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ABSTRACT The development process and experimental investigation of the multicell piezoelectric motor is
presented in this paper. The proposed design consists of three individual cells integrated into the stator, double
rotor, and a preload system. Those elements are combined into a symmetrical structure of the motor. The two
new prototypes have been designed, simulated and tested. Finite element numerical analysis is carried out to
obtain optimal dimensions of the individual cell in terms of generated vibrations and resonant frequencies
of the structure. The results of the numerical analysis are compared with analytical calculations based on
the equivalent circuit model. The stator of the motor was manufactured using a three-dimensional (3-D)
printer using alumide material. Finally, the experimental tests were conducted and presented. Analytical,
numerical and experimental results are in satisfactory agreement. Two new prototypes of the multicell
piezoelectric motor exhibit torque-speed characteristics similar to the original while being cheaper and easier
to manufacture.

INDEX TERMS Piezoelectric actuator, piezoelectric ultrasonic motor, piezoelectricity, travelling wave

motor, rotary motor.

I. INTRODUCTION

Through the last decade, piezoelectric technology has expe-
rienced steady growth [1]-[6]. At present, transducers that
utilize the converse piezoelectric effect, available on the mar-
ket, are divided into two major types: ultrasonic and quasi-
static [7]-[10]. Moreover, the ultrasonic motors (USM) are
classified into travelling wave ultrasonic motors (TWUM)
and standing wave ultrasonic motors (SWUM). Another
accepted classification of piezoelectric motors takes into
account the characteristics of the output motion in terms of
degrees of freedom (DOF). Rotary and linear designs belong
to a single DOF sub-category. Spherical, planar, and rotary-
linear motors exhibit a rotation around 2 or 3 axes, linear
motion along two axes or a combination of rotation and linear
movement along one axis. Such multi-DOF motors have
the advantage in applications requiring high functionality in
limited package [11]-[14]. Moreover, the multi-DOF motors
need a dedicated and often complex power system supply,
requiring a multi-level power supply in general [15]-[18].
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Among the existing piezoelectric materials, hard PZT
ceramics have the highest applicability in the field of elec-
tromechanical transducers. Moreover, ongoing developments
in material engineering result in optimization of the desirable
properties of active materials. Such physical properties as low
dielectric losses and favourable piezoelectric constants in a
wide temperature range are crucial in the ultrasonic motor’s
development [19], [20].

Modern USMs generally exhibit high torque density in
comparison to traditional electric motors. Thus, USMs are
well suited for applications requiring high degree miniatur-
ization combined with high speed and load abilities [21].
Some authors report on USMs used in extreme environments
such as: the minor planet and deep sea exploration [22], [23].
In general, TWUM is the most widely known representative
of ultrasonic motors [24], [25]. The principle of operation is
based on the making of a travelling wave on the surface of
the stator. The TWUM utilizes the elliptical motions, which
are generated by the converse piezoelectric effects of the
piezoelectric elements, and friction coupling between the
rotor and the stator to drive the rotor [26]—[28].

This paper is the result of further research and develop-
ment under the Multicell Piezoelectric Motor (MPM) [29].
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The main objective is a comparison between existing MPM
and newly developed prototypes in terms of mechanical char-
acteristics. The structure of the developed motors is intro-
duced, and its principle of operation is described in section II.
The FEM simulation of new MPMs in ANSYS environment
is presented in section III. In section IV, manufacturing of the
prototypes and experimental analysis are explained. Finally,
the paper ends with a summary of the obtained results.

Il. PROJECT DESCRIPTION

The original objective of the research on MPM was to develop
a structure which will combine the topology of the travel-
ling wave and rotating-mode motors and will operate in the
ultrasonic range. The main goal behind the development of
the latest prototypes was a simplification of the mechani-
cal structure while maintaining the favourable torque-speed
characteristics of the first iteration. The authors used rapid
prototyping techniques, such as metal 3-D printing during
the manufacturing process. Such an approach helped with
faster and cheaper prototype preparation than more traditional
manufacturing techniques, such as CNC machining from
steel or aluminium. The MPM was introduced for the first
time in a conference paper [30] where the principle and basic
laboratory tests have been presented. In parallel, the analyti-
cal study has been carried out and described in [31]. The work
on first MPM revision (MPM basic) has been summarized
in [29] and an extended version (with updated prototype)
has been reported in [32]. In this paper, the authors describe
the evolution of the design and analyse the newly developed
MPM prototypes (MPM No. 1 and No. 2) in terms of torque-
speed characteristics.

