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Abstract: Ultrasonic transducers have found new applications such as ultrasonic 
assisted micromachining, micro forming, surface treatment, welding, etc. Apart 
from the transducer’s shape and size, the resonant frequencies and amplitude are 
seriously affected by materials properties used for transducer components. A further 
problem with the material is that their properties may vary from batch to batch and 
may also depend on the size of the raw stock. In this work using modal analysis, the 
material properties are calculated based on the frequency response method, which is 
more accurate than the nominal one. The finite element modelling was employed for 
both 2D and 3D FEM analysis to observe the behaviour of the cylindrical test rods 
and two sandwich-type piezoelectric transducers with the nominal frequency of 20 
kHz and 30 kHz to find the validity of these properties. The obtained results showed 
that the modal analysis method could accurately determine the bar speed, Poisson's 
ratio and elastic modulus of the ultrasonic transducer components. The accuracy of 
this method increases by considering more vibration mode. Based on the results, 
obtained errors for FEM modelling of two ultrasonic transducers with the frequency 
of 20 kHz and 30 kHz are 0.15% and 0.33%, respectively. 
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1 INTRODUCTION 

Determining the components of transducer's material 

properties such as elastic modulus, Poisson's ratio, and 

density is important in the design of ultrasonic 

transducers. Several methods are proposed for 

transducer design, among them, FEM is an efficient tool 

which was used in this study [8-14]. FEM cannot 

correctly predict transducer performance unless the 

components of transducer's material properties are 

known. The resonant frequencies and amplitude are 

affected by the properties of materials used for 

transducer components [14-15]. For transducers with 

small lateral dimensions, the density and the modulus of 

elasticity determine the resonant frequencies. For larger 

ultrasonic transducers, the resonant frequencies are 

affected somewhat by Poisson's ratio. Depending on the 

transducer component's shape, the amplitude can also be 

significantly changed by Poisson's ratio [16]. 

Furthermore, the material properties may vary from 

batch to batch and may also depend on the size of the 

raw stock.  
The theoretical basis is established by Lundberg [17] for 

a general way of determining mechanical material 

properties from a one-dimensional wave equation and 

measured response to impact at two different cross-

sections of a rod specimen. Hillstrom et al. [18] worked 

on the identification of complex modulus by strains 

which are known at three sections of an axially impacted 

bar specimen. However, the sound speed and the 

Poisson’s ratio were not determined in these methods. 

The complex Poisson's ratio was identified by measured 

strain in the circumferential and axial directions at a 

single section of a cylindrical test bar subjected to axial 

impact by Mousavi et al. [19-20]. Advantages of these 

methods are that they use short bar specimens. A 

disadvantage is that they require at least two independent 

measurements. Another is that they may be 

mathematically complex. Thus, the equation which 

relates the wave propagation coefficient to the measured 

quantities has several or a large number of solutions and, 

it is not always evident which one to choose. Therefore, 

it is necessary to use an accurate and simple method to 

determine the properties of the components of 

transducer's material. In this work based on the modal 

analysis, the frequency response method is used to 

calculate the material properties such as sound speed, 

elastic modulus and Poisson's ratio with the best 

accuracy from a one-dimensional wave equation. 

Determined material properties would be the input 

parameters of FEM modelling to compute the correct 

resonance frequencies of ultrasonic transducers. 

2 THEORY  

By considering the lateral oscillation of an isotropic bar 

in longitudinal vibration due to Poisson's ratio effect, 

Love’s theory for the longitudinal vibration is [21]: 
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In which u, t, x and  are the particle displacement, time, 

coordinate and the Poisson’s ratio, respectively. K is the 

radius of the gyration of the bar cross-sectional, 
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ρ
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, is the bar speed, in which E and ρ are the 

elastic modulus and the density, respectively. 
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. By assuming a 

particle displacement u = A eiγ (ct – x) + B eiγ (ct + x) and 

substituting the above boundary conditions into “Eq. 

