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Abstract

In this article, the design of asymmetric bimorph piezoelectric ceramic transducer with loose and fixed edges and with parallel
electric excitation is studied. Rectangular piezoelectric ceramic transducers in flexural vibration with straight and parallel nodal lines of
vibration are studied. The transducer’s radiation in a plane perpendicular to the surface of the transducer and parallel to the nodal lines
of vibrations is examined. By using the classic theory, the radiation patterns of such transducers are evaluated. The radiation pattern of
the transducer is evaluated in a plane, perpendicular to the direction of flexural vibration of the nodal lines. In another perpendicular
plane the radiation pattern of the transducer is calculated the same as for an oscillating piston. Diagrams to calculate these radiation
patterns are supplied. It is mentioned that for effective operation of such transducers vibrations of the piezoelectric ceramic plate arrays
with the vibrations of elastic plates, on which the arrays are mounted, must be matched. It is noted, that when calculating the radiation
patterns of simple bimorph rectangular transducers, the expressions of the transducer’s flexural vibration mode must be evaluated. When
calculating radiation patterns of multi-component rectangular transducers, the distribution of vibrations on the transducer’s surface can
be evaluated as harmonic. It is noted, that the angle between a normal to a flat transducer’s surface and direction of radiation depends on
the acoustic wavelength ratio in the transducer and the working environment. The value of this angle can change by small amounts,
dependant on the operating frequency. A design of a unidirectional acoustic antenna, consisting of an array of four such transducers is
presented.
Keywords: piezoelectric ceramic transducer, piezoelectric ceramic plate, radiation pattern, flexural vibration, nodal lines of flexural
vibration, parallel nodal lines, design of piezoelectric transducers

Introduction The required radiation patterns are obtained when
nodal lines of vibrations on the surface of the rectangular
transducer are straight and parallel to one another [32-34].
In this case, the transducer’s radiation in a plane
perpendicular to the surface of the transducer and parallel
to the nodal lines of vibrations is the same as an acoustic
field generated by an oscillating piston. In a perpendicular
plane, if flexural transducer is flat, the transducer reveals a
two-leaf radiation pattern and the inclination angle a
between the surface of the transducer and a plane,
perpendicular to the direction of radiation. This angle
At present times, piezoelectric ceramic transducers in depends on a ratio of acoustic wavelength in transducer

longitudinal vibration with matching layers and and in air [32]:

transducers in flexural vibration are both used in a gas ay, = *arcsin ks2q S )
environment [2-31]. The usage of transducers in a flexural ’ 2
mode gives the best possibility to match acoustic
impedances of air and the transducer, because flexural
transducers have sufficiently low acoustic impedance.
Such transducers have a solid radiating surface and
therefore are resistant to the effects of the aggressive gas
environment. Because of this, the application of these
transducers in gas environments is very promising and is
currently being widely investigated.

Alongside various transducer designs with flexural ~ Designs of transducers in flexural vibration
vibrations, the piezoelectric ceramic rectangular thin-plate
transducer in flexural vibration can be used [32-45]. It is
promising to use this type of the transducer to develop
various measurement applications in a gas environment.
As will be mentioned below, the required radiation patterns
of these rectangular transducers can be easily obtained.

The working conditions of a solid electroacoustic
transducer when it is operating in a gas environment differ
greatly from working conditions when such transducer
operates in liquids and solid materials. This is because the
acoustic impedance of gas is respectively 10° and 10* times
less than the acoustic impedance of liquids and solids [1].
Therefore, electroacoustic  transducers, which can
effectively produce ultrasonic radiation in liquids and
solids, radiate about 10? times less energy into gas.

where a is the angle between the surface of the transducer
and a plane, perpendicular to the direction of radiation; 4, —
the acoustic wavelength in air; ks — the number of nodal
lines in a transducer; / is the length of a transducer in the
direction of flexural vibrations.

Various authors propose a variety of designs for such
transducers [1,2,5-10,27,28,32,34,37,41,45,46].

