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Modern minimally invasive and robotic intelligent surgeries require the miniaturization of ultrasonic scalpels (USs),
resulting in a compromise in performance, which is currently an urgent technological challenge needing a breakthrough.
Additionally, acoustic black holes (ABHs) have attracted widespread attention for their unique ability to capture and focus
waves. Hence, a novel enhanced ultrasonic scalpel (EUS) based on symmetrical ABH beam structure in coupled vibration is
proposed, capable of achieving strong, cumulative amplification of the amplitude on a short blade and effectively mitigating
the performance loss caused by miniaturization. Through numerical modeling, the longitudinal and bending vibration
modes of the EUS are coupled at the same frequency by adjusting the blade size. Theoretical modeling results preliminarily
verify the design feasibility of the simulation and explain the physical mechanism by which the ABH effect enhances the
EUS. Experimental results demonstrate that the EUS achieves a maximum vibration displacement nearly 400% greater
than that of the conventional ultrasonic scalpel (CUS), along with the capability for two-dimensional cutting. This research
provides theoretical and experimental references for the development of high-performance ultrasonic medical devices and
explores the potential applications of ABHs in ultrasonic technology.

Keywords: ultrasonic scalpel, acoustic black hole, coupled vibration, equivalent circuit, transfer matrix
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1. Introduction

Ultrasonic scalpels (USs), with the advantages of fast
cutting, high flexibility, less bleeding, no smoke production,
and minimal side effects, have gradually become the preferred
energy-type instruments in almost all surgical fields.''->] How-
ever, with the advancement of modern surgical procedures,
there are more diverse performance requirements for the
USs, such as miniaturization, increased cutting dimensions,
greater amplitude, enhanced acoustic energy radiation, and ad-
vanced materials.! Among these requirements, the demand
for miniaturization is mainly driven by minimally invasive
and robotic intelligent surgeries.!”) The conventional US de-
sign, which is based on a slender rod structure, presents sev-
eral drawbacks, including challenges in controlling vibrations,
limited operational flexibility, high cost, and potential for
physician fatigue. However, due to the limited power capacity
of piezoelectric ceramics and the reduction in gain structures,
the miniaturization of the USs may result in a decrease in cut-
ting efficiency. Therefore, finding ways to enhance the per-
formance of miniaturized USs has become an urgent technical
challenge requiring breakthroughs.

To address this issue, Li et al.!8! conducted an in-depth

TThese authors contributed equally to this work.
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exploration of the opportunities and limitations of miniatur-
izing the USs based on Langevin transducers, providing im-
portant insights into the trade-off between size, piezoelectric
ceramic material volume, resonance frequency, and achiev-
able vibration amplitude. Chen er al.l”! developed a high-
performance ultrasonic scalpel transducer using the relaxor-
based ferroelectric single crystal PIMNT, which significantly
enhanced power output performance while reducing the trans-
ducer’s size. In addition to systematic research on transduc-
ers, numerous studies have shown that combining multiple
vibration modes can improve the performance of ultrasonic
surgical instruments, such as longitudinal-torsional coupling

10-13]' Prominently, Yao

and longitudinal-bending coupling.!
et al.'"¥ proposed an ultrasonic elliptical vibration-assisted
electrosurgical cutting system for cold cutting and preventing
tissue accumulation, and achieved the longitudinal-bending
mode coupling at the same frequency by changing the size of
the blade. From a practical and economic perspective, adjust-
ing the blade’s size to realize multimodal coupling can be a
simpler and more efficient approach, potentially offering an
optimal solution for improving the vibration performance of
the USs.

