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Abstract: In this study, a planar ultrasonic motor platform is presented that uses three half-side
excited piezoelectric hemispherical shell resonators. To understand the working principle and the
harmonic vibration behavior of the piezoelectric resonator, the trajectory of the friction contact
was measured in free-oscillating mode at varying excitation frequencies and voltages. The driving
performance of the platform was characterized with transport loads up to 5 kg that also serve as
an influencing downforce for the friction motor. The working range for various transport loads
and electrical voltages up to 30 V is presented. Undesirable noise and parasitic oscillations occur
above the detected excitation voltage ranges, depending on the downforce. Therefore, minimum and
maximum values of the excitation voltage are reported, in which the propulsion force and the speed
of the planar motor can be adjusted, and noiseless motion applies. The multidimensional driving
capacity of the platform is demonstrated in two orthogonal axes and one rotary axis in open-loop
driving mode, by measuring forces and velocities to confirm its suitability as a planar motor concept.
The maximum measured propulsion force of the motor was 7 N with a transport load of 5 kg, and its
maximum measured velocity was 77 mm/s with a transport load of 3 kg.

Keywords: piezoelectric motor; planar ultrasonic motor; hemispherical resonator; electrode segmen-

tation; trajectory of friction contact; laser vibrometer measurement

1. Introduction

Ultrasonic motors of the standing wave type use resonators made of piezoelectric
ceramic materials to create propulsion force via a friction contact. The friction contact
pushes at ultrasonic resonance frequency against a movable rotor or a guided slider element,
and sets these in motion [1-3]. Commercially available standing wave motors typically
use plate geometry for their resonators [4], since this geometry is very suitable for strong
linear forward and backward motion along one axis. The downforce between the resonator
and the slider can be defined by a spring [5] in this type of motor. Applications mainly
include high-precision motion tasks in the submicron range, vacuum compatibility, or
environments where the coil- and magnet-free working principle is beneficial; examples are
shown in [6-9]. An obvious solution for high-precision multidimensional drives with high
motion ranges in the XY and Phi directions is a stacked design consisting of two linear tables
and one rotary table, comparable to the design used in [10]. In contrast, planar motors allow
motion in these directions on a single stage. In the event that ultrasonic motor technology
is requested for such a planar motor, either a perpendicular setup of plate resonators—as
in [11,12]—is conceivable, or the resonator geometry must be changed to a type allowing
multidimensional vibrations. Various concepts for composite multidimensional resonators
in planar motors can be found in research publications, such as those mentioned in [13-15].
Composite resonators are composed of piezoelectric material parts as driving actuators
in combination with a resonant structure made of a different material (e.g., steel [16])
that amplifies the resonant mode for driving. Metal tuning blocks can be installed in the
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structure to tune the resonance frequencies [17]. An innovative and alternative motion
concept to composed resonators is shown in this paper; it uses monolithic piezoelectric
resonators in the shape of a hemispherical shell to create a multidimensional propulsion
force. Three of these resonators combined form a planar motor drive platform that can
move in both the rotatory and translatory directions as a planar motor. Three friction
contacts serve as actuating drive tappets as well as three point bearings, similar to the
planar motor concepts presented in [18,19]. The motivation for using piezoelectric shells
as actuators comes from previous structural dynamic simulations and initial experiments
shown in [20]. The advantage of the monolithic piezoelectric shell structure is the simple
manufacturing process and the lack of a need for tuning blocks. In [21,22], piezoelectric
material simulations, the design and structure of the shell resonators are shown. This paper
describes the schematic design and harmonic behavior of the planar motor prototype. The
resulting propulsion forces and driving velocities in different load scenarios are examined.

2. Materials and Methods

An explanation of shell-based piezoelectric standing wave resonators is followed by
an overview of the mechanical and electrical design of the platform.

