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Measurement of Airborne Ultrasound Focus on Skin
Surface Using Thermal Imaging
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Abstract—In recent years, tactile presentation technology using
airborne ultrasound has attracted attention. To achieve an ideal
tactile presentation using ultrasound, the acoustic field on the user’s
skin surface must be determined, particularly the location of the
focal point. Previous studies have suggested that thermal images
can be used to immediately visualize sound pressure patterns on
finger surfaces. In this study, we comprehensively investigated the
performance of thermal imaging for measuring the ultrasound
focus on the skin. First, we confirmed that the sound pressure
peak at the focus and the temperature change peak were matched
using silicone that mimicked the skin. In addition, we confirmed
that when human skin was irradiated, a temperature increase was
observed at above 4.0 kPa in 9 out of 10 participants. Moreover, a
5.5 kPa focus could be employed to track the focal position. if the
moving velocity was less than 100 mm/s and to detect the orbit if the
velocity was less than 2000 mm/s. These results clarify the situation
in which the focus can be measured by using thermal images and
provide guidelines for practical use.

Index Terms—Measurement, mid-air haptics, thermography,
ultrasounds.

I. INTRODUCTION

IN RECENT years, mid-air haptics, a tactile presentation
technology that uses airborne ultrasound, has attracted sig-

nificant attention [1], [2]. Using the radiation pressure of air-
borne ultrasound, users can perceive a noncontact tactile sen-
sation without attaching devices. Ultrasound-phased arrays can
produce the desired pressure pattern with high spatiotemporal
resolution and reproducibility [3], [4]. This technology has
been used in several studies, including its application to tactile
interfaces [5], [6], [7], [8], [9], [10], [11], [12], [13] and to
elucidate the tactile perception in mid-air haptics, the focal point
measurement of the skin surface is essential. Misalignment of

Received 4 February 2024; revised 12 August 2024 and 27 December 2024;
accepted 24 February 2025. Date of publication 26 February 2025; date of
current version 20 June 2025. This work was supported in part by JST Moonshot
R&D JPMJMS239E-01, in part by CAO-NEDO SIP 23201554-0, and in part
by JSPS KAKENHI under Grant 23KJ0410. This article was recommended for
publication by Associate Editor Ki-Uk Kyung and Editor-in-Chief Seungmoon
Choi upon evaluation of the reviewers’ comments. (Ryoya Onishi and Sota
Iwabuchi are co-first authors.) (Corresponding author: Ryoya Onishi.)

This work involved human subjects or animals in its research. Approval
of all ethical and experimental procedures and protocols was granted by the
University of Tokyo’s Ethical Review Committee under Application No. 23-491,
and performed in line with the Declaration of Helsinki (2008).

The authors are with the Graduate School of Frontier Sciences, The Uni-
versity of Tokyo, Kashiwa-shi, Chiba 277-8561, Japan (e-mail: onishi@hapis.
k.u-tokyo.ac.jp).

Digital Object Identifier 10.1109/TOH.2025.3546270

the focal position or force presentation position alters the tactile
sensation. Moving focal points have widely been used to present
strong vibration and pressure sensations [14], [15], [16], [17],
[18], [19], and changing the trajectory of the moving focal point
results in a different tactile sensation. In addition, changes in the
speed of sound, which depends on the temperature and humidity,
and interference with the sound field by surrounding objects,
including the user, can cause focal point shifts.

Although visualization with alternative irradiation targets
such as oil baths [20] and user sensory evaluation have been used
to clarify the focal point position, the focal position on the skin
surface needs to be directly measured. Additionally, ultrasound
waves cannot be perceived with eyes or ears, and the operator
cannot notice the cessation of irradiation due to malfunction or
misalignment of the irradiation position due to programming
errors; thus, physical measurements are required even during
the experiment. However, measuring the focal position of the
finger surface by employing common measurement methods is
difficult. Microphones themselves interfere considerably with
the sound field, and it takes an enormous amount of time to scan
the microphones to identify the focal point. Furthermore, optical
measurements, such as schlieren, are not possible because the
light path is obstructed by the finger itself.

