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Figure 1: Application images of Pixie Dust, levitated and manipulated objects in graphic metaphors. (a) Floating sc
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(b-c) Whale (hung by string) with particles and projected spout. (d) Physical vector graphics (showing “heart”). (e) Physical raster graphics.

Abstract

We propose a novel graphics system based on the expansion of
3D acoustic-manipulation technology. In conventional research on
acoustic levitation, small objects are trapped in the acoustic beams
of standing waves. We expand this method by changing the distri-
bution of the acoustic-potential field (APF). Using this technique,
we can generate the graphics using levitated small objects. Our ap-
proach makes available many expressions, such as the expression
by materials and non-digital appearance. These kinds of expres-
sions are used in many applications, and we aim to combine them
with digital controllability. In the current system, multiple particles
are levitated together at 4.25-mm intervals. The spatial resolution
of the position is 0.5 mm. Particles move at up to 72 cm/s. The al-
lowable density of the material can be up to 7 g/cm?®. For this study,
we use three options of APF: 2D grid, high-speed movement, and
combination with motion capture. These are used to realize float-
ing screen or mid-air raster graphics, mid-air vector graphics, and
interaction with levitated objects. This paper reports the details of
the acoustic-potential field generator on the design, control, per-
formance evaluation, and exploration of the application space. To
discuss the various noncontact manipulation technologies in a uni-
fied manner, we introduce a concept called “computational poten-
tial field” (CPF).
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1 Introduction

Interaction with real-world objects is a popular topic in research re-
lated to real-world-oriented interactive technologies. In the context
of display technologies, analog installations with real objects are
still very popular (Figure 2/ (b)) in many situations, such as window
displays, shops, and museums. Our research in this paper is mo-
tivated by the digital control of analog objects in mid-air, i.e., real
objects that are suspended and moved in mid-air without physical
support, such as posts, rods, and strings (Figure [2/ (a)).

Because of growing interest in the materialization of computer
graphics, digital fabrication technologies have recently emerged as
one of the most important application fields in real-world-oriented
computer graphics. These technologies are rapidly expanding from
research laboratories to commodity markets for personal use. Fab-
rication technologies bring computer graphics to the real world.
However, two missing and desirable functionalities in digital fab-
rication are the controllability of spatial position and animation. In
the digital world, the spatial position of graphical models is freely
controllable by merely setting the coordinates. The ability to do the
same in the real world is also desirable for digital fabrication.

We propose in this paper a method to control the spatial position
and 3D animation of small objects by utilizing a noncontact manip-
ulation technology. With this method, we can employ real objects
as graphical components, such as display pixels (static control) and
vector graphics (dynamic control). We believe that a new avenue in
the field of computer graphics will be opened if fabricated models
can be moved by noncontact manipulation.

Acoustic manipulation has been extended to 3D manipulation
[Ochiai et al. 2014]. In this study, we create an acoustic-potential
field (APF) by using and extending this technology. Compared to
magnetic levitation, air jets, and other noncontact levitation tech-
nologies, APF has the following advantages: it can be used with a
wide variety of available materials, it provides a satisfactory refresh
rate, and it has sufficient spatial resolution. While our technology is
limited in terms of the size and density of the objects that are con-
trollable, it contributes to computer graphics by allowing levitated
small objects to be used in graphical metaphors, such as the pixels
of raster graphics, moving points of vector graphics, and animation.

To discuss various noncontact manipulation technologies in a uni-
fied manner, we introduce a concept called “computational po-
tential field” (CPF). We have gathered from literature in the area
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Figure 2: These figures show the concept of computational potential field. (a) Sketch of computational potential field: Objects are trapped in
local minima of the potential field. (b) Window installation with objects supported in mid-air. (©DeAnn Peterson (©Ruminatrix

that conventional studies on noncontact levitation/manipulation are
based on potential fields determined by various physical quantities,
such as sound pressure in acoustic levitation and magnetic fields in
magnetic levitation [Brandt 1989]]. Levitated objects can be manip-
ulated by spatially and temporally controlling the potential fields.
When the field is controlled by a computer, we call it a CPF.

The organization of this contribution is as follows. First, we de-
scribe the design of our graphics system. We present the details
of the ultrasonic-phased array and discuss its advantages and dis-
advantages. Second, we report the performance measurements of
our system, including the measurements of the spatial resolution,
stability, speed of movements, and size and weight of the levitated
objects. Finally, we investigate the applications of our system. In
addition to the examples of APF-based graphics applications, we
also discuss the implementation of 3D interaction. By integrating
a motion-capture system into our graphics system, we facilitate in-
teraction between the levitated objects and the user. Although our
investigation is performed using acoustic levitation, our results and
discussions can also be useful in designing other CPF-based graph-
ics using other principles of mid-air levitation.

2 Background and related work

In this section, we introduce our motivation for our project and cite
related works on noncontact manipulation. Following this, we in-
troduce the concept of CPF to discuss various noncontact manipu-
lation technologies in a unified manner. We then cite related works
on acoustic manipulation, passive mid-air screens, and volumetric
displays.

