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Fig. 1. (a)Schematic diagram of the FG-sPET structure*”l; (b)Schematic diagram of the spherical

transducer structure calculated using NSGA-II*?;  (¢) Schematic diagram of the capsule-shaped
transducer structure!®;  (d) Schematic diagram of the longitudinal-diameter composite spherical

shell type ultrasonic transducer structure(#4,
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Fig. 2. (a) Schematic diagram of the radial cascaded spherical piezoelectric transducer structure;
(b) Radial cross-sectional view of the cascaded spherical piezoelectric transducer; (c¢) The

electromechanical equivalent circuit of the radial cascaded spherical piezoelectric transducert®],
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Fig. 3. (a) The impedance diagram and the first and second vibration modes of the cascaded
spherical transducer theory analysis and numerical simulation; (b) The relationship between the
resonant frequency and anti-resonant frequency of the first mode and the thickness of the internal
piezoelectric ceramic shell; (c¢) The relationship between the resonant frequency and anti-resonant
frequency of the first mode and the thickness of the external piezoelectric ceramic shell**,
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Fig. 4. (a) Experimental samples of metal and ceramic hemispherical shells; (b) Experimental
setup; (¢ ) Frequency response of vibration displacement; (d) Distribution of vibration

displacement at the first-order resonant frequency!**,
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Fig.5. (a) Structural schematic diagram of the stacked spherical transducer; (b) Radial section

view of the stacked spherical transducer; (c) The relationship between impedance and frequency
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for traditional and stacked sandwich spherical transducers; (d) The relationship between radial
displacement and frequency for traditional and stacked sandwich spherical transducers(6!.
3 PERE VTR ERIE R 5 5 e i 2 SR S R e A
3.1 MHEEWRK R Heaeat

b8 7K 7R AR 5 B o 7 A5 RV SO0 2 2% 75 3 A B E N VR B SR B AN 2 T, AR G
— 0 g R S AR BT FRURE 1 5 A [ A4 ) He e A SR BR M 1 &R 0 e, R DAAE 2 A8 (1) ot fh
PR¥F R B peALIE. AEVEREPT IR J7 1, AHEL T Qin &8 ABOM R AR B il i A 5 —Fe
BEL SR Sl 1 X0 = W 86 HE 25 8 R 2% ARSI AP sk, AR AR 7 M N RS H &
MXEEERES = B8 mREE A4, ZBTHE S AU 8 B al L R RT3
N, G T CAIRANAT 5 MBI PR B R B E e L AR A
F I Bl 2% R A TSI NASE BEBT T, 28R R a8 ) F 300 F RN 5 A R B A S BT
RGBSR PH T, XA B SEBIL 1 0] 45 B A ATL FL e 2 Y SN L B A S EE B A T T, A1)
JEAARR T AL GL 28— BRI B AT B A2 . M LG AL 2 40 BB 2% B FH 370 S I A% O 9 05

6 (a) J&/r VXA E S MR E ], 2ot 000 T £ R B R e N R
THAE RGP N e 2%, FETI NAMBER DT Ze Canra B HEEE, AR, DLSEEPEREMI B SR, K
6 (b) Fl (o) 2l T WA TAER: B 1 (NZEE. 42 58X 2 (MBI
Jil WERED - LRIy U R B ST AN BT U, 0 AR N K AR 3
FEARATUBR PELT, T B BB AR R AR I A N F BT, S A SRR ILARANR . ORI S
LRSS R B F SR R TSN S84 e pe ) Bk s md, B 6 (d) RBL 7
1T, ARG RILIRAUARE A B PH RS A AR A (R SRR, 24 b4 F L G K
HIRE RALIRIAR I 2 ETES, Hodr, SR EARBAAE X 8] A2 4k 22, i £E v BRAE X 8]
TN, BEAE AN RGN, AR . IR SR AL A G R BN BRI . R

11



Jilth, ERC 1A BRI B, SERIZE AT A 72730 Hz KR T #% % 42928 Hz, JEILH L R
UTEARR IS BE 7). MR AR, R S RILIRSUR [ REREAR, (A AL RS R
it 2 386 O 3k 2 VA R T A I SR R T 4 R A K B U BE BT S N BB . AR AL
HELE AR P B, AR BEBTTC A BN 5 AR ] 10 S R SHATOR B I, AT A I A R

AL AR AP EEAL fl.

