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ABSTRACT

Social interaction begins with the other person’s attention, but it is difficult for a d/Deaf or hard-
of-hearing (DHH) person to notice the initial conversation cues. Wearable or visual devices have
been proposed previously. However, these devices are cumbersome to wear or must stay within the
DHH person’s vision. In this study, we have proposed SHITARA, a novel accessibility method with
air vortex rings that provides a non-contact haptic cue for a DHH person. We have developed a
proof-of-concept device and determined the air vortex ring’s accuracy, noticeability and comfortability
when it hits a DHH’s hair. Though strength, accuracy, and noticeability of air vortex rings decrease as
the distance between the air vortex ring generator and the user increases, we have demonstrated that
the air vortex ring is noticeable up to 2.5 meters away. Moreover, the optimum strength is found for
each distance from a DHH.

Keywords Deaf · hard of hearing · social interaction, · notification · non-contact haptics · touch interaction

1 Introduction

Human social interaction starts with attracting someone’s attention. However, one of the challenges that d/Deaf and
hard-of-hearing (DHH) people face is that it can be difficult for them to notice when someone is speaking to them.
It is often difficult for people around them to recognize that they have a disability, or the severity of their disability,
just by their appearance and behavior. Surrounding people may give up trying to communicate with their deaf or
hard-of-hearing parents, leading to a loss of communication opportunities even within families.

Visual and haptic presentation methods are used for the accessibility approaches in notifications to DHH. In the visual
presentation methods, intercom notification using light emitting diodes (LEDs) and displays is a typical example.
In contrast, the haptic presentation uses smartphones and wearable devices equipped with hardware such as motors.
However, it is difficult to receive notifications in visual presentation, unless the display or LEDs are within the field
of view of DHH. In the haptic presentation, smartphones and wearables have the hassle and discomfort of vibrating
motors, etc., that keep contact with the DHH’s body and require prolonged wearing. In recent years, augmented reality
(AR) glasses have been studied as a typical example, but AR glass also needs to be worn by the DHH all the time.

These problems either require DHH people to place a number of LEDs and displays within their field of vision, or they
must endure the discomfort of vibrating motors and other devices, such as smartwatches and wearables, to receive
haptic notifications.
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Figure 1: Feature relationship between DHH and AVRG. (a) Uncomfortable to be notified by vibration. (b) Uncomfort-
able to keep the devices are with the field of view. (c) Difficult to notice by voice. (d) Provides a level of sensation that
is noticeable to humans over long distance (1.5m - 2.5m). (e) It would make a noise of about 70 - 84 dB to present
tactile sensations over a long distance. DHH did not want to be in constant contact within the device and wanted a soft
tactile sensation. AVRG is also problematic because they make noise. However, when these features are combined, it is
clear that they compensate for each other.

On the other hand, there has been application research on non-contact haptic presentation, as well as application
research for haptic presentation through physical contact. For example, methods using air jets[1], focused ultrasound[2],
and air vortex rings[3, 4] have been researched and developed. Among them, AIREAL [3] is a technology that allows
users to feel tactile sensations in the air using air vortex rings and receive haptic feedback through interactive computer
graphics and can be used in various applications such as gaming and mobile applications. AirWave [4] explores the
use of air vortex rings to provide haptic feedback in at-a-distance interactions. Additionally, a study evaluated the
effects of haptic stimuli generated by air vortex rings on the cheek on user perceptions and physiological responses,
finding that different stimuli can affect these responses and task performance [5]. Compared to other non-contact haptic
presentation methods, the air vortex ring method has the following characteristics.

• Advantages
– Nothing must be prepared once the implementation is complete because it uses the atmosphere.
– Provides a level of tactile sensation that is noticeable to humans over long distances (1.5 - 2.5m).
– Low cost because only speakers are required.
– No need to worry about wetting clothes, etc., as opposed to water-based presentation methods.

• Disadvantages
– The noise level is over 70 dB.(In Fig. 5(b), we have achieved a quieter sound level of 46 - 53dB, but this

creates a new problem: the piston speed is slower, and the momentum given is lower).

Considering the characteristics of DHH people and the characteristics of the air vortex ring generator (AVRG), as shown
in Fig. 1, we propose the AVRG as a suitable initial cue of interaction with DHH. Specifically, the AVRG’s feature
of being able to present haptic sensations from a distance of 1.5 m to 2.5 m without keeping in touch with the user’s
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Figure 2: Notification application for possible sounds other than speech. (a) Initial conversation cue. (b) Intercom
sound notification. (c) Wake-up alarm.

body may be easily accepted by the DHH. AVRG has a trade-off between "sound" and "distance and momentum that
can be presented," but this trade-off does not require to be considered when considering applications to DHH-only
communities (e.g., residences of the DHH or Deaf space [6, 7, 8, 9]).

The use of AVRGs has not been considered in the context of accessibility as a device for talking to DHH, rather than as
a graphic representation. Therefore, we first investigated the performance of the AVRG, including the audible sound
generated by the AVRG, which has not been examined in detail, and how accurately the air vortex ring hits its target.
As a fundamental study to establish a new accessibility approach for notifications befitting the DHH, we examined how
much DHH participants were aware of the AVRG and how comfortable they felt with it and discussed the practical
feasibility and improvement of the AVRG.

As shown in Fig. 2, these user studies show that this method can also be used with other sound notification devices,
such as alarms, intercoms, and baby monitors, to reinforce the perception of DHH people.

2 Related Work

2.1 History of Support for the DHH

The history of support for DHH shows that the first attempts were made to reinforce and convey existing auditory
information. Miller Hutchison invented the electric hearing aid "Acounsticon" [10] for his deaf friend in the 1900s,
influenced by Bell’s invention of the telephone and Edison’s invention of the carbon microphone in the 1870s. The
principle was to use an amplifier to take a weak signal and amplify it into a strong one. The first hearing aids were
tabletop models, but later they were improved to be battery-operated, making them portable. In London, Queen
Alexandria saw one of the test products and asked him to give another at Buckingham Palace, for which she gave him
a gold medal. However, because of its limited frequency and dynamic range, it was not a perfect aid for the hearing
impaired.