2.1 Motivation

Controlling objects in the real world is a popular topic in the com-
puter graphics (CG) and human-computer interaction (HCI) com-
munities. Various ideas to realize this have been proposed — e.g.,
programmable matter [Goldstein et al. 2005], radical atoms [Ishii
et al. 2012], actuation interfaces [Poupyrev et al. 2007], and smart
material interfaces [Nijholt et al. 2012]]. These proposals focus on
controlling real objects through a computer and generating physi-
cally programmable material. These concepts will play very impor-
tant roles in future interactive CGs because they expand the range
of graphics from “painted bits” to the real world [Ishii and Ullmer
1997].

Two methods are currently available to control objects in the real
world. In one, objects actuate themselves, whereas they are actu-
ated by their surroundings in the other. The latter method is divided
into two types of actuation: contact and noncontact. We address the
noncontact approach.
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2.2 Manipulation methods in interactive techniques

Several related studies have aimed at noncontact manipulation in
the context of interactive techniques. For example, ZeroN [Lee
et al. 2011]] was proposed to manipulate a 3D object by control-
ling the magnetic field and using it as a floating screen and an
input user interface (UI). The levitated object is limited to a sin-
gle magnetic sphere in this proposal. Noncontact manipulation can
be also achieved by using air-jets [Iwaki et al. 2011], i.e., an air-
flow field. While the research is limited to 2D manipulation, it can
be extended to 3D. Air-cannons [Sodhi et al. 2013|] have a possi-
bility to be used in the similar manner. Sound is also utilized to
manipulate objects in air. Both of standing waves (acoustic levita-
tion/manipulation) and traveling waves (e.g., Ultra-Tangibles [Mar-
shall et al. 2012]) are available. A comparison of these manipula-
tion methods is shown in Table /1.

2.3 Computational potential field

We propose a new implementation concept — computational poten-
tial field (CPF). We use the term “potential field” in a narrow sense:
a scalar field that gives a force vector field working on a given ob-
ject. Then CPF is defined as a potential field determined by some
physical quantities controlled by a computer that can suspend and
move objects in the real world. To the best of our knowledge, all
conventional research on noncontact manipulation can be classified
as CPF. All studies in the area employ CPFs as “invisible strings” to
manipulate real objects. In these implementations, the objects have
no actuators and only float in air according to the spatiotemporal
changes of the CPF.

2.4 Acoustic manipulation

Several studies have been conducted on manipulation using ultra-
sonic waves. For example, Ultra-Tangibles [Marshall et al. 2012]
utilizes the acoustic radiation pressure of traveling waves from the
surrounding ultrasonic-phased arrays. Marshall et al. demonstrated
2D manipulation of lightweight spherical objects. Another method

Table 1: Comparative table of manipulation methods.

Physical quantity | Material Mechanism Spatial
parameters resolution
Sound Density &  Ultrasonic Wave
volume transducers length
Airflow Density &  Air jets Spread of
[Iwaki et al. 2011] | surface area air jets
Magnetism Weight &  Electromagnet Size of
[Lee et al. 2011] | magnetism & XY stage magnet




Pixie Dust: Graphics Generated by Levitated and Animated Objects in Computational Acoustic-Potential Field . 85:3

— acoustic levitation/manipulation — utilizes ultrasonic standing
waves. A bolted Langevin transducer (BLT) is used together with a
reflector to trap objects in water and levitate them in air [Xie et al.
2006; Kozuka et al. 2007]. Opposite BLTs were used to manipulate
objects in a 1D direction along the acoustic beam [Kozuka et al.
2007; Weber et al. 2012]]. Acoustophoretic transport [Foresti et al.
2013]] and lapillus bug [Kono et al. 2013] move the object along a
2D plane with a transducer array and a reflector plate. Extended
acoustic manipulation [Ochiai et al. 2014] moves objects in a 3D
space with opposite transducer arrays, but no application of this
method has been suggested.

In this study, we aim to describe the extension and application of
acoustic levitation and manipulation to the fields of CG and HCIL.
One difference between our proposal and conventional methods in
the area is that we control the shape of the beams. Furthermore,
multiple objects can be levitated and manipulated together in a 3D
space using our method. Our system can also make a dot matrix
display in mid-air. These differences from related research are de-
picted in Figure 3. The limitations of our system are described in
Section 3.

2.5 Passive mid-air screens

Studies that have been conducted on dealing with mid-air screens
are listed. Many image-projection technologies have been inves-
tigated. The systems proposed by [Rakkolainen et al. 2005; Lee
et al. 2009] use fog as a screen and the one by [Perlin and HAN
2000] uses dust-like particles as a screen. These technologies dis-
play images in air by utilizing the diffusion property of fog and dust.
[Barnum et al. 2010] has developed a screen that uses falling water
drops in air. Utilizing their lens-like property, images are able to
be projected onto them. Multilayer water-drop screens are created
in air and images corresponding to the spatial position of the water
drops are projected by synchronizing the projector with the water
bulbs. In the aspect of passive floating display using water, there is
[Heiner et al. 1999] which is the display aimed to realize ambient
display. Our study differs from these studies in the spatial control
and selectivity of the available material, and can also expand these
passive screen approaches.

