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Midair Ultrasound Fragrance Rendering

Keisuke Hasegawa, Liwei Qiu and Hiroyuki Shinoda

Fig. 1. (a) Scented water vapor guided to the user’s nostrils via an ultrasound-driven flow. (b) The vapor simply goes up in the absence
of the flow. (c) The proposed system can remove an odor that is emitted from a point-like source by blowing it away.

Abstract—We propose a system that controls the spatial distribution of odors in an environment by generating electronically steerable 
ultrasound-driven narrow air flows. The proposed system is designed not only to remotely present a preset fragrance to a user, but 
also to provide applications that would be conventionally inconceivable, such as: 1) fetching the odor of a generic object placed at 
a location remote from the user and guiding it to his or her nostrils, or 2) nullifying the odor of an object near a user by carrying it 
away before it reaches his or her nostrils (Fig. 1). These are all accomplished with an ultrasound-driven air stream serving as an 
airborne carrier of fragrant substances. The flow originates from a point in midair located away from the ultrasound source and travels 
while accelerating and maintaining its narrow cross-sectional area. These properties differentiate the flow from conventional jet- or 
fan-driven flows and contribute to achieving a midair flow. In our system, we employed a phased array of ultrasound transducers 
so that the traveling direction of the flow could be electronically and instantaneously controlled. In this paper, we describe the 
physical principle of odor control, the system construction, and experiments conducted to evaluate remote fragrance presentation 
and fragrance tracking.
Index Terms—Olfactory display, ultrasound, nonlinear acoustics, acoustic streaming

1 INTRODUCTION

The olfactory sense is one of the essential sensory modalities of human
beings. In the realm of virtual reality (VR) systems, the importance of
the olfactory modality has been recognized for a long time [2], as seen
in a prototype system invented in the early stages of VR research [10].
While it is true that, compared with visual, auditory, and haptic tech-
nologies, the number of olfactory technologies is much smaller, there
are certain VR experiences that can be accomplished only by olfactory
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stimulation. Those experiences are often enhanced when combined
with the stimulation of other modalities.

The olfactory sense is aroused by fragrant substances that arrive
at the nostrils. One straightforward method to realize this is to use a
wearable olfactory display that contains a scent-emitting nozzle placed
near the user’s nostrils. Another approach is to present a scent to the
user by using a jet or air vortex cannon containing scented air. These
techniques could provide well-structured personalized olfactory expe-
riences.

While these techniques are quite effective, their application range
is limited to the presentation of specific prepared fragrances. They
are not designed for moving or redirecting odors emitted from generic
objects in the environment. Such spatial control of odors would open
the door to novel olfactory experiences such as tracking scents, scented
tele-existence, or the superposition or replacement of scents on real
objects.

We propose a technique for transporting an airborne fragrance by
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Fig. 2. Schematic depiction of (a) Conventional jet-driven flow and (b)
ultrasound-driven flow. (c) Actual generated flow. The vapor source
nearest to the ultrasound phased array is not redirected as much as the
other two.

generating a straight air flow driven by a midair ultrasound beam.
The generation of such straight air flows is known as acoustic stream-
ing [5]. The ultrasound-driven flow is accelerated in the air with the
kinetic energy supplied by the ultrasound field (Fig. 2). This mid-air
acceleration property is not seen with conventional jet- or fan-driven
flows, which merely lose their momentum the farther they travel. The
driving force of the flow is proportional to the acoustic energy distribu-
tion, which can have a resolution as fine as the ultrasound wavelength.
In our setup, the wavelength was 8.5 mm with 40 kHz transducers. By
properly controlling the output phases of the transducers, an intense
narrow flow was generated at an isolated midair point away from the
source. We utilized a phased array of ultrasound transducers so that
the position and the orientation of the resulting flow can be instanta-
neously steered. This electronically steerable air flow is expected to
offer midair fragrance control with a spatiotemporal flexibility that is
inconceivable with conventional methods (Fig. 3).

The proposed technique is unique in that the source of the fragrance
and its airborne carrier are separate. This makes it possible not only to
transport a prepared fragrance to the user, but also to redirect an odor
that already exists in the environment. As stated above, the fragrance
emitted from a generic object in the environment can be controlled
with our method.

Odors from multiple sources can be selectively presented to users
with a single transducer array. Our method does not require a compli-
cated mechanism such as a switching valve inside a fragrance emitter.
When ultrasound reflection at a wall is utilized to generate a flow

that comes from the wall, a flexible spatial setup of the fragrance
source and the ultrasound array can be achieved. These properties
can be used for removing an odor with a flow generated with a wall-
reflected ultrasound beam.

The contributions of the work are summarized as follows:

• We propose a technique that redirects a midair fragrance via an
ultrasound-driven air flow with the physical principle described
in the rest of this paper.

• We implemented an interactive prototype system that detected a
user’s face and redirected the fragrance toward it.

• We experimentally evaluated the spatial resolution and operating
space of the system. We also assessed the feasibility of utilizing
a flow generated by a reflected ultrasound beam coming from a
wall, as an airborne carrier of fragrances.

Fig. 3. Possible setups offered by the proposed system. (a) A prepared
fragrance can be conveyed to the user. (b) Tele-fragrance display, where
the odor of a generic object located away from the user can be conveyed
to his or her nostrils. (c) Removal of odor emitted from an object held by
the user by blowing the odor away before it reaches his or her nostrils.

2 RELATED WORK

2.1 Near-Field or Wearable Fragrance Displays
Fragrance displays that present (”display”) a scent in the near field
have been proposed [21] [18] [17]. However, these systems are not
intended to display scents in the far field. A common personal ol-
factory display is a wearable device [27] [9] [1] [3] that is suitable
for the immersive VR environments offered by head-mounted dis-
plays (HMDs). An HMD can entirely replace the user’s viewing field
with computer-generated graphics while excluding all wearable de-
vices from the users’ viewing field. In these situations, users are less
conscious of the devices they wear, no matter how visually bulky they
are. Thus, wearable systems have attracted broad interest and have
begun to be adopted in VR/AR applications [25].

2.2 Remote Airborne Fragrance Displays
In contrast to the techniques above, a few remote fragrance displays
that do not require the users to wear any special devices have been
proposed. [28] [22]. The fundamental principle of these systems is the
use of an air vortex cannon. An air vortex is a stable ”lump” of ejected
air that travels over a long distance with suppressed diffusion. Based
on this principle, those displays intermittently present prepared scents
to users. Although this method is feasible, the cannon must contain
fragrant air, which means that the air ejection mechanism and the fra-
grance source are inseparable. With our technique, on the other hand,
they can be made independent, so that more flexible spatial control of
odors is possible.

As another example where the fragrance and its carrier are sepa-
reted, use of multiple fans are also proposed [11] [12]. They intend to
control the direction of the wind by the interference of multiple wind
flow. However, in general, it is difficult to expect that fan-based meth-
ods offer localized airflows in far field.

Both of fan-based and vortex-based techniques require mechanical
movements to change the position of the presented scents. Although
some of the fan-based methods control the wind direction by tuning
the output velocities of multiple fixed fans, it is expected that only
rough direction control would be possible. Our method changes the

direction of midair acceleration instantaneously without any mechani-
cal movement of the device [6].

2.3 Applications of Nonlinear Ultrasound
Midair ultrasound phased arrays have attracted the interest of many
researchers mostly in the context of potential applications. Those
phased arrays consist of an array of ultrasound transducers whose out-
put phases and amplitudes are individually controlled. By appropri-
ately tuning the output waveforms, the array generates an electron-
ically rendered ultrasound field. For example, the ultrasound can
be focused at an arbitrary three-dimensional position. So far, many
applications have been demonstrated, including a midair haptic dis-
play [15] [13] [8] or sensing [4], and particle trapping [19]. These
systems all exploit the nonlinear ultrasound effect known as acoustic
radiation pressure [5], which is a static pressure arising on the surface
of a rigid object, which blocks the propagation of intense ultrasound.

