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longitudinal resonance mode; (c) longitudinal and transverse

resonance modes
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Fig.12. Admittance circle and impedance—frequency curve of
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vibration direction converter: (a) admittance circle and impedance-
frequency curve of 1 # vibration direction converter; (b) admittance
circle and impedance—frequency curve of 2 # vibration direction

converter
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Table 3. Co—phase resonance frequency and relative error of

theoretical calculation, finite element simulation and experimental

test
95 Su/mm o fo/mm o f /mm A, [% Ay [%
1# 20346 21598 21323 4.58 1.27
2# 20531 21856 21578 4.85 1.29
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Fig 14. The vibration displacement amplitude of each end face of the
1 # vibration direction converter at in—phase resonance: (a) a, b, c

end displacement amplitude; (b) d, e, f end displacement amplitude
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Fig 15. The vibration displacement amplitude of each end face of the

2 # vibration direction converter at in-phase resonance: (a) a, b, ¢

end displacement amplitude; (b) d, e, f end displacement amplitude

HI &l 14 FOE 15 AT45, 1480 28204085 1 a Smifi DR ARIE 5 d i i 2R iR IR
BAR—2, b ImMAEIRIES e Sn AL BIRIEIEA B, o miiA B IRIES f i
A ARIEFE AR — 3. 1A 2628 e 3 1) a0 A T AR ARIE R T b A e Iz
BARIE, NT e M fARRYR. DL ESEIRIEE RS & 8 Bt 1#A0 2844Ik J7 17
AR ASAE FAH RIS T RIALES = B — 2, SRR g m RF—E i, oe
AR A A PRI 1) )RST AR A/ PR k1 s T A7 R AR K, BB T A DA 1 6 e i T

20



BRI ARG/ A BB R R SF— I, o3 B8 A R, kI RN
EEINA %/ N7 N )N WN L G ol E ok %1 Y

6 % %

ARSCHRNL T = ARSI R e O R W SR R, TR R TR
5 R 760 SR S BT 72 T 454 RS S0 8 e 1) AR SRR (S, 75
LR 418

1o FEAE A I RSP AR ARSI, 5 HO 16 R~ T S0 R A SR X
T &SRS A IR 1 . BRI A s B A BRI
S, RSN RS IE AR K, Rz, BERRIAEOR . RERE IS, A
R 305 5 W L A X 1N

2. FEASH BRI SRR R AT T, RO 1 XS [ R % S B
[EIAREARARE 20 443 TR B SR A8 0 T3 o FLRR LA B B8 O [ R ~F A
TRE RIS, ARSI E R E A, R, A RHEoR R E
RIS, O\ TR B3 W L 0 5 1

PR T, O A 2 AN T R 1 RS E A B, TR S
SRS %77 T i o7 P T 40 58 1, T S TR 2 e 75 4 FEE 44 9
SRS 196 A P R 3 R T YR IR B O T s S R A S
G445 SRR B 1624 2 1 TR P R AR ) £ ) 4 B R S P 96 5
SE IR

[1] Asami T, Miura H 2012 2012 IEEE International Ultrasonics Symposium Dresden
Germany, October 7—10, 2012 pp2667—2670