Furthermore, acoustic black holes (ABHs), as novel func-
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tional structures for sound wave capturing and focusing, have
been widely applied in various acoustic fields.[!>1®! Currently,
ABHs are primarily categorized into two types: sound black
holes (SBHs) and vibration black holes (VBHs). The funda-
mental design principle of SBHs involves tailoring the inner
diameter of a pipe to vary axially according to a power-law
profile, combined with the use of Helmholtz resonators!!7-18]

U9 to achieve efficient

or other sound-absorbing materials,
sound wave absorption. VBHs, on the other hand, incorpo-
rate a power-law profile into the geometry of elastic struc-
tures (such as beams,?%! plates,>!1 rings,[*?! or helices?3)).
This causes the speed of propagating flexural waves to grad-
ually decrease and their amplitude to continuously amplify,
thereby localizing vibrational energy at the structural tip. By
adding damping materials to the tip region, efficient vibration
suppression can be achieved.!**?3! Additionally, VBHs have
demonstrated significant potential for application in various
fields, including energy harvesting,®! wave control,?’! and
particle manipulation. 28-30]

Leveraging the unique sound wave focusing and energy
localization characteristics of ABHs, we have previously suc-
cessfully applied them to the long-shaft ultrasonic scalpel3!]
and immersed sonoreactor.3?! The results indicate that the
incorporation of ABHs significantly enhances the cutting
and hemostatic performance of long-shaft ultrasonic scalpels,
while also expanding the scope and intensity of acoustic cavi-
tation in the immersed sonoreactor.

In this paper, we aim to further explore the potential of
ABHs in enhancing the performance of miniaturized ultra-
sonic devices. It is worth noting that the thin-walled profile of
acoustic black holes is naturally compatible with miniaturized
ultrasonic devices. Based on this, this paper proposes a novel
enhanced ultrasonic scalpel (EUS) with a symmetrical ABH
blade in coupled vibration, aiming to resolve the performance
loss problem caused by miniaturization. The main work is as
follows. In Section 2, the initial design dimensions of the EUS
in coupled vibration are obtained through numerical model-
ing. Section 3 conducts a theoretical analysis to investigate

Ultrasonic transducer

the potential physical mechanisms of the EUS. Section 4 fur-
ther compares the performance of the EUS and the CUS using
the FEM, discussing the improvements resulting from struc-
tural upgrades. In Section 5, the EUS and the CUS prototypes
are fabricated and experimentally validated.

2. Numerical modeling

Figure 1 shows the EUS and its sectional diagram, which
consists of an ultrasonic transducer, a concentrator, and an
ABH blade. The piezoelectric transducer is composed of a
back cover plate, a piezoelectric ceramic stack, and a front
cover plate. Among them, Ry, Ry, L, L are the radii and
lengths of the two circular section rods of the back cover plate,
Ro, R>, Lo are the inner and outer radii and thickness of a sin-
gle piezoelectric ceramic ring, with the number of rings being
4, R>, R3 are the radii of the big end and small end of the cir-
cular front cover plate, L3, L4, Ls are the lengths of the big
end circular rod, the conical variable section rod and the small
end circular rod of the front cover plate. The concentrator is a
composite ultrasonic transformer with a conical transition sec-
tion. Rs, Lg are the radius and length of the big end circular
rod of the concentrator, Rg, L7 are the radius and length of the
flange, Lg is the length of the conical transition section of the
concentrator, R7, Ly are the radius and length of the small end
circular rod of the concentrator. The concentrator and ABH
blade are connected by a bolt, Rg and L;; are the radius and
length of the bolt. The ABH blade consists of a circular rod
with a uniform cross-section and a rectangular rod with vari-
able cross-section. Rg and Ljq represent the radius and length
of the circular rod, Hy is the half truncation height of the rect-
angular rod, H; is the half maximum height of the rectangular
rod, and Lapy is the length of the rectangular rod. The cross-
section height function of the rectangular rod is
_H -H ,

H(x)— LKBH x"+ Hp,

ey

where m is the height change coefficient (m > 2).

/
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Fig. 1. The EUS and its sectional diagram.
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Table 1. Material and geometrical parameters of the EUS.