Besides radiation pressure, another major nonlinear acoustic phe-
nomenon is acoustic streaming, which is a mass flow along an in-
tense sound propagation path [5]. The driving force per unit volume
in the flow is roughly understood to be proportional to the sound in-
tensity [16].
The generation of such ultrasound-driven air flows in an open space

have been reported [6]. In that report, the generation of an ultrasound
Bessel beam was also described. In that system, the highest-velocity
point in the flow is located away from the phased array, and the beam
is as narrow as the wavelength at the most concentrated region. We
utilized this type of ultrasound beam for generating narrow extended
flows that transport odors in an open space.

2.4 Technical Features of the Proposed Method
If one wishes to remotely present a fragrance to a user, use of ultra-
sound might not always be the most suitable solution. Nevertheless,
an ultrasound-driven flow possesses unique physical properties that are
unlike those achievable with jet-based vortex techniques.

An ultrasound phased array can produce an electronically steerable
straight flow. This means that no mechanical movement of the device
is required for changing the direction and the position of the flow.
The ultrasound field is generated instantaneously, which results in

immediate acceleration of the air. The theoretical traveling time of
the odor from its emission point to the user depends on the distance
between the fragrance source and the user, not on the distance between
the ultrasound source and the user. This is advantageous in terms of
reducing system latency when the source and the user are located close
to each other, while the ultrasound phased array is distant from the
user.
With a sufficiently large number of transducers forming a large-

aperture array, an arbitrarily long ultrasound beam can be obtained in
principle. Therefore, it is expected that we can create a straight air
flow in the far field while maintaining a small cross section, which is
not the case with conventional air flows driven by jets or fans. This
property can be exploited for localized fragrance presentation in a re-
gion distant from the device. Although a vortex ring can travel further
when its radius is increased, the larger size results in deteriorated spa-
tial resolution of the displayed fragrance.

This paper describes a system that transports a scent to a user on the
basis of the physical principle of generation of an ultrasound-driven,
steerable, straight, narrow airflow, along with its performance evalua-
tion. In this paper, we do not intend to claim the novelty of the physical
techniques employed. Rather, the primary contribution of this work is
an investigation of the possibility of airborne odor rendering, includ-
ing redirection, transportation, removal and selective presentation of
odors.

We should note that, in the experiments we conducted, the techni-
cal features mentioned above were not demonstrated to be obviously
advantageous compared to the other conventional methods. Here we
merely mention that those properties are expected in principle and will
be practically achieved with a more sophisticated system that includes
a greater number of ultrasound transducers in the array.

3 PHYSICAL PRINCIPLE

As described above, intense sound beams entail mass flows in the air
in the propagation direction. Our method creates ultrasound Bessel
beams that generate a straight air flow carrying odorant substances
in the air. Bessel beams were originally discussed in optical or elec-
tromagnetic fields as ‘nondiffracting beams’. With an infinitely large
radiation aperture, a Bessel beam extends over an infinitely long dis-
tance while keeping its cross-sectional energy distribution unblurred,
which is attractive for generating a straight and narrow stream.

A detailed description of the basic technique and a formulation for
generating a steerable Bessel beam with an ultrasound phased array
have been described elsewhere [6]. For improved understanding, here
we add a concise description of how the flow is physically formed.
A Bessel beam is intuitively understood as a wavefront radiated from
aggregated coherent linear sources forming a cone shape. The sound
energy density takes is maximum on the propagation axis where all
emissions collide ‘in phase’. The propagation axis is identical to the
cone axis (Fig. 4). The cross-section of the beam has an energy dis-
tribution in the form of concentric rings, which are described by a
solution of Bessel’s differential equation.

The ultrasound phased array can form a wide variety of wavefronts
by tuning the output phase shifts of individual transducers. It can gen-
erate wavefronts that appear to be radiated by a conical source, as de-
scribed above. A phase shift proportional to the distance between the
virtual cone and the transducers should be added to each of them. If
the phase calculation is done with a tilted cone, the resulting Bessel
beam and flow are oriented toward the cone axis. The traveling axis
of the flow can be shifted by moving the cone accordingly. The loca-
tion of the highest-velocity spot of the flow depends on the depth of
the generated beam determined by the apex angle of the virtual cone.
By properly placing a designed virtual cone on the radiation plane of
the ultrasound phased array, one obtains a straight flow with a desired
position and orientation. In our system, a flow that travels through the
fragrance source and arrives at the nostrils of the user is created for
presenting a fragrance.

The virtual conical source can be characterized with three parame-
ters: the base angle θ , the unit vector axis n= (nx,ny,nz), and the root
position rb = (xb,yb,0). Suppose that the radiation plane faces the z
direction. The proper phase shift to be applied at a transducer located
at r = (x,y,z) is given as follows. Obtain the root-shifted transducer
position r′ = r−rb and find the rotational operation A that redirects n
toward the z axis. Then, calculate a corresponding rotated transducer
location R = (X ,Y,Z) = A(r′). Finally, the following phase shift φ
proportional to the distance between R and the vertical cone whose
axis faces the z direction is obtained:

φ = k
(√

X2 +Y 2 sinθ −Z cosθ
)
, (1)

where k is the ultrasound wavenumber. The distance here is equivalent
to the correspondingly tilted cone and the transducer location r (Fig.
4 (c)).

The beam direction n and its root position rb are geometrically
obtained by the following calculation when the source position rs =
(xs,ys,zs) and the user position ru = (xu,yu,zu) are given:

n =
rn−rs

||rn−rs||
(2)

rb = rs−
zs
nz
n (3)

By reducing θ to zero, the generated beam can be located more
distant from the array. A rough estimation of the depth at the high-
est concentration of acoustic energy is geometrically given by A

4tanθ ,
where A is the array aperture, equivalent to the diameter when the
array is circular. Note that since we have a finite aperture, the more
distant the beam is located, the more planar the generated wavefronts
become. Consequently, the beam becomes broader with less energy
concentration. At the same time, a more distant beam extends farther
(Fig. 5).
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Fig. 2. Schematic depiction of (a) Conventional jet-driven flow and (b)
ultrasound-driven flow. (c) Actual generated flow. The vapor source
nearest to the ultrasound phased array is not redirected as much as the
other two.

generating a straight air flow driven by a midair ultrasound beam.
The generation of such straight air flows is known as acoustic stream-
ing [5]. The ultrasound-driven flow is accelerated in the air with the
kinetic energy supplied by the ultrasound field (Fig. 2). This mid-air
acceleration property is not seen with conventional jet- or fan-driven
flows, which merely lose their momentum the farther they travel. The
driving force of the flow is proportional to the acoustic energy distribu-
tion, which can have a resolution as fine as the ultrasound wavelength.
In our setup, the wavelength was 8.5 mm with 40 kHz transducers. By
properly controlling the output phases of the transducers, an intense
narrow flow was generated at an isolated midair point away from the
source. We utilized a phased array of ultrasound transducers so that
the position and the orientation of the resulting flow can be instanta-
neously steered. This electronically steerable air flow is expected to
offer midair fragrance control with a spatiotemporal flexibility that is
inconceivable with conventional methods (Fig. 3).

The proposed technique is unique in that the source of the fragrance
and its airborne carrier are separate. This makes it possible not only to
transport a prepared fragrance to the user, but also to redirect an odor
that already exists in the environment. As stated above, the fragrance
emitted from a generic object in the environment can be controlled
with our method.