2.1. Ultrasonic Standing Wave Resonators Made of Piezoelectric Hemispherical Shells

The piezoelectric shells in this paper are made of the material SONOX P5, which is a
soft piezoelectric ceramic. One advantage of soft PZT is its comparatively good broadband
excitability [23]; material data can be seen in Table 1 [24]. The outer diameter of the shell is
25.6 mm, with a total height of 12.8 mm and a wall thickness of 2 mm (Figure 1 (left)). The
four segments on the outer electrode are laser structured, and the insulating distance is
2 mm. To avoid introducing unnecessary heat into the temperature-sensitive piezoelectric
material, ultrashort laser pulses in the green wavelength range are used to structure the
10-micron silver outer electrode material. Ultrafast laser ablation characteristics of the PZT
ceramic, along with fitting parameters, can be found in [25]. Depending on the desired
direction of motion, the shell resonator is excited via the corresponding electrode segments.
With an even finer segmentation of the outer electrode, even more precise control of the
output direction would be possible. Due to the lower effort required for manufacturing
and signal distribution, quartered segmentation was determined to be sufficient for this
prototype. The internal silver layer of the shell serves as a ground electrode. A ruby-doped
sapphire (Al;O3) hemisphere with a diameter of 4 mm is glued to the center of the top
of the piezoelectric shell with DP490 adhesive, and serves as a friction contact element.
The resonator is glued to a PCB board, which allows signal distribution to the connector
cables. The PCB board is screwed onto the motor platform via four M2 screws. The three
resonators placed on the motor platform are shown in Figure 1 (right).

If two adjacent electrodes of the shell are excited at resonance frequency, harmonic
FEM simulations and measurements show a superposition of radial and tangential dis-
placement. The trajectory of the friction contact element is in the shape of an inclined
ellipse, as can be seen in the exaggerated illustration in Figure 1 (center). It is assumed that
the radial deflection d,,q favors the output force Foy¢, while the tangential deflection dian
favors the output speed voyut.

Table 1. Material properties for the material of SONOX P5, extracted from [24].

Material Property SONOX P5 (Soft Piezoceramic)
Stiffness c33P: 145 x 1010 N/m?; c55P: 5.8 x 1010 N/m?
Qm 90
Relative permittivity €511/ €02 1220; €533/ €0: 865

d33: 450 x 10712 C/N; d31: —180 x 10712 C/N;

Charge constant dys: 550 x 1012 C/N
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Figure 1. Hemispherical piezoelectric shell resonator for a planar motor (bottom view).

2.2. Mechanical Design of the Planar Motor Drive Platform

The presented prototype of the planar motor drive platform (Figure 2) was designed
with isosceles triangular geometry, with three piezoelectric resonators placed on a circle
with a diameter of 140 mm. The outer dimensions were 212 mm in length, 244 mm in width,
and 16 mm in height. The height was defined primarily by the size of the piezoelectric
resonator shells. The rectangular blocks represent transport load, and serve as orientational
edges for the utilized position sensor system (laser triangulation distance sensors). The
planar motor platform moves on three polished ceramic plates (100 x 100 mm) made of
Al,O3 ceramic, whose geometries define the travel limit for the resonators running on it.

Top view

Position
Sensors

Figure 2. Design (CAD) and outer dimensions of the planar motor drive platform.

The planar motor drive platform can be controlled to drive in the directions shown in
Figure 3. Depending on the actuated electrodes of the shell resonators, the resulting motion
is either translatory or rotary. Especially the translatory (drive mode A,B) and the rotary
motion around Piezo 1 (drive mode D) show reliable performance when used in open-loop
control drive mode. These drive modes are preferred due to the appropriate alignment
of the segmented resonators. The following measurements for the characterization of the
planar motor are therefore performed in these axes: Precise rotation around the center
of the platform (drive mode C) is considered challenging, but is expected to be possible
with suitable feedback position control (future development). Through finer subdivision of
the electrodes than quartered division, the directions of the forces of the resonators could
be made more variable and precise, in principle. This advantage comes with more effort,
requiring twice the number of connectors for the electrical design of the motor.

Utilization of hard ceramic materials as friction materials is common in ultrasonic
motors, and is described in [26]. In particular, it is recommended to use ceramic materials
for both partners of the friction contact [27]. In our setup, the three ceramic base plates
are made of the hard, wear-resistant oxide ceramic AOKO1 [28], which is specified for
ultrasonic motor applications. The plate (100 x 100 x 3 mm) serves as a friction contact
partner to the ruby-doped sapphire (Al,O3) friction element. The roughness R specified
by the manufacturer is 0.4 micrometers, and is confirmed by our measurements with a
Twip OS Consigno confocal microscope. A close-up image of the plate’s surface taken with
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this microscope is depicted in Figure 4. With the transport loads described in this paper for
the planar motor, no visible wear on the ceramic plate surface was detected.

o\

Figure 4. Magnified view of the surface of the ceramic base plate.