Around the 1930s, research began on converting auditory information into haptic information and delivering it to the
DHH. A communication aid device for the deaf "Gault-Teletactor" [11] was developed that divided speech into five
frequency bands and mapped them to five vibrators attached to the fingers and thumb of the user’s hand. The results of
a study with children [12] showed that when the teacher pronounced "bubububububu" with the teacher’s face blocked,
they could not interpret the impression they got from the Gault-Teletactor. When the teacher pronounced "bububububu"
while the teacher’s face was visible, the children were able to connect the tactile impression with what they saw. In the
early 1950s, the "Felix" system [13, 14] was developed by Dr. Nobert Wiener at the Research Laboratory of Electronics
at MIT. It uses the cochlea model(the frequency-to-place transformation model) to convert sound frequencies into
vibration locations to assist the deaf. In the 1990s, Tactaid VII [13, 14], a device smaller than the "Felix" system and
worn around the forearm, chest, abdomen, or neck, was developed to transmit environmental sounds through vibration
and is available for commercial use. The human voice is difficult to understand, but when used in combination with
lip-reading, it can be understood a little better.
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When we look at the history in this way, attempts have been made to supplement auditory information that could not be
received through electrical control and to convert the auditory information into vibrotactile information to be accepted
by other sensory organs.

2.2 Presentation Method for d/Deaf and Hard of Hearing

Apple’s accessibility features, “LED flash for alerts” 1 and “Sound recognition” 2 and Google’s App “Live Transcribe &
Sound Notifications” 3 are probably used in the DHHs current life. Additionally, a Smart Flash Kit “SquareGlow”4 has
also been developed and released by a team of DHH.

Moreover, “Ontenna[15]”5 and SoundWatch [16] are known as typical examples of research. “Ontenna” is wearable as a
presentation via vibrations and light transmission sensing with sound pressures between 60 and 90 dB. “SoundWatch” is
an application for smartwatches that haptic and visually presents sound recognition results. Other previous studies [17,
18] show sound’s identity, location, etc., in a head-mounted display. A previous study has attempted to investigate
vibrational patterns because DHH does not have desirable constant vibrational sound notifications [19]. Another
previous study [20] has also addressed similar watch overly persistent watch vibrations as one of the key concerns.
Furthermore, in non-contact presentations other than visual and haptic for the DHH, the wasabi alarm6 [21] was
researched and developed.

Finally, other approaches outside of the DHH’s daily life can also be found about haptic presentation for the DHH. In
the musical scene, “Smartphone Drum [22]” is a smartphone application that plays with haptic, presenting a drum-like
vibrotactile sensation. In addition, some studies [23, 24] have replaced the start signal in athletics with a haptic
presentation in the sports scene. However, we cannot find any previous study on approaches to attempting non-contact
haptic presentation for the DHH in accessibility.

2.3 History of Haptic Research

The history of tactile sensation can be traced back to the 1930s, when research was conducted to convert auditory
information into tactile information, as mentioned earlier. This work was the "Gault-Teletactor" [11], a device that
assisted DHH communication by splitting speech into five frequency bands and mapping them to five vibrators attached
to the fingers and thumb of the user’s hand.

In the 1940s, a master-slave manipulator [25, 26] was developed by Raymond Goertz to handle hazardous materials.
The system was designed to allow a person outside the hot cell to manipulate the radioactive material contained in the
hot cell, and the feel of the material as it is grasped is fed back to the user.

In the early 1950s, the "Felix" system [13, 14] was developed. This system used the cochlea model, the frequency-to-
place transformation model, to convert sound frequencies into vibration locations to assist the deaf.

In the late 1950s, a master-slave manipulator [26] was developed to maintain the radioactive components of nuclear
propulsion systems for aircraft. It was characterized by the fact that each finger had two degrees of freedom. In addition,
a master-slave manipulator [27] was developed to be used for hammering nails with a hammer. However, because of
the anatomical complexity of the human arm and the need to attach the actuator to the outside of the arm, it did not
become very popular at the time.

In the 1960s, advances in photo electronics technology led to the development of technology that converted visual
information obtained by photo sensors into tactile information such as vibration. This led to research on support for the
visually impaired. For example, the Optohapt (OPtical-TO-HAPTics) system [28] uses nine vibration actuators attached
to the body to transmit typewritten letters by vibration. TVSS (Tactile Vision Substitution System) [29, 30] is a system
that enables a visually impaired person to recognize objects captured by a camera (a telephone, a chair, a woman’s face,
etc.) using a 20 x 20 solenoid stimulus attached to the back of a chair. Gradually, as the user became accustomed to
using the system, he or she was able to recognize that a telephone was in front of him or her, even if only a telephone
line was captured from the camera.

1https://support.apple.com/guide/iphone/led-flash-for-alerts-iph79ced06b1/15.0/ios/15.0
2://support.apple.com/guide/iphone/sound-recognition-iphf2dc33312/15.0/ios/15.0
3https://support.google.com/accessibility/android/answer/10092548?hl=en
4https://www.squareglow.com/
5https://ontenna.jp/en/
6CHEMISTRY PRIZE: Makoto Imai, Naoki Urushihata, Hideki Tanemura, Yukinobu Tajima, Hideaki Goto, Koichiro Mizoguchi

and Junichi Murakami of JAPAN, for determining the ideal density of airborne wasabi (pungent horseradish) to awaken sleeping
people in case of a fire or other emergency, and for applying this knowledge to invent the wasabi alarm. https://improbable.
com/ig/winners/#ig2011
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In the 1980s, a portable device called Optacon (Optical-to-TActile-CONverter) [31, 14] was developed, consisting of a
hand-held camera and a 24 x 6 Braille-like tactile display. When the camera recognized the black areas of printed text,
the pins would vibrate in response to the recognition. Around this time, Internet communication between computers
became possible, and the idea of having a tactile display at the end of this communication was first considered. For
example, a tactile glove [32] for VR has been developed by NASA Ames Research Center.

In the 1990s, Project GROPE [33], a tactile display using a master hand for VR, was announced. Additionally, a
system [34] that uses a graphics computer displaying a virtual space and 9-DOF manipulators to apply reaction force
to the operator’s fingers and palms via the manipulators when the operator touches an object in the virtual space was
also developed. The system has been demonstrated in the manipulation of solid virtual objects such as mock-ups for
industrial design and 3D animated characters. PHANToM [35], a haptic interface, allows users to feel virtual objects by
placing the device on their fingertips. In support of research for DHH, a device called Tactaid VII [13, 14] has been
developed, which is worn around the forearm, chest, abdomen, and neck and vibrates to transmit environmental sounds.

In the 2000s, a pin-based deformable shape display called FEELEX [36], was developed. It was envisioned to be
used for palpation of internal organs and 3D modeling while touching the overall shape. In the field of accessibility,
research [37] was conducted to enable the visually impaired to feel what is captured by a camera using the sense of
touch on the tongue.

Later, there was research on a method of presenting tactile sensations without the device making direct contact with the
body [1, 2, 3, 4] and research [38] on rendering volumetric graphics that can be touched in the air using femtosecond
laser-pulsed plasma.

