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Abstract—In this paper, we report on an airborne vibrotactile display with a multiunit ultrasound phased array synthetic aperture. The
system generates an ultrasound field with a location-tunable focus in the air, which exerts time-variant acoustic radiation pressure on
the users skin, resulting in perceivable localized vibrotactile stimuli. The paper contains three major new contributions from previous
related works. The first is an experimental validation of large-aperture focusing with improved synchronization offering an enlarged
workspace in which sufficient acoustic power concentration is guaranteed. From the experiments, it is expected that perceivable
vibrotactile focus can be generated 1 m away from a four-unit array system. The second is an experimental evaluation of the presented
pressure for producing a broad variety of tactile perception, which shows that the generated ultrasound focus can serve as an
vibrotactile actuator that has flat frequency characteristics in the domain of perceptual stimuli. The third is a psychophysical result of the
detection threshold curve for sinusoidal stimuli offered by the system. The obtained curve shows similarity with conventionally known

results, which have minimum values at approximately 200 Hz.

Index Terms—Airborne ultrasound, vibrotactile display, radiation pressure

1 INTRODUCTION

1.1 Advent of Mid-Air Tactile Technologies
ONE of the unique properties of the tactile modality is
that it handles physical interactions through contact
with skin surfaces. On the contrary, the visual and auditory
modalities receive optic and acoustic stimuli, which enable
us to perceive physical events apart from us. This is owing
to their physical characteristics of these stimuli as propagat-
ing waves. Users can receive audiovisual information
regardless of their posture and location around displays
without any physical constraints. The same is not the case
with most tactile displays, because they require physical
contact with body surfaces. This is inconvenient for practi-
cal use and constrains users’ physical movements once
these tactile displays are attached to users” bodies. More-
over, these devices can present stimuli only on the regions
in contact with the users.

Mid-air touch displays are one of the solutions free from
these limitations. There have been several studies focusing
on the physical principle of producing mid-air tactile stim-
uli. The most straightforward method is the use of air flow
[1], which generates strong pressure near jet nozzles. How-
ever, because air spreads once it is emitted from nozzles, it
is in principle difficult to achieve localized perceivable tac-
tile stimuli at a significant distance from the device. There is
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another approach that ejects impulsive air lumps for
increasing the range. These air lumps are called vortex
rings, which can travel over a significant distance while
remaining isolated from the surrounding air. Aireal [2] uses
this technique to remotely generate fluffy texture onto the
bare skin of the users. Although a point-like stimulation
would be difficult to produce, a vortex ring of several centi-
meters in diameter was produced. It also should be noted
that no visual interference occurred with these technique,
which enables the superposition of such systems onto
images without optical occlusion.

There are several proposals for mid-air tactile displays
that are different from the “air-based” techniques intro-
duced above. A quasimid-air tactile technology is also pro-
posed that converts energy conveyed through the air into
tactile stimuli via passive materials mounted on the skin
surface. One such example makes use of a photoelastic
material for converting irradiated laser light into vibrotac-
tile stimuli [3]. Because laser light travels over a great dis-
tance while maintaining its spot size and is easy to
accurately localize, this technique guarantees a vast work-
space as long as there are no laser blockages.

Another completely different challenge is mid-air tactile
stimuli produced by direct laser irradiation to the skin for
relatively short period [4]. It also generates a mid-air image
as well as stinging texture in the air. Unlike the laser-based
technique described above, this method supports bare-hand
visuotactile interaction.

1.2 Widespread Use of Ultrasound

There is another potent method for realizing localized mid-
air tactile stimuli on bare skin, which is the use of focused
ultrasound. This technology was originally proposed and
demonstrated by Iwamoto et al. [5] with an array of ultra-
sound transducers creating a localized focus in the air.
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Although ultrasound emitted from each transducer spreads
as spherical wave, the entire output acoustic energy of the
array can converge into a focus by controlling the phase
delay on each transducer. This technique of realizing steer-
able directivity by integrating multiple wave sources is
called the “phased array” technique, which was originally
used in radio wave communications. The highly condensed
acoustic energy yields “radiation pressure,” a nonlinear
acoustic phenomenon that exerts a static force on the surface
of an object blocking the sound propagation[6]. Based on
this physical principle, skin deformation is caused by
focused ultrasound and is felt as touch sensations. Because
ultrasound is free from optical occlusion, a number of visuo-
tactile applications have been proposed [7], [8], [9].