A method for measuring the sound pressure from reflected
waves, proposed in 2021 [21], can identify the focal position
on the surface; however, it has been suggested that the mea-
surement performance depends on the normal direction of the
target surface. In 2022, the visualization of the acoustic field
on the skin from thermal images was proposed [22]. This is
based on the phenomenon in which a temperature increase
occurs at a high-sound-pressure location, such as a focal spot,
on the surface of an object. Based on this study, we previ-
ously evaluated the performance of focus measurements us-
ing thermal images [23]. However, the evaluation was con-
ducted under limited circumstances using only an unmodulated
focus and a specific type of stick-shaped irradiation target.
Therefore, the scope of measurement applications should be
expanded and a more detailed investigation for practical use
conducted.

First, using a silicone rubber sheet with a hole and a micro-
phone attached to its back, we verified the difference between the
sound pressure distribution and the temperature change distri-
bution on a flat surface. It was confirmed that the sound pressure
distribution obtained by two-dimensional scanning of the sheet
with an automated stage and the temperature change distribution
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matched with an error of less than 1 mm, independent of the
angle between the beam and sheet. Through experiments in
which the focal point was scanned along the surface, it was con-
firmed that the sound pressure and temperature peaks matched
within 2 mm accuracy even if the surface was curved in shape.
Through experiments in which the focal point was shifted per-
pendicular to the surface, we confirmed that the position with
the most significant temperature change and the position with
the most enormous sound pressure were within 10 mm of each
other.

Next, we clarified the measurement limits of sound pressure
at the focus when the amplitude was modulated or unmodulated.
Considering differences in skin surface conditions such as sweat
and body temperature, we observed temperature changes when
ultrasound was irradiated on the fingers of 10 participants. At the
unmodulated focus, measurement was possible if the root mean
square (RMS) sound pressure was 4.0 kPa. When the amplitude
was modulated with a sinusoidal wave on the finger of one of the
participants, even an RMS sound pressure of 3.08 kPa, which is
the maximum output, could not be measured. Meanwhile, when
amplitude modulation was applied with a square wave, it was
confirmed that measurement was possible with a duty ratio of
55% or more, with an RMS pressure of 4.1 kPa or more. These
results imply that a focus with an RMS value of 4.0 kPa should
be used for the application of thermal imaging.

Finally, the measurement performance of the moving focus
in the spatial modulation was evaluated. A moving focus was
visualized for the 5.5 kPa focus if the movement speed was
less than 100 mm/s. At higher velocities, the location of the
moving focus could not be detected, although the trajectory of
the moving focus could be seen at velocities below 10000 mm/s.

These results will be helpful for researchers and develop-
ers who utilize ultrasound measurements using thermographic
imaging. This allows the ultrasound focus to be presented at
the desired location and enables highly reproducible airborne
tactile presentation. In addition, any shift in the focus position
or cessation of output owing to malfunction can be immediately
detected. The ability to compensate quickly and accurately for
the spatiotemporal modulation of the focal point on the skin
surface is also expected to enable a tactile experience with a
higher perceived intensity.

II. PRINCIPLE

The focal position can be measured based on the phenomenon
that, when high-intensity airborne ultrasound is irradiated, a
temperature rise occurs on the object surface at positions of high
sound pressure [22]. In this study, we measured the skin temper-
ature using a thermography camera. By using thermography, it
is possible to measure the temperature non-contactly, allowing
the sound pressure at the focal point to be measured without dis-
turbing the sound field. Previous efforts to enhance the accuracy
of thermography have included algorithm improvements [24]
and investigations into the effects of substances adhered to the
surface [25]. Thermography technology has been utilized for
various applications, such as estimating biological information
from skin temperature [26], [27]. Consequently, the temperature

change peak at the ultrasound focus aligns with the sound
pressure peak, particularly at the ultrasound focus. To measure
the deviation between the peak positions of sound pressure and
temperature change, we used a microphone-attached silicone
mimicking the finger or palm shape. This enabled determining
the ultrasound focal position on the finger by assessing the
temperature change peak. Although the specific mechanism and
formula for the temperature increase remain unclear, the study’s
primary goal is to identify the “position” of the focal point.
Quantitative evaluation, involving sound wave air attenuation
and compression energy proportional to the square of the sound
pressure is beyond the study’s scope.

