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ABSTRACT We propose a method for two-dimensional remote position control of centimeter-scale objects
using airborne ultrasound. To actuate objects 1–2 cm in size, previous studies utilized magnetic methods
because they are too small to incorporate motors and batteries. In addition to magnets, airborne ultrasound,
which produces a noncontact force, can actuate various objects from the outside. However, when the size
of an object is larger than the ultrasound wavelength, methods using standing waves cannot be applied.
We introduced an acoustically transparent screen and designed objects with concave bottoms so that the
position of objects with a size larger than the wavelength could be controlled on the screen by an ultrasonic
focus. Because our method relies only on the concave bottom of the object, its materials and visible upper
parts can be designed according to the usage scenario. For example, food and transparent objects, which are
difficult to equip with mechanical components, can be remotely actuated. It was confirmed that an object
with a concave bottom diameter of 12 mmmoved continuously at an average speed of 28.5 mm/s. Actuating
multiple objects is also achieved by the time-division control of the focal point without depending on their
mutual positional relationships.

INDEX TERMS Acoustic manipulation, airborne ultrasound, centimeter-scale object, multi object control,
untethered actuation, two-dimensional position control.

I. INTRODUCTION
The size of a standalone small robot is primarily determined
by the sizes of its motor and battery. Simple small robots for
swarm robot applications, such as Kilobot [1], Sony Toio,
and Zooids [2], have built-in motors and batteries and have
sizes of approximately 3 cm per side. The lower limit of the
robot size is approximately 3 cm per side when typical motors
and batteries are used. Inspired by insects and animals in
nature, other untethered drive methods have been proposed
for moving robots smaller than 3 cm [3], [4]. In this study,
we focused on remotely actuating smaller objects, 1–2 cm
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in size and made of differnt materials, in a two-dimensional
workspace.

Actuation methods using passive mechanisms without
built-in motors and batteries have been studied at the scale
of micrometers to centimeters [5]. In particular, attention has
been focused on methods using magnets that can be driven
in vivo. Soft materials allow deformation and movement [6],
[7], [8] as well as designs and motions that mimic those of
actual living organisms [4], [9]. Objects made of paper [10] or
wood [11] can be actuated from the outside; however, because
of the use of magnetic force, it is necessary to attach a magnet
to the object or magnetize it.

The method of applying force through air using airborne
ultrasound does not require the object to be actuated to have
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FIGURE 1. The proposed system. Airborne ultrasound phased arrays
(AUPAs) and an acoustically transparent mesh screen are used to control
the two-dimensional positions of objects on the screen. The bottoms of
the objects have concave shapes with a diameter larger than the
ultrasound wavelength (8.5 mm).

any specific physical properties other than large acoustic
impedance. Typical examples include trapping spheres of
a few millimeters in a standing-wave acoustic pressure
node for levitation and manipulation [12], [13], rotation
control [14], and optimal trajectory design [15], [16].
This technique can be applied to liquids, food [17], and
insects [18]. An airborne ultrasound phased array (AUPA),
which is used to control the acoustic field in a space,
typically consists of 40 kHz transducers. The wavelength
of ultrasound in air is approximately 8.5 mm at room
temperature. Because standing wave methods can be applied
to half-wavelength objects, they can be used to control objects
in a three-dimensional space as long as they are smaller
than 5 mm. Several studies have used different ultrasonic
techniques to control spherical objects with diameters larger
than 5 mm, for example, the three-dimensional position
control of a 10-cm floating balloon injected with helium
gas [19] and the levitation of a 3-cm polystyrene sphere in a
steady position [20]. In addition, liquid droplets [21] or solid
spheres have been moved on a support plane [22].
In this paper, we propose a method for controlling the

two-dimensional positions of centimeter-sized objects with
customizable shapes and materials on a plane using airborne
ultrasound. As shown in Fig. 1, the proposed system consists
of AUPAs, an acoustically transparent screen, and objects
with concave bottoms. By directing the ultrasound from the
AUPAs positioned below the screen toward the bottom of
the object, the acoustic radiation force acting in the direction
normal to the surface can be used as a driving force on
the plane. In this case, the direction of the force received
by the concave bottom is toward the center of the focal
point; therefore, the object position can be controlled in a
feedforward manner. This study focuses only on feedforward