FIGURE 1. The structure of MPM basic prototype where: 1 shaft, 2 ending
plate, 3 spring, 4 stator with three actuators, 5 piezoelectric ceramics,
6 rotor and 7 bearing.

Multicell piezoelectric motor (Figure 1) employs three
actuators in its structure, which can be considered as indepen-
dent cells. Such an approach enables symmetry and supports
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FIGURE 2. The piezoelectric ceramics orientation of MPM prototype in
single actuator.

a more stable assembly than a single actuator design. Each
of MPM’s cells resembles the build of a Langevin transducer,
with two pairs of piezoelectric ceramics inserted between two
counter-masses. In contrast to the Langevin design, a single
MPM cell generates two bending modes. This is achieved by
two sets of sectorized piezoelectric ceramics, orthogonally
placed to each other. An elliptic motion is created on the
surface of each cell by a superposition of the bending modes
when the ceramics are supplied with two sinusoidal, high-
frequency voltage sources with a 90° phase shift (Figure 2).
A sandwich of two ceramic pairs and metal counter-masses
is used to amplify the vibrations generated by the ceramics.
Three cells of the MPM will generate three travelling waves
driving the rotors.

Compared to the MPM basic prototype (Figure 1), the new
structure has been modified in some aspects. In previous
versions multiple technical issues with the correct rotor-stator
adjustment have been identified. The authors have decided to
simplify the single actuator shape compared to the original
geometry (Figure 3) [30]. The diameter and length of the
stator is equal to 67 and 16 mm, respectively. Each of the
three actuators has a diameter of 12.5 mm, which also equals
the external diameter of the ceramics. The PZTs used in the
actuators have an internal diameter of 5 mm and thickness
of 0.5 mm. The contact surface between the rotor and the
stator has been modified compared to the previous proto-
types [31]. The MPM No. 1 (Figure 3a) has flat surface while
the MPM No. 2 (Figure 3b) has small teeth on a third of the
circumference to modify the contact conditions.

The manufacturing time and cost were important aspects
in the development of motor prototypes. The stator was
manufactured using additive manufacturing (3D printing)
with Direct Metal Laser Sintering/Selective Laser Sinter-
ing (DMLS/SLS) technology. To further reduce the price,
the authors decided to use the alumide material (polyamide
filled with aluminum dust) for stator, as this material is
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FIGURE 3. The structure of the stator in configuration: a) No.1 and
b) No.2.

TABLE 1. Main material properties of Alumide and NCE81 ceramics used
in the MPM stator.

Parameter Symbol Model value
NCES81 Relative dielectric constant [-] 5:7;3 /€0 1020
k31 0.30
NCES81 Coupling factors [-] k33 0.69
k31 047
NCES1 Charge constant [10~12 C/N] d31 -108
dss -269
NCES81 Quality factor [-] Qnm 1400
NCES$1 Density [kg/m?] PPZT 7730
Alumide Young’s modulus [10° Pa] E 3.6
Alumide Density [kg/m?] pPA 1300
Alumide Poisson’s ratio [-] v 0.35

cheaper than regular aluminium (and much cheaper than alu-
minum stator made with CNC technology). The mechanical
properties of alumide can vary depending on the orientation
of the samples manufactured by DMLS/SLS technology [33].
The following values were used in analytical and FEM anal-
ysis: a mass density of 1300 kg/m>, a Young’s modulus
of 3.6 x 10° Pa, and a Poisson ratio of 0.35. The material
of the ceramic ring was NCE81 PZT (provided by Noliac).
Main material properties of the stator are presented in Table 1.
The rotor has been manufactured in three variants made from
steel, aluminum and polylactic acid (PLA).

The cross-section of the full structure is presented
in Figure 4 (No. 1 configuration). Due to its geometri-
cal design, use of two rotors is possible and favourable
for increasing the mechanical output of the motor. Further-
more, to improve the contact conditions, the rotor can be
adjusted to the stator with help of Smalley type springs
(model CMS14-L4).
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FIGURE 4. Cross-section of the full MPM structure with stator in
No. 1 configuration.

Ill. FEA SIMULATION

Finite element analysis (FEA) is the most common method
in designing piezoelectric actuators or other electromechan-
ical systems or structures. In the case of Ultrasonic motors,
FEA is often used to examine the natural frequencies of
the investigated structure as a function of its geometry and
assigned material properties. The authors performed a modal
analysis to obtain the resonance frequency of actuators in
the ultrasonic range. Several modes were observed in a
20 kHz—100 kHz frequency range. The calculations for MPM
No.1 and No. 2 were carried out using ANSYS Workbench
software and used to select the appropriate structure for
a single actuator. The mesh was generated using adaptive
refinement controlled by software. The final mesh included
23k nodes and 13k elements. Such mesh density allowed
achieving satisfactory results in a reasonable amount of time.
The stator has been fixed on the bottom side, on the internal
and the external sidewall to satisfy the boundary conditions
(Figure 5). The stator’s material for the analysis was Alumide.

o

FIGURE 5. Boundary conditions for modal analysis of MPM. Blue areas
indicate fixed surfaces.