Parameters Value Parameters Value Parameters Value
p1 (kg/m?) 7850 o3 0.3 Lo (mm) 2.5
E; (N/m?) 2.05% 101 Ro (mm) 3 L (mm) 4.5
o 0.28 R; (mm) 7 L, (mm) 5
po (kg/m?) 7600 R, (mm) 8 Lz (mm) 3
52y (m?/N) 13.5x 10710 R3 (mm) 2.5 Ly (mm) 5
d31 (C/N) —9.7x 10711 R4 (mm) 5.75 Ls (mm) 16
dz3 (C/IN) 2.25%10710 Rs (mm) 6 Le (mm) 19.8
el (Cm™h 8.842x107° Re (mm) 9 L7 (mm) 2
k33 0.64 R7 (mm) 3 Lg (mm) 5
02 (kg/m?) 2700 Rg (mm) 2.5 Lo (mm) 17.7
E» (N/m?) 7x1010 Ry (mm) 1.5 Lio (mm) 29.2
(o) 0.33 Hy (mm) 0.15 Ly (mm) 12
p3 (kg/m?) 4500 H; (mm) 15 Lagg (mm) 31
E3 (N/m?) 1.10x 10" m 4.19515 P 4

Based on the solid mechanics module and the static elec-
tricity module of the commercial software COMSOL Multi-
physics, the numerical modeling of the EUS is established us-
ing the finite element method (FEM). The transducer, concen-
trator, and ABH blade are simultaneously designed as three
longitudinal vibration half-wave oscillators, and their axial di-
mensions are preliminarily determined. Then, by continuously
adjusting the size of the blade (mainly the truncation height
2Hj and height change coefficient m), the high-order bending
vibration frequency of the EUS is tuned to approach its third-
order longitudinal vibration frequency infinitely closely.

In the FEM, the elastic boundary of the EUS is mechan-
ically free and the applied voltage is 1 V. By establishing a
rotating coordinate system, the polarization directions of two
piezoelectric ceramic rings are along the —z axis (while the
other two rings are along the +z axis). The material of the
back cover plate and the bolt is steel, the piezoelectric stack
material is PZT-8, the material of the front cover plate and
concentrator is aluminum, and the material of the ABH blade
is titanium alloy. The specific material parameters of the EUS
are shown in Table 1. The effects of external loads and losses
are ignored. The final design dimensions obtained are shown
in Table 1. Additionally, given that the blade tip is extremely
thin, an ultra-fine mesh was used during the meshing process
to ensure the accuracy of the simulation calculations.

Figure 2(a) illustrates the mode of the EUS with third-
order longitudinal vibration coupled with high-order bending
vibration at a frequency of 55490 Hz. Figure 2(b) shows
the high-order bending vibration mode of the EUS at a fre-
quency of 55493 Hz. It can be observed that bending vibra-
tion mode coupling mainly occurs at the variable-cross-section
short blade, which can be approximated as the seventh-order

Fi ay ay | L ipcshibsin

EIR eI Mt

Vi Vi2
= M- s
wL,-) cos (wLi> F; ] [Ma] |:Fi2 ]

bending vibration mode of a fixed-free rod. The transducer
and concentrator barely undergo bending deformation, which
is beneficial for reducing sound energy loss during transmis-
sion.

x107°
15
10
5
0
X107

15
hg.’_\oﬁ_ 10
= 5

fro—rEM = 55493 Hz Ho

(a)

— A
fr1—rEM = 55490 Hz

(b)

Fig. 2. (a) The longitudinal-bending coupled vibration mode of the EUS
at a frequency of 55490 Hz. (b) The high-order bending vibration mode
of the EUS at a frequency of 55493 Hz.

3. Theoretical analysis

3.1. Electromechanical equivalent circuit of the EUS in
longitudinal vibration

To more accurately grasp the design principles and phys-
ical mechanism, we conducted theoretical modeling analysis
on the EUS. Firstly, the electromechanical equivalent circuit
model (EECM) is employed to analyze the longitudinal vibra-
tion of the EUS. Due to the complex variation in the cross-
sectional height of the rectangular rod, it is challenging to
model the EUS using general vibration theory. Therefore, we
utilize the step-reduction method to theoretically model the
variable cross-section rectangular rod.[3 The variable cross-
section rectangular rod is divided into N rectangular rods with
uniform cross-sections and mechanically interconnected along
the axis. The transfer matrix model (TMM) of longitudinal vi-
bration of the i-th uniform cross-section rod can be expressed
as

i o [ @Li
pcsib; S ( o )

(@)

