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Abstract— Most head-mounted display (HMD)-based virtual
reality (VR) experiences are visual and auditory. These
experiences can be enriched by adding tactile modality. Haptic
devices have been attached to hands or installed on desks, which
require additional setup time. We developed a suction-type
tactile display device embedded in an HMD that realizes a
hands-free tactile experience by transferring the finger
sensation in VR to the face. In this study, we optimized the
suction device to provide pressure sensation rather than suction
and experimented to verify that the device can present simple
tactile cues along with the physical properties of softness and
hardness for objects in virtual contact.

I. INTRODUCTION
In recent years, low-cost head-mounted displays (HMDs)
and virtual reality (VR) experiences using HMDs have
garnered significant attention. Extensive research has been
conducted to achieve high-quality VR experiences and
enhance presence by introducing other sensory modalities in
addition to visual and auditory stimulation with HMDs. In
particular, the tactile modality can convey information that a
video cannot; it can recognize the fine textures and shapes of
an object through touch and its hardness by the force applied
to it. Moreover, the hands are among the most sensitive parts
of the body and are frequently used for tactile presentation [1].
However, tactile presentation devices on the palm interfere
with the free movements of the fingers and are difficult to
apply. Ultrasonic tactile sensing has been proposed as a
method of presenting tactile sensations without a wearable
device but is disadvantaged by a limited presentation range [2].
Therefore, instead of directly presenting the tactile sensation
to the fingertips, we presented it to other parts of the body.
Such tactile presentation has been actively studied for
prosthetic hands and feet to compensate for the sensation of
fingertips in other parts of the body.
In a VR experience, HMDs can be worn to present the
sense of touch to the face [3]. Haptopus, which simulates the
tactile transfer of fingertip sensations to the face, was
developed in a previous study. The tactile information during
contact was presented by simply turning a suction device on
and off; detailed tactile information was not presented.
Therefore, we reconsidered the sucker shape used by
Haptopus and dynamically adjusted its suction pressure;
accordingly, we presented the texture of virtual objects, which
requires more than just the sense of touch.
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Fig. 1. Overview. (a): Experimental view. (b): HMD with suction component
attached. (c): Concept image

The contributions of this study are twofold. First, we
investigated the parameters of sucker shapes suitable for
tactile presentation on faces. Second, we confirmed that the
suction pressure could be dynamically controlled in response
to user movements thereby expanding the texture-presentation
capability.
II. RELATED WORK
In a prosthetic hand, the force received by the sensors is
directly converted and transmitted to stump [4][5][6];
approaches with multiple modalities, such as vibration, heat,
and skin elasticity, are used to present this force [7][8][9].
Moreover, sensations can be enhanced by presenting the
sensation of touching a different part of the body with the
actual hand. Maeda et al. [10] modulated the sensation of
texture felt by fingertips by transferring vibrations to the wrist.
Tactile presentation to different parts of the body has been
reported in VR environments. For example, Ichinose et al.
[11] showed that phantom limb pain could be reduced in a
patient who had lost one arm by displaying a VR arm and
presenting the tactile sensation of the virtual arm to the
patient's cheek by vibration. This phenomenon of feeling the
sensation of the lost fingertip on the cheek is called a referred
sensation and is thought to be due to the reorganization of
brain functions [12]. Okano et al. [13] confirmed that the
sensation in palms in a VR environment can be presented to
the foot using a pneumatic pin display to improve perceived
reality. Similarly, Moriyama et al. [14] created a simple matrix
haptic device using a vibration motor to present VR fingertip

sensations on the back, thereby deploying high-resolution
fingertip haptic sensations to a large back area. Moriyama et al.
[15] also presented the tactile sensation of fingertips in a VR
environment to the forearm using a five-joint link mechanism.

would produce such effects. Preliminary suction was
performed on the inner forearm and other parts of the body
and the results confirmed that all marks left by the process
disappeared rapidly.

Although these sensory presentation methods provide
high-quality tactile experiences, the devices are large and
difficult to integrate into HMDs. Haptic presentation devices
built into HMDs have started using vibrators and
heat-transferring devices such as Peltier devices [16][17][18].
These methods include compact presentation devices;
however, it is difficult to present the pressure sensation to
ensure a sense of contact with an object, which is important in
fingertip tactile information. In other studies, a pneumatic
balloon was placed between the strap of an HMD and the head
to press on the scalp [19], and a method of presenting pressure
perception to faces by wrapping the entire HMD strap [20]
was proposed. Even though these methods can ensure pure
pressure sensations and a large tactile sensation area, it is
difficult to present the detailed sensation of each finger touch.
Wang et al. [21] proposed a method in which the tactile
presentation area was individually driven by skin deformation.
However, it required a device with weights suspended from
the ceiling to ensure that all six gel pads moved along two
horizontal axes.