2.3. Electrical Design to Control the Platform

Real-time control of the resonators was realized via an FPGA on a dSPACE Micro-
LabBox microcontroller, allowing the excitation frequency f and voltage amplitude A to
be modulated during operation; this is necessary for the directional control of the planar
motor platform. The concept for the signal generation and distribution to the electrodes
is shown in Figure 5. A Simulink program running on the FPGA generates three small,
independent sine signals for the three piezoelectric resonators. The generated small signals
(0-3 V) are amplified with Rohrer PAB050 broadband power amplifiers by a factor of 10.
The high-frequency power signals (30 V amplitude) are distributed via photo MOSFET
relays (KAQY212) [29] to the required electrode segments for half-sided excitation. These
normally open SPST switches ensure galvanic isolation between the control signal and the
amplified power signal that feed the piezoelectric resonators. With this setup, 12 electrodes
can be addressed using only three HF amplifiers. Current amplitude in 30-V piezoresonant
(85 kHz) operation is up to 350 mA. More specific details on the control of the platform can
be found in [21].
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Figure 5. Signal generation and distribution to the electrodes to control the platform.

3. Measurements and Results

To better understand the operational principle of the resonator, measurements of
displacement of the vibration at the tip of the friction contact are presented. In addition, the
assembled motor drive platform is examined regarding the adjustable velocities and forces.

3.1. Measurements of Deflection of the Friction Contact in Free-Swinging Mode

In order to classify the dimensions of the motion trajectory of the ruby contact element
on top of the piezoelectric shell, laser Doppler vibrometry [30] was used. The utilized setup
is also described in [22], and is shown in Figure 6; it consists of two separate sensor heads,
an out-of-plane scanning LDV head (PSV-500, Polytec, Waldbronn, Germany) to measure
the radial displacement d,,q, and an in-plane LDV head (IPV-100, Polytec, Waldbronn,
Germany) to measure the tangential displacement d¢an. The measurements were performed
successively. Since the LDV signal analysis controller receives the HF excitation sinus
signal as phase reference information, the phases of d;,q and dian were determined. The
piezoelectric hemisphere is excited on a half-side (electrodes 1 and 2), and oscillates freely
without a damping contact or load on the ruby friction tip. Both lasers require a direct view
of the ruby element, so the free-swinging operation without preload /damping had to be
chosen. The actual vibration behavior with an opposing ceramic plate must be classified as
lower due to the higher damping situation. The maximum voltage was selected at 14 V,
since higher voltages result in greater heating of the hemispherical resonator (over 70 °C)
in the free-swinging operation.

The results of the measurements are shown in Figure 7. The measurement range covers
the relevant frequency range for driving operation from 80 to 90 kHz. Measurements
were conducted three times, and the average value for each frequency is shown. The
resonance peaks can be clearly seen in both the out-of-plane and in-plane directions in the
measured laser vibrometer data. The resonance frequency at 2-V excitation was 85.15 kHz,
and decreased to 84.4 kHz at 14-V excitation. This drift towards lower frequencies with
higher voltage amplitudes can also be seen in admittance measurements [21], and similar
observations are described in [31]. The higher strains of the shell structure at higher
voltages influence the elastic behavior of the structure; this leads to the drift in the resonance
frequency. Further details and explanation of this frequency drift phenomenon can be
found in [32,33]. The calculated trajectory on the right side is a result of the measured d,.q,
dtan, and their phases.
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Figure 6. Laser Doppler vibrometer setup.
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Figure 7. Measurements of radial and tangential displacement when excited half-sided (left); calcu-
lated trajectories (right).

