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Abstract— The presented paper concerns a design, modeling 
and chosen tests of the prototype multicell piezoelectric motor 
(MPM). The principle of operation based on three independent 
traveling wave actuators is presented. The main materials and 
technologies used in the fabrication process are described. The 
structure of the motor is modeled using static and modal FEM 
analysis. The process of traveling wave generation in the MPM 
structure is demonstrated. Finally, the main results of the 
simulation are validated by measurements of MPM prototype. 
The natural frequencies of three actuators are measured along 
with the corresponding displacements at two locations.   
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I. INTRODUCTION

Over the last few decades a big improvement has been 
made in the analysis and design process of electrical 
machines, actuators and sensors, mainly due to improved 
computer capabilities and advancements in material 
engineering [1]–[4]. Significant progress in the field of 
materials engineering gives an opportunity to develop new 
electromechanical structures with various configurations and 
topologies [5]–[8]. In recent years, an increasing interest in 
so-called magnetoelectric multiferroics was observed. The 
researchers are working still to optimize the desirable 
properties of the above materials, a chemical modification of 
the initial formula is often used [9], [10]. 

Besides� “classic”� electric� motors� there� are� other�
interesting solutions using unconventional topologies. One of 
them is a piezoelectric motor concept, a bit forgotten 
recently. However, the aforementioned development of 
materials still gives new possibilities of improvement to the 
properties of systems [11], [12]. Moreover, as presented in  
Fig. 1, the comparison of performances of various 
electromechanical conversion mechanisms clearly shows the 
potential of novel electroactive materials. The Y-axis 
describes specific driving efforts of transducers. It is the 
ability to produce the effort in terms of volume. The X-axis 
describes a relative speed of deformation. It represents the 
speed at which the transducer’s�active�part� can�be�deformed�
and go back to its bulk. The product of these two quantities 
gives the theoretical power density [13].  

Piezoelectricity is widely used in industrial sectors such 
as the production and detection of sound, generation of high 
voltages, electronic frequency generation, microbalances, 

bio-medical sensors, driving an ultrasonic nozzle and 
ultrafine focusing of optical assemblies [14], [15]. 
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Fig.  1 Comparison of transducer technologies [16], [17]. 

Those systems are characterized by a high functional 
integration level and high performance. It should be stressed 
that this depends essentially on the possibility of generating 
high specific efforts in a very limited volume of mass, i.e., 
driving constraints are up to the order of 40 MPa in the PZT 
piezoelectric ceramics, or to the order of 100 MPa in the 
shape memory alloys. 

Piezoelectricity is a form of coupling between the 
mechanical and electrical phenomenon. There are two 
piezoelectric effects - direct and the converse piezoelectric 
effects (Fig. 2). In 1881 Pierre and Jacques Curie discovered 
the direct piezoelectric effect. A year later, relying on the 
work of Lippmann, they demonstrated the converse effect. 
The direct piezoelectric effect occurs when mechanical force 
or pressure is applied to piezoelectric material and the electric 
charge or voltage is induced on the surface (as can be seen in 
Fig. 2a). Conversely, if some charge or voltage is applied on 
a piezoelectric material, then the mechanical force and strain 
are generated (Fig. 2b) [18], [19]. 

Fig.  2 The piezoelectric effect: a) the direct piezoelectric effect, b) the 
converse piezoelectric effect. 
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The main purpose of this paper is the validation of the 
finite element method (FEM) analysis results by 
measurements of multicell piezoelectric motor (MPM) 
prototype. FEM is used to compute the resonance frequencies 
and displacements of three transducers on the stator. The 
performance of the MPM prototype is assessed by laser 
vibrometry measurement (detecting of resonance frequencies 
and maximal displacements) and compared with the 
simulation.  

II. MPM CONCEPT 

The concept of the MPM is based on a combination of 
two topologies: traveling wave motor/actuator, and the 
rotating-mode motor/actuator [20]. The active part of the 
MPM is the stator containing three actuators.  
The electromechanical structure of each rotating mode 
actuator is considered as an independent “single cell”. Every 
single cell deforms due to the voltage applied to the 
piezoelectric ceramics (PZT) at the frequency corresponding 
to two bending eigenmodes. Superposition of those modes 
creates� a� traveling� wave� motion� at� the� actuator’s� surface.�
PZTs are disc-shaped and they form a stack, with disc’s�
rotation of 90° between two pairs. Each cell is prestressed by 
a screw. Due to the symmetrical structure of the actuators, the 
second rotor can be used. This should lead to increased 
output quantities of the MPM such as torque and speed. The 
counter-mass (part of the stator) is made from aluminum 
alloy AU4G type, to reduce the weight of the actuator. 
Moreover, this material allows for the reduction of 
mechanical losses compared to steel. The rotors are made of 
steel, as a material of high density was a design requirement. 
The full assembly of the MPM is presented in Fig. 3. A more 
detailed description has been presented in [21]. 