In our opinion, it is convenient in practice to use
transducers when flexural vibrations are excited in them by
transversal or longitudinal displacement. It is preferred that
these displacements should be distributed on the entire
surface of the transducer. When exciting flexural
vibrations in this way, the piezoelectric ceramic transducer
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has a high efficiency, comparatively small dimensions and
low weight.

The design of such transducer [34] is presented in
Fig. 1.
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Fig.1. Asymmetric bimorph piezoelectric ceramic transducer (width
21) with loose edges and with parallel electric excitation: 1 —
thin rectangular elastic (metal) plate; 2 — electrodes; 3 —
piezoelectric ceramic plates with opposite polarization

The piezoelectric transducer (Fig. 1) consists of two
rectangular piezoelectric ceramic plates of opposite
polarization. The plates are mounted on a thin rectangular
elastic (metal) plate. When electric pulses are supplied to
the electrodes attached to the piezoelectric ceramic plates,
flexural vibrations with opposite phases are being excited
in each ceramic plate. The elastic plate radiates the
vibration of the transducer into a gas environment. When
piezoelectric plates are identical, a nodal line of flexural
vibration is always present at their juncture and the
vibrations of the transducer are symmetric to the juncture
line.

In such transducer, the nodal lines of flexural vibration
are distributed parallel to the length of the transducer. At
the lowest resonance frequency, one nodal line of flexural
vibration is distributed transversely to the surface of the
transducer. It can be seen in practice when observing
Chladni figures on the transducer*s surface (Fig. 2 and 3).

As seen from Fig. 2, the piezoelectric ceramic
transducer has a resonance frequency at the first mode
(Fig. 2a) of flexural vibration transversely to the surface of
the transducer at the frequency of 13.96 kHz and a
resonance frequency of the second mode (Fig. 2b) of
flexural vibration at the frequency of 34.91 kHz.

From Fig. 2a one can also see that along the
transducer‘s surface the second mode of flexural vibration
is located. In this case, the vibrations of the transducer are
very complex, the radiation pattern has a complex form
and therefore is not suitable to use for measurements.

From Fig. 2b one can see that along the transducer‘s
surface, flexural vibrations have the same phase. Because
of that, such transducer has a two-leaf radiation pattern.
These vibrations of the transducer could be used when
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designing acoustic antennas with two-leaf or one-leaf
radiation patterns of different widths. These antennas can
be used for various measurements in a gas environment.

b

Fig.2. Chladni figures on the surface of the transducer (Fig. 1),
consisting of an aluminum plate (measuring 70x32x2 mm) and
two piezoelectric ceramic plates (measuring 60x16x2 mm): a —

frequency is 13.96 kHz; b — frequency is 34.91 kHz

|

Fig.3. Chladni figures on the surface of the transducer (Fig. 1),
consisting of an aluminum plate (measuring 70x26x2 mm) and
two piezoelectric ceramic plates (measuring 60x13x1.5 mm): a
— frequency is 28.12 kHz; b — frequency is 60.01 kHz

It needs to be noted that in such design of the
transducer, the excitation of longitudinal and transversal
vibrations on the transducer’s surface is avoided. This
simplifies the usage of the transducer when it is excited by
using electrical pulses. In such transducer no other than
flexural vibrations are excited.

In Fig. 4, the shape of the second mode of flexural
vibration transversely to the surface of the transducer
presented in Fig. 1 is shown.

After choosing special dimensions of piezoelectric
ceramic plates and elastic plate, resonance flexural
vibration can be excited in the elastic plate, fixed on a
rectangular frame along the whole perimeter. The design of
such transducer is given in Fig. 5.

