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In response to the ultrasonic scalpels with the vibrational modal coupling which leads to a decrease in efficiency, an
ultrasonic scalpel based on fusiform phononic crystals (PnCs) is proposed. An accurate theoretical model is constructed,
which is mainly composed of electromechanical equivalent circuit models to analyze the frequency response function and
the frequency response curves of the admittance. Bragg band gaps exist in the fusiform PnCs owing to the periodic con-
straint, which can suppress the corresponding vibrational modes. The vibration characteristics (vibration mode, frequency,
and displacement distribution) of the ultrasonic scalpel are analyzed, and the validity of the electromechanical equivalent
circuit method is verified. The results indicate that other vibration modes near the working frequency can be isolated. In
addition, blades based on fusiform PnCs have a function akin to that of the horn, which enables displacement amplification.

Keywords: phononic crystals, ultrasonic scalpel, bandgap, vibration characteristics

PACS: 43.40.+s, 43.35.4-d, 43.20.+g, 63.20.—¢

1. Introduction

Ultrasonic scalpels have demonstrated significant poten-
tial in ultrasound medicine, which is widely used in plas-
tic surgery,!!! ophthalmology, >3 and neurology./*>! Whether
cutting soft tissues such as blood vessels and livers or
hard tissues such as bone, ultrasonic scalpels have the ad-
vantages of safety, less bleeding, flexibility, and low la-

[6-91 The ultrasonic scalpel mainly includes

10]

bor requirements.
a piezoelectric transducer, a horn, and various blades.!
Among all elements, the blade is one of the most important,
which is specially used to cut or suck different tissues. Be-
cause of the complex structures of blades, ultrasonic scalpels
have many vibration modes near the working frequency. In
the working process of an ultrasonic scalpel, the working
frequency is easy to shift due to external interference and
load to excite other resonance modes, reducing the working
efficiency.!!!! Therefore, it is necessary to suppress other vi-
bration modes near the working frequency.

On the other hand, phononic crystals (PnCs) are func-
tional materials with a periodic structure first proposed
by Kushwah et al. in the study of nickel/aluminum two-
dimensional solid periodic composite media.l'”! PnCs can
prohibit or suppress the propagation of elastic waves in the fre-

13-15] PpCs are widely used

quency ranges for the band gap.!
in vibration suppression due to the unique vibration charac-
teristics of the band gap.'®!8] Wang er al. improved the lon-
gitudinal radiating surface displacement distribution by sup-

pressing the radial vibration of a large-size ultrasonic plastic
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welding system using PnCs.!"”! Zhang et al. designed sev-
eral new complex cells to obtain a lower frequency band gap
or widen the low-frequency band gap for vibration control of
piping systems.?”) Ruan et al. designed a single-phase spiral-
shaped PnCs based on the vibration frequency spectrums in
“Changling 9” to protect electronic equipment and precision
instruments on the ship.?!}

In general, PnCs are constructed by the periodic arrange-

ment of two materials.[2223

I However, if the blade is made of
two materials in a periodic structure, it will lead to problems
such as stress concentration and excessive sound reflection.
Therefore, the blade must be made of one material, which is a
challenge for applying PnCs in the ultrasonic scalpel.

Here, the blades of ultrasonic scalpel based on fusiform
PnCs are proposed. The unique band gap properties of PnCs
are used to suppress other modes near the working frequency
of the ultrasonic scalpel. A theoretical model is developed to
analyze the vibration characteristics of the ultrasonic scalpel
and the frequency response function of the blades, which
can provide effective guidance for the design of ultrasonic
scalpels. It is expected that PnC structures may provide a new
perspective for the analysis and design of ultrasonic scalpels.

2. Structure and principle
2.1. Structure of blades

The ultrasonic scalpel is composed of a transducer, a
horn, and a blade, as shown in Fig. 1. In order to facilitate
the subsequent theoretical analysis, the ultrasonic scalpel is

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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divided into the parts of D, E, P, F, G, H, I, J, K, L, M, and N.

When the blade vibrates at ultrasonic frequencies, the tis-
sue will rupture, and the heat generated by the vibration can
lead to protein condensation in the process of tissue—tool in-
teraction, which can realize simultaneous cutting and sealing.
However, because of the complex structure of the ultrasonic
scalpel, there are many vibration modes near the working fre-
quency. Excessive vibration modes reduce efficiency, so it
is necessary to suppress unnecessary modes near the work-
ing frequency. The blade as the main vibration transmission
device of the ultrasonic scalpel is the key to suppression for
vibration modes near the working frequency.