Thus, haptics has been used in the context of accessibility to support the deaf and visually impaired, to operate dangerous
objects that cannot be handled directly by humans, and to give users the sensation of operating virtual objects such as
VR and AR. However, since the birth of non-contact haptics technologies, there has been no research on the use of this
technology to support DHH.

2.4 Non-contact haptics

First, Sensorama [39], developed by Helig in 1962, is a multimodal system that includes visual presentation by video,
auditory presentation by binaural sound, and tactile and olfactory presentation by breeze and odor. The breeze created
by the fan can simulate riding a motorcycle without touching the viewer. Therefore, the fan is one of the examples of a
non-contact tactile sensation.

Next, a portable tactile display using air jets to give localized shapes of virtual objects was developed, and the perceptual
characteristics of the air jet stimulator were evaluated to see if subjects could perceive the patterns presented by this
device [40]. Subsequently, a tactile presentation system using air jets without rigid arms, wiring, or gloves and without
physical contact was developed. However, its low resolution and the fact that it can only provide tactile sensations at a
distance of approximately 30 cm were cited as problems [1].

A focused ultrasound technique was subsequently developed [2]. This method attracted attention because it can be
focused at 200 mm with 20 mm haptic resolution, and a research field of non-contact haptic presentation based on this
technology was born [41, 42, 43, 44]. However, the distance that can be presented by a device of approximately 200
mm square is about 400 mm, and to increase the distance, the device size must be increased, resulting in a trade-off
with cost [45].

In addition, a method using air vortex rings was developed [3, 4], and it is capable of presenting high pressure at a long
distance of 1000 mm with a resolution of 85 mm. To the best of our knowledge, there have been two methods of AVRG
developed in the field of Human-Computer Interaction, one using a speaker [3, 4, 46, 47] and the other using an air
compressor [5], and both methods are known to produce audible sound.

Additionally, a method using synthetic jets has also been developed [48]. This method was proposed for its advantages
of relatively low cost and low voltage, but its limitation is that the reachable distance is only 25mm away.

When comparing each of the non-contact haptics technologies, we considered AVRG’s ability to be presented over a
long distance as suitable for supporting talking to DHH.
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Figure 3: A cross-sectional view of an AVRG. D is piston diameter, δ is piston displacement, d is aperture diameter,
L is the length of a slug of air pushed out of the nozzle, Up is the piston velocity and Uexit is the flow velocity at the
aperture.

3 Principle

3.1 Air Vortex Ring

In this section, we will explain the principles of air vortex rings and what parameters are essential for a non-contact
haptic cue for DHH.

3.1.1 Principle of air vortex ring generation

Air vortex rings are torus-shaped air vortices that can travel long distances through the air and exert momentum on the
surface they collide with. Fig. 3 shows a cross-sectional view of an AVRG.

Assuming that air is incompressible, the volume of air pushed out by a piston Vp is equal to the volume of air ejected
through the opening Vexit

Vp = n
πD2

4
δ = Vexit = π

πd2

4
L, (1)

where n is the number of pistons, D is the piston diameter, δ is the piston displacement, d is the aperture diameter, and
L is the length of a slug of air pushed out of the nozzle. Dividing both sides by d, the ratio of length to diameter L/d
can be summarized as

L

d
=

nδD2

d3
. (2)

The formation number f is defined as the limiting value of L/d when only a vortex ring is formed without a turbulent
wake and lies in the range of 3.6 - 4.5 for a broad range of flow conditions [49]. Therefore, d is expressed as

d = 3

√
nδD2

f
. (3)
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Figure 4: Noise Measurement Methods. The distances between the center of the AVRG and the microphone were 500
mm, 1000 mm, 1500 mm, 2000 mm, and 2500 mm apart.

In our study, we designed the aperture diameter d with a formation number of 3.85 - 4.03.

Assuming that the flow rate of air pushed out by the piston Qp is equal to the flow rate of air ejected through the opening
Qexit [50, 51]:

Qp = n
πD2

4
Up = Qexit =

πd2

4
Uexit, (4)

where Up is the piston velocity and Uexit is the flow velocity at the aperture. To summarize,

Uexit =
nD2

d2
Up. (5)

The momentum I of the air vortex ring is expressed as

I =
1

4
πd2ρLUexit

=
1

4
πd2ρ(fd)

nD2

d2
Up

=
1

4
πρnfdD2Up,

(6)

where ρ is the density of air. In this study, we focused on the fact that the piston velocity is proportional to the
momentum of the air vortex ring without changing the structure of the AVRG.

3.1.2 Principle of silencing audible sound during air vortex ring generation

In the field of human-computer interaction, there have been several air vortex ring generation methods using speakers [3,
4] and air compressors [5, 52]. However, the problem with both methods is that they produce audible noise during
ejection. Because the system of reduced noise still desirable, we attempted to reduce the noise by rounding the square
waveform, which is the input waveform, to the speaker. The square waveform was filtered with a rational transfer
function, which provides the input-output description of the filter operation on a vector in the Z-transform domain, as
follows:

Y (z) =
b

1− (b− 1)z−1
X(z), (7)

where X(z) is the input signal, Y (z) is the output signal, and b is the roundness coefficients of the speaker waveform.
Fig. 5 (a) shows the filtered waveforms with b = 0.001, 0.002, 0.003, 0.004, and 1, respectively.
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Figure 5: Principle of silencing audible sound during air vortex ring generation and measurements of the movement
of the speaker membrane with a scanning vibrometer (PSV-500, Polytec) when the waveform in Fig. 5 (a) is input.
(a) Voltage waveforms input to the speaker after filtering with roundness coefficients, as shown in Equation 7. (b)
The maximum sound level LAmax when the voltage waveform is input. The more the input waveform of the speaker
is rounded, the quieter the sound becomes for all distance conditions measured.(c) Speaker velocity. The maximum
velocities are 568.83 mm/s, 892.97 mm/s, 1139.30 mm/s, 1321.72 mm/s, and 2032.20 mm/s, respectively.(d) Speaker
displacement. The maximum value is 8.6mm(-4.6 - 4.0mm).

3.1.3 Measurement experiment of the sound generated by the AVRG

The maximum sound pressure levels were measured when these waveforms were driven; the center of the AVRG and
the microphone height were aligned at 140 mm each, and the distances were 500 mm, 1000 mm, 1500 mm, 2000
mm, and 2500 mm apart, as shown in Fig. 4. The iPhone application NIOSH (National Institute for Occupational
Safety and Health) Sound Level Meter (EA LAB, Slovenia), which was found to be the most effective of the nine
apps in the previous study [53], was used for the measurements, and the device was an iPhone 12 Pro. The sound
generated by AVRG is classified as an isolated burst of sound energy, and the maximum value of each burst is generally
constant. Therefore, the maximum instantaneous noise level within 10 measurements was used as the data. The ambient
temperature was 24.2 °C (75.56 °F).

