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Fig. 1. Structure diagram of the ABH-Moonie type scalpel: (a) Components; (b) ABH-profile design; (¢) geometric dimensions.

A1

}1/0+(}L1—}LU)[ r

FHR627 2) FF R T AN A S SRR A N A
AREZH T B 7, 27 7R e R S
BR 281 3) PR T A e SR S A R T R A
7%, TERATE AR A [ A S BT XHRORL 0 22 D REAS 1E
Fpg oSO SR SE AT SiE T ABH S5 7E )R
B AR IR BN | AR RS A S PR T R AR R
MIZREHEREE S, o i e i 2 B ARSI R 4
PR T A

TEERFR ST, A SCWAZO TAE 242l
A R S5 H4 () e R SR AR AUUN 55 Moonie i HE#S
IR EAR S &, FEA BRZS [ N s AL R ik
BfeRt B A, I ZUf D 75 TR T FE AL
FErp YRS PERE R . EEF TN A O, i
37 T ABH-Moonie BT AR J] ) Z A48 5 R S HLHE
GRS, HOR, R BRICE T T FARTI
AR N AR A PRSI, TR T BRI SRR
AN it ik AR I RE R SN s, T T
FARIIFEHL, FFFFRE T BT D AR Sl I 1 52 56

2 EiphEg

ACHEH Y ABH-Moonie % F-AR J] L 2544
WEl 1(a), (b) Br7n, ABH-Moonie A JJ i 9\
[ ARRGEN o 1B oY ] B NN Y s e S
JISK L, ABH RIS EE hBEE F42 r1E0 <
r < rapu AL4% B RO 210, Hom = 2, A(r)
s

r m
{h0+(h1 — ho)(TABH) , 0<r<rasu,

T)=

hi, TABH < T < T,
(1)
Ry
m L2V
N L,
— " TABH P~ Do Ry
ALK \ ha

m
, 0<r<rapn,
TABH

hi, TABH S T < 7.

(a) 41 AR, (b) P BRI BRI (c) JLAT R T

081003-2


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 % 3R Acta Phys. Sin. Vol. 75, No. 8 (2026) 081003
FEE 1(c) 1, g, Ry 43000 FEHL BB N A2 M ——D (824‘ N aiX) 3)
FITAE I3 f2E4%, v 2 ABH [BIAR ., 42 )8 IR F or? ~ror)’
FEHL R RIINEAR, rapy, ho 1 by J2 47 RIS 0= —D <83§ . 10%¢ 15@“) "
SRR AR | R AR TEERE R KRS, by F by S0l 4 T ors rorr  r2or)’

& (R L B IR Ly 2 TAETI Sk K

ABH-Moonie #F- AR JJ AR T R BT
O\ ] A A 49 g Y (58] AR e 3 P 507 AT A
RN 7= A=A n)-Gh I A 4R 30, Rh 4 1B B A
Nl I oy, BE L8 B AR 5 ol 0K sh LA 4
ABH Z5 ¥4 (% B A= 25 4R 3l . A6 75 BRI AR
T, B A A iR h i iR [ 2% m) ez
5, AR O KGR B R AE. B L, Y b #ik
T, A s T T IEg5 K. A, BT A
FWIEE B RRAIK, ABH [RIAR A9 25 il AR50 R A0 R T
K, R 2R AR P Y Y SE I 2 A, OF
TR R BE R AR, TAET)k5 ABH
(R PO AF 92, DT IZ A A5 i 4R sh 5 4 T
kg PR sh. TAE J] Sk et o] 47 R 76
BN TS AR BRI R AR T S EER,
B 1(a) A TAE IS AT b7 40 Ab B AT 4 42
HAhSFIE 13k

ABH B E H IR EREFSH
FE 2%
T ABH BIM )2 K TSR, 76 H il
WA, AR sh ABH [RIMR 4 4530 h 2500]
P A5 R R R A PR s S rh SO S, 7
I8 45 O AR R A B C, RS sk i M, B 38K
Hr, H ABH [BIAR B SER00UR BE R, A B4 1 VR B2
h, BIATIEARLSK Y ABH B 0 800 M, agy F1
G EL Cyppir-
PR, £ A hh A&, SR
JE Y A 25 i B sh B a1 6 8% (r, ¢) 1T LIAR
LR MERIE T R P12
C(r,t) = [AJg(kr) + Bly(kr)] exp(jwt), (2)
Horb R BBCANL, AR BB R AR ER
BN EEL Jo(kr) R To(kr) 43502 22 B e — 25 Dl 28
IR PRERIE [ 28 — 2848 11 DL 28R R k. 76 S IRIBR A
KWBH, k* = phw? /D, D = ER3/[12(1 — 0?)],
kIR, p HERE, hoREEE, w AR, E
R, o HIARALL.
[5R145 25° f 41 3 ) 25 R RN 55 11 1 FT AR A