The ultrasound-based framework possesses several spe-
cificadvantages owing to its physical properties as propagat-
ing waves. First, the minimum possible latency of the
technique is determined by the sound velocity, which is at
least tens of times faster than that of vortex rings. Supposing
the sound velocity to be 340 m/s at room temperature on the
ground, it takes approximately 3 ms for the ultrasound emit-
ted from a phased array to reach users standing at a distance
of one meter from the array. Okamoto et al. have shown that
the human noticeability threshold of vibrotactile latency is
40 ms [10], which corresponds to a distance of 13 m from
ultrasound sources. Thus, a low-latency system in a consid-
erably large workspace is guaranteed in principle.

Second, the spatial and temporal variation of the pro-
duced tactile texture has been reported. Several studies
have shown that an appropriate combination of phase
delays for individual transducers can generate a spatial dis-
tribution of radiation pressure, which is obtained as a solu-
tion of inverse problems [11], [12], [13], [14], [15]. Inoue
et al. have experimentally demonstrated that the produced
pressure distribution yields volumetric textures that can be
touched with freely exploring fingers [13], [16]. These tex-
tures have a spatial resolution determined by the wave-
length. For example, the resolution is 8.6 mm at 20 °C when
the frequency is 40 kHz. For temporal textures, the ampli-
tude modulation of ultrasound waves creates vibrotactile
sensations according to the AM envelope of the wave-
form [17]. It should be noted that the frequency characteris-
tics of the “displayed” vibration are in principle expected to
be flat over all perceivable frequencies (0-1000 Hz), which
has been shown experimentally, as discussed in the follow-
ing part of the paper.

Third, the produced stimuli show excellent reproducibility.
This is owing to the wave-like physical nature of ultrasound,
which travels over distance while maintaining its temporal
structure. Compared to air flows and vortex rings, the behav-
ior of ultrasound exhibits much less unpredictability.

1.3 Wide-Band Vibration for Various Tactile
Experiences

Our proposed technique focuses on vibrotactile sensation on
a bare skin surface. In other words, it cannot generate a
strong static force or torque that leads to a kinesthetic experi-
ence. Nevertheless, it should be noted that vibrotactile sensa-
tion often offers various types of realistic tactile experiences
without perfect physical reconstruction of the corresponding
phenomena, when its waveform is properly designed.
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Hayward et al. demonstrated that a rod-shaped device
with a vibrator can make users perceive a “virtual rolling
stone” inside it [18]. TECHTILE Toolkit [19] offers a frame-
work to add vibrations to generic objects held by the users,
which are activated in very natural manners. There are
many other examples offering realistic and practical vibro-
tactile experiences [20], [21]. Thus, the vibration-based
approach can be regarded as a promising tactile display
method that has attracted broad interest among researchers.

The common feature of these technique is that the actua-
tors produce broad-band vibrations, which is to say that a
high-Q vibrator that only offers a sinusoidal vibration cannot
yield this kind of realistic tactile experience. As stated above,
our technique could yield such vibrations, because of the flat
frequency characteristics of the produced vibration.

1.4 Contribution of the Paper

As described with respect to several previous studies, the
mid-air vibrotactile technique is one of the most promising
methods to broaden and diversify the use of tactile technolo-
gies. To make the most of the technique, we have fabricated a
multiunit phased array system that widens the workspace in
which the generated focus reaches while maintaining its con-
vergence. By integrating multiple array units, we have an
enlarged emission aperture, which guarantees unblurred
focusing in longer region than was allowed with a single
array unit [22]. There is another similarly motivated work
based on a multiunit strategy that intends to produce three-
dimensional touchable midair shapes [23].

This study is based on a conference proceeding that
reported the above multiunit system [17], yet with the fol-
lowing improvements in the implementation and the per-
formance assessment:

e We implement periodic synchronization among
units. Each unit generates ultrasound based on its
internal clock, and there are slight frequency differ-
ences among the units. The previous system [17] was
incomplete in the synchronization originating from
the clock variation. In this study, we address the pre-
vious problem by shortening the period of synchro-
nization with a common external signal. As a result,
the focal amplitude has been intensified.

e We perform spatial measurements of the acoustic
amplitude distribution around focal regions with a
variety of focal depths. We conduct two sets of meas-
urements: one with a single phased array unit acti-
vated and another with four units activated. These
measurements have shown that an enlarged aper-
ture significantly improves both the focal intensity
and concentration, particularly in regions distant
from the emission plane. This is theoretically obvi-
ous, but no experimental data have been reported
that ensure the focusing by a large aperture.

e We conduct psychophysical studies to demonstrate
that the system can offer vibrotactile stimuli with a
wide variety of waveforms. The system provides par-
ticipants with sinusoidal and rectangular vibrations.
We measure the detection threshold for several vibra-
tional frequencies and find that for sinusoidal stimuli,
the obtained detection curve shows similarity with
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Fig. 1. Network topology of the fabricated multiple-AUTD system.

the conventionally obtained curves from the litera-
ture. We also find that the obtained detection thresh-
olds are much lower with rectangular pulses when
compared with the sinusoidal pulses of the same
frequency.

