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Fig. 1. Geometric structure schematic diagram of ABH-PnC composite waveguide rod.
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Fig. 2. Vibration unit division and boundary conditions of
the ABH-profile cell structure.
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Fig. 3. Finite element calculation method of the vibration

transmission frequency response function.
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Fig. 4. (a) Effect of the ABH parameter m on the bandgap distribution; (b) effect of the minimum cross-sectional radius 7, on the

bandgap distribution; (c) effect of the lattice constant a on the bandgap distribution; (d) comparison of flexural vibration bandgap

distribution between the ABH-PnC composite waveguide rod and the fusiform-PnC composite waveguide rod.
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Fig. 5. Geometric diagram of conventional ultrasonic scalpel and ABH-PnC type ultrasonic scalpel.
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B8 TAETI kYN 1 I 2 (4 G I AL Al S5 55 I8
Fig. 8. Cascaded electromechanical equivalent circuit of the

operating blade in longitudinal vibration.
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Fig. 9. Electromechanical equivalent circuit of the ABH-PnC type ultrasonic scalpel in longitudinal vibration.
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Fig. 10. (a) Electrical impedance frequency response curves of the ABH-PnC type ultrasonic scalpel; (b) theoretically calculated

curve of the resonant frequency as a function of n.
—

frem = 55500 Hz

Min BT T Max

Kl 11 ABH-PnC 80l A F AR IR BB
Fig. 11. Vibration mode of the ABH-PnC type ultrasonic

scalpel.

AT RER B A5 HR 07 B8 e (1 4 5 PARAI, e
FEAR T 82%. A& BE — & A AL iR i 22 R ol i
F, BEFEFRNT: H— H PRI A
BLASAR B 25 THFE— 0 i A BE =, (BN 1) 4R 3h F 48
AT b A, PR BT S i e T IS, DhIa
PR BT 27 BR B i gt B TIR, BT R R A
SR H =, ABH-PnC & &% S 454 %5 25 i 4
B TENRCR BN B, RIS iR I L 0 AR s 5y
gty Ho=, ABH $eJRA< B Xt 9k m) 4 sh HAT R iy
ARE SN, (FHATHTAS ), A BT/ N g4 Tl 10 2
EIZ BN 38 55 1% 2 ph AR sh A . 255 1, 4.2% (1)

PIRPERE SR THE TR O HA B X, T 82%
AR ) 2 25 A 1 R GTRARE M AT T S

4 %

ASGE S BRI (ABH) S5 A (PnC)
PRI HLE], S T —FBr A A& I AP A5 A T
o FH T AR T LA S th 2 RS, FE 450
W

1) AR P A 5 LI, 2 m = 4.1,
7, = 0.85 mm, a = 16 mm i}, ABH-PnC & &%
SFFAE 55.5 kHz B IR T 5T X625 ih 4k 2 iy A hr
FEERHT (W 9844 27 kHz, FEU8GA 30 dB), [RIAFZA W)
PB4 TFHE .

2) X} LR IE-PnC I FFF, ABH-PnC & &
AT — B PRl B e Rk B i 144 12 dB,
WL PR T2 18.5 kHz, UiHH ABH X725 ik i 12

1.0r(a) — HHMFARTI Lo 1.0r(b)
== ABH-PnCHEIFARTJ] . e
nORT 08 L R T)
0.8} =@ 06+
o =
L;li .THE 0.4+
E 0.6 | % 0.2
% % O I I i I
= = 0.18 --- ABH-PnCHFART]
S o4 a0 i
K| i
QAT T 0.12 + wo h
02t o faai gl
0.06 - Nt
0 0.01 0.02 0.03 0.04 0 0.05 0.10 0.15 0.20 0.25
i) 67 ¥ /m i) 7 ¥ /m
Kl 12 ABH-PnC BB FAR IS5 W BB FAR IR XL (a) TTRRIROLEE; (b) TIAT BB RE 2% 1 SR B

Fig. 12. Comparison of vibration displacement between the ABH-PnC type ultrasonic scalpel and the conventional ultrasonic

scalpel: (a) Longitudinal displacement of the blade tip; (b) flexural vibration displacement of the waveguide rod and transducer.
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Design of the acoustic black hole-phononic crystal composite
waveguide rod and application research in ultrasonic scalpel’
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Abstract

The flexural parasitic mode is the key technical bottleneck restricting the energy transmission efficiency
and blade displacement output of the ultrasonic scalpel. To address this issue, this paper proposes a composite
waveguide rod design that integrates an acoustic black hole (ABH) with a phononic crystal (PnC) structure,
aiming to suppress the flexural parasitic mode and enhance the mechanical output capability of the scalpel.
First, an ABH power-law profile is embedded into the design of a bamboo-shaped periodic variable cross-section
rod. The effects of the ABH parameter m, minimum cross-sectional radius r,, and the lattice constant a on the
vibration bandgap distribution are systematically investigated through transfer matrix modeling and finite
element simulations. When m = 4.1, 1y = 0.85 mm, and a = 16-mm, the composite waveguide rod forms a
Bragg bandgap for the flexural vibration near 55.5 kHz (bandwidth ~27 kHz, attenuation up to 30 dB), while
the longitudinal vibration remains within the passband. Subsequently, the' ABH-PnC composite waveguide rod
is integrated into an ultrasonic scalpel, and an electromechanical equivalent circuit model that enables rapid
prediction of frequency characteristics (error 1.5%) is established. Finite element analysis shows that the new

scalpel exhibits only a single resonance peak near 55.5 kHz, with all other spurious impedance peaks completely
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eliminated, effectively suppressing the generation of the flexural parasitic mode. Furthermore, compared with a
conventional scalpel using a uniform rod, the ABH-PnC scalpel achieves a 4.2% increase in blade longitudinal
displacement and an 82% reduction in the flexural vibration amplitude of the rod and transducer. This study
physically realizes the effective blocking of the parasitic flexural mode, providing a new theoretical pathway and
an efficient design tool for the waveguide design of high-precision, high-efficiency ultrasonic surgical

instruments.
Keywords: acoustic black hole, phononic crystal, vibration bandgap, ultrasonic scalpel, equivalent circuit
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