This study was approved by the Ethics Committee of the
University of Electro-Communications.

Therefore, in this study, we used the suction tactile
presentation used in Haptopus. Makino et al. [22][23] showed
that suction devices produce pressure sensations at certain
suction ranges. In addition, the suction presentation unit can
be separated from the pump, which enables space-saving, a
small and lightweight HMD, and high-density placement of
the suction holes as tactile presentation areas, hence enabling
tactile presentation for each finger. Furthermore, the HMD
was fixed to the scalp by suction and does not shift.

B. Control of Air Pressure
The air pressure was adjusted by switching between the
suction, exhaust, and stop conditions (Fig. 2, Fig. 3). We
changed these states by switching two valves states, as shown
in Fig. 4. Although the air pressure could be adjusted by
changing the air suction pump power, it slowed significantly
in response because the motor’s rotation speed must be
controlled. The pressure was monitored continuously; if it is
greater than the target pressure, suction occurs, and if less than
the allowable suction pressure, it exhausts. When the current
pressure was between the target and buffer pressures, the
system was closed and pressure maintained. In this experiment,
the buffer pressure and control loop were set to 1 hPa and 1 ms,
respectively.

Fig. 2. Suction air-pressure modulation system. The air pressure sensor
measures the suction air pressure, and the microcontroller switches the
three-way solenoid valve and two-way solenoid valve with FETs.

III. DEVICE DESIGN
A. Suction System
The suction system consists of an air suction pump
(SC3701PML, Shenzhen Skoocom Electronic Co., Ltd.),
solenoid valves (SC415GF, SC0526GF, Shenzhen Skoocom
Electronic Co., Ltd.), and an air pressure sensor
(MIS-2503-015V). The air pressure sensor is controlled by a
microcontroller (ESP-WROOM-32). The suction system and
suction unit are connected by a silicone tube.
The skin suction sensation was associated with the suction
diameter and pressure, which respectively determine the
suction area and amount of deformation. Saito et al. [24]
investigated the relationships between the perceived
intensities of suction stimuli, suction pressure, and skin
deformation on forearm skin. They showed that subjective
stimuli intensities are highly correlated with skin deformation.
However, because it is difficult to build a device into an HMD
to accurately measure the amount of skin deformation in the
contact area between the HMD and face, in this study, suction
pressure was used to control sensation. The maximum suction
pressure used in this device was set from −500 to −600 hPa.
Negative pressure to the skin is used in cupping, a therapy,
which generally involves applying pressure of approximately
−800 hPa for more than 10 min. This leaves marks that only
disappear after several weeks [25]. This study used minimal
negative pressure and did not require long-term suctioning that

Fig. 3. Photo of the suction control module. The module shows two FETs, a
three-way solenoid valve, a two-way solenoid valve, and an air pressure
sensor, which are controlled by a microcontroller on the motherboard.

The solenoid valve, which controls the suction pressure,
was set to switch the flow path within 10 ms after receiving a
signal. Figure 5 shows the change in suction pressure and the
signal input to the solenoid valve. This system took
approximately 100 ms to reach the target pressure, but the
initial rise was almost simultaneous with the signal input. Test
results showed that the timing of contact and beginning of the
suction stimulus in the VR environment were almost identical.

C. Design of Suction Part
In Haptopus, a single hole was used to perform suctioning;
however, this method tends to leave traces and does not
present strong pressure sensations. Therefore, we adopted a
multi-point suction pattern based on the results obtained by
Makino and Konyo et al. [18][22][23]. Their studies were
limited to stimulation in the palm area; thus, we investigated
the tactile information presented when the suction diameter
and pressure were adjusted.
The suction component is a hexagonal, close-packed
structure with suction holes. The diameter of the suction unit
was changed to fit inside the HMD. The vent area was
comparable to the single 12 mm suction point used in
Haptopus but with multiple vents of 10, 7, 4, 3, and 2 mm (Fig.
6).

Fig. 5. Response time to reach target pressure (−200, −300, and −400 hPa)
and FET gate voltage. The suction start time was set to 0 ms.

Fig. 4. Valve operation when adjusting suction pressure.

The suction component was fabricated using a
stereolithography (SLA) 3D printer (Form 3, Formlabs);
Elastic 50A resin was used as the material.