2 PHyYSICAL PRINCIPLE

The contents of this section have much in common with the
previous relevant work [24]. We briefly summarize these
for the sake of understandability of the subsequent parts of
this section.

2.1 Acoustic Radiation Pressure

The proposed technique makes use of acoustic radiation
pressure, which appears as static pressure apart from the
time-variant sinusoidal sound pressure when the sound
energy is considerably intense. The radiation pressure P [pa]
is proportional to the square of the sound pressure p [pal]

pQ

P:aw7

(1)
where p [kg/ m?] is the density of the medium, ¢ [m/s] is the
sound velocity in the medium, and « [-] is a coefficient
whose value is between 1 and 2, as determined by the
acoustic impedance ratio between the medium and the
pressed object[6]. In the case of perfect reflection in an open
space, which is applicable to most solid objects irradiated
by focused airborne ultrasound, the value of « is set to 2.

2.2 Phased Array Technique

The phased array technique is a method of integrating mul-
tiple point wave sources in an array to produce a localized
spatial distribution of energy. Let r; be the three-dimen-
sional position of the ith transducer among N transducers
and 7y be the desirable three-dimensional (including the
depth of the focus) focal position. The phase shift of each
transducer 0; is calculated so that it compensates the phase
delay through distance

97; :k|7‘¢77‘f|. (2)

Here, k denotes the wavenumber. This technique enables
the generation of a spot of radiation pressure at an arbitrary
position in the air.

2.3 Aperture and Focusing Performance

A phased array of ultrasound transducers acts as an ultra-
sound lens to produce a focal spot. Its focal point is variable,

as mentioned above. As the focusing performance of an
optical lens depends on its aperture size, the size of an ultra-
sound phased array directly limits the depth range of
proper focusing. In general, according to the distance from
the emission surface, the focus is blurred and the per-
ceivable intensity of the vibrotactile stimuli diminishes.
Since the degree of this blurring becomes more evident with
a smaller aperture, creating a large aperture is a straightfor-
ward solution for this issue, which can be achieved by
developing a multiunit system.

2.4 Amplitude Modulation of Sound Pressure

The quantitative relation between the sound pressure and
the acoustic radiation pressure (1) holds temporally if the
amplitude of the sound pressure p changes slowly enough
compared to its frequency. Suppose that p(¢) is the product
of a carrier sinusoidal wave pysin(w.t) and modulating
wave f(t)

p(t) = po sin (w.t) f(t). 3)

Here, f(t) yields the envelope of the carrier sinusoidal wave
po sin (w.t). We assume that the highest frequency compo-
nent of the envelope f(t) is ws and wy < w,. In this case, the
amplitude of p(t) varies with f(¢). Then, Eq. (1) can be
rewritten as

92 2
pc

P(t)=«a
The important point here is that the resulting radiation pres-
sure is proportional to the squared envelope of the output
ultrasound waveform. As described in the following, desir-
able vibrotactile stimuli from the radiation pressure are
obtained by appropriately designing the waveform envelope.

3 HARDWARE ARCHITECTURE

3.1 Signal Flow
We have developed a new airborne ultrasound tactile dis-
play (AUTD) system comprising multiple ultrasound trans-
ducer units. Each AUTD unit has a single input signal port
and three output ports. The signal transmitted to the input
port comes out from all of the output ports with a delay of
40 ns. Because this corresponds to a phase delay of less than
1 degree in the 40 kHz ultrasound employed in the fabri-
cated system, thousands of units can be chained in a virtu-
ally synchronized manner. These ports can be mutually
connected via eight-pin LAN cables. Multiple AUTD units
are connected in a tree network topology, such that signals
entering the input port of the root node unit are relayed to
every other unit. This signal network structure is depicted
in Fig. 1. The ports are connected to a field-programmable
gate array (FPGA) equipped on a unit. The FPGAs
employed here were from the Altera Cyclone III series.
Each unit contains five FPGAs and the referenced one is
known as the “master” FPGA of a unit. The remaining four
are “slave” FPGAs, which receive the internal control signal
from the master FPGA and apply driving signals to the
transducers of the unit.

The whole multiple-AUTD system comprises several
AUTD units connected as described above, as well as a
microcontroller unit (MCU) and a computer. We used
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Fig. 2. Signal flow of the multiple-AUTD system.

mbed LPC1768 MCUs for the system. The MCU receives
the control signals from the computer and transmits the
focus signal packets into the input port of the root AUTD
unit. The signal packet contains the three-dimensional focal
position (48 bits in all, including 16 bits each for z, y, and =
coordinates), amplitude (9 bits, 320 levels) and the header
and footer bits. Each unit receives the sequence of the
packet transmitted from the MCU at precise intervals,
namely 500 us. The focal position and amplitude change at
every received focus packet. The control signal conveys
several commands to the MCU, such as generating/remov-
ing the focus, moving the focal position, transmitting the
vibrotactile waveform stored on the internal memory of
MCU, initializing the positional setup of each AUTD unit,
and so forth.