[2] Cheng X, Yang K, Wang J, Xiao W T, Huang S S 2022 J. Manuf. Process. 84 1196

[3] Chen Y Y, Huang S J, Carballo G V, Hsiao C Y, Austria H FM, Hung W s, Wang C

21



F, Lee KR, Lai J Y 2025 J. Membr. Sci. 735 124535
[4] Xu CL, LuG X, Kang H C, Humayun M S, Zhou Q F 2022 Micromachines 13
1536
[5] Wang J C, Zhong C, Hao S H, Lv N, Wang L K 2021 Micromachines 12 1417
[6] Nguyen T H L, Park S 2020 Sensors 20 388
[7] Liang Z F, Zhou G P, Mo X P, Li Z Z 2011 Symposium on Piezoelectricity, Acoustic
Waves and Device Applications (SPAWDA) Shenzhen, China, December 9—11,
2011 p208
[8] Khmelev V N, Levin SV, Tsyganok S N, Khmelev M V, Khmelev S S 2009 70th
International Conference and Seminar on Micro/Nanotechnologies and Electron
Devices (EDM) Novosibirsk, Russia, July 1—6, 2009 p254
[9] Itoh K, Mori E 1972 J. Acoust. Soc. Japan 28 127
[10] Itoh K, Mori E 1973 J. Acoust. Soc. Japan 29 28
[11] Gudra T, Palasz L, Opielinski K J 2013 Proc. Mtgs. Acoust. 19 065083
[12] He X P, Zhang H D 2016 Sci. Sin. Phys. Mech. Astron. 46 034301 (in Chinese) [%1
PO, FKiEEE 2016 HREBLSMELE J1% RO 46 034301)
[13] Zhang H D, He X P, Li N, Shi R T, Yan X L 2017 Acta Acust. 42 311 (in Chinese)
(KRS, PUPE-F, 250, Wi, EFHE 2017 Fiadh 42 311
[14] He X P, Yao J, Zhang H D, Liu D D, Li J X 2015 Ultrasonics 58 104
[15] Lin SY, Zhang F C, Guo X W 1991 Acta Acust. 16 91 (in Chinese) [#A 11 E, 7K
R, FFEE 1991 AR 16 91]
[16] XuL, ZhouJ C, Chang Y, Li F M, Li W D 2018 Acta Acust. 43 786 (in Chinese)
[Vre, FEARTE, e, 2R, 257K 2018 Miassik 43 786]
[17] XuL, Zhang D, Chen'Y B 2023 Acta Acust. 48 882 (in Chinese) [, K, Bk
— 18 2023 FEdR 48 882]
[18] Xu L, Li XS, Yao L, Gong T, Liang Z F 2025 Acta Phys. Sin. 74 121 (in Chinese)
[Vrle, =5k, whds, 2805, RHIE 2025 YBaad 74 121)
[19] Xu L, Wang W Z, Gong T, Li G, Zhao L, Zhou G P, Liang Z F 2024 J. Vib. Shock
43 287 (in Chinese) [V, TFJEE, 8%, R, B, FOEF, RHIE 2024

22



Rz 5k 43 287]
[20] Lin Z M 1987 Principles and Design of Ultrasonic Horns (Beijing: Science Press)

pp199—207 (in Chinese) [MAl % 1987 A ARMEAT I H A ¥ it (bt Rt

e HURE) 55 199—207 ]

[21] Sherrit S, Dolgin B P, Bar-Cohen Y, Pal D, Kroh J, Peterson T 1999 1999 I[EEE
Ultrasonics Symposium Tahoe, NV, USA, October 17—20, 1999 p647

[22] Xian X J, Chen X M 2007 J. Shaanxi Norm. Univ. (Nat. Sci. Ed.) 35 41 (in Chinese)
[EFeZE, PR75HE 2007 BRPGINTER 2R (E RBHERR) 35 41]

Output adjustable three—axis orthogonal in—phase

vibration direction converter
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1) (College of Science, China Jiliang University, Hangzhou 310018, China)
2) (Shenzhen Lvyuanxuan Electronic Technology Co., Ltd., Shenzhen 518000, China)

Abstract

The three-dimensional orthogonal vibration direction converter is
an ultrasonic vibration system integrating power synthesis and
three-dimensional acoustic radiation, which has  important
application value in the field of power ultrasonic technology. At
present, the analytical design theory of three-dimensional vibration
direction converter is mainly based on the complex wave equation
method, and the research on its vibration characteristics also
focuses on the three-dimensional vibration direction converter with
symmetrical structure. Therefore, based on the one-dimensional

longitudinal vibration theory, the apparent elasticity method and the
23



electromechanical analogy principle, this paper establishes a
concise equivalent circuit model for the three-dimensional coupled
vibration of a three-dimensional orthogonal vibration direction
converter (The equivalent circuit of the output-adjustable three-
axis quadrature in-phase vibration direction converter is shown in
Fig.4.). Several converters with different lateral and longitudinal
dimensions are designed, and their vibration performance is
analyzed by finite element simulation and experimental test. The
results show that when the transverse or longitudinal size of the
converter in a certain direction decreases, the equivalent mass of
the bar in this direction decreases, and the displacement amplitude
of the output end in this direction increases under in-phase
resonance. On the contrary, increasing the size of the converter in
a certain direction will increase the equivalent mass. .in that
direction and reduce the displacement amplitude in that direction.
It can be seen that by adjusting the transverse or longitudinal
dimensions of the converter, the vibration displacement amplitude
of each output end can be flexibly adjusted to meet the needs of
diversified ultrasonic applications. (The in-phase vibration modes
of the 1 # and 2 # experimental sample converters are shown in
Fig.10). The theoretical calculation results are consistent with the
finite element simulation and experimental test results. The
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equivalent circuit model provides a concise design theory for the
engineering design and optimization of three-dimensional

orthogonal vibration direction converter.
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Fig. 4. The equivalent circuit of the output-adjustable three-axis

quadrature in-phase vibration direction converter
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Fig. 10. Co-phase resonance modes of 1# and 2# vibration

direction converters.
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