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Spatiotemporal Pinpoint Cooling Sensation Produced
by Ultrasound-Driven Mist Vaporization on Skin

Mitsuru Nakajima
Yasutoshi Makino

Abstract—In this study, we achieved a noncontact tactile
display that presents a pinpoint and instantaneous cooling
sensation on the skin surface with no devices directly in contact
with the user’s body. We employed ultrasound phased arrays to
generate a focused ultrasound, which locally and instantaneously
expedites the vaporization of room-temperature water mist
floating near the surface of the user’s skin, offering a sudden
pinpoint cooling sensation. In this article, we describe the
physical configuration of the proposed method and show the
measurement results, demonstrating how the user’s skin surface
was cooled. During the experiments, we discovered that a part of
the skin exposed to a focused ultrasound within the floating mist
was selectively cooled with negligible delay. Our prototype
system offers a cooling spot of approximately 15 mm in diameter,
which causes a temperature decrease of 4.6 Kin 1 s and 3.3 K in
the first 0.5 s on a hand situated 500 mm away from the device.
Additionally, the ultrasound-driven cooling spot can be
controlled on the skin surface, which is felt as a cool moving spot.
Such a position-free cooling system with a high spatiotemporal
resolution will open the door to unprecedented practical tactile
applications.

Index Terms—Cooling sensation, focused ultrasound, mist
vaporization, non-contact thermal display.

1. INTRODUCTION

IDAIR haptics originating from [1] [2] and growing in

this decade [3] [4] has been mainly focused on vibrotac-
tile sensation provided by ultrasonic radiation pressure [5]. This
is because the force on the skin is one of the primary parameters
governing the tactile sensation. However, we also know that
mechanical stimuli alone cannot cover all tactile experiences.
Thermal sensation is also a crucial component of both tactile
sensation as well as pain sensation [6] [7] [8]. The thermal con-
ductivity sensed by the thermal receptors provides a clue for
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material identification [9] [10], as well as the perception of tem-
perature in the environment such as “hot” and “cold” [11]. It is
expected that remotely displaying these senses will offer more
realistic and enriched haptic experiences.

The majority of application-oriented research on thermal dis-
plays is based on heat conduction using a wearable device with
Peltier elements [12]- [16]. There is also a method in which
water is applied as the heat medium [17] [18], where multiple
flow channels are selectively actuated to convey hot and cold
water to offer prompt temperature changes. Another method has
been shown in which thermal sensation is displayed by control-
ling the humidity of the air around a body [19].

A few studies have been conducted on non-contact and
remote thermal displays to stimulate local parts of the skin in
the workspace with no device worn. For a remote heating dis-
play, radiation-based localized and prompt heating methods
using a laser and infrared rays have been proposed [20]- [24].
These methods can control the irradiation position by using opti-
cal systems composed of lenses and Galvano mirrors. On the
other hand, similar practical methods have not been established
for arousing a remote cooling sensation. The most straightfor-
ward method is the midair transport of cold air with a fan,
blower, or vortex tube, where it is difficult to display a cooling
sensation locally and instantaneously over a long distance [25].

We addressed the realization of a remote cooling sensation
display using a focused ultrasound emitted by airborne ultra-
sound phased arrays, which accompanies localized nonlinear
acoustic phenomena. As a first attempt, we proposed trans-
porting cooled air to the skin surface in mid-air using an ultra-
sound beam generated by ultrasound phased arrays [26],
which caused an ultrasound-driven airflow, which is techni-
cally called acoustic streaming [27]. Similarly, we proposed a
method in which a water mist is transported in air based on
the same principle, and the skin surface is cooled by the vapor-
ization of the mist [28] [29]. We found that this heat-of-evapo-
ration-based technique is advantageous in that the mist can be
at room temperature, unlike the initial air-transportation-based
method requiring pre-cooled air storage.

In this paper, we propose a more sophisticated version of a
remote cooling sensation display, where a focused ultrasound
expedited vaporization of the water mist around the skin to dis-
play in a quite pinpoint and instantaneous fashion. As a result,
prompt cooling sensation confined in a spot as large as a fingertip
can be aroused, which cannot be achieved by the previous
method that merely create ultrasound-driven airborne path of
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phased array

Fig. 1. Overview of the proposed method. The mist converged by focused
ultrasound can be rapidly vaporized and display a cooling sensation.

water mist [29]. In our newly proposed method, a focused-ultra-
sound irradiation in a mist-filled workspace produces a cool spot
without a long-distance mist transportation (Fig. 1).