A diagram of the entire signal flow is shown in Fig. 2.
The slave FPGAs are directly connected to the transducers
and they calculate the proper phase delay of each trans-
ducer for focusing at the desired location. They receive the
focal position and amplitude from the master FPGA. The
focal positions in the packet are defined in a global coordi-
nate system. The master FPGAs convert them to the local
coordinates according to the position of each AUTD unit in
the global coordinates.

3.2 Necessity of Intra-Unit and Inter-Unit
Synchronization

It is required for the AUTD system that every transducer in
every AUTD unit must be driven synchronized. In the pre-
vious system [14], the synchronization of each unit to the
common clock signal was done only upon activating the
system. As a result, it yielded incomplete focusing for a
fixed focus, where the acoustic pressure had a beat, as
shown in Fig. 3. In this study, we newly implemented inter-
unit synchronization every 500 s, which ensured that the
delay variation was less than 1 us and produced stable and
intensified focusing. (Fig. 3).

3.3 Generating Rectangle Pulse Trains Controlling
Output Pressure

As described in Section 2.4, the temporal profile of the

vibrotactile stimuli is created by the envelope of the carrier

sinusoidal ultrasound wave. Their relation is given by

Eq. (4). Here, we describe a practical method to generate the

output ultrasound wave with its desired temporal profile.
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Fig. 3. Observed waveform of acoustic amplitude at the focal point

without (upper) and with (lower) inter-unit synchronization. The beat
effect is observed to be cancelled when the synchronization is enabled.

As detailed in [24], a pulse width modulation (PWM)-
based technique is employed in the system. A rectangle
pulse of period T [s] includes its f, = 1/T [Hz] component
by the amplitude

P = pur|sin (wd)], (5)

where d denotes the duty cycle and p); denotes the ampli-
tude when d =1/2. This is obtained by a Fourier series
decomposition. It indicates that we can control the ultra-
sound amplitude at f; = 40 kHz by the duty cycles. Once
the duty cycle and time delay 7 [s] are determined, the driv-
ing signal V'(¢) [V] of the transducer is given by

Vi, MT'—t<t<nT+dl'—1
vig={ ! L ®

0, (MI+dl—t<t< n+1)T—-r1)
where T' = 1/ f [s] is the period of the ultrasound and n is an
arbitrary integer. Here, the relation between Vj; and py; is
experimentally determined.

3.4 Specification

The fabricated AUTD array unit is shown in Fig. 4. It is
implemented with 249 ultrasound transducers, resulting
in an emission aperture of 180 mm x 140 mm. Two of
the four edges of a unit have 10 mm marginal spaces
with no transducers. The maximum gross static force
generated by stationary focused ultrasound onto a
12 mm x 12 mm region using four units was approxi-
mately 20 mN with all transducers driven at the maxi-
mum power, consuming 0.2 W per transducer. The total
radiation force applied to the reflecting surface was
40.8 mN, which was measured with an electronic scale.
We experimentally confirmed that the focal location was
controllable horizontally in less than 1 mm by actually
generating a moving focus on a water surface, which is
sufficient compared to the perceptional spatial resolution
for vibrotactile ultrasound stimuli [25]. The FPGAs used
in each unit were supplied with 25.6 MHz clock signals
on the individual AUTD unit. The total power consump-
tion per unit was estimated to be approximately 50 W at
the maximum power.
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Fig. 4. Ultrasound transducer array unit (upper) and a four-unit emission
aperture (lower).

4 VIBROTACTILE SIGNAL DESIGN

4.1 Creating Vibrotactile Sensation with Pulse
Width Modulation

In the previous section, we treated the case in which the
duty cycle of the input pulse train is temporally constant.
According to Eq. (4), the resulting acoustic waveform is con-
trolled by the duty cycle.

From Egs. (4) and (5), when the duty cycle is expressed as
a time-variant function d(¢), the resulting radiation pressure
can be expressed as

()}

pc?
@ 9 .2
= EPM sin ~ (md(t)).

Pr(t) =

Using this relation, the driving pattern d(t) for a given radi-
ation pressure waveform Px(t) is given by

1. - 1
d(t) =~ sin 1(\/51%13}3(7:)2). )

The term in the inverse sine function is a normalized output
waveform of the radiation pressure, whose value is
expected to be between —1 and 1. The relation between the
three functions V'(t), p(t), and Pg(t) is depicted in Fig. 5.
Thus, the time-variant radiation pressure with a desired
temporal profile is generated by varying the duty cycle of
the driving voltages in accordance with the above equation.
Note that negative pressure cannot be generated by

e
{ —

g -

L!h L) ""
{

—r .

