation this method
is known as functional electrical stimulation (FES).

The second method is tendon electrical stimulation, which
directly stimulates the force receptors related to haptic sensation.
This method is designed to control the human subjects’ ability to
perceive an illusory sensation of an external force and joint motion.
Kajimoto [9] and Gandevia [5] reported that electrical stimulation
can be used to induce illusory motion of the hand.

The third method is electrotactile stimulation, of which there are
two types: anodic and cathodic stimulus presentation. Anodic
stimulation occurs when the stimulus electrode is connected to a
high potential and the other electrodes are connected to a low
potential. In contrast, the stimulation becomes cathodic when the
stimulus electrode is connected to a low potential and the other
electrodes are connected to a high potential. Kajimoto et al. [7]
reported that sensations of pressure and low-frequency vibration
can be simulated by changing the polarity of the current, by
considering the activating function [23][22]. Our previous study
proposed the use of both electrotactile stimulation and mechanical
stimulation to selectively activate all four types of
mechanoreceptors [28]. We found that the pressure-like sensation
induced by cathodic stimulation affected the sensation of softness-
hardness, whereas the low frequency vibration-like sensation
induced by anodic stimulation affected the sensation of roughness.

Takei et al. [24] used anodic stimulation to increase the illusory
sensation of the softness of a material by changing the stimulation
area. Their method was based on the notion that an illusory
sensation of softness can be induced by changing the contact area.
However, they did not study the effects of the electric current itself
on the perception of softness.

Although electrical stimulation has been widely studied and used
to present haptic feedback in a VR environment, the effect of the
electric current itself on material perception while touching a
virtual object has not been confirmed. Moreover, reproducing an
illusory sensation of a force moving the fingertip still presents a
challenge.

3 SYSTEM

Fig. 1 shows the system used in our study, consisting of an electrical
stimulation device to present haptic feedback to the fingertip, a
virtual environment to provide visual feedback, and a motion
capture device (Leapmotion Inc.) to measure finger movement.

3.1 Electrical Stimulation Device

We used the same electrical stimulation kit used in [8] to control
the intensity of the electric current. The microcontroller (Mbed
LPC 1768, NXP Co., Ltd.). and a computer can transmit the data
to each other by serial communication. The intensity of the electric
current can be adjusted within the range 0 mA to 5 mA from the
keyboard of the computer.

The two types of electrodes shown in Fig. 2 were employed. The
first was an electrode array placed on the fingertip. All the
electrodes were connected to the pins of a high voltage shift register
(HV507, Supertex Inc.), which enabled the electrode being
stimulated to be selected. The second was a large electrode (50 mm
x 50 mm, NPP 40222, BODYMED) placed on the back of the hand.
A switch (MOSFET 2SK1313, Renesas Electronics) was used to
connect this electrode either to ground or to a high impedance.

Figure 2: Electrodes used for electrical stimulation (left) and the
electrical stimulation device shown attached to the hand. The
electrodes enclosed in the red box are the cathodic electrotactile
stimulation points.

3.2 Electrical Stimulation Algorithm

We used an electric current with the pulsed waveform shown in Fig.
3 to stimulate the sensory nerves and produce haptic feedback on
the fingertip of the index finger. The electric current had a pulse
width of 100 ps, with two pulses per burst at intervals of 5 ms. The
refresh frequency was varied between 20 and 50 Hz, and the pulse
height was adjusted from 0 to 5 mA.
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Figure 3: Pulsed waveform of the electrical stimulation

Our study was designed to provide a sensation of force to the
fingertip without controlling the movement of the finger joints.
Users could therefore move their finger freely while receiving
haptic feedback on the fingertip. To achieve this, we decided to
stimulate the sensory nerves to the tendons inside the finger by
causing an electric current to flow from the fingertip to the back of
the hand. As Fig. 4 (top) shows, we connected all the electrodes at
the fingertip to a high voltage and the electrode on the back of the
hand to ground. This method avoided muscle spindle stimulation
because the muscles that control the finger joints are inside the palm
and forearm [20]. We designed the total area of the electrodes at the
fingertip to be smaller than the area of the electrode on the back of
the hand to converge the electric current distribution and allow a
higher intensity at the fingertip. This method mainly activates the
sensory nerves of mechanoreceptors and flexor tendons that are
near the fingertip. We tested this method and confirmed that it
produced the sensation of an illusory force flexing the fingertip
forward, and we applied it to induce the sensation of stickiness.

