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Abstract 

To avoid the negative influence of peripheral transmission-reception during measurements, the improvement of directional 
characteristics of acoustic antennas using piezoceramic rectangular bimorph transducers with flexural vibrations is described. The most 
suitable designs of piezoceramic rectangular bimorph transducers in flexural vibration, used for various measurements, are being 
reviewed. The model of electromechanical vibrations for such transducers is described. Recommendations to use such transducers in 
acoustic antennas are also given. The optimal construction principles for acoustic antennas, which are being used in echolocation 
devices, are proposed. The obtained experimental results are also presented. 
Keywords: piezoceramic rectangular bimorph transducers, flexural vibration, acoustic antenna, piezoelectric transducer for 
measurement, directivity patterns of acoustic antenna, parallel nodal lines of vibrations. 
 
Introduction 

For measurements in air (gas) environment, 
piezoceramic transducers in flexural vibration are widely 
used [1-9]. The usage of transducers with flexural 
vibrations gives the best possibility to match acoustic 
impedances of air and the transducer, because flexural 
transducers are characterized by sufficiently low acoustic 
impedance. Then the optimal transmission of measurement 
signals to the air and back is realized. 

Flexural vibrations are best generated when using 
unimorph, bimorph or multimoph piezoelectric transducers 
[10-12], also by using various composite transducers with 
transformation of vibrations [13-19]. 

When measuring in air, unidirectional transmission-
reception of signals is preferred. Additionally the 
peripheral transmission-reception should be as minimal as 
possible, because it is disruptive and produces 
measurement errors. Because of that, acoustic antennas 
using piezotransducers with flexural vibration are designed 
with the peripheral transmission-reception being minimal. 

As will be shown below, the unidirectional 
transmission of piezotransducers can be made using 
rectangular bimorph piezotransducers with parallel nodal 
lines of vibrations [20-22]. Also various composite 
transducers with transformation of vibrations can be used. 
Their working surfaces must be thin-walled and 
rectangular. 

Study 
Rectangular piezoelectric transducers were described 

in papers [5,7,8,20-22 ]. In other papers [ 13,22-25] the 
new look on forming of directivity patterns of transducers 
with flexural vibration is given. In papers [20-22] it is 
proposed, that for measurements in air environment it is 
best to use piezoceramic rectangular bimorph transducers 
with parallel nodal lines of vibrations. In one plane, a 
directivity patterns of such transducers is the same as of 
piston-piezotransducers. In a perpendicular plane, if a 
flexural transducer is flat, it reveals a four-leaf (four 
directional) directivity patterns and the inclination angle α 
between a normal to a flat surface and direction of 

radiation. This angle depends on ratio of velocities of the 
acoustic waves in the transducer and in air [16-23 ]: 
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where α is the an angle between the normal to a flat surface 
and the direction of radiation; λa – the length of the 
acoustic wave in air;  kδ – the number of nodal lines in a 
transducer; l – the length of a transducer in the direction of 
flexural vibrations. 

As shown below, the unidirectional transmission of 
piezotransducers can be achieved using rectangular 
piezotransducers with four-leaf directivity patterns. 

The vibration modes of flat and rod-like piezoelements 
were analyzed theoretically in [18, 20-22 ]. 

We will look at the most widely used piezotranducer’s  
(Fig. 1) vibration modes.  
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Fig.1. Cross section of a rectangular transducer attached to elastic 
plate. ZL is load (metallic plate’s) impedance against 
transversal shifts 

The piezotransducer (Fig. 1) is made using two 
rectangular piezoceramic plates with different polarization. 
The plates are mounted on a rectangular elastic plate. The 
elastic plate radiates the vibration of the transducer to the 
air environment. When piezoplates are identical, at their 
juncture a nodal line of flexural vibration is always present 
and the vibrations of the transducer are symmetric to the 
juncture line. Therefore it is sufficient to analyze the 
vibrations of the transducer in the segment Ox1. 

The impedance Zδ of a rectangular bimorph 
piezotransducer is related to the impedance of the plate ZL    
[18 ]: 
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βδ

LjZ
Z = , (2) 

where β – the parameter describing the phase and shape of 
vibrations, subject to the load of the bimorph [18 ]; 

1−=j . 