Fig. 5. Relation between the driving signal V(¢), sound amplitude p(t),
and time-variant acoustic radiation pressure Py (t).

radiation pressure. Designing the optimal vibration to pro-
duce tactile perception with the highest fidelity remains as
an essential future task.

4.2 FIR Filtering of the Series of Duty Cycles

The MCU updates the focal position and amplitude at
2 kHz, which results in 20 sequential pulses of constant
duty cycle in the output voltage. This means that the enve-
lope waveform of the output ultrasound is stair-shaped,
containing harmonic components of its fundamental fre-
quency (2 kHz). These harmonic components in the enve-
lope waveform yield audible noises.

To attenuate the noises, it is effective to tune the funda-
mental frequency of the envelope to its maximum possible
value, namely 40 kHz. This is equivalent to making the
envelope waveform as smooth as possible by switching the
duty cycle of each PWM pulse. Consequently, the harmonic
components in the envelope are suppressed.

We implemented a finite impulse response (FIR) filtering
scheme in the FPGAs on the units that yielded a series of
duty cycles varying at every pulse out of the input signals
from the MCU. In other words, the FIR resamples the dis-
crete duty cycle trains originally sampled at 2 kHz into
40 kHz with low-pass filtering.

5 MEASUREMENTS OF ACOUSTIC RADIATION
PRESSURE

In this section, we show several measurements of gener-
ated ultrasound focus to assess the physical properties of
the fabricated system. In all these experiments, the wave-
form of the acoustic pressure was recorded by a standard
microphone(Briel& Kjeer Type 4138). The recorded volt-
age was amplified with a pre-amplifier and power ampli-
fier pair (Bruel& Kjer 2670A and Nexus 2690). The
microphone possessed a flat frequency response from 6 to
100 kHz. In the measurements, the output intensity of the
ultrasound was adjusted to be lower than its maximum in
order to prevent the focus from exceeding the maximum
input range of the microphone and causing waveform sat-
uration. We drove a four-unit AUTD system in all of the
experiments.
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5.1 Waveform Characteristics

We first confirmed the actual relation between the duty cycle
d(t) and the resulting radiation pressure Py(t). Namely, we
experimentally investigated whether (7) holds. We placed a
four-unit ultrasound transducer array system on the ceiling
of a metal framework, such that its emission plane faced
downward. We placed an electronic scale under the arrays.
We attached a force receiving jig on the table of the scale so
that it could transmit radiation pressure on its receiving sur-
face of 12 mm x 12 mm to the scale. The size of the receiving
surface was almost equal to that of the ultrasound focus.

Fig. 6 shows the normalized radiation pressure plotted
against the duty cycle. It is seen that the measured radiation
pressure is better understood by the model Pg « p'® com-
pared to Pr p?. We consider that this incongruence with
the prevalent physical model (1) is due to the characteristics
of the employed transducers and their driving circuits. Fig. 7
shows the measured waveforms designed with the criteria
Pr o< p',p'5, and p?. It shows that the resulting saw wave
had the most straight increasing slope when the criteria was
Pr o p5. To derive the radiation pressure waveforms, we
applied a 5Sth-order infinite impulse response filter to the

o
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Fig. 7. Observed waveforms of instantaneous acoustic pressure gener-
ated with the waveform designed based on the assumption of Py o p'
(upper left), P o p'® (middle left), and Py o p* (lower left), and that of
the radiation pressure generated with the waveform designed based on
the assumption of Pp o p' (upper right), Pr o p'° (middle right), and
Pr o< p? (lower right).
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Fig. 8. Observed acoustic pressure (upper) and corresponding radiation
pressure (lower) from a designed chirp signal.

observed amplitude waveforms. The filter coefficients were:
b =[0.0749 0.3747 0.7494 0.7494 0.3747 0.0749] x 1074, a =
[1.0000 —4.9939 9.9756 — 9.9635 4.9757 — 0.9939] when the
sampling frequency was 10 MHz (Fig. 7) and b=
[0.0229 0.1144 0.2289 0.2289 0.1144 0.0229] x 1071%, @ = [1.0000
—4.9695 9.8785 —9.8184 4.8794 —0.9700] for 2 MHz
(Fig. 8). a and b correspond to the polynomial coefficient
series of the filtering transfer function in its denominator and
numerator, respectively. Note that the DC component cannot
be measured with microphones. Therefore, we added an off-
set value to the derived radiation pressure waveforms
depicted in Fig. 7, such that the minimum value corresponds
to zero.