A water mist at room temperature is easy to generate, and
an ultrasound focus can be generated at an arbitrary three-
dimensional position in front of the phased array. Therefore,
the mist-ultrasound combination has the potential to produce
various effects in practical scenes. A transparent aerial display
has already been reported by forming and controlling mist in
the form of aerosol using an acoustic beam generated from
ultrasound phased array [30]. Furthermore, a study [31]
reported mist-flow control by sound fields in non-contact tac-
tile feedback and object manipulation.

In the following sections, we measure the spatiotemporal
properties of the cooling method and clarify the conditions for
effective cooling. We also demonstrate that the motion of a
cooled spot is displayed when the focused ultrasound moves
on the skin surface.

II. PROPOSED METHOD
A. System Overview

The overall schematic of the proposed system is shown in
Fig. 2. It is composed of 40 kHz ultrasound phased arrays, a duct
for emitting mist, and a water tank (20 L) for mist storage. A duct
hose is located at the center of the phased arrays such that it faces
the same direction as the phased array surface. An ultrasonic
atomizer for generating mist, the resonant frequency of which is
approximately 1.6 MHz (IM6-36D/S SEIKO GIKEN, Inc.), is
contained in the tank. At the highest power, the atomizer can pro-
duce 4000 ml of water mist per hour. The particle diameter of the
generated mist which was measured by a manufacturing com-
pany was 4~5 um. The tank was connected to a DC fan (San
Ace 60W SANYO DENKI Co.) and a duct hose.

B. Generation of Ultrasonic Focus Using Ultrasound Phased
Array System

We use an airborne ultrasound tactile display system [32]
[33] based on the same principle as in [1]- [4]. 249 trans-
ducers (T4010A1, Nippon Ceramic Co., Ltd.) are arranged in

a planar lattice on this device, which composes ultrasound
emitting aperture with the size of 182.9 mm x 142.6 mm. By
integrating 4 devices as shown in Fig. 2(a), the aperture of
phased array can be enlarged. This device can create a sound
field with various spatial distributions by controlling the phase
delays and amplitudes of the output waveform of each trans-
ducer. Based on this principle, we create a focused ultrasound
at an arbitrary desired position on the skin exposed to a mist.
The focusing method is the same as in [1]— [4] [32] [33]. The
phase of the output ultrasound from each transducer was deter-
mined to compensate for the phase delay proportional to the
distance between each transducer and the focus. We used a
single focus in all the following experiments in this paper.

C. Remote Displaying Cooling Sensation

When the fan is operating, the air is blown into the inside of
the tank and mist is discharged from the duct. The fan is con-
nected to the stabilized power source, and the amount of mist
emission can be controlled by adjusting the driving voltage of
the fan. A portion of the mist discharged from the duct is
transported in the air and drifts near the surface of the user’s
skin. Based on the subjective perceptions of the authors, no
cooling sensations were aroused when merely touching the
floating mist in air. However, we could clearly perceive our
skin surface being cooled when focused ultrasonic irradiation
was superimposed on the skin. We evaluate and clarify this
phenomenon in the following sections.

III. EXPERIMENT 1
A. Experiment Outline

Using the system described in Section II, we conducted a
comparative experiment on the cooling effect under the fol-
lowing three conditions: irradiation of i) focused ultrasound
on a skin, ii) exposure of the skin to a mist, and iii) simulta-
neous combination of i) and ii). More specifically, the aim of
this experiment is to assess how the cooling effect under the
condition iii) is enhanced in comparison with the other condi-
tions. For each case, the measurement was conducted three
times. The palm used in the experiment was that of one of the
authors (male, 27 years old). This palm was also used in
Experiments 2 and 3. For the experimental environment, the
temperature of the room and the level of humidity were 25°C
and 60 %, respectively. Experiment 2 was also conducted
under the same conditions. Each time before measuring the
surface temperature of the palm, we placed the palm on a hot
plate (NHP-M30N) set to 309 K (36°C) for 60 s.

B. Measurement Procedures and Experimental Result

For each of the three cases, as shown in Fig. 3(i), we placed
our hand 50 cm away from the ultrasound phased array sur-
face. At this time, we adjusted the position of the center of the
palm such that the plane of the user’s palm and the phased
array were parallel to each other.

