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Abstract

The paper deals with the experimental methods of determination of piezoelectric unimorph
resonant frequencies essential for a design of acoustical systems. The characterization of
piezoelectric unimorphs and their significant properties are brought in. Three broadband
methods of determination of unimorph frequency response based on measurement of
electrical impedance, acoustic pressure and vibration velocity are presented. The supposed
methodology is verified by measurement of three unimorph samples. The efficiency and
practical applicability of each method are further discussed.
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Introduction

The piezoelectric unimorphs are electro-mechanical or electro-acoustical transducers
composed of one piezoelectric and one flexible (usually metallic) layer. They have a wide
range of applications as actuators or sensing elements and are commonly utilized in
micropumps [1], flow control actuators [2] or energy harvesting systems [3]. The main
application field is represented by speakers and buzzers in acoustical systems [4], [5] at
working frequency of 100 Hz to 10 kHz.

Due to tolerances of piezoelectric material properties and production tolerances, the
unimorphs of the same type and dimension have relatively large variation of resonant
frequencies. For a design of resonant acoustical systems it is necessary to determine the
natural frequency as accurately as possible. The frequency calculations using analytical
methods or FEM have a lower accuracy and the most preferred method is measurement.

The operating principle is based on the inverse piezoelectric effect with mechanical-acoustical
energy conversion. The unimorph behaves simultaneously as an electrical, mechanical and
acoustical oscillator and its resonant frequency can be determined by the measurement of
electrical, mechanical or acoustical quantities. In the resonance the electrical impedance has
its minimum, whereas the acoustic pressure and vibration velocity generated by the unimorph
are on its maxima.

In following three experimental methods for determination of unimorph natural frequency are
presented and their efficiency and applicability is discussed.
1 Piezoelectric Unimorph

The piezoelectric unimorph is composed of piezoelectric ceramic disc bonded to the non-
piezoelectric (mostly metallic) carrier (Figure 1). The unimorphs are usually mounted at the
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circumference (diameter d,,) by clamping or hinge-connection, the mounting in the disc center
is less frequent.

Mechanical deformation is generated by the electric field applied to the electrodes. For
resonant acoustical systems the driving electric field has a frequency close to the unimorph
natural frequency.
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Fig. 1: Piezoelectric unimorph cross section

Considering the axial symmetry of unimorph and electric field the piezoelectric disc vibrates
in extensional axisymmetric vibrations [6]. This results in the axisymmetric flexural
deformation of the unimorph structure having nodal circles only with the highest deflection in
the center. The four lowest mode shapes of circumferentially clamped unimorph are
schematically shown in Figure 2.

However, the non-axisymmetric modes having also nodal lines can be excited as an effect of
small unbalances (in mounting, piezoceramic and metal layers alignment etc.). These modes
have lower amplitude response when compared with the “pure” modes.
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Fig. 2: Four lowest mode shapes of circumferentially clamped unimorph (increasing from
left to right)

2 Measurement and Evaluation Description

Three APC unimorph samples with APC 855 piezoceramic layer and brass metallic layer
were used for the experiments. The sample dimensions are given in Table 1. Screen-printed
silver electrodes have negligible influence on unimorph performance.

Tab. 1: Unimorph samples dimensions

Sample | Unimorph type oy [m_m] odn [mm] | [m”_‘] tm [mm]
ceramics brass ceramics | brass
1 20-1060 25 38 0.10 0.10
2 20-1230 25 38 0.10 0.10
3 20-1225 25 34 0.25 0.30
Source: Own

The samples were mounted in a laboratory fixture clamped between two rubber o-rings and
pulled over the flanges by screws. This mounting type corresponds to a rigid clamping at the




circumference dn,. The fixture with unimorph was placed on an absorbent pad to prevent the
reflection of acoustic waves from the back side.

At first the frequency spectrum of impedance (amplitude and phase) was determined using
impedance analyzer HP 4294 for each sample in the frequency range to 4 kHz. The amplitude
of the exciting voltage was 1 V.

Then the frequency dependences of acoustic pressure and vibration velocity of the unimorph
were measured simultaneously. The acoustic pressure was measured at a distance of 0.9 m
above the unimorph plane in the unimorph axis with the BK 4961 measurement microphone.
The vibration velocity of the unimorph center was measured using vibration analyzer Polytec
PDV-100. The samples were excited by a harmonic signal with amplitude 1 V swept at rate
3.8 kHz/s in the frequency range of 200 Hz to 4 kHz. The signals were processed by a
measurement system BK PULSE.

To suppress the noise in the measured data, all measurement were repeated several times and
the results averaged. The frequency dependences of acoustic pressure and vibration velocity
are processed in form of a frequency response function H, i.e. as a normalized spectrum
divided by a spectrum of exciting voltage.

3 Results and Discussion

The frequency spectra of impedance, acoustic pressure and vibration velocity for a unimorph
sample 20-1230 in the frequency range of 200 Hz to 4 kHz are shown in Figures 3 to 5. The
resonant frequencies corresponding to minima of electrical impedance amplitude or maxima
of sound pressure and vibration velocity are clearly evident. The resonant frequencies
determined from the measured spectra are listed in Tables 2 to 4 for all samples.