FIGURE 2. System overview. An ultrasound focal point is generated at the
concave bottom of the object. The ultrasound is not blocked by the
acoustically transparent screen or by other objects on the screen.

control for the basic verification of the proposed method;
however, feedback control can be introduced in the future.
Additionally, the ultrasound is not blocked below the screen
even when there are objects on the screen other than the
actuation target. Therefore, the system can easily be extended
to multiple object actuations. The driving force of the object
is derived from the ultrasound emitted at the concave bottom
of the object, allowing the visible upper shape and overall
material of the object to be customized. Thus, the proposed
method can be used to remotely actuate objects that cannot
be equipped with mechanical drive components, such as
bite-sized candies, other foods, or objects that are entirely
transparent. This method can be used to actuate a moving
prey model in observational experiments with small animals
such as insects and mice. Alternatively, it can be incorporated
into interactive media for children, in which users can eat the
target.

In the following sections, we verify the concept of the
proposed actuation method according to the following four
basic characteristics: i) Relationship between the height from
the surface of the AUPAs to the workspace and the strength
of the acoustic flow, a factor that prevents accurate control
of objects. ii) Differences in the horizontal propulsive force
extracted from the acoustic radiation force depending on the
shape of the bottom. iii) Time-response characteristics of the
movement of objects from rest. iv) Actuation of a single
object and simultaneous actuation of multiple objects using
a time-division method.

II. DESIGN AND CONFIGURATION
A. SYSTEM OVERVIEW
Fig. 2 presents an overview of the system for remote actuation
of an object on a plane. The system comprises AUPAs and
an acoustically transparent screen. The object has a concave
surface at its bottom. The screen acts as a manipulation
workspace and is installed horizontally, whereas the AUPAs
are positioned under it.

As stated in a previous study [22], the propulsive force
can also be applied to the objects by placing AUPAs at sides
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of the workspace. In addition, AUPAs can be placed above
the workspace. Compared to installing AUPAs at the sides or
above, installing AUPAs below has the following advantages.

• The ultrasound is not blocked by any objects or animals
on the workspace other than the target object.

• It can be easily observed from above.
• The direction of travel of the ultrasound is opposite to the
gravitational acceleration, which reduces friction with
the ground surface when the object is moved.

• Increasing the number of AUPAs is easy and there is no
risk of falling.

The system is thus unaffected by the positional relationship
of objects when operating multiple objects simultaneously,
and it is easy to observe, record, and interact with objects in
the workspace.

B. DISTANCE BETWEEN AUPAS AND THE SCREEN
1) REASONS TO CONSIDER SCREEN HEIGHT
Although AUPAs can generate a focal point at an arbitrary
height, this method requires consideration of the focal point
height. The proposed method uses acoustic radiation pres-
sure, a nonlinear phenomenon of ultrasound, as the driving
force for an object. However, ultrasound simultaneously
generates a flow in the medium itself known as acoustic flow,
which is a different nonlinear phenomenon. The acoustic
radiation pressure acts in the direction normal to the reflecting
surface, whereas the acoustic flow acts in the direction of
the flow; therefore, a low horizontal thrust can be extracted.
Additionally, the acoustic flow has a slow start-up and low
stability in the direction and magnitude of the flow, which
interferes with stable control.

The dominant acoustic flow near the focal point is called
Eckhardt flow, which is generated by the acoustic wave
providing the force described below:

Fflow = −
1
ρ

∇⟨L⟩ +
δ

ρ2c4
⟨p⟩∇

∂p
∂t

, (1)

where ρ is the density of the medium, c is the sound velocity,
p is the acoustic pressure, t is time, L is the Lagrangian,
δ is a coefficient related to the sound absorption, and ⟨·⟩

is the time-averaging operator. This means that the flow is
supplied with energy by the sound wave and thus accelerates
as the sound wave proceeds. The theoretical determination
of wind velocity and comprehensive analysis with radiation
pressure require solving the Navier–Stokes equation, which
is complex and beyond the scope of this study. Therefore,
throughmeasurements using actual equipment, we confirmed
the existence of a range of distances where the effect of
acoustic flow is negligibly small compared to the acoustic
radiation pressure. The screen height from the surface of the
AUPAs, Hscreen, was selected from this range and used as the
focal point height.

