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ABSTRACT
This paper presents a mid-air thermo-tactile feedback system us-
ing an ultrasound haptic display. We design a proof-of-concept
thermo-tactile feedback system with an open-top chamber, heat
modules, and an ultrasound display. Our approach is to provide
heated airflow along the path to the focused pressure point created
from the ultrasound display to generate thermal and vibrotactile
cues in mid-air simultaneously. We confirm that our system can
generate the thermo-tactile stimuli up to 54.2◦Cwith 3.43 mNwhen
the ultrasonic haptic signal was set to 100 Hz with a 12 mm radius
of the cue size. We also confirm that our system can provide a stable
temperature (mean error=0.25%). We measure the warm detection
threshold (WDT) and the heat-pain detection threshold (HPDT).
The results show that the mean WDT was 32.8◦C (SD=1.12), and
the mean HPDT was 44.6◦C (SD=1.64), which are consistent with
the contact-based thermal thresholds. We also found that the ac-
curacy of haptic pattern identification is similar for non-thermal
(98.1%) and thermal conditions (97.2%), showing a non-significant
effect of high temperature. We finally confirmed that thermo-tactile
feedback further enhances the user experiences.

CCS CONCEPTS
•Human-centered computing→Haptic devices; Displays and
imagers; User studies; Mixed / augmented reality.
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1 INTRODUCTION
Virtual Reality (VR) is on the rise. Designers, engineers, and re-
searchers around the globe are working towards making the VR
experience better and more immersive. Many VR applications in-
corporate surreal and realistic haptic feedback in addition to visual
and auditory modalities for multimodal interaction. A large amount
of emphasis is now put on providing thermal feedback in VR to
increase the sense of immersion and presence. Just like a physical
world, many VR scenarios require thermal feedback – people use
hot water from the faucet, feel the fireplace’s ambient temperature,
or face falling snow in a winter scene.

It is known that thermal perception is based on the absolute
and relative changes in skin temperature. That is, humans perceive
warmth and coldness when their thermoreceptors respond to the
stimulus that is above or below the skin temperature [6, 22]. This
information is conveyed to the insula cortex (a region of the brain
deep in the cerebral cortex) rather than the somatosensory cortex
[5]. However, the exact mechanism of activation associated with
skin temperature changes is still unknown.

Thermal feedback is used to enhance realism [23, 51], provide
realistic perception of virtual objects [10, 26, 59], or used as an
ambient communication channel [26, 44, 47, 48, 56, 57]. Many of the
contact-based thermal feedback approaches incorporate the use of
Peltier devices to provide thermal feedback [37–39, 48] while others
use infrared lasers [34], infrared lamps [42], thermal radiation [45],
liquid [14], or utilize other sensory perception like sight [55] or
smell [3] to create an illusion of thermal sensations.

Providing thermal sensations inmid-air is important as free-hand
interaction is a promising direction that provides more natural and
intuitive interactions in the virtual environment. Several studies
have focused on non-contact thermal and humidity feedback, and
many of them have used thermal items like infrared lamps, heaters,
fans, and projector lights. Hülsmann et al. [18] delivered wind and
thermal feedback using IR lamps and fans to the interaction space.
Han et al. [15] developed a system that delivers global thermal feed-
back by utilizing fans, lamps, mist, and heat light installed around
the user. Shaw et al. [46] presented an IR heater system to generate
global warm thermal feedback for fire evacuation scenarios. Iwai et
al. [20] used an IR RGB projector light to provide a thermo-visual
perception system in augmented reality. Nakajima et al. [35, 36]
presented the methods to provide cold feedback using ultrasound-
driven airflow. Xu et al. [58] proposed a method to present cold
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sensations by passing the air through a vortex tube. However, due
to their underlying mechanisms, all the approaches have the lim-
itation that it’s not easy to control the thermal cues in 3D space.
Recently, Kamigaki et al. [24, 25] proposed a method using ultra-
sound display to create a focal point in mid-air on a hand-worn
glove to provide thermal sensations. Their work is promising as an
ultrasound mid-air haptic display is scalable and easy to control the
vibrotactile cues’ size and frequency in 3D space. However, their
method requires a glove to feel the thermal feedback, which is not
appropriate for bare-hand interaction.

Our method takes advantage of providing tactile and thermal
cues simultaneously by integrating both vibrotactile stimulus cre-
ated from ultrasound display and thermal stimulus from heated air
created and kept in a chamber. Yet, it is not clear how simultaneous
presentation of both stimuli is being processed and perceived as
an individual signal; it is reported that the thermal feedback en-
hances the tactile sensory acuity (i.e., thermal sharpening) [49, 50].
It is also reported that the thermal identification rate in the warm
stimulus is higher than that of cold stimulus (89% vs. 76%) [48] in
thermo-tactile displays. Our method is based on the human ability
to identify the tactile and thermal patterns without masking each
other. We further leverage the underlying principles of ultrasound
display that provides acoustic pressure at mid-air. By generating the
heated air, we can create a heated pressure point to simultaneously
present thermal and vibrotactile cues.

