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Abstract. This paper analyzes contact point trajectoriethefrod-type piezoelectric actuator,
which has circular cross-section and is charaadrizy the non-uniform polarization. Radial
polarization is used to achieve flexural oscillaoin perpendicular planes and to increase
number of degrees of freedom of the contact pomtement. Particular electrode pattern of the
actuator was determined and contact point trajsstorere studied under different excitation
regimes. A prototype of piezoelectric actuator waseloped and experimental measurements
of contact point trajectories were performed. Thesuits of numerical modeling and
experimental study are compared and discussed.
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1. Introduction

One of the current trends of technological develepnof the piezoelectric actuators is
associated with miniaturization and reduction oige complexity [1]. The main objective of
such systems development is to design a micro-syam that has particular functionality
and simple structural design. Development of theiahire actuators with multiple degrees of
freedom (multi-DOF actuators) is relevant for suldvices as mobile phones, personal digital
assistants, cameras and etc. [1, 2].

Various design principles are used for the develmnof actuators but the majority of
multi-DOF actuators are based on superpositiorongitudinal and flexural vibrations of the
structure [1, 2].

Present study reports results of investigation pfezoelectric actuator that is characterized
as a metal rod excited by piezoelectric cylindethwadial direction of polarization. Design of
the actuator is based on bulk cylinder-type piezctelc actuator with central wired electrode
proposed by prof. R. Banseéits [3, 4,7] but the developed version has someargments.
Metal rod is introduced as new design element afid\w piezoceramic cylinder is used instead
of the bulk cylinder into design and is used asatifr while hollowed piezoceramic cylinder is
used for excitation and control of the vibratio®gerating principle of the actuator is based on
superposition of longitudinal and flexural modes.

The performed work demonstrates that the propcsgidlly-polarized piezoelectric actuator
is an effective solution for generation of a mIM®F motion and. the actuator can control
contact point trajectory by means of a specificotogy of the electrodes and excitation
regimes. The paper presents results of the nunh@ncdeling as well as experimental obtained
in the course of testing of the fabricated protetysf the actuator. The research work is
finalized with formulation of the conclusions.

2. Design of piezoelectric actuator

Proposed piezoelectric actuator consists of a ooetal rod placed inside piezoceramic
hollow cylinder coated by thin silver electrodedFl). The outer diameter of the core rod is fit
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to the inner diameter of the piezoceramic cylindéylinder has radial polarization and
polarization vector at each point of the cylindsrgderpendicular to longitudinal axis and
oriented in outward direction with respect to cglan surface. The metal rod is grounded and
operates as a stator. Rod is used as internat@dectf the actuator as well. The surface of the
outer electrode is divided into four sectiohs2, 3, 4 with respect to the perimeter of the
cylinder and three sectiorss b, ¢ along cylinder length. The dimensions of the p&eotric
actuator are chosen so that the resonant frequenihe T' longitudinal mode coincides with
the 3° flexural mode. The required vibration mode is aubi in a selected plane by using an
excitation that is accomplished by means of a paletr electrode combination.

c b a

4 N\ £ N\ 4 Y

1

3 i 2 i 2 J

Fig. 1. Scheme of the piezoelectric actuator with theiseet electrode

Sectionsa andc have equal length, meanwhile length of sechias selected so as it would
coincide with the length of half-wave of th& 8exural vibration mode between two oscillation
nodes, i.e. from 0,356 to 0,644 with respect tancdr lengthL. The width of each electrode is
equal to ¥4 of perimeter of the outer circle of tyinder. The electrodes are oriented so that
their centerscoincide with the intersections of the cylinderfaoe and coordinate plang®z
andyOz. The purpose of zonesandc is to generate vibrations in a selected plane eZois
used for excitation of longitudinal vibrations. Tfa@lowing excitation schemes of electrodes
are applied when it is necessary to induce vibnatia a selected particular plane:

| — vibrations inxOz plane are generated whewso, excitation signal is applied to electrode
sections al, a4, b2, b3, c1, c4 and « +¢) signal — to a2, a3, b1, b4, c2, c3;

Il — vibrations inyOz plane are generated whewso excitation signal is applied to electrode
sections al, a2, b3, b4, c1, c2 and « +¢) signal — to a3, a4, b1, b2, c3, c4;

[l - vibrations inxyz space are generated whamso excitation signal is applied to electrode
sections al, b1, b2, b3, b4, cbs(« +r/2) signal — to a2, cZos(« +r) signal — to a3, ¢3 and
cos(a +3n/2) signal — to a4, c4.

