#) 32 % 3R Acta Phys. Sin. Vol. 74, No. 13 (2025) 134301

=
U
F
Kt

R E Y

ma EREEIRZRRRIZIT R IREERE

k& 2t

EHY RYEY

1) (PEIFE R, HiH 310018)
2) (WL R be, R E A PR R T SRR (PRSI B A),
AR PR R Se R T S S, BT 310018)

3) (GNP HAR T Bl S AR B, %Il 518055)

(2025 4 3 F 7 HU#; 2025 4F 4 A 21 HYCEHESH)

T S BEAA s FL B P IR 2 2R G ) 2 R R AR A A RO DR AR G I R R A TR, AR SR T — AR 2
NI IE SRS T A AR S R T e A1) 1E 5 A 5 iR sl e 0 U v R A A BE A . O\ 1) ik 3l 8 HE AL B T A
05 20 4 1 A 2E . R TR S R S BRI R ) i S L SR N T RS R ST AL AR ROR R S T
AR R IR 7 AR I AR RO Tk | A BROT T L R S 0 I 0] R 3l 2R 48 0 N R Ak sl R R R AT F
TE, GER A% AR BN 2R G ] A RS B A DY [ R R A, iR B P iR Sh R A TR BRI T BLE
fih . AR SO A B A R IR L A PR 5 AR SR AT 2

REEIR: IRHUBATHGAESY, GRS, PLA AR, IRENRAS

PACS: 43.38.+n, 43.40.4s
CSTR: 32037.14.aps.74.20250294

1 3

P PR A T — BRI T RS R TR, nT
A AT, S R IF A N T 2
Jrg& AR T BREE L 25 AL i | ALK
SEAH DG 13, Th AR B bR Y AR A
BORMEH. 1 Dy g P P = A S
AL DS, S5 0 23 P o P 48 ) A B 9
X RE f B D R AR PR T R TR
2R, T RABR T i e BN M 7 e REAR A D SRR AR,
30 VL K2 R 1A L) 45 ol P 4R 2l R R 2 ) 7
fiuffezmge .

R T R R R Bl AR G 1 R R R

i

DOI: 10.7498/aps.74.20250294

SFIRIE, T LR 2R G R R REAR S 5 T
HA 2 i 2540 107, 3 i D 3 i AR
SZATFRIRARGE, IR IS 2 HEA ) 1 rie B 8 it
2 s ) A2 B I B Y I D RGN R e, 0 TE A
P IRMRAR P IR 22 U B A A 0L AR R
KEZ W RGNS Z KRN B AL BT A e
ZE5E, A BT 22 IE R A L T Al
A B SFRREY. SRR KRG ristTid e
PIRS = Brs IRARE X, A s  Hb  EOH LR e
R

T HRIRS R G A ARSI, IR 53
PR S IRBIIRRE S AL TR BN v R B
F A LR AR GG 1 PR Bl BE AR R AT O
W PEOLAL T K, BEFE & HEAT T 2 48 45K BT,

* EFRARBERES S 12074354) . EIZR T WS LS R B SCIR ST & S AVL202302) AT A i e

G BRI R] S ZD2024007) ¥ BRI
t BIE1E#E . E-mail: xulong@cjlu.edu.cn
T BIEYE#H. E-mail: yaolei  am@sina.com
© 2025 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

134301-1


http://doi.org/10.7498/aps.74.20250294
https://cstr.cn/32037.14.aps.74.20250294
mailto:xulong@cjlu.edu.cn
mailto:xulong@cjlu.edu.cn
mailto:yaolei_am@sina.com
mailto:yaolei_am@sina.com
http://wulixb.iphy.ac.cn
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. 74, No. 13 (2025)

134301

Itoh Fi1 Moril*> 16 ##4# % T L-L, L-L-L #l R-L &
7 AR, Xu 55 17200 N HoAa =4k
[v] 75 R S RE ) I SR A G R B e F A RE . TR
T ARG T AP RE O K ) 2880 5 ) 3l s o
FEEJ7 T, Khmelev 45 P& H 942 ) -l 1) &2 65 45
PR L RE AR R AL T AT iR T R