To determine a suitable sucker shape for the haptic
experience, for each sucker diameter, we first investigated the
minimum suction pressure at which suction can be perceived,
and the maximum pressure at which experientially
inappropriate discomfort occurs. The experimenter adjusted
the suction pressure, and the subject responded instantly when
starting to feel touch or any discomfort. The pressures at these
times were set as the minimum and maximum. Each sucker
diameter was experimented with once. The maximum suction
pressure was set to −500 hPa owing to system limitations. The
air pressure in the obtained suction range was divided into six
equal parts and the suction stimulus presented. For example, if
the maximum suction pressure was −400 hPa and the
minimum suction pressure was −50 hPa, the system was
divided into six conditions: −50, −120, −190, −260, −330, and
−400 hPa. The participants were asked to rate the quality of
tactile sensation (perceived as suction or pressure) and suction
intensity at each pressure value using a Likert scale with the
following parameters: quality of suction (−3: suction, +3:
pressure perception) and intensity of suction (1: very weak, 7:
very strong).

TABLE II. Perception of tactile intensity with different suction
diameters and pressures

Fig. 6. Comparison of suction holes (from left to right): 12 mm single-point
suction part, 10 mm 3-point suction part, 7 mm 7-point suction part, 4 mm
19-point suction part, 3 mm 37-point suction part, and 2 mm 91-point suction
part.

We evaluated the system in our laboratory using 10 males
in the age group 22–26 years. The experimental results are
presented in Fig. 7, TABLES I and II. These data are the
averages for all participants. Figure. 7 shows that the
minimum suction pressure remained almost constant
irrespective of the suction diameter, but the maximum
pressure was −500 hPa at a single 12 mm suction point, which
was the maximum output of the device. Because almost no
participants experienced discomfort at this value, the
maximum allowable suction pressure at a single 12 mm
suction site was considered to be more than −500 hPa.

Suction diameters (mm)

Suction pressure level
1/6

2/6

3/6

4/6

5/6

6/6

12

1.6

2.4

2.6

3

3.1

2.8

10

1.4

2.9

3.4

4.5

4.8

4.4

7

2

2.9

4

4.2

4.9

5.2

4

1.6

2.7

3.7

4.2

4.6

5.3

3

1.8

2.8

3.3

4.2

4.6

5.3

2

2

2.8

3.7

3.9

4.5

5.3

Using the results of TABLES I and II, the correlation
between the quality of suction and tactile intensity is shown in
Fig. 8. This shows that low-intensity suction is likely to be
perceived as pressure, whereas a higher intensity is perceived
as suction, irrespective of the suction unit’s shape. In this
study, to present the tactile information of a fingertip in a VR
environment by suction, a suction unit with a diameter of 2
mm was adopted in the next experiment. This unit presented
sufficient tactile strength to create an easily perceived contact
sensation with VR objects, especially the sensation of
pressure.

Fig. 7. Maximum and minimum suction pressure values for different suction
diameters.

TABLE II demonstrates that the tactile intensity increases
with suction pressure. However, at a single 12 mm suction
point, the maximum tactile strength was 3.1, which was
weaker than reported for other settings. This may be because
the maximum suction pressure that the device could display
was −500 hPa; thus, sufficient tactile intensity was not
achieved. However, there are some disadvantages, such as the
possibility of leaving marks on the skin when the suction is
increased to produce a stronger tactile sensation. The
comparison of the results between the other shapes with
multiple holes showed no significant difference.
TABLE I. Perceptions of suction and pressure at different suction
diameters and pressures. The score is −3 for suction and +3 for
pressure perception. The green area in the table shows the sensation
of pressure and the red area shows suction.

Suction diameters (mm)

Suction pressure level
1/6

2/6

3/6

4/6

5/6

6/6

12

1.1

0.9

0.1

0

−1.1

−0.5

10

0.9

0.3

0.3

−1

−1.2

−2.3

7

1.2

0.9

−0.5

−1.5

−1.2

−2.3

4

1.1

0.6

−0.3

−1.1

−1.3

−2.2

3

0.6

0.3

−0.2

−1.5

−1.2

−1.7

2

0.9

0.7

−0.5

−0.9

−1.5

−0.8

Fig. 8. Correlation between suction quality (−3: suction, +3: pressure
perception) and subjective intensity.

IV. EXPERIMENT
To confirm that tactile perception through suction is
possible, we investigated whether the user’s perception of a
VR object could be modulated when the suction pressure is
dynamically changed by the distance a finger moves.
Accordingly, we attempted to present the hardness and
softness of VR objects by changing the suction pressure.
A. Procedure
The experiment was performed in a VR space. The images
were presented by an HMD (Oculus Quest, Oculus) and the
fingers were tracked using optical sensors (Leap Motion,
Ultraleap). The VR space was created in Unity. The PC
simulating the VR space and the microcontroller controlling
the air pressure were connected by cables. Contact with a
virtual object was made with the right index finger and the
suction stimuli were presented under the right eye, except for
one participant (all subjects were right-handed; one participant