(1)ˮ, one obtains A = B. Cn is the sound speed at the nth 

mode, and it can be calculated as: 
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Where A is a constant, i = −1 , fn is the resonant 

frequency, and Cn is the bar speed at the nth mode. Then, 

substituting the particle displacement u into “Eq. (1)ˮ, 

we arrive at: 
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Where γn = ωn/Cn and ωn is the nth angular resonant 

frequency. From “Eqs. (2) and (3)ˮ, the bar speed (Cn) 

and resonant frequency (fn) of a free-free bar can be 

solved as: 
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In “Eq. (4)ˮ, with two resonant frequencies (fn, fm) 

obtained from the experiments, the bar speed can be as 

follows [22]: 
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3 EXPERIMENTAL AND RESULTS 

Two cylinders from aluminum 7075-T6 and stainless 

steel 304 which were used mostly to fabric the ultrasonic 
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transducers were selected in this study. Aluminum 

sample, L1, had a diameter of 50.8 mm and a length of 

1005 mm, and stainless steel sample, L2, had a diameter 

of 38 mm and a length of 973 mm. The experimental set-

up and frequency response curve obtained from the test 

are illustrated in “Figs. 1 and 2”. The frequency response 

functions for vibration modes of the bar were obtained 

between the vibration exciter (shaker) and the 

accelerometer sensor, and the resonant frequencies were 

extracted from the frequency response functions. Also, 

the sample suspension way was selected based on the 

modal testing requirements, the same. Experimental 

instruments used for extraction of frequency modes have 

been given in “Table 1ˮ. 

 
Table 1 Experimental instruments used in the modal tests 

Instrument 

Vibration 

exciter 

(Shaker) 

Accelerometer 
Signal 

analyser 

Type 
B&K Type 

4809 
DJB A952 

B&K 

3536 

 

 

 
 

Suspended Test Bar 

By Strings 
 

Accelerometer 

Sensor 

DJB A952 
 

Shaker B&K 

Type 4809 
 

Dynamic Signal Analyzer B&K 

3536 
 

Fig. 1 Experimental set-up to measure vibration mode frequencies. 
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Fig. 2 Frequency response curve obtained from the modal test. 

 
3.1. Determination and Measurement of Bar Speed 

and Density 

Based on “Eq. (5)ˮ, the calculated sound speeds of the 

samples are shown in “Tables 2 and 3ˮ. As shown in 

“Tables 2 and 3ˮ, the averages bar speed, (Co)Ave, are 

5134.6 m/s and 5054.4 m/s for aluminum and stainless 

steel bars, respectively.  

 
Table 2 Bar speeds, C0, of the aluminum sample (L1=1005 mm, d=50.8 mm), as calculated by the mode number pair (m,n) 

Mode 

Frequency 

(Hz) 

Bar speed (m/s) 

(m,n) 1 2 3 4 5 6 7 8 

2552 1 - 5132.4 5130.2 5130.6 5130.6 5130.7 5130.8 5131.0 

5095.3 2 5132.4 - 5118.1 5123.2 5124.2 5124.8 5125.5 5126.3 

7648 3 5130.2 5118.1 - 5138.0 5136.2 5136.2 5136.9 5138.3 

10176 4 5130.6 5123.2 5138.0 - 5132.2 5133.5 5135.6 5138.6 

12694 5 5130.6 5124.2 5136.2 5132.2 - 5136.0 5139.5 5144.6 

15190 6 5130.7 5124.8 5136.2 5133.5 5136.0 - 5145.3 5153.2 

17652 7 5130.8 5125.5 5136.9 5135.6 5139.5 5145.3 - 5165.5 

20060 8 5131.0 5126.3 5138.3 5138.6 5144.6 5153.2 5165.5 - 

=5134.6 m/sAve)oAl(C 
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Table 3 Bar speeds, C0, of stainless steel sample (L2=973 mm, d=38 mm), as calculated by the mode number pair (m,n) 

Mode 

Frequency 

(Hz) 

Bar speed (m/s) 

(m,n) 1 2 3 4 5 6 7 

2580.9 1 - 5024.2 5022.6 5022.9 5022.9 5023.0 5023.1 

5156.5 2 5024.2 - 5014.1 5017.8 5018.6 5019.0 5019.6 

7740.8 3 5022.6 5014.1 - 5028.1 5027.2 5027.3 5028.0 

10310 4 5022.9 5017.8 5028.1 - 5025.2 5026.0 5027.9 

12874 5 5022.9 5018.6 5027.2 5025.2 - 5027.5 5031.0 

15426 6 5023.0 5019.0 5027.3 5026.0 5027.5 - 5036.7 

17954 7 5023.1 5019.6 5028.0 5027.9 5031.0 5036.7 - 

=5054.4 m/sAve)oSt(C 

 