(a)

e
HIEIE 5 B 1 B 2
= 784
L —_— ;:ﬁ:: f:::.:) == e (EECH)
o RLMMK CEECK . A (P
7681 J X 43 . “ RICIMF (EECH)
g RICEER (FEM) - i .
. S —— ESEESR (FEW)
= E
T 752 =
= $ 756
i A 2
E L ———  JEISE (EECW) = 56.0
- —— MK (FEN) 742
N “=  RIEEME (EECH)
= RICKSR (FEW)
704 420 78
(1] 400 600 0.0000 0.0002 0.0004 0.0006 0.0008 o 20 40 60 80 100
EBRE(Q) EBJR(H) BB (nF)

Ko C(a) PIHEERIZIHREEAS ISR EE, (o) WEOME, (o) MBI, (b i
1 R S I IRATR SR FIER . FELR ] 1) 5k R 7]

Fig. 6. (a) Schematic diagram of the tunable spherical piezoelectric transducer; (b) Internal
excitation, external resonance; (c¢) External excitation, internal resonance; (d) The resonant
frequencies of case 1 and their relationship with resistance, inductance, and capacitance!*’].
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Fig 7. (a) Metal and piezoelectric ceramic hemispherical casings and experimental samples; (b)
Experimental apparatus for the measured device; (c¢)  Frequency dependence of the input

impedance modulus of the simulation results and experimental results*7..
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Fig. 9. (a) Schematic diagram of the SPCT structure; (b) Working circuit in the cross-sectional
view of the spherical piezoelectric ceramic shell with opposite polarized input and output directions;
(¢) The influence of the load resistance on the resonance and anti-resonance frequencies of SPCT;
(d) The influence of the load resistance on the effective electromechanical coupling coefficient of
SPCT; (e) The influence of the load resistance on the voltage gain of SPCT; (f) The influence
of the load resistance on the power gain of SPCT.
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18



ARSI LSRR I L ER T B e 2 S AR T 45 R S A BEAR R AT ORI FURE JEHEAT T 4338,
FFRGI A T AW ST SERAE R I LB 75 H A & J BT s AR T 48 05 T (0 AR A X A%
SRR IS R pe a5 A om 2 PR L PHAURIC SR AL S, A URRAL S 1 DURD BRI e RE4%
SR Je— R AR I i AR I s B S BHEE M RIE ST T IR A B S RE R AR,
Horp S HE S R PUBAL G451 B AIK 84%, AR FIALAESET) 1.26 . A nl iR Qe il il A%
LA S T 73~76 kHz Y61 N IFR e RIE AL 1-3-2 RE SRR A s B E 00 7K
(P R A R PR 5 A BT UL . BRI s AR TR 8% SR B 1 T I 5 B SR A X e o, 945 a0
AP e SN A e S I S 1D M N AW %) B SN 3 & & B T A AR E b N 9 RS
RE AT AR R J Rk Hh 4l 7y A 25 R I e R, TR0 BEAR AN AL T )it B 5 SR U, B
FEARBE SRS 155 R T SE-IKEh " — L R G R R, IXSRAR K N RS . Bl 75 LU e 4
) it B M 0 ISR 5 A s LA T A 14 L 1.

2% 30

[1] Lin S Y 2009 Phys. 38 141 (in Chinese) [#+4E 2009 #)#H 38 141]

[2] Cheng J C, Li X D, Yang J 2021 Current Status and Future Development Trends of Acoustics (Beijing: Science
Press) pp280—283 (in Chinese) [FEEEF, ZEHER, MZE 2021 FERPURU LR KRR EESA B2k
) #5280—2837]

[31Li J, Dong X, Zhang G, Guo Z, Zhang G, Shi C 2021 [EEE Access 9 10951

[4] Cui Z, Bai X 2021 Ultrason. Sonochem. 70 105309

[5] Xu B, Azam S R, Feng M, Wu B, Yan W, Zhou C, Ma H 2021 Ultrason. Sonochem. 81 105855
[6] Villegas I F, Moser L, Yousefpour A, Mitschang P, Bersee H E 2013 J. Thermoplast. Compos. Mater. 26 1007