Fig. 5 (b) shows the more the input waveform of the speaker is rounded, the quieter the sound becomes for all distance
conditions measured. Additionally, the maximum sound pressure generated was lower when the roundness coefficients
were reduced than when the distance from the AVRG was increased. However, when the piston velocity (velocity
of speaker membrane) was measured using a scanning vibrometer (PSV-500, Polytec) as shown in Fig. 5 (c), we
also observed reduction in the piston velocity as a consequence, which limits the momentum of the air vortex ring.
Comparing the case with no rounding (b = 1) and the case with a slight rounding (b = 0.004), the maximum sound
pressure was reduced by approximately 20 dB while the loudspeaker speed was reduced by approximately half. This is
equivalent to a factor of 10 in terms of sound pressure, which shows that the system contributes to a reduction of sound
pressure. This experiment allowed us to verify how much the sound generated by the speaker changes relying on the
roundness coefficients of the square wave input to the speaker.

8
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Figure 6: (a)AVRG Configuration. The five 3-inch speakers (NS3-193-8A, AURA SOUND) are mounted around the
enclosure of the AVRG and serve as a piston. (b)System Overview. The system consists of a PC, a USB oscilloscope
capable of generating arbitrary waveforms (Handyscope HS5, TiePie engineering), a high speed bipolar amplifier
(HSA42014, NF Corporation), and an AVRG.

4 Implementation

4.1 AVRG System

Fig. 6 shows an overview of the system: a PC, a USB oscilloscope capable of generating arbitrary waveforms
(Handyscope HS5, TiePie engineering), a high speed bipolar amplifier (HSA42014, NF Corporation), and an AVRG.
The AVRG comprises a 3D printed enclosure (94.5mm x 94.5mm x 94.5mm), five 3-inch speakers (NS3-193-8A,
AURA SOUND) with a rated impedance of 8 Ω, and a 3D printed nozzle with a 30mm diameter aperture. The five
speakers are mounted around the enclosure of the AVRG and serve as a piston. As shown in Fig. 5 (d), when a filtered
voltage waveform of 10 V is driven to the speaker, the displacement is approximately 8.2 mm. Based on Equation 3, the
number of speakers n=5, the speaker diameter D=51.5[mm] and the information number f=4.03 were determined and
the aperture diameter was set to 30mm. The overall size of the AVRG is 204.9 mm x 204.9 mm x 185.6 mm, with a
total weight of 1.308 kg. Fig. 7 shows a smoke visualization of an air vortex ring ejected from this AVRG.

9
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Figure 7: Smoke visualization of an air vortex ring ejected from this AVRG.
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Figure 8: Overview of accuracy experiment. Experiments were conducted under five conditions with AVRG and fur
distances of 500, 1000, 1500, 2000, and 2500mm. A camera was placed horizontally at an angle of 45° from the center
of the fur at 2000 mm to photograph the swinging of the fur.

4.2 Accuracy Experiment

Displays have been proposed that utilize the phenomenon that fur shading changes when fur fibers are made to stand
up or flatten using a roller device, pen device, or focused ultrasonic device [54]. The discrepancy between the aimed
location of the air vortex ring and the actual location of the air vortex can be visualized using fur. When an air vortex
ring strikes a fur material, the stroked location instantly shakes. We measured the shift of the air vortex ring from the
center of the target fur relying on the location where the fur was shaken and validated how accurately the air vortex ring
hits its target.

10
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(= 0.03 s)
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1 frame later
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Figure 9: Fur video analysis process. A homography was performed to make the captured fur images visible from the
position of the AVRG. The coordinates at which the air vortex ring shook the fur were identified by the background
subtraction method. The entire area of the fur was identified from the color information of the fur. The center coordinates
were identified, and the distance between them was measured.

4.2.1 Experimental Environment and Condition

Fig. 8 shows an overview of the experiment. The fur area was 800 mm × 800 mm, and the fur length was about 40
mm. An AVRG was placed perpendicular to the plane of the fur at the same height as the center of the fur with motion
capture cameras (seven Prime17W, two PrimeX22, and one Prime41, OptiTrack). A camera was placed horizontally at

11



A PREPRINT - JANUARY 19, 2023

an angle of 45° from the center of the fur at 2000 mm to photograph the swinging of the fur. The AVRG did not overlap
with the fur plane because of the camera placed in this position.

A homography was performed to make the captured fur images visible from the position of the AVRG, as shown in
Fig. 9. The center of the fur, which is the target of the air vortex ring, was obtained as the coordinates of the center of
gravity of the entire fur region. The area hit by the air vortex ring was detected using background subtraction, and its
center of gravity was determined as the fur hit position.

The experimental conditions were set at five different distances between the AVRG and the fur, rearranging from
500-2500 mm, with five different roundness coefficients of speaker waveform: 0.001, 0.002, 0.003, 0.004, and 1, for
a total of 25 patterns. An air vortex ring was applied 20 times to the fur, and the measurement data were randomly
extracted 10 times, relying on the number of times a detection was possible, and the mean value was taken.

4.2.2 Result and Discussion

Fig. 10 shows the results. The data without bars were considered N/A because the fur motion could not be detected by
the image analysis because of weak swaying. Because only a portion of the area hit by the air vortex ring could be
detected, the center coordinate within the range where the air vortex ring motion was detected is the point where the air
vortex ring hit. The radius of the air vortex ring (50 mm) is considered the error range. Therefore, the target coordinates
were primarily included in the area where the vortex ring hit the target when the distance was between 500mm and
1500mm. When the distance was more significant than 2000 mm, the gap between the air vortex ring and the target
became larger. However, the mean head breadth, head thickness, and mention-top of head for Americans were 145 mm,
194 mm, and 241 mm, respectively [55], suggesting that it was possible to hit the DHH person’s head in most patterns.

Figure 10: Result of accuracy experiment. The bar represents the mean of the gap between the target and the hit position,
and a vertical error bar represents its standard deviation. The data without bars was considered N/A because the fur
motion could not be detected by the image analysis because of weak swaying.

5 User Study

To quantitatively evaluate at what level DHH noticed and qualitatively how the noticeability and comfortability by
DHHs changes by various parameters, we performed two user studies. In User study 1, we varied the distance (between
head and AVRG) and roundness coefficients of the speaker waveform. User study 2 varied the direction of the AVRG.
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At the end of the experiment, we asked the participants to fill out a questionnaire to obtain qualitative feedback. The
mean temperature of the experimental environment was 26.1°C (78.98°F), and the ambient wind was stationary (0.0
m/s) at all participants’ times. This study was approved by our local Ethics Review Board(Approval number:22-27).