2) SELECTION OF THE SCREEN HEIGHT
In this study, the system utilized four AUTD3 [23] units
as AUPAs and a polyester mesh screen as an acoustically

FIGURE 3. a) Acoustic pressure distribution and b) z-directional wind
speed distribution measured near the focal point formed at a height of
17 cm. The acoustic pressure amplitude normalized by [0,1] was set to
0.1 in a) and 1 in b) for the four AUTD3 units.

transparent screen. The AUTD3 units emit ultrasound of
40 kHz, and are controlled by the AUTD3 software to
generate an ultrasound focal point at any desired location
in space. The four AUTD3 units with an overall aperture
of 38.4 cm × 30.3 cm and 996 transducers were driven
at a 24 Vp-p peak to peak voltage. The mesh screen
had a thread diameter of 80 µm, and it was evenly
distributed through a 100-mesh-per-inch grid. The resulting
aperture ratio is approximately 49%. As determined by a
standard microphone (Type 4138-A-015, Brüel & Kjær), this
mesh screen efficiently transmitted ultrasound at a rate of
approximately 95% in terms of acoustic pressure, irrespective
of the distance from the surface of AUTD3 units. The
mesh screen involved a 40 cm × 30 cm portion of the
mesh and was installed centrally over the AUTD3 units.
This mesh screen was used in the experiments described in
Section IV.
In this study, Hscreen was empirically set to 17 cm. Fig. 3

shows the measured distributions of acoustic pressure and
wind speed near the focal point created at the height directly
above the center of AUPAs. The acoustic pressure was
measured using a standard microphone, and the wind speed
was measured using an anemometer (Climomaster model
6531-21, KANOMAX). The microphone and anemometer
were attached to a three-axis stage to scan the area near
the focal point at 2-mm intervals while maintaining the
height. Near the focal point, both the acoustic pressure and
wind speed had a spread of 8–12 mm, which was similar
to that of the wavelength; however, the wind speed had a
slightly larger spread. This indicates that the localization of
the acoustic flow is less than that of the acoustic pressure and
that there is no advantage in actively using acoustic flow in
terms of spatial resolution. When the focal point was formed
at this height, the total force received near the focal point
was 13 mN. The force received from wind pressure in the
area of an 8-mm square near the center of the focal point
was approximately 0.4 mN, as estimated from the measured
airflow. Therefore, the ratio of the force originating from the
acoustic flow to the total force received near the focal point
was approximately 3%, which is sufficiently small.
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FIGURE 4. Minimum and maximum wind speeds measured near the focal
point at various focal heights. The measurement area was a
square-shaped area of 8 mm × 8 mm at the focal height, with 2-mm
intervals. The calculated average values are plotted in red.

To confirm the effect of height on acoustic flow, the wind
speeds near the focal point were measured at different focal
point formation heights. Fig. 4 shows the minimum and
maximum wind speeds over an 8-mm square area measured
at 2-mm intervals. The average values within the measured
area increased with height. When the wind speed is v and
air density is ρ, the wind pressure Pwind is given by Pwind=
ρv2/2. Assuming ρ = 1.293 kg/m3, the wind pressure
calculated from the average wind speed was multiplied by
the measurement area and converted into force, which was
{0.22, 1.21, 4.74} mN over {15, 20, 25} cm. However, the
focal acoustic pressure decreased because of the distance
attenuation of the ultrasound as Hscreen increased, such that
the proportion of the wind pressure from the acoustic flow
in the total pressure increased. In the setup of this study,
in the range of Hscreen ≤ 19 cm, the force owing to the wind
pressure near the focal point did not exceed 1 mN and had no
significant influence on the actuation.

III. METHOD OF REMOTE ACTUATION
A. STRATEGY TO CONTROL OBJECTS
In this method, acoustic radiation force is used as the driving
force for the object by applying ultrasound to the bottom of
the object from below. The acoustic radiation force acts on
the boundary surface when sound waves are reflected from
surfaces with different acoustic impedance values. This force
acts in the direction of the inward normal to the surface,
as long as the object surface does not deform. Therefore, the
shape of the bottom of the object can be designed to extract
the propulsive force in the desired direction. The acoustic
radiation pressure is Prad = (α/ρc2)p2, where α is the
reflection coefficient.

