BT R0 R MNE K E R R B A TR AR

EXE* FE* HPE
CBRPEIM VR A E S 55 B BOR B, By A B i seie s, pi% 710119)
R

XUE s LA e £h M f <R IR AR AL, SR 25 R sh AR K,
FETKFE S AR S . AR T RE AR S G K, A [ BY D)
AR SRR A RN AN B . D T RSB TSy i B A ML RARE I, A
il FHAR S HE R0 R BE S AR A R 70 9 o ANE5 T8 BE I IR LR A K. 2
T Mindlin #xE1&, SIAFEARRGENEELEE, 280560,
A FHAFHTVAAS 7 X008 e 4 75 MRS AR S M SRS LR 7
2 N4 e s N\ FEL B BT AR AT RIA 3. O T ISR BRI IE R 1%, >R
A PR ITIZER 4 BEAR A IRBNEEAS . F B BOATR i R P R AT B AR,
X TR Ch/RD ASFETEDL T AT PUBT IR SR s b H LRI BAR X
W7, RN A SEA e RE A5 I x I i FELURT P DL R IR a2 R AT 52 35,1
B AURRN], B THE TR I IRIR S AUE AL e I & Y 45 R W)
SR B AN Fr Bae g A AN BT SR AL P A Tk, W]
PO S bR R TRE N FH SR LR ST 4.

KPR ARERAEFEE, Mindlin RIS, REHEIRSN, BT
PACS: 43. 38. +n, 43. 40. +s

& ExRARRIFES GitiES: 12574498) HBIINIRE

# [7) 45 TTRRIE

T B(E{EH. E-mail: sylin@snnu. edu. cn

1 35
W P BB AR R AR R A T AL A 5 T

i}

e R HUBPHSUR SO0, AT LA Tl £ A Jee s A Bl 2 6L 3 X8 Fr g
ARSI A S 08, B SN EE 2ITRE TREWETT. 2T Kirchhoffll4: gt
ARV, RO AR T, AR TS O R R AN S, 3 B AR
B AT, LoveBlfg 7 A i (IR AR R, FBIERAEIERA] Rayleigh-Ritz
PR T A EREh R R, (B BB E 1 B ECA RETE S AR,

1



T Kirchhoff £ S i i UM A8 ) BT U SEAR, DR abb ¥ LAHERS #6344 S v
B4R SN BLAS BB g R . T )RR, Reissnert2 8125 18 1 1] BY I N AR, AE
Reissner #ig 244 |, Mindlint45g 7 —Fr BT YIE AR 18, 2B I0iE 58 |
R MR, 51 NBY D) REL EA2LE Mindlin (B 78 o AR5 REAR T R R A,
Rt S BOCIEHE S R E S TP AR E R SRS

TR E G, 5 AR 5 A R E A AT
3. MindlinfSlig R e s L2 R L35 70 AT 9 W 4, RN FLAE )R BE 7 1) B ) L 35
RN, EFMERR S SEOH R R IR ZE. BE)E, Mindlintelt 1 ix—
RBE, $EHh IS iR A R A S oA, MTTTAE IS FE 2 A R R DRI E E . R
BB Z B T E A v S, BT R TCVE P 2 2 e i i T AR
RO fif peix — ial fL, Wangl8155 N\ 5N — IR ek BORF A I HL = & [E AR %
HLZ WY R LT [l R R 0 A, AN RS R AT AR IE. teAh, 7E20 s s T
OUN, AR, Leel STl ik L 34 73 A N IE 52 KT X TT e T R85>
B, X7 R 2 2 T A

FESZBR LA, X TR RS e pe a1 40 SO AR 0 AT ABEAT HE R
(oA, (HEHUMEREAS, ThEeFEAN . 3 S BT g m T R A=,
SR BEE RS IG N, JEAR LI, I B 1) BT U] R AR S5 RS RN AN Re A 2, 4
PRI A HIEH. 5154 Mindlin SURWR AR, A 5N
TR RLRe, AT RENS HEIR AR (A1 IR BN 5 25 AR B0 2 18] F R 5 2508

AR (Transfer Matrix Method, #jicy TMM) 2&—FH T £ )2 1%
N TR SRR IR 71k, A0 RS 2k R G il N AR ST ThRE ST, F
JHHE B2 S AR & TG R AR G R, i R P Tk SE IR SR A, 23 PRI
BEREE, RETH SRR BT, AR SR AR MR LS e SR

2



)y n ANSETE LR EIARTT, AL TS F HAEAS AL AR IR R A,
BRI R Ro R HE T AR R . EARHINE Fr e a8 1 5 H RSS2 5
MEIRENE, BERIEHAR KRN AR5 07 55 M I BME M. SEIR 45 R &
R ASCHTTE 1 J8A% EEAS R A WS Fr g as, AN REARHE KBV, #AEa 1S
HHRAD . A2 R A IR AN L AR S KARXTHR ZZ I Ailid 5%, (RFr s i
BT S INAER, IRER/INT 2%, AL ME P SIN op Lt i, e
RearPHPT N2 n] B it A 2. fJm, N T HeaeasFEpL, alad BT & S e Al
BOGIHRSE g0t — D ISR 1 BRI AR R 1.
2 HigiEEHgE

X P s HEL R AE 45 PR — )R AR 1 1 L B AR — A < R AL RS, T 1
PR, e g sk . RREREERSS b, R BEREEE D,
REd B R h=h+h, HER=2r, 20 LR BRI 1.