2.1

I BRI, (M), = 0, (Q). = 0,
Hort o SRR

A [k:Jo(ka) - Jl(:a) + UJlgm)]
B [kzlo(ka) _L <fa) + Ullik“)] =0, (5)

55 n B i 4R 3 A 057 B8 2 A FIIR B RE (AR
IEPREL A o
Cn(r,t) = [Ando(knr) + Bplo(knr)] exp(jwnt), (7)
(7, t) =jwn[AnJo(knr)+ Brlo (knr)] exp(jwnt). (8)
Z &R S NIRRT dv = 2mrhpdr, 354
[RIBR A SIRE By, MIFRE E,, 1l KRN

1
dEy, = 5(2n7°hpd7°)vn T (9)

Ekn = / dEkn
0

— hp? / (A To(knt) + Bulo(knr)2rdr, (10)
0

D[(9%G\* 1 (96
=5 | () v () +

X 2mrdr,

20 06, 0°,
r Or Or?

(11)
Enh?

26\ 1 (06
12(1—02)/U [(W) +o~2<8r>

Epn =

2;788%%27%} rdr. (12)
Bl oAb Bhee By, FIGE E), 4
E, = %ann k= —%Mn(An + B,)w?, (13)
B, = %Kn R rm0) = %Kn(An + B, (14)
VEEUHLOAE R S RE AR S % 45, A
Ein = Eg, (15)
Epn = E}Im' (16)

PRI, [ AR 2 4l 3h B S ss T i M, ARl &
K, v LARE A

081003-3


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

) 32 % 3R Acta Phys. Sin. Vol. 75, No. 8 (2026) 081003

2my /a 2
M, = —2" 1A, Jo(knr) + Bolo (ki) 2rdr, 17
24,1 B s [AnJo(knr) o(knr)]"rdr (17)
Exh? @ 2106\ 20 0¢, 0%,
Kn—ﬁu_az)uﬁgnf/o K ) W(ar) T 1)

Horbomy A hIRSIRE A B, ARAR A AF (5) 208 (6) 205, (17) 300 (18) n] A A

P (lna)2 (k@) + 32 (k) 12 (k) — 472 (kna) 12 (kna) %
Mn =m 2 ( na) ) (19)
L (k) — J1 (Fna)]
T 31.2
K, = 6E(1 ]i I:rg) {(kna)®12 (kna) — 2(1 — o) (kna)Jo (kna) J1 (kna) — 2 (1 — o) 032 (kna)
— (1= 0) [13 (kna) /13 (kna) — 1]} x B (kpa) /[Li (kna) — 1 (kna)]®, (20)

Cn = 1/Kn. (21)

FE M HERE E RIRTHES: ABH (5 A A9 45 20 5

M, apy MEERFRIMAREL Cp apy. ABH FIHRAYIESE
kR

r m
- <
W) = {h0+(h1 ho)(TABH) , T < TABH,

hi, TABH < T < 71,
(22)
TRBURI S8R
V= 2n/ rh(r)dr, (23)
0
v
heq = g (24)

B (24) AFHAY he 1O RARA (19) 3, (20)
A (21) 2wk gk ABH B4R 25 4% 5 9 25 5%
EHSHL Cynpny My apn, PEMRAFBHRS 4k 5h
A GIRCRIIN Ve 3N %

Iy = ———— + jwM,. , 25
0 iwConH J n-ABH ( )
e P AT B S 4R S R R

Zimo = 0. (26)

T BUE RS R, R R ICIEX
HBARIT R GRAT T WL EAE. # ABH MY
JURSFBCA: 7 = 15 mm, rapy = 12 mm, hy =
Lmm, by = 3 mm, m = 2.5, MRHESE N, HE
#2700 kg/m?, B R 7x 1010 N/m?2, FHALL
Jy 0.33. 4R (26) SIS R ABH BB
A0 A LR R N 62345 Hz, A BRICHHT BT 15