We evaluated the cooling effect of the three cases based on the
temporal temperature changes on the skin surface after ultrasound
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(b)

Fig. 2. Prototype display. The overall system is composed of ultrasound phased array and mist generator. The mist generator is composed of an ultrasound
transducer in the tank, hose, and DC fan connected to a stabilized power source. (a) Overall view (b) Mist generator.

Ultrasound
phased array

H Ultrasound H M {l
Focus
20 cm 34 cm 34cm
6 Q ﬂ(‘!‘ﬁ‘ 0 P \\'\
cm \F/ AH
- o Vil - | WiV
— 50 cm — 45 5\ V - | 7
4cm = >, =,
- g T o 40 cm 10 cm \A I L 40 cm 10 cm ‘¥ .’7
20 em Water mist
® (i) (i)
Fig. 3. Experimental setup and view from above.
200 355
35
180
34 345
160 34
140 Yo ;6‘ 335
120 — o 33
O -
—_ — S
€ 100 © & 325
E |2 5 3 32
> 80 © 2
l| g E 315
-
60 28 5 31
40 30.5
20 26 30
0 29.5 L 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
24 .
Time [s]
50 9 50X (mm] 100 150 200 —e—Focus + Mist1 --e-Focus + Mist2 —e--Focus + Mist3
—=—Focus 1 --#-Focus 2 —=-Focus 3
——Mist 1 —a--Mist 2 —a-Mist 3

Fig. 4. Target parts on measurement area in the thermographic image.

irradiation. We captured the entire palm using a system with a
thermographic camera (PI450, Optris) in video format. This ther-
mographic camera does not need manual calibration in standard
use. We determined the measurement area (50 mm < X < 65
mm, 64 mm <Y < 88 mm), as shown in Fig. 4.

Fig. 5 shows the temperature changes for the three cases.
Each plot shows the minimum value of the temperature within

Fig. 5. Temperature change when using focused ultrasound, mist, or both.

the measurement area at each time. Under the Mist condition,
the time origin was defined as the moment when the air blowing
fan was turned on and the mist is sent out into the room. Under
the Focus condition, the origin is the moment when the ultra-
sound is turned on. When the speed of sound is assumed to be
340 m/s, the time required to propagate over a distance of 50 cm
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is approximately 1.5 ms, which is sufficiently short compared to
the sampling interval. Under the Focus+Mist condition, the ori-
gin is the moment when the ultrasound is turned on while the
space is filled with mist. It was found that the temperature rap-
idly decreased when the focused ultrasound was displayed on
the skin surface exposed to the mist. In this case, we observed a
surface temperature drop of 2.1 to 2.9 K in 0.5 s and 2.8 to 3.7
K in 1 s, with the variation between trials less than 1 K. This
result indicated that the palm surface was physically cooled by
ultrasound irradiation of the water mist. It is considered that the
vaporization of small mist is more active in Focus+Mist condi-
tion than the other cases.

IV. EXPERIMENT 2
A. Experiment Outline

Using a system similar to Experiment 1, we obtained the
relationship among the temperature drops on the skin surface,
the amount of water mist ejected, and the distance from the
phased array surface. The purpose of this experiment was to
clarify the valid spatial range of the proposed system and the
required density of the mist. The amount of mist emitted was
controlled by the applied voltage to the fan supplied using a
stabilized power source. We measured the temperature drops
versus palm position from the device by varying the mist-fan
voltages.

We also connected another measurement of the temperature
changes in the cases of (i), (ii), and (iii) in Fig. 3 to evaluate
the effect of the discharge direction of the mist under a con-
stant flow of mist.

B. Measurement Procedures

In each measurement, we first placed the palm on a hot plate
(NHP-M30N) set to 309 K (36°C) for 60 s. After this initiali-
zation process, we measured the surface temperature distribu-
tion of the palm using a thermographic camera, whereas the
cooling sensation was displayed using a focused ultrasound as
applied in Experiment 1.
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(a) Temperature drops versus the distance from the ultrasound device and (b) quantitative relationship between the mist-fan voltage and amount of mist

First, we investigated five cases in which the distances
between the palm and ultrasound device were 35, 40, 45, 50,
55, 60, 65, 70, 75, and 80 cm. We evaluated the temperature
drop by changing the mist-fan voltage across 9, 11, 13, 15,
and 17V. In this experiment, we define the temperature drop
as the temperature change from the initial time of the cooling
process to 1 s later.