 δδδδ ρ SvZ ⋅⋅= , (3) 
where vδ – the length of the bimorph flexural wave; ρδ – 
the density of the bimorph; Sδ – the surface area of a cut, 
perpendicular to x axis. 

The vibrations ξδ(x) of the bimorph in the segment Ox1 
are described using this expression [18]: 

 )()()( 1 δδδ αξξ Φ⋅= xx , (4) 
where αδ – the argument of bending coupling factor and 
the coordinate x1; Φ(αδ) – complex expression of Prager 
and Krylov function [26-28 ]. 

The resonant frequencies of a piezoelectric bimorph 
are obtained using this equation [18 ]: 

( ) 0cossincos1 =−++ δδδδδδ ααααβαα shchch , (5) 
where 
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where f – the frequency of vibrations. 
Eq. 5 root dependency on the parameter β is shown in 

Fig. 2. 

 
 

Fig. 2. Dependency of parameter αδ on β 

The discontinuity of the function αδ can be found using 
this equation: 

 0cossin =− δδδδ αααα shch . (7) 
In practice, usually the second resonant frequency of a 

bimorph piezotransducer is used [18]. The dependency of 
such transducer’s vibration mode on inertial and elastic 
load is shown in Fig. 3a and 3b. 

From Fig. 3 we can see that ξ(x) value and shape 
greatly depend on the parameter β. When elastic load 
increases, the conversion of bimorph’s vibration phase 
occurs. To achieve optimal functionality of a bimorph, it 
needs to be joined with a resonant plate (segment x11, Fig. 
1). In this case the shape of bimorph’s vibrations does not 
change. The length of the plate must be such that it would 
be equal to half of a flexural wavelength. Impedance of the 
plate must be as small as possible. Then the shape of the 
transducer’s vibration will be similar whether the 
transducer is loaded or not. The length of a flexural wave, 

which corresponds to the parameter β, can be 
approximately obtained from Fig. 2.  

 

 
Fig.3. The dependency of such transducer’s vibration mode on 

inertial (a) and elastic (b) load 

This technique can also be used to design complex 
transducers [14,25]. 

The quality of acoustic measurement instruments 
strongly depend on directivity pattern of acoustic antennas. 
In most situations the directional properties of antennas 
must be unidirectional. 

The cross section of a unidirectional acoustic antenna 
[29] is shown in Fig. 4. 

 
Fig.4. Cross section of unidirectional acoustic antenna: 1 – 

rectangular bimorph piezotransducers; 2 – reflectors of 
acoustic waves 

The acoustic antenna (Fig. 4) is made using two 
rectangular bimorph piezotransducers (1), which are 
aligned with the angle α, and two reflectors of acoustic 
waves (2): 

 ( δ )λλα /arcsin2 a= . (8) 
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where λa – the length of the acoustic wave in air; λδ – the 
length of the flexural wave in a bimorph. 

The length l of the plates (2) is approximately equal 
(7–10) λa . When α is approximately equal 30˚ (Fig. 4), the 
level of peripheral transmission is reduced by half (Fig. 5). 

 

 
Fig.5. Directivity pattern of acoustic antenna (Fig. 4) 

In Fig. 6 the cross section of an unidirectional acoustic 
antenna is shown [30]. The acoustic transmission in this 
antenna is increased by using two additional reflectors 
placed behind two rectangular bimorphs. 

 

 
 
Fig.6. Cross section of unidirectional acoustic antenna: 1 – 

rectangular bimorph piezotransducers; 2 – reflectors of 
acoustic waves 

In the aperture of the antenna the radiation of both 
bimorphs (1) is added. The distance h from the reflector to 
the bimorph is calculated: 

 ( )2/sin2 α
λamh = , (9) 

where m = 1, 2, 3, … . 
The length of a reflector L (Fig. 6) must meet this 

condition: 

 ( )
( ) 22 2/sin

2/cos lmL a +≥
α

αλ . (10) 

In such design of the antenna 3 (out of 4) directional 
leafs of the radiation are being used for measuremen [32] t. 
When bimorph is vibrating in the second vibration mode 
[18,33], the directivity pattern [34-36] of the antenna (Fig. 
6) is shown in Fig. 7. 

 
0° 8° 

 
 

Fig.7. Directivity pattern of acoustic antenna (Fig. 6) 

In Fig. 8 is a cross section of a similarly working 
antenna is shown. In this case the acoustic antenna is 
composed of an array of three bimorphs (aa1, bb1, cc1) [7]. 