The piezoelectric transducer (Fig. 5) consists of two
rectangular piezoelectric ceramic plates of opposite
polarization. The plates are mounted on a thin rectangular
elastic plate, which is fixed on a rectangular frame along
the whole perimeter. When electric pulses are supplied to
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the electrodes of piezoelectric ceramic plates, flexural
vibrations with opposite phases are being excited in each
ceramic plate. When piezoelectric plates are identical, a
nodal line of flexural vibration is always present at their
juncture and the vibrations of the transducer are symmetric
to the juncture line.
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Fig.4. The shape of the second mode of flexural vibration transversely
to the surface of the transducer (Fig. 1) (normalized value)
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Fig.5. Asymmetric bimorph piezoelectric ceramic transducer with
fixed edges and with parallel electric excitation: 1, 2 —
piezoelectric ceramic plates with opposite polarization; 3 —
rectangular elastic plate; 4, 5 — rectangular frame; 6 — electric
excitation

In this transducer, the nodal lines of flexural vibration
are distributed parallel to the length of the transducer‘s
surface. At the lowest resonance frequency, three nodal
lines of flexural vibration are distributed transversely to the
surface of the transducer. It can also be seen in practice
when observing Chladni figures on the transducer‘s surface
(Fig. 6).

One can see from Fig. 6, that the piezoelectric ceramic
transducer has the resonance frequency of the third mode
(Fig. 6a) of flexural vibration transversely to the surface of
the transducer at the frequency of 5.81 kHz and the
resonance frequency of the fifth mode (Fig. 6b) of flexural
vibration at the frequency of 28.76 kHz.

From Fig. 6a and 6b one can see that along the
transducer‘s surface, flexural vibrations have the same
phase. Because of that, this transducer also has a two-leaf
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radiation pattern like a transducer with loose edges shown
in Fig. 1. These vibrations of the transducer could also be
used when designing acoustic antennas with two-leaf or
one-leaf radiation patterns of different widths.

Fig.6. Chladni figures on the surface of the transducer (Fig. 5),

consisting of elastic (aluminum) plate (measuring
87.0x54.8x1.5 mm) fixed on a rectangular frame along the
whole perimeter and two piezoelectric ceramic plates
(measuring 60x15x1.5 mm): a — the frequency is 5.81 kHz; b —
the frequency is 28.76 kHz

In such design of the transducer, the excitation of
longitudinal and transversal vibrations on the transducer’s
surface is also avoided.

In Fig. 7, the shape of the fifth mode of flexural
vibration transversely to the surface of the transducer with
elastic plate fixed on a rectangular frame along the whole
perimeter is presented.
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Fig.7. The shape of the fifth mode of flexural vibration transversely to
the surface of the transducer (Fig. 5)

In this case, the resonance flexural vibrations are
excited in the transducer, when the array of the
piezoelectric ceramic plates resonates in the third mode
(three nodal lines) and the elastic plate resonates in the
fourth mode.

The investigation has shown that for frequencies over
80 kHz, multi-component transducers in flexural vibration
have to be used. Such transducers can also be with loose or
fixed edges. In such transducers, in place of the elastic
metal plate, a silicon plate can be used instead. In addition,
in place of the piezoelectric ceramic plate, film
piezoelectric elements can be used. The working principle
of such transducers is the same as of transducers described
above, only the design is different.

In Fig. 8, a schematic cross-section of such transducer
is presented.
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Fig.8. Schematic cross-section of a multi-component piezoelectric
transducer

The design of the transducer can be either with fixed
edges or with loose edges. In case when the transducer’s
edges are loose, the cross-dimensions of the transducer are
smaller, as shown in Fig. 8 by ¢'d. It is known that the
cross-dimensions of the transducer can be increased by
using the resonance frequency forms of elastic plates.