This paper proposes a proof-of-concept system that provides
thermo-tactile feedback in mid-air using an ultrasound display with
an open-top chamber and heat elements for bare-hand interaction.
Mid-air ultrasound haptic technology is based on the algorithm
that creates a focused pressure point in 3D space using multiple
ultrasound speakers, and a significant amount of research has been
carried out [4, 11, 16] with many applications [12, 19, 29, 60, 63].
We believe that we show one promising direction towards creating
mid-air thermo-tactile feedback by considering human perception
and utilizing underlying principles of ultrasound display.

2 IMPLEMENTATION
2.1 Design
Figure 1 shows the design of our proof-of-concept prototype. It
consists of two heat modules, an ultrasound display, and an open-
top chamber for retaining heat inside while allowing heat to flow
upward. Inside each heatmodule, a ceramic heating element (JKFTP-
120-250, Delonghi, China) is symmetrically placed at each side of
the chamber (see Figure 2). Two fans are also placed behind each
heating element to inflate heated airflow into the chamber. Each
ceramic heating element circuit board is connected to a variable
output autotransformer (TDGC2-0.5D, Variac, USA) to control the
temperature by adjusting the input voltage to the heating element.
The chamber is constructed using cardboard and thenwrapped with
aluminum foil to retain heat inside the chamber. The chamber has
the shape of two conical frusta with a height of 100 mm connected
by sharing a surface with a radius of 250 mm while having the
other surface with a radius of 180 mm for the top and 150 mm for
the bottom. The volume of the chamber is 0.274 m3. The top is cut
out in the shape of a circle with a radius of 150 mm. An ultrasonic
haptic display (STRATOS Explore, Ultraleap, UK) is placed inside

Figure 1: A concept of the proposed system

the chamber, facing upward. A hand tracking device (Stereo IR 170,
Ultraleap, UK) is installed on the prototype’s upper surface to track
users’ hands to deliver the thermo-tactile feedback to their hands.
We adjusted the position of the hand-tracking device with the offset
equal to the device’s distance from the mid-point of the ultrasound
array. We installed a digital thermometer (DS18B20, Maxim Inte-
grated, Inc.) close to the ultrasound focal point above the chamber
and another outside the setup to monitor the room temperature.
The digital thermometer has a user-configurable resolution from
9 bits to 12 bits. In this work, the resolution was configured to 12
bits, yielding the accuracy of ±0.0625 ◦C. All the temperature data
was monitored and recorded in real-time.

When both heating elements are activated by applying the volt-
age from the variable output autotransformers, the heating elements
produce heat energy to heat and circulate air, and the fans speed
up the airflow (i.e., fan heaters). The temperature of the airflow
is controlled using autotransformers, which have an adjustment
range from 0 V to 110V. The heater power is proportional to the
square of supply voltage level. Thus, adjusting the transformer volt-
age would change the power of the heating element and result in
different temperatures in the airflow. We kept the fan’s speed at a
constant 2000 revolutions per minute (RPM) after testing various
values ranging from 1800 to 3500 RPM. We found that the RPM
values lower than 2000 could not spread the heat evenly inside
the chamber (monitored by placing two thermal sensors on the
diagonally opposite end of the chamber). The higher values pro-
vided lower heat as the fans gave a cooling effect instead. Once
the heated airflow is inflated into the chamber, the heated air is
kept in the chamber. The chamber’s temperature is increased as
the heating elements increase the voltage (i.e., produce more heat
energy) until it reaches a certain temperature in the chamber. The
chamber’s temperature can be decreased by lowering the voltage
of the heating element.

When the ultrasound haptic display is activated, the focused ul-
trasonic haptic cues with different temperatures are created through
the open-top of the chamber, passing through the heated air. In our
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setup, a circular haptic cue with a radius of 12 mm is generated
at 200 mm from the haptic display. Participants can interact with
an apparatus by horizontally outstretching their hands in an open
space between the apparatus’s top surface and 100 mm above it,
which we refer to as interaction space. Figure 2(b) shows thermal im-
ages of a participant’s hand in the interaction space. The ultrasound
display and the heaters (operated at 120V) were turned on and op-
erated for 100 seconds, during which the thermal camera captured
an image every 10 seconds for 100 seconds. The experiment was
conducted in a room with an area of 600 square feet and a height
of 9 feet. The room temperature was set to 23 °C throughout all
experiments. The prototype was placed on a table adjusted to make
it comfortable for participants to keep their hands in the interaction
space while sitting on a chair.

(a) Side and top view

(b) Thermal camera images of the user’s palm in 0, 10, 20, 40, 60, 100s

Figure 2: (a) A prototype system - top and side views and (b)
thermal images showing affected area from t=0s to t=100s.