Odors from multiple sources can be selectively presented to users
with a single transducer array. Our method does not require a compli-
cated mechanism such as a switching valve inside a fragrance emitter.
When ultrasound reflection at a wall is utilized to generate a flow

that comes from the wall, a flexible spatial setup of the fragrance
source and the ultrasound array can be achieved. These properties
can be used for removing an odor with a flow generated with a wall-
reflected ultrasound beam.

The contributions of the work are summarized as follows:

• We propose a technique that redirects a midair fragrance via an
ultrasound-driven air flow with the physical principle described
in the rest of this paper.

• We implemented an interactive prototype system that detected a
user’s face and redirected the fragrance toward it.

• We experimentally evaluated the spatial resolution and operating
space of the system. We also assessed the feasibility of utilizing
a flow generated by a reflected ultrasound beam coming from a
wall, as an airborne carrier of fragrances.

Fig. 3. Possible setups offered by the proposed system. (a) A prepared
fragrance can be conveyed to the user. (b) Tele-fragrance display, where
the odor of a generic object located away from the user can be conveyed
to his or her nostrils. (c) Removal of odor emitted from an object held by
the user by blowing the odor away before it reaches his or her nostrils.

2 RELATED WORK

2.1 Near-Field or Wearable Fragrance Displays
Fragrance displays that present (”display”) a scent in the near field
have been proposed [21] [18] [17]. However, these systems are not
intended to display scents in the far field. A common personal ol-
factory display is a wearable device [27] [9] [1] [3] that is suitable
for the immersive VR environments offered by head-mounted dis-
plays (HMDs). An HMD can entirely replace the user’s viewing field
with computer-generated graphics while excluding all wearable de-
vices from the users’ viewing field. In these situations, users are less
conscious of the devices they wear, no matter how visually bulky they
are. Thus, wearable systems have attracted broad interest and have
begun to be adopted in VR/AR applications [25].

2.2 Remote Airborne Fragrance Displays
In contrast to the techniques above, a few remote fragrance displays
that do not require the users to wear any special devices have been
proposed. [28] [22]. The fundamental principle of these systems is the
use of an air vortex cannon. An air vortex is a stable ”lump” of ejected
air that travels over a long distance with suppressed diffusion. Based
on this principle, those displays intermittently present prepared scents
to users. Although this method is feasible, the cannon must contain
fragrant air, which means that the air ejection mechanism and the fra-
grance source are inseparable. With our technique, on the other hand,
they can be made independent, so that more flexible spatial control of
odors is possible.

As another example where the fragrance and its carrier are sepa-
reted, use of multiple fans are also proposed [11] [12]. They intend to
control the direction of the wind by the interference of multiple wind
flow. However, in general, it is difficult to expect that fan-based meth-
ods offer localized airflows in far field.

Both of fan-based and vortex-based techniques require mechanical
movements to change the position of the presented scents. Although
some of the fan-based methods control the wind direction by tuning
the output velocities of multiple fixed fans, it is expected that only
rough direction control would be possible. Our method changes the

direction of midair acceleration instantaneously without any mechani-
cal movement of the device [6].

2.3 Applications of Nonlinear Ultrasound
Midair ultrasound phased arrays have attracted the interest of many
researchers mostly in the context of potential applications. Those
phased arrays consist of an array of ultrasound transducers whose out-
put phases and amplitudes are individually controlled. By appropri-
ately tuning the output waveforms, the array generates an electron-
ically rendered ultrasound field. For example, the ultrasound can
be focused at an arbitrary three-dimensional position. So far, many
applications have been demonstrated, including a midair haptic dis-
play [15] [13] [8] or sensing [4], and particle trapping [19]. These
systems all exploit the nonlinear ultrasound effect known as acoustic
radiation pressure [5], which is a static pressure arising on the surface
of a rigid object, which blocks the propagation of intense ultrasound.

Besides radiation pressure, another major nonlinear acoustic phe-
nomenon is acoustic streaming, which is a mass flow along an in-
tense sound propagation path [5]. The driving force per unit volume
in the flow is roughly understood to be proportional to the sound in-
tensity [16].
The generation of such ultrasound-driven air flows in an open space

have been reported [6]. In that report, the generation of an ultrasound
Bessel beam was also described. In that system, the highest-velocity
point in the flow is located away from the phased array, and the beam
is as narrow as the wavelength at the most concentrated region. We
utilized this type of ultrasound beam for generating narrow extended
flows that transport odors in an open space.

2.4 Technical Features of the Proposed Method
If one wishes to remotely present a fragrance to a user, use of ultra-
sound might not always be the most suitable solution. Nevertheless,
an ultrasound-driven flow possesses unique physical properties that are
unlike those achievable with jet-based vortex techniques.

An ultrasound phased array can produce an electronically steerable
straight flow. This means that no mechanical movement of the device
is required for changing the direction and the position of the flow.
The ultrasound field is generated instantaneously, which results in

immediate acceleration of the air. The theoretical traveling time of
the odor from its emission point to the user depends on the distance
between the fragrance source and the user, not on the distance between
the ultrasound source and the user. This is advantageous in terms of
reducing system latency when the source and the user are located close
to each other, while the ultrasound phased array is distant from the
user.
With a sufficiently large number of transducers forming a large-

aperture array, an arbitrarily long ultrasound beam can be obtained in
principle. Therefore, it is expected that we can create a straight air
flow in the far field while maintaining a small cross section, which is
not the case with conventional air flows driven by jets or fans. This
property can be exploited for localized fragrance presentation in a re-
gion distant from the device. Although a vortex ring can travel further
when its radius is increased, the larger size results in deteriorated spa-
tial resolution of the displayed fragrance.

This paper describes a system that transports a scent to a user on the
basis of the physical principle of generation of an ultrasound-driven,
steerable, straight, narrow airflow, along with its performance evalua-
tion. In this paper, we do not intend to claim the novelty of the physical
techniques employed. Rather, the primary contribution of this work is
an investigation of the possibility of airborne odor rendering, includ-
ing redirection, transportation, removal and selective presentation of
odors.

We should note that, in the experiments we conducted, the techni-
cal features mentioned above were not demonstrated to be obviously
advantageous compared to the other conventional methods. Here we
merely mention that those properties are expected in principle and will
be practically achieved with a more sophisticated system that includes
a greater number of ultrasound transducers in the array.

3 PHYSICAL PRINCIPLE

As described above, intense sound beams entail mass flows in the air
in the propagation direction. Our method creates ultrasound Bessel
beams that generate a straight air flow carrying odorant substances
in the air. Bessel beams were originally discussed in optical or elec-
tromagnetic fields as ‘nondiffracting beams’. With an infinitely large
radiation aperture, a Bessel beam extends over an infinitely long dis-
tance while keeping its cross-sectional energy distribution unblurred,
which is attractive for generating a straight and narrow stream.

A detailed description of the basic technique and a formulation for
generating a steerable Bessel beam with an ultrasound phased array
have been described elsewhere [6]. For improved understanding, here
we add a concise description of how the flow is physically formed.
A Bessel beam is intuitively understood as a wavefront radiated from
aggregated coherent linear sources forming a cone shape. The sound
energy density takes is maximum on the propagation axis where all
emissions collide ‘in phase’. The propagation axis is identical to the
cone axis (Fig. 4). The cross-section of the beam has an energy dis-
tribution in the form of concentric rings, which are described by a
solution of Bessel’s differential equation.