III. EXPERIMENT 1: OBJECT SCANNING TO COMPARE THE

SOUND PRESSURE DISTRIBUTION AND TEMPERATURE CHANGE

DISTRIBUTION.

We confirm that the peak position of the temperature increase
at the surface of the object corresponds to the focal point. The
distributions of the sound pressure and temperature changes
were compared for a silicone plate when a focal point was
generated on the surface of the silicone plate. The difference
at the peak position corresponds to the accuracy of measuring
the focal point from the temperature peak. A hole was drilled
in the center of the silicone plate, and the sound pressure
was measured using a microphone attached to the back of the
silicone plate. The sound pressure distribution on the plane
was acquired by scanning a flat silicone plate in two dimen-
sions using an automatic stage. The silicone plate was then
replaced with another silicone plate without holes, and the two-
dimensional distribution of the temperature change was acquired
using a thermography camera to detect the peak temperature
position.

A. Procedure

A photograph of the experimental setup is shown in Fig. 1. The
setup consisted of six ultrasound phased arrays, a thermographic
camera (OPTPI 45ILTO29T090, Optris), a silicone plate with
holes, and a microphone attached to the back. The phased-array
hardware and software were AUTD3 [28]. The resolution of the
thermographic camera was 382× 288 px, and the sensitivity was
40 mK. A silicone plate with holes was ground to the XYZ auto-
stage and scanned in two dimensions. The angle of the silicone
plate was controlled using a rotary table (Fig. 1(b)). The size of
the silicone plate was 100× 90× 5 mm, which was sufficiently
more significant than the area to be scanned. To measure the
sound pressure on the surface, a 0.5 mm hole was drilled, an
ultrasound transducer (MA40S4R) was attached to measure the
sound pressure, and an oscilloscope (PicoScope 2205MSO, Pico
Technology) was used to obtain sound pressure information.
The room temperature and humidity during the experiment were
22.4◦C and 43.5%, respectively.

B. Results

Fig. 2 shows the sound pressure distribution obtained from the
stage scan during focus generation and the temperature change
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Fig. 1. (a) Photograph of the experimental setup, consisting of six ultrasound phased array units, a thermographic camera, and a silicone plate with a microphone
attached to the backside. The distance between the position of the holes in the silicone and the phased array is 229 mm. (b) Photograph of the silicone plate mounted
on a rotating stand, the angle of which can be freely changed by the rotating stand. theta = 0◦ is when the plate is horizontal to the phased array. (c) Enlarged
view of the silicone plate. A hole is drilled in the center of the silicone plate to measure the sound pressure with a transducer attached to the back side.

Fig. 2. Image plots of sound pressure distribution and temperature distribution at the focus at different angles.

TABLE I
PEAK DISPLACEMENT MEAN STANDARD DEVIATION

distribution after 5 seconds, obtained using the thermography
camera. The center position of the focal point coincided at each
angle and that the shapes of the focal points, including the
side lobes, were consistent. Table I lists the positions that take
maximum pressure and temperature change at each angle. These
results confirmed that the focal center position can be measured
from the temperature change distribution on the object surface
with an accuracy of less than 1 mm.

IV. EXPERIMENT 2: FOCUS SCANNING TO COMPARE THE

SOUND PRESSURE DISTRIBUTION AND TEMPERATURE CHANGE

DISTRIBUTION

A. Procedure

Scanning the irradiated object in two dimensions while fix-
ing the focus generation position, as in Experiment 1, did not
correspond to the sound pressure distribution on the surface
depending on the shape of the object. For the same reason,
the method used in Experiment 1 cannot be applied when
examining the shift of the focus in the z-direction, regardless
of the shape, because the sound field changes significantly.
Therefore, the silicone is fixed, and the focal point is scanned
to check whether the temperature increase reaches its maximum
value when the sound pressure reaches its maximum value. The
sound pressure obtained using a microphone attached to the
back side of the silicone material with a hole drilled into it, the
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Fig. 3. Experimental setup consists of six ultrasound phased array units, a thermographic camera, and (a) a silicone stick, which is a finger model, or (b) a silicone
plane, which is a palm model, with a microphone attached to the backside. The distance between the location of the hole in the silicone and the phased array is
229 mm. (c) Peak comparison experiments are performed with the flat plate placed horizontally to the phased array at theta = 0◦ and at an angle of theta = 45◦.