2.6 Volumetric displays and screens

Studies directed toward controlling the spatial position of an ac-
tive screen and display are also being actively pursued. There are
two kinds of the studies; one aimes to achieve multi-perspective
3D image and the other aimes to realize deformation of planner
screens for haptic and/or other purposes. Multi-perspective 3D dis-
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Figure 3: The differences in acoustic manipulation approaches. (a)
Simple standing wave levitation. (b) 2D manipulation of small par-
ticles with transducer array. (c) 3D manipulation using opposite
phased arrays. (d) 3D manipulation and deformation of Acoustic-
Potential Field: our approach.

play is a popular topic in computational display areas. We would
like to cite several researches from the viewpoint of volumetric dis-
play. [Jones et al. 2007] constructs 3D images with a rotated mirror
and projection. [Cossairt et al. 2007] achieves 3D images by rotat-
ing a vertical diffuser plate and projection. [Wetzstein et al. 2011]
is glasses-free light field display using volumetric attenuators. On
the other hand, there are researches that focus on the dynamic de-
formable screen and display. For example, the deformable actuated
screen “Project FEELEX” [Iwata et al. 2001] constructs 3D forms
on the screen surface using an actuator array set under the screen.
LUMEN, proposed by [Poupyrev et al. 2004], is comprised of actu-
ated dot-matrix light-emitting diode (LED) — physical pixels show-
ing RGB and H (height). [Follmer et al. 2013] has proposed an
interactive deformable screen, called “inForm,” that handles and/or
interacts with other objects. A noncontactly-actuated deformable
screen [Ochiai et al. 2013] employs an ultrasonic-phased array to
deform a colloidal screen. Our approach differs from these screens
and displays in that it allows for 3D manipulation and levitation.
Moreover, we can use various materials as volumetric pixels. While
there is a 3D solution [Kimura et al. 2011] that uses a plasma 3D
volumetric display, our approach is different from it because of the
fact that volumetric pixels are touchable in our approach.

3 Acoustic-potential field generator

In this section, we describe the theory of our acoustic-potential field
generator. It consists of ultrasonic-phased arrays surrounding the
workspace. First, we explain how to make a focal point/line with
an ultrasonic-phased array. Then, we describe the distribution of
the ultrasonic-acoustic-potential field.

3.1 Ultrasonic-phased array

The acoustic-potential field generator consists of multiple modules
of ultrasonic-phased array. Each module has hundreds of ultra-
sonic transducers and controls each separately with adequate time
(or phase) delays. In [Ochiai et al. 2014], a similar setup was used
to levitate and manipulate small particles and each module gener-
ated a focal point. In this study, we use this setup to generate not
only a single focal point, but also other distributions of ultrasound,
e.g., multiple focal points [Carter et al. 2013] and a focal line. In
the following sections, we explain how to generate the focal point
and focal line. Their spatial distributions are also shown.

Phased R

Transducer
Array

Focal PointIW

Figure 4: Phased array with side length D and focal length R.
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3.1.1 How to generate focal point

A focal point of ultrasound is generated as follows. The time delay
At;; for the (4, j)-th transducer is given by:

Atij = (loo — l”)/c (1)

where loo and [;; are the distances from the focal point to the (0, 0)-
th (reference) and the (4, j)-th transducers, respectively. c is the
speed of sound in air. The focal point can be moved by recalculating
and setting the time delays for its next coordinates.

It has been theoretically and experimentally shown that the spatial
distribution of ultrasound generated from a rectangular transducer
array is nearly sinc-function-shaped [Hoshi et al. 2010]. The width
of the main lobe w parallel to the side of the rectangular array is
written as

_2\R

- @)

where ) is the wavelength, R is the focal length and D is the length
of the side of the rectangular array (Figure 4). This equation implies
that there is a trade-off between spatial resolution and the array size.

3.1.2 How to generate focal line

A focal line of an ultrasound is generated in a similar manner with
variation in the target coordinates. In this case, the time delay At;;
for the (i, 7)-th transducer is given by:

—lij)/c 3

where lo; and [;; are the distances from the j-th focal point to the
(0, 7)-th and the (i, 7)-th transducers, respectively, i.e., each col-
umn targets its own focal point (Figure |6). The thickness of the
focal line is w, as defined in Eq. (2) above. The peak value of
the amplitude of the focal line is lower than that of the focal point
because the acoustic energy is distributed over a broader area.