2.2 Simulation
Our prototype design was evaluated with the finite element simula-
tion to validate the thermal process. Figure 3 shows the simulation
model and the results of the proposed prototype system. We used
the ANSYS workbench to simulate the heat flow and temperature
distribution of the system. The model contains the same struc-
ture, components, and dimension as the proposed system (open-top
chamber, two ceramic heaters with fans). The thermal simulation
has been assessed with ANSYS Fluent with optimized boundary
conditions based on physical properties of materials being used
in the prototype. The rated heat source power was set to 250W
and the fan was set to 2000 RPM. The model is meshed by body

(a) Simulation model side and top view

(b) Thermal simulation results in 0, 10, 20, 40, 60, 100s

Figure 3: Simulation model and its result (a) top and side
view, (b) simulation results from t=0s to t=100s.

mesh with 2 mm and analyzed in fluid transient at a time step of
0.1 seconds. The total time of simulation was 100 seconds.

Table 1 showsmaterials and their physical characteristics applied
in a simulation, such as density, specific heat capacity, and thermal
conductivity. The results of temperature distribution at different
timestamps are also shown in Figure 3. Based on our simulation
result, the focal point temperature would rise to 25 ◦C from 22 ◦C
in 10 seconds, which shows an efficient heat process considerably
given the large chamber volume. After that, the temperature would
rise to 28 ◦C in another 10 seconds. Then in the next 60 seconds,
the temperature curve would follow linear growth and would raise
3.2 ◦C every 10s and reach 47 ◦C after 80 seconds. From the 80
seconds to 100 seconds, it showed that the temperature has some
fluctuation but would maintain at least 44 ◦C. The simulation data
shows that the system has a good heating process and can keep
the high temperature in the proposed exposure time (7 seconds),
which meets our design goal.

2.3 Impact of Thermal Process on Ultrasound
Power Attenuation

We show the impact of the thermal effect on ultrasound power
attenuation through mathematical deduction. We validate that if
the ultrasound power attenuation remains the same level upon
both the high and low-temperature conditions, then the thermal
impact on mid-air haptic feedback is negligible. We first start with
the entire thermal process from thermal generation on PTC (Pos-
itive Temperature Coefficient) heater to thermal receipt on hand
contact region. We then discuss the impact of the thermal effect on
ultrasound power attenuation.
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Table 1: Material and their physical features

Component Material 𝜌 (kg/m3) C (J/kg.K) K (W/m.K)
Chamber
surface
cover

Aluminium 2710 0.897 239

Ceramic
Heater PTC ceramic 6060 527 6

Chamber
support
structure

Card board 689 1700 0.1

Fan and fan
case

Polylactic
Acid 1210 1800 0.13

Heater case
Acrylonitrile
butadiene
styrene

1070 1500 0.1

The heat source in this apparatus is a PTC heater, which has high
efficiency and reliability, with a rated power of 110V (250W). The
heat power can be expressed as equation below based on the PTC
feature of variant resistant value in response to the temperature
change:

𝑃 =
𝑉 2

𝑅𝑃𝑇𝐶
=
𝑇𝑆𝑃𝑇𝐶 −𝑇𝐴

𝑅𝑡ℎ
(1)

where 𝑉 denotes the rated voltage, 𝑅𝑃𝑇𝐶 denotes the PTC heater
resistance, 𝑇𝑆𝑃𝑇𝐶 denotes the surface temperature of PTC heater,
𝑇𝐴 denotes the ambient temperature, and 𝑅𝑡ℎ denotes the thermal
resistance [31].

The generated heat is then transferred to the chamber through
the fan air fluid flow. Although radiation exists, based on the low
radiation temperature (not exceed 120◦ in rated power), thermal
convection is the main way of heat transfer and can be written as

𝑄𝑐𝑜𝑛𝑣 = ℎ𝐴(𝑇𝑆𝑃𝑇𝐶 −𝑇𝐴) (2)

where 𝑄𝑐𝑜𝑛𝑣 denotes the convective heat transfer rate between
PTC heater and air. Here, ℎ denotes heat transfer coefficient and is
composed of two parts:

ℎ = ℎ𝑛 + ℎ𝑓 (3)

where ℎ𝑛 denotes the natural convection coefficient and ℎ𝑓 denotes
the forced convection coefficient due to temperature difference and
fluid flow, respectively. Then the hot air would heat the hand skin
to implement the thermal sensation:

𝑄 𝑓 =𝑚𝑓𝐶𝑝 (𝑇𝐴 −𝑇𝑆 ) (4)

where𝑄 𝑓 denotes the rate of heat transfer,𝑚𝑓 denotes the air mass
flow rate, and 𝐶𝑝 denotes the specific heat of air [21]. The air mass
flow rate is:

𝑚𝑓 = 𝜌𝑎𝑣𝑎𝐴 (5)
where 𝑣𝑎 denotes the air velocity. Given the hot air flow and cham-
ber structure, the air velocity and viscosity are vary across space,
which would impact the sound pressure level [40]. However, based
on calculation and test these influences to mid-air haptic feedback
are trivial.