0] €0
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where v;; /5 is the longitudinal vibration velocity, Fjj; is the
longitudinal force, i =1, 2,3, ..., N, and a’il, a’iz, aél, aéz are
the longitudinal vibration influencing factors of the i-th uni-
form cross-section rod. Then, the longitudinal vibration TMM
of the variable cross-section rectangular rod can be expressed
as

N
|:Al] A12:| 7 3)

M| = M| =

(M IIJ[ i Az A
where Aj, Aj2, A1, App are the longitudinal vibration influ-
encing factors of the variable cross-section rectangular rod.
According to Eq. (3), the expressions for the force and veloc-
ity of the longitudinal vibration of the variable cross-section

rectangular rod can be written as

FLi = (Zoa +Zps)vL1 + Zosvia + U, )
Fio = (Zo3+2Zos)via + Zosvii, 5)

where Z»3, Zo4, Zps are the equivalent mechanical impedances
of the variable cross-section rectangular rod; vy and v, are
the equivalent vibration velocities; U is the current controlled
voltage source, used as a circuit compensation element for
structural asymmetry.’*! Using the continuity conditions of
force and vibration velocity between constituent components,
the electromechanical equivalent circuit of the EUS in longi-
tudinal vibration is obtained, as shown in Fig. 3. The spe-
cific expressions for each element of the EUS are shown in the
Appendix. 3!

Then simplify the circuit:

Zrs ( U>
B (Zps+— ), 6
23+ 2Zn4 » VL2 ©
(Zo1-2+2Zm12)Z02—2

Imiz = Zo3+2Zp5 —

Zmil = Zo2+ ) @)
2oy 2+ Zn2+Zvn2
Zmio = Zo1-1+Zp1-2
(Zo1-1+ Zo1-2+ Znint ) (Zoo—1 + Zop—2) )

Lo1-1+2Zo1—2+2Zmi1 +Zo-1 +Zpp—2

Zvo = 2192 +Zoi-1
(Z19—2+Zo1-1 + Zms) (Zoo—2 + Zop—1)

Z19-2+Zo1-1+2Zws +Za0-2+Zop—1 | ©
2 = T P LT (10)
= st a
o = it 0
e = Z“%%’ (13)
o = 25 2 (16)
R an
Ao =2 lefzzz' (18)

The equivalent mechanical impedance Zy, of the EUS can be
expressed as

(Zp1 +2m1) (Zp1 + Znn2)

“m = L2 Zon+2Zmi+Zoi +Zv (19)
The input electric impedance Z. of the EUS is
e e
From Eq. (20), the resonance frequency equation is
Ze=0. 21
Meanwhile, the anti-resonance frequency equation is
1/Z.=0. 22)

Ultrasonic transducer /
Z192 | Z192 2211 | 22111 2312|2212 23
2202 Z21
1:1 1:1
201-1 201-1 Zp1-1 Z01-1
2012 Zo1-2

1:1

1:1

Concentrator

Acoustic black hole blade

Fig. 3. The electromechanical equivalent circuit of the EUS in longitudinal vibration.
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Since the resonance frequency equation of the EUS is a
transcendental equation, MATLAB R2018b is used to solve it.
Figure 4 shows the electrical impedance frequency response
curves of the EUS obtained by the EECM and the FEM. The
calculated resonance frequency f;_ggcm and anti-resonance
frequency f,—gecm of the EUS by the EECM are 55041 Hz
and 55245 Hz, slightly lower than the frequencies calculated
by the FEM (f;1—rem = 55490 Hz, f31_rem = 55619 Hz), with
the errors of 0.8% and 0.6%. The errors come from the es-
tablished EECM, which is based on 1D longitudinal vibration
theory and ignores coupling effects of the non-design vibration
mode.

108

fa—EECM = 55245 Hz

fa1-rEM = 55619 Hz
N

106
104

10?

Electrical impedance (2)

0 1
107 L1 Jfi—ppon = 55041 Hz |,
fri—rEM =55490 Hz 1,3

L2 (Objective mode)

102 1 1 1 1 1 1
1 2 3 4 5 6

Frequency (10 Hz)

Fig. 4. The electrical impedance frequency response curves of the EUS
obtained by the EECM and the FEM.