Fig. 4. Comparison of a photo of a silicone stick with a thermal image. Sound
pressure was measured by using a microphone mounted behind the stick.

temperature change at the position of the hole, and the peak
positions were compared. Fig. 3 shows a photograph of the
experimental setup. The setup was the same as that used in
Experiment 1; however, the irradiation target was replaced with
a silicone stick (12 mm in diameter) as a dummy finger and
a silicone plate (50× 50× 5 mm) as a dummy palm, which
mimics the shape of a human finger. The silicone stick and the
silicone plate each had a 1 mm hole and were measured with a
microphone.

The focal point was moved at 0.5 mm intervals in the x, y-
directions (horizontal to the surface) and in the z direction (ver-
tical to the surface). Ultrasonic irradiation was performed for 0.6
s. This trial was conducted five times in thex, y, and z directions.
In this experiment, the amplitude of each ultrasound transducer
was limited to 58% of its maximum value, considering the
upper measurement limit of the microphone. Fig. 4 presents a
photograph of the silicone stick and its thermal image. The shape
of the silicone stick is observed in the thermal image. During
the x-axis experiment, the room temperature and humidity were
20.4◦C and 41.6%, respectively. During the y-axis experiment,
the room temperature and humidity were 26.9◦C and 17.9%,
respectively; in the z-direction, these were 23.7◦C and 68.5%,
respectively. In the x-axis, the temperature and humidity were
23.9◦C and 35.1% for the x, y, and z-axis when the plane was
0◦, and 22.2◦C and 40.0% for the x-, y-, and z-axis when the
plane was 45◦.

B. Results and Discussion

Fig. 5 shows the temperature distribution after 0.5 s when the
focal point was moved at 2 mm intervals. We identified the focal

Fig. 5. Thermal images when the focus is moved 2 mm along the x axis. The
x coordinates [mm] and normalized squared sound pressure p2 [-] are shown
below each image. Thermal images when the focus is moved 2 mm along the
x-axis. The x coordinates [mm] and normalized squared sound pressure p2 [-]
are shown below each image.

TABLE II
PEAK DISPLACEMENT MEAN STANDARD DEVIATION

point in the thermal image and observed that the temperature
peak shifted according to the irradiation position.

Fig. 6 depicts the temperature change and normalized squared
sound pressure at the microphone hole when the focal point was
shifted by 0.5 mm in the x-, y-, and z-directions, respectively.
The point with the highest sound pressure or temperature change
and its eight neighboring points were each fitted with a quadratic
function to calculate the deviation between the temperature
change and the sound pressure peak. Table II summarizes the
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Fig. 6. Simultaneous plots of temperature change rate and sound pressure at silicone stick, silicone plate 0◦ (Plain), and silicone plate 45◦ (Slope) when the focus
is scanned in (a) x, (b) y, and (c) z directions. The temperature change rate was measured from thermal images taken with a thermographic camera, and the sound
pressure was measured with a microphone attached to the back of the hole. The cylinder and plain models’ temperature change, sound pressure distribution, and
peaks match well. On the other hand, there is a slight deviation for the slope model, with a deviation of about 1.5 mm in the y direction.

deviations, means, and standard deviations of the temperature
change and sound pressure peaks.

The results confirm that the peak positions of the sound
pressure and temperature coincide regardless of the shape. For
cylinders and planes at 0◦, the agreement is accurate within
0.5 mm. Fig. 6 also reveals that the shapes of the distributions
match. This implies the possibility of accurately measuring the
center of the focus.

In the z direction (normal to the cylinder), the peak position
was off by 2 mm, which is a larger error than that in the x- and
y -directions (tangential to the cylinder). A possible reason for
this is the effect of acoustic streaming. When the focal point was
placed in front of the irradiation target, acoustic streaming had a
cooling effect. The peak position of the temperature shifted back
to the back of the target owing to acoustic streaming. However,
even if the focal point is shifted 2 mm in the z-direction, the
sound pressure is more than 96 % of the maximum sound pres-
sure, so if there is no shift in the x- and y-direction, it is sufficient
for calibration in tactile presentation. In the y direction of the
slope, there was a positional deviation of 1.5 mm. The cause
of the positional deviation is thought to be acoustic streaming
as well as the effect of viscous heating that depends on the
angle between the ultrasonic beam and the target surface. This

dependence of accuracy on angle can be a limitation of this
method.