The ultrasound phased array can form a wide variety of wavefronts
by tuning the output phase shifts of individual transducers. It can gen-
erate wavefronts that appear to be radiated by a conical source, as de-
scribed above. A phase shift proportional to the distance between the
virtual cone and the transducers should be added to each of them. If
the phase calculation is done with a tilted cone, the resulting Bessel
beam and flow are oriented toward the cone axis. The traveling axis
of the flow can be shifted by moving the cone accordingly. The loca-
tion of the highest-velocity spot of the flow depends on the depth of
the generated beam determined by the apex angle of the virtual cone.
By properly placing a designed virtual cone on the radiation plane of
the ultrasound phased array, one obtains a straight flow with a desired
position and orientation. In our system, a flow that travels through the
fragrance source and arrives at the nostrils of the user is created for
presenting a fragrance.

The virtual conical source can be characterized with three parame-
ters: the base angle θ , the unit vector axis n= (nx,ny,nz), and the root
position rb = (xb,yb,0). Suppose that the radiation plane faces the z
direction. The proper phase shift to be applied at a transducer located
at r = (x,y,z) is given as follows. Obtain the root-shifted transducer
position r′ = r−rb and find the rotational operation A that redirects n
toward the z axis. Then, calculate a corresponding rotated transducer
location R = (X ,Y,Z) = A(r′). Finally, the following phase shift φ
proportional to the distance between R and the vertical cone whose
axis faces the z direction is obtained:

φ = k
(√

X2 +Y 2 sinθ −Z cosθ
)
, (1)

where k is the ultrasound wavenumber. The distance here is equivalent
to the correspondingly tilted cone and the transducer location r (Fig.
4 (c)).

The beam direction n and its root position rb are geometrically
obtained by the following calculation when the source position rs =
(xs,ys,zs) and the user position ru = (xu,yu,zu) are given:

n =
rn−rs

||rn−rs||
(2)

rb = rs−
zs
nz
n (3)

By reducing θ to zero, the generated beam can be located more
distant from the array. A rough estimation of the depth at the high-
est concentration of acoustic energy is geometrically given by A

4tanθ ,
where A is the array aperture, equivalent to the diameter when the
array is circular. Note that since we have a finite aperture, the more
distant the beam is located, the more planar the generated wavefronts
become. Consequently, the beam becomes broader with less energy
concentration. At the same time, a more distant beam extends farther
(Fig. 5).



1480  IEEE TRANSACTIONS ON VISUALIZATION AND COMPUTER GRAPHICS, VOL. 24, NO. 4, APRIL 2018

Fig. 4. (a) Concave conical source creating a Bessel beam. (b) The
same wavefronts generated by a phased array of ultrasound transduc-
ers. (c) The case with a tilted cone yielding a correspondingly tilted
Bessel beam.

Fig. 5. Numerically simulated acoustic energy distribution of Bessel
beams with different depth profiles.

4 SYSTEM CONSTRUCTION AND IMPLEMENTATION

We constructed a prototype system for controlling a spatial odor dis-
tribution. It was composed of a synthetic ultrasound phased array, a
user tracking sensor, a PC, and a fragrance source. We describe each
component below. Figure 6 shows the system setup and the actual
fabricated system.

4.1 Ultrasound Phased Array Units
As described, a larger aperture contributes to improved beam genera-
tion performance. Hence, we constructed a four-unit synthetic ultra-
sound phased array system. Each unit (Fig. 7) was governed by the
signals transmitted from the PC via Ethercat communication, guar-
anteeing adequately synchronized real-time communication among
units. According to the position and orientation of the desired flow,
a set of phase shifts on every transducer was calculated in the PC
and was sent to every array unit. Every unit contained 249 ultra-
sound transducers, each having a diameter of approximately 10 mm,
arranged in a lattice. The size of the radiation plane was 192 mm x
151.2 mm. In the radiation plane, one row and one column did not
contain transducers, and three transducers in the lattice were replaced
with screw fasteners. The power consumption per unit was 50 W at
most.

4.2 Fragrance Sources
Our system does not necessarily require a specifically prepared fra-
grance source. However, there are some desirable properties required
of the source. Since our method creates a flow to convey a fragrance,
the source should emit or diffuse a fragrance having as small a momen-
tum as possible. When the initial velocity of the ejected gas is higher
than that of the generated flow, it will not be precisely redirected. Note

Fig. 6. System setup and the coordinate system used in the experiments.

Fig. 7. Single ultrasound phased array unit.

that this applies to the vertical direction as well. That is, the method
might not be applicable to materials that are too light or too heavy
compared with the ambient air. Also, vigorous convection or evapora-
tion might undermine the performance of the proposed method. In user
studies, we used a diffuser of incense oil as a fragrance source. Note
that this source is different from the water atomizers used in many pre-
viously developed systems to visualize the flow. The reason why we
did not use the same devices in our experiments is that emitted water
vapor hides the users face from the Kinect V2 system used to track the
user’s face, and deteriorates the tracking performance. The diffuser we
used was composed of a sponge pad and a diffusing fan. The emitted
fragrance was invisible. The fragrance used was mint.

4.3 User Recognition

We used Kinect V2 for tracking the user’s face. Kinect V2 is com-
posed of a calibrated time-of-flight (ToF) depth sensor and RGB cam-
era. In the SDK of Kinect V2, body tracking and facial recognition
functions are implemented as usable libraries. We used these to cap-
ture the user’s face in real time. We defined the position of the nose in
the detected user’s face as the closest point to the Kinect V2.

4.4 Phase Calculation

Once the conical parameters are determined, the corresponding phase
calculation was performed in line with the formulae given in the pre-
vious section. For the calculation of the rotational operation, we used
Rodrigues’s rotational rule. The phase shift was quantized into 256
levels. All of the phase calculations were performed on the PC. The
results were sent to each unit via Ethercat.

x y
Still 73.27 50.44

Tracking 145.21 74.22
Table 1. Standard deviation [mm] of the obtained points

5 EXPERIMENTS

We conducted several experiments to assess the performance of our
system.

5.1 Measurements of Temporal Characteristics
We evaluated the physical latency of the system. It was expected
that the ultrasound beam is formed instantaneously after the transduc-
ers are driven. On the other hand, it is not self-evident whether the
ultrasound-driven flow is concurrently generated or whether there is
some delay. We measured this acoustic-fluid delay with a microphone
located next to the atomizer. The ultrasound field was sufficiently in-
tense outside of the Bessel beam for the microphone to sense. We vi-
sually recorded the redirected flow and the display on an oscilloscope
to which the microphone was connected. The video was captured at
30 fps, resulting in a temporal resolution of approximately 33.3 mil-
liseconds.
First, we measured the latency with a fixed beam with θ set to 16

degree. We set the atomizer depths to 0.4, 0.8, 1.2 and 1.6 m from the
phased array. Figure 8(top) shows the measured result, revealing that
larger latencies were observed with greater atomizer distance. This
is because the atomizer was outside of the beam in those cases. The
water vapor was guided with the air flow generated by the beam at the
speed of the flow velocity, which was much lower than the ultrasound
velocity. We then fixed the atomizer at the depth of 0.8 m and per-
formed the same measurements with θ set to 8, 12, 16 and 20 degrees.
As explained above, a smaller value of θ enabled the beam to reach
further. Figure 8 (bottom) shows the measured latencies against the
value of θ . Note that the value of the latency here indicates how long
it took for the flow to become stationary, and for initial transient move-
ment of the vapor to be seen immediately after (less than 1/30 second)
the ultrasound radiation when the values of θ were 8 and 12 degrees
(Fig. 9).
From the results, it can be concluded that 1) the flow was seen both

inside and outside the beam, and 2) inside the beam, the flow was
formed immediately after the ultrasound radiation, but 3) behind the
beam, inevitable latency that originated from the traveling distance
between the beam and the observed point was seen. Thus, we demon-
strated that the radiated beam promptly accelerated the air at a location
away from the phased array. This means that the latency could be min-
imized with a sufficiently long Bessel beam regardless of the source
position. It should be noted that beams reaching farther contain lower
energy density and consequently yield slower flows. Therefore, it de-
pends on the position of the user and the fragrance source whether
the energy density of the beam should be prioritized over the reaching
distance.