R TR SRS R AR i, SN
FRRBNAEEL, 3 IR R AT AR, AR SCRR T — R
WL IEZH G ARSI R G, fE 4G IRs)
Je o= L e BE AR (1 SE AR 2 1, T 4 AN FHE
AR IEFFA I RE A8 5 4R 1R B e — . 4B
GRS Ie O RE AR S 4 A B AR IR
FF Y 45 1E S H A IR S & B B0 5 Bl Fr s
M), DI SE A0 HE 2% 2R G2 nY — 48 Y [0 KT
FBUBF SRS, JET e i & 4k sl S5 225 i e
SIS, N TS LU EE T 4R3I R SR S A5 I
B, 4 T th R /S LR AR O R P2 is
FH COMSOL £ FR IT 43 B 35 A4 %o 2 Be ik ol e 1k
JREERLAL; 56T HeTHE A EUEBAUZE R, T
TR T SEEAE BT X AR Sl G A 75 R SR
Frazseli, BT AUE P 1S S
I Bk

AW R L IR 3 R G0 R
NI IE ARG A5, BTN mFR A R I, 7Rk
HRAT G ) 45 B8 745 25 48] 187 375 14 R0 AT S PR 4y ]
B, SCBL T LR RE 4 22 07 10 R R A T RE . iR
WTHEZ A0 RGN T 22 [n) M S BE 1 4 4
SEA ) A TR .

(a) y

=
e

h3} !
lz }L4 l) 1
I —
L ] S
I
e hs
v | ho 1 h4

;l_; ls ho

I

AT ERMEEERMEFRS RS
i PRI AT

2510 AR S5 R 38

Bl 1(a) MONS IE SR A R B R s R &
. 2R B R Gt — A IE S HR A IR Bl Y e B
i 4 AN R sl 0 B AT AR IR A LA K 4 A4~ 4
SN 4 B SR . P e BERs th— K 15 1
IEJriRP O A A HEARE R 15, JEBE R hy BOE
F, P S e DL A AR A 1, JEER By O B A
TR B 4R A A 0 A [RARE T AR IR AT, HK
FER ho | iR om EAE A Lo, A EAR N 155 5722
WA Py b s A 2 O DU A IR 2, CTRERES by, AR
Ml .

Kl 1(b) AEMRS RS MIRSIREE, R4
FETAERT, HRE s A ) IE3SHE A YR s % R AT
AR WEAF AR B, A AR IR AT IE— 25O T 4
B A B DN ) 7 FE Hi M I3 % i 5 180 28 10 v B iy
Prly, NI SEBRAEA 2 52 1m) A1 Jo Hh R TR e e 3
PRI

SR BRRENE
AR R G AR R — AN IR i ) 1E
IR S 5 RS 5 I AR B R 5E, 1RXE
FLARE L MR AR R G lREh 19 — 4k Z R 4R
SB35 07 FE. ARAEIXR 3 R GERI S B T AR
H R RS B M A PR A | [ o

2.1

2.2

YR EIHE AT

ELEll

/
I | A

I o
[ ~—

| i _,\ ]
YA ET R SRS RS

\/\\
W

[ —y
—

AW

Bl YEIE S R A R 3 RS (a) AL AR SR (b)

Fig. 1. Schematic diagrams of the structure (a) and vibration (b) of the longitudinal-bending orthogonal coupled piezoelectric ultra-

sonic vibration system.
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Fig. 2. Integrated electromechanical equivalent circuit of the longitudinal-bending orthogonal coupled piezoelectric ultrasonic vibra-

tion system.

M [ TR A2 R FF IR 48, 2535 3 e HLAR b AR R
FLA BRI 3 ST e SRS e AL S L
JE ) AT O A R T AR R R A PR S B AL
FEL I 241 T FE P A 0 1) I ) 1 S A0 f 25260
4 ) 1F AT DN ) 41 207 A S R0 R B 7L R TR AR T AT
I 1) 41 By 1) A6 A5 R B 128 R [ 45 25 AR B0 ) A AR R
% 290, PR 45 3R oy Z [ LA b HR K | A TR i
TR, ATARIE 2 FR M NES TE SR R B 7 4R
BIENIOE NI G

B2 W1 Zyyy B Zyyn O RS G B B 5B
BHHT, Z10 BN Zypo FHEHLRGEE O IFIREHAT, C,
HUN 4390 A Fe v B 5 i ) A R 25 RBP4 R
B, Zy M Zyy R BIREAR TS AR B IFERBEAT, Z,, Z,
1 Zs R AS R0 ERIFERREDTE, jwy, 1/jwM,
SRy 5 45 g R B BELAC