The bottom shapes of the objects are broadly classified
into two categories: concave and convex. When the focal
point on the screen is at origin O and the object is x mm

FIGURE 5. Difference in the direction of the acoustic radiation force
received by object bottoms at position x from the focal point. With
a) concave bottom, the force acts in the direction toward O, whereas with
b) convex bottom, the force acts in the direction away from O. In this
study, we consider only a).

from the origin, an acoustic radiation force acts on the object,
as shown in Fig. 5. The direction of this force has horizontal
and vertical components with different ratios depending on
the bottom geometry. Fig. 5 a) shows that the ultrasound focal
point attracts the object like a tractor beam when the bottom
is concave. The object is pushed by ultrasound from inside
the concave bottom and is stable when the center of the focal
point and the object coincide. However, as shown in Fig. 5 b),
an object with convex or flat bottom such as a sphere moves
away from the focal point. In this case, the system requires
feedback control combined with positional measurements.
For stable two-dimensional position control of an object with
a focal point that has a strong acoustic pressure, we used
concave bottoms in this study.

As the ultrasound focal point had a circular distribution
in the horizontal direction (Fig. 3), the symmetric shape
of the bottom made the control strategy independent of
the direction of movement. With a vertically axisymmetric
concave bottom, the horizontal component of the force was
directed toward the center of the focal point, independent
of the displacement direction. Using a symmetrical concave
bottom that covers the focal diameter, the object follows the
focal point, allowing the feedforward control of the position
of the object.

B. CONCAVE BOTTOM OF THE OBJECTS
In this study, concave shapes with horizontal symmetry
were used as the object bottoms; that is, the horizontal
cross-sections of the objects were concentric circles. Conical
and semi-ellipsoidal concave bottoms were used as typical
examples (Fig. 6a) and b)). The two concave shapes satisfy
the following conditions, which ensure that no part of the
shapes blocks the ultrasound from reaching its interior: 1) The
radius of the concentric circles decreases monotonically from
the bottom to the top, and 2) the concave surface is convex
upward.

The parameters of the concave bottoms are the aperture
radius r and depth of the center h. For a concave surface
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FIGURE 6. Objects with concave bottoms with aperture radius r and
depth of the center h. We deal with two typical examples, a)
semi-ellipsoidal concave and b) conical concave in this paper. c) The
effective area of the AUPA becomes smaller when the apex angle θ of the
concave bottom is small. Assuming linear propagation of ultrasound, the
ultrasound emitted from transducers outside the area will be reflected at
the sides and edges of the object.

FIGURE 7. Numerical results for the horizontal component of the acoustic
radiation force acting on objects with a) semi-ellipsoidal and b) conical
concave bottoms. The horizontal axis shows the displacement relative to
the focal point, and the vertical axis shows the x-directional force
normalized by the total acoustic radiation force.

to cover the focal point, r must be greater than the focal
radius. As the focal diameter is approximately equal to the
wavelength λ, as shown in Fig. 3, r should satisfy 2r ≥ λ =

8.5 mm. The overall size of the object was approximately
1—2 cm, including the thickness of the edge of the object,
which was the target of this study. To simplify the comparison
of h, the ultrasound focal point in this study was formed at
the screen height Hscreen. The farther the concave bottom,
the reflecting surface, is from the focal point, the less it is
subjected to acoustic radiation pressure from the focal point.
We set h to satisfy h ≤ λ/2 = 4.25 mm, assuming that
the vertical and horizontal diameters of the focal point are
approximately λ.

C. NUMERICAL CALCULATION OF HORIZONTAL
PROPULSIVE FORCE
The net acoustic radiation forces acting on the concave
bottom of the object were numerically calculated using
Hscreen = 17 cm. Conical and semi-ellipsoidal concave
shapes were used, with r = 6 mm and h = 2, 3, and
4 mm. r was empirically selected as a value that could

be stably manipulated and corresponded to the experiment
described below. When r = 6 mm and h = 4 mm, the
vertex angle shown in Fig. 6 c) is θ = 109◦. Let the focal
point be generated at origin O, at a distance Hscreendirectly
above the center of the AUPAs. The diagonal length of
the four AUTD3 units is 48.9 cm, which is approximately
equal to the diameter of the effective transducer area (=
2(Hscreen+h) tan θ

2 = 48.8 cm). Thus, assuming rectilinear
propagation of ultrasound, few transducers are ineffective
when the object is at O.