3.2. Transfer matrix of ABH blade in bending vibration

The variable cross-section rectangular rod of the ABH
blade is approximated as a fixed-free bending vibration rod to
analyze the local bending vibration. By continuing to use the
step-reduction method, the bending vibration transfer matrix

of the i-th uniform cross-section rod can be expressed as33-3%!
Wil blll bll2 bll3 bl14 Wi Wi
P | _ | Do Do By Do | | 2 | _ Mig] o2 | (3
Mo | | by by bl b, | | Mo Bl |
Qi by bl bl by | L9 On

where 1 <i <N, w;; ; is the lateral displacement, @;; /5 is the
torsion angle, M/, is the bending moment, Q;; /> is the shear
force, by, by, bis, Diys Dyys by, by, Doys D3y, b3y, iy, Dy,
by, by, by, by, are the bending vibration influencing factors
of the i-th uniform cross-section rod, and the detailed expres-
sions of them can be found in Refs. [31,36]. Then, the bending
coupled vibration transfer matrix of the variable cross-section
rectangular rod can be expressed as

Bi1 By B3 By
By, Bz By
B31 By Bz By |’
By By Bsz By

=
=
=

[Mg] =] 24)

14

1[Mi]z

where Bi1, Bi2, B13, B4, Ba1, B2, Bo3, Baa, B31, B3y, B33, Baa,
Ba41, Bap, Bz, Byy are the bending vibration influencing fac-
tors of the variable cross-section rectangular rod. According
to Eq. (24), the bending vibration frequency equation for the
variable cross-section rectangular rod under fixed-free bound-
ary conditions can be obtained as follows:

B33B34 — B43Bay = 0. (25)

The number of divisions, NN, of the blade is set to 100 to ensure
calculation accuracy. Figure 5 shows the characteristic solu-
tion curve of the bending vibration frequency equation of the
variable cross-section rectangular rod under fixed-free bound-
ary conditions. In the frequency range of 0-70000 Hz, there
are seven roots of Eq. (25), corresponding to seven orders of
bending vibration frequencies. The seventh-order frequency
value is 54398 Hz, with an error of only 2% compared to the
FEM results (f;1—rem = 55493 Hz), which can provide theo-
retical support for numerical modeling analysis and verify the
feasibility of adjusting the size to achieve modal coupling.

108
L
106k
/j: F
M 104F
z |
Sa) H i
| 10%F BT,
3 r N
[aq) 0 B6 [fr-B7=54398 Wz
Eé% 10 fro—rEM = 55493 Hy
= Error =2%
2 102
RS . ., |
10—4F B2 - Y 1) R
10—6 1 1 1 1 1

o+
i

0 1 2 3 4 5
Frequency (10 Hz)

Fig. 5. The characteristic solution curve of the bending vibration fre-
quency equation of the variable cross-section rectangular rod under
fixed-free boundary conditions.

3.3. Enhancement mechanism of the ABH effect

The underlying mechanism of the ABH effect on enhanc-
ing the EUS is explored theoretically. Considering the bending
wave propagation in the ABH blade, the local wave number,

wave velocity, and amplitude can be expressed as!!®!

0y ,271/4
k(x) = [12’) 2(;()332)@ } : (26)
o Es 1/4
c(x) = =V wH (x) {121)3(1—632)} , @D
3/4
A(x) = Ag {;&)] . (28)

Here, p3 is the density, 03 is Poisson’s ratio, ® is the angular
frequency, and E3 is Young’s modulus. In an ideal scenario,
as the truncation height Hy approaches zero, the bending wave
number k(0) tends to infinity and velocity ¢(0) tends to zero.
This implies that the bending wave cannot reach the tip of
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the ABH blade, and the tip can be considered a singularity
where the energy density and amplitude A(0Q) approach infin-
ity. However, in practical applications, achieving zero trun-
cation height is impossible. Nevertheless, even with non-zero
truncation heights, the EUS can still achieve a longer ampli-
tude amplification time as the wave velocity decreases. This
ability to significantly amplify the amplitude in a short blade
length can be an effective solution to address the limited vi-
bration capacity caused by miniaturization.