Fig.  3 The full assembly view of the MPM prototype. 

III. FEM ANALYSIS

Finite Element Method analysis is divided into two parts. 
The first one is the simulation of the piezoceramic rings to 
determine the displacement directions as well as a 
demonstration�of�traveling�wave�generation�on�the�actuator’s�
surface. The second part is dedicated to the static and modal 
analysis of the whole structure of the MPM. 

Four piezoelectric ceramics have been created and 
connected to generate the traveling wave. Each ceramic is 
divided into halves with opposite polarization. As stated in 
the previous chapter, two pairs of ceramics are rotated by 90° 

to each other. The ceramic dimensions are as follows: 
external diameter - 12.5 mm, internal diameter - 5 mm and 
thickness - 1 mm. For the individual discs to work as a stack 
it is necessary to lock the degrees of freedom in the contact 
surfaces. The piezoelectric material used in the analysis is 
hard-doped PZT 189 manufactured by Quartz and Silice. The 
main material properties are presented in Table 1.  

TABLE I.  PROPERTIES OF PIEZOELECTRIC CERAMIC USED IN 

THIS WORK (QUARTZ & SILICE PZT189)  

PARAMETER SYMBOL MODEL VALUE 

RELATIVE DIELECTRIC CONSTANT ƐT
33/Ɛ0 1020 

ELECTROMECH. COUPLING FACTORS 

k31 0.30 

k33 0.69 

k15 0.47 

PIEZOELECTRIC CHARGE CONSTANT 
d31 -100

d33 -250

QUALITY FACTOR QM 1000 

DENSITY ϱ 7600 

A. Piezoelectric ceramics analysis

The generated mesh of the piezoelectric stack is presented
in Fig. 4. The precision of the simulation depends on the 
mesh density and mesh form. It is crucial to get an equal 
shape of the elements. In the case of ring-shaped geometry, 
the use of the automatic mesh generator gave satisfactory 
results. The analysis of the piezoelectric stack is computed to 
verify if the traveling wave is generated on its surface. Two 
sinusoidal voltage sources with phase shift are applied to 
each pair of ceramics. One working cycle of the traveling 
wave propagation has been presented in Fig. 5. Depending on 
the presented step, half of the piezoelectric ceramic is 
shrinking or extending. Finally, as a result of the appropriate 
synchronization, the traveling wave is generated on the 
surface. Colored arrows are demonstrating the rotary motion 
(Fig. 5).  

Fig.  4 Piezoceramic stack geometry and mesh generated in the FEM 
software. The green circle is the section presented in Fig. 5. 
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Fig. 5 The traveling wave generation principle in the piezoelectric ceramics 
stack. Red arrows indicate the biggest deflections and blue arrows indicate 
the smallest deflections.  

 The total displacement is presented in Fig. 6 which 
corresponds to step 7 in Fig 5. As expected the biggest 
displacements occur on the edges of ceramics.  

Fig.  6 Results of static FEM analysis: the maximal displacement of the 
piezoelectric stack. 

The small displacements (single µm range) produced by 
the piezoelectric ceramics need to be amplified by the 
resonance of the mechanical structure of the stator. 

B. Stator (mechanical structure) analysis

The next stage of FEM analysis included simulation of
MPM’s� full structure. This was divided into two parts – 
modal (resonance analysis of the structure) and static 
(displacement analysis under DC voltage excitation).  

The main goal of a modal analysis is to obtain the 
resonance frequency of actuators higher than 20 kHz, which 
is in the ultrasonic range. The results of a modal analysis 
have shown that several modes are observed in a 20 kHz - 
100 kHz frequency range. However only two frequencies are 
useful in terms of traveling wave generation – 25 400 kHz 
and 26 015 kHz (Fig. 7) – which correspond to bending 
modes. Other resonance frequencies are linked with 
respiration modes or with deformations of the armature. 

Fig. 7 Results of modal FEM analysis: bending displacement of the 
actuators at the resonance frequencies of 25400 (upper half) and 26015 Hz 
(lower half). 

The main goal of the static structural simulation is to 
determine the displacements in the stator structure generated 
by the traveling wave on the ceramics and verify its value.  

