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Advantages, limitations and problems in applying finite element modeling of ultrasonic piezoceramic
transducers are discussed, with examples from air and water. Finite element simulations of transducers are
compared to measurements and simplified one-dimensional Mason-type models for piezoceramic materials
with emphasis on deviations. With the accurate finite element methods achieved in recent years the
standardized methods for determining material data for simulations do not provide adequate precision.
Comparison of finite element simulations with electrical measurements are done using adjusted material data.
Finite element modeling is used for both modal and direct harmonic analysis. Interactions between electrical
and acoustical properties, including displacement on the surfaces of the transducer are studied. Source
sensitivity is simulated using finite element methods and compared to measurements. Thus, agreement and
disagreement for electrical and acoustical transducer properties are discussed on basis of the finite element
methodology and material data.

1 Introduction

In design and examination of ultrasonic piezoceramic transducers accurate simulation tools such as the finite element (FE)
method can be valuable in the designing process [1, 2, 3]. The advances in computer technology has made the FE method
one of the most used simulation techniques in recent years. FE simulations will, in the present paper be compared to
electrical measurements in air and water, and acoustical measurements in air. The comparison of simulations and
measurements will also be discussed on basis of the material data used in the simulations. Two solution methods for
calculating transducer response functions is considered, concerning advantages and disadvantages of each method. From
simulations displacement on the surface of the disk will be demonstrated and discussed together with source sensitivities in
air and water. Advantages, limitations and problems in applying the finite element method to piezoceramic transducers are
addressed on basis of the finite element methodology, material data and the comparison with electrical and acoustical
measurements.

In transducer construction models such as the simplified one-dimensional Mason-type [4, 5] models for radial (R) and
thickness-extensional (TE) modes have been extensively used. In Figure 1, a comparison of these models for a circular
piezoceramic disk with a D/T-ratio of 6.216. The finite element method reveals only fair agreement for the Mason radial
mode model for frequencies around the first series resonance frequency, defined in [4]. Poor agreement is otherwise
demonstrated for the whole frequency range. The material data from Ferroperm A/S [6] for Pz27 has been used for each
simulation. Poor agreement between the Mason TE-model and finite element is presented for the whole frequency range.
The finite element method reveals a more elaborate structure than the simplified models, since this model also includes
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other modes than radial and TE.
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Figure 1: Conductance for a Ferroperm Pz27 disk in vacuum with D/T = 6.216 using finite element modeling, Mason
radial mode and Mason TE-model with material data from the manufacturer. D = 24.94 mm, T = 4.0123 mm.

2 Measurements and simulations

In the present paper, a circular Pz27 piezoceramic disk from Ferroperm A/S[6] with a diameter of 24.94 mm and thickness
of 4.0123 mm, i.e. a D/T-ratio of 6.216, is used. One of the electrodes have two flaps of size 2x6 mm on opposite sides in the
thickness direction. These flaps are meant as solder points when adding a front layer to the piezoceramic disk. These flaps
are not taken into consideration when using an axisymmetric finite element method. The electrical admittance of the disk
was measured with a HP 4192 LF impedance analyser [7] in air and water. For the measurements in water, the disk was fully
submerged in de-ionized water to reduce current leakage. The electrical impedance between the electrodes in the de-ionized
water was measured over the same frequency range, and for the measurements presented here, the current leakage through
water has been compensated for. Source sensitivity in air has been measured using a B&K microphone type 4138 [8].
Measurements are limited to 200 kHz since the measurement microphone calibration data are available up to this frequency
only [8].