3.2. Measurements of the Maximum Drive Velocity

To demonstrate the multi-axis driving behavior, measured values for the —X and the
+Y directions are presented as examples. Performances in the +X and in —Y directions
are very similar to their inverted axis partners and, therefore, these measurements are
not depicted. Three Micro-Epsilon optoNCD1220-50 triangulation sensors were used to
determine the position and calculate the velocity using the dSPACE system. On a 50-mm
travelling path along the corresponding axis, maximum velocity 9 was measured. For
each parameter setup, three measurements were recorded, and the average value for 9 is
shown here. The rectangular blocks above the resonators serve as weights and as edges,
large enough for the position detection principle shown in Figure 8. The smallest weight
selected for the presented measurements was 1620 g, and included the resonator modules,
the aluminum platform, and the rectangular blocks. The excitation frequency was 85 kHz,
and the voltage varied from 0 to 30 V in 1-V increments, for the half-sided excitation shown
in Figure 6. These voltage settings were also tested with additional transport loads, which
were placed in the center of the platform.
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Figure 8. Setup for drive speed measurements of the planar motor platform.

3.2.1. Velocity Measurements in the —X Direction

The results of the measurement in Figure 9 show ¢ for the different load scenarios.
If the platform is driven in drive mode A (Figure 3), it moves in the —X direction. The
platform begins to move after the dead zone is passed when Uy, is reached. The speed
can then be increased by increasing U. After reaching Umax, which is also characterized
by audible noise, the speed no longer increases. The approximately linear range between
Umin and Upax can thus be used to control the velocity of the motor. This is the working
range that should be used by an automated control system when using this platform as
a positioning system, and is shown in Table 2. By applying additional load weights, the
velocity curve shifts approximately uniformly to higher electrical voltages. Noticeably,
the highest travel velocity is not achieved with the lowest load weight. At a weight of
1620 g, with voltages above 20 V, parasite vibrations are observed, which are suspected
to be due to the pronounced radial component of the trajectory of the oscillating friction
tappet. The maximum velocity for 1620 g is 60 mm/s. The absolute maximum velocity of
all tested settings is 77 mm/s, and is reached with a downforce resulting from a total weight
of 3620 g when excited with 28 V. The correlation between increasing electrical voltage
and increasing platform velocity also fits very well with the observation in Section 3.1 of
increasing trajectories at the friction contact tip as electrical voltage increases.

Table 2. Appropriate operating ranges for velocity in the —X direction.

Total Weight 1620 g 2620 g 3620 g 4620 g 5620 g
Unnin 7V 10V 13V 15V 17V
Umax 19V 27V 28V 30V 30V

V_X min 5.7 mm/s 7.7 mm/s 8.6 mm/s 6 mm/s 5mm/s
V_X max 59 mm/s 61.3 mm/s 77 mm/s 67.3 mm/s 51 mm/s

3.2.2. Velocity Measurements in the +Y Direction

When the platform is controlled to move in the +Y direction (drive mode B), it results
in the measurements in Figure 10. Compared to the measurements in the —X direction
in Figure 9, velocities around 75 mm/s can be achieved even with lower weights. The
appropriate operating ranges shown in Table 3 are very similar to those in Table 2. The
motor shows good driving properties along the orthogonal axes. In general, by increasing
the electrical voltage within the specified working range, an increase in velocity is measured
for all tested loads. This behavior is consistent with the observations of the trajectory
measurements of the contact tip in Section 3.1.



Actuators 2021, 10, 187

8 of 13

0
po®T 1620 g -
o 7t 2620 g =
o e ottt e
= * T Ex E =z Vi
8 50 4620g R = | v. .S
¢ - =2 g 2 -X {

; L ® 5620 = . . . N [ _
; 40 g = = L " . = s Y ‘ T/ \’\
= 30 - - . . @ s
8 PS - o ® J_.X \
< 2 } v .®
> x -

10 - *
: z .=
0 o : P P

o 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Electrical voltage Uin V —

Figure 9. Measurement results of the maximum drive velocity 9_x of the planar motor platform in
the —X direction for different transport load scenarios.
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Figure 10. Measurement results of the drive velocity 9.y of the planar motor platform in the +Y
direction for different transport load scenarios.

Table 3. Appropriate operating ranges for velocity in the +Y direction.