[7] Wagner G, Balle F, Eifler D 2012 Jom 64 401

[8] Kumar S, Wu C S, Padhy G K, Ding W 2017 J. Manuf. Process. 26 295

19



[9] Yang Z, Zhu L, Zhang G, Ni C, Lin B 2020 Int. J. Mach. Tools Manuf. 156 103594

[10] Zhou H, Zhang J, Yu D, Feng P, Wu Z, Cai W 2019 Adv. Mech. Eng. 11 16878 14019895929

[11] Hadizade A, Kamali S H, Moallem M 2023 /EEE Trans. Instrum. Meas. 72 1

[12] Lin S'Y 2008 J. Shaanxi Normal Univ. Nat. Sci. Ed. (Natural Science Edition) pp26—31 (in Chinese)[#k 15 &
2008 BRVGITTE K252 (HARFHEMR) #26—3111]

[13] Yao Y, Pan Y, Liu S 2020 Ultrason. Sonochem. 62 104722.

[14] Harvey G, Gachagan A, Mutasa T 2014 /EEE Trans. Ultrason. Ferroelectr. Freq. Control 61 481

[15] Gallego-Juarez J A, Rodriguez G, Acosta V, Riera E 2010 Ultrason. Sonochem. 17 953

[16] Ranz-Guerra C, Ruiz-Aguirre R D 1975 J. Acoust. Soc. Am. 58 494

[17] Qiu H, Chen M, Li F 2022 Ultrasonics 124 106731
[18] Lin S'Y, Xu C 2008 Smart Mater. Struct. 17 065008

[19]1 Li G, QuJ, Xu L, Zhang X, Gao X 2022 Ultrasonics 121 106683

[20] Lin S 2006 [EEE Trans. Ultrason. Ferroelectr. Freq. Control 53 1671

[21] Lin S 2007 J. Sound Vibr. 306 192

[22] Lin S 2007 Ultrasonics 46 51

[23]Lin S, Fu Z, Zhang X, Wang Y, Hu J 2013 Smart Mater. Struct. 22 015005

[24] Lin S'Y 2005 J. Appl. Acoust. 3 140 (in Chinese) [#AH L 2005 A2 3 140]
[25] Al-Budairi H, Lucas M, Harkness P 2013 Sens. Actuator A-Phys. 198 99

[26] Chen W Q, Wang L Z, Lu Y 2002 J. Sound Vib. 251 103

[27] Chen W Q 2001 J. Acoust. Soc. Am. 109 41

[28] Hasheminejad S M, Mojahed A 2016 Wave Motion 62 1

[29] Aronov B, Brown D A, Yan X, Bachand C L 2011 J. Acoust. Soc. Am. 130 753

[30] George J, Ebenezer D D, Bhattacharyya S K 2010 J. Acoust. Soc. Am. 128 1712

[31] Diab D, Lefebvre F, Nassar G, Smagin N, Isber S, El Omar F, Naja A 2019 Rev. Sci. Instrum. 90 075005
[32]Li X F, Peng X L, Lee K'Y 2010 Smart Mater. Struct. 19 035010

[33] Sadeghpour S, Meyers S, Kruth J P, Vleugels J, Kraft M, Puers R 2019 Sensors 19 757

[34] Kong Q, Fan S, Mo Y L, Song G 2017 Smart Mater. Struct. 26 095051

20



[35] Wang L, Qin L, Li W, Zhang B, Lu Y, Li G 2015 Ceram. Int. 41 S856

[36] Wang S, Lin S 2020 IEEE Trans. Ultrason. Ferroelectr. Freq. Control 68 760

[37] Wang S, Chen C, Hu L Q, Lin S 2022 J. Acoust. Soc. Am. 152 193

[38] Kim J O, Lee J G, Chun HY 2005 Ultrasonics 43 531

[39] Qin L, Wang J, Liu D, Tang L, Song G 2019 Smart Struct. Syst. 24 435

[40] Li X L, Teng C, Zhou Y 2020 Audio Eng. 44 78 (in Chinese) [Z4=875, B, FF 2020 HFEFIA 44 78]
[41] Zhang Y, Wang L, Qin L, Zhong C, Hao S 2020 /EEE Trans. Ultrason. Ferroelectr. Freq. Control 68 1791
[42] Zhang X, Li H G, Zhao X, Xiong H L, Meng G 2023 Acta Acust. 48 872 (in Chinese)[ik 77, 251, M8, #E
AR, Ft 2023 FEiEAAdR 48 872]