5.1 Tracking System

In these user studies, the distance between the AVRG and the participant and the presentation position was varied.
Therefore, measuring the distance and angle between the head and the AVRG is necessary to hit the head with the air
vortex ring. A tracking system was developed using motion capture (seven Prime17W, two PrimeX22, and one Prime41,
OptiTrack). For the air vortex ring to hit the participant’s head, the participant’s head must be positioned on the mean
vector from the opening of the AVRG. The coordinates of the center of gravity of the two points and the Euler angle of
the AVRG were used to calculate the displacement between the normal vector of the aperture and the participant’s head,
as shown in Fig. 11. The allowable error in the position of the center of gravity of the AVRG was set at 50 mm.

AVRG

elevation angle

head

AVRG

elevation angle

head

Figure 11: Directional alignment of the AVRG. Motion capture was used to determine not only whether the AVRG was
on an elevation angle with the participant’s head as the center coordinate but also whether the AVRG’s ejection aperture
was facing the participant’s head.

5.2 Calibration

In these user studies, it was necessary to identify the center of gravity of the AVRG and the center of gravity of the
participant’s head and to measure the distance and angle between them. However, it was not easy to perform the
measurements with retroreflective markers on the participants’ heads because it was anticipated that holding back their
hair would affect their perception of the air vortex ring. The retroreflective markers were attached to the AVRG, and the
distance and angle between the center of gravity of the AVRG and the position of the markers on the height-adjustable
tripod were measured. The distance and angle between the center of gravity of the AVRG and the marker on the tripod
were measured, and the position of the AVRG was determined by marking it on the floor.

5.3 Participants

We recruited five DHHs (hearing level 90-130 dB, mean age 35.8 years old) in User Study 1, as shown in Table 1.
Additionally, we recruited nine DHHs (hearing level 90-130 dB, mean age 29.1 years old) in User Study 2, as shown
in Table 2, but four of User Study 2’s participants continued to participate in User Study 1. Participants were asked
not to wear their hearing aids and cochlear implants during the experiment. Because of the high hearing levels of the
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participants in this study, they were not aware of the sound generated by the AVRG. Participants were entitled to receive
compensation of 860 JPY. None of the participants had experienced the haptic sensation of the AVRG before.

Table 1: Participants’ Information for User Study 1 (hearing level 90-130 dB, mean age 35.8 years old).

Table 2: Participants’ Information for User Study 2 (hearing level 90-130 dB, mean age 29.1 years old).

6 User Study 1

As shown in Fig. 12, we conducted User Study 1 to determine how the perception of DHHs changes as the ejection
distance and amount of ejected motion change. Here we investigated whether AVRGs could make us aware of DHH,
how long it took us to notice them, how easy they were to notice qualitatively, and how comfortable they felt.

6.1 Task and Procedure

In User Study 1, participants were tested on all combinations (25 trials) of the following parameters.

• Distances between AVRG and the participant’s head
(distance = 500, 1000, 1500, 2000, 2500mm).

• Roundness coefficients of speaker waveform (b = 0.001, 0.002, 0.003, 0.004, 1).

After 15 trials, a 5-minute break was taken, and 10 trials were performed. Participants were asked to straighten their
backs and perform the typing task without moving their heads. During the task, one air vortex ring was ejected every
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500mm
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1500mm

2000mm

2500mm

AVRG

AVRG

motion capture

Figure 12: Overview of User Study 1. User Study 1 was conducted under five conditions with AVRG and the
participant’s head distances of 500, 1000, 1500, 2000, and 2500mm.

second, hitting the back of the participant’s head a total of three times, and the participant was asked to press a button
when he/she noticed that the air vortex ring had hit his/her head. Then we asked, “Was this wind easy to notice?” and
“Do you think this wind is comfortable?” on a 7-point Likert scale (1 strongly disagree to 7 strongly agree).

6.2 Result

Fig. 13 (a)(b) shows the quantitative results of User Study 1. Fig. 13 (a) shows the notification rate, indicating whether
the participant could notice and push the button within 5 seconds after the AVRG emitted an air vortex ring. All
participants noticed the haptic sensation of the air vortex ring when the distance was within 500mm, 1500mm, 1500mm,
2000mm, and 2500mm for the roundness coefficients b of 0.001, 0.002, 0.003, 0.004, and 1, respectively. The closer
the speaker’s roundness coefficient is to one, the faster the piston velocity and the greater the momentum that AVRG
can generate, thus increasing the distance the participant can notice. When compared to Fig. 10, the conditions under
which the fur sway was detected are similar to those that were noticed by the participant.

Fig. 13 (b) shows the mean time from the time the air vortex ring was emitted to the time to notice; in the condition
where one or more participants failed to notice the air vortex ring within 5 s, the mean time was set to N/A because it
was impossible to obtain an accurate mean time. The condition with the shortest mean time to notice was at a distance of
1000 mm and an acceleration coefficient of 0.004. The mean time to notice tended to increase as the distance increased.
The highest mean time was 2.21 s in the condition in which 100% of the time was taken to notice.

Fig. 13 (c) shows the mean value of the seven-level evaluation of noticeability. Overall, the greater the distance and the
smaller the roundness coefficients, the smaller is the noticeability. As shown in Fig. 5 (b) and Fig. 13 (c), the distance at
which the participants could notice the air vortex ring increased as the roundness coefficients of the speaker approached
1. From Fig. 13(a) showing the results of quantitative evaluation, it was found that the notification rate was 100% when
the distance was 1000 mm and the roundness coefficient was 0.002, when the distance was 1500 mm and the roundness
coefficient was 0.003, and when the distance was 2000 mm and the roundness coefficient was 0.004, respectively.
However, in Fig. 13(c), the result of the qualitative evaluation shows that the noticeability was 4.8-5.2 in these cases,
indicating that the noticeability was lower for conditions with larger roundness coefficients and shorter distances.

Fig. 13 (d) shows the mean value of the seven-level evaluation of comfortability. The highest noticeability is found
when the distance is 500 mm and the tame coefficient is 1, while the comfortability is 2.4, the third lowest value among
all 25 conditions. The comfortability of the air vortex ring was highest when the air vortex was barely noticeable, as
shown in Fig. 13 (a) and Fig. 13 (c).