In the frequency range to 4 kHz four resonant frequencies were estimated for samples 20-
1060 and 20-1230 and three for the sample 20-1225. The frequency values are very close for
all three measurement methods.

The frequencies corresponding to the sound pressure and vibration velocity are almost equal
for samples 20-1060 and 20-1230, which confirms the maximum energy transfer at resonance.
In the sample 20-1225, the velocity and acoustic pressure maxima differ significantly. The
discrepancy is brought by a poor quality acoustical frequency response with broad peaks.

Natural frequencies corresponding to maximum impedance values have lower values than
those obtained from acoustic pressure and vibration velocity. This phenomenon is typical for
resonators with a low mechanical factor [7] as in the case of unimorphs.

The vibration velocity was measured at the center of a unimorph. Absolute amplitude values
at various frequencies cannot be directly compared since the mode shapes have a complex
shape (see Figure 2).

Tab. 2: Measured resonant frequencies [Hz], unimorph sample 20-1060
Impedance 690 | 1050 | 2780 | 3470
Acoustic pressure | 706 | 1068 | 2815 | 3 523
Vibration velocity | 707 | 1073 | 2828 | 3520

Source: Own



Tab. 3: Measured resonant frequencies [Hz], unimorph sample 20-1230
Impedance 650 | 1010 | 2630 | 3290
Acoustic pressure | 653 | 1031 | 2686 | 3 343
Vibration velocity | 652 | 1 035 | 2 687 | 3 348

Source: Own

Tab. 4. Measured resonant frequencies [Hz], unimorph sample 20-1225
Impedance 888 | 1495 | 3408
Acoustic pressure | 912 | 1745 | 3 758
Vibration velocity | 892 | 1550 | 3 445

Source: Own
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Fig. 3: Impedance frequency spectrum, unimorph sample 20-1230
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Fig. 4: Acoustic pressure frequency response function, unimorph sample 20-1230
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Fig. 5: Vibration velocity frequency response function, unimorph sample 20-1230

Conclusion

The reliable determination of unimorph resonant frequency is critical for a design of
acoustical systems. Three broadband experimental methods for the determination of resonant
frequency based of measurement of electrical impedance, acoustic pressure and vibration
velocity were presented.

The best and consistent results were achieved by the measurement of electrical impedance and
vibrational velocity. The measurement of acoustic pressure is influenced by the quality of
unimorph noise emission and requires suitable acoustic conditions with low background noise
level.
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MERENI DYNAMICKE ODEZVY PIEZOELEKTRICKYCH UNIMORFU

Clanek se zabyva experimentdlnimi metodami stanoveni vlastnich frekvenci
piezoelektrickych unimorfl, které jsou dilezité pro navrhovéani akustickych systémi. Stru¢né
jsou piedstaveny piezoelektrické unimorfy a jejich vyznamné vlastnosti. Uvadi se tfi
Sirokopasmové méfici metody zalozené na méieni elektrické impedance, akustického tlaku
arychlosti kmitani. Navrzené metodiky jsou ovéfeny méfenim na tfech vzorcich unimorfu.
V zavéru je zhodnocena efektivita a prakticka vyuzitelnost jednotlivych metod.

MESSUNGEN VON DYNAMISCHEN EIGENSCHAFTEN DER PIEZOELEKTRISCHEN
UNIMORPHS

Der Artikel befasst sich mit den experimentellen Methoden zur Bestimmung der
Resonanzfrequenzen von piezoelektrischen Unimorphs, die fiir den Entwurf von akustischen
Systemen wesentlich sind. Die piezoelektrischen Unimorphs und ihre bedeutenden
Eigenschaften werden angegeben. Drei Breitbandmethoden basierend auf der Messung der
elektrischen Impedanz, Schalldruck und Vibrationsgeschwindigkeit werden vorgestellt. Die
vermeintliche Methodik wird durch Messung von drei Unimorphproben verifiziert.
AbschlieBend werden die Effizienz und die praktische Anwendbarkeit der einzelnen
Methoden diskutiert.

POMIAR DYNAMICZNEJ ODPOWIEDZI UNIMORFOW PIEZOELEKTRYCZNYCH

Artykul po$wigcony jest eksperymentalnym metodom okreslania wilasnych czgstotliwosci
unimorfow piezoelektrycznych, ktore sg istotne przy projektowaniu systemoéw akustycznych.
Krotko opisano unimorfy piezoelektryczne oraz ich najwazniejsze wlasciwosci. Wskazano
trzy szerokopasmowe metody pomiaru oparte na pomiarze impedancji elektrycznej, cisnienia
akustycznego oraz szybkosci drgan. Zaproponowane metodyki sprawdzono przy pomocy
pomiardéw na trzech probkach unimorféw. W zakonczeniu opracowania opisano efektywnos¢
1 mozliwosci praktycznego zastosowania poszczegolnych metod.