Radiation patterns of rectangular transducers in
flexural vibration

As it was mentioned previously, when calculating the
radiation patterns of the rectangular transducers in flexural
vibration, it is sufficient to calculate these patterns in the
plane z0x (Fig. 9), where angle O is the angle between the
normal to the plane of the transducer and the direction of
radiation. In the other perpendicular plane, the radiation
pattern of the transducer is calculated in the same way as
for an oscillating piston.
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Fig.9. Schematic cross-section for of a calculation radiation pattern of
an asymmetric bimorph piezoelectric ceramic transducer with
loose edges and with parallel electric excitation

The directional radiation pattern of the transducer in
the far field in the plane zOx is calculated by using a fact
that the pressure created in the far field by the transducer is
given by [20]:

l
p= jefmx(x)exp[— ji—mjsin®dx,

—] 0

2

where &, is the distribution of the transducer’s flexural
vibration mode along the x axis; 4y — acoustic wavelength
in a working environment.

When calculating the radiation pattern of the
transducer shown in Fig. 1, the following expression is
used [34]:

60

63, No. 4, 2008.

A(cosa—cha cos| il +ch x +
21 21
+(Sina+sha sin| * +sh @
21 21

where A4 is the constant multiplier dependant on the
supplied voltage and the parameters of the transducer;
a = ki , where k is the wave number of the flexural wave:

2
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where o = 27 is the cyclic frequency; ¢, is the velocity of

S,
)
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the flexural wave in the transducer; m is the mass of the
bimorph transducer; G, is the effective flexing elasticity:

2
k2, (b 2
Gy=G-3L Lo | i =, 5
of 5D ( 5 ho | b (5)
where the elasticity of flexure G:
G= i-LDhl(hl2 —3hyhy +3h§)+

378 , (6)

+Ehy (h22 +3hyhg +3h§)

where sf is the mechanical flexibility of piezoelectric

ceramic plate when the electric induction is constant; /;
and 4, are the thicknesses of elastic and piezoelectric
ceramic plates respectively; 4, is the thickness of neutral
plane of flexural vibration; £ is the Young’s modulus of
the piezoelectric ceramic plate.

When calculating Eq. 2 by using the Eq. 3 and by
normalizing the obtained results, we obtain the generalized
expression for calculating the radiation pattern of the
transducer with loose edges when the count of nodal lines
of flexural vibration is odd:

S (cosay —chay, )cos(xj
. 2

(sin oy +shay ){sin[n;j + cos[nzkﬂ

(siny +shay )sin(;j

(sin ay +sheay {sin[nzkj + cos(nzkﬂ

where n; = kqyz , where k is the number of the nodal lines

()

+ |°

+

of flexural vibration on the transducer’s surface; oy is the
solutions of equation cha-cosa =1;

x:[ﬁ}in@).
Ao

For cases when k) = 3, 5, 7, the diagrams for
calculating radiation patterns are shown in Fig. 10. These
diagrams can be used to calculate real radiation patterns for
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various ratios of //1y. From Eq. 7 we see that by changing
the operation frequency of the transducer, the angle ® can
be adjusted.

When calculating the radiation pattern of the
transducer shown in Fig. 5 the following expression is used
[34]:

Ene, =Blsina+sh a){cos(%j - ch(%ﬂ _
oo

where B is the constant multiplier dependant on the
supplied voltage and the parameters of the transducer.

Analogically, we obtain the generalized expression for
calculating the radiation pattern of the transducer with
fixed edges when the number of nodal lines of flexural
vibration is odd:

)

= (sin oy —shay )cos[;)

Q

(ch oy, —cosay, sin(nk) + cos(nkj
2 2

(ch oy —cosay )sin(;j

(chay —cosay, ) sin Mk 4 cos| Mk
2 2

(10)

+
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For cases when ky = 3, 5, 7, the diagrams for
calculating radiation patterns are shown in Fig. 11.

For multi-component transducers (Fig. 8) with
sinusoidal distribution of vibration, the expression for
calculation of the radiation pattern is:

+/
D, = % Isin(mk %}_jkxsm@dx ,
~l

where my, =ko(7/2).

When the Eq. 11 is evaluated, we obtain the
expressions to calculate radiation patterns for transducers
with loose and fixed edges and with sinusoidal distribution
of vibration.