During excitation phase differendeis selected in the range of + n by considering the
shape of contact point trajectory required for gatien. The central electrode is grounded.

The prototype of the piezoelectric actuator wagitalbed from PI transducer PT130.00,
which is manufactured from piezoceramic material tgbe PIC151. Dimensions of the
piezoactuator ar® = 3,2 mm,d = 2,2 mm,L = 24 mm. It is excited by applying voltage of
10 V with phase difference of= /2.

2. Results of finite element modeling

Finite element (FE) model of the piezoelectric attu (Fig. 2) was built by means of
software ANSYS v.11. Finite element SOLID5 was ufmdmeshing of the actuator structure,
which was assumed to be monolithic and charactrigeideal polarization. The actuator is
modeled as not clamped. The electrodes were folmgegiouping nodes of the elements and
assigning voltage 10 V or 0 V (in the case of gaing).

Numerical analysis of the piezoelectric actuatartetd from modal analysis with the
purpose to obtain the required structural confiionaof the piezoactuator, i.e. to determine a
particular ratio of piezoactuator lendthand diameteD as well as to define electrode topology
that allows to achieve thé*3lexural mode and the™longitudinal mode at the same resonant
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frequency. The first task was determination of tieguired electrode topology since it
influences the stiffness of the whole system.

The piezoelectric actuator has to generate vilmatiwt only in one plane but also in a plane
that is perpendicular to the former, X9z andyOz Therefore the perimeter of the modeled
structure was divided into 4 sections and its lerginto 3 sections: the first from 0 to 0,356,
the second- from 0,356 to 0,644 and the thirdfrom 0,644 to 1 with respect to the cylinder
lengthL.

AN
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14:02:11
LOT NO. 1

ELEMFNTS

Cilindras
Fig. 2. Finite element model of the developed piezoeleetctuator

Lists of the vibration modes and the correspond@spnant frequencies obtained from finite
element simulations for the piezoelectric actuadoe provided in Table 1. The modeled
structure is symmetrical therefore the resonangueacies coincide in the case of modes
located in different planes.

Table 1.Vibration modes and the corresponding resonanué&egies of the actuator

Vibration mode Resonant frequency, Hz
| flexural 13793
Il flexural 35889
1l flexural 65250
| longitudinal 65639

In the subsequent stage of simulations the piematmt was subjected to harmonic analysis,
which was performed by sweeping through frequenttim® 60 to 80 kHz with a 50 Hz step.
Numerical results are presented in Fig. 3, whitlsitates dependencies of the length of the
major and minor semi-axes of elliptical trajecter@re presented as the function of excitation
frequency. The peaks in the curves correspond tiicpkar resonance of the actuator i.e. the
first peak corresponds to thé' flexural mode, while the last peaks correspondhie '
longitudinal and %8 flexural modes.

Only the 3 flexural and the adjacent"longitudinal modes will be considered. Fig. 4
illustrates motion trajectories obtained from timawdations for the case when the piezoactuator
vibrates in its % flexural mode by applying the aforementioned scé®inand 1. These results
indicate that during excitation with the scheméeé trajectory of the contact point has major
semi-axis that is parallel to the axis. Excitation with the scheme Il results in ation
trajectory with the major semi-axis being paraitethey axis.
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During excitation with the scheme Il the spatiajé¢ctory is obtained that is suitable for
generation of the rotational motion of a rotor (F4g). Top of the ellipse is located at a distance
that is sufficiently large in order to induce adgoe capable of moving a rotor.

The provided simulation results also demonstrate #mplitude variations for the
longitudinal vibrations, which depend on quantifyegcited electrodes. Larger excited area of
the piezoactuator leads to a higher input enerdyichy as a consequence, results in more
intensive oscillations.
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Fig. 3. Dependences of major and minor semi-axes of iliptrajectories as a function of frequency
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Fig. 4. Simulated trajectories of the actuator contachiponder different excitation schemes:
a) I excitation scheme, bj'%excitation scheme, cj%excitation scheme

361

© VIBROENGINEERING JOURNAL OF VIBROENGINEERING JUNE 2011.VOLUME 13,ISSUE2. ISSN1392-8716



643.ROD-SHAPED PIEZOELECTRIC ACTUATOR WITH RADIAL POLARIZATON.
R. LUCINSKIS, D. MAZEIKA, R. DAUKSEVICIUS

2. Experimental results

The prototype actuator was built (Fig. 5¢). Theetees were formed from silver by means
of the electric arc and a special high precisiohirze.