5.2 Spatial Evaluation
The purpose of this second experiment was to assess the operating
space of the system. We used six male participants (including the
author) in the experiments. Their ages ranged from 22 to 32. We
instructed them to sit on a chair and continuously move their upper
bodies while they breathed. During the experiment, the subjects held a
computer mouse and were instructed to click it whenever they smelled
the delivered scent. We collected these ’scented points’ to assess the
spatial properties of our system. We placed the fragrance source at
z = 350 mm with the emission aperture of the source located on the
z-axis. The subjects were seated at around z = 700 mm.

We conducted two experiments: one with a still beam and the other
with a tracking beam driven by the real-time face-tracking system.
First, we had participants smell the scent transported by a vertical
beam. From this experiment, we learned how the delivered scent was
spatially localized. In the second experiment, the face tracking was
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Fig. 8. Latency between radiated beam and formed flow with various
atomizer depths (top) and with various virtual conical source angles θ
and the atomizer located at z =0.8 m (bottom).

activated. As a result, a Bessel beam was created so that the fragrance
source and the subject’s nose were both in the path of the beam. Since
these procedures were performed in real time, face-tracking scent con-
veyance was realized. As we described in the previous subsection,
there were latencies that that were not negligible. Therefore, we asked
the participants to move slowly (less than approximately 1 m/s). The
second experiment was conducted to evaluate the effective operating
space of the system.
Figure 10 (a), (b) shows the scented points collected from all sub-

jects in the first (still beam) and the second (tracking beam) experi-
ments. Table 1 shows the standard deviation of the collected points
on the x and y axes. From the results, it was roughly assessed that the
vertical still flow could localize the conveyed flow within a region of
147 mm x 101 mm at a depth of around one meter from the device.
The graph shows that the operating space was widened with the face
tracking system enabled. From the calculated standard deviations, the
operating space was approximately 290 mm x 150 mm x 800 mm.
The reason why the y region in the operating space was the shortest is
ascribed to the difficulty in guiding the scent downward because the
diffuser itself was an obstacle hindering proper downward streaming.
Note that the results differed considerably among individuals. Figure
10 (c), (d) show the results for a subject who was relatively more sen-
sitive to the spatial scent distribution, and Figure 10 (e),(f) show those
for a less sensitive subject. In (c) and (d) more localized perception
with a still beam was observed. Almost all subjects commented that,
as the experiment progressed, they gradually lost confidence in their
olfactory sensitivity because of the adaptation of the sensory system
and the accumulation of emitted fragrance in the environment.

5.3 Flows with Reflected beams
We reflected the generated Bessel beam at a rigid wall and verified
that the reflected Beam could form a straight air flow as well (Figure
11). Since the Bessel beam is the physical outcome from the whole
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Fig. 4. (a) Concave conical source creating a Bessel beam. (b) The
same wavefronts generated by a phased array of ultrasound transduc-
ers. (c) The case with a tilted cone yielding a correspondingly tilted
Bessel beam.

Fig. 5. Numerically simulated acoustic energy distribution of Bessel
beams with different depth profiles.

4 SYSTEM CONSTRUCTION AND IMPLEMENTATION

We constructed a prototype system for controlling a spatial odor dis-
tribution. It was composed of a synthetic ultrasound phased array, a
user tracking sensor, a PC, and a fragrance source. We describe each
component below. Figure 6 shows the system setup and the actual
fabricated system.

4.1 Ultrasound Phased Array Units
As described, a larger aperture contributes to improved beam genera-
tion performance. Hence, we constructed a four-unit synthetic ultra-
sound phased array system. Each unit (Fig. 7) was governed by the
signals transmitted from the PC via Ethercat communication, guar-
anteeing adequately synchronized real-time communication among
units. According to the position and orientation of the desired flow,
a set of phase shifts on every transducer was calculated in the PC
and was sent to every array unit. Every unit contained 249 ultra-
sound transducers, each having a diameter of approximately 10 mm,
arranged in a lattice. The size of the radiation plane was 192 mm x
151.2 mm. In the radiation plane, one row and one column did not
contain transducers, and three transducers in the lattice were replaced
with screw fasteners. The power consumption per unit was 50 W at
most.

4.2 Fragrance Sources
Our system does not necessarily require a specifically prepared fra-
grance source. However, there are some desirable properties required
of the source. Since our method creates a flow to convey a fragrance,
the source should emit or diffuse a fragrance having as small a momen-
tum as possible. When the initial velocity of the ejected gas is higher
than that of the generated flow, it will not be precisely redirected. Note

Fig. 6. System setup and the coordinate system used in the experiments.

Fig. 7. Single ultrasound phased array unit.

that this applies to the vertical direction as well. That is, the method
might not be applicable to materials that are too light or too heavy
compared with the ambient air. Also, vigorous convection or evapora-
tion might undermine the performance of the proposed method. In user
studies, we used a diffuser of incense oil as a fragrance source. Note
that this source is different from the water atomizers used in many pre-
viously developed systems to visualize the flow. The reason why we
did not use the same devices in our experiments is that emitted water
vapor hides the users face from the Kinect V2 system used to track the
user’s face, and deteriorates the tracking performance. The diffuser we
used was composed of a sponge pad and a diffusing fan. The emitted
fragrance was invisible. The fragrance used was mint.

4.3 User Recognition

We used Kinect V2 for tracking the user’s face. Kinect V2 is com-
posed of a calibrated time-of-flight (ToF) depth sensor and RGB cam-
era. In the SDK of Kinect V2, body tracking and facial recognition
functions are implemented as usable libraries. We used these to cap-
ture the user’s face in real time. We defined the position of the nose in
the detected user’s face as the closest point to the Kinect V2.

4.4 Phase Calculation

Once the conical parameters are determined, the corresponding phase
calculation was performed in line with the formulae given in the pre-
vious section. For the calculation of the rotational operation, we used
Rodrigues’s rotational rule. The phase shift was quantized into 256
levels. All of the phase calculations were performed on the PC. The
results were sent to each unit via Ethercat.

x y
Still 73.27 50.44

Tracking 145.21 74.22
Table 1. Standard deviation [mm] of the obtained points

5 EXPERIMENTS

We conducted several experiments to assess the performance of our
system.

5.1 Measurements of Temporal Characteristics
We evaluated the physical latency of the system. It was expected
that the ultrasound beam is formed instantaneously after the transduc-
ers are driven. On the other hand, it is not self-evident whether the
ultrasound-driven flow is concurrently generated or whether there is
some delay. We measured this acoustic-fluid delay with a microphone
located next to the atomizer. The ultrasound field was sufficiently in-
tense outside of the Bessel beam for the microphone to sense. We vi-
sually recorded the redirected flow and the display on an oscilloscope
to which the microphone was connected. The video was captured at
30 fps, resulting in a temporal resolution of approximately 33.3 mil-
liseconds.
First, we measured the latency with a fixed beam with θ set to 16

degree. We set the atomizer depths to 0.4, 0.8, 1.2 and 1.6 m from the
phased array. Figure 8(top) shows the measured result, revealing that
larger latencies were observed with greater atomizer distance. This
is because the atomizer was outside of the beam in those cases. The
water vapor was guided with the air flow generated by the beam at the
speed of the flow velocity, which was much lower than the ultrasound
velocity. We then fixed the atomizer at the depth of 0.8 m and per-
formed the same measurements with θ set to 8, 12, 16 and 20 degrees.
As explained above, a smaller value of θ enabled the beam to reach
further. Figure 8 (bottom) shows the measured latencies against the
value of θ . Note that the value of the latency here indicates how long
it took for the flow to become stationary, and for initial transient move-
ment of the vapor to be seen immediately after (less than 1/30 second)
the ultrasound radiation when the values of θ were 8 and 12 degrees
(Fig. 9).
From the results, it can be concluded that 1) the flow was seen both

inside and outside the beam, and 2) inside the beam, the flow was
formed immediately after the ultrasound radiation, but 3) behind the
beam, inevitable latency that originated from the traveling distance
between the beam and the observed point was seen. Thus, we demon-
strated that the radiated beam promptly accelerated the air at a location
away from the phased array. This means that the latency could be min-
imized with a sufficiently long Bessel beam regardless of the source
position. It should be noted that beams reaching farther contain lower
energy density and consequently yield slower flows. Therefore, it de-
pends on the position of the user and the fragrance source whether
the energy density of the beam should be prioritized over the reaching
distance.