Given l point sound sources, the acoustic radiation pressure
Prad(r) = (α/ρc2)p(r)2 at position r at t = 0 is given by the
acoustic pressure

p(r) =

l∑
i=1

p0
1

|r− ri|
ejk(|r−ri|−|ri|), (2)

where, p0 is a constant related to the amplitude. The initial
phases φi = −k|ri| were set for each source located at ri to
focus on O. The net acoustic radiation force that a concave
surface receives is

F = (Fx ,Fy,Fz) =

∫
S
Prad(r)n(r)dS (3)

with the inward normal vector n(r) on the concave surface S.
Note that the reflections of ultrasound on the concave surface
were not considered. Using the longitudinal direction of the
aperture of the AUPAs as the displacement direction (x-axis),
calculations were performed in the range |x| ≤ 6 mm.
Fig. 7 shows the magnitude of the x-directional component

of the force on the object Fx when the displacement of
the object is x. Fx is normalized by the magnitude of the
acoustic radiation force F (which has a component in the
three-dimensional direction) acting on the concave surface.
Regardless of whether the surface is semi-ellipsoidal or
conical, the forces are balanced at the origin and directed
toward the origin as the displacement increases. The restoring
force peaked at approximately x = ±3mm for all shapes, and
within |x| ≤ 2 mm, it was similar to that of a linear spring.
As x approached ±6 mm, which corresponds to r , the force
decreased as a part of the focal point protrusion outside the
concave bottom.

IV. EXPERIMENTAL RESULTS
A. FORCE MEASUREMENT USING A LOAD CELL
The force acting along the displacement direction was
measured using a load cell (LTS-50GA, Kyowa Sangyo) on
objects with semi-ellipsoidal or conical concave bottoms. The
parameters were r = 6 mm and h = 4 mm. The displacement
of the object from the origin, that is, the focal point, was
varied at intervals of 0.25 mm. The results are presented in
Fig. 8, where x is the displacement and Fx is the x-directional
force. Although there was a slight negative offset, the peak
positions for both concave bottoms were approximately
x = ±3 mm, which was similar to the numerical calculation.
The force between the peaks is almost linear. Unlike in
the numerical calculations, there was no difference in the
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FIGURE 8. A load cell was connected to an object with a concave bottom
to measure the force in the displacement direction relative to the focal
point. Semi-ellipsoidal and conical surfaces with h = 4 mm were used.
The measured values were normalized by the magnitude of the force near
the focal point (13 mN). The solid line shows the numerical results.

FIGURE 9. Time variations of the positions of the object initially placed at
x = −3 mm as it moved to the origin (focal point). Measurements were
obtained at different h when the bottom of the objects were
a) semi-ellipsoidal concave and b) conical concave. For the condition
h = 4 mm in a), we have also included the case where x = +3 mm is the
initial position and moved to the origin.

force between the semi-ellipsoidal and conical bottoms.
However, forces toward the focal point were obtained within
|x| ≤ 6 mm in both cases. Therefore, this force can be used
to control objects with semi-ellipsoidal and conical concave
bottoms in two dimensions.

B. TIME RESPONSE CHARACTERISTICS OF OBJECTS
The response times of the objects from resting to moving
toward the focal point were measured. This allows for an
approximate estimate of the feasible moving speeds of the
objects.

In the experiment, the object was placed on the screen at
x = −3 mm with respect to the origin. When an ultrasound
focal point is generated at the origin, the object begins to
move toward the origin. The time variation in the position of
the object until it stabilized was measured using a high-speed
camera (BU238MCF, Toshiba Teli) with a resolution of

1920 px × 1200 px and a frame rate of 165 fps. Objects with
r = 6 mm and concave bottoms were produced using an SLA
3D printer (Form 3+, Formlabs) with Grey V4 resin (1.14
g/cm3, Formlabs) to ensure uniformweights within the range
of 782.5 ± 7.5 mg. The acoustic pressure amplitude of the
ultrasound output from the four AUTD3 units was constant
for all the objects. The amplitude was suppressed from the
maximum amplitude to prevent the object from flipping over
during the actuation. The total force near the focal point was
10 mN at this amplitude, whereas it is 13 mN at the maximum
amplitude.