Based on these results, the following measurements and
experiments were conducted with radiation pressure out-
puts whose waveforms were designed with the criteria of
assuming Pr o p'°. We used the experimental relationship
here.

Next, we investigated the frequency characteristics of the
acoustic pressure at the focus. Fig. 8 shows the observation
of a chirp sinusoidal envelope. The peak-to-peak amplitude
of the radiation pressure is seen to be constant in the chirp
signal waveform. The frequency characteristics of the root
mean square (RMS) acoustic pressure obtained from the
sinusoidal modulation are depicted in Fig. 9. In this study,

1 10 100
Frequency [Hz]

1000

Fig. 9. Frequency characteristics of the acoustic pressure plotted against
the sinusoidal modulation frequencies.
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Fig. 10. Experimental setting of the pressure distribution measurements.

the definition of the acoustic pressure and radiation pres-
sure in dB is given as 20 log ,p + C, where p [Pa] is the RMS
value and C is a constant offset. It was experimentally
shown that the differences in output amplitude were less
than 2 dB in the frequency range of 5 to 1,000 Hz. With
respect to the result of generating saw waves, it can be
safely said that the focused ultrasound serves as a remote
vibrotactile actuator that covers the primary frequency
range required for tactile stimuli.

5.2 Spatial Distribution

We measured the spatial distribution of acoustic pressure
around the focal point. Fig. 10 shows the experimental
setup. We mounted a four-unit AUTD system on a metal
framework. We also mounted a standard microphone on
the tip of a robot hand (FANUC M710-iC 20L) that per-
formed spatial scanning. The zy-coordinates corresponded
with the lattice of transducers and the z-axis was
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perpendicular to the emission surface. The array size was
364 mm x 302.8 mm. We performed the measurements
under two different conditions: (1) activating all four units
and (2) activating only unit. The origin of the zy-plane in
the case of the single-unit measurements was shifted to the
focal center. Under both conditions, the focal depth was set
to z = 100, 200, 400, 600, 800, and 1,000 mm, and was cen-
tered with respect to the array.

Fig. 11 depicts the RMS value of the observed acoustic
pressure distribution in the zy-plane at z = 400 mm. As
expected, the widened array produced an acoustic pressure
field that was more intense and spatially concentrated.
Fig. 11 also shows cross-sectional amplitude distributions
around the focal region with varied focal depths. It is seen
that by enlarging the aperture, the focal blurring effect can
be suppressed within a longer depth range. These results
strengthen the argument that widening aperture with multi-
ple array units can guarantee a widened workspace.

6 EXPERIMENTS ON DETECTION THRESHOLD

As we emphasized previously, another important contribu-
tion of the system is that it can present physical vibration of
arbitrarily designed waveforms on human skin.

6.1 Method

We conducted a subjective experiment to psychophysically
evaluate the fabricated system. We generated sinusoidally
modulated focus onto the palms of 12 experimental partici-
pants (aged from 22 to 32, including both males and
females), and determined the detection threshold curve
among several frequencies(5, 10, 20, 30, 50, 100, 200, 300,
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Fig. 11. Measured acoustic pressure field generated by one unit (left) and four units (right).



374 IEEE TRANSACTIONS ON HAPTICS, VOL. 11,

0.8

>l m \ﬂW Wq

0.67

| \
zo.sw/\v{\}”\

0.4f

Normalized Radiation Force

0.3 U U U

0 0.5 1

Time [s]
Fig. 12. Example of a sinusoidal wave packet presented to the partici-
pants. It is processed by the Hann window with an added DC offset.

500, and 1,000 Hz). Fig. 12 shows a waveform example of
radiation force exerted on the participants’ palms. Here,
radiation force refers to the surface integral of the radiation
pressure. Because the current system was not able to exert
negative radiation force, we added a constant DC offset to
the sinusoidal vibration, whose magnitude was a half of the
maximum output. Attention should be paid to the begin-
ning of the stimulation. When the sinusoidal vibration was
abruptly displayed to the participants, it would cause dis-
continuous changes in the displayed force, which are sensi-
tively detected. To remove this discontinuity in the
waveform, we multiplied its sinusoidal part by the Hann
window, such that its DC part and the vibrational part
could be smoothly jointed. The Hann window had a period
of 1 s. To sum up the above processes, the waveform
F(t) [N], where ¢ [s] denotes time, is represented as

F(t) = ,BF\[h(t) cos {Qﬂf(t — tU/Q)} + %FM, (€)
1 1
h(t) = 55 s (27t [tg), 9)

where 0 < ¢t < to,tp = 1's, Fjy [N] is the maximum radia-
tion force, g € [0,1] is the amplitude scaling factor, and
f [Hz] is the central frequency of the sinusoidal vibration.
The factor h(t) is the Hann window. F'(t) reaches its highest
value at ¢ = ¢)/2 and its temporal average is F);/2, regard-
less of f when f is the frequency of displayed vibration. In
the experiment, we varied the value of g in presenting
vibration to the participants” palms. The focal depth was set
to approximately 200 mm. As we previously mentioned, we
verified that the generated radiation force around the focal
region was approximately 20 mN with the maximum burst
output of the system. Hence, the maximum instantaneous
radiation force was 20 mN when B =1 and the DC offset
was 10 mN. In the experiment, the whole waveform was
displayed twice in a row for every trial.