V. EXPERIMENT 3: FOCUS MEASUREMENT BY THERMAL

IMAGES OF A HUMAN FINGER

A. Procedure

We verify that sufficient temperature changes occur at the
focal point formed on the actual finger. The thermal response
of a finger may differ from that of a silicone stick, owing to the
effects of perspiration and blood flow. Therefore, we confirmed
that moving the focal point also moves the peak temperature
position in the thermal image. In the experiment, we irradiated
the index finger with an ultrasound focus and observed the
temperature change. The room temperature and humidity during
the experiment were 25.5◦C and 37.3%, respectively.

B. Results and Discussion

Fig. 7 shows the temperature change at 0.5 s after irradiation.
The peak position of the temperature increase shifts according
to the focal position.
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Fig. 7. Images of temperature change when a focal point is generated on the
finger surface. The focal point was shifted by 2 mm in the x -axis direction from
the finger center position, suggesting that the temperature change image after
0.5 s reflects the focal position.

In this experiment, we used six units of ultrasound-phased
arrays to produce a focal point of high sound pressure to induce
a significant temperature increase. Thermal imaging cannot be
used to measure normal-intensity sound pressures because of
their low signal-to-noise ratios. However, they can be applied to
the high sound pressures used in haptic applications.

VI. EXPERIMENT 4: FOCUS DETECTION ACCURACY AND

MEASUREMENT TIME

A. Procedure

We investigated the relationship between the precision of
the focal position measurement and the measurement time.
Ultrasound was used to irradiate the author’s finger instead of
silicone in the same setup described in Experiment 3. The trials
were repeated 30 times with ultrasound focused on the surface
of the finger for 4 s. The finger was fixed in the same position
during the experiment. The room temperature and humidity were
20.4◦C and 41.6%, respectively. The estimated focal position
was defined as where the largest temperature increases occurred.
Note that the finger area was defined as the area where the
temperature at the start of irradiation was 34◦C or higher. We
applied a 5-pixel × 5-pixel averaging filter to the thermal image
to remove noise. One pixel in the thermal image corresponds to
0.39 mm.

B. Results and Discussion

Fig. 8 shows the images of the temperature change from t =
0. The estimated focal point is indicated by a blue box. The area
was 150-pixel×150-pixels and shows images of the temperature
change in the first three frames after the start of irradiation and
after 1, 2, and 3 s.

The time-series data for the estimated focal positions are
shown in Fig. 9. The estimated position, that is, the position of
the highest temperature, is plotted in different colors for 29 trials.
One trial in which the temperature could not be measured cor-
rectly because of the automatic calibration of the thermographic
camera is excluded. The estimated focal position converges over

Fig. 8. Estimated focal point at each time. The central square boundary
represents the focal point. The thermal image shows the temperature increase
from t = 0. ΔT is the temperature increase at the estimated focal position.

time. The average of the estimated positions over 2 s < t < 3s,
that is, the converged position, is set to x=0 and y=0. Fig. 9
displays that the focus is identified with a precision of 1mm in
0.2 s.

VII. EXPERIMENT 5: LOWER LIMIT OF FOCUS MEASUREMENT

WITH AND WITHOUT MODULATION

The focal point can be measured if the temperature increase
due to the ultrasound is sufficiently larger than the noise of the
thermographic camera and the temperature fluctuation at the
skin surface. Therefore, if the ultrasound power is reduced to
a weak force or if the amplitude is modulated, to present a vi-
bration sensation, the temperature change decreases; thus, focus
measurement becomes difficult. We evaluated the measurement
limit of when the sound pressure changes and when amplitude
modulation is applied.