X O R A
Zmn = jZo1 tan (K'l3/4), (1)
Zmi2 = Zo1/jsin (K'l3/2), (2)

K, Zor =pd/'S, K =w/c, ¢ =\/E'[ps, E' =
E/l—vn+v(l+n)], S=12NPOMEHRME
AR, noh X LY FrmghndRshiilis 2350 £, v,
ps S A RS B A% TS 6L | TR LU RN E
Xof T s P P s it
Zp12 = jZop tan (k:ph4/2) , (3)
|

Zp2a = Zop/jsin (kpha), (4)
2P, Zop = ppcpSp s Sp = 7(13/2)%, by = w/cy, ¢ =
1//ppS; , Herh B R TR LB B R BE 1o = ha/myy , B
AL R Bin, =4, p, A1 S, 50 1 A HL P
B R A AL R 2 v TR E P R ) S
LS C = npSpels (1 — k35) /1o, DLHLE R RELN =
(Spds3)/ (10S5s) -

X T BIAE A AR
Za1 = jZyo tan (kahs/2) (5)
Zag = Zao/jsin(k‘ahg), (6)

1, Zao = pacaSa, Sa = ﬁ(13/2)2 , ka=w/cy, ca =
VEa/pas Ea, pa, Sa 53l R IBIFE AR 55 4 1 47 FCAR
i S Em R

X B A
7 PbCbr/S152

27 jsin (kpha)’ (")
1 «
71 = pocpst | —— — | — Zs, 8
= o i ) "% ©
1 af
Zs = — 4+ -z
3 = PbCprS2 {jtan(kbhg) -I-ij 2, 9)

K, ky=w/cy, co=/Ev/py , TFZELO=1/51 /52,

HEPE R AL a=(0 — 1)/ (0ha) , TBIHE A8 R T 3 1Y

IR s, = n(15/2)%, /NRIGIRTTR 50 = (12/2)°

By 11 py, 5019 IRV T A5 W B A 85
X F R 2

32 (kor) 13 (knr) B 432 (kyr) (1 — o)

J2 (kar) +
o 12 (kyr)

(ar 5 I% (kur)
- , (10)

Iy (kar) — Jq (kur)]?

134301-3


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

¥ 1B ¥ Acta Phys. Sin.

Vol. 74, No. 13 (2025)

134301

prhdkz |(kr)? 38 (kar) =2

K, =

(L=0) - (kar) - Jo (kar) - Ty (kyr) = 2-(1—0) -0 - ]2 (knr)} 13 (kur)

6(1—02)

Ch=1/K,, (12)
2, Jo FlTo 20 A S — 2R W 2K S B 1E DL ZEK
PREK, Iy L A3 BIA S —2—B DL 28R S IE DL 3
IRBREL, I A r = 11 /2, it m = w(11/2)*hapa
P ko W62 KL = pahiw?/ D, WIEEHEL D = Egh3/
(12 (1 - 0?)], Eq, pa Bl o535 8 £ (14 4% A
R ] /N
HRAEHE A RGN R, BARZ RS
(1 4 A~ A i I 4, A 0T H I 1 Y S HL A
R, AR 3 PR NS TEACHE S IR A IR B &R
SRR, BT 2, = Zan /4, Zh, =
Zm12/4, Zﬁu = Zp12/4v Zlgzz = Zp22/4a Z;1 = Za1/4a
Zyp =Zuold, Zy=21/4, Zy=22/4, Zy=Z3/4,
= (wMy, + 1/jwC,) /44 . H11# 3 3B L2 BHT
R IHIR S R G R AU 2 :
ZyZg

Zo = 7! . 13
0 p22 + Zb +Zc ( )
Hrpr,

Zy = Zyiy + Zoit + Zias (14)
7' Zn

A :Z/12_|_Z/1 + a2“/q , (15)

¢ P Y2yt Zep

YAV

Zp =2+ 27! 274 16

Q2 al T 1+Z§+Zq1’ (16)

qu = ZZ/’, + Zl/l’ (17)

—t;:':x Zba an Zqz (71 =1 2) y‘ji—l‘%j_*%qjﬂ/yfgﬁ
At P RS R SR AL Z. -
Zo

Ze = N2 4jwC 7y (18)

Zwmii  Zmin Zpiz Zpio Z Zn 4 Zs

AR AR ik

ST

EEKAFJ‘L%JJ‘

B3 YVEIEACHE S i r A R 3l 2R G0 TR AL S A
Fig. 3. Simplified equivalent circuit of the longitudinal-
bending orthogonal coupled piezoelectric ultrasonic vibra-

tion system.
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Fig. 4. Harmonic response curves of the vibration system:
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vibration modes.