Atij = (lo;

3.2 Acoustic-potential field

The principle of acoustic levitation was mathematically explained
by [Gor’kov 1962] and [Nyborg 1967]. When a small sphere is in
an acoustic field, the potential energy U of an ultrasonic standing
wave is expressed as

U= —B(Ka)+ (1 = 7)(Fa) )
K, and P, here are the kinetic and potential energy densities of
ultrasound, respectively. () is the time average. B is given by 3(p—

p0)/(2p + po), where p and po are the densities of a small sphere
and the medium, respectively. - is given by 3/3o where 3 and

|
1
Focal Poi n/

Figure 5: Opposite phased arrays, focal points, and standing wave.
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(o are the compression ratios of the small sphere and the medium,
respectively. The force F' acting on a sphere of volume V is given
by F' = —VVU. In the following, we show the potential fields for
a focal point and a focal line.

3.2.1 Focal point

A narrow beam of standing wave is generated in the vicinity of
a focal point when two phased arrays are set opposite each other
and generate the common focal point (Figure 5). The length of the
standing wave depends on the focal depth.

We assume an ultrasonic standing wave along the z-axis. Its sound
pressure p is written as

2z

—jwt
3 Je ®)

p = V2Ag(z,y) cos(

where A is the root mean square (RMS) amplitude, g(z,y) is the

normalized cross-sectional distribution of the ultrasonic beam, and
2

w is the angular velocity. By definition, K, = % and P, L

=3tz
where u is the particle velosity. In the beam of standing wave,
u= 22 Then, U is written as
A? 21z
U:g(myy)2p062{7B+(B+17’7)COS2(T)} (6)

As we mentioned above, it has been theoretically determined that
the distribution of the focal point g(x,y) generated by a rectangu-
lar transducer array can be approximated by a sinc function [Hoshi
et al. 2010].

. 2wz 2wy
~ _— 7
g(as) == sine( 22, 20 @
where the two-dimensional sinc function sinc(z, y) is defined as
sin(z) sin(y)/zy.

Figure 7 shows the potential energy distribution based on Eqgs. (6)
and (7) for y = 0. It is assumed here that the sphere is made of
polystyrene and the medium is air. Hence, p = 1 x 10® kg/m?,
po=12kg/m? B =25x10"""Pa"! and By = 7.1 x 107°
Pa~'. The figure shows that the small spheres gravitate toward the
acoustic axis of the ultrasound beam at its nodes. Figure 7 (b) and
(c) show the particles levitated and animated in this potential field.

3.2.2 Focalline

A sheet beam of standing wave is generated in the vicinity of a focal
point when four phased arrays surround the workspace and generate

jth Focal Point

Figure 6: Generation of focal line.



CO -

(©)

Figure 7: (a) Potential field in the vicinity of the focal point of the ultrasonic beam. (b) Small particles captured by 4000-fps high speed

camera (200X ). (c¢) Small particles trapped in potential field.

focal lines at the same position. This acoustic field is described as
two beams of standing waves that overlap perpendicular to each
other.

We assume an ultrasonic standing wave parallel to the x and z axes.
Its sound pressure p is written as:

. 2my 2mx 22y —jwt
=V2A — —_— — o 8
p = V2Asinc( " Y{cos( " ) 4 cos( " e (8)
Then, U is written as:

. o, 2wy, A2 . o, 2T . 9,27z
U = sinc (—)pOCQ{—B[sm (T)—i-sm( 3 )]
(1= feos( ) + cos( ) ©)

Figure 8/shows the potential energy distribution based on Eq. (9) for
y = 0 under the same conditions as in Section 3.2.1. The potential
field has equally spaced local minima. This is used to create a dot
matrix of small particles.

3.3 Setup Variations

The intensity of the suspending force depends on the direction of
the acoustic beam relative to gravity. Here, we derive and compare
two extreme situations of a narrow beam: a vertical and a horizon-
tal setup. The axial force F’, counters gravity in the vertical setup
(Figure 9 (a)) and the radial force F in the horizontal setup (Fig-
ure 9! (b)). For simplicity, we assume B ~ 3/2 and y ~ 0, because
p > po and B K [ for our case.

First, the radial force F); parallel to the x-axis through the center of

==

i
i

”

Figure 8: Potential field in the vicinity of the intersection of the
ultrasonic sheet beams.

a node is obtained as:

Ly

Fa o |<y,z>=(o,§>

A%V 67 sin(2EZ) cos( 22z sin?(2z2
e,
poc* w (=2%) (=)

The maximum value of F,/Vgis 5 X 10% kg/m? at z ~ —0.2w,
where g = 9.8 m/s? is the gravitational acceleration and A = 5170
Pa. This means that a material can be levitated by F if its weight
density is smaller than this value. For example, the weight density
of polystyrene is approximately 1 x 10 kg/m®.

Second, the axial force F, along the z-axis is obtained as:

oU
=V @)=
5 [@w=00)

2
AV 10w sin(27TTZ)cos(2%Z). (11)

F.

poc? A

The maximum value of F, /V g is 3.63 x 10* kg/m* at, for example,
z = A\/8. The maximum value of F is 7.3 times larger than that
of F, as derived above. This estimation agrees with the report that
lateral restoring forces are approximately 10in the direction of the
main sound beam [Whymark 1975], and explains why F’, rather
than F;, was primarily used in conventional studies.