Next, the measurement was performed under Mist+Focus
condition by changing the direction of mist supply in the three
directions shown in Fig. 3. The position of the focus was 50
cm from the phased array surface. The mist-fan voltage was
13 V.

The measurement was conducted three times in the same
manner as in Experiment 1. Similar to Experiment 1, there
was little variation in the data across each trial. Therefore, we
show a representative result for each experiment in the follow-
ing part of the paper.

C. Experimental Results and Discussion

Fig. 6(a) shows the temperature drops at each mist-fan volt-
age against the distance from the ultrasound device. The rela-
tion between mist-emission amounts and mist-fan voltages is
shown in Fig. 6(b). For distances between 35 and 50 cm, the
difference in temperature drop was less than 1 K regardless of
the mist-fan voltage conditions. By contrast, for distances
between 55 and 65 cm, a larger variance was observed. At dis-
tances of greater than 70 cm, the temperature drop was less
than 1 K. Based on the results of the temperature drop, the fea-
sible distance was found to be 45 to 50 cm. Up to that distance,
the performance of the cooling effect was stable regardless of
the mist generation as far as the tested voltage was concerned.

Fig. 7 shows the temperature change with respect to the
direction of the mist emitted. The temperature change
increases in order of cases (i), (ii), and (iii).

The results shown in Fig. 6 indicate that the proposed sys-
tem requires a certain amount of water mist around the palm,
although the effect is saturated against the density of the
mist. Under the experimental conditions, the main factor
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Fig. 7. Temperature change when the direction of mist emission was
changed as shown in Fig. 3(i), (ii), and (iii).

determining the cooling effect is the ultrasound power density
around the palm, which decreases beyond 50 cm.

At the same time, Fig. 7 suggests that the direction of the
mist influences the cooling effect. The variable factors among
the three cases are the liquid-water density and vapor pressure
near the skin surface. In case (i), the mist is already evaporated
in the ultrasound beam, while in case (iii), a fresh mist is sup-
plied to the skin surface and vapored water is removed by the
stream along the skin. This is the possible reason why case
(iii) shows the largest temperature drop among the three cases.

V. EXPERIMENT 3
A. Experiment Outline

During this experiment, we measured the spatiotemporal
temperature distribution on the palm for a long duration using
a thermographic camera. First, we measured temporal temper-
ature changes in the spot region and obtained horizontal tem-
perature distributions with a cross-sectional axis passing
through the spot center. We also conducted a measurement in
which the cold spot traveled on the palm. This experiment
was conducted under a room temperature and humidity of
24°C and 55 %, respectively.

B. Measurement Procedures

We set the position of the focused ultrasound at 50 cm dis-
tant from the surface of the phased array, as in Experiment 1.
In addition, similar to the former experiments, we placed the
palm such that the focused ultrasound hit the center of the
palm as shown in Fig. 3(i). We then captured the video image
of the palm while it was cooled by the mist vaporization.

The measuring time was 20 s. We started irradiation with a
focused ultrasound at 5 s after the measurement began. Irradi-
ation continued for 10 s and ceased during the last 5 s. We
defined the measurement area hereafter as a rectangular region
containing the cooling spot, as shown in Fig. 4. Fig. 8 shows
the measuring axis (Y = 73 mm), which represents a specified
position for the cross-sectional measurement of the tempera-
ture distribution on the palm.

IEEE TRANSACTIONS ON HAPTICS, VOL. 14, NO. 4, OCTOBER-DECEMBER 2021
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Fig. 9. Start point of the cold spot, circular trajectory and motion direction
are shown in the thermographic image.

Next, the focused ultrasound repetitively traveled in a coun-
terclockwise direction with a radius of 2 cm under a rotation
period of 5 s. The start position, rotational position, and rota-
tional direction are shown in Fig. 9. We shot a video in which
the ultrasound focus traveled during a single period.

C. Experimental Results

Fig. 10 shows the long-term temperature change for a still cool-
ing spot. Fig. 11 shows the minimum value of temperature versus
time in the measuring area. In these figures, we define the time
origin (t = 0) as the start of the measurement. It means that the
focused ultrasound is irradiated at t = 5 s and stopped at 7 = 15 s.
It is clearly indicated that the irradiation of the focused ultrasound
yielded a cold spot causing a rapid temperature decrease in 1 s.
Next, the temperature was continuously lowered while the
focused ultrasound was being irradiated. After irradiation for 10 s,
the temperature finally dropped by 7.8 K. After the ultrasound
irradiation stopped, the temperature started to increase.