A. Procedure

First, we evaluated the focal point measurement when the
output was varied based on the static pressure. The experimental
environment was identical to that used in Experiment 3, with
the finger placed in the silicone position, as shown in Fig. 3,
and irradiated with ultrasound. In the experiment, the finger was
fixed to avoid movement. A focus was generated at the center of
the finger pad of the right hand, and the temperature distribution
on the surface was acquired using a thermographic camera. The
presentation position of the focal point was corrected in advance
using thermal images such that it coincided with the center of
the finger pad of the index finger. Time-series data of the sound
pressure and temperature changes at the center of the finger pad
were obtained when the sound pressure at the focal point varied
from 2.3 kPa to 4.0 kPa. Considering the individual differences in
the thermal properties of the skin, experiments were performed
on ten participants (male: 7, female: 3, average age: 26.1 years,
SD: 3.05, minimum age: 23, maximum age: 32) .
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Fig. 9. Time series data of the estimated focal point, where a and b represent the time variation of the estimated focal point along the x-axis and y-axis, respectively.
The 29 trials are plotted in different colors. Moreover, c and d are enlarged views of a and b, respectively.

Furthermore, the focus measurements were evaluated when
amplitude modulation was applied. The RMS value of the
static pressure before amplitude modulation was 5.5 kPa. Three
modulation frequencies were used: 10, 50, and 200 Hz. First,
time-series data of the temperature at the center of the finger
pad were obtained by amplitude modulation in the form of a
sinusoidal waveform. This experiment was performed on the
right hand of one of the participants (Participant 1), and irradi-
ation was repeated 10 times under the same conditions for each
frequency. Next, temperature time-series data were obtained
using rectangular waveform amplitude modulation. The duty
ratio of the rectangular waveform varied from 0.5 to 1.0, and
irradiation was performed once for each.

B. Results and Discussion

Fig. 10(a) shows a time-series plot of the temperature change
due to irradiation at each sound pressure when static pressure is
used. Owing to the specifications of the thermography camera,
the temperature is periodically calibrated and corrected to ob-
tain accurate temperatures. A sufficient temperature increase is
observed when the sound pressure at the focal point is 4.0 kPa
in 9 out of 10 participants.

From Fig. 10(a), we observe that some people’s temperature
increases and others decrease even at the same sound pressure
level. This is thought to be due to individual differences in
the condition of the skin surface, especially in the amount of
perspiration. It has already been reported that high humidity
on the skin surface causes a temperature decrease [29]. One
limitation of this method is that measurement limits can vary
due to environmental and individual differences. For example, a
high room temperature may increase sweating, causing different
temperature behavior.

To clarify the relationship between measurement time and
signal-to-noise (SN) ratio of acoustic pressure, we analyzed
the experimental results of 10 participants shown in Fig. 10(a).
Fig. 10(a) shows the temperature rise after ultrasound irradia-
tion. We calculated the minimum observation time to detect this
temperature increase using the following procedure. First, we as-
sume that the ultrasonic irradiation start time t0 is known and that
the true temperature change due to ultrasonic irradiation is given
byT (t) = at+ T (t0) in a short interval [t0, t0 + τ ]. Second, we
assume that the measured temperature is the linear summation
of the above true value and noise; thus, the slope obtained by
fitting a linear function to the data in the interval τ provides
the best estimate of a . Under these assumptions, Fig. 10(b)
provides the minimum measurement time required for ensuring
10 dB SN ratio for each participant. The horizontal lines are the
temperature rise slope values of a around t0 evaluated from the
whole data of 0.5s, for each sound pressure level, ranging from
2.3 kPa to 4.0 kPa. Meanwhile, even in the absence of irradiation,
the estimated value of a from a limited data of short interval τ
does not equal zero due to noise. The standard deviation σ(τ)
of this quantity provides the inevitable estimation error of a. In
each graph of Fig. 10(b), a curve of

√
10σ(τ) that is 3.16 times

the inevitable measurement error of a for measurement interval
of τ is drawn for each participant. The σ(τ) was evaluated from
the experimental data without ultrasound irradiation. If the true
value of slope a is larger than

√
10σ(τ), it means that the slope

can be measured more than 10 dB SN ratio for observation
time τ . Alternatively, if a is given first, then τ that satisfies√
10σ(τ) = a represents the minimum time for securing 10 dB

SN ratio. For example, in the graph of Participant 1 in Fig. 10(b),
the p = 2.3 kPa line intersects with