 
The exact value of the density and the dilatational bar 

speed were accurately measured for two bars. The 

density of specimens was obtained as:  

 

Al
 =2823 Kg/m3, 

st
 =7944 Kg/m3 

 

Ultrasonic equipment ASCANWIN, E2.58 was 

employed to measure the dilatational sound speed in the 

NDT Laboratory. The time of flight (TOF) of the 

transmitted pulse by a 2MHz probe was measured. By 

knowing the thickness of the specimens, the dilatational 

sound speeds could be obtained by a simple calculation. 

The experimental dilatational sound speeds were 

6067.803 m/s and 5720 m/s for aluminum and stainless 

steel samples, respectively. 

3.2. Determination of Poisson’s ratio and Young 

Modulus 

The dilatational bar speed, Cb, can be calculated as 

follows [22]: 

 

( )( )
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

 
=

+
bC C                                                 (6) 

 

Thus, by “Eq. (6)ˮ the Passion’s ratio for aluminum 

7075-T6 and stainless steel 304 were determined to be: 
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and from the equation,
0C =

ρ

E , Young modulus for 

these materials was calculated to be: 

 

( )
22 9

St 0St Ave StE (C ) 5024.4 7944 200.5 10 N / mm=  =  =    

 

( )
22 9 2

Al 0Al Ave AlE (C ) 5134.6 2823 74.426 10 N / mm=  =  =   
 

4 VALIDATION AND APPLICATION 

To verify the resonant frequency to determine material 

properties, the Poisson’s ratio and elastic modulus were 

inputted in the general-purpose finite element package 

ANSYS to compute the resonance frequencies at the test 

bars, and the results are shown in “Tables 4 and 5ˮ. The 

maximum difference between results from the 

experimental and FEM modeling are 0.807% and 

0.663%, but they are not significantly different in the 

longitudinal mode (Mode No. 1) since the error of these 

results are extremely small, i.e., 0.08% and 0.039% for 

aluminum and stainless steel bar, respectively. 

 
Table 4 Results obtained from FEM modeling and 

experimental modal analysis for aluminum 7075-T6 bar 

Mode 

No. 

Frequency from 

FEM modeling 

(Hz) 

Frequency 

from Modal 

Test (Hz) 

Error (%) 

1 2554.1 2552 0.08 

2 5105.9 5095.3 0.208 

3 7652.9 7648 0.064 

4 10193. 10176 0.167 

5 12722. 12694 0.220 

6 15239. 15190 0.322 

7 17740. 17652 0.498 

8 20222. 20060 0.807 

 
Table 5 Results obtained from FEM modeling and 

experimental modal analysis for stainless steel 304 bar 

Mode 

No. 

Frequency 

from FEM 

modeling (Hz) 

Frequency from 

Modal Test (Hz) 

Error 

(%) 

1 2581.9 2580.9 0.039 

2 5163.8 5156.5 0.141 

3 7745.7 7740.8 0.063 

4 10328. 10310 0.174 

5 12909. 12874 0.272 

6 15491. 15426 0.421 

7 18073. 17954 0.663 

 

To demonstrate the resonant frequency for a real 

application in design and modelling of the ultrasonic 

transducer, two high power ultrasonic transducers with 
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the nominal frequency of 20 kHz and 30 kHz were 

designed, modeled and fabricated from tested materials. 