X g AR A B L PR R 63130 Hz, — 3 AHXT 1R 22
1R 1.3%, UEB] TS50 B Uk v A, 75
SIS, 207 G F T AR B A, H 2R R
FE AR AL AN 2%

2.2 ABH-Moonie # F R 718 & IRZNHIH
EENEIERINEFTE

HEFAL LRI . IR Y 7 S A,
37 T ABH-Moonie %I F- AR JJ#8E Yk s FOHLHL 55K
HLBRAR RS N (K] 2 s . 203 R R\ Ak s
FL B 5 (R R -T2 0 5 3R 3l 19 22 i B F, S 35 F 8
Hrh 7, J1 Z,, RNIRSIWIRBEST, 2,1, Zo T Z4
AR PR SIHUBREE BT, VAN T oA s f R S
HLTE, G WAEROBEE, n, I n, EERHLMUE Hadt,
Zy HON-AR 1) SAPERE A BB B2, IR A ER e 4 s
WY shig T B4, Hrb 72, f Z, 53535001
WEBHPT. w5 OB 2 ABH 1RIH S jh iR 36 1Y 2548
LSRR, Capn WFHEINHE, M, gy N
ERUT R, EEERRE TAETI L m IR T
RIR 2%, Hor Zg B0 Zy RS RE . 1 2 4%
AT R FRA T B

. kp,h
Z :JpOCPZn(Tf — rg)tan ( P2 3) , (27)

. jPOCPZTE(T% - T%)

Zz - . 9 2
? sin (kpzh3) (28)
2nck
Zoop = —13, (29)
jw

081003-4


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 % 3R Acta Phys. Sin. Vol. 75, No. 8 (2026) 081003

- |
Z4 Zy C..

Z3 Z3

A ARG (G E BN ABHI&# TAETIL

B 2 ABH-Moonie % F=- AR JJHEA P& 30 (1 AL HL S5 20 Ha

Fig. 2. Electromechanical equivalent circuit of the ABH-Moonie type scalpel in coupled vibration.
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Fig. 3. Electrical admittance-frequency response curve.

B4 FARITHMERIES (o) 3D HIEE; (b) 2D &
T 5]

Fig. 4. Coupled vibration mode of the ABH-Moonie type
scalpel: (a) 3D cross-sectional view; (b) 2D cross-sectional

view.
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Fig. 5. Curves of resonance/antiresonance frequencies and
effective electromechanical coupling coefficients varying
with the ABH parameter m.
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Fig. 6. Curve of normalized maximum vibration displace-

ment varying with the ABH parameter m.

3.3 HEFBFESH
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Fig. 7. Finite element model of the ABH-Moonie type
scalpel for cutting phantom tissue.
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Fig. 8. Effect curves of phantom load on the frequency re-

sponse of electrical admittance.
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Fig. 9. Effect curves of phantom load on the vibration dis-

placement of the blade.
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Fig. 10. ABH-Moonie type scalpel prototype.
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Fig. 11. Impedance analysis experiment of the ABH-Moon-

ie type scalpel.
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Fig. 12. Measured electrical impedance frequency response

and vibration phase curves of the ABH-Moonie type scalpel.
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Fig. 13. Mode measurement experiment of the ABH-Moon-

ie type scalpel.
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Fig. 14. Measured coupled vibration mode of the ABH-
Moonie type scalpel.
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Abstract

A miniaturized ultrasonic scalpel based on the acoustic black hole (ABH) and Moonie transducer structures
is proposed in this paper, aiming to effectively address the vibration performance degradation of the ultrasonic
scalpel during miniaturization by leveraging the energy local aggregation effect of the ABH structure and the
displacement amplification characteristics of the Moonie transducer. The scalpel consists of a metal end cap
with an ABH profile, operating blade and a longitudinally polarized piezoelectric ring, achieving multiple
vibration mode conversions. An analytical theoretical model for the multi-modal coupled vibration of the ABH-
Moonie type scalpel was established using the equivalent circuit method, enabling rapid frequency prediction.
The coupled vibration characteristics of the ABH-Moonie type scalpel were analyzed using the finite element
method, and the effects of ABH parameters and load on vibration performance were investigated. Compared to
the conventional Moonie-structured scalpel (m < 2), the ABH-Moonie type scalpel demonstrates a significant
improvement in maximum amplitude output. Under load conditions, the scalpel maintains good vibration
performance, including minimal frequency drift and vibration attenuation. Finally, a scalpel prototype was
fabricated and experimentally tested. The results show that the designed mode of the scalpel can be effectively
excited, with a frequency error of only 1.5%, fully validating the feasibility of the ABH-Moonie composite
enhancement structure and the accuracy of the analytical theoretical model. This study provides a novel

perspective for the design and optimization of miniaturized high-performance piezoelectric devices.
Keywords: acoustic black hole, Moonie transducer, ultrasonic scalpel, miniaturization, coupled vibration
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