Kl 8(a), (b) 7351 443l 5 Ge e SO AR AR
SRR X ORI Y 5 1o e ] A 1) 7 s B
A AR e, s 8 RN, HIR3h 2R GE R HR S 75 T Bl
R R Ny B G 3 AN U o < R S P €
by X358 [ R i sl 2 B 7 st oK 1 S AR sl
AR SR T, I, 7R3 X, [RIARIR s = 4
S ARG RAT B R AR A R

BT LA SRR A FROT O LT 2
vt TR 9 B BN I SR 4k D[]
SR A IR RGeS R HHST>

BTGB 3l 22 G5 i BEAT-A0 5 e o7 ke e, k45
RANE 10 Fros, Hip s fom A 48 E S L
P W Sl AR X6 107 1) BEL -4 e 1o, ik 4%, HC A
FLYRAT N 22086 Hz, MLk om0 [ AH 4 1E
YN F B Wi shARAS X 10 A BELATC-J0 3R g 107 56 2% il
2, HEAIRAN 22196 Hz.

700 t| (a) — Yhllla) F
600 | XAl 7
500
400
300 -
200
100
ok /r\\‘/\‘/‘ \\\\\\\\\\\\\\\
—100 L/
—200
—300
—400
—500
—600
—700

200 300 400 500 600 700 800 900 1000
Sl AR/ mm

FE/Pa

2400 H (b) — Yl R
2200 F| Xl
2000 ||
1800
1600 \
1400 |
1200
1000

800 | |
600 F \
400 |
200 F |

FiHE/Pa

—200f, M,
200 300 400 500 600 700 800 900 1000
SR A AR/ mm

B8 A A EREEE R AR ME  (a) ARSI (b) [A]
AHR B X
Fig. 8. Variation of axial sound pressure with distance:

(a) Anti-phase vibration mode; (b) in-phase vibration mode.
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Fig. 9. Experimental sample.
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Fig. 10. Harmonic response curve of the vibration system

measured by the experimental method.
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Table 1. Resonance frequencies and relative errors of in-phase and out-of-phase two-dimensional orthogonal longitudinal-
bending coupled vibrations.
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Fig. 11. Longitudinal vibration displacement distribution relationship of the output disks along the X and Y axes obtained from

finite element simulation calculations: (a) Anti-phase displacement amplitude; (b) in-phase displacement amplitude.
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Fig. 12. LV-S01 laser vibrometer.
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Fig. 13. Longitudinal vibration displacement distribution re-

lationship of the output disks along the X and Y axes meas-

ured by the experimental method: (a) Anti-phase displace-

ment amplitude; (b) in-phase displacement amplitude.
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Fig. 14. Experimental setup for ultrasonic de-misting.
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Fig. 15. Results of the ultrasonic de-misting experiment:
(a) Smoke variation without ultrasonic activation; (b)

smoke variation after ultrasonic activation.
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Abstract

To address the limitations of traditional one-dimensional longitudinal vibration transducers in terms of
single-directional acoustic radiation and limited radiation area, this study proposes a novel longitudinal-bending
orthogonal coupled piezoelectric ultrasonic vibration system (The vibration schematic diagram of the vibration
system is shown in Fig.(a)). By synergistically integrating the orthogonal longitudinal vibration of a sandwich-
type piezoelectric transducer, displacement amplification via conical horns, and flexural vibration of metal disks,
the system achieves two-dimensional four-directional large-area ultrasonic radiation.

A combination of theoretical modeling, finite element simulation, and experimental validation is adopted to
investigate the dynamic characteristics the system. First, an electromechanical equivalent circuit model is
established based on coupled vibration theory and electro-mechanical analogy principles, from which resonance
frequency equation and anti-resonance frequency equation are both derived. Subsequently, finite element
simulations are conducted using COMSOL multiphysics to analyze the impedance responses, vibration modes,
and acoustic radiation characteristics in air. Finally, prototype fabrication and performance verification are

performed through impedance-analyzer measurements, laser vibrometry, and ultrasonic de-misting experiments.
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Compared with experimental results (22086 Hz and 22196 Hz), the theoretical predictions of anti-phase
(22871 Hz) and in-phase (23016 Hz) resonance frequencies show relative errors below 3.7%. Finite element
simulations combined with experimental validation confirm the excitation mechanism of 5th-order flexural
vibration in the disks. Acoustic directivity patterns reveal a multi-beam radiation pattern with coexistence of
main lobes and side lobes (The directional patterns under anti-phase and in-phase vibration modes is shown in
Fig.(b)), while in-phase vibration mode demonstrates higher ultrasonic radiation intensity in the near-field
region. Furthermore, under 200-W input power, the system reduces smoke concentration within 70 s,
demonstrating its feasibility for gas treatment applications.