[ 0015 0,03 (m)
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The modal analysis returned several resonance frequen-
cies. However, the authors considered only the two bending
modes necessary for the creation of the travelling wave.
The other frequencies linked with respiration modes or with
parasitic deformations of the armature were not considered in
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FIGURE 6. The results of modal analysis of MPM No. 1: the first bending
vibration mode and the second bending vibration mode.
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FIGURE 7. The results of modal analysis of MPM No. 2: the first bending
vibration mode and the second bending vibration mode.

MPM development and as a consequence, are not presented
below. As shown in Figure 6, the first bending mode and
the second bending mode of MPM No. 1 are 27 568 kHz,
27 583 kHz, respectively.

In Figure 7, the first bending mode and the second bend-
ing mode of MPM No. 2 are 24 387 kHz, 24 397 kHz,
respectively. All results are in the ultrasonic range so the main
goal of MPM’s development has been achieved.
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FIGURE 8. Manufactured MPM No. 1 and No. 2: (a) Stator in two
configurations. (b) Rotors made from three materials.
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FIGURE 9. The test bench for experimental setup of proposed MPM
structures.

IV. EXPERIMENTAL RESULTS

Two new prototypes of MPM (No. 1 and No. 2) have
been manufactured and assembled. The stator is shown
in Figure 8a. As was mentioned in the previous section,
the stator was 3D printed from Alumide. Due to the used
technology, the prototypes are not as precisely manufactured,
as with CNC technology. The surfaces are slightly rough and
more susceptible to failure compared to a solid aluminium
block. The rotor was manufactured in three variants using
steel, aluminium and PLA materials (Figure 8b). The test
bench has been presented in Figure 9.

The experimental analysis began with resonance frequency
measurements for all three actuators by the Keysight E4990A
Impedance Analyzer. An essential aspect of this stage was
to obtain similar resonance frequencies for all three actu-
ators. The resonance frequency depended heavily on the
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FIGURE 10. Results of the resonance frequency measurements for each
actuator in prototype MPM No. 1, where the red line is impedance and
the blue line is phase.

force applied by the screw as well as the tightening torque.
In MPM No. 1, the measured resonance frequency was
between 24.25-24.40 kHz for all three actuators. Further-
more, in MPM No. 2, the measured resonance frequency was
between 21.5-21.6 kHz for all three actuators. Frequency and
phase plots have been presented in Figure 10 and Figure 11
for MPM No. 1 and MPM No. 2, respectively.

The differences between measured and simulated
resonance frequencies for MPM No. 1 and No. 2 are approx-
imately 4 and 4.5 kHz, respectively. Furthermore, the differ-
ence in measured frequency values between MPM No.1 and
MPM No.2 is roughly 2.7 kHz. As has been stated in the
previous paragraph, the resonance point depends, among
other factors, on the force applied by the screw. On one
hand, the authors decided not to use a higher tightening
force, due to the risk of damaging the stator. On the other
hand, simulated resonance frequencies for MPM No.l and
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FIGURE 11. Results of the resonance frequency measurements for each
actuator in prototype MPM No. 2, where the red line is impedance and
the blue line is phase.

MPM No. 2 have about 2.2 kHz difference. Thus, simulation
results correspond to the measured results, following similar
frequency difference between the prototypes and are in a
satisfactory range above 20 kHz. In general, the agreement
between FEA and measurement results is far more than
acceptable.

Finally, the electromechanical characteristics of both pro-
totypes were measured. To obtain the optimum MPM oper-
ation conditions, two alternating voltages with 90° phase
difference and the amplitude of 200 Vp-p were applied to
the corresponding electrodes. A high-voltage linear amplifier
PAHV-2 was controlled by a Rigol DG4102 signal generator
to set the voltage frequency as close to the frequency of
mechanical resonance (Figure 9).