5.2 Spatial Evaluation
The purpose of this second experiment was to assess the operating
space of the system. We used six male participants (including the
author) in the experiments. Their ages ranged from 22 to 32. We
instructed them to sit on a chair and continuously move their upper
bodies while they breathed. During the experiment, the subjects held a
computer mouse and were instructed to click it whenever they smelled
the delivered scent. We collected these ’scented points’ to assess the
spatial properties of our system. We placed the fragrance source at
z = 350 mm with the emission aperture of the source located on the
z-axis. The subjects were seated at around z = 700 mm.

We conducted two experiments: one with a still beam and the other
with a tracking beam driven by the real-time face-tracking system.
First, we had participants smell the scent transported by a vertical
beam. From this experiment, we learned how the delivered scent was
spatially localized. In the second experiment, the face tracking was
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Fig. 8. Latency between radiated beam and formed flow with various
atomizer depths (top) and with various virtual conical source angles θ
and the atomizer located at z =0.8 m (bottom).

activated. As a result, a Bessel beam was created so that the fragrance
source and the subject’s nose were both in the path of the beam. Since
these procedures were performed in real time, face-tracking scent con-
veyance was realized. As we described in the previous subsection,
there were latencies that that were not negligible. Therefore, we asked
the participants to move slowly (less than approximately 1 m/s). The
second experiment was conducted to evaluate the effective operating
space of the system.
Figure 10 (a), (b) shows the scented points collected from all sub-

jects in the first (still beam) and the second (tracking beam) experi-
ments. Table 1 shows the standard deviation of the collected points
on the x and y axes. From the results, it was roughly assessed that the
vertical still flow could localize the conveyed flow within a region of
147 mm x 101 mm at a depth of around one meter from the device.
The graph shows that the operating space was widened with the face
tracking system enabled. From the calculated standard deviations, the
operating space was approximately 290 mm x 150 mm x 800 mm.
The reason why the y region in the operating space was the shortest is
ascribed to the difficulty in guiding the scent downward because the
diffuser itself was an obstacle hindering proper downward streaming.
Note that the results differed considerably among individuals. Figure
10 (c), (d) show the results for a subject who was relatively more sen-
sitive to the spatial scent distribution, and Figure 10 (e),(f) show those
for a less sensitive subject. In (c) and (d) more localized perception
with a still beam was observed. Almost all subjects commented that,
as the experiment progressed, they gradually lost confidence in their
olfactory sensitivity because of the adaptation of the sensory system
and the accumulation of emitted fragrance in the environment.

5.3 Flows with Reflected beams
We reflected the generated Bessel beam at a rigid wall and verified
that the reflected Beam could form a straight air flow as well (Figure
11). Since the Bessel beam is the physical outcome from the whole
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Fig. 9. The movement of water vapor and the captured ultrasound wave-
form. In the case of θ = 8 degrees, the atomizer was in the beam and
the vapor started to move immediately. On the other hand, in the case
of θ = 20 degrees, it took almost 633 ms for the vapor to start to move.

ultrasound field, not only that around the beam axis, it was expected
that the reflected beam will not be properly produced if the wall is too
small. A flow that came from the wall was generated, which indicates
that the ultrasound phased array does not always have to be placed
behind the fragrance source. Thus, with the use of reflected beams, it
will be possible to achieve a higher number of possible paths of the
flow with a fixed arrangement of equipment, fragrance sources and
users.

5.4 Selective Redirection of Multiple Odorant Sources
Displaying multiple scents in an individual or mixed manner is a topic
of great interest and has been achieved with several techniques [26]
[24]. We tried replacing an airborne fragrance with our method.
The system we constructed could generate a steerable narrow flow.

It can be easily implemented as a selective fragrance display with mul-
tiple fragrance sources (Figure 12). We verified that it was possible
to sequentially present a set of various fragrances to users at the very
front of the users’ nostrils. Figure 13 depicts the spatial setup used in a
preliminary experiment for alternately presenting two different scents
to users. We placed two fragrance emitters in front of the ultrasound
phased array. We constructed an 8-unit array system for this experi-
ment. One source emitted lemon-scented vapor, and the other emitted
mint-scented vapor. Users sat in front of the array and the fragrance
emitters. We alternately generated two flows that corresponded to each
scent. Each flow had a path that passed through the corresponding fra-
grance emitter and reached the nostrils of the user. We used two exper-
imental subjects, both of who answered that they clearly experienced
the change of the displayed scent. At two exhibition events, including
SIGGRAPH asia 2017, several hundred visitors to our display experi-
enced a system with a similar setup, and almost all of them claimed to

notice changes in the fragrances [7].

5.5 Removal of Odor
As seen in Fig. 1, an odor emitted from a relatively small aperture can
be blown away. We tested this with canned hot coffee and confirmed
that its scent disappeared when the positioning of the can, the nose,
and the flow was appropriate.

6 DISCUSSION

The current system produces a single straight Bessel beam that ac-
cordingly entails a flow that extends over a certain length. In prin-
ciple, more complicated flows, such as multiple linear flows, can be
generated since systems described in the literature demonstrate the re-
alization of complicated spatial distributions of midair ultrasound en-
ergy [20] [14]. By employing a similar technique in our system, for
instance, a flow that changes its direction in the middle of the path can
be expected.
Currently, the generated flows were perceptible as tactile stimula-

tion.
The flows generated with the system were turbulent, which is not

desirable for localization of the conveyed fragrance. Another possi-
ble factor that undermines the localization is diffusion, although this is
not considered dominant in the case of our system since the flows were
much faster than the spreading velocity of freely diffused airborne ma-
terials. A Bessel beam contains most of its energy concentrated along
the propagation axis. This property is advantageous in terms of in-
creasing velocity; however, it easily causes turbulence because of the
radial velocity gradient due to the concentric energy distribution. If we
can generate a laminar flow that travels as fast as the flow we gener-
ated for the experiments, it might be possible to realize much improved
odor localization.
From the perspective of the effective operating space and temporal

latency of the displayed fragrance, the current setup is partially suc-
cessful. As for the spatial operating space, scents can be delivered in
the air over distances of around one meter by using vortex-based [23]
techniques. It is expected that a combination of fan-based techniques
would transport midair scents over distance of one meter [11] [12]. It
also has been reported that the vortex-based technique entails a latency
of one second when transporting a fragrance over a distance of 1.5 m.
These figures are comparable with or slightly better than our current
version of the system. The maximum flow velocity was approximately
3 m/s within a small range of depths of several centimeters, result-
ing in latencies of a few seconds for some spatial arrangements. A
larger synthetic aperture composed of a greater number of array units
could be used for generating a stronger unblurred beam that travels
farther, which would contributes to achieving a shorter traveling time
and a wider operating space while maintaining sufficiently localized
fragrance transportation.