The general expression for the velocity of sound in gases under
standard conditions is:

𝑣 = (𝛾𝑃
𝜌
)0.5 (6)

where 𝛾 is the ratio of the specific heats of the gas (1.414 in case
of air), 𝑃 is the pressure (101,325 Pa), and 𝜌 is the density of the

gas (1.225 kg/m3). Increasing pressure will increase the density in
the same proportion. Under constant temperature conditions, the
velocity 𝑣 is independent of pressure [8]. Thus, the relationship
between sound velocity and temperature can be expressed as:

𝑣 = 331 + 0.6𝑡 (7)
where 𝑡 denotes the temperature in degree Celsius (◦C). The

attenuation is the term used to account for the loss of wave am-
plitude due to all mechanisms (i.e., absorption, scattering, mode
conversion, etc.) and is shown as:

𝐴 = 𝐴0𝑒
−𝛼𝑧 (8)

where 𝐴0 denotes the unattenuated amplitude, 𝑧 denotes the dis-
tance, 𝛼 is the attenuation coefficient which can be expressed below
based on Stokes’s law of sound attenuation:

𝛼 =
2𝜇𝜔2

3𝜌𝑣3
(9)

where 𝜇 is the dynamic viscosity of the fluid, 𝜔 is the sound’s angu-
lar frequency, 𝜌 is the fluid density, and 𝑣 is the speed of sound in
the medium [17]. Under this experiment condition, the temperature
range in the chamber between 25◦C (i.e., room temperature) and
45◦C (i.e., hot temperature), and result in a sound pressure level
change of 1.07%, which can be neglected [13].

From the mathematical deduction shown above, it can be con-
cluded that the thermal impact on ultrasound power attenuation is
trivial, and the proposed system could provide thermal feedback
while not interrupting the mid-air vibrotactile sensation.

2.4 System Characteristics
Figure 4 shows the temperature changes in interaction space at
each voltage level, ranging from 60V to 120V with a step size of 10V.
We adjusted both autotransformers to one of the voltage levels and
recorded the temperature changes for 300 seconds. We found that
the maximum temperature that the system can achieve after 300
seconds was 54.2 ◦C at 120V, which is close to the simulation result
of 56.6 ◦C and is within the range of acceptable error. It was also
observed that there are considerable temperature differences in the
final temperature when applied voltages are less than 100V. Still,
the differences become relatively smaller when it is 100V or larger.
The difference between 120V and 110V was minuscule (1.6 ◦C).

At each level, the temperature was adjusted and maintained for
seven seconds. This measurement was repeated ten times for each
temperature level, yielding 70 seconds in total. We then averaged
them and calculated each temperature level’s variation and corre-
sponding error rates. The mean variation was 0.09◦C (SD=0.02),
and the mean error rate was 0.25% (SD=0.07), confirming stable
temperature at each level.

3 EXPERIMENT 1: MEASURING
THERMO-TACTILE THRESHOLDS

This experiment aims to estimate the mid-air thermo-tactile thresh-
olds at which users can detect the warm stimulus and heat-pain
stimulus when the focused ultrasound haptic feedback is delivered
to the user’s palm. The warm detection threshold (WDT) can be
described as the temperature at which the users can start perceiving



Mid-Air Thermo-Tactile Feedback using Ultrasound Haptic Display VRST ’21, December 8–10, 2021, Osaka, Japan

Figure 4: Target temperature changes over time at each volt-
age level, ranging from 60V to 120V with a step size of 10V.

warm sensations, whereas the heat-pain detection threshold (HPDT)
is a point along the curve of increasing perception of thermal stim-
uli at which pain begins to be felt [7, 52]. Perception thresholds for
heat in contact-based thermal stimuli are ranged from 32.5◦C to
36.7◦C for WDT and from 43.0◦C to 46.8◦C for HPDT, respectively
[2, 27, 30, 61].

3.1 Participants
Twelve participants, ranging from 22 to 29 years old (4 females;
mean: 25.25 years old, std. dev. 2.2 years old) took part in the exper-
iment. All participants were right-handed. None of them reported
any disorder affecting the sensations of their hands. Each partici-
pant was paid with a $10 gift card for their participation. All the
participants gave written informed consent to participate in the
study. All the experiments were approved by the Institutional Re-
view Board (IRB) of the University of Texas at Dallas (IRB-21-194).

3.2 Apparatus
We used our prototype system as an apparatus for this experiment.
As we mentioned in the previous section, circular haptic feedback
with a radius of 12 mm is generated at 100 Hz with 1.0 intensity
(3.43 mN) [43]. We considered the trade-off between the stronger
perceived intensity of 200 Hz and its audible noise that may degrade
the user experience. We decided to set 100 Hz of ultrasound signal
as a fair trade-off.