Since it is difficult to activate mainly the extensor tendons
through electrodes placed at the fingertip, we used cathodic
electrotactile stimulation to present an illusory sensation of a force
extending the fingertip backwards. As Fig. 4 (bottom) shows, the
electrode at the stimulation point was connected to ground, while
the others were connected to a high voltage. This stimulation
method has been previously used to activate mainly Merkel cells
that respond to pressure on the fingertip [7][29].

Extensor tendons

Flexor tendons

Figure 4: Electrical stimulation of tendons (top) and cathodic
electrotactile stimulation (bottom) designed to present an illusory
sensation of a force flexing the finger forward and backward

3.3 Visual Feedback and the Force Feedback Algorithm

The movement of a virtual finger in a virtual environment should
follow the position of the finger in the real world, as measured with
a motion capture device. However, a common issue is that the
virtual finger can easily move inside the virtual rigid body when the
user attempts to touch or press it because there is no physical force
to resist the finger (Fig. 5 [left]). In the current study, we sought to
address this issue. To achieve this, we made the virtual finger
invisible when it moved inside the virtual rigid body, and showed a
copy of the finger moving on the surface of the object (Fig. 5
[right]).

The following equation is used to determine the strength of the
force feedback on the fingertip with the intensity of the electric
current.

i = (14 kiAx)i, (1)

where i is the intensity of the electric current (i.e., pulse height)
applied to the finger, k; is a constant and i, is the sensation
threshold of the electric current. Ax is the distance the finger moves
inside the object when pressing it or the distance the finger is from
the object when releasing with stickiness (Fig. 6).

Figure 5: Representation of a common issue in which the virtual
finger moves inside the virtual rigid body (left), and the proposed
algorithm for maintaining finger contact with the surface of the
virtual object

Figure 6: Deformation of a virtual object when pressing with a finger
(left), releasing with stickiness (middle) or after releasing (right).

The surface of the virtual object starts to deform when the finger
applies a force to the object, or releases from the object with
stickiness. The amount of deformation of a contact point between
the fingertip and a virtual surface can be expressed by the following
equation.

Ax
m (for pressing)
dx = 4 Ax (for releasing with stickiness) )
Ax
L% e “*tcos(wt) (after releasing)

where dx is a deformation distance of a contact point, k and ¢
represent the spring and damping coefficients of the virtual object,
and t is time. AX;,4, is a constant that limits the amount of



deformation when releasing (Fig. 6 [right]). w is the frequency of
virtual surface vibration. After the finger releases from the surface
(Ax > Axpqx/k), as t starts to increase from zero, the contact point
starts to vibrate. We used wave equation to calculate other vertices
that surround the contact point. Fig. 7 shows the deformation of a
virtual ball.

With the above algorithm, the force feedback and visual feedback
can be controlled independently by changing the values of k;, k

and c.
&

Figure 7: Visual interaction with object deformation while pressing
(left), releasing with stickiness (middle), and surface vibration
after releasing (right).

4 EXPERIMENT 1: DISCRIMINATING DIRECTION OF ILLUSORY
FORCE ON THE FINGERTIP

In this experiment, we selectively presented cathodic electrotactile
stimulation and electrical stimulation of the tendons. Cathodic
electrotactile stimulation elicits the sensation of an illusory force
that extends the fingertip backward, whereas electrical stimulation
of the tendons elicits the sensation of an illusory force flexing the
fingertip forward. This experiment was conducted to investigate
whether participants could distinguish between the directions of
these two illusory force sensations while presented with electrical
pulses of different refresh frequencies.

4.1 Design

Four refresh frequencies (20, 30, 40, 50 Hz) and two directions for
the force sensation (backward-extension and forward-flexion) were
set as the conditions. We recorded the number of correct responses
in distinguishing the direction of the force (correct response rate)
and the reaction time (i.e., the total time from presentation of the
stimulus until the participant responded by moving the mouse and
clicking the answer button) for each of the frequencies. Trials were
repeated four times for each condition, resulting in a total of 32
trials (4 frequencies x 2 directions X 4 trials) for each participant.
Each condition was randomly presented. The stimulus was
presented continuously until participants responded.