When the prepared fragrance was presented to users, the concentra-
tion of the fragrant material in the environment gradually increased. If
one wants to eliminate this, ventilation outlets would be required for
discharging the emitted fragrance. Ultrasound-driven flows that con-
vey the fragrance to those outlets would expedite this ventilation. We
also described the possibility of removing the emitted odor. This is
not the case with an ambient odor that has a uniform concentration in
the environment. An alternative method to attenuate this kind of odor
would be to override it with a more refreshing scent that is conveyed
with our system. The same also applies to odorant sources that are too
large for a single narrow flow to thoroughly blow away.

The generated beams were intense. The maximum sound intensity
reached over 160 dB in SPL. Sound at this intensity is too loud and
might be dangerous at audible frequencies. Since there is no clear
evidence to conclude whether such intense midair ultrasound is dan-
gerous or not, we instructed the experimental subjects to wear head-
sets and glasses. Outside of the beam, the ultrasound energy was
much lower. Therefore, appropriately controlled emission of ultra-
sound would make the system much safer. In practice, it would be
advisable to make sure that grating lobes, described below, are also at
safe positions.
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Fig. 10. Collected scented point in three-dimensional space. Red points indicate those with a still flow. Blue points indicate those with a tracking
flow. Data from all subjects (a),(b), a relatively more sensitive subject (c), (d), and a relatively less sensitive subject (e), (f).

7 LIMITATIONS OF THE CURRENT SYSTEM

The current system generates only straight flows. This means that the
beam origin, the fragrance source and the user must be arranged in a
straight line, in general. This spatial constraint would result in a very
limited operating space with a specific spatial setup. As stated above,
a wall-reflected beam could be used for widening the operating space
in some of those situations. We also plan to construct a multi-array
system that surrounds users with several emitting planes. In addition,
non-straight beams [29] would be another solution for this problem.

The phased arrays used in the system can be regarded as a set of dis-
crete point wave source, which means that the radiation plane of the
array is not continuous. This causes the common ‘grating lobe’ prob-
lem. Here, grating lobes refer to ‘ghost’ images of the generated beam.
These beams of course yield flows along them, resulting in unwanted
redirection of scents. Figure 14 indicates the existence of such beams,
and we experimentally verified that they do exist. Unfortunately, this
problem is inevitable when using a phased source set. However, the
interval between the ‘genuine’ beam and the grating lobes can be in-
creased by reducing the interval between the transducers. The current
system contains transducers of 10 mm diameter. If smaller transduc-
ers were available and densely mounted on the array unit, the grating
lobes would appear farther away from the main beam.

8 POTENTIAL APPLICATIONS

8.1 Anti-Malodor System
We discussed the possibility of removing an odor from objects held
by users and concluded that it is possible in principle. Therefore, our
technique could be used in shunning harmful or disgusting odors, such
as cigarette smoke or unwanted perfume.

8.2 Odor Replacement
In principle, the generation of multiple flows is possible. Hence, by
adding another fragrance after removing an existing one, odor replace-
ment would be achieved. This is something that the air-vortex-based
techniques cannot handle because they can only present an odor to
users. In contrast, our method can remove an existing odor. Thus, it
would be possible to have an experience wherein the scent of coffee
suddenly turns into that of tea while drinking it. Since olfactory stim-
uli govern the subjective perception of taste [25], such a system might

help children eat vegetables that they do not like by replacing their
odor with more enjoyable ones.

8.3 Midair Odor Mixing
We transported two different scents emitted from two different fra-
grance sources to a specific position. This procedure can be simul-
taneously performed by generating two flows at the same time. This
results in two different scents colliding at a region where mixing of the
scents is caused. It is possible to present a wide variety of fragrances
by mixing several primitive scents.

8.4 Scent Permeation
Our method would also be applicable to permeating scents to some
objects. For example, an airborne perfume presentation system that
is embedded in the environment can be realized. With highly volatile
materials, users can enjoy many type of perfumes one after another
without personally possessing them. Smell is a common sensation
among various living organisms. Some chemical substances that are
not harmful or even perceivable to human beings can affect specific
kinds of creatures. This may be exploited to prevent annoying insects
from coming to us or to make pets docile.

9 CONCLUSIONS

We proposed and fabricated a midair odor control system that utilizes
an electronically steerable ultrasound Bessel beam based on the prin-
ciple of acoustic streaming. Combined with fragrance emitters, our
system could convey a scent to a user located approximately one me-
ter away from the ultrasound phased array. Since the displayed scent
was localized within an area that was as large as a human face, it can be
said that the presented scent is sufficiently personalized. In addition,
our system could generate a flow that tracked the user’s face captured
with Kinect v2. Although the temporal response of the system still
has some room for improvement, we experimentally demonstrated that
the tracking system could widen the operating space in which the fra-
grance is effectively displayed. We also verified that an odor emitted
from an object close to the user could be removed by blowing it away
with our technique, and that the reflected Bessel beams could generate
reoriented flows. These findings will be advantageous for new appli-
cations and for flexible system setups. In the discussion section, we
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Fig. 9. The movement of water vapor and the captured ultrasound wave-
form. In the case of θ = 8 degrees, the atomizer was in the beam and
the vapor started to move immediately. On the other hand, in the case
of θ = 20 degrees, it took almost 633 ms for the vapor to start to move.

ultrasound field, not only that around the beam axis, it was expected
that the reflected beam will not be properly produced if the wall is too
small. A flow that came from the wall was generated, which indicates
that the ultrasound phased array does not always have to be placed
behind the fragrance source. Thus, with the use of reflected beams, it
will be possible to achieve a higher number of possible paths of the
flow with a fixed arrangement of equipment, fragrance sources and
users.

5.4 Selective Redirection of Multiple Odorant Sources
Displaying multiple scents in an individual or mixed manner is a topic
of great interest and has been achieved with several techniques [26]
[24]. We tried replacing an airborne fragrance with our method.
The system we constructed could generate a steerable narrow flow.

It can be easily implemented as a selective fragrance display with mul-
tiple fragrance sources (Figure 12). We verified that it was possible
to sequentially present a set of various fragrances to users at the very
front of the users’ nostrils. Figure 13 depicts the spatial setup used in a
preliminary experiment for alternately presenting two different scents
to users. We placed two fragrance emitters in front of the ultrasound
phased array. We constructed an 8-unit array system for this experi-
ment. One source emitted lemon-scented vapor, and the other emitted
mint-scented vapor. Users sat in front of the array and the fragrance
emitters. We alternately generated two flows that corresponded to each
scent. Each flow had a path that passed through the corresponding fra-
grance emitter and reached the nostrils of the user. We used two exper-
imental subjects, both of who answered that they clearly experienced
the change of the displayed scent. At two exhibition events, including
SIGGRAPH asia 2017, several hundred visitors to our display experi-
enced a system with a similar setup, and almost all of them claimed to

notice changes in the fragrances [7].

5.5 Removal of Odor
As seen in Fig. 1, an odor emitted from a relatively small aperture can
be blown away. We tested this with canned hot coffee and confirmed
that its scent disappeared when the positioning of the can, the nose,
and the flow was appropriate.