The ceramics are supplied by two sinusoidal voltages 
with a peak-to-peak value of 400V and 90° phase shift. The 
external and internal diameter surface of the stator is fixed. 
The AU4G alloy material is assigned to the counter-masses. 
The simulation results are presented in the following figures: 
Fig. 8, Fig. 9 and Fig. 10. The contact surface between the 
rotor and stator is where maximal deflections are present. 
More precisely they occur on the edges of each actuator in 
the counter-mass. That is the desired behavior because the 
rotor is driven by friction. Those points, at the rotor/stator 
contact surface, are oscillating according to an elliptic 
trajectory. Moreover, the movement of three actuators on the 
stator (Fig. 8-10) corresponds to the displacement of the 
ceramics shown in Fig. 5, steps no. 3, 5 and 7. The maximum 
simulated deflection is 2.6 µm.  

Besides the edges of the actuator, the second interesting 
region is the surface around the actuator. In this area, the 
parasitic displacement appears. The simulated displacement 
has an amplitude of 0.7 µm (Fig. 8). Parasitic displacements 
should be reduced because they may cause degradation of the 
material. 
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Fig. 8 Results of static FEM analysis: the first step in traveling wave 
generation in stator - maximum displacement at the external edges of 
actuators. Corresponding displacement of the ceramics (Fig. 5, step no. 3). 

Fig.  9 Results of static FEM analysis: the second step in traveling wave 
generation in stator - neutral position of the actuators. Corresponding 
displacement of the ceramics (Fig. 5, step no. 5). 

Fig.  10 Results of static FEM analysis: the third step in traveling wave 
generation in stator - maximum displacement at the internal edges of 
actuators. Corresponding displacement of the ceramics (Fig. 5 step 7). 

IV. EXPERIMENTAL ANALYSIS

The aim of this stage of MPM study is a validation of 
FEM analysis results described in the previous chapter.  The 
experimental analysis includes measurements of the 
resonance frequencies and displacements of� the� MPM’s�
structure. At first, the MPM prototype is assembled. The 
crucial part of the process is a fine-tuning of the actuators. By 
tightening of screws which connect the stack of ceramics 
with the counter-masses one can change the applied force. 

The� actuator’s� frequency� of� resonance� changes� as� a�
consequence. The final frequencies measured in each actuator 
are 24.26 kHz, 24.23 kHz, and 24.09 kHz. The measurement 
is done thanks to Agilent 4294A impedance analyzer. The 
Bode plot of the chosen actuator is shown in Fig. 11. In 
comparison with the FEM analysis results (bending mode at 
25.4 kHz), the resonance frequencies are similar (in terms of 
ultrasonic piezoelectric motors). That proves the validity of 
the proposed numerical model. 

Fig.  11 Bode plot measured for one of the actuators, where the red line is 
impedance and the blue line is a phase shift. 

The next step of the analysis is the measurement of 
displacement at� the� stator’s� surface. The measurement at 
point A is made on the surface which comes into contact with 
the rotor. A measurement at point B is made on the stator 
armature, near the placement of the actuator. The amplitude 
of vibration is measured by a Polytec CLV laser vibrometer 
system (Fig. 12).  

Fig.  12  Points of measurement for the laser’s head. 

The measured displacements at points A and B are 
presented in Fig. 13. The values of sinusoidal displacements 
at point A and B are 2.2 µm and 0.65 µm (peak-to-peak), 
respectively. The latter value is decreasing if the distance 
between point B and the actuator is increasing. In 
comparison with the FEM analysis results (2.6 µm and 0.7 
µm respectively), the measured displacement values can be 
considered as satisfactory. Moreover,  the measured 
displacement waveforms are sinusoidal, as it was required. 
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Fig.  13 Displacement measurements at point A and at point B (frequency of 
resonance f =24.26  Hz). 

V. CONCLUSIONS

In this paper, the concept of a multicell piezoelectric 
motor, FEM and experimental analysis have been presented. 
The FEM analysis has been carried out in the ANSYS 
environment (Workbench) to determine the resonance 
frequencies and the displacements in the stator structure. 
Finally, a prototype of MPM has been manufactured and 
tested in the laboratory (Fig. 14). The results of FEM analysis 
have been compared with the measurement results. The 
numerical model has been validated with satisfying accuracy 
and provides useful perspectives for further MPM study and 
design. 

The future research works are associated with the 
optimization of the manufactured MPM prototype and 
verification of its loading limits. 

Fig.  14 The prototype of MPM with housing. 
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