4. Performance comparison

In this section, we numerically investigate the perfor-
mance enhancement of the EUS by embedding an ABH pro-
file, in comparison with the CUS of the same length. Unlike
the EUS with a power-law varying ABH blade (m = 4.195),
the CUS has a linearly varying rectangular cross-section blade
(m = 1). In the FEM, the mechanical boundary conditions for
both USs are free, and the excitation voltage is 1 V.

Figure 6 shows the blade surface vibration displacement
distribution of two USs obtained by the FEM. It can be ob-
served that the axial displacement of the CUS blade exhibits a
gradually increasing trend near the cutting head, while there is
almost no significant lateral displacement. This indicates that
the CUS can only perform one-dimensional (1D) cutting work
in a simple axial extension mode. However, besides progres-
sive axial displacement, the EUS demonstrates considerable
lateral bending displacement, allowing it to employ a more ef-
ficient coupled motion of axial extension and lateral bending
for two-dimensional cutting. This enables more precise and
efficient tissue separation and dissection during surgery. Such
a capability not only improves cutting accuracy and controlla-
bility while minimizing damage to adjacent healthy tissues,
but also streamlines surgical maneuvers by enabling multi-
directional motion through a single incision, thereby reducing
operative time.

Normalized surface Cutting
displacement distribution dimension gl

EUS
(m = 4195)> X 2D
CESU E—HD

Fig. 6. The blade surface displacement distribution and cutting dimen-
sions of the EUS and the CUS obtained by the FEM.

Subsequently, we extracted and normalized the vibration
displacements of two USs for better performance comparison,
as shown in Fig. 7. It can be observed that, compared with
the CUS, after embedding the ABH features, the maximum
total vibration displacement amplitude of the EUS increased
by nearly 10 times (Fig. 7(a)). Furthermore, Fig. 7(b) illus-
trates the lateral displacements of the two USs. In the ABH

blade, the bending wave number increases significantly, and
the amplitude of bending vibration amplifies cumulatively and
strongly, which is consistent with the results of the theoreti-
cal analysis and verifies the feasibility of structural upgrading.
It should be emphasized that, unlike conventional amplitude
amplifiers, the ABH structure offers a significant advantage in
stronger amplitude amplification over the same distance range
due to the reduction in wave speed, which is crucial for ad-
dressing the problem caused by miniaturization.

1.0

(a) Non-blade region Blade

0.8f — EUS
--— CUS
0.6
0.4

0.2

Normalized total displacement

Blade

(b) Non-blade region

0.8y — EUS
--— CUS

0.6r

Normalized lateral displacement

0 0.05 0.10 0.15
Axial position (m)

Fig. 7. The normalized displacement comparison of the EUS and the
CUS obtained by the FEM, (a) total, (b) lateral.

5. Experiment verification

To further validate the aforementioned analysis, proto-
types of both the EUS and CUS are fabricated, as depicted
in Fig. 8. Both prototypes utilize a shared transducer and
concentrator to minimize errors in performance comparison.
The transducer consists of a steel back cover plate, four PZT-8
rings, and an aluminum front cover plate, with Cu electrodes
incorporated within the piezoelectric stack for electrical ex-
citation application. The concentrator is manufactured from
aluminum and integrated with the aluminum front cover plate.
A steel bolt is used to connect the concentrator and the blade.
The specific geometrical dimensions are presented in Table 1.
The impedance analysis experiment and vibration testing com-
parative experiment are conducted to verify the actual oper-
ability of the EUS and explore the impact of embedding the
ABH structure on the performance improvement.
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ABH blade

. Ttaniumalloy

A I

! o
9 10 1‘1 12 13 14 15 1

Fig. 8. The EUS prototype and the CUS blade.

