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Abstract—Ultrasonic forces have been used to keep small
objects in a suspended state for a long time. In recent years,
methods have been developed to manipulate the levitating objects
and to lift objects located on acoustically transparent or reflective
surfaces. This work demonstrates an ultrasonic levitation system,
which is capable of transporting objects from and to acoustically
reflective surfaces, while controlling the orientation of the levi-
tating object. This requires two different types of piezoelectric
transducers operating at two distinct frequencies (25kHz and
40 kHz), a moveable reflector plate and a novel control method.
With these properties, the levitation system presented in this
work can be used as a precise contact-less robotic gripper for
micro-manufacturing processes of small and fragile objects.

Index Terms—Acoustic Levitation, Ultrasonic Grippers,
Robotics

I. INTRODUCTION

Ultrasonic forces are used to trap small objects or liquids
in chemistry [1], control of nano material self-assembly [2],
containerless processing [3]-[6], and to study droplet dynam-
ics [7], [8].

A single transducer and a reflector are sufficient to create a
standing wave that can levitate an object [9]. In recent years,
arrays of ultrasonic transducers have been used not only to
levitate but also to manipulate small objects and liquids [10]-
[12].

To use this technology for robotic grippers, it has to be
possible to pick up objects located in different environments,
transport them reliably and position the objects on a target.
A method for the transport from and to acoustically reflec-
tive surfaces has previously been developed [3]. Due to the
symmetry of the pressure field resulting from this method, the
object levitating in the gripper had the tendency to spin around
the symmetry axis of the gripper and was therefore not in a
controlled state.

It has been shown, that the superposition of pressure fields
and force potentials generated by transducers operating at
different frequencies can be calculated separately and added
up to get the total pressure field and force potential [13], [14].
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This method was used for the gripper developed in this work
in order to generate a stabilizing torque which stops the spin
of levitating asymmetric objects. The torque can be adjusted
such that the orientation of the levitating object can not only
be stabilized but also controlled. Therefore, it is possible to
position the object on a target surface in a precise manner,
which is required for any micro manufacturing process using
ultrasonic grippers.

II. METHODS

The acoustic pressure generated by the j*" transducer of an
acoustic array at a given point in space is calculated as

, 1 .
pj = €' Py Jo (kr sin H)ge““d, (1

where ¢, Py, Jy, d, 0, v and k = w/cy denote the phase
of the transducer excitation signal, a factor depending on the
electrical power (FPy = 0.13V, [15]), the Bessel function
of order zero, the distance of the considered point to the
transducer, the beam angle, the radius of the transducer, and
the wave number, respectively [10].

An approximation for the force potential valid for objects
smaller than the acoustic wavelength (A ~ 8.65mm) is the
Gor’kov potential U. It is calculated as

U=V, (Ki(P?) — K5(V?)), )

with (), Vp, P, and V denoting time-averaged terms, the
particle volume, the pressure, and the particle velocity, respec-
tively. K7 and K5 denote factors that depend on the density
of the levitating object and the medium as well as the speed
of sound in the levitating object and the medium (air) [10].

The ultrasonic gripper presented in this work uses piezoelec-
tric transducers operating at 40 kHz and 25 kHz. The 40 kHz
transducers are used to counteract the gravitational force. This
is achieved by arranging them on a spherical cap with a radius
of r = 42mm and operating all transducers at the same
phase. If an acoustically reflective surface is placed near the



focus point of the arrangement, a standing wave between the
gripper and the reflective surface is formed, as shown in Fig.
1b. Objects located on the reflective surface can be picked
up using this method, since they are pushed towards the first
pressure minimum, which is about a quarter of a wavelength
(3 ~ 2.15mm) above the surface.

80 60 40 20 0 -20 -40 -60 -80 -100

[ T (n))
m - | E

10 55 0 5 10-10 -5 0 5 10-10 5 0 5 10
x (mm) x (mm) x (mm)

z (mm)

-10-5 0 5 105 0 5 10

y (mm)

Fig. 1. Side and top view of the Gor’kov potential resulting from the
transducers operating at (a), (d) 25kHz, (b), (¢) 40kHz and (c), (f) the
combination of both. The focus point of the gripper is at z,y,z = O mm
and the a reflective surface is located at z = —5 mm. The asymmetry of the
pressure field shown in (f) is required for stabilizing the orientation of the
levitating object. The potentials in (a), (b), and (c) are shown for y = 0 mm
and the potentials in (d), (e), and (f) are shown for z = 2.15 mm.