Fig. 12 shows the cross-sectional temperature distribution on
the measuring axis shown in Fig. 8. The temporal changes in the
temperature pattern are plotted for t = 5 to 15 s. The size of the
cold spot was kept at approximately 2 cm, whereas a peripheral
semi-cold area was gradually formed around the cold spot. Since
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Fig. 1. Temperature change from the focused ultrasound. Fig. 12.  Temperature distribution in measuring axis.
both the mist flow and the palm surface are not symmetric, the
temperature distribution was asymmetric.

Fig. 13 shows sequential images when the cold spot moved for
one period on the circular path. A circular trace on the palm is
clearly observable, which indicates a continuous movement of a The cooling process proposed in this paper consists of two
cooled spot on the palm. Subjectively, the authors perceived a  phases: acceleration of the water vaporization by ultrasound
clear spot and the exact position of the spot. and cooling the inside of the skin by thermal conduction.

VI. VERIFICATION OF COOLING ABILITY

A. Measurement of Heat Flux
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Fig. 14.  Schematic of heat flux measurement.

The mechanism of the first phase to facilitate vaporization
of the water on the skin or particles of the water mist is cur-
rently unclear in detail and is not addressed in this paper.
However, since the heat capacity and thermal conductivity of
air are significantly smaller than those of the skin, it is sure
that vaporization by the converged ultrasound in the vicinity
of the skin surface is the major factor while the thermal con-
duction in the air across a long distance is a minor factor.

Regarding the second phase, we will discuss the heat flux
absorbed by the water vaporization as the fundamental param-
eter to evaluate the skin-cooling ability. We set up an experi-
ment shown in Fig. 14 and 15 to simulate the skin cooling
with a simplified model. As simulated skin, an acrylic plate is
placed in contact with a heat bath of constant temperature 75
at the backside, while the surface temperature 7} is lowered
by the water evaporation. When the surface temperature 73
decreases and finally reaches a steady state, the heat flux g
[W/m2] at the surface to maintain the temperature difference
T, — T5 between the two ends satisfies

- h T

qs = T (D

Fig. 15. Experimental setup. An acrylic block is surrounded by a styrene
foam and greased at the boundary with the hot plate to bond them tightly.

where Lg [m] is the thickness, and A\; [W/(m - K)] is the ther-
mal conductivity of the acrylic plate. We obtain ¢, by measur-
ing 77 using thermography.

As the object having a comparable thermal conductivity to
the skin tissue, we used a square acrylic block whose side and
thickness were 5 mm and 2 mm, respectively. The thermal
conductivity of the acrylic is 0.21 W/(m - K) in the literature.
It was attached to the hot plate being surrounded by styrene
foam to prevent heat transfer from the sides. Each object is
cooled for 50 s, while the hot plate was set to be 34°C as the
heat bath whose temperature was assumed to be constant dur-
ing the experiment. Each measurement was conducted after
heating the object for 5 minutes in advance.

Fig. 16 shows the temperature change during the cooling
process. From the steady-state temperature estimated as
21.4°C, we evaluated the heat fluxes on the surface as —1.3 x
10 W/m? using Eq. (1) at the center of the ultrasound focus.

Note that when the actual skin is cooled, there are distrib-
uted heat sources inside the skin due to the blood flow. That is
a factor to prevent the temperature drop inside the skin,
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Fig. 16. Temperature change of the acrylic block surface.

therefore the final temperature for the “acrylic skin” shown in
Fig. 16 is lower than the result of Fig. 11. However, we
excluded this effect in the above theoretical analysis.

B. Comparison with Touch to Solid Object

Next, we compare the created temperature change to that of
an actual contact to a solid object. It is known that a finger can
identify the object’s material by the temperature drop at the
moment of touch. In the paper [34], a precise model of con-
tacting objects with different temperature is discussed, how-
ever, this paper uses a following simple model. Since we are
interested in the short-term change around the contact
moment, we consider the skin and object are both semi-infi-
nite. Assuming that the skin temperature is T [K] and the
temperature of the contacting object is Ty [K], the tempera-
ture T¢- [K] at the contact boundary is given as

TS — Ty
Te=—"—7"— +Ty (2)
L+ ua/1s
after the contact where p is thermal effusivity defined as
n =/ pcA 3)

using density p [g/m?], specific heat capacity ¢ [J/(g - K)],
and thermal conductivity A [W/(m - K)]. The subscript S and
M denote the skin and the object.