The electrical impedance frequency response of the EUS
is measured using the WK6500B precision impedance ana-
lyzer, as shown in Fig. 9(a). The frequency scanning range
is set from 53 kHz to 60 kHz, with an excitation voltage am-
plitude of 1 V. The obtained frequency response curves of the
electrical impedance and phase are shown in Fig. 9(b). Within
the measurement frequency range, two impedance valleys can
be observed, corresponding to the longitudinal-bending cou-
pled vibration and high-order bending vibration of the EUS.
The measured resonance frequencies corresponding to the two
modes are 56278 Hz and 56511 Hz, with errors of 1.4% and
1.8% compared to the frequency values obtained by the FEM
(55490 Hz and 55493 Hz). The reasons for the errors include:
1) The use of standard material parameters in the FEM differs
from those of the actually manufactured EUS, especially tita-
nium alloys. 2) The mechanical/dielectric loss and load of the
EUS are neglected in the FEM, which cannot be disregarded
in experimental measurements. 3) The pre-stress is applied to
the transducer during the actual processing to ensure structural

Comain

Signal

FFT (C)
Vib Displacement
system (nm)
W— .
] -0.5 0 05 1

strength, which impacts the frequency due to the difficulty in

accurate control.

-_—_db";—_

WK6500B
precision impedance analyzer

()

106

10%F fro—rEM = 55493 Hz
10°F f1_pgyi = 55490 Hz, .

55.4 55.5 55.6 55.7
— Experiment

104F

flylfp_xp :|56278 PIIZ

fi2-pxp=56511 Hz
54 55 56 57 58 59

Phase (°) Electrical impedance ()

54 55 56 57 58 59
Frequency (103 Hz)

Fig. 9. (a) The impedance analysis experiment of the EUS by us-

ing WK6500B precision impedance analyzer. (b) The frequency re-

sponse curves of electrical impedance (FEM & Experiment) and vibra-

tion phase of the EUS.

FFT (b)

Vib Displacement.

f=54068 Hz

Fig. 10. (a) The vibration testing comparative experiment of two USs by using Polytec scanning vibrator (PSV-400). (b) The displacement
distribution on the blade surface of the EUS at a resonance frequency f;_gus = 56406 Hz. (c) The displacement distribution on the blade

surface of the CUS at a resonance frequency f;_cus = 54068 Hz.

The comparative experiment was conducted on the vibra-
tion performance of the EUS and CUS using a Polytec scan-
ning vibrometer (PSV-400), as shown in Fig. 10(a). The fre-
quency scanning range was set from 50 kHz to 60 kHz. Fig-
ure 10(b) shows the displacement distribution on the blade sur-
face of the EUS at a resonance frequency f;_gus = 56406 Hz.
Figure 10(c) shows the displacement distribution on the blade
surface of the CUS at a resonance frequency fi_cus =

54068 Hz. From the modal observation, more displacement
nodes appeared on the surface of the EUS than on the CUS,
indicating that adjusting the blade size for modal coupling is a
feasible method. In addition, the distance between the EUS
displacement nodes became smaller near the cutting head,
which means that the bending wave velocity decreased. There-
fore, there was more time for the EUS to achieve amplitude

accumulation amplification in a short blade. Figure 11 illus-
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trates the normalized maximum displacement frequency re-
sponse curves of two USs. In the resonance state, compared
with the CUS, the maximum displacement of the EUS blade
has increased by nearly 400%, which is consistent with the
results in Section 4 and verifies the feasibility of the EUS in
practical operation.

fro—rUs = 56656 Hz
s~ 2

L.or fri—gus = 56406 Hz
0.8 — EUS
--—-CUS

0.6

Normalized displacement

50 52 54 56 58 60
Frequency (103 Hz)

Fig. 11. The normalized maximum displacement frequency response
curves of the EUS and the CUS.

6. Conclusions

In summary, we have developed a design scheme for en-
hancing the ultrasonic scalpel based on vibration mode cou-
pling and symmetrical ABH beam structure. This scheme not
only improves the cutting dimension and the vibration ampli-
tude of the EUS compared to the CUS of the same length,
but also achieves strong, cumulative amplification of the am-
plitude on a short blade by embedding the ABH profile, ef-
fectively mitigating the performance loss caused by minia-
turization. The design method of adjusting the blade size to
couple the vibration mode of the EUS has been theoretically
and experimentally confirmed, which is expected to be fur-
ther applied to the design of multimodal ultrasonic vibration
systems. Our research can provide a reference for the ap-
plication of ABHs in the design of ultrasonic vibration de-
vices, and present potential opportunities for developing high-
performance ultrasonic medical devices.