When the object is levitating in this pressure minimum, a
thin reflector plate can be moved under the levitating object,
resulting in a standing wave between the transducers and the
reflector plate. The 3d printed reflector plate with a thickness
of t = 0.8mm is placed 5mm below the focus point of
the gripper in order to have enough space for the 25kHz
transducers. A slope was added to the edges of the plate to
reduce disturbances of the pressure field during the movement
of the reflector plate. The gripper (including the reflector plate)
can then be moved away from the reflective surface while
maintaining stable levitation [3].

Objects levitating in this gripper tend to spin around the
symmetry axis, due to the symmetrical pressure field [3], [16]-
[18]. A ring shaped arrangement (r = 53 mm) of transducers
operating at 25kHz is used to superimpose an asymmetric
pressure field, that provides a stabilizing torque. As shown
in [13], the superimposed pressure and force potential field
can be calculated as the sum of the 40kHz and the 25kHz
pressure and force potential fields. Due to the lack of space,
the transducers were only arranged on two sides of the gripper
and not in a full circle. The gripper including the reflector plate
is shown in Fig. 2. The resulting asymmetric Gor’kov poten-
tial, the 40kHz Gor’kov potential and the 25kHz Gor’kov
potential are shown in Fig. 1.

This system is not only capable of transporting asymmetric
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Fig. 2. The gripper used to verify the presented methods.

objects in a fixed position but it is also possible to control the
orientation of the levitating object. By controlling the phase
shifts of the 25kHz transducers individually, it is possible
to rotate the 25kHz pressure field and therefore the object
around the z-axis. For the initial position, a phase shift of 180 °
between the two halves of the 25 kHz arrangement is applied.
By adjusting which transducers are operating at 0° and 180 °
phase, the pressure field can be rotated as illustrated in Fig. 5.
For smoother rotation, the phase shift of the transducers can
be increased gradually from 0° to 180° and vice versa.

2 T T T T T _=
“||[—awnorur |

) Omwith LUT | e |
Ll B ETTTTTTTT o desired

0 20 40 60 80 100 120 140 160
Rotation Angle Input (°)

(=)

Measured Rotation Angle (°)
90

180

Fig. 3. Measured rotation angle oy, for 10V and 8V excitation voltage
amplitudes for the transducers operating at 40 kHz and 25 kHz, respectively.
The blue line shows the trajectory using the simple phase calculating method
and the red line uses a look up table measured for this combination of
excitation voltages.

For placing the object on a target on a reflective surface,
the same method as for the picking process can be used.
The gripper can be moved to the target surface, such that the
reflector is very close to the surface. By removing the reflector
and reducing the acoustic power afterwards, the object can be
placed on the target in a controlled manner.

The gripper is mounted on a robotic arm to allow long
distance movement of the objects. The arm and the stepper
motor, which is used to move the reflector plate, are controlled



by a Raspberry Pi, which also calculates the required phase
shifts and duty cycles for the transducers and forwards them
to a Cyclone IV FPGA board. The FPGA generates one signal
for each transducer operating at 25kHz, which is inverted
and amplified by one gate driver IC per transducer (1X4428).
This is required for individually controlling the phase shifts
of the transducers and allow the rotation of the levitating
object. Additionally, two signals for the transducers operating
at 40kHz are generated on the FPGA and are amplified by
an L298N dual H-bridge board. An overview of the system is
shown in Fig. 4.