3.3 Experimental Design
We used a psychophysical method called a “simple one-up and one-
down staircase method” that adapts to the participant’s threshold
level [32, 33] with an estimation of the 50% point of the psycho-
metric function [41] for both WDT and HPDT. Each threshold was
measured twice for each participant. We measured WDT, followed
by HPDT. The threshold was estimated by averaging six reversals
in each repetition.

3.4 Procedure
Instructions were given to each participant with a short description
of our prototype and the procedure before the main experiment.
The participant was asked to place their dominant hand on top of
the chamber for seven seconds and then answer a Yes/No question

on each trial. We chose seven seconds of exposure time based on
the initial observation from a pilot study with three different ex-
posure time values (i.e., 5s, 7s, and 10s). We found that exposing
the hand for five seconds was too short to feel, and exposing it for
ten seconds may result in experiencing slight burning sensations
at high temperatures. After exposing their palm for seven seconds,
participants were required to answer either "Yes" or "No," depending
on whether they felt thermal sensations. For WDT measurement,
they were required to respond with "Yes" if the sensation was warm
and respond with "No" otherwise. For HPDT measurement, they
were required to respond with "Yes" if the sensation was hot and
discomforting and respond with "No" otherwise. The experimenter
then entered this response on a computer. We decided the experi-
menter should record responses instead of the participants to ensure
proper health precautions were taken, and no equipment was being
shared. This was a forced-choice paradigm, and the participants
were required to guess if they were not sure of their response. The
starting temperature for WDT and HPDT were 28.0◦C and 36.0◦C,
respectively. These initial temperatures were obtained based on
baseline temperatures reported in [1], and we confirmed it through
our pilot study.

We adjusted the temperature by a step-size of 1◦C based on the
response from the participant. If they respond with “Yes”, the tem-
perature is decreased by a step-size of 1◦C. If they answer “No,” the
temperature is increased by a step-size of 1◦C. This was continued
until they changed their answer (i.e., reversal). We increased the
step-size to 2◦C at the beginning of the trials until it reached the
first reversal to converge to the expected threshold quickly, and
we kept the step-size to 1◦C for the rest of the trials to secure the
resolution of the estimated threshold. The experiment is continued
until six reversals are reached. The six reversals are then averaged
for an estimated threshold. The duration of the experiment was
typically 80 minutes, and participants were asked to take a 5-minute
break between repetitions.

3.5 Results and Discussion
Figure 5 shows typical series of trials with an estimated threshold
for one participant (P9). Figure 5(a) shows a trial for WDT and
Figure 5(b) shows a trial for HPDT. The black square represents
positive response (“Yes”), and the white circle represents negative
response (“No”), respectively. As we described in the procedure,
we increased the step size to 2◦C until it reached the first reversal
(R1), then we changed to 1◦C for the rest of the trials. The mean
of all the reversals (R1-R6) is taken to calculate the participant’s
estimated threshold.

The mean WDT was 32.8◦C (SD=1.12), and the mean HPDT was
44.6◦C (SD=1.64). These values were congruous to the findings
from contact-based warm perception and heat pain thresholds [2,
27, 30, 61]. We confirmed that WDT and HPDT remained the same
at room temperature.

4 EXPERIMENT 2: PATTERN
IDENTIFICATION

This experiment investigates the impact of thermal conditions on
the ability to identify vibrotactile patterns presented in mid-air.
As we proved no significant impact of the thermal conditions on
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(a) WDT

(b) HPDT

Figure 5: A typical series of trials from one participant (P9):
(a) WDT and (b) HPDT.

mid-air haptic feedback through mathematical deduction, we also
want to verify it through this user experiment.

4.1 Participants
Twelve participants who did not participate in Experiment 1 were
recruited to participate in this experiment (3 females; mean age
= 24.2 years old; SD = 4.28). All participants were right-handed,
and none of them reported any disorder affecting the sensations
of their hands. Each participant was paid a $10 gift card for their
participation. All the participants gave written informed consent
to participate in the study.

4.2 Apparatus
Our prototype system was used as an apparatus for this experi-
ment. In addition, we prepared another set of ultrasound displays
(without heat modules and chamber) that was identical to the pro-
totype system for non-thermal conditions. The haptic feedback was
generated at 100 Hz with 1.0 intensity for all feedback patterns.

4.3 Experimental Design
Wedesigned awithin-subject with three tasks (TaskPoint, TaskShape,
TaskMove), with each task focused on different types of haptic
patterns in mid-air using two thermal conditions: i) non-thermal
condition at 23◦C (room temperature) and ii) thermal condition at
44◦C (chosen based on 𝐻𝑃𝐷𝑇 from experiment 1). All three tasks

were designed to present mid-air haptic feedback on the palm of
the user’s dominant hand.