The results are shown in Fig. 9. The times taken to
pass the target position for the first time were 0.10 and
0.067 s for the semi-ellipsoidal concave surface with
h = 3 and 4 mm, and 0.085, 0.073, and 0.067 s for the conical
concave surface with h = 2, 3, and 4 mm, respectively.
The semi-ellipsoidal concave surface with h = 2 mm
did not reach the target position, but the time taken to get
closest was 0.22 s. Subsequently, the positions of the objects
converged near the origin, where the center of the focal point
was at approximately 0.2 s. For h = 4 mm, there was
no significant difference between the semi-ellipsoidal and
conical-concave shapes. However, for the semi-ellipsoidal
concave structure, the response time increases significantly
as h decreases. To observe the deviation from the target
position after convergence, the root-mean-square errors with
respect to the origin were calculated between 0.33 and
0.46 s. The maximum error was 0.46 mm with h = 4 mm
for the semi-ellipsoidal concave surface and 0.47 mm with
h = 2 mm for the conical concave surface.

C. TWO-DIMENSIONAL TRAJECTORY OF THE OBJECTS
1) SINGLE OBJECT
Experiments were conducted to move an object along a
specific trajectory to confirm its deviation from the desired
trajectory. The object to be moved had a semi-ellipsoidal
concave bottom with r = 6 mm and h = 4 mm and weighed
approximately 782.5 mg. We implemented a program to
move an object on a screen using three types of two-
dimensional trajectories: circular, square, and star-shaped.
The path lengths were 188, 240, and 285 mm. For the circular
trajectory, the step width of the focus update was constant
along the trajectory. For the square trajectory, the step width
was varied such that the rotation angle per unit time relative
to the center was constant. In other words, the step width
was largest at the corners. For the star-shaped trajectory with
a long path length and acute angles at its apexes, the step
width was determined to be small at the corners to avoid
deviating from the trajectory when changing the direction.
The focal point was controlled to move in a counterclockwise
direction such that the time required for one round was 10 s.
The focal point was updated every 50 ms, corresponding to
the movement times of 0.94, 1.2, and 1.43 mm on average.
Initially, the object was placed on a path. The position

of the moving object was measured for 1 min from the
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FIGURE 10. Trajectories of the single object actuated by the proposed method. The target trajectory is shown in red and the actual trajectory in blue. The
object was observed until the end of the six rounds, each lasting 10 s. The speeds averaged over the path length are a) 18.8 mm/s, b) 24 mm/s, and
c) 28.5 mm/s, respectively.

FIGURE 11. The distance an object moved between frames (1/60 s = 16.7 ms). The results are plotted from the time the object passed the green point in
Fig. 10 for the first time (0 s) to the time moving one round (10 s). In a), no large peaks are observed because the step width of the focus update is
constant; in b) and c), periodic peaks are observed because the step width was set empirically on the path.

beginning of the movement to the end of the sixth round
using a 1920 px × 1200 px camera at 60 fps. The results
are shown in Fig. 10. The object continued moving with
no significant deviation from its prescribed trajectory. For a
square trajectory, the inertia of the object caused a maximum
deviation of 2 mm in the direction of travel toward the
corners.

For each trajectory, the distance the object moved between
frames (

√
1x2 + 1y2) for a given 10 s is shown in Fig. 11.

Because the video was captured at 60 fps, the time between
frames was 16.7 ms. In all trajectories, the object was moving
with finely repeated acceleration and deceleration. In a) the
circular trajectory, the object moved at an approximately
constant speed because the stepwidthwas constant. However,
it is not perfectly constant because of the overshooting,
as shown in Fig. 9. In b) the square and c) the star-shaped

trajectories, the step width was varied along the path so that
themoved distance peaked at the position with the largest step
width. This peak appears at the corners in b) and at the center
of the line segments in c).

2) MULTIPLE OBJECTS
Two or more objects can be actuated almost simultaneously
using the time-division control of a focal point. Compared
with methods that form multiple focal points simultaneously,
this method has the advantage that the acoustic pressure per
focal point is not reduced and the positional relationship
between the objects is not affected in terms of acoustic field
formation. Therefore, each object can move independently if
they do not collide.