4.2 Participants and Procedure

Ten participants took part in this experiment (eight males and two
females, aged between 21 and 33 years old). One participant was
left-handed, while all the others were right-handed.

Fig. 8 shows an overview of Experiment 1. Participants were
asked to clean their fingertip with alcohol before the experiment.
Participants sat on a chair, and we attached the electrodes to the
index fingertip and the back of the right hand. Each participant was
instructed to place their right hand on the desk with the palm down,
as shown in Fig. 8. Before each trial, participants adjusted the
volumes of both electrical stimulation modes until they could
clearly perceive the direction of the force. In each trial, participants
used their left hand to move the mouse and click the middle button
displayed on the computer’s monitor to start the stimulus. After
they identified the direction as backward-extension or forward-
flexion, they moved the mouse and clicked either the upper or lower
button as appropriate. Because we want to compare the reaction
time for each condition, we asked participants to report the
direction as quickly as possible after clicking the stimulus button.

4.3 Results for Experiment 1

Fig. 9 and 10 show comparisons of the mean values of the response
rates and reaction times between the two modes of stimulation for
each frequency condition. Error bars represent standard deviation.

A 4 (frequency) x 2 (direction) two-way repeated measures
analysis of variance (ANOVA) was conducted to analyze the
correct response rate and reaction time. No significant effects of
frequency or direction, or any interaction between frequency and
direction were observed for either correct response rate or reaction
time.

Figure 8: Setup for Experiment 1. Participants used their left hand
to click one of three buttons displayed on the monitor to start the
stimulus or report the perceived direction.
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Figure 9: Comparison of the mean correct response rates for
extension and flexion at each frequency
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Figure 10: Comparison of the mean reaction times for extension
and flexion at each frequency

The results revealed that the mean correct response rate was over
90 %, regardless of the refresh frequency or the perceived direction
of the force-like sensation. Before and after the experiment we
asked all participants to confirm whether they could clearly
perceive and distinguish the direction of the force. Participants



responded that they could perceive the direction clearly for most
trials. From this, we concluded that our system could effectively
produce the sensation of an illusory force for both backward-
extension and forward-flexion. By selectively presenting these two
sensations, we were able to present haptic feedback corresponding
to pressing or releasing a virtual object. The mean reaction time
ranged from 1.5 to 2 s. There was a delay in the response times
because participants needed to move the mouse to click either the
upper or lower button after they had perceived the direction.

5 EXPERIMENT 2: EFFECT OF ELECTRIC CURRENT ON
PERCEPTIONS OF SOFTNESS-HARDNESS AND STICKINESS

This study was designed to investigate how electric current affects
participants’ material perception. The results of Experiment 1
indicated that our electrical stimulation system was effective in
presenting an illusory force sensation in two modes: extending the
fingertip backward and flexing it forward. In Experiment 2, we
selectively induced these illusory force sensations using visual
feedback to represent the softness-hardness and stickiness of a ball
in the virtual world. When the participant performed a pressing
action, the system presented cathodic electrotactile stimulation with
reaction force feedback to induce the perception of the object
pushing on their fingertip. In contrast, when a releasing action was
performed, the system presented electrical stimulation of the
tendons so that participants perceived a force flexing their fingertip
forward.

The results of Experiment 1 revealed no significant differences
between the mean correct response rates under all frequency
conditions. However, because the highest mean response rate
occurred when the frequency was 30 Hz, we chose this value for
Experiment 2. The intensity of the electric current and the amount
of deformation in the visual feedback were calculated using
Equations (1) and (2). To avoid causing pain to participants, the
maximum electric current i, was limited to 1.4 X i, for
pressing actions and 1.2 X i, for releasing actions. We chose a
ball as the virtual object for visual feedback because the distance
from any point on the surface to the center is the same, producing
the same shape of deformation regardless of the contact position on
the surface.