In this study, we can also utilize F; to levitate objects because we
have sufficient high-amplitude ultrasound owing to phased arrays.
Note that not only the weight density but also the size and shape of
the objects are important factors to determine if they can be trapped
in the nodes.

Array

F% Standing waves

T

iy

Figure 9: The force against the gravity. (a) Vertical setup. (b)
Horizontal setup.
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Figure 10: (a) Node size vs. frequency of ultrasound. White circles show particles in various diameter. (b) Floating paper models fabricated

by laser cutter.

3.4 Frequency and size of floated objects

The node size depends on the frequency of the ultrasound and deter-
mines the allowable size of the floated objects (Figure 10 (a)). The
interval between the nodes is A/2 and the size of the node is \/2
by the width of the ultrasonic beam w. For example, A\/2 = 4.25
mm when we select 40 kHz. The frequency should be determined
according to the intended application. Note that this is a rough stan-
dard, and that objects larger than the node size can be levitated if the
protrusion is small/light enough to be supported by the suspending
force (Figure 10! (b)).

3.5 Shape of potential field

We have discussed two types of potential fields above: a focal point
and focal line. Note that phased arrays control transducers individ-
ually and can generate other distributions of potential fields, such
as multiple beams. The arrangement of the phased arrays can be
used to design the shape of the potential field. Figure 11/ shows
examples of the computational acoustic-potential field, where the
particles indicate the local minima (nodes) of the potential fields.

4 Implementation and evaluation

In this section, we describe the implementation of the acoustic-
potential field generator that consists of phased arrays. We then
show the results of the experiments and the measurements of the
acoustic-potential field generator.

/ Phased Array

O T . N s -

& Object g }«;:; { % u : l?.:y;‘:t

o

AN T T A S ]
Standing waves

Dot Line Cross Triangle  Square 2D Grid

(@ (b) (© (d) (@) U]

Figure 11: Multiple beams and different shapes of potential field.
(a) Dot by a pair of phased arrays. (b) Line by a pair of phased
arrays. (c) Cross by two pairs of phased arrays. (d) Triangle by
three phased arrays. (e) Square (with multiple beams) and (f) dot-
matrix (with wide beams) by two pairs of phased arrays.
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Table 2: 40-kHz and 25-kHz ultrasonic phased arrays.

[ 40 kHz 25 kHz

Number of transducers 285 pcs 100 pcs
Sound pressure 2585 PaRMS 900 Pa RMS
(measured) (estimated)

Size of nodes 4.25 mm 6.8 mm

4.1 Phased array modules

We developed our manipulation system with four modules of
phased array [Hoshi 2012, as shown in Figure|12. The surrounded
area is 520 x 520 mm?. We placed the phased arrays facing each
other.

We have two options of phased arrays with different frequencies
(40 and 25 kHz; Table 2). The position of the focal point is digi-
tally controlled with a resolution of 1/16 of the wavelength (approx-
imately 0.5mm for the 40-kHz ultrasound) and can be refreshed at
1kHz. The 40-kHz phased array consists of 285 transducers (10-
mm diameter, T4010A1, Nippon Ceramic Co., Ltd.) arranged in a
170 x 170 mm? area. The sound pressure at the peak of the focal
point is 2585 Pa RMS (measured) when the focal length R = 200
mm. The 25-kHz phased array consists of 100 transducers (16-mm
diameter, T2516A1, Nippon Ceramic Co., Ltd.). The sound pres-
sure at the peak of the focal point is 900 Pa RMS (estimated) when
the focal length R = 200 mm. Using 25-kHz phased arrays, the
suspending force is much smaller while the size of the focal point
is larger. In this study, we primarily use 40-kHz phased arrays to
obtain a larger suspending force.

The size and weight of a single phased array are 19x 19x 5 cm® and

10mm

Figure 12: Phased arrays. (Left) 40 kHz and 285 pcs. (Right) 25
kHz and 100 pcs.
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Figure 13: (a) System overview. (b) Diagram of data-flow. (c) Control of focusing (or distribution of acoustic potential field) and output
intensity.

Figure 14: Visualization of ultrasonic beams by dry ice. (a) 25 kHz,
(b) 40 kHz, and (c) 2D grid of 40 kHz.

0.6 kg, respectively. It consists of two circuit boards. One is an ar-
ray board of ultrasonic transducers and the other is a driving board,
including an FPGA and push-pull amplifier ICs. These boards are
connected to each other with pin connectors.

The phased array is controlled by a single PC via USB. The con-
trol application is developed in C++ on Windows (Figure [13). The
PC sends the data, including the coordinates of the focal point and
output intensity, to the driving board. The driving board receives
the data, calculates adequate time delays for each transducer based
on Egs. (1) or (3), and generates the driving signals. The driving
signals are sent to the transducers via the amplifiers. Modifying
the time-delay calculation algorithm changes the distribution of the
acoustic-potential field. The output intensity is varied using pulse-
width modulation (PWM) control of the driving signal.