TaskPoint. This task was designed to investigate if the thermal
stimulus had any effects on identifying multiple points in mid-
air (see Figure 6(a)). There are three patterns, with each having a
vibrotactile point with a radius of 12 mm: i) a single point presented
on the center of the palm, ii) two vibrotactile feedback points placed
4 cm apart in the longitudinal direction, and iii) four vibrotactile
points with each placed on the vertices of a square with a length of 4
cm. The total number of trials was 60 (3 haptic patterns × 2 thermal
conditions × 10 repetitions). The order of tasks as well as the order
of trials within tasks were randomized and counterbalanced by
using the Latin squares method.

TaskShape. This task compares thermal and non-thermal condi-
tions when different types of two-dimensional vibrotactile shapes
were presented on the user’s palm in mid-air. Figure 6(b) shows the
visual representations of patterns: i) a solid line with a length of 4
cm, ii) a square with its edge length of 4 cm, and iii) a circle with
its diameter of 4 cm. Similarly, the total number of trials was 60 (3
haptic patterns × 2 thermal conditions × 10 repetitions).

TaskMove. This task comprised a 12 mm radius of vibrotactile
feedback that moves from the center of the palm to one of the four
directions (i.e., forward, backward, right, and left) with a speed of 4
cm per second, yielding the total travel distance of 4 cm (see Figure
6(c)). In each trial, the direction movement was presented three
times with an interval of 200 ms. Thus, the total number of trials
was 80 (4 haptic patterns × 2 thermal conditions × 10 repetitions).

(a) TaskPoint (b) TaskShape

(c) TaskMove

Figure 6: Diagram illustrating the sensation felt for different
Tasks. (a) TaskPoint, (b) TaskShape, and (c) TaskMove.

4.4 Procedure
Participants were briefed about the experiment procedure and asked
to read and sign a consent form. At the beginning of each task,
participants were asked to participate in a practice session to fa-
miliarize themselves with different vibrotactile patterns presented
in each task. After each practice session, participants were asked
to place their dominant hand on top of the apparatus while per-
ceiving different combinations of haptic patterns. Depending on
the thermal conditions, they experimented using our prototype
system for thermal conditions and an identical ultrasound haptic
display (without thermal components) for non-thermal conditions.
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Each trial lasted for 10 seconds, and participants were asked to
answer which pattern they perceived through their palms. The ex-
perimenter then recorded their response on a computer. Each task
took approximately 15 minutes, and a 5-minute break was given
between tasks. The entire experiment lasted 60 minutes, including
the time to fill out the questionnaire.

4.5 Results and Discussion
Figure 7 shows the normalized confusion matrices presenting the
mean vibrotactile pattern identification accuracy across partici-
pants for all three tasks in both conditions. The top confusion
matrices (shown in blue) denote the non-thermal condition, and the
bottom (shown in red) denotes the thermal condition. The mean
identification accuracy was 98.1% (non-thermal) and 97.2% (ther-
mal), respectively. It was also found that solid two dimensional
shapes are slightly difficult to identify (mean accuracy of TaskShape
= 94.58%) as compared to multiple vibrotactile point sensations
(mean accuracy of TaskPoint = 98.05%) and animated vibrotactile
sensations (mean accuracy of TaskMove = 98.56%). We confirmed
that the difference of thermal condition was not significant across
all tasks (𝑝=0.10243 for TaskPoint; 𝑝=0.40687 for TaskShape, and
𝑝=0.128377 for TaskMove), demonstrating that vibrotactile patterns
presented in mid-air are clearly perceivable with a high accuracy
rate in a high temperature condition.

5 EXPERIMENT 3: VR APPLICATIONS
This experiment investigates the effect of thermo-tactile feedback in
VR applications by comparing it with other modalities. We designed
two VR scenes with four haptic feedback conditions while providing
immersive VR scenes with visuals and audio feedback.

5.1 Participants
Sixteen participants who are not overlapping with either of the
previous experiments took part in this experiment (3 females; mean
age = 25.6 years old; SD=2.08). One participant was left-handed,
and the rest of them were right-handed. None of them reported any
disorder affecting the sensations of their hands. Each participant
was paid with a $10 gift card for their participation. All participants
gave written informed consent to participate in the study.

5.2 Apparatus
An Oculus Quest 2 VR headset was used along with our prototype
system. The headset was connected to the main system (Lenovo
Legion 5 with GeForce RTX 2060, Intel i7 1070H, and 16GB RAM)
to run the VR applications developed using Unity 3D. Noise cancel-
lation headphone was used to play pertinent audio cues and block
out exterior noise.

5.3 Experimental Design
A within-subject experiment focusing on four haptic feedback con-
ditions was conducted: i) No Feedback, ii) Tactile Feedback, iii) Ther-
mal Feedback, and iv) Thermo-Tactile Feedback. No Feedback is a con-
dition that does not provide any haptic feedback. In this feedback
condition, there was no mid-air haptic feedback or thermal feed-
back presented. In Tactile Feedback, only ultrasound mid-air haptic
feedback was presented without activating the thermal feedback.