5.1 Design

We divided the evaluation into two types of virtual object
interaction: pressing the surface (pressing) of the virtual object and
releasing from the surface with stickiness (releasing). Each action
was evaluated separately. In evaluating pressing, there was no
haptic or visual feedback when participants released from the
surface, but both haptic and visual feedback were included for
releasing. Participants were asked to evaluate softness-hardness for
both actions, and to evaluate stickiness only for releasing. The
sensations were evaluated using a nine-step Likert scale, where 1
represents no perception at all and 9 represents very soft, very hard
or very sticky. In many evaluation methods, softness and hardness
are included on the same axis (e.g., —3: very soft, 0: in the middle,
3: very hard). However, in our evaluation we presented softness and
hardness on two independent axes, allowing participants to report
when they perceived neither softness nor hardness.

Fig. 11 and 12 show the three conditions for visual feedback
presented by changing the spring and damping coefficients of the
object ({k,c}, {2k,3c}, {3k,9c}), and the three conditions for
electrical stimulation presented by increasing the rate coefficient of
the electric current ((k;, 2k;, 3k;) for pressing; (0.5k;, k;, 1.5k;)
for releasing). The experiment was conducted once for each
condition, resulting in a total of 18 trials (3 visual feedback x 3
electrical stimulation x 2 processes) for each participant.
Conditions were presented in a random order.

5.2 Participants and Procedure

Eight participants took part in this experiment: six males and two
females, ranging in age from 21 to 24 years. All participants were
right-handed.

As in Experiment 1, participants were asked to clean their
fingertip with alcohol before the experiment, and sit on a chair. We
attached electrodes to the index fingertip and to the back of the right
hand. As Fig. 1 shows, the participant placed their elbow on the
desk to keep their hand movements stable. We explained how to
move the hand and index finger at the same speed, over the same
distance and to the same contact point on the surface in every trial.
Participants adjusted the volumes of both electrical stimulation
modes until they began to feel the electrical stimulation; this was
taken as the sensation threshold i;, for both modes. Participants
performed several training sessions, then experienced all the
experimental conditions with visual and electrical force feedback.
They were asked to remember the intensities of softness, hardness
and stickiness during the releasing action. After participants
experienced these conditions, we presented each trial in random
order again, and asked them to respond with intensity scores for
softness-hardness and stickinelss from 1 to 9.

Releasing

Pressing -

Figure 11: Visual feedback for all spring-damping conditions while
pressing or releasing

+ [ (pulse height)

Lmax

lth

Figure 12: Electric current (pulse height) for presenting illusory
force feedback when pressing and releasing

5.3 Results for Experiment 2

Fig. 13 shows a comparison between the mean values of the
softness-hardness intensity for the electrical stimulation conditions
for each visual feedback condition when pressing. We separated



softness and hardness in the data analysis because they are two
opposite perception types.

A 3 (electrical stimulation) X 3 (visual feedback) two-way
repeated measures ANOVA was conducted for the softness
intensity analysis, and the results were validated by Mauchly's
sphericity test. Significant effects were found for electrical
stimulation (F[2, 14] = 10.25, p < 0.01), visual feedback (F[2, 14]
= 41.44, p < 0.001) and the interaction between these two main
factors (F[4, 28] = 3.0, p < 0.05). Bonferroni post-hoc tests
indicated a significant difference (p < 0.05) in the visual feedback
condition between electrical stimulations k; and 3 k; for {k,c}.
Significant differences were found between the separate visual
feedback conditions (p <0.01 for all), except between {2k, 3c} and
{3k, 9c} for electrical stimulations k; and 3k;. We conducted the
same analysis for hardness intensity, and sphericity was also
confirmed. The analysis revealed significant effects for electrical
stimulation (F[2, 14] = 0.72, p < 0.05) and visual feedback (F[2,
14] = 19.25, p < 0.001), but no significant interaction was found
between these main factors. Pairwise comparison using the
Bonferroni test revealed a significant difference between the
separate visual feedback conditions (p < 0.05 for all).

Fig. 14 shows the relationship between softness and hardness for
the pressing action. A correlation analysis resulted in standard
values of R for electric current conditions k;, 2k; and 3k; of 0.60,
0.78 and 0.79 respectively.
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Figure 13: Comparison of analysis results for pressing: mean
values of softness intensity (left), and mean values of hardness
(right). An asterisk (*) indicates where p < 0.05.

o —*o ki ©2ki @3ki
3., © ©
A . S
360 @ 0. ®
£5 ° g ...
= 4 °
3 o ete e
2 o e oo
1 o °
12 3 4 5 6 7 8 9

Softness

Figure 14: Relationship between softness and hardness for
pressing

Fig. 15 shows a comparison between the mean values of the
softness-hardness intensity for the electrical stimulation conditions

for each visual feedback condition when releasing. As in the
analysis for pressing, we separated softness and hardness in the data
analysis.