The finite element program used in the present work is FEMP U3.2 [1, 9]. A problem using finite element modeling is to
achieve accurate material data for materials used in construction of the transducer. To minimize this problem only the
piezoceramic disk will be used in this discussion. Simulations of more complex transducer constructions using FEMP are
presented in [2, 3]. The finite element simulations of the Pz27 disk has been conducted with 5 elements per shear
wavelength both in the radial- and the thickness direction at the highest frequency in the simulations. The total number of
elements in a simulation is limited by the computer memory (RAM), which limits the maximum frequency that can be
simulated with a reasonable uncertainty in the simulation. Infinite elements are included to ensure that the transducer
radiates in an infinite medium, thus satisfying Sommerfelds radiation condition [10]. The uncertainty in the finite element
simulations depend on the total number of elements used, and when acoustical properties are calculated, also on the distance
between the transducer and the infinite elements [1]. A computer with 32 GB RAM has been used for the simulations and a
maximum of approximately 40.000 elements can be used, including elements for the piezoceramic disk (finite) and fluid
(finite and infinite elements). The source sensitivity in air is for that reason limited to 550 kHz. Since the infinite elements
have to be implemented further away from the piezoceramic disk as frequency is increased to ensure reasonable uncertainty,
element division increases more for air than water due to the difference in speed of sound.



3 Results

3.1 Electrical admittance and material data

The electrical admittance for the Pz27 disk is calculated for vacuum using the finite element method using material data
from the manufacturer. Comparing the conductance in air to this simulation is presented in Figure 2. For frequencies above
the first series resonance frequency at approximately 80 kHz, notable disagreements between measurement and simulation is
demonstrated for the whole frequency range.
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Figure 2: Conductance for a Pz27 disk in vacuum with D/T = 6.126 using the finite element method with material data
from Ferroperm A/S, compared with electrical measurement in air.

With the development of accurate finite element methods in recent years, material data supplied by the manufacturer may
not provide the optimal comparison between simulations and measurements. The standardized methods [4] for determining
material data also may not provide acceptable precision since the requirements in these methods, based on one-dimensional
models, are not sufficiently satisfied for low D/T-ratios. A new set of constants have been calculated for the Pz27 disk by
applying Sherrit-methods [11, 12], and then adjusting them to measurements in a similar way as described in [13]. These
new material data provides an improved agreement with measurements on this particular disk. This set is presented in Table
1 and compared to the original material data for Pz27 from the manufacturer. The constants from Ferroperm A/S do not
include loss factors for each constant, but two loss factors, one elastic and one dielectric loss constant, Q,, and tan d,

respectively. The losses in the adjusted set is represented by the imaginary part of complex constants as used in [14].

Table 1: Material data for Pz27. Material data from manufacturer and adjusted from electrical measurements in air.

Ferroperm Adjusted Ferroperm Adjusted

cF [101° N/m?] 14.7 12.0(1 + i/110) e31|C/m?| -3.09 -5.4(1 -i/70)
cB[101° N/m?| 10.5 7.43(1 + i/250) e33]|C/m?| 16.0 16.0389(1 - 1/200)
cB[1010 N/m?] 9.37 7.5(1 + 1/200) e15|C/m?| 11.64 11.0(1 - i/200)
cB5[101 N/m?| 11.3 11.4(1 + i/177.99) | €7, [107°F /m] 10.005 | 8.110436208(1 - i/50)
cFy[101° N/m?| 2.30 2.105(1 + i/75) | €35[107°F /m| 8.0927 8.14585296(1 - 1/80)

plke/m?| 7700 7700 tan & 0.017 -

Qu 74 -

The finite element method is then used to calculate conductance in air with the new adjusted material data. In Figure 3, an
improved agreement for the overall response, both in frequency and amplitude can be observed between the finite element



simulation and electrical measurements in air.

B I B e e e I S e e T L S s e e N B s e R B s ms
F —— FEMP
_30 — — —Measurement

-40

1

-60

-70

-80

-100

Conductance, 201log;((G) [dB re 1 S]

-110

-120
0 1 2 3

4
Frequency, f [Hz] x10°

Figure 3: Conductance for a Pz27 disk in air with D/T = 6.216 using the finite element simulations with adjusted
material data compared to electrical measurements.

In Figure 4 the conductance from FE simulations is compared to electrical measurements for the Pz27 disk in water. Good
agreement is displayed around the different resonance frequencies. The effect of fluid loading can also be seen by the
dampening of resonances compared to in air.
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Figure 4: Conductance from finite element simulations with the adjusted material data compared to measured
conductance in water on the Pz27 disk with D/T = 6.216.