The trajectories of the two objects are shown in Fig. 12.
The two objects had the same shape as those used in the
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FIGURE 12. Trajectories of two objects simultaneously actuated by the
proposed method. Each object was moved once from the starting point,
which is the edge point with the larger y-coordinate to the endpoint, with
a duration of 10 s. The left object moved along a trajectory shaped as ‘‘2’’
and the right object moved along a trajectory shaped as ‘‘4’’.

single-object experiment. Similar to a single object, the focal
point was moved along a predefined trajectory and the object
was observed using a camera. Each trajectory was a single
stroke, moving only once; therefore, 10 s were required
from the start to the end point. The edge point with the
larger y-coordinate value was the starting point, and the
edge point with the smaller y-coordinate value was the end
point. The objects traced predefined trajectories; however,
their positional deviations were greater than those of a single
object.

V. DISCUSSION
A. DISCUSSION OF EXPERIMENTAL RESULTS
The force measurements, shown in Fig. 8, were lower than
the numerical calculations for both the shapes. Additionally,
there were no differences between the shapes, which may be
due to the fact that the numerical calculations did not include
the small forces acting on the sides of the object, or due to
mounting errors of the object on the load cell.

Negative offsets were observed for the measured forces,
as shown in Fig. 8. The object convergence positions shown
in Fig. 9 were biased in the negative direction. Taking into
account this offset, all the objects were considered to have
converged on the target position. This offset may be due to
a bias in the three-dimensional shape of the ultrasound focal
point caused by individual differences in the AUPAs. Within
the scope of this study, the error in the object position caused
by this negative offset (less than 0.5 mm) is not considered to
have a significant effect on the movement of objects on the
order of several tens of millimeters, as shown in Fig. 10.

The results in Fig. 9 show that the time response
characteristics differ depending on the concave shape and h.
Each object responds like a damped vibration. Considering
only the beginning of the motion (x ≤ 0, ẋ ≥ 0) for
simplicity, the equation of motion of the object is given by:

mẍ = Fx(x) − µ(mg− Fz(x)) (4)

where m is the mass of the object, µ is the kinetic friction
coefficient between the object and screen, and g is the
gravitational acceleration. First, for both semi-ellipsoidal and
conical surfaces, the rise time is longer for a smaller h.
A smaller h decreases Fx instead of increasing Fz. The
decrease in Fx has a larger effect because µ is small on
the mesh screen, so that time response is considered to be
delayed. In terms of response speed, h should be large.
Because the focusing area of the focal point is approximately
the diameter of the wavelength, h = 4 mm would be optimal
at 40 kHz. Second, this delay is slighter for conical surfaces
than for semi-ellipsoidal surfaces. The vertical component
of the normal vector on surface nz(r) is independent of the
position of the conical surfaces, whereas it is large near
the center and small at the periphery for semi-ellipsoidal
surfaces. Under the measurement conditions of this study
(x = −3 mm to 0), the characteristics of the conical surfaces
were likely to be advantageous in reducing friction, resulting
in a smaller delay.

Fig. 9 shows that the time taken to move 3 mm varies
depending on the bottom shape of the object. Simple
calculations suggest that an object with a semi-ellipsoidal
concave bottom with h = 2, 3, and 4 mm can move at 14, 30,
and 45 mm/s on average, whereas an object with a conical
concave bottom with h = 2, 3, and 4 mm can move at 35,
41, and 45 mm/s on average, respectively. Moreover, Fig. 10
confirms that an object with a semi-ellipsoidal concave
bottom with h = 4 mm can move stably at average speeds
of 18.8, 24.0, and 28.5 mm/s over the path length in circular,
square, and star-shaped trajectories, respectively. In Fig. 11
c), the object moved approximately 1.5 mm in one frame at
peaks. This suggests that if an acceleration and deceleration
interval is provided, stable operation can be achieved even
if the object momentarily reaches 90 mm/s. The maximum
achievable object speed is expected to varywith the trajectory,
considering the acceleration of an object along a straight
trajectory. When multiple objects are moved, as in the
experiment shown in Fig. 12, this method uses a time-
division method. This implies that multiple focal points were
not formed simultaneously. Therefore, the position-update
rate for each object decreases as the number of objects to
be actuated increases. Referring to the experimental results
of moving 3 mm in 0.067 s for one object (45 mm/s),
it was theoretically calculated that the objects could move
at 22.5 mm/s each for two objects and at 4.5 mm/s each for
10 objects.