Consider the temperature change inside the skin, letting the
distance from the skin surface be x. The temperature change at
position z inside the skin is given by the following equation
by solving the diffusion equation:

T (t, ) = Te + (Ts — Te)ert <2¢%> 4)
A
as = ©)
Cs5Ps
2 2
erf (z) = —= @exp(—t*)dt (6)

Voo

Fig. 17 shows the comparison between the theoretical val-
ues in the touch to various objects and the result of Fig. 11.
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Fig. 17. The theoretical skin-temperature change at 0.3 mm from the skin

surface when the skin touches various objects in various conditions. The result
profile of Fig. 11 is also shown.

We calculated the temperature change at 0.3 mm from the
skin surface, where thermoreceptors are said to exist.

In the calculation, we assumed the initial temperature of the
contact object was set to 20, 25, and 30°C as shown in the
figure, while the initial temperature of the skin was set to
33.6°C to match the initial temperature in Fig. 11. The thermal
properties of the person were set to the value as the dermis in
Table I. The parameters of other objects are shown in the
table.

Note that the plots of Fig. 11 are the surface temperature not
measured inside the skin. Therefore, they are not exactly
equivalent comparisons. The temperature at 0.3 mm from the
surface under ultrasound cooling is estimated to be 1.6 K
above each plot at the maximum, assuming that the thermal
conductivity of epidermis is 0.24 W/(m - K) and that the heat
flux at the surface is —1.3 x 10° W/m?. At the same time, con-
sidering the effect of blood flow, the theoretical value is
revised upward. In addition, we assumed the uniform thermal
conductivity of dermis that is higher than that of epidermis.
When we consider the lower thermal conductivity near the
skin surface, the theoretical values move upward more. More
exact comparison needs precise model of the blood, which is
left as the future work.

VII. DISCUSSION

In the results of Experiment 1, rapid cooling was seen when
both the ultrasound and water mist were provided simulta-
neously. In a previous study using a contact-type Peltier
device [13], a thermal sensation was displayed at a tempera-
ture change rate of —3.0 K/s. In a previous study [26], the
steepest temperature drop of cold air transported by the ultra-
sound beam was —0.5 K/s. By contrast, the temperature
change in the present study was —4.6 K/s at a minimum, sug-
gesting that this is a faster phenomenon than the heat conduc-
tion into the cold air. Such rapid cooling is achieved by the
vaporization heat of the water mist. In another previous study
[29], the results of cooling using a Bessel beam and mist were
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TABLEI
THERMAL PHYSICAL PROPERTIES

Density Specific heat Thermal conductivity
[g/cm?] /(g K1 [W/(m-K)]

Epidermis 1.20 3.59 0.24

Dermis 1.20 3.30 0.45

Iron 7.87 0.461 67.0

Acrylic 1.18 1.50 0.21

Paper 0.72 1.30 0.06

Natural 0.16 1.88 0.134

rubber

reported. In that study, vaporization heat was used, but the
temperature change rate was —1.3 K/s, which was slower than
the current result. The possible factors that create the differ-
ence are the ultrasound energy density and the mist condition.
In the former system, the mist flowed in the Bessel beam,
where the liquid water was vaporized while vapor pressure
increased during the transport.

During Experiment 2, the cooling effect decreased when the
distance was longer than 50 cm under the current condition.
The main reason is considered to be the decrease in the ultra-
sound power density.

At a distance of within 50 cm, the amount of mist supplied
did not affect the cooling effect. By contrast, the cooling effect
was influenced by the mist direction. One possible reason for
this is the difference in the air flow around the skin. In the ver-
tical mist-supply case shown in Fig. 3(i), the mist-air flow
velocity becomes small (zero in the ideal case) on the skin sur-
face as indicated by the fluid mechanics. As a result, the mist-
air stays around the focal spot, which prevents heat removal
and vaporization of the mist. By contrast, in a parallel supply
case as shown in Fig. 3(iii), the mist-air is smoothly refreshed,
increasing the efficiency of the cooling process. Another rea-
son for the weakness of (i) is that the vapor pressure is already
increased before the mist reached the skin surface since the
mist was transported in the ultrasound beam.