Determined material properties were the input 

parameters in the ANSYS program to compute the 

longitudinal resonance frequency of the designed 

transducers. In this regard, 2D and 3D FEM simulations 

were performed for the transducer to determine their 

resonance frequencies (“Figs. 3 and 4”). For the design 

of the transducers discussed in this paper, PZT-SA was 

chosen as a piezoelectric material. TAMURA Inc. lists 

the material properties of PZT-SA as [23]: 

Dielectric Relative Permittivity Matrix at Constant 

Strain, S

r
 
 

(polarization axis along Y-axis): 

 

874 0 0

0 718.06 0

0 0 874



 
   =   
  

S

r
 

 

Dielectric charge constant matrix (Strain 

developed/electric field applied at constant stress), [d] 

(polarization axis along Y-axis): 
 

  -12

0 -131 0

0 286 0

0 -131 0
10

387 0 0

0 0 387

0 0 0

 
 
 
 

=  
 
 
 
  

md
V

 

 

Compliance Matrix [s] for PZT-SA under constant 

electric field, [sE] (polarization axis along Y-axis):  
 

2-12

11.7 -5.17 -3.63 0 0 0

-5.17 14.3 -5.17 0 0 0

-3.63 -5.17 11.7 0 0 0
10

0 0 0 33.5 0 0

0 0 0 0 33.5 0

0 0 0 0 0 30.7

 
 
 
 

  =   
 
 
 
  

E ms a
N

 

 

 
Fig. 3 Full 3D modelling with SOLID5 elements. 

 
Fig. 4 Mode shape from modal analysis of full 3D 

modelling. 

5 TEST OF THE FABRICATED TRANSDUCER 

To measure the actual resonance frequency of the 

designed and fabricated ultrasonic transducers, a 

network analyzer of ROHDE & SCHWARZ was 

employed, the sweeping frequency of this device was 

within 9kHz-4GHz with a resolution of 10Hz. The 

sweeping frequency was adjusted between 15 kHz to 35 

kHz while series and parallel frequencies were 

illustrated in the phase-versus-frequency diagram shown 

in “Fig. 5ˮ. The measurement was performed on the 

unloaded transducer. The summarized results of the 

FEM simulations for two ultrasonic transducers are 

shown in “Table 6ˮ. 

 

 

 
Fig. 5 Fabricated transducer and the diagram of phase 

versus frequency generated by Network Analyzer. 
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Table 6 The results obtained from FEM modelling of two ultrasonic transducers with the nominal frequency of 20 kHz and 30 kHz 

Nominal 

Resonance 

Freq. (kHz) 

Modeling 

Type 

Polarized 

Axis 

Element Type 

of other 

Components 

Element 

Size 

(mm) 

Resonance 

Freq. (kHz) 

From FEM- 

Measured 

Resonance 

Freq. (kHz) 

Error 

(%) 

20 2D Y PLANE13 1 20.019 19.970 0.15 

20 3D Y SOLID5 2 20.043 19.970 0.15 

30 2D Y PLANE13 1 30.090 29.900 0.33 

30 3D Y SOLID5 2 30.156 29.900 0.33 
 

7 CONCLUSION 

It has been shown that sound speed (a rod that used for 

fabrication high power ultrasonic transducers and 

mechanical transmitter in mass production) can be 

measured accurately by the resonant frequency method. 

The employed method was robust in the field test and 

having high accuracy for the determination of Poisson 

ratio and elastic modulus which is an important factor on 

the resonant frequencies of ultrasonic transducers and 

mechanical transmitter as well as accurate FEM 

simulation of the transducers to understand their 

mechanical behavior. In this research, obtained errors for 

FEM modelling of bars and two sandwich-type 

piezoelectric transducers are 0.08 %, 0.15%, and 0.33%, 

respectively. The accuracy of this method increases by 

considering more vibration mode. The obtained results 

showed that the capabilities of the ANSYS software 

could be used successfully as a powerful and reliable tool 

for prediction of behavior of sandwich-type piezoelectric 

transducers and comparison of the actual network 

analyzer results and modal analysis results for two 

different 2D and 3D modeling techniques proves that 

there is a good agreement between the frequencies 

obtained. 

8 NOMENCLATURE 

A Constant - 

B Constant - 

C0 Bar speed m/s 

Cb Dilatational bar speed m/s 

Cn Bar speed at the nth mode m/s 

E Young’s modulus N/mm2 

fn The nth resonant frequency Hz 

fs 
The resonant frequency of the 

Transducer 
Hz 

k The radius of the gyration  m 

L Length of bar m 

t Time sec 

u Displacement m 


 Density Kg/m3 

  Poisson’s ratio - 

n
  

The nth angular resonant 

frequency 
Hz 
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