Bl EERE
L] =R

0 Py

1 WS peas 4t s K
Fig. 1. The schematic diagram of unimorph transducer structure.
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Fig. 2. The diagram of TMM model: (a) The geometric modeling of the transducer; (b)
The TMM model of i + 1 circular ring element.
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Fig. 3. The vibration mode diagram of transducer: (a) First order bending vibration

mode; (b) Second order bending vibration mode; (c) Radial bending coupling vibration
mode; (d) Third order bending vibration mode.
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Fig. 4. The impedance curve of transducer.
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Table 1. The first four resonant-frequencies of transducers with h/R = 1/10.

RN /kHz
PRANPEAS A/ %
f f.
— s i 8.594 8.600 0.07
S 30.568 30.976 1.32
LA 35.606 35.485 0.34
=l 58.086 59.753 2.79
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Table 2. The first four resonant-frequencies of transducers with h/R = 1/20.

RN /kHz
PRANEZS A/ %
f. f.
— s eh 2.251 2.246 0.22
S 9.024 9.047 0.25
REME 17.654 17.673 0.11
=l 19.103 19.264 0.84

R3 MAEAR AT UB R AR SILIR AR (h/R=1/5)

Table 3. The first four resonant-frequencies of transducers with-h/R = 1/5.

FPRATZ /kHz
PRANRZS A/%
f. f.
— s eh 29.764 30.026 0.87
oy ey 70.060 69.057 1.45
Al 87.118 90.136 3.35
B 140.425 147.040 4.50

W R 1. K 2. R 3 AP RS TSR AR LRI AR R 22, W]

U\Hﬁ uTénlb
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Fig. 5. The prototype diagram of transducer.
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Fig. 6. The impedance measurement experiment equipment and impedance

measurement results of unimorph transducer: (a) WK6500B impedance analyzer and
transducer; (b) frequency response curves for the impedance and phase of the
transducer.
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Fig. 7. The laser vibration measurement experiment of unimorph transducer.
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i 8 Indu
I 3

I8 OGRS HT DU B RS KA B (@) — [ & i RSEEES: (b)
TSRS (c) BEM SRS (d) =M IR S
Fig. 8. The displacement diagram of the first four vibration modes measured by laser
seismometer: (a) First order bending vibration mode; (b) Second order bending

vibration mode; (c) Radial bending coupling vibration mode; (d) Third order bending
vibration mode.
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Table 4. The resonance frequencies and relative errors of the first four vibration modes
of the transducer obtained by theoretical calculation and experimental measuring.

HPRANZ /kHz
PRI A1/ % A2/ %
fT fE1 fEZ
— s eh 8.594 8.633 8.671 0.45 0.89
I h 30.568 29.910 29.984 2.20 1.95
T E 35.606 35.035 35.046 1.63 1.60
=Rl 58.086 55.833 56.171 4.04 3.41
5 &g
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MG IREN IR SRS 5 BT, (A FRTIRPFREAT 1 5 AR, 2l x L 1
SRR EAE (h/R) N 1/20, 1/10v 1/5 RRTPUR SRR, Fra4uE
St W ER AR S B, AT RIS IE AT E IR, Sk
FAX R ZEBIANEE L 5%, RIS B ESTH S SR, RZE/NT 2%. L
SEYHRBERT, SLU FIAT AL IR AR 5 PR THEAS R . 07 AR S R EUE
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Research on radial-bending coupled vibration of

unimorph transducer based on transfer matrix method®

REN Wenbo* ZHANG Chao* LIN Shuyut

(Shaanxi Provincial Key Laboratory of Ultrasound, School of Physics and Information
Technology,Shaanxi Normal University, Xi’an 710119, China)

Abstract
A piezoelectric unimorph transducer consists of piezoelectric and metal
discs and operates in a bending vibration mode. It is widely used in
underwater acoustics and air-coupled ultrasonics. However, as the
thickness of the plate increases, the transverse shear strain and its
associated coupling effects cannot be ignored, especially for plates with a
thickness above the medium range, where the Kirchhoff thin plate theory
IS no longer applicable. To precisely investigate the electromechanical
characteristics of the transducer, the transfer matrix method is adopted, in
which the transducer is radially divided into n equal-width annular
elements connected mechanically in series. Based on Mindlin plate theory,
the radial displacement at the mid-plane-and electrical transfer parameters
are introduced. Combined with boundary conditions, the analytical
method is utilized to derive the resonance frequency equations for both
bending vibration and coupled radial-bending vibration of the transducer,
as well as the analytical expression for its input impedance. The proposed

theoretical model accounts for both the radial-bending coupling effect and
the electrical parameters of the transducer, and is capable of accurately
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and efficiently calculating the resonance frequencies and impedance
curves for both bending and coupled radial-bending vibrations of
unimorph transducers with arbitrary thickness and diameter. To verify the
validity of this theoretical model, the finite element method was employed
to numerically simulate the vibration modes and impedance frequency
response of the transducer. The relative errors of the first four vibration
modes and their resonance frequencies were compared under different
values of the thickness-to-diameter ratio (h/R). Additionally, a prototype
transducer was fabricated, and its impedance characteristics and vibration
modes were experimentally measured. The results indicate that the
resonance frequencies obtained from theoretical calculations agree well
with the results of numerical simulations and experimental measurements.
This theoretical model provides a rapid analysis method for the
optimization and design of the unimorph transducers and offers theoretical
support for practical engineering applications.

Keywords: transfer matrix method, mindlin plate theory, radial-bending coupled vibration,

impedance analysis
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