6.3 Discussion

The results in Fig. 13 (a) and Fig. 13 (c) show that if the roundness coefficient is 1, there is a 100% notification rate and
6.2/7 noticeability even when the distance to the stationary target DHH is approximately 2500mm away. Fig. 10 shows
the gap between the target and the hit position is about 100mm, making it difficult to hit the desired position in the head.
Still, it may be possible to notify the stationary DHH as an initial conversation cue.
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(a) (b)

(c) (d)

Figure 13: Results of User Study 1. (a) Notification rate [%]. The closer the speaker’s roundness coefficient is to one,
increasing the distance the participant can notice. (b) Mean time from the time the air vortex ring was emitted to the
time to notice [s]. The condition with the shortest mean time to notice was at a distance of 1000 mm and roundness
coefficients of 0.004. (c) Noticeability [-]. Overall, the greater the distance and the smaller the roundness coefficients,
the smaller the noticeability. (d) Comfortability [-]. The comfortability of the air vortex ring was highest when the air
vortex was barely noticeable, as shown in Fig. 13 (a) and Fig. 13 (c).

However, the mean time to notice in Fig. 13 (b) indicates that the time from injection to recognition is approximately 0.72
m/s, which is 470 times slower than the speed of sound (340 m/s), such as voice or notification sounds. Therefore, we
believe that the air vortex ring speed and the haptic sense generate limitations. It is necessary to verify the comfortability
of the talker using AVRG as future research and to discuss further whether it can be used as an application.

The comfortability in Fig. 13 (d) shows optimal roundness coefficients for each distance from the target DHH to make
the target feel comfortable. Based on this, we believe a notification to the DHH can be sent without irritating them
by first measuring the distance to the target and projecting air vortex rings with the speaker waveform with the most
comfortable roundness coefficients.

7 User Study 2

We conducted User Study 2 to investigate how the perception of DHHs changes when the direction of the air vortex
ring ejection relative to the head is changed. Specifically, we investigated the direction from which people would notice
the air vortex ring when it was applied from a specific direction. We also investigated qualitatively how easy it was to
notice and how comfortable it felt as an initiating conversation.

7.1 Task and Procedure

In User Study 2, the distance was fixed at 1000mm. The speaker’s roundness coefficients were fixed at b=1, and the
speaker displacement was fixed at 8.2mm. We conducted the experiment under these conditions to determine whether
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Figure 14: Overview of user study 2. (a) Experiment to hit air vortex ring from forward directions, A:(θ = 60°, φ = 0°) ,
B:(θ = 120°, φ = 0°). (b) Experiment to hit an air vortex ring from lateral and backward directions, C:(θ = 180°, φ =
0°), D:(θ = 240°, φ = 0°), E:(θ = 270°, φ = 30°), F:(θ = 300°, φ = 0°), and G:(θ = 360°, φ = 0°). (c) Side view of the
experiment in which an air vortex ring was hit from the backward direction E:(θ = 270°, φ = 30°.)

we could hit the desired location without inaccuracy and whether the participant noticed the air vortex ring. As shown
in Fig. 14 (a)(b)(c), the participant’s horizontal angle is represented by θ, and the elevation angle is represented by φ.
First, an experiment was conducted in which air vortex rings were applied from two directions,

• A: Right frontal head (θ = 60°, φ = 0°),

• B: Left frontal head (θ = 120°, φ = 0°),
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Figure 15: Mannequin head to point to the position hit by the air vortex ring corresponding to the 7 directions in
Fig. 14(a)(b).

as shown in Fig. 14 (a). A total of three trials (two directions and one of the two directions) were performed randomly.

In addition, as shown in Fig. 14 (b), experiments were conducted in which the participants were hit from five different
directions:

• C: Left temporal (θ = 180°, φ = 0°),
• D: Left occipital (θ = 240°, φ = 0°),
• E: Parietal (θ = 270°, φ = 30°),
• F: Right occipital (θ = 300°, φ = 0°),
• G: Right temporal (θ = 360°, φ = 0°).

A total of six trials (five directions and one of the five directions) were performed randomly.

Participants were instructed not to move their heads during the experiment. In each condition, the participants performed
the typing task as in User Study 1, and when they noticed the air vortex ring hit their head, they pressed the button
to measure the time to notice. The participants were then asked to respond to the area of the head that was hit using
the mannequin head shown in Fig. 15 and were asked, “Did you find this wind easy to notice?” “Did you think it was
comfortable to talk to?” on a seven-point scale (1 strongly disagree to 7 strongly agree).

7.2 Result

Fig. 16 shows the percentages of responses in User Study 2, in which the participants were hit from seven directions.
The percentage of responses in the same direction as the direction in which the air vortex ring was hit was 57.1% for θ
= 60°, 61.5% for θ = 120°, 63.6% for θ = 180°, 77.8% for θ = 240°, 50.0% for θ = 270°, 50.0% for θ = 300°, 58.3% for
θ = 270°, and 70.0% for θ = 360°.

When the air vortex rings were hit from the right side of the participants (θ = 60°, θ = 300°, θ = 360°), the percentage of
responses that hit from the right side was 92.9%, 75%, and 90%, respectively. When the air vortex rings were hit from
the left side of the participants (θ = 120°, θ = 180°, θ = 240°), the percentage of responses that hit from the left side was
100%, 90.9%, and 100%, respectively.
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Figure 16: Percentage of responses when the air vortex ring is hit from seven directions in Fig. 14 [%].

Fig. 17 shows the boxplots of the 7-point ratings of the subjective parameters of noticeability and comfortability of
initiating the conversation for each direction. The median is represented by a dot in the middle of the box on each
boxplot. The 25th and 75th percentiles are represented by the bottom and top edges of the box, respectively. Data
points that are considered outliers are shown as individual ’x’ markers, and the whiskers extend to the most extreme
data points that are not considered outliers.

In Fig. 17(a), which represents the noticeability, the median value for all directions except direction θ = 270° was
greater than 6, while only direction θ = 270° was difficult to notice, with the median value of 5.5. Additionally, the 75th
percentiles were never less than 5 in all directions. In Fig. 17(b), which represents the comfortability, the median value
was approximately 1 to 3 lower in the forward condition than in the backward conditions. The median value was 5.5 or
higher in the backward condition, indicating that the subject was relatively comfortable.

7.3 Discussion

In the discussion on whether AVRG can be used to indicate the direction of speech, it was found that more than 50% of
the respondents noticed the same direction as the actual direction, and more than 75% of the respondents were able to
determine whether the direction was left or right. It is thought that AVRG can be used to indicate the direction in which
the user is spoken to.

Although the results also showed that it was qualitatively easy to notice all directions, there is much concern about
whether the air vortex ring will hit the eyes in the forward direction as a comfort feature of speech, and it is necessary to
improve the system so that the air vortex ring can be applied with higher accuracy. In the back of the head, there are a
few areas where the air vortex ring hits and offends the user, so the current device is considered to be highly effective.
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(a)

(b)

Figure 17: 7-point ratings of the subjective parameters for seven directions. The median is represented by a dot in the
middle of the box on each boxplot. The 25th and 75th percentiles are represented by the bottom and top edges of the
box, respectively. Data points that are considered outliers are shown as individual ’x’ markers, and the whiskers extend
to the most extreme data points that are not considered outliers. (a) noticeability [-]. (b) comfortability [-].
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8 Discussion and Application Design

8.1 Qualitative feedback

Table 3: Is there anything you usually do to notice that you are being spoken to?