For transducers with loose edges the expression for
calculating the radiation pattern is:

x) .
—4xcos| — |sinmy,
2
Dy = 2 2 >
X —my

an

(12)

where my, = kyr .

For transducers with fixed edges the expression for
calculating the radiation pattern is:

[ x
4my sm(zJ cosmy,
Dy = S (13)
mfs—x

where m g = (ko ~)z.

The normalized Eq. 12 and 13 are shown in Fig. 12
and 13.
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Fig.10. Diagrams for calculation of the radiation patterns for the transducer (Fig. 1) with loose edges
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Fig.11. Diagrams for calculation of the radiation patterns for the transducer (Fig. 5) with fixed edges
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Fig.12. Diagrams for calculation of the radiation patterns for the transducer (Fig. 8) with loose edges and with sinusoidal distribution of
vibrations
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Fig.13. Diagrams for calculation of the radiation patterns for the transducer (Fig. 8) with fixed edges and with sinusoidal distribution of
vibrations

In Fig. 14, the dashed line corresponds to the radiation
pattern of the transducer with loose edges. This radiation
pattern is calculated using Eq. 7. In this case, the width 2/
of the transducer is 32 mm. The operation frequency of this
transducer in air is 35 kHz.

The continuous line in Fig. 14 shows the
experimentally measured radiation pattern of the
transducer. In this case, the width 2/ of the transducer is
also 32 mm. The transducer consists of two piezoelectric
ceramic plates with dimensions 60x16x2 mm. The
dimensions of the elastic aluminum plate are 70x32x2 mm.

In Fig. 14 the dotted line corresponds to the radiation
pattern with sinusoidal distribution of vibration of the same
transducer. This radiation pattern is calculated using
expression (12).

From Fig. 14 one can see that the experimental
radiation pattern of the piezoelectric ceramic rectangular
thin-plate transducer in flexural vibration under free-
boundary conditions is in good agreement with the
calculated results.

Taking into account the results of the calculation for

80°

Fig.14. Radiation patterns of the transducer (Fig. 1) with loose edges
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the radiation patterns of the transducer with loose edges ~ References
(Fig. 1), we propose a design of the unidirectional acoustic
antenna, consisting of an array of four such transducers.
The schematic of such antenna is shown in Fig. 15.
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A. Petrauskas

Apie stac¢iakampiy bimorfiniy akustiniy keitikliy su
pjezoelektrinémis keraminémis plokstelémis konstrukcijas ir
spinduliavimo charakteristikas

Reziumé

ApraSomos sta¢iakampiy bimorfiniy pjezokeraminiy keitikliy su
laisvais ir jtvirtintais krastais konstrukcijos ir, remiantis klasikine teorija,
nagrinéjamos juy spinduliavimo charakteristikos. Pateiktos diagramos
tokiy keitikliy spinduliavimo kryptinéms charakteristikoms apskai¢iuoti.
Pazymima, kad efektyviam tokiy keitikliy darbui reikia suderinti
pjezokeraminiy pakety virpesius su elastiniy ploksteliy, prie kuriy Sie
paketai pritvirtinti, virpesiais. Pabréziama, jog, apskaifiuojant paprasty
keitikliy kryptines charakteristikas, svarbu {vertinti ju virpesiy formos
iSraiSkas. Apskaiciuojant daugiaelemenciy lankstymosi virpesiy keitikliy
spinduliavimo charakteristikas, galima laikyti ju virpesiuy pasiskirstyma
ant keitiklio pavirSiaus harmoniniu. PaZzyméta, jog bimorfiniy keitikliy
spinduliavimo kampas priklauso nuo akustiniy bangy ilgio santykio
keitiklio pavirsSiuje ir darbo aplinkoje. Nedidelis keitiklio spinduliavimo
kampo pokytis gali priklausyti ir nuo darbo daznio. Pateikiama konkreti
vienkryptés akustinés antenos konstrukcija, sudaryta i§ staciakampiy
bimorfiniy keitikliy gardelés.
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