[43] Zhang X, Li H, Xiong H, Sun S, Ling Z, Shen G, Meng G 2024 Sens. Actuator A-Phys. 373 115393

[44] Zhang HD, Xu L, LiJ, Li F M, Zhao P, Wang W Z, Qu M L, Chen C, Yao L 2025 Ultrasonics. 150 107597
[45] Tang Y F, Lin S Y 2023 J. Acoust. Soc. Am. 154 1838

[46] Tang Y F, Chen C, Tian H, Lin S'Y 2024 Smart Mater. Struct. 33 035002

[47] Tang Y F, Lin S Y 2024 Ultrasonics 136 107155

[48] Tang Y F, Chen C, Wang C H, Lin S Y 2025 Mech. Syst. Signal Proc. 224 111996

[49] Tang Y F, Lin S Y 2025 [EEE Trans. Power Electron. 40 18489

21



Research progress on the new type of spherical piezoelectric

ultrasonic transducer and transformer’

REN LiuNa, TANG YiFan', and Lin ShuYu'

(Shaanxi Provincial Kev Laboratory of Ultrasound, School of Physics and Information Technology,

Shaanxi Normal University, Xi’an 710119, China)

As a core component in ultrasonic vibration systems, piezoelectric transducers play a crucial role in various

application scenarios. Although spherical transducers have high application value in fields such as underwater

acoustics and_structural health monitoring due to their perfect three-dimensional omnidirectional radiation

characteristics, traditional structures generally face many technical bottlenecks: limited sound intensity and power

capacity, fixed and unadjustable electromechanical characteristics after the device is formed, and severe acoustic

impedance mismatch with the radiation medium. To break through these limitations, this paper systematically reviews

the latest research progress on novel spherical piezoelectric ultrasonic transducers and piezoelectric transformers

focusing on representative structural innovation work. First, a cascaded spherical transducer structure is introduced,

which alternately composites metal spherical shells and piezoelectric ceramic spherical shells in radial space,

effectively increasing the total effective volume of piezoelectric active materials and achieving high-intensity.

wideband, and perfect three-dimensional omnidirectional acoustic radiation. Second, a stacked spherical transducer is

introduced, which radially stacks two piezoelectric ceramic spherical shells with opposite polarization directions and

sandwiches them between metal layers to overcome the excitation difficulty of thick-walled piezoelectric ceramics;

compared with the traditional structure, this configuration drastically reduces the first-order equivalent electrical

impedance of the system by 84%, while increasing the radial vibration displacement to 1.26 times that of the

traditional sandwich spherical transducer. Third, an electromechanically tunable spherical transducer is introduced.

Without changing the basic geometric dimensions of the device at all, the design dynamically reconstructs the total

equivalent impedance of the system through external electrical loads such as resistors, inductors, and capacitors,

successfully achieving a wide range of frequency tuning capability and significantly broadening the operating

bandwidth of the transducer. Fourth, a spherical transducer based on 1-3-2 type piezoelectric composite material is

introduced. This design effectively solves the impedance mismatch bottleneck by introducing

low-acoustic-impedance high-molecular polymers into the spherical shell structure, which not only effectively

suppresses interference modes but also significantly improves the acoustic radiation efficiency of the system. Fifth, a

* Project supported by the National Natural Science Foundation of China (Grant Nos. 12574498, 12404532).
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novel spherical piezoelectric ceramic transformer (SPCT) operating in the radial vibration mode is introduced, which

fills the blank in the research field of spherical transformers by realizing bidirectional voltage conversion with both

step-up and step-down outputs and optimized power gain. Ultimately, this review demonstrates that these structural

innovations effectively break through the performance limits of traditional piezoelectric ultrasonic devices; in

addition, this paper also prospects the future development trend of piezoelectric transducers evolving toward

intelligent "sensing-computing-driving" integrated systems and micro-nano structures, providing a solid theoretical

foundation and technical paradigm for the innovation and development of a new generation of advanced ultrasonic

vibration systems.

Keywords: spherical piezoelectric ultrasonic transducer, cascaded structure, adjustable electromechanical

performance, 1-3-2 piezoelectric composite material, bidirectional voltage conversion

PACS: 43.30.Jx, 43.35.—c, 43.35.Zc
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