A 3 X 3 two-way repeated measures ANOVA was again
conducted for the softness intensity analysis and the results were
validated by Mauchly’s sphericity test. The analysis revealed no
significant effects for electrical stimulation. However, a significant
effect was found for visual feedback (F[2, 14] = 39.03, p < 0.001)
and a significant interaction was found between these factors (F[4,
28] = 2.70, p = 0.05). Bonferroni post-hoc tests revealed a
significant difference between k; and 1.5k; for {2k, 3c} (p <0.05).
Differences approaching significance were found between 0.5k;
and k;(p = 0.08), and between k; and 1.5k;(p = 0.06). Significant
differences between the separate visual feedback conditions were
found (p < 0.05 for all), except between {2k, 3c} and {3k, 9c} for
electrical stimulations k; and 2k;. The same analysis for hardness
intensity also confirmed sphericity. No significant effects were
found for electrical stimulation, nor any significant interaction.
However, a significant effect was found for visual feedback (F[2,
14] =35.47, p <0.001). Pairwise comparison using the Bonferroni
test indicated a significant difference in the visual feedback
conditions between {k, c} and {2k, 3c}, and {k, c} and {3k, 9c} (p
<0.01 for each).

Fig. 16 shows the relationship between softness and hardness for
releasing. A correlation analysis resulted in standard values of R for
electric current conditions k;, 2k; and 3k; of 0.62, 0.72 and 0.65
respectively.
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Figure 15: Comparison results for releasing: mean values of
softness intensity (left), and mean values of hardness (right). A
plus (+) and an asterisk (*) indicate where p < 0.1 and p < 0.05
respectively.
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Fig. 17 shows a comparison between the mean values of the
stickiness intensity when releasing for the electrical stimulation
conditions for each visual feedback condition. A 3 X 3 two-way
repeated measures ANOVA was conducted on the stickiness
intensity and the results were validated with Mauchly’s sphericity
test. Significant effects were found for electrical stimulation (F[2,
14] = 4.13, p < 0.05) and visual feedback (F[2, 14] = 27.15,p <
0.001), but no significant interaction was found between these
factors. Pairwise comparisons using the Bonferroni test indicated a
significant difference between the visual feedback conditions {k, c}
and {2k, 3c}, and {k, c} and {3k, 9c} (p < 0.01 for each).
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Figure 17: Comparison between the mean values of the stickiness
intensity for the electrical stimulation levels for each visual
feedback condition

6 DiscussION

6.1 Experiment 1

We used cathodic electrotactile stimulation and electrical
stimulation of the tendons to induce an illusory sensation of force
feedback in the fingertip. Our previous study found that cathodic
electrotactile stimulation mainly activates Merkel cells, and elicits
a pressure-like sensation in the fingertip [7] [29]. In the current
study, we used this type of stimulation to present force feedback
that flexed the fingertip backward. To the best of our knowledge,
no previous study has reported a method that uses electrical
stimulation to present force feedback that flexed the fingertip
forward. Our proposed method presents this sensation by activating
tendon sensory receptors inside the finger. We placed anodic
electrodes on the fingertip and a ground electrode on the back of
the hand to avoid stimulating the muscles that are inside the palm
and forearm [20].

The results of Experiment 1 revealed that participants could
distinguish between the two perceived directions of this force with
high accuracy when the refresh frequency was between 20 and 50
Hz (Fig. 9). Before and after the experiment, we checked that
participants could sense the direction of the force. All participants
reported that they were able to perceive and easily distinguish the
direction of the force in most trials, but it took time for them to
concentrate when the direction was unclear. The reaction time
results showed no significant difference between the directions at
all refresh frequencies (Fig. 10). The mean reaction time was about
2 s because participants needed to move the mouse with their left
hand to click the relevant button. These results revealed that our
tendon stimulation method was effective in presenting force
feedback to the fingertip.