had weak right cheek sensation; thus, the experiment was
performed with the left cheek and right index finger).
First, the maximum suction pressure was measured for
each participant. The participants were instructed to adjust the
suction to the tolerable maximum. The air pressure was
adjusted by advancing a finger into a sphere in the VR space.
When the maximum tolerable suction pressure was reached,
the participants pressed the VR button with the other hand.
This adjustment was followed by the main experiment,
where the same sphere was used and the suction pressure was
varied according to the distance the finger traveled on the
surface of the sphere. The sphere was not visually deformed
by contact, preventing the participants from responding to
visual cues. The radius of the sphere was 10 cm. There were
five relationship conditions between the pressed distance and
suction pressure. The suction pressure changed when the
finger traveled 4/4, 3/4, 2/4, or 1/4 of the ball radius or when it
came into contact with the ball (this state is termed the “MAX”
condition) and changed linearly (Fig. 9). For example, in
condition “1/4”, the suction pressure appeared when the finger
contacted the surface; then strengthened and reached the
maximum value when the finger moved to the “3/4” point (1/4
from the center of the sphere). In another example, in
condition “MAX”, the suction pressure reached the maximum
value when the finger touched the surface of the sphere; this
value remained constant when the finger was inside the sphere.
We considered that the linear relationship between the
distance traveled by the finger and suction pressure could be
interpreted as the degree of softness/hardness; the “MAX”
condition should create the hardest impression, and the “4/4”
condition should be interpreted as the softest.

B. Result and Discussion
Seven laboratory personnel aged 23–26 years (all male)
were tested. They had previous experience with HMDs and
were accustomed to interacting in VR spaces. The
experimental results are shown in Fig. 11. The average score
for each condition was 4/4: –1.89 (SD: 1.06), 3/4: –0.97 (SD
1.25), 2/4: –0.06 (SD 1.37), 1/4: 0.89 (SD 1.72), and MAX:
1.94 (SD 1.29).

Fig. 10. Experiment overview.

The finger and hand were drawn using basic balls and
joints, but the fingertip was hidden when it entered the sphere
(Fig. 10). The fingers were graphically simple to avoid
suggesting softness. The participants freely touched the ball in
each condition and described the perceived softness on a
seven-point Likert scale (−3: soft, 3: hard). We asked the
participants to respond using the soft/hard scale based on their
senses. In total, 25 trials were conducted, five for each
condition.
During the experiment, the participants wore
noise-canceling headphones with white noise to block hearing
the valve when the suction was adjusted because the timing of
the suction stimuli may have been noticed.

Fig. 9. Relationship between suction and finger pressures. The amount of
finger pressure to reach the maximum suction pressure varies depending on
the condition.

Fig. 11. Experimental results. “MAX” denotes changes in the air pressure to
the maximum air pressure during contact with the VR object.

In the figure, “MAX” indicates that the suction pressure
was changed to the maximum on contact with the VR object.
There was a significant difference between the 1/4 and 4/4
conditions (p < 0.001) as well as 2/4 and 4/4 conditions (p <
0.001). The experimental results showed that the relationship
between the traveled distance and suction pressure was
interpreted as softness–hardness, similar to the general
hardness rendering of haptic displays.
These results demonstrate that our presentation system
allows users to perceive the differences in tactile information.
Moreover, the perception of the hardness and softness in a VR
object can be presented by changing the suction pressure in
conjunction with the finger movements.
However, most participants commented that they did not
feel the stiffness directly; they estimated the softness/hardness
from the intensity of suction tactile sensation. This may be

because we used the full range of tactile intensity in this
experiment; the participants should have felt a pressing force
when the suction was weak and a sucking force when it
strengthened, as shown in Fig. 8. We should have limited the
maximum value of the stimuli to always produce the sensation
of pressing. By contrast, some participants answered that they
“felt it naturally after several trials,” which suggests that
long-term practice might make the sensation more natural and
acceptable.
V. CONCLUSION

[8]
[9]

[10]

[11]

In this study, we developed an HMD with a built-in
suction-type tactile presentation mechanism to easily provide
a VR experience with tactile feedback. This system transferred
the tactile information from the users’ fingertips to their faces
in a VR space, thus not requiring a wearable tactile
presentation device. We designed a suction shape and
stimulation system and constructed a dynamic air pressure
control system that can apply user movements in real-time.
We investigated whether dynamic suction and pressure
control are useful for the haptic recognition of VR objects.
Accordingly, we confirmed that changing the suction pressure
corresponding to the distance a finger moves can determine
the perceived hardness and softness of a VR object. Moreover,
comments
from
participants
revealed
that
the
softness–hardness sensation was not natural.

[14]

In future work, we plan to examine rendering algorithms in
detail to present more natural softness/hardness sensations
when in long-term use. We will also attempt to reduce the size
and weight of the control unit, mount the entire system on a
stand-alone HMD, and achieve two-handed, ten-fingered
haptic interaction without any devices attached.

[17]
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