By leveraging the synergistic effect of orthogonal longitudinal coupling and flexural vibration, this design
overcomes the limitations of traditional transducers and provides theoretical and technical support for high-
power multi-directional acoustic radiation. The research outcomes provide the promising solutions for

applications in ultrasonic smoke removal, ultrasonic dust removal, and other gas-phase processing fields.

(b)

(a) Longitudinal vibration
conical amplitude transformer

Flexural vibration disk 150°

180°

\ Longitudinal orthogonally
coupled vibration transducer

\ AN /
aava-a

270°
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Keywords: piezoelectric ultrasonic transducer, 2D coupled vibration, electro-mechanical equivalent circuit,

vibration modal
PACS: 43.38.4+n, 43.40.+s DOI: 10.7498 /aps.74.20250294

CSTR: 32037.14.aps.74.20250294

134301-11


http://doi.org/10.7498/aps.74.20250294
https://cstr.cn/32037.14.aps.74.20250294
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

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

ABEXBE EREER RGBT iR

W FEH E RAE RB%

Design and vibration performance study of longitudinal-bending orthogonal coupled piezoelectric ultrasonic
vibration system

XU Long LlIXuesong YAOLei GONGTao LIANG Zhaofeng

5] Fi{i5 &, Citation: Acta Physica Sinica, 74, 134301 (2025) DOI: 10.7498/aps.74.20250294

CSTR: 32037.14.aps.74.20250294

TELERE View online: https://doi.org/10.7498/aps.74.20250294

BN 2 View table of contents: http://wulixb.iphy.ac.cn

LT RO H A R

Articles you may be interested in

ST 2-2RU R HU A AP T Y AT A 1) IR Sl 7 e
A new broadband radial vibration ultrasonic transducer based on 2-2 piezoelectric composite material

PIBR2A4R. 2021, 70(1): 017701  https://doi.org/10.7498/aps.70.20201352

Jief B R4 1) 25 b AR 3l -5 SR AT

Study of radial bending vibration and excitation of piezoelectric rings

WIBEAEAR. 2024, 73(19): 194301 https://doi.org/10.7498/aps.73.20240887

RIGF =B ks RGN e L it

Intelligent optimization design of large—scale three—dimensional ultrasonic vibration system

WAL 2024, 73(8): 084304 hitps://doi.org/10.7498/aps.73.20240006

PR R B A A PR SRR A 7o e BE
An ultrasonic transducer for vibration mode conversion of wedge—shaped structure of acoustic black hole

WAL 2025, TA(4): 044303 hitps://doi.org/10.7498/aps.74.20241326

PR T FIFA + MERBEA LS T XTI RE AR 5 IR 3 R e 0 A i
Research on acoustic control of coupled vibration system of transducers using acoustic surface and topological defect structures

YIBR2FA. 2024, 73(22): 224301 hitps://doi.org/10.7498/aps.73.20241199

Janus—HelmholtzAf BEAS HUHR S TR RS 0 BT iF 5T
Theoretical study on resonance frequencies of vibration modes of Janus—Helmholtz transducer

PyFEEEAR. 2024, 73(3): 034303 hitps://doi.org/10.7498/aps.73.20231251


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.74.20250294
http://wulixb.iphy.ac.cn
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20201352
https://doi.org/10.7498/aps.70.20201352
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20240887
https://doi.org/10.7498/aps.73.20240887
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20240006
https://doi.org/10.7498/aps.73.20240006
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20241326
https://doi.org/10.7498/aps.74.20241326
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20241199
https://doi.org/10.7498/aps.73.20241199
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231251
https://doi.org/10.7498/aps.73.20231251

	1 引　言
	2 纵弯正交耦合压电超声振动系统的理论分析
	2.1 结构以及振动原理
	2.2 等效电路模型构建

	3 理论分析以及结果验证
	4 结　论
	参考文献