Appendix A: Expressions of equivalent mechan-
ical impedances and electrical parameters for
EUS components

Expressions of the equivalent mechanical impedances of
the back cover plate:

Z) =jpicimR:tan(k Ly /2), (A1)
7y = —jp1c1wRY /sin(kiLy), (A2)
73 = jpicinR3tan(k1 Ly /2), (A3)
Zy = —jp1c1mRs /sin(k Ly). (A4)

Expressions of the equivalent mechanical impedances and
electrical parameters of the piezoelectric stack:

Zp1 = jpocomR3 tan(koPLo /2), (A5)
Zpo = —jpoconR3 / sin(koPLy), (A6)
n=ds3mR3/(PLys%y), (A7)
Co = PeL(1 —k3;)mR3 /(PLy). (A8)

Expressions of the equivalent mechanical impedances of the
front cover plate:

Zs = jpacamR3 tan (ko L3 /2), (A9)
Zo = —ip2camR3 / sin(koLs), (A10)
—; R5(R3 /Ry — 1
§p2027RS (R3 /Ry) (A1)
sin(kpLyg)
—j R3(Ry/R3 — 1
7= IP22T k32(L42/ L ~ jp2c2mRS cot(koLa)
ipaco TR (Rs/Ra) (A12)
sin(kpLy)
- 2
2o — _1P202TR4(R3[Ra) (A13)
sin(kpLa)
Z1o :jpzczﬂ'R% tan(kaLs/2), (Al4)
le = —jp2C27'CR§/Sil’l(k2L5>. (A]S)

Expressions of the equivalent mechanical impedances of the

concentrator:
_ 2
Zip =jprcamRytan(kyLe/2), (A16)
Zi3 = —jpacanR}/sin(ksLe), (A17)
Z14 = jpacanR2tan(ka Ly /2), (A13)
Zi5 = —jpacamtR2/sin(kyL7), (A19)
—j 2C27L'R2 R7 R5—1 .
Zlﬁ = P kS(L / ) 7JP2(,‘27ER§ COt(kng)
2Lg
jpacaR? (%) 420
sin(kyLg) ( )
—jp2c2TR2(Rs /Ry — 1
Z17 = p262 k7( 5/ ! ) _jPZCZTCR% COt(kng)
2Lg
jP2c2 RS (%) Ao
sin(kng) ’ ( )
ip2camRE (%) A2
Zig=—— 2
18 sin(kng) ( )
L
Zi9_1 ijzL‘zTL'R% tan |:k2 <L9 — 211> /2:| , (A23)
. 2, . Ly
Zyo—1 = —jp2caTR7/ sin [kz <L9 — 2>} , (A24)
Zi9_2 = jpacam(R3 — R3) tan(ka L1y /4), (A25)
Zro_2 = —jpacamt(R3 — R3)/sin(kaLy1 /2). (A26)
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Expressions of the equivalent mechanical impedances of the

bolt:

Zo1_1 = jpici RS tan(kiLy1 /4), (A27)
Zor—1 = —jpic1 RS/ sin(k1 L1 /2), (A28)
Zo1_2 = jpici RS tan(k Ly /4), (A29)
Zoy-2 = —jp1c1 RS/ sin(kiLy1 /2). (A30)

Expressions of the equivalent mechanical impedances of the
ABH blade:

Zy1-1 = jp3c3m(R3 — R3) tan(k3 L1, /4), (A31)
Z22,1 = —jp3C37Z,'(R% —Rg)/sin(k3L11/2)7 (A32)
L
Z1-5 = jp3c3mR3 tan {k3 (Lm - 2“) /2] ; (A33)
) 5, . L1
Zy 2 = —jp3c3mRS /sin |k3 | Lio — - )| (A34)
Zys =—(An+1)/An, (A35)
Zyy = (An—1)/A1, (A36)
Zys = 1/A1, (A37)
U= (AnpA2y —A11An — 1) via /A, (A38)
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