The procedure of electrode formation was carriedlaecally and did not alter temperature
of the piezoceramic material across its volume.ré&toee it was assumed that the formation of
the electrodes had no influence on the qualithefgolarization.

Oscilloscope Controller

Signal
generator

L S Holdel

b)

Fig. 5. Scheme of a setup used for laser measurementbrafions (a, b); experimental prototype of the
actuator with radial polarization (c); (CP — corigagint)

Fig. 5b provides a setup of laboratory equipmert twas used for the testing of the
developed actuator. The device was positionedarhtiider of the foam rubber that was placed
on the table. Thereby it is assumed that a softreamdviscous layer of the foam will not damp
down the resonant frequencies of the actuator {i.ds assumed that in this way the
piezoactuator is in a free position). The piezoaitiuwas driven by the 4-channel generator
Wavetek 195 through a voltage amplifier EMI 1040 bmploying the aforementioned
electrode excitation schemes. The output from thelifier was also fed to the oscilloscope
Yokogawa DL716 in order to be able to determineghase difference between driving signal
and the measured one. Vibrations of the contagcttpdithe piezoactuator were registered by
means of laser Doppler vibrometer Polytec CLV-3DeTmeasured signal was processed by
vibrometer controller Polytec CLV-3000, which aftelecoding provides voltage output

362

© VIBROENGINEERING JOURNAL OF VIBROENGINEERING JUNE 2011.VOLUME 13,1SSUE2. ISSN1392-8716



643.ROD-SHAPED PIEZOELECTRIC ACTUATOR WITH RADIAL POLARIZATON.
R.LUCINSKIS, D. MAZEIKA, R. DAUKSEVICIUS

proportional to vibrational velocity componentg, v, and v, The registered signal is
subsequently transferred to the oscilloscope foonding and further processing.

The described experimental setup was used to meamsonant frequencies of the
fabricated piezoactuator. Results of the measurtsmame listed in Table 2. Comparison of
simulated resonant frequencies in Table 1 withréispective experimental findings reveals that
the latter are slightly shifted towards lower freguies. However, the experimental and
numerical values of resonant frequencies are ilbsecagreement since the largest difference
between results does not exceed 7 %. Thus it isillesto state with confidence that the
developed finite element model confirms to the jdaisone.

Table 2. Measured resonant frequencies of the radially-prdrpiezoactuator

Vibration mode Resonant frequency, Hz
| flexural 13000
Il flexural 34000
Il flexural 60040
| longitudinal 64380

-7

x 10

c)
Fig. 6. Measured trajectories of the actuator contact paider different excitation schemes:
a) I excitation scheme, by®excitation scheme, cj%excitation scheme

The experimental setup was also used to measyeettvdes of the contact point motion.
The excitation regimes (schemes and excitatioragelamplitudes) used for the measurements
fully correspond to those applied during the sirtiatess. The vibrometer measured velocity
componentsy, v, andv,, that, after decoding, were proportional to thétage output of the
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controller. Velocity range of 25 mm/s/V was usedeTresults allowed to determine the
coordinates of each trajectory point. Fig. 6 illagts the measured contact point trajectories
obtained when the piezoactuator was excited byyagppkarlier described excitation schemes.

Table 3.Numerically and experimentally obtained paramefehe ellipses

Numerical results Experimental results
No.1 No.2 No.3 No.1 No.2 No.3
Length of major semi-axigm 0.518 | 0.517| 0.511] 0.39% 0.397 0.392
Length of minor semi-axigim 0.262 | 0.263| 0.509] 0.25¢ 0.255 0.3%4

Parameters

Axis angle in xy plane 0° 90° 176° -6° 10° 168°
Axis angle in xz plane 58° 90° 125° 28° 28° 158°
Axis angle in yz plane 90° 56° 103° 83° 78° 86°

Measurement results reveal that the experimeniiptiedl trajectories of the contact point
are located in one plane, which again confirms alceuracy of the FE model. Detailed
comparison between numerical and experimentaltesugjiven in Table 3.

Conclusions

Numerical and experimental investigation of the zp&ectric actuator with radial
polarization confirms that elliptical trajectory obntact point motion can be achieved in three
directions independently. Three separate directiohgontact point elliptical motion were
obtained during numerical simulations and confirnbgydexperimental study. It demonstrates
that a 3-DOF motion of the slider can be achieWsbults of the simulations and experimental
measurements are in a good agreement and conferaltitity of the developed FE model of
the piezoelectric actuator to provide sufficiemtiable numerical results.
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