6 DISCUSSION

The current system produces a single straight Bessel beam that ac-
cordingly entails a flow that extends over a certain length. In prin-
ciple, more complicated flows, such as multiple linear flows, can be
generated since systems described in the literature demonstrate the re-
alization of complicated spatial distributions of midair ultrasound en-
ergy [20] [14]. By employing a similar technique in our system, for
instance, a flow that changes its direction in the middle of the path can
be expected.
Currently, the generated flows were perceptible as tactile stimula-

tion.
The flows generated with the system were turbulent, which is not

desirable for localization of the conveyed fragrance. Another possi-
ble factor that undermines the localization is diffusion, although this is
not considered dominant in the case of our system since the flows were
much faster than the spreading velocity of freely diffused airborne ma-
terials. A Bessel beam contains most of its energy concentrated along
the propagation axis. This property is advantageous in terms of in-
creasing velocity; however, it easily causes turbulence because of the
radial velocity gradient due to the concentric energy distribution. If we
can generate a laminar flow that travels as fast as the flow we gener-
ated for the experiments, it might be possible to realize much improved
odor localization.
From the perspective of the effective operating space and temporal

latency of the displayed fragrance, the current setup is partially suc-
cessful. As for the spatial operating space, scents can be delivered in
the air over distances of around one meter by using vortex-based [23]
techniques. It is expected that a combination of fan-based techniques
would transport midair scents over distance of one meter [11] [12]. It
also has been reported that the vortex-based technique entails a latency
of one second when transporting a fragrance over a distance of 1.5 m.
These figures are comparable with or slightly better than our current
version of the system. The maximum flow velocity was approximately
3 m/s within a small range of depths of several centimeters, result-
ing in latencies of a few seconds for some spatial arrangements. A
larger synthetic aperture composed of a greater number of array units
could be used for generating a stronger unblurred beam that travels
farther, which would contributes to achieving a shorter traveling time
and a wider operating space while maintaining sufficiently localized
fragrance transportation.

When the prepared fragrance was presented to users, the concentra-
tion of the fragrant material in the environment gradually increased. If
one wants to eliminate this, ventilation outlets would be required for
discharging the emitted fragrance. Ultrasound-driven flows that con-
vey the fragrance to those outlets would expedite this ventilation. We
also described the possibility of removing the emitted odor. This is
not the case with an ambient odor that has a uniform concentration in
the environment. An alternative method to attenuate this kind of odor
would be to override it with a more refreshing scent that is conveyed
with our system. The same also applies to odorant sources that are too
large for a single narrow flow to thoroughly blow away.

The generated beams were intense. The maximum sound intensity
reached over 160 dB in SPL. Sound at this intensity is too loud and
might be dangerous at audible frequencies. Since there is no clear
evidence to conclude whether such intense midair ultrasound is dan-
gerous or not, we instructed the experimental subjects to wear head-
sets and glasses. Outside of the beam, the ultrasound energy was
much lower. Therefore, appropriately controlled emission of ultra-
sound would make the system much safer. In practice, it would be
advisable to make sure that grating lobes, described below, are also at
safe positions.
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Fig. 10. Collected scented point in three-dimensional space. Red points indicate those with a still flow. Blue points indicate those with a tracking
flow. Data from all subjects (a),(b), a relatively more sensitive subject (c), (d), and a relatively less sensitive subject (e), (f).

7 LIMITATIONS OF THE CURRENT SYSTEM

The current system generates only straight flows. This means that the
beam origin, the fragrance source and the user must be arranged in a
straight line, in general. This spatial constraint would result in a very
limited operating space with a specific spatial setup. As stated above,
a wall-reflected beam could be used for widening the operating space
in some of those situations. We also plan to construct a multi-array
system that surrounds users with several emitting planes. In addition,
non-straight beams [29] would be another solution for this problem.

The phased arrays used in the system can be regarded as a set of dis-
crete point wave source, which means that the radiation plane of the
array is not continuous. This causes the common ‘grating lobe’ prob-
lem. Here, grating lobes refer to ‘ghost’ images of the generated beam.
These beams of course yield flows along them, resulting in unwanted
redirection of scents. Figure 14 indicates the existence of such beams,
and we experimentally verified that they do exist. Unfortunately, this
problem is inevitable when using a phased source set. However, the
interval between the ‘genuine’ beam and the grating lobes can be in-
creased by reducing the interval between the transducers. The current
system contains transducers of 10 mm diameter. If smaller transduc-
ers were available and densely mounted on the array unit, the grating
lobes would appear farther away from the main beam.

8 POTENTIAL APPLICATIONS

8.1 Anti-Malodor System
We discussed the possibility of removing an odor from objects held
by users and concluded that it is possible in principle. Therefore, our
technique could be used in shunning harmful or disgusting odors, such
as cigarette smoke or unwanted perfume.

8.2 Odor Replacement
In principle, the generation of multiple flows is possible. Hence, by
adding another fragrance after removing an existing one, odor replace-
ment would be achieved. This is something that the air-vortex-based
techniques cannot handle because they can only present an odor to
users. In contrast, our method can remove an existing odor. Thus, it
would be possible to have an experience wherein the scent of coffee
suddenly turns into that of tea while drinking it. Since olfactory stim-
uli govern the subjective perception of taste [25], such a system might

help children eat vegetables that they do not like by replacing their
odor with more enjoyable ones.

8.3 Midair Odor Mixing
We transported two different scents emitted from two different fra-
grance sources to a specific position. This procedure can be simul-
taneously performed by generating two flows at the same time. This
results in two different scents colliding at a region where mixing of the
scents is caused. It is possible to present a wide variety of fragrances
by mixing several primitive scents.

8.4 Scent Permeation
Our method would also be applicable to permeating scents to some
objects. For example, an airborne perfume presentation system that
is embedded in the environment can be realized. With highly volatile
materials, users can enjoy many type of perfumes one after another
without personally possessing them. Smell is a common sensation
among various living organisms. Some chemical substances that are
not harmful or even perceivable to human beings can affect specific
kinds of creatures. This may be exploited to prevent annoying insects
from coming to us or to make pets docile.

9 CONCLUSIONS

We proposed and fabricated a midair odor control system that utilizes
an electronically steerable ultrasound Bessel beam based on the prin-
ciple of acoustic streaming. Combined with fragrance emitters, our
system could convey a scent to a user located approximately one me-
ter away from the ultrasound phased array. Since the displayed scent
was localized within an area that was as large as a human face, it can be
said that the presented scent is sufficiently personalized. In addition,
our system could generate a flow that tracked the user’s face captured
with Kinect v2. Although the temporal response of the system still
has some room for improvement, we experimentally demonstrated that
the tracking system could widen the operating space in which the fra-
grance is effectively displayed. We also verified that an odor emitted
from an object close to the user could be removed by blowing it away
with our technique, and that the reflected Bessel beams could generate
reoriented flows. These findings will be advantageous for new appli-
cations and for flexible system setups. In the discussion section, we
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Fig. 11. Flows generated with a reflected Bessel beam (top). When the
wall is removed, the flow disappears (bottom).

stated that a larger array aperture would improve the system perfor-
mance in terms of a larger operating space, faster temporal response
and less odor spreading.

We consider the most important contribution of the paper is that
we demonstrated the effectiveness of the concept of controlling an air
flow with ultrasound radiation. In order to improve the effectiveness
further, we plan to develop a system with a larger aperture, as stated
above. We will also seek to generate beams that yield sufficiently fast
laminar flows with a certain degree of robustness. Another important
issue is to demonstrate the practical utility of this system by showing
application examples. Last but not least is a thorough evaluation of
safety. To make the most of the proposed technique, it is desirable to
free users from the need to wear glasses or headphones for the sake of
safety.
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stated that a larger array aperture would improve the system perfor-
mance in terms of a larger operating space, faster temporal response
and less odor spreading.

We consider the most important contribution of the paper is that
we demonstrated the effectiveness of the concept of controlling an air
flow with ultrasound radiation. In order to improve the effectiveness
further, we plan to develop a system with a larger aperture, as stated
above. We will also seek to generate beams that yield sufficiently fast
laminar flows with a certain degree of robustness. Another important
issue is to demonstrate the practical utility of this system by showing
application examples. Last but not least is a thorough evaluation of
safety. To make the most of the proposed technique, it is desirable to
free users from the need to wear glasses or headphones for the sake of
safety.
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