Original Answers

Stand where I can notice visually and wear a hearing aid.
When I am concentrating on typing, etc., I am startled if someone taps me on the shoulder, so I move
away from the screen as much as possible so that I can also see the side of the screen (keep my arms
outstretched).
Look the other person in the eye.
I listen with my ears as much as possible by utilizing my cochlear implant.
When someone is about to talk to me, I pay attention 360 degrees (by glancing at them, etc.)
I am aware of the presence of others.
I don’t usually do anything in particular. In unfamiliar places, I look around nervously.

Table 4: Please describe any good or bad points when assuming that you will be spoken to by the AVRG system.

Original Answers

It feels unnatural and crummy. (It is different from just wind, so it could be said that it is easy to
understand, but it is somewhat similar to the feeling of being blown by a hit of air, which may not be
a good feeling)
When I feel the wind from behind me, especially if it’s a pinpoint wind, I wonder if it’s huffing and
hiting from someone else’s mouth. I get scared.
From the front or side, there was a little resistance when it hit my eyes, but from behind, there was no
resistance whatsoever.
Since it is the wind, it is good that the person speaking to me does not have to worry about the force
with which he or she taps me on the shoulder. The person being called is also less surprised by the
wind. Ideally, it would be better to have a forehead as well because if it is near the eyes, the person
would be surprised by touching the eyeballs.

Table 5: Please tell us what needs to be improved for future development as an assistive device for talking to DHH.

Original Answers

I thought the AVRG injection interval could be a little shorter.
I think it is interesting in terms of using air. I think it would be easier to understand if there is a
mechanism to understand the rhythmic changes.
I thought the strength of the wind was okay, but a little louder than one point would be better.
Is it a disadvantage that this system requires the equipment to be fixed? If it floats like a drone, I
would appreciate more usage scenarios. Realistically, I think it would be like a small electric fan
worn around the neck.

We asked participants for feedback at the end of the user study about being spoken to and about the AVRG system.
Table 3 shows the answers to the question, "Is there anything you usually do to notice that you are being spoken to?"
Most of the participants answered that they try to look around with their eyes on a daily basis to notice what is being
said. It is thought that the participants may not be able to concentrate deeply because they are using their visual field
too much to compensate for various information. In addition, it is thought that AVRG can contribute to reducing this
burden.

In Table 4, we summarized the good points and bad points of the system when it was assumed that the user would be
spoken to. The opinions were divided into two groups: those who said they were surprised by the unnaturalness of the
air vortex ring, and those who said they were less surprised by the air pressure and felt no resistance compared to a tap
on the shoulder. During the experiment, some participants were surprised every time they felt the air vortex ring, while
others gradually became accustomed to the tactile sensation of the air vortex ring. It may be necessary to adjust the
force of the air vortex ring so that it is more optimized for each individual DHH. Some participants also commented that
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they felt as if they were being poked in a single point against their heads. It is necessary to change the tactile sensation
by adjusting the size of the air vortex ring rather than by adjusting the force alone.

Table 5 summarizes the points that must be improved in order for the device to be developed as an assistive device for
talking to DHH in the future. The respondents suggested that not only adjusting the force of the air vortex rings but
also changing the rhythm of the air vortex rings would make the device easier to understand compared to wind. It was
suggested that the environment be notified not only by air vortex rings flying from the ceiling of the room but also by a
method in which the person being spoken to could hold a very small AVRG and speak to the listener from it.

8.2 Limitation and Improvement

375mm 375mm

375mm

Figure 18: Huge AVRG. A nozzle with an aperture diameter of 120 mm and five speakers (FW305, Fostex) with a
diameter of the speaker corn of 259 mm were mounted in an enclosure made of aluminum frame and MDF material.

As verified in the accuracy experiment, the problem is that the air vortex ring cannot hit any position on the head
because of the large displacement of the ejection direction compared to the size of the human head, and it does not
hit the head when the flying distance is 2.5 m or longer. One of the reasons for the lack of a straight flight is that the
counter-rotating vortex at the aperture is created when the speaker membrane is pulled and interferes with the vortex
when the air is pushed out, weakening it. Therefore, a method to make the waveform just push in without pulling the
speaker membrane or a method to keep the speaker membrane in place after pulling it in and wait until the vortex
diffuses can be considered. However, care must be taken to avoid a trade-off between the smaller displacement of the
speaker and the smaller frequency of the air vortex rings.

Another limitation is that it is not possible to send the air vortex ring in an arbitrary direction or to aim it at a moving
head. Therefore, it is necessary first to locate the head with a camera and then use a robot arm or motor to correct the
direction of the AVRG toward the head. In addition, because it takes time for the air vortex ring to reach the head, it is
necessary to calculate the injection angle by calculating backward from the time it takes to reach the head.

As another improvement, as shown in Fig. 18, a AVRG was fabricated which is larger than the AVRG shown in Fig. 6.
A nozzle with an aperture diameter of 120 mm and five speakers (FW305, Fostex) with a diameter of the speaker corn
of 259 mm were mounted in an enclosure made of aluminum frame and MDF material. As shown in Equation 3, the
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momentum of the air vortex ring generated by increasing the diameter of the speaker increases by the square of the
diameter of the speaker. This can generate stronger pressure, which may be applicable to situations that are more
difficult to notice. It can hit anywhere on the body of a person standing 5 meters away.

In addition, we removed one of the speakers from the AVRG shown in Fig. 6 and applied electrical energy to the peltier
element to create a temperature difference. Fig. 19 shows the AVRG. A CPU cooler and a large fan are placed outside
to release heat, and a heat sink and a small fan are placed inside to convect cold air. We believe that the AVRG can be
used not to talk to DHH but to notify different information, such as the sound of running water, by emitting air vortex
rings with different temperatures.

CPU Cooler

Heat Sink
Small Fan

Large Fan (b)(a)

Peltier Element

Figure 19: AVRG to create a temperature difference by the peltier element. A CPU cooler and a large fan are placed
outside to release heat, and a heat sink and a small fan are placed inside to convect cold air.

As shown in Fig. 20, we produced not only round but also triangular, square, rectangular, and pentagonal nozzles. The
shape of the air vortex ring generated by each nozzle changes during the process of translation. Therefore, not only
does the shape of the vortex ring change as the nozzle shape changes but also the distance between the AVRG and the
object may change the tactile sensation that can be presented.