In Experiment 3, the area cooled by mist vaporization was
as small as 2 cm, and the temperature decreased by 3.3 K at
500 ms and 4.6 K in 1000 ms. The spatial resolution of the
cooling sensation is known to be much lower than that of the
vibrotactile and pressure sensations. In addition, the cooling
response time is more than 500 ms [35] [36]. Thus, quick tem-
perature drops with a smaller cold spot are sufficient for dis-
playing various thermal sensations, such as material
sensations with different thermal conductivities. This result
showed that the setup can display the comparable temperature
change when touching iron at room temperature in non-con-
tact manner.

During Experiments 1-3, there are three data sets obtained
under the similar conditions: the Focus+Mist condition shown
in Fig. 5, case (i) in Fig. 7, and that shown in Fig. 11. There is
a maximum difference of 2.1 K/s for these data. We consider
the difference to be within the inevitable fluctuation of the sys-
tem. Although the temperature and humidity slightly vary
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Fig. 18. Temperature change on the palm when the focused ultrasound is
applied to the mist from the side.

within 1 K and 5%, respectively, this does not seem to cause
such a difference in the cooling performance.

One concern regarding the temperature measurement is the
influence of the mist image. A white water mist is visible,
which can influence the temperature estimation of the palm
surface when applying thermography. To confirm the mea-
surement error, we measured the temperature of the palm sur-
face with the mist flow in front of the palm surface while
focused ultrasound was applied along the palm surface, where
the ultrasound cooled the mist but did not irradiate the palm
surface. That is, we created a situation in which a cooled mist
was flowing in front of the palm, but the palm temperature
was constant. Fig. 18 shows the temperature sequence under
this situation as measured using thermography. In this case,
the difference in temperature change was less than 1.5 K dur-
ing irradiation. Similar measurements were conducted three
times and they exhibited within £0.2 K. A temperature drop
was not observed, which indicates that the image of the mist
does not significantly affect the measurement.

As shown in Figs. 10 and 12, the size of the cold spot gradu-
ally increases. However, based on the authors’ subjective
report, the spatial spread of the cold sensation was not felt. In
addition, with respect to the movement of cold spots on the
palm, the authors clearly felt the motion of the cooling sensa-
tion. Clarifying the maximum perceivable speed of the cold
spot will be an interesting item of future research.

The setup of this paper was performed by irradiating one
focused ultrasound with four ultrasound phased arrays. Using
the characteristics of the phased array, the rendering area can
be magnified by enlarging the emission aperture. Multiple
point cooling can be also achieved by using multi-focus ren-
dering algorithms.

VIII. CONCLUSION

We proposed a method of remotely displaying cooling sen-
sation, where the mist is instantly vaporized in a spot area
near the user’s skin by a focused ultrasound. We fabricated a
prototype and examined its basic properties in producing a
cooling sensation. First, we confirmed that the cooling effect
occurs through a combination of the emission of a mist with
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the irradiation of a focused ultrasound. Next, it was found that
the cooling effect becomes saturated for an excessive amount
of mist. We also found that the cooling performance depends
on the distance between the device and target skin. Using a
proper system setup as shown in Fig. 3(i), the temperature
dropped by 4.6 K in 1 s and 3.3 K in the first 0.5 s on the skin
surface immediately after irradiation. From the calculation of
the heat flux, it was found that the system reproduces a compa-
rable heat absorption to that of touching iron at room tempera-
ture. The diameter of the cold spot was approximately 2 cm,
which was comparable to the ultrasound focus. In addition, we
succeeded in creating a cooling spot moving on the skin sur-
face in real time by continuously shifting the position of the
focused ultrasound on a traveling path. Thus, we validated
that a pinpoint remote cooling sensation can be displayed with
our system. Owing to the pinpoint and fast temperature drop
with low latency, it is expected that proposed method can be
applied to real-time interaction systems. It is notable that the
demonstrated cooling effect can coexist with a conventional
ultrasound-driven vibrotactile stimulation.

In the future, our research will include an evaluation of
the effect of the displayed cooling sensation on human bod-
ies in terms of the psychophysical aspects. In addition, we
will develop a multi-modal display system that combines
the proposed remote cooling technique with the sensations
of other sensory modalities. The mist used in the proposed
system can potentially be utilized as a fog image display.
Integrating all of these technical elements, we will continue
our investigation on the appropriate design of thermal haptic
feedback.
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