Total Weight 1620 g 2620 g 3620 g 4620 g 5620 g
Umnin 7V 10V 13V 18V 19V
Unmax 20V 22V 27V 30V 30V

V1Y min 5.3 mm/s 6.3 mm/s 5mm/s 10 mm/s 5mm/s
V4Ymax 74 mm/s 73 mm/s 77 mm/s 75 mm/s 61 mm/s

3.3. Measurements of the Output Force

The propulsion force Foy¢ of the planar motor platform was measured with a Sauter
FL-S50 force gauge. The platform pushes on the force gauge due to the half-sided excitation,
as shown in Figure 11. Additional mass can be placed in the center of the platform, and
serves as a scalable transport load. A frequency of 85 kHz was used as excitation for all
three resonators, and voltage was raised in 1-V increments. Measurements were taken after
1 s of continuous pushing against the force sensor for each voltage setting, using the mean
value from three force measurements. The measurements represent the sum of the driving
forces of the ruby friction elements of the three shell resonators.

The results of the force measurements in the —X direction (drive mode A) can be seen
in Figure 12. No motion was noticed below the minimum voltage Upi,. After exceeding
Umin, Fout—x increases approximately linearly until an upper maximum value Fout, max
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is reached at Upax. In the range of the increasing output force between Up,in and Upay,
the motor is noiseless. This range should be used as the working range. When Upay is
exceeded, the output force does not increase any further. Due to the excessive deflections
at the tip of the friction element, parasitic oscillations occur, which also produce unwanted
audible noise. The appropriate and noiseless operating ranges for the different total weights
can be found in Table 4. A maximum output force of 7 N is reached at a transport load of
5 kg (5620 g total weight) by applying 30 V amplitude; this shows the useful potential of
the drive. The disturbance forces expected on a precision positioning table like the one
presented—for example, due to cable pulling and pending effects—are significantly smaller
in magnitude than the achievable output forces of the platform. In general, by increasing
the electrical voltage, an increase in the output force is measured for all tested loads.
Again, this behavior is consistent with the observations of the trajectory measurements
of the contact tip in Section 3.1, as well as the velocity measurements of the platform in
Section 3.2.

half side excited
piezo shell

force gauge force gauge

additional mass
as transport load

VL L Ll 4

Figure 11. Setup for the output force measurements (left side: schematic bottom view; right side:
top view).

F(mt,-X [

<+
YJ—.; @

Force Fy x InN —

i L

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Electrical voltage Uin V —

Figure 12. Measurement results of output force Fg; —x of the planar motor platform.

Table 4. Appropriate operating ranges for force in the —X direction.

Total Weight 1620 g 2620 g 3620 g 4620 g 5620 g
Unmin 6V 10V 12V 15V 24V
Umax 20V 25V 27V 30V 30V

Fout, min 030N 210N 268N 410N 446N
Fout, max 353N 510N 6.1N 6.53N 7N

When the platform is moved in the +Y direction (drive mode B), the results of the
force measurements can be seen in Figure 13. The force gauge is in line with the force
vector of Fg,,t y passing through the center of the platform. The platform moves in the +Y
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direction, and the upper edge of the platform pushes against the force gauge. The curves
are similar to those for the —X direction shown in Figure 6, and show good performance
for all tested transport loads. Still, slightly weaker output forces are achieved in the +Y
direction. For example, the maximum output force here is 5.8 N at 5620 g and 30 V. The
reason for this is assumed to be manufacturing inaccuracies of the resonator, which can be
improved. However, the achievable forces are still large enough to counteract disturbances
in the range of motion. The appropriate and noiseless operating ranges for the different
total transport loads can be found in Table 5.

8

7 —e—1620g
T ——262
2 6 2620 g out,+Y
£ ——3620g
X 4620 g R
. T -
i ——5620g = o
w3
Y .
5 2
=

=

o

0 2 4 6 8 10 12 14 16 18 20 22
Electrical voltage Uin V —

Figure 13. Measurement results of output force Fqy +y of the planar motor platform.

Table 5. Appropriate operating ranges for force in the +Y direction.