4.2 Control method for manipulation and animation

We detail here our control method using the APF to manipulate
levitated objects. The narrow beams, or sheet beams, of standing
wave are generated in the vicinity of a single target point in our
current setup. The APF changes according to the movement of this
target point and then moves the levitated objects. Note that all the
levitated objects are moved together in the same direction in this
control method.

The movement of the target point should be as continuous as pos-
sible to keep the objects levitated. If the distance between the old
and new target points is large, the levitated objects cannot follow
the change in the APF. Note that although the APF generator has a
0.5-mm spatial resolution and a 1-kHz refresh rate, the inertia of the
levitated objects limits the speed of their movement. This capability
is investigated in Section 4.3.2.

4.3 Experimental measurements

4.3.1 Visualization of beams

Here, we visualize the acoustic field by placing dry ice near it. The
air inside the ultrasonic beam is cooled and the moisture is frozen
and visible. The micro-particles of ice gather at the local minima of
the acoustic-potential field. Figure 14/ shows the ultrasonic beams
of standing waves of 25 kHz and 40 kHz. In both cases, the interval
between the nodes is A/2.

4.3.2 Experiment on speed of manipulation

We examined the speed of manipulation attained by the current
setup by measuring the duration of the cyclical movement at
different frequencies. The test was conducted using expanded-
polystyrene spheres of diameters 0.6 mm and 2 mm. In each trial,
a single particle was set at the third node from the intersection of
the ultrasound beams along one of the acoustic axes (x-axis). All
the directions of movement (i.e., X along an acoustic axis in which
the particle is trapped, z along the other axis, and y perpendicular
to both the axes) were tested. The focal length was set at 260 mm
(Figure |15/ (a)). The sound pressure was set to 70The amplitude
of the cyclic movement was 15 mm. Figure 15 (b)—(d) shows the
results. The points on the graph indicate the average floating time
for the different frequencies, and the bars indicate the maximum
and minimum values. It can be observed that manipulation along
the y-axis was more stable than along the other axes. We speculate
that manipulations along the x and z axes tend to induce disconti-
nuity in the ultrasound to change the focal length. Moreover, the
graph shows that particles with diameter 0.6 mm are more stable
than those with diameter 2 mm at higher frequencies. This suggests
that larger particles tend to fall from the nodes of a standing wave.

4.3.3 Experiment on workspace

We examined the size of the workspace in which the particles are
suspended. The experiment begins with the center position. Each
beam has 14-19 nodes that are occupied by the particles. The ex-
perimental setup is shown in Figure [16. The figure shows how a
particle falls when the focal point moves to a more distant position.
The x-axis shows the distance from the center and the y-axis shows
the number of nodes that include particles with a 0.6-mm diameter.

The workspace was studied next. In the case of movement along
one of the acoustic axes, the manipulated particles could approach
the ultrasound array to within 60 mm, but dropped when the dis-
tance became smaller. In the case of movement perpendicular to
the acoustic axes, the particles at the more distant nodes dropped
earlier when they moved away from the center of the system. A
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Figure 15: (a) Experimental setup and results on speed of manipulation. (b) Parallel to x-axis. (c) Parallel to y-axis. (d) Parallel to z-axis.

particle at the intersection of the ultrasound beams dropped when it
came to within 330 mm of the center.

4.3.4 Experiment on weight capability

We examined the capability of levitation with various materials. We
employed nuts made of several materials and sizes. We levitated
them in the center of the node in the vertical and horizontal setup.
The results are shown in Figure 17. The weight capability is calcu-
lated from the size and density: vertical F, can hold up to 1.09 g
and horizontal F); can hold up to 0.66 g. The relationship between
the amplitude of the ultrasound and mass is also plotted in Figure
17.

While we concluded that our system can suspend up to 1.09 g and
0.66 g, there are other factors to be considered in addition to the
weight of objects — namely, the shape of objects, the intensity of
the ultrasound, and the geometry of the APF.

5 Applications and results

In this section, we discuss the application of the proposed method.
First, we describe the characteristics of the method. We then outline
the possible applications: graphics and interactions based on the
acoustic potential field (APF) of wide/narrow ultrasonic beams.

5.1 Characteristics

The levitation and manipulation method used in our study has sev-
eral characteristics that can prove useful in graphics applications.
These include

1. Simultaneous levitation and manipulation of multiple objects
by modification of APF

2. Rapid manipulation of levitated objects resulting in the pro-
duction of persistence of vision

3. Only dimension and density limitations on levitating objects

In this paper, we introduced two options, wide and narrow beams.
The wide beam is used for projection screens and raster graphics,
whereas the narrow beam is used for the levitation of various ob-
jects and vector graphics. Furthermore, other applications — anima-
tion of real objects, interaction with humans, particle effects, and
pseudo high-screen resolution — can be implemented. Figure 20
shows a map of the applications placed according to their speed of
motion.
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5.2 Graphic application with grid-like APF

In this application, a 2D grid APF generated by wide beams, de-
picted in Figure [11/ (f), is used as a projection screen floating in
mid-air. Moreover, raster graphics images are generated when ade-
quate particles are blown off.