In addition, by incorporating a module that can change the smell as well as the temperature, the auditory information
can be converted into not only tactile information but also olfactory information, thereby increasing the amount of
information presented.

Figure 20: Triangular, square, rectangular, and pentagonal nozzles as well as circular nozzles. The shape of the air
vortex ring generated by each nozzle changes during the process of translation.
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In the system shown in Fig. 6, the AVRG had to be operated from a laptop PC. Therefore, it was not possible to trigger
the injection of AVRGs by actions such as talking to them. For this reason, we developed the system which sends
voltage waveforms to the AVRG by transmitting numerical values via Bluetooth from a smartphone, as shown in Fig. 21.
This system enables the AVRG to be triggered remotely by a user’s operation as long as a smartphone is available,
making it easier to use the AVRG for talking to a user.

Laptop PC　

Arbitrary Waveform Generator　 High Speed Bipolar Amplifier Air Vortex Ring Generator (AVRG)

Smart Phone Microcontroller with 
Bluetooth Low Energy (BLE)

Figure 21: A system that can remotely control AVRG with a smartphone by adding a microcontroller with Bluetooth
Low Energy (BLE) functionality.

8.3 Application

Based on the results of the accuracy experiment and user studies, we discussed how our new approach to utilizing
AVRG should be designed for implementation in various situations.

8.3.1 Starting a conversation

People can use any means of communication method such as being able to talk with sign language. We think it has to
be mindful to enter into the DHH’s field of vision, etc., to start a conversation because it is challenging for the DHH to
obtain information that starts a conversation. Therefore, this new approach, like lighting in a room (Fig. 2(a), Fig. 22),
makes AVRGs place in a room because the DHH easier to start a conversation. Specifically, image recognition using
cameras and motion detection using distance sensors, etc., will detect a person waving a hand toward the opponent, and
an air vortex ring is ejected with the opponent. Thus, based on user study results, we must pursue parameters related to
future noticeability and comfortability of initiating conversation. In addition, we also have to consider whether waving
a hand as a conversation-starting trigger is sufficient to befit the DHH.

8.3.2 Sound Recognition’s Output and Timer, etc.

Considering that notifications, such as sound recognition, timers, etc., are presented in smart homes, it is necessary to
devise a way to change the parameters of haptic presentation relying on the notification task instead of using a fixed
haptic presentation parameter. Based on these previous studies [19, 56] focusing of identifying the parameters for
contact-type haptic presentation, it is necessary to investigate the method of identifying the parameters for non-contact
haptic presentation using an air vortex ring.
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Figure 22: New approach, like lighting in a room, makes AVRGs place in a room because the DHH easier to start a
conversation. Use cameras and AVRGs placed in the four corners of the room to talk to DHH using air vortex rings.

8.3.3 Alert and Wake-up Alarm

Sounds that DHH should be aware of but is not, such as the sound of running water, a baby crying, or the sound of the
intercom, abound all around us. Alerts should be considered separately from “Sound Recognition’s Output and Timer,
etc.”. The reason is that the information is life-threatening and should be promptly noticed even if it is perceived as
unpleasant, etc. There have been several previous studies [57, 58, 59, 60] on sound, particularly in the case of hearing
people. Thus, we must consider and identify the parameters for non-contact haptic presentation using an air vortex
ring for alert based on reaction time and comfortability of the user study’s result. Additionally, in the case of the
wake-up alarm ( Fig. 2(b)), we have to conduct experiments with DHH sleeping and consider the appropriate wake-up
parameters.

8.3.4 Introduce into Deaf Culture and Deaf Space

As an example of an approach that incorporates “hand waving” and other culturally customary acts in “Deaf Culture” [6,
7, 8, 9], a study of a sign language user interface [61, 62] is reported. In addition, the AVRGs can be used as notifications
from the smart home when a DHH conversation with the smart home is based on these previous studies [63, 64, 65, 66,
67, 68], to improve the accessibility of smart homes for the DHH.

Moreover, we think that it is possible to apply our new approach to ”DeafSpace” 78 [69][70] an architectural space
design that considers Deaf Culture. Specifically, we are considering the possibility of doing what is described in

7https://infoguides.rit.edu/deafspace
8https://gallaudet.edu/campus-design-facilities/campus-design-and-planning/deafspace/
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”Starting a conversation,” ”Sound Recognition’s Output and Timer, etc.” and ”Alert and Wake-up Alarm” subsections
by placing them like lights everywhere in the architectural space (Fig. 2(c)). Therefore, by developing a large AVRG
(Fig. 18), we are also attempting to increase the size of the air vortex ring and strengthen which is presentation strength
of the air vortex ring. However, to introduce AVRG into an architectural space, AVRG must be as small as light, where
the presenting strength can be somewhat secured. This issue must be faced as a future challenge.

8.3.5 New Deaf Football and Futsal

Deaf football and futsal are modified versions of traditional football and futsal, respectively, designed for individuals
with hearing impairments. These games follow the same rules as standard football and futsal, with a few adaptations to
accommodate the specific needs of deaf players. In deaf football, for example, referees use flags in addition to whistles
to communicate with players and provide visual cues. In international matches, there are five referees, including two
assistant referees positioned behind the goals, who use flags to communicate with players. Similarly, in deaf futsal,
referees use both whistles and flags to communicate with players.

However, players do not often look at the referee when they are playing soccer and often fail to notice the referee’s flags
because they are looking at the ball or the opposing players. Therefore, we think that by placing huge AVRGs around
the futsal field, players who fail to notice the referee’s flag can be notified by air vortex rings, thereby facilitating the
smooth progress of the game.

In addition, when a goalkeeper wants to give instructions to a field player, there are situations in which he speaks to the
player by stamping his foot and vibrating the footstep. However, it is not always possible to talk to the field players, and
it may attract the attention of the opposing players. The same is true when the coach gives instructions to the players.
Even if the AVRG has a short range, it has the potential to convey instructions by message if it can attract the attention
of players close to the AVRG in these situations.

9 Conclusion

In this study, we developed a proof-of-concept device to determine the air vortex ring’s accuracy and noticeability when
it hits a DHH person’s hair. We propose SHITARA, a novel accessibility method with air vortex rings that provides a
non-contact haptic cue for a DHH person. User Study 1 shows that the air vortex ring is noticeable up to 2.5 meters
away, and the optimum strength is found for each distance from DHH. In User Study 2, we applied air vortex rings to
the head of DHH from seven different directions to validate how the correct rate and noticeability and comfortability of
initiating conversation varied. Based on this user study’s result, this method could also be used with new accessibility
approaches for the DHH’s daily life.

In the future, we must explore presentation parameters using an air vortex ring that is a proposal notification application
for DHH. Additionally, we are planning to design AVRG for on-site installation.
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