The influence of the frequency change on the rotary speed
was measured by a digital, non-contact laser velocimeter.
As expected, the highest speed of MPM No. 1 has been
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FIGURE 12. Experimental analysis of MPM No. 1: speed versus excitation
frequency for rotors made from PLA (blue trace), Aluminum (red trace)
and Steel (green trace).
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FIGURE 13. Experimental analysis of MPM No. 2: speed versus excitation
frequency for rotors made from Aluminum (red trace) and
Steel (green trace).

achieved with a PLA rotor. However, it was not possible
to measure the speed for PLA rotor in combination with
MPM No. 2 as the 3-D printed rotor movement was inter-
mittent. In both cases, the speed-frequency characteristics for
steel and aluminium rotors showcased similar performance
(Figure 12 and Figure 13). The highest values have been
achieved in the same resonance frequency of 24.2 kHz and
21.42 kHz for MPM No. 1 and No. 2, respectively.

The setup for the stall torque measurement is presented
in Figure 14. A weight was linked to the motor’s shaft by
a copper wire. An electronic balance was used to specify
the mass. During the motor operation, the output torque was
transferred into a dragging force upon the weight. The torque
has been calculated by multiplying the dragging force and the
radius of the rotor.

The following stage of experimental analysis was mea-
surement of torque-speed characteristics (Figure 15 and
Figure 16). With the power supply limitations listed in the
previous paragraphs, the measured blocking torque (steel
rotor) was 0.057 Nm and 0.068 Nm for MPM No. 1 and No. 2.
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FIGURE 14. The test bench for stall torque measurements.
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FIGURE 15. Experimental analysis of MPM No. 1: torque versus speed for
rotors made from PLA (blue trace), Aluminum (red trace) and

Steel (green trace). Comparison of measured and calculated torque-speed
characteristics of MPM No. 1. with rotors made of different materials.
Points and solid lines correspond to measurements, while the dashed
lines correspond to analytical calculations.

Based on calculations described in [29], [31], [32] a torque
versus speed analytical characteristic has been determined.
The MPM geometrical parameters mentioned in chapter 2
were used. The comparison of analytical and experimental
characteristics (Figure 15) results in good agreement for
MPM prototype No. 1 with rotor made of steel and aluminum
but a greater difference, especially in terms of maximal torque
value, for rotor 3D printed from PLA. This may be caused by
a discrepancy in terms of mechanical properties between raw
material and printed rotor.

Finally, the influence of the voltage change on the rotary
speed was measured (Figure 17). As expected, the rotary
speed changes linearly in relation to the voltage. Due to the
power supply limitations the maximal voltage was 200 Vp-p.
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FIGURE 17. Experimental analysis: rotary speed versus voltage for MPM
No. 1 and No. 2 with rotors made of Steel (red traces) and Aluminum
(green traces).

Higher rotary speed and torque can be achieved by increasing
the output voltage of the power amplification stage.

V. CONCLUSION

In this paper, improved prototypes of an ultrasonic piezoelec-
tric motor using three rotating mode actuators referred to as
a multicell piezoelectric motor”” were developed and tested.
Moreover, the motors have been tested with different rotor
materials. The new prototype (MPM No. 2) has a 13% higher
maximum torque compared to the MPM basic prototype.
However, the main advantage was a simplification of the
mechanical structure and manufacturing of the prototypes
using faster and cheaper technology. The cost of prototype
fabrication was 41% lower for the 3D printing from Alumide
compared to the traditional CNC technique.

The FEA analysis has been computed in ANSYS software
to determine the resonance frequencies of two prototypes.
The frequency values were around 27.57 kHz and 24.4 kHz
for MPM No. 1 and No. 2 respectively. Finally, both pro-
totypes have been manufactured and tested in the labora-
tory. It should be noted that stator material (Alumide) of
MPM No. 1 and No. 2 has approximately two times smaller
density and Young’s modulus than the basic MPM version.
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TABLE 2. The performance of MPM prototypes (steel rotor).

Parameter MPM basic [32] | MPM No.1 | MPM No. 2
Driving signal [V} —p] 200 200 200
Resonance freq. [kHz] 24.63 24.2 21.42

measurements
Resonance freq. [kHz] 25.6 27.57 24.4
simulations
Max speed [rpm] 63 48 42

Blocking torque [Nm] 0.06 0.057 0.068

Active Volume [m?3] 2.06e-7 2.06e-7 2.06e-7

Motor’s Size [mm] 38x67 42x67 46x67

Motor’s Weight [g] 350 328 330

However, the mechanical parameters of the new prototypes
like speed and torque show good performance. The maximum
blocking torque achieved in MPM No. 2 is the highest regis-
tered value. Thus, it can be assumed that a structure using
aluminum stator will have even better performance. This will
be investigated in future research. The significant parameters
of all MPM prototypes have been compared and presented
in Table 2.

Based on this research, the authors are developing a new
structure which will have better performance. It is planned to
use three driving rotors and one shaft.
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