B. LIMITATIONS
The weight of the object showing the response characteristics
in Fig. 9 is limited by the upper output limit of the actual
equipment. Referring to Eq. (4), Fx/|F | and Fz/|F | are
determined by the distribution of the normal vectors of
the concave surface, that is, its geometry and the acoustic
pressure distribution. If the intensity of the acoustic radiation
force |F | can be arbitrarily adjusted to maintain a constant
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|F |/mg, then the propulsive force will be independent of
the weight. However, because the actual equipment has an
upper limit on the force presented, the maximum weight of
the objects that exhibit equivalent response characteristics is
determined by the force limit. In the experiments, the acoustic
radiation force near the focal point was 10 mN when moving
an object approximately 782.5 mg. With four AUTD3 units,
the maximum acoustic radiation force near the focal point
at Hscreen was 13 mN, so that the response characteristics
for each shape are expected to be same to Fig. 9 up to
1.0 g. For heavier objects, the response is delayed due to the
magnitude of inertia and frictional resistance. If Fx(x) and
Fz(x) remain the same as in Eq. (4), and m increases to M ,
ẍ + µg decreases by a factor of m/M , resulting in a lower
acceleration. Moreover, when

µsMg ≥ Fx(x) + µsFz(x), (5)

the object does not start moving, whereµs is the static friction
coefficient between the object and the screen. By contrast,
when the weight is reduced, the presenting force must be
reduced to satisfy

Fz(x) ≤ mg (6)

for every x so that the object does not move upward, and thus,
greater acceleration is not obtained. The maximum speed at
which the objects can be achieved depends on more advanced
operational strategies, such as the focus-update rate, step
width, trajectory design, or the introduction of feedback
control. This is beyond the scope of this study and will be
an issue to be investigated in the future.

In our configuration, the direction in which the objects can
move depends on their positions on the screen. The further
an object moves toward the outer edge of the screen, the
fewer the transducers outside it. Therefore, objects positioned
at the edges of the screen are, in principle, less subjected
to force toward their centers. We confirmed that the object
could move in any direction within an area of approximately
20 cm × 15 cm around the center of our setup. This area can
be enlarged by widening the aperture of the AUPAs or using
a reflector on the side. In the latter approach, the ultrasound
reflector surrounds the sides of the space between the AUPAs
and screen. Consequently, objects situated far from the center
are subjected to forces directed toward the center through the
reflectors. Therefore, the effectiveness of the method using
reflectors must be verified separately.

The target objects rotated around the vertical axis during
the translation in the current environment. Because the
objects in this method have symmetrical shapes around
the vertical axis, rotation is currently uncontrollable. This
rotation is most likely due to the nonuniformity of the
acoustic field and friction between the bottom of the targets
and the screen. The rotation can be suppressed by lowering
the focus-update step width and the update frequency. This is
because the object does not rotate when stationary. Another
possible method is to create multiple concave points on an
object and move it while maintaining a constant posture with

multiple focal points. Multiple focal points can be formed in a
time-division manner, as used in the experiment. This method
is expected to suppress the rotation and utilize the intended
rotation.

The proposed method requires an acoustically transparent
screen. When mesh screens are used, lowering the aperture
ratio increases the load-bearing capacity, but decreases the
transmission of sound waves. This renders the current layout
unsuitable for situations in which heavy objects are placed or
hand pressure is applied to the screen.

VI. CONCLUSION
In this paper, we present a method for actuating objects
1–2 cm in size using airborne ultrasound to control their two-
dimensional position, regardless of their materials. We used
AUPAs as the sound sources, an acoustically transparent
screen as the workspace, and objects with concave bottoms as
the actuated objects. The findings of this study are as follows.
i) The distance between the four AUTD3 units and the screen
should be less than 19 cm, considering the influence of
acoustic flow. ii) Objects with a concave semi-ellipsoidal
or conical bottom, with a bottom opening radius of 6 mm
and a central depth of 4 mm, can extract the horizontal
driving force from the acoustic radiation force. iii) In the
experiments in this study, the object’s response time was the
fastest whenmoving a semi-ellipsoidal concave with a central
depth of 4 mm. iv) Our study confirmed that it is possible
to continuously actuate a single object and operate multiple
objects simultaneously using the time-division method. In the
experiments, an object weighing approximately 782.5 mg
was moved at an average speed of 28.5 mm/s over its path
length. The limitations of the current system include the
fact that the weight of the object to be manipulated should
be less than 2 g and that the rotation of an object during
movement cannot be controlled. The proposed method does
not require any specific physical properties, so that it can
remotely actuate edible or entirely transparent objects.
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