5.2.1 Projection screen

Figure 18 shows a floating screen, with the 2D grid APF suspend-
ing small particles in all the nodes. The movement of the screen has
a high refresh rate and high spatial resolution. In our current proto-
type, the maximum control rate is 1 kHz, the distance between the
particles is 4.25 mm, and 85 x 85 particles are held at the maxi-
mum. This kind of mid-air floating screen is applicable for use in
areas such as entertainment, show windows, and interior displays.

Conventional proposals include fog screens [Rakkolainen et al.
2005], water drop screens [Barnum et al. 2010], and fog-filled bub-
ble screens [Nakamura et al. 2006]. However, these are mid-air,
passive projector screens. Our proposed system differs from these
in that the spatial position of our screen is controllable and the
screen objects can be selected according to usage (Figure (19 (b)).
Our system can also expand conventional systems by, for instance,
suspending water drops, holding fog particles, and controlling soap
bubbles in the air.

Furthermore, the screen can be moved three-dimensionall as well
as manipulation and animation applications. There are two types
of effects: The movement vertical to the screen results in volumet-
ric expression and that parallel to the screen achives pseudo high
resolution.

5.2.2 Levitated raster graphics

Figure [19/ (c) shows a raster graphics display. First, the APF sus-
pends small particles in all nodes to the same extent as in Section
5.2.1. The system then adequately blows off some of the particles
and generates a raster image. This process is performed by an ad-
ditional phased array, or air jet. The accuracy of dropping particles
is approximately 2 cm by phased array and a single pixel by air jet
at close range. The control rate of movement and spatial resolution
of pixels are the same as in Section 5.2.1.

There are several studies that focus on mid-air displays. For ex-
ample, [Kimura et al. 2011] is a 3D volumetric display based on
laser-excited plasma that generates an image consisting of luminous
points. Our system differs from this to the extent of non-luminous
and physical-material pixels. A projector is not necessarily needed
and the natural appearance of a real object is used as an expression.
The availability of a non-luminous mid-air display in addition to a
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conventional luminous mid-air display is useful for design contents
and installation.

5.3 High-speed animated APF

We focus here on a cross APF generated by the narrow beams
shown in Figure 11! (a)—(c). By changing the spatial position of
the nodes of the APF (either points or lines), the levitated objects
are moved. The movement is fast enough to turn the trajectories of
the objects into vector graphics based on persistence of vision.
5.3.1 Physical vector graphics

By moving particles quickly, a vector graphics display is achieved
based on persistence of vision. We used two types of particles
as moving particles: 1-mm luminous painted balls and 1-mm
polystyrene particles. In the case of the luminous painted balls,
we first irradiated light onto the balls and then manipulated them
quickly mid-air. The trajectories are designed as a series of co-
ordinates of control points, which are set up to 1,000 points-per-
second. As the results of the above experiments showed, the max-
imum speed of movement was 72 cm/s. This speed is enough to
produce persistence of vision. Figure 21| (a) and (b) show the re-
sults.

Research has been conducted on long-exposure photographs of
LED lights [TOCHKA ] and LED-decorated quad-copters [Landis
2013]]. However, our study differs from them in that vector graphics
in mid-air are rendered in real time and non-luminous images are

obtained with polystyrene balls.

5.3.2 Physical particle effects

The movement of the APF produces not only vector graphics, but
also particle effects in the real world (Figure 21! (c)). The tempo-
ral change in the APF affects the trajectories of falling particles,
and the trajectory changes of multiple particles visualize the APF
change. The speed of the movement is the same as in Section 5.3.1.

5.4 Animation and interaction

Both 2D grid and cross APFs offer animation of levitated objects
and/or interaction between users and levitated objects. Our study
animates “passive” and “real-world” objects based on a noncon-
tact manipulation method (Figure 24). We combined our levitation
and manipulation setup with an IR-based motion capture system.
When we levitated and manipulated small retro-reflective balls, all
the balls were tracked by the motion capture system. Results are
shown in Figure 22 (Left), in which we used a single 1-mm retro-
reflective ball and levitated it.

Another motion capture setup was developed with Kinect. In this
setup, users are detected without any attachments on their bodies
and the levitated objects are controlled according to the motion of
the users’ hands. An illustration of its use is given in Figure 22
(Right).
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6 Discussions

6.1 Limitations
6.1.1 Material limitation

There are two factors to consider when choosing objects to manip-
ulate: dimension and density. The allowable dimension is deter-
mined by the geometry of the APF and the allowable density of the
material is related to the intensity of ultrasound. In Section 3, the
maximum density of a levitated object is theoretically derived as
5 x 10® kg/m®. Examples of materials that satisfy this condition
include light metals and liquids. As described in Section 3, the size
limitation (the size of nodes) is determined by the frequency of ul-
trasound: 4.25 mm for 40 kHz and 6.8 mm for 25 kHz. A lower
frequency leads to larger size. Internal force is also an important
factor in selecting the material. For example, the electrostatic force
determines the maximum number of particles that can be trapped
in a single node. The surface tension of the fluid determines the
size of the droplets that can be levitated. Further, the shape of the
levitated object is limited by the shape of the node.
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6.1.2 Sustainability of suspension

Three factors determine the sustainability of the suspension: the
heat condition of ultrasonic devices, oscillation of objects inside the
nodes, and acceleration in vector graphics. In this section, descrip-
tions of the factors and the ways to cope with them are provided.