√
10σ(τ) at τ = 0.42 s,

which means at least 0.42 s is necessary to detect 2.3 kPa sound
pressure with 10 dB SN ratio. Note that for p = 4.0 kPa in P1, the
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Fig. 10. (a) Plot of temperature change when ultrasound is irradiated to finger. The vertical axis represents the temperature change and the horizontal axis
represents the elapsed time after the start of ultrasound irradiation. Plots were drawn for 10 participants (P1 - P10) individually. The different types of lines
represent the RMS value of sound pressure. (b) The estimated a at each sound pressure level from 2.3 kPa to 4.0 kPa as a horizontal line, and a curve with

√
10σ(τ)

for a signal-to-noise ratio of 10 dB. The intersection point represents the minimum detection time. Note that in the graph of P1, there is an extrapolation line
obtained by fitting σ(τ) = Aτ−β .

horizontal line did not intersect with
√
10σ(τ) due to the frame

rate limit of the thermography camera; therefore, we extrap-
olated the curve of σ(τ) by Aτ−β (A = 0.1008, β = 1.1424)
to obtain the intersection point at τ = 0.06 s. The minimum
detection time for each subject obtained by the same procedure
is summarized in Table III. The “-” denotes that a never exceeds
σ(τ) within the assumed observation time of 30 s, meaning that
it is undetectable. Table III indicates that focus irradiation can
be measured within 0.16 s at 4 kPa for 9 out of 10 participants.

Next, we discuss the results of the modulated-focus measure-
ment. Fig. 11 depicts the temperature change at each of the 10
modulation foci in a sinusoidal waveform. The 10 Hz results
show that the temperature tends to increase with irradiation.
At 50 and 200 Hz, a trend of temperature increase was also
observed; however, in some cases, the temperature decreased.
These results suggest that a stable measurement is difficult with

TABLE III
TIME REQUIRED FOR ULTRASOUND DETECTION [S]

a sinusoidal modulation focus because the temperature increase
is hidden in the noise.

Finally, Fig. 12 presents the results of the temperature
change when amplitude modulation is applied to the rectangular
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Fig. 11. Temperature change at the focal position in sinusoidal amplitude modulation. Ultrasound was irradiated at t = 0 s. The modulation frequencies were
(a) 10 Hz, (b) 50 Hz, and (c) 200 Hz. The experiment was repeated 10 times under the same conditions for each frequency. The 10 results are plotted in the figure
in different colors.

Fig. 12. Temperature change at the focal point in square wave amplitude modulation. Ultrasound was irradiated at t = 0 s. Modulation frequencies are
(a) 10 Hz, (b) 50 Hz, and (c) 200 Hz. The temperature change at each duty ratio is plotted simultaneously.

waveform. When modulating the static focus with RMS of
5.5 kPa, a significant temperature increase occurs when the
duty ratio is 0.55 or higher. Thus, when the measurement and
vibrotactile presentation are performed simultaneously, rectan-
gular modulation, instead of sinusoidal modulation, enables
focal-point measurement with thermal imaging, even at low
sound pressure.

The RMS values at each sound pressure were compared. For
static pressure, measurement was possible at 4.0 kPa in 9 out of
10 participants. In the case of the sine wave, measurement was
not possible even at a maximum output of 3.1 kPa. The square
wave could not be measured at 3.9 kPa but could be measured
at 4.1 kPa. These results indicate that a stable measurement is
possible as long as the RMS value is 4.1 kPa or higher. The
sensitivity of the thermography camera is considered to be a
factor that influences these numerical results, but since body
temperature fluctuations are larger than the sensitivity of the
camera, the results are considered to be almost unchanged.

We believe that the use of static pressure is sufficient for
the prior correction of the focus position. In contrast, focus
measurement with amplitude modulation is effective when the
focus position needs to be corrected while a vibrotactile sen-
sation is being presented or when the focus position is shifted
owing to modulation. Square-wave modulation is better used in
situations where a shorter measurement time is required, such
as in the real-time calibration of the focus position based on the
measurement results.

VIII. EXPERIMENT 6: MEASUREMENT OF FOCUS MOVEMENT

Moving foci have been used in aerial tactile presentations
to enhance perceptual intensity [15], [16], [17] and to convey
directions and symbols [30], [31], [32], [33]. In this section, we
evaluate the performance of moving foci in measuring the focal
positions and their trajectories.