. Reflector
Raspberry Pi Transducers
Robot Arm
( )
Arduino FPGA Robot Arm
. J
St ( 40 kH
epper z
Motor \L 298N Transducer
Reflect ( 25 kH
eflector x12 z
Plate KIX442 8 Transducer

Fig. 4. Overview of the components used to control the gripper. The robot arm
and the stepper motor, which is used to move the reflector plate, are controlled
by a Raspberry Pi, which also calculates the required phase shifts and duty
cycles for the transducers and forwards them to a Cyclone IV FPGA board.
The FPGA generates one signal for each transducer operating at 25 kHz,
which is inverted and amplified by one gate driver IC per transducer (1X4428).
Additionally, two signals for the transducers operating at 40 kHz are generated
on the FPGA and are amplified by an L298N dual H-bridge board.

III. RESULTS

The methods presented in this work facilitate the reliable
transport of small and fragile objects located on acoustically
reflective surfaces, if the gripper is positioned precisely above
the object. For objects with high density (p > 1g/cm?), some
oscillations occur during the picking process. The added slope
to the edge of the reflector plate reduces the disturbances
of the pressure field during the movement of the reflector
plate significantly and improve the stability during the picking
process.

The stabilization of asymmetric objects with piezoelectric
transducers operating at 25 kHz requires a suitable choice of
operating voltages. If the operating voltage is chosen too low,
the stabilizing torque is too weak in order to stop the rotation
of the particle. However, for very high operating voltage,
the particle tilts around the horizontal axis with the lowest
stiffness or even starts to wobble around this axis, when the
horizontal and vertical forces are of similar strength. The
operating voltages, which yielded the best stability during

our experiments are shown in table I. With suitable operating
voltages, the object can be kept in a stable position even during
the movement of the robotic arm, which causes vibrations of
the gripper.

TABLE I
BEST SUITED OPERATING VOLTAGES (RMS) FOR THE TRANSDUCERS
OPERATING AT 25 kHz AND 40 kHz AND DIFFERENT MATERIALS.

Material 40kHz Voltage | 25kHz Voltage
Styrofoam 10V 8V

PLA 19V 165V

Tin 25V 20V

The orientation angle o of the object should not be changed
before arriving at the target location since the initial orientation
(o = 0°) is the most stable as shown in Fig. 5. The simplest
approach for calculating the phase shifts for the transducers
operating at 25 kHz is

180° a; > 210°
6(a; —180°) 180° < a; < 210°
oy =4 Ol ) 1807 <y = 200 3)
0 30° < o <180
6a; +180°  otherwise

where a; = a+3-30° is the rotation angle relative to the j-
th transducer and assuming uniformly distributed transducers.
This approach results in smooth phase shift changes for each
transducer. As shown in Fig. 3, there is a deviation between
the measured orientation angle o, and the input angle ov. Two
kinds of deviations occur during a revolution. First, the non
uniform distribution of the transducers causes a slower rotation
for the largest part of the revolution and a faster rotation
for rotation angles around 90°. Furthermore, the linear phase
shift change of each transducer from 0° to 180° results in a
non linear orientation angle change during each 30° rotation
interval. Both kinds of deviation can be compensated for by
a lookup table for fixed operating voltages as shown in Fig.
3. The lookup table was generated using video footage and
openCV image processing algorithms for the rotation angle
detection. For slight deviations of operating voltages, which
are often required for objects of different shape, the lookup
table can still be used with small orientation inaccuracy. For
objects of different materials, the operating voltages differ too
much from the ones used for the lookup table and relatively
large inaccuracies can occur. Therefore, we recommend to use
an individual lookup table for each material.

IV. DISCUSSION

This work presents the first ultrasonic robotic gripper,
which allows the contactless transport of small and fragile
objects in a controlled manner. Its capability of controlling the
orientation of levitating objects is required for applications in
micro-manufacturing processes. With the presented methods,
high positioning and orientation accuracy can be achieved.
Oscillations during the picking process and the movement of
the robotic arm limit the stability and reliability of the transport
and should therefore be further reduced in future research.
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Fig. 5. Top view of the Gor’kov potential for rotation angles of (a) 0°, (b)
30°, (c) 45° and (d) 90°.

There is still potential for improvement in gripper design,
since this work has focused on methods rather than gripper
optimization. If very high positioning accuracy is required,
the system can be extended with a closed-loop control system
using the image processing algorithms used for the lookup
table generation.
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