 

 
 

Fig.8. Cross section of bidirectional acoustic antenna 

In this case the directivity pattern is two-leafed. The 
radiation propagates in two directions (A, B and A1, B1). 
The unidirectional diagram of this antenna can be obtained 
when a reflector is placed on one side of the array of 
bimorphs. 

As we can see from Fig. 5 and Fig. 7, the acoustic 
antennas, composed of rectangular bimorphs has a 
peripheral radiation up to 25%. Because of this radiation, 
difficulties to use such antennas in echolocation 
instruments arise. 

As shown in papers [31], the near field of a bimorph in 
flexural vibration is shorter than a field, produced by a 
piston-piezotransducer. This property can be used to 
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eliminate peripheral radiation by using sound-absorbing 
plates (Fig. 9). 

 
Fig.9. Cross section of unidirectional acoustic antenna: 1 – 

rectangular bimorph piezotransducers; 2 – absorber of 
acoustic waves. 

The length l of the absorber must meet the following 
condition: 

 ( ) αtancot2/ ⋅= FL , (11) 
where α – the angle between maximum and the first 
minimum of the directivity pattern; F – the aperture of the 
acoustic antenna. 

In Fig. 10 the directivity pattern of such acoustic 
antenna (Fig. 9) is shown. 

 

 
 
Fig.10. Directivity pattern of acoustic antenna (Fig. 9) 

It needs to be mentioned that when designing acoustic 
antennas, other rectangular transducers in flexural 
vibration [16,17] can be used in place of bimorphs. 

For example, various composite transducers with 
transformation of vibrations can be used (Fig. 11). 

The transducer is composed of a piezoceramic 
transducer (1), concentrator of acoustic waves (2) and a 
thin-walled rectangular elastic plate (3). In this case, 
vibrations with parallel nodal lines are excited in a thin-
walled rectangular elastic plate [17]. In this case the elastic 
plate operates in the same way as rectangular bimorphs 
mentioned above. 

 

 
 

Fig.11. Cross section of composite transducer with transformation of 
vibrations: 1 – rectangular or circular piezotransducer; 2 – 
concentrator of acoustic waves; 3 – thin-walled rectangular 
elastic plate 

If the plate (3) is bent with angle α in its place of 
attachment, the unidirectional acoustic antenna is obtained 
[7] (Fig. 12).  

 

 
 

Fig.12. Cross section of composite transducer with transformation of 
vibrations: 1 – rectangular or circular piezotransducer; 2 – 
concentrator of acoustic waves; 3 – thin-walled rectangular 
elastic plate bent with angle α 

In this case, two (out of four) directional leafs of the 
radiation are being used to obtain a unidirectional antenna. 
The radiation of the antenna will be at maximum, when 
α=90˚, and the length of the flexural wave in a plate 
λδ≈1.4λa. 

Conclusions 

The unimorphic and bimorphic rectangular transducers 
with parallel nodal lines of vibrations can successfully be 
used to design unidirectional acoustic antennas. The 
unidirectional directivity pattern of such antenna can be 
obtained when combining various designs of bimorph 
arrays. The peripheral radiation can be eliminated by 
additionally using sound-absorbing plates in the nearest 
acoustic field. 
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A. Petrauskas 

Akustinių antenų iš lanksčiai virpančių stačiakampių pjezokeraminių 
keitiklių kryptingumo charakteristikų optimizavimas 

Reziumė 

Nagrinėjama, kaip pagerinti akustinių antenų, sudarytų iš lanksčiai 
virpančių pjezokeraminių keitiklių, kryptingumo charakteristikas, kad 
būtų išvengta matavimams trukdančio periferinio spinduliavimo-
priėmimo. Todėl apžvelgtos tinkamiausios matavimams pjezokeraminių 
keitiklių konstrukcijos. Aprašytas tokių keitiklių elektromechaninių 
virpesių modelis. Pateikta siūlymų dėl lanksčiai virpančių keitiklių 
naudojimo akustinėse antenose. Pasiūlyti optimalių akustinių antenų 
konstravimo, siekiant jas panaudoti akustinės lokacijos prietaisuose, 
principai. Pateikti eksperimentiniai matavimų rezultatai. 
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