3.2 Solution methods in the finite element method

The uncertainty of the finite element method also depends on the solution method and the element division. In the FE
implementation, used two solution methods are available to calculate transducer response functions; a modal analysis (or
mode superposition) method, and a direct harmonic method [1, 9]. The mode superposition method solves the FE-equations
using eigenmodes and eigenfrequencies. This method provides information regarding the distribution of eigenmodes and
their influence on the electrical and acoustical transducer response functions. It can be used in mode classification and in
calculation of eigenmode frequency spectra. One disadvantage of the mode superposition method in the FE implementation
used, is that it cannot be used for radiation in an infinite fluid [1]. Further on, the accuracy of the method is dependent on
the total number of eigenmodes included, which corresponds to the total number of elements used in the finite element
simulation[1, 15]. The direct harmonic analysis calculates response functions directly from the FE-equations, and also have



the ability to include an infinite fluid. The disadvantage of this method is that it does not provide any information regarding
eigenmodes and eigenfrequencies, and when response functions for many frequencies are calculated, it is computationally
more heavy than the mode superposition method [1].

The two solution methods provide the same result when all eigenmodes in the modal analysis are included [1, 15], but
including all eigenmodes for large element divisions is computationally demanding. The effect of not including all
eigenmodes in the mode superposition method can be seen in Figure 5. Here both the solution methods are used for the Pz27
disk in vacuum with the adjusted material data. In this case conductance has been compared, calculated from mode
superposition method and the direct harmonic analysis with exactly the same number of elements. This is done to ensure
that differences observed is not related to element division. Difference of conductance from mode superposition method and
direct harmonic analysis in % is shown in Figure 5. Three cases are presented, with eigenmodes up to 400 kHz, 1 MHz and
2 MHz, respectively. For this particular disk the TE1 mode is at approximately 500 kHz and TE2 is at approximately 1.6
MHz. The deviations between these two solution methods increases when approaching frequencies near the highest
calculated eigenmode. This is because some eigenmodes which influences conductance around these frequencies, is not
taken into consideration while preforming the modal analysis. Figure 5 demonstrates the effect of the TE-mode area on the
conductance calculated from the mode superposition method [16].
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Figure 5: Difference of conductance using the mode superposition method and the direct harmonic analysis in %, using
different number of eigenmodes in the mode superposition method.

3.3 Displacement and source sensitivity

The displacement in the thickness direction on the surface of the disk with air and water loading with 1 V peak drive voltage
using the adjusted material data is calculated. Figure 6 demonstrates displacement calculated for the first series resonance
frequency of 79.58 kHz and 77.81 kHz, in air and water, respectively. Large dampening of the displacement in water
compared to in air is observed, as expected because of the larger mechanical loading in water.
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Figure 6: Displacement in the thickness direction on the surface of the element for the first series resonance frequency
in air and water. 79.58 kHz and 77.81 kHz, respectively. 1 V peak drive voltage.
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Figure 7: Source sensitivity of the Pz27 disk with D/T = 6.216 in air and water. Finite element simulations and
measurements.

In Figure 7 the source sensitivity is calculated for air and water using the adjusted material data. The source sensitivity in
water is higher than in air due to the higher density in water. The bandwidth in water has also increased compared to air, due
to the additional fluid loading. Comparing the finite element simulation of source sensitivity in air to acoustical
measurements of the piezoceramic disk demonstrates good agreement for frequencies from 20 kHz to 200 kHz. Non-linear
effects around the two resonance frequencies can be observed when exciting the disk with 20 V peak-to-peak. Better
agreement around these frequencies are obtained when reducing the voltage to 2 V peak-to-peak, but the SNR (signal-to-
noise)-ratio decreases.

4  Summary

FE-simulations are known to better describe the complicated vibrations and the electrical and acoustical properties of
piezoelectric transducers including piezoelectric ceramic disks than more traditional simplified Mason type of models.
However, accurate knowledge of material data are required for accurate modeling. An adjusted set of material data have
been used in the present work, although systematic and physically correct standardized methods to obtain such data are still
required. It is also pointed out how choice of method and limitations in number of elements affect simulation accuracy. With
such limitations in addition to the more inherent assumptions in the method, the powerful capabilities in simulating
electrical and acoustical response functions are to be further investigated and utilized for specific transducer designs for
various media.
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