(a) TaskPoint

(b) TaskShape

(c) TaskMove

Figure 7: Normalized confusion matrices showing mean
identification accuracy across the participants for (a) Task-
Point, (b) TaskShape, and (c) TaskMove. Blue shows the non-
thermal condition, and red shows the thermal condition.

In Thermal Feedback, only thermal feedback was presented with-
out providing ultrasound mid-air haptic feedback. Finally, Thermo-
Tactile Feedback provided both ultrasound mid-air haptic feedback
and thermal feedback. We designed two virtual scenes – CampFire
and WaterFountain. A scene was arbitrarily selected to start the
experiment, and feedback conditions within the scene were random-
ized and counterbalanced using Latin Square. All the appropriate
visual scenes with animation and sound effects were provided in
all feedback conditions.

CampFire: Figure 8(a) shows the campfire scene. In this scene, the
user interacts with the fire embers and smoke rising from the fire
with their virtual hands. For Tactile Feedback and Thermo-Tactile
Feedback, an ultrasonic cue with 100 Hz and 0.7 intensity was pro-
vided for 500 ms whenever an ember collided with the virtual hands.
The temperature was set to 44◦C to maximize the heat effect with-
out reaching the pain threshold to resemble the fire. A crackling
fire sound was also played along with the virtual scene to enhance
the user experience.

Water Fountain: In this scene, a hot water fountain with a water
stream coming out from the fountain was presented in a park (see
Figure 8(b)). When the water stream collided with the user’s hands,
the height of the water stream was dynamically adjusted depending
on the hand’s position with the water splash. For Tactile Feedback
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and Thermo-Tactile Feedback, a continuous circular haptic sensation
having a radius of 4 cm with a frequency of 100 Hz and intensity
of 1.0 was presented to the user’s palm. A temperature of 38◦C
was chosen to emulate the feel of warm water hitting the palm.
Audio feedback with water-flowing sound was provided through
all conditions.

Questionnaire sheets were prepared to measure the participants’
responses for their interaction experiences in three areas: Immersion
– The feedback condition was immersive, and it kept me engaged
while interacting with the scene; Enjoyment – I enjoyed interacting
with the scene in this feedback condition;Overall Satisfaction – I felt
that the feedback condition was satisfying. Participants were asked
to respond to each question by marking a check on a horizontal line
(visual analog scale) with a label on each end: ‘Strongly Disagree’
and ‘Strongly Agree’ per feedback condition.

(a) Campfire Scene

(b) Water Fountain Scene

Figure 8: Users’ point of view while interacting with a)
Campfire Scene and b) Water Fountain Scene.

5.4 Procedure
Instructions were given to each participant with a short training
session to become familiarized with the device and the scenes be-
fore the main experiment. The main experiment consisted of two
scenes: Campfire andWater Fountain. For each scene, a total of four
feedback conditions were presented: No Feedback, Tactile Feedback,
Thermal Feedback, and Thermo-Tactile Feedback. After each scene,
participants were asked to fill out the questionnaire. A 5-minute
break was provided between two scenes. The entire experiment
took 30 minutes per participant.

5.5 Results and Discussion
Participants’ continuous-scale ratings for the three measures were
collected and linearly scaled from 0 to 100 (0: Strongly Disagree, 100:
Strongly Agree). The mean scores and standard error are shown
in Figure 9. Thermo-Tactile Feedback condition was clearly the pre-
ferred feedback in all measures in both scenes, while users prefer
Tactile Feedback and Thermal Feedback less. No Feedback was the
least preferred condition.

A two-way ANOVA with repeated measures was conducted to
evaluate our collected data. Results showed a highly significant
effect on conditions (𝑝<0.001) in all three measures. Post-hoc com-
parison using Tukey test revealed that No Feedback and Thermo-
Tactile Feedback showed a significant difference (𝑝<0.001) for all
three measures. We also confirmed that there was a significant
difference between Tactile Feedback and Thermo-Tactile Feedback
(𝑝=0.001) and also between Thermal Feedback and Thermo-Tactile
Feedback (𝑝=0.006) for all three measures. There was no significant
difference between Thermal Feedback and Tactile Feedback (𝑝=0.83).

The results indicated that virtual experience can be significantly
enhanced when thermal and vibrotactile cues are coupled together
(Thermo-Tactile Feedback condition; mean rating: No Feedback =
0.53, Tactile Feedback = 0.73, Thermal Feedback = 0.74, Thermo-
Tactile Feedback = 0.91). The results also revealed that participants
preferred all the other conditions to the No Feedback condition.

6 GENERAL DISCUSSION
This study presented a proof-of-concept system that provides thermo-
tactile feedback using an ultrasonic mid-air haptic display. We hy-
pothesized that we could simultaneously present thermal and tactile
cues by generating a heated pressure point in the 3D space using
an ultrasound display, heat elements, and a chamber. The result of
system characteristics confirmed that our system could generate
the thermo-tactile stimuli up to 54.2◦C with 3.43 mN at 100 Hz
(radius: 12 mm). The system can provide a reasonably constant
temperature at each temperature level (mean =0.09◦C; SD=0.02).
We further confirmed our hypothesis by conducting a series of
user experiments. Overall, our proof-of-concept system showed the
feasibility of delivering thermo-tactile feedback in mid-air.