Participants sat in front of the framework on which an
AUTD unit was mounted and placed one of their hands
under the device, with the palm facing upward. They wore
a headset playing pink noises masking audible noises gen-
erated by the ultrasound. Their hands were visually blocked
by a curtain. These were for the sake of excluding nontactile
stimuli from the participants’ perception. They were
instructed not to move their hands during the experiments.

In the experiment, we adopted the method of limit with
three consecutive ascending and descending processes. A
set of 200 linearly leveled stimuli was prepared (i.e.,
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Fig. 13. Acoustic amplitudes along the depth axis at the focal center.

B =0.005,0.01,...,1). We changed the value of g by 0.025
when g > 0.025 and by 0.005 when g < 0.025. Prior to every
presented stimulation, the participants were auditorily
informed that it was going to be presented. These alerts
were given to the participants as a chime heard from the
headset 0.5 s before the stimuli. The participants informed
the experimenter as to whether or not they felt the vibra-
tional stimuli by pressing a button they held. Because the
focal intensity was dependent on the depth (Fig. 13), the
participants had individually adjusted the focal depth
before the experiments started.

6.2 Results

Fig. 14 shows the results. In the experiment, some of the par-
ticipants did not respond to stimuli of maximum intensity at
5 Hz (four out of 12 participants did not respond) and
1,000 Hz (one out of 12 participants did not respond). In the
literature, the minimum detectable displacement threshold
of vibrotactile stimuli is approximately 200 Hz, where Paci-
nian corpuscles dominantly react to the exerted vibration
[26]. In our experiments, the obtained threshold curve is
shown to have a similar tendency along the frequency axis.
The minimum radiation pressure threshold is approxi-
mately 200 Hz, where g = 0.02, resulting in a radiation force
amplitude of 0.4 mN.

We also investigated the detection threshold of rectangu-
lar vibration with the same DC offset at the frequencies of
10, 50, and 100 Hz (Fig. 14). These stimuli were not proc-
essed with the Hann window. It is seen that the obtained
thresholds are lower than for sinusoidal stimuli, especially
at low frequencies. This is because of the harmonics con-
tained within the rectangular pulses. The differences in
threshold level indicate that our system was able to present
Hann-windowed sinusoidal vibrations and rectangular
pulses as distinctly different stimuli at the level of human
perception.

The intrinsic difference between the experimental situa-
tions of the conventional experiments using tactors and
ours is whether the threshold is measured by displacement
or pressure. These two physical quantities are different but
linearly correlated in the range of elastic deformation. The
present developed system scientifically clarified that the
detection threshold of pressure is minimized at 200 Hz and
the average pressure threshold to rectangular waves is



HASEGAWA AND SHINODA: AERIAL VIBROTACTILE DISPLAY BASED ON MULTIUNIT ULTRASOUND PHASED ARRAY 375

0
3 -] g
g -10 g ~§ 8 g
3 ﬁ o R ,
B (o] ° o~ 18
a -20 o Q X o/
£ g™ /
8 -30 —— .-
g E g
c -40 ]
0 . o
®
‘g -50
o 1 10 100 1000
Modulation Frequency [Hz]
. 0
o
i)
o -10
el
= 20 ? o
Q- o)
£ ‘é’ a
< __ |  Be.__
g -30 g - 4--.8
£ . g )
c -40 o
°
©
= -50
©
o 1 10 100 1000

Modulation Frequency [Hz]

® ParticipantA ©

*

Participant B Participant C

¢ ParticipantD = ParticipantE Participant F

A ParticipantG A Participant H Participant |

> o0 O

o

¢ Participant) Participant K Participant L

----- Average

Fig. 14. Psychophysically determined detection threshold of the vibrotac-
tile stimuli generated from focused acoustic radiation pressure for (upper
figure) Hann-windowed sinusoidal vibration and (lower figure) rectangu-
lar vibration. 0 dB corresponds to the maximum instantaneous radiation
force amplitude of 2 gf.

much lower than to sinusoidal waves in the low-frequency
range, by approximately 20 dB at 10 Hz.

