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Fig. 1. Boundary conditions of a uniform cross-section met-

al beam under flexural vibration.
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Fig. 2. Equivalent circuit of a uniform cross-section metal

beam under flexural vibration.
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Fig. 3. Boundary conditions of a piezoelectric composite
beam.
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Fig. 4. Force analysis diagram of a micro-element in a

piezoelectric composite beam.
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Fig. 5. Electromechanical equivalent circuit model of the

bending vibration piezoelectric composite beam.
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Fig. 6. Schematic diagram of the Y-Z plane structure of a

sandwich-type flexural vibration piezoelectric transducer.
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Fig. 7. Equivalent circuit model of the sandwich-type flexural vibration piezoelectric transducer.
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* 1 BRSO AR R BE SRS %L

Table 1.  Material parameters of the sandwich-type flexural vibration piezoelectric transducer.
28 Hufe 2R HufE 2R Hufe 28 HufE
p/ (kg m?) 2810 SE /(101 Pat) 1.35 E /10" Pa) 7.15 SE. (101 Pa™) 3.19
G/(10 Pa) 2.69 d33 /(10710 C- N1) 2.40 op/ (kg m?) 7700 e33/€0 1000

#* 2 BRSO AR RS RBUR T AR

Table 2. . Calculated results of the resonant frequencies for the sandwich-type flexural vibration piezoelectric transducer.
n lp/mm 11 /mm la/mm rp/mm re/mm fe/Hz fe/Hz
1 10.00 50.00 50.00 25.00 10.00 12400 13158
2 10.00 30.00 100.00 25.00 10.00 17970 18199
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Fig. 8. Frequency response characteristics of the sandwich-
type flexural vibration piezoelectric transducer: (a) In first-
order bending vibration; (b) in second-order bending vibra-

tion.
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Fig. 9. Vibration mode shape of the first-order sandwich-

type flexural vibration piezoelectric transducer.
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Fig. 10. Displacement curve of the first-order sandwich-type

flexural vibration piezoelectric transducer.
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Fig. 11. Resonance frequency of first-order flexural vibra-

tion transducer versus length of metal front/rear cover.
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Fig. 12. Second-order flexural vibration mode of sandwich

piezoelectric transducer.
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Fig. 13. Displacement curve of the second-order sandwich-

type flexural vibration piezoelectric transducer.
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Fig. 14. Resonance frequency of second-order flexural sand-

wich piezoelectric transducer versus rear cover length.
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Fig. 15. Experimental prototypes: (a) First-order flexural
vibration transducer; (b) second-order flexural vibration

transducer.
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Table 3. Structural dimensions of the experiment-
al prototypes.

n [,/mm l;/mm b/mm  7,/mm  r,/mm

1 10.00 50.00 50.00 25.00 10.00
2 10.00 30.00 100.00 25.00 10.00

(a)
S
N“ 4
0 16100.0 F/Hz
[ ()
S M
N" L I L L 1 L
20 116400.0 20100.0 F/Hz

P16 SEBRRE RO M2 (a) — B A AR Sl B AR A
(b) B 25 ith % 3y 45 g
Fig. 16. Measured frequency response curves of the (a) first-

order and (b) second-order flexural vibration transducers.
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Fig. 17. Experimental setup for the vibration testing of the

bending vibration prototypes.

FA4 SRR S AT BTSSR L AT

Table 4. Comparative analysis of results from experimental, finite-element, and theoretical methods.

n fe/HZ fea/HZ fc/HZ fca/HZ ft/HZ fta/HZ Ay Az
1 12400 12885 13158 14333 12246 12626 5.93% 6.89%
2 17970 18330 18199 18876 17733 18024 1.27% 2.62%

121001-8


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 75, No. 12 (2026)

121001

025 (a) —o HHILHEE
—o IR

7/ m

—0.2F

0 20 40 60 80 100

z/mm

(b) —e— HHITIHHE
—o— SEHIINK

7/ M

0 20 40 60 80 100 120 140
z/mm

K18 SR pE A IR BN 2 (a) — B S il O B BB

(b) a5 iR Sh e Al 4%

Fig. 18. Measured mode shapes of the (a) first-order and (b)

second-order flexural vibration transducers.
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Abstract

Due to the inherent complexity of flexural vibration systems, a comprehensive yet concise equivalent circuit

analytical model for sandwich-type piezoelectric flexural vibration transducers has not been fully established.

The equivalent circuit method, valued for its simplicity, intuitiveness, and clear physical significance, has

become a crucial theoretical tool for the design and analysis of ultrasonic vibration systems. To refine the

theoretical design model for sandwich-type piezoelectric flexural vibration transducers, an M-0 distributed

parameter equivalent circuit model for transducers with a circular cross-section is developed based on

Timoshenko beam theory and the electromechanical analogy principle. From the equivalent circuit model of the

sandwich-type flexural vibration piezoelectric transducer, the input impedance expression, resonance frequency

equations, and the effective electromechanical coupling coefficient are derived. To validate the accuracy of the
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theoretical model, two sandwich-type piezoelectric flexural vibration transducers operating in the first-order and
second-order flexural vibration modes, respectively, are designed based on calculations from the equivalent
circuit model and finite element simulation results. Two corresponding experimental prototypes are fabricated.
The measured resonance frequencies and flexural vibration characteristics of the transducers are consistent with
the results from both the equivalent circuit theory and finite element simulations. This study provides a precise,
concise design theory and experimental data to support the engineering design and structural optimization of

circular cross-section sandwich-type flexural vibration transducers.

Keywords: sandwich-type piezoelectric transducer, flexural vibration, equivalent circuit, resonance frequency
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