6.2 Experiment 2

We used electrical stimulation as virtual touch feedback to induce
an illusory force sensation that flexed the finger forward and

extended the finger backward. In some circumstances the
perception by visual information is clearly effected by haptic
information or vice versa when exploring the dimension or
properties (e.g. stiftness) of the object. [10][3]. In this study, we
used electrical stimulation to provide haptic information.
Experiment 2 was conducted to investigate the effects of the
electric current itself on the perception of softness-hardness and
stickiness of an object while presenting visual feedback on the
amount of deformation. We set the rate of increase of the electrical
intensity (k; in Equation (1)), which corresponds to the spring
coefficient of the material, as the variable in the stimulation. When
k; became stronger, the displacement distance of the finger
required for electric current i to reach i,,,, became shorter (Fig.
12).

The results revealed that the rate of increase of the electrical
intensity affected the sensation of softness for both pressing and
releasing (Figs. 13 and 15). When this intensity rate was increased,
participants interpreted the material as being softer. However, this
effect became gradually weaker when the visual feedback
represented it as a harder material. This indicated that when
participants interpreted the object as being soft through visual
feedback, the intensity of their perception could be enhanced by
increasing the electric current used for cathodic electrotactile
stimulation and tendon stimulation.

In contrast, electrical stimulation was found to have a significant
effect on the sensation of hardness for pressing, but not for releasing.
This result indicated that the electric current used for cathodic
stimulation to provide feedback while pressing was able to enhance
the sensation of softness or hardness according to the participant’s
interpretation of the visual feedback. But no significant effect was
observed for tendon stimulation when the participant interpreted
the object as hard. Cathodic current mainly activates Merkel cells
that respond to pressure sensations. To investigate whether this
electrotactile stimulation provides a soft or hard perception of the
material, we gave a demonstration at a local conference and asked
participants for their comments. Most participants responded that
the stimulation resulted in them perceiving the material as soft. In
this experiment, the effect on the sensation of hardness was
statistically weak compared with the effect on the sensation of
softness. We therefore concluded that cathodic electrotactile
stimulation alone affects the sensation of softness, and it only
affects the sensation of hardness when visual feedback is provided.

We separated softness and hardness on two independent axes to
allow participants to report if they perceived neither softness nor
hardness. Although softness and hardness are often considered to
be opposite, we instructed participants to evaluate the score on both
axes, as shown in Figs. 14 and 16, because there is no clear
boundary dividing softness and hardness. For example, hard
material is softer than very hard material. In this case, participants
reduced their score for hardness (e.g., from 8 to 7) and increased
their score for softness (e.g., from 1 to 2).

We found that electrical stimulation had a significant effect on
stickiness perception. As Fig. 17 shows, when the intensity of the
electrical stimulation was increased, participants perceived the
material as being stickier. The intensity of the stickiness perception
decreased significantly when visual feedback indicated that it was
a harder material. These results indicate that increasing the rate of
the electric current pulse to stimulate the tendons in the finger
affected the participants’ perception of stickiness when they
interpreted the virtual object as being made of a soft material.

In summary, the above results indicate that the electric current
strongly enhanced participants’ intensity of perception when they
interpreted the object as being soft. However, the effect was
reduced when they interpreted it as hard. In this experiment, we
determined the deformation of the object over a large range so that
participants were able to perceive sensations from very soft to very



hard. The information presented as visual feedback provided a
larger range than when using electrical stimulation feedback.

7 CONCLUSION

In this study, we developed a virtual reality system that combined
electrical stimulation and visual feedback to induce sensations of
softness-hardness and stickiness of virtual objects in the index
finger. We tested two modes of electrical stimulation. First, we
induced a force sensation that flexed the finger forward. Second,
we induced a pressure sensation that extended the fingertip
backward.

In Experiment 1, we selectively presented these types of
stimulation and asked participants to distinguish between them as
quickly as possible. The mean response rate for distinguishing was
over 90 % and mean reaction times were from 1.5 to 2 s, regardless
of the refresh frequency of the electrical stimulation, which was
varied from 20 to 50 Hz.

Experiment 2 was conducted to evaluate the effects of the electric
current on the perception of softness-hardness and stickiness. The
results revealed that the rate of increase of the electrical intensity
affected the sensation of softness for both pressing and releasing,
but affected the sensation of hardness only for pressing. In addition,
the rate of increase of the electrical intensity also affected the
intensity of stickiness.
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