The individual difference ranged from 15 to 20 dB. Con-
ceivable reasons for this include the difference of the finger
shape, stiffness, and age of the participants [27].

7 DISCUSSION

The obtained spatial distribution of the acoustic radiation
pressure demonstrates the focus-blurring effect magnified
with smaller apertures, although these results seems incon-
gruent with similar measurements conducted previously
[28]. As mentioned above, the focal size is theoretically
dependent on the aperture size. At least it can be claimed
that the radiation pressure at the center of the focus
increases as the number of the transducer increases.

The effects of combining multiple array units were exper-
imentally demonstrated: one is the widened workspaces
and the other is the broad frequency range of perceivable
stimuli. In the case of the four-unit system, the maximum
pressure at the focal center is halved when the focal depth
was set to 800 mm. This “halved-amplitude depth” for the

case of a single unit was approximately 400 mm. The focal
acoustic pressure with the focal depth of 1,000 mm was
approximately 40 percent of that obtained with the focal
depth of 200 mm. By squaring the ratio, the focal radiation
pressure with the depth of 1,000 mm is estimated to be 16
percent of that with the depth of 200 mm (-15.9 dB).
Because the vibrotactile detection threshold reaches its min-
imum (—35 dB) around 200 Hz with the focal depth of
approximately 200 mm, it is expected that 200 Hz sinusoidal
stimuli presented by the four-unit system are perceivable at
a distance of 1,000 mm from the device.

As a component of human—computer interaction sys-
tem, the most straightforward use of our technique would
be to give a pinpoint vibrotactile feedback to users by the
ultrasound arrays embedded in a large instrument. Owing
to the technical principle of the system that uses converging
ultrasound energy, our technique is difficult to implement
in a miniature system that offers sufficiently perceivable
stimuli. Therefore, our technique is more suitable for infra-
structure systems with an unspecified number of users
rather than handheld or wearable devices that are intended
to be used by individuals.

Among all the ultrasound tactile technologies, the
novelty of our work is the temporal evaluation of the
time-variant ultrasound focus as a vibrotactile actuator.
Because tactile sensation has degrees of freedom in both
the temporal and spatial domains, a number of touch sen-
sation are expected to be realized by properly designed
spatiotemporal patterns of stimulation. Although this
study simply focuses on a single-spot vibration, volumet-
ric acoustic fields with spatially variant vibration patterns
can be generated in principle. It should be an interesting
research topic to investigate the types of sensation such
stimuli can offer.

Prior to the experiments described above, we had pre-
liminary conducted a similar frequency perception experi-
ment with only a single AUTD unit, in which several
subjects claimed that they did not feel the vibrational sen-
sation at frequencies lower than 60 Hz. The current four-
unit system enables these low frequencies to be per-
ceivable. This broadens the range of presentable sensation
by the system.

It has been demonstrated that human skin and mecha-
noreceptors exhibit a self-demodulating effect of vibration
applied to the skin surface [26], [29]. This research was con-
ducted with a carrier frequency around several kilohertz.
To the best of our knowledge there have been no examples
work demonstrating the same effect with 40 kHz carrier
sinusoidal waves. There is currently no definitive basis for
determining whether the sensations felt by the subjects
were purely the time-varying radiation pressure or self-
demodulated 40 kHz-centered waveforms, as found in the
above literature. We expect that the main factor is the radia-
tion pressure, because the perceived stimulation feels com-
parable even in the case in which a light-weight ultrasound-
reflective object is placed on the skin. The confirmation of
this expectation remains for future work.

From the viewpoint of tactile texture, clarifying the type
of tactile experience a modulated ultrasound focus can gen-
erate and how realistic they can be is our next primary
research challenge.
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8 CONCLUSION

In this paper, we described a multiunit system of ultra-
sound phased arrays for generating mid-air vibrotactile sen-
sation whose waveform is arbitrarily designed. We verified
that synchronized units composed a widened emission
aperture, resulting in increased converged radiation pres-
sure, which leads to a widened workspace. We described a
PWM-based method to generate a desired waveform of
radiation pressure from width-modulated rectangular pulse
trains. The generated waveforms were measured via a stan-
dard microphone, which showed fairly good frequency and
phase characteristics. We determined the detection thresh-
old of the vibrotactile stimuli produced by focused ultra-
sound. The results showed that the threshold differed
between sinusoidal and rectangular vibration. The obtained
threshold curve for sinusoidal stimuli showed its lowest
value around 200 Hz, as in the literature reporting similar
experiments using contact vibrators.

The paper is mainly dedicated to describing the system
operation along with its physical effects on human skin.
Therefore, more detailed psychophysical and physiological
investigations on the tactile experiences offered by the sys-
tem will be our next focus.
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