Total Weight 1620 g 2620 g 3620 g 4620 g 5620 g
Unnin 6V 9V 13V 15V 25V
Unax 19V 16V 19V 30V 30V

Fout, min 0.66 N 139N 23N 276 N 47N
Fout, max 17N 262N 372N 52N 58N

When the platform is rotated around Piezo 1 (drive mode D), Foyt can be measured,
and the resulting torque T from the distance of 140 mm to the center of rotation is shown in
Figure 14. The appropriate operating ranges in Table 6 show consistent behavior for the
working ranges of the translatory motions. In summary, these measurements show that
the motor is functional along all axes, with well-balanced multidimensional performance,
and is suitable as a planar drive.

900
so0 | —®—1620g
1 700 | 26208
—8—3620
B v (L g
% 4620¢g
500
g —e—5620¢g
= 400
£
2.300
3 200
=
100 |
0

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Electrical voltage Uin V —

Figure 14. Resulting torque T from rotation around Piezo 1.
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Table 6. Appropriate operating ranges for rotation around Piezo 1.

Total Weight 1620 g 2620 g 3620 g 4620 g 5620 g
Umnin 6V 9V 12V 16V 21V
Umax 15V 20V 21V 23V 30V
Tmin 142 mNm 209 mNm 270 mNm 512 mNm 577 mNm
Tmax 255 mNm 448 mNm 577 mNm 636 mNm 815 mNm

4. Discussion

In this study, an innovative ultrasonic motor was presented that allows motion in
both the translatory and rotary directions on a single stage as a planar motor platform,
by standing and moving on three ruby friction contacts. The three resonators used were
12.8-mm-high piezoelectric hemispherical shells, which are suitable as multidimensional
monolithic resonators because of their simple producibility and only small necessary modi-
fications concerning quartered electrode structuring and ruby friction contact installation
at the top. The measurement of the trajectories with the laser Doppler vibrometer setup in
the freely oscillating state shows a uniform increase in both the radial and tangential dis-
placements when the electrical voltage is increased. Due to the feasibility of the measuring
principle (visual accessibility of the friction contact), the measurements in the free-swinging
state must suffice at this point; these provide an initial indication of the actual vibration in
drive mode, which is damped by the downforce. The resulting knowledge of the friction
contact’s trajectory in this vibration mode could also be used for accurately tuned FEM
simulations in the future.

The performance of the motor was examined based on the data of the output force and
driving velocity at different excitation voltages of up to 30 V at 85 kHz, and total weights of
up to 5620 g. The appropriate operating ranges (voltage range between Uy, and Upax) are
shown for the respective weight class. The maximum measured output force in translatory
drive mode in the —X direction was approximately 7 N at a downforce resulting from
5620 g and an excitation voltage of 30 V. The maximum measured travel speed of 77 mm/s
was achieved with a total weight of 3620 g and a voltage of 28 V. The maximum operational
voltage Unay is presented for each corresponding weight load. If these values are exceeded,
excessive deflections in the trajectory occur, leading to undesirable parasitic vibrations,
noticeable by audible noise. The motor also shows well-balanced performance in the +Y
direction and along the rotational axis, and proves to be a suitable concept for an ultrasonic
planar drive. Due to the monolithic resonators, the motor has a very simple mechanical
design. The base weight of the platform is very light, and is mainly determined by the
weight of the three resonators. Transport loads from 0 to 5 kg can be moved reliably, as
shown in the measurements.

Ongoing research for this motor will involve investigations into its precision-positioning
capability. So far, the system is still controlled in an open loop, and for precision-positioning
applications, a closed-loop system is necessary. The output forces and drive velocities
shown in this paper demonstrate the usability and potential of the drive concept. Improv-
ing the manufacturing process of the resonators will help ensure more similar swinging
and even better control of the drive performance in all directions, which can make the
platform a powerful candidate as an XYPhi motor in special environments. Applications
include magnetic-field-free work environments for manufacturing, measurement, and
manipulator purposes. The system can also be designed to be vacuum-compatible. The
overall height dimension is very small compared to stacked positioning stages, as it is
basically determined by the height of the piezoelectric shells. Miniaturized resonator
designs with smaller shells are also conceivable.

Author Contributions: Conceptualization, ES.; methodology, ES.; software, ES.; validation, ES. and
B.G,; formal analysis, ES. and B.G.; investigation, ES.; data curation, E.S.; writing—original draft
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have read and agreed to the published version of the manuscript.
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