We discovered that the perception thresholds in mid-air are con-
sistent with contact-based detection thresholds. The mean was
32.8◦C (SD=1.12) for WDT and 44.6◦C (SD=1.64) for HPDT, respec-
tively. These thresholds can be compared with the contact-based
thermal thresholds reported in previous studies [2, 27, 30, 61], which
are ranged from 32.5 to 36.7◦C forWDT and 43.0 to 46.8◦C forHPDT.
We believe that our report on the thermal threshold on a human’s
hand is the first measure in mid-air to the best of our knowledge.
We also confirmed that there was no thermal effect on identify-
ing different vibrotactile patterns presented in mid-air. The overall
mean identification accuracy in high temperature (44◦C) was 97.2%,
and we couldn’t find any evidence of a thermal effect. We confirmed
that the users were able to identify the different number of points
(TaskPoint), types of shapes (TaskShape), and moving directions
(TaskMove) with a high accuracy rate, and the results are similar to
those in non-thermal conditions (23◦C; mean accuracy=98.1%).
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(a) Campfire Scene

(b) Water Fountain Scene

Figure 9: Mean scores and standard error of all themeasures
in different feedback conditions for a) Campfire Scene and
b) Water Fountain Scene based on participants’ ratings.

One of the interesting findings in our study is the effects of
thermo-tactile feedback on VR applications. We compared thermo-
tactile feedback with other conditions to investigate how it can
affect the user experiences in VR. We clearly observed the combi-
natory effect on the user experience when two modalities are com-
bined (thermal + vibrotactile). We believe this is probably because
users’ expectations for sensations are satisfied with the combina-
tory effect of thermo-tactile feedback, yielding higher immersive
VR experiences. In our experiment, the thermo-tactile feedback was
directly mapped with the visual representations, and thus, we be-
lieve this is why we achieved a higher immersion for thermo-tactile
feedback. The results are promising as users had a better user expe-
rience with thermo-tactile feedback than those with thermal only,
tactile only, or no feedback. Some participants commented that
they felt more natural and immersive with thermo-tactile feedback
conditions because the feedback matches visual scenes.

Our proof-of-concept prototype system showed feasibility in
delivering thermo-tactile feedback in 3D space. Because the proto-
type is based on ultrasound display technology, the users can feel
the thermo-tactile feedback with various sizes and frequencies in
mid-air. However, we also see room for improvement to be used
as real-world applications. It is difficult to reach a certain temper-
ature level within a short period, so that heating up to a certain
temperature level takes a considerable time (see Figure 4). Still,
the time interval from one temperature level to another is faster
than the initial heat-up time; decreasing temperature levels take
much longer than increasing temperature levels. Therefore, more
precise and adaptive temperature control and cooling mechanism
are required to improve this.

Furthermore, this work only considered providing feedback in
an upward direction. In fact, there is no limit to the direction of
providing mid-air thermo-tactile feedback, and it can deliver the
sensations from any angle with minor changes in the setup. We
believe that various applications can benefit from this flexibility if
the feedback can be delivered from any angle. Moreover, studying
the effects of temperature sensitivity of the skin with age on WDT
and HPDT can be an interesting study to extend if the findings
are different from contact-based thermo-tactile feedback [28, 62].
We also see that feedback strength is an important factor. Previous
literature showed that various methods could improve vibrotac-
tile intensity in mid-air [9, 53, 54], and this needs to be explored
to improve the perceived intensity of the mid-air thermo-tactile
feedback.

The present study shows one direction toward mid-air thermo-
tactile feedback that can impact many application domains, from
games and entertainment to education and training. As bare-hand
interaction is extensively used in VR and AR as a promising inter-
action tool, providing thermo-tactile feedback to the bare hands
in mid-air will bring another level of user experience. Our initial
study showed a proof-of-concept system for delivering mid-air
thermo-tactile feedback and validated its effectiveness through a
series of user experiments. Overall, this study clearly showed that
our system using mid-air thermo-tactile feedback could enhance
the user experience, leading to greater immersion, enjoyment, and
satisfaction.

7 CONCLUSION
We presented a mid-air thermo-tactile feedback system using an
ultrasound haptic display with an open-top chamber. We confirmed
that our proof-of-concept system could generate thermal and ul-
trasonic vibration feedback at the same time. We measured the
thermal detection thresholds in mid-air and found that the mean
WDT was 32.8◦C and the mean HPDT was 44.6◦C, respectively. We
also confirmed that high thermal conditions do not significantly
affect identifying different types of haptic patterns in mid-air. We
finally demonstrated how thermo-tactile feedback affects the user
experience in VR.
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