A. Procedure

The experiment was conducted on palms stimulated by a
moving focus in previous studies [13], [15], [16], [17], [31].
Temperature changes were measured by thermal imaging when
a moving focal point with a circular orbit of 8 mm radius was
presented, and 11 different moving velocities (1, 3, 5, 10, 50,100,
500, 1000, 2000, 10000, and 20000 mm/s) were used. The RMS
sound pressure at the focal point measured using a microphone
was 5.5 kPa. During the experiment, the room temperature and
humidity were 26.5◦C and 59.1%, respectively.

B. Results and Discussion

The thermal images of the focal point at each speed in half and
complete orbit are shown in Fig. 13. The largest temperature
change in the thermal image is marked with a square. Fig. 13
shows that a temperature change at the focal point can be
observed up to 100 mm/s. However, as the velocity increases,
the temperature change decreases. At speeds greater than
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Fig. 13. Distribution of temperature change at half and full cycle as a function of focus velocity, showing that the focal point can be tracked with almost no delay
up to v = 30 m/s. The square in the figure represents the largest point and was added to convey intuitively the shift between the temperature peak and the sound
pressure peak. The square in the figure represents the point where the temperature change is the largest.

Fig. 14. Distribution of temperature change over time at different moving speeds. It can be seen that the orbit becomes obscured as the speed increases.

500 mm/s, no temperature increase was observed. Applying this
measurement to a moving focus at 90 mm/s, as used in a dynamic
pointer [31], allows correction of the trajectory. However, based
on our results, measuring a focus with a velocity of 100 mm/s
would require a sound pressure of approximately 5.5 kPa, thus,

a lower velocity would be required for measurement at a lower
sound pressure.

As shown in Fig. 13, measuring the focal point of a free
trajectory above 500 mm/s is difficult. However, it is possible
to measure the trajectory in a closed-loop situation. Fig. 14
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shows the thermal images after 1, 3, 5, 7, and 9 s at speeds
above 1000 m/s. An increase in temperature was observed at
10000 mm/s, but the orbit collapsed. and at 20000 mm/s, a
temperature increase was observed, but a circular orbit could
not be observed. Because the velocity with the highest perceived
intensity is between 2000 and 20000 mm/s [15], [16], [17],
2000 mm/s is considered a good velocity for tactile presentation
while measuring the orbit.

One possible cause for the orbit not being visualized as the
velocity increases is the reduction in sound pressure owing to
phase switching [34]. The RMS values of the sound pressure
at a certain point on the orbit at each velocity were measured
with a microphone. The RMS values decreased by 94% and
87% at v=10000 and 20000 mm/s, respectively, compared to
1000 mm/s. It is possible that this was the reason for failure to
visualize the sound pressure.

IX. CONCLUSION

In this study, we evaluated the performance of focal po-
sition measurements on a finger using thermal imaging. The
measurement performance of the ultrasound focus generated
by the ultrasound-phased array was experimentally verified.
By comparing the microphone sound pressure and the tem-
perature distribution on the silicone surface, we confirmed
that the temperature change peak and the sound pressure peak
matched within 1.5 mm on the flat and sloping surfaces. Fur-
thermore, even on the curved surface, it was confirmed that
they matched within 0.25 mm in the direction along the surface,
but deviated by 2.3 mm in the direction perpendicular to the
surface.

We also confirmed that the ultrasound focus can be measured
with a precision of less than 1 mm on a human finger, with
a measurement time of 0.2 s. We found that the unmodulated
focus could be measured within 1.6 s at 4.0 kPa for 9 out
of 10 participants. When measuring the amplitude-modulated
focus, modulating the waveform into a rectangular waveform
instead of a sinusoidal waveform was found to be effective. The
moving focal point can be measured at velocities of 100 mm/s
or less, and the trajectory can be visualized at velocities up to
2000 mm/s.

Repeated measurement and correction of the focal point by
thermal image measurement enables the optimization of the
sound field in the workspace. The correction of ultrasound
focuses on the millimeter scale, which is difficult to achieve with
conventional measurement methods, will considerably improve
the airborne haptics experience for basic research and practical
applications. In the future, a real-time haptic feedback control
that tracks a user’s finger using the measured focus position is
expected to be realized.
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