The difference in the heat condition of the ultrasonic devices causes
a single standing wave to affect the sustainability of the suspen-
sion. The temperatures of devices are equivalent prior to them be-
ing turned on. When they are turned on, their temperatures gradu-
ally increase because of the heat generated by amplifier ICs whose
characteristics are not fully equivalent. When there is a difference
in temperature, the operating frequencies of the controlling circuits
differ. The frequency difference causes transportation of the nodes
and the levitated objects fall off when they reach the edge of the lo-
calized standing wave. The cooling and maintenance of the temper-
ature balance of the devices is one treatment. Another is to adjust
phase delays based on feed-forward or visual feedback control.

Oscillation of levitated objects is another factor to be considered.
When some kind of fluctuation occurs on the object, it suffers the
restoring force from the potential field. If the intensity of the ultra-
sound is too high, the oscillation grows and finally exceeds the node
of the potential field. The oscillation is restrained by decreasing the
intensity of the ultrasound keeping it suspended.

When moving levitated objects, the acceleration acts to throw them
off the nodes. This determines the possible shapes and sizes of
the physical vector graphics. Increasing the intensity of ultrasound
at sharp curves would elongate the drawing time and expand the
variation of physical vector graphics.

In practice, it is acceptable in many cases to refill objects into the
APF if necessary.
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Figure 21: (a) Physical vector graphics (“heart”). (b) Physical vector graphics (“heart”) with 60 Hz strobe light. (c) Whale (hung by string)
and surrounding particles. (d) Whale (hung by string) with projected spout.
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Figure 22: Animation and Interaction. (Left) With IR based motion capture system. (Middle and right) interaction with floated materials.

6.2 Scalability

In this sub-section, we discuss the scalability of our method in terms
of the weight and size of objects, the speed of movement, and the
number of control channels.

6.2.1 Weight

The intensity of the ultrasound radiated from a single phased ar-
ray is in proportion to the number of transducers. More transduc-
ers enable us to levitate heavier objects. Increasing the number of
transducers results in other benefits in addition to higher intensity.
One such benefit is a larger workspace keeping the size of the focal
point. Another is smaller dispersion of the phase delay character-
istics, which leads to more accurate generation and control of the
acoustic field.

6.2.2 Size

In Section 6.1, we stated that the size of the object is limited by the
frequency. In order to retain its non-audible property, an ultrasonic
wave down to 20 kHz (the maximum frequency that humans can
sense) is available. We then have a scalability limit of up to 8 mm.

6.2.3 Speed

The maximum manipulation speed of physical vector graphics is 72
cm/s, as mentioned above. Because the workspace is fixed, the ac-
celeration needed to accelerate the object to a given speed is avail-
able with a higher intensity of ultrasound.

6.2.4 Multiple controls
In a single wide/narrow acoustic beam of a standing wave, all the

levitated objects are manipulated together. Multiple beams are gen-
erated, for example, by separating a single phased array into several

regions and controlling them individually. In this way, we can also
control multiple clusters of objects individually.

6.3 Setup variations

Our system has a wide range of setup variations at this stage, from
20 x 20 cm? to 100 cm?. Larger setups will be possible in the future
with larger ultrasonic devices. Figure 23/shows the setup variations.

6.4 Computational potential field

In Section 2.3, we introduced the concept of Computational Po-
tential Field (CPF), which is the source of a noncontact force. This
concept not only explains various noncontact forces (such as acous-
tic, magnetic, and pneumatic) in a unified manner but also serve as
a platform for discussing and designing noncontact manipulation in
the future. This frees us from specific physical parameters, such as
sound pressure, magnetism, and airflow, and allows for discussions
based on the divergence, the rotation, the response speed, and the
wave/diffusion characteristics of the CPE.

7 Conclusion and future work

In this paper, we reported on a study conducted to expand “graph-
ics” from the digital world to the real world. In the study, 3D
acoustic manipulation technology is used to turn real objects into
graphical components. The method has wide-ranging applications,
such as mid-air projection screen, raster graphics, vector graphics,
and real-object animation, with millimeter-sized objects. We im-
plemented these applications using the current version of ultrasonic
phased arrays, conducted experimental evaluations, and demon-
strated the capabilities of the system. To aid in the explanation
of our approach, we also introduced the concept of “computational
potential field,” which has the ability to unify all the noncontact
manipulation technologies.
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Figure 24: Time-series photographs of animation of a floated ob-
Jject (0.25-W carbon resistor).
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