Ultrasonic scalpels usually operate at ultrasonic fre-

Steel AISTA340 ) inum 6083-T83

quency and with high amplitude. Therefore, there are require-
ments for the strength of the blade, which must be made of
one material. To satisfy the demand of an ultrasonic scalpel, a
blade with fusiform PnCs is designed which is different from
PnCs with two materials, as shown in Fig. 2. Due to the
variation of the cross-sectional radius, a Bragg band gap will
be formed by the periodic constraint when the acoustic wave
propagates in it. a is the lattice constant. a; and a; are the
lengths of A and B. d; and d; are the diameters. In order to
compare the differences between the ultrasonic scalpel based
on the PnCs structure and the conventional ultrasonic scalpel,

the conventional blade is also designed, as shown in Fig. 1.

10 mm
| I—

Titanium beta-21s

[ ) ) — 3  p— //
M N
. —————]

Conventional structure

Fig. 2. The schematic diagram for the blade based on the fusiform PnCs.

The propagation of elastic waves can be suppressed
within the band gap of PnCs structures. Therefore, it is nec-
essary to analyze the band gap range of the blade and the res-
onance frequency of the ultrasonic scalpel. Two methods are

employed here for analyzing the frequency response function
and vibration characteristic: the electromechanical equivalent
circuit method and the finite element method (FEM).

2.2. Electromechanical equivalent circuit method

The electromechanical equivalent circuits can be con-
nected in series, parallel, or cascade according to the bound-
ary conditions. Because the force and vibration velocity at the
contacting surfaces of the A and B parts are continuous, the
electromechanical equivalent circuit of A and B can be cas-
caded, as shown in Fig. 3.

Fig. 3. The electromechanical equivalent circuit method of the blade based on the fusiform PnCs.
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The impedance expressions in the figure are related to the
area function. Here, the three area functions are discussed,
which are the cone, exponent, and catenary. For the cone, Z,1,
Zw, Za3, Zi1, Zpp, and Zy3 can be expressed as

. pcS| Sz
Zg = — ——1
al ] ka1 <\/571 >
jpcSicot(kay) +j sin (kar) (1)
.pcSy S1
Zn = — ——1
a2 J ka] < 52 )
. PcV/SiSy
_ L S 2
jpcSacot(kar) +j sin (kar) 2
Z = PVSIS2 3)
jsin (kay)
. pcSy S
7y = — ——1
bl J ket ( S, )
jpcSacot(kay) + j sin (kaz) “4)
. pcS S2
Ty = — ——1
b2 J kaz < Sl )
. _peV/SiS
—ipeS; cot(kaz)—l—JLm, )
sin (kay)
2,5 = PVSIS2. ©)
jsin (kay)

where p is the bulk density of the material, j is imaginary unit,
k is the wave number, k = ®/c, @ is the angular frequency,
c= \/ﬁ, E is Young’s modulus, S| = 7rd12/4, S, = nd§/4.
For the exponent, Z,1, Z,2, Z43, Zp1, Zp, and Zp3 can be ex-
pressed as

.pcS

Zgl = JpTlﬁa
jk;pC\/51S2
ksin (Kla;)’

S k!

PCk2ﬁa —jpcSQ?’ cot (kfal)
jk;pC\/SpS‘g
ksin(Kla;)’

kpcy/SiS
Zpy = PV ©)
jksin (klay)

S K.

jp‘TZﬁb —jpesay! cot (Kiaz)

.k;pC\/Slsz

Visin(Kay)

s K,

pck‘ Po_ipes, Lot (kjay)
kipcy/S18)
ksin (klay)’
k;pC\/Slsz

Iy = Y 2 12
P jksin (Kla)’ (12)

k.
— ijSl ;’ cot (kfal)
@)

Zp = _j

®)

(10)

Zyy = —j

Y

where B, = In\/Si/S2/a1, B = In\/$>/Si/az, k =
k2 — ﬁaz(b). For the catenary, Zu1, Zu2, Za3, Zp1» Zi2, and
Zp3 can be expressed as

. v K.pc/S1S
Za = —ipcS; =< cot (K. Tsin(Kar) .
” jpeSi=tco ( Ca1>+JkSin(kéa1)’ (4
S
Zar = j%‘“h [yar]sinh [ya]
’ ké , .k’,pcm
008y~ cot (K sn (i a) 1
jpcSs % <O (Kar) +] ksin (k.ay)’ (o
Zy = M (15)
a jksin (klay)’
.pcS
Zy = Jp kzytanh(WZ)
. k,. _k'.pcm
B % cot (K. RCLE el 1
JpeSy7-co (keaz) +] ksin (kiaz)’ 1o
i k.pc\/S1S,
70— ines e ot (K. TS Y
" jpeSi -co (keaz) + ] ksin (k.az)’ )
kepe/S1S
Za3 = Ma (18)
jksin (klay)

where

y— arccosh/S, /8] V- R

) = _yz'
ai(2) ¢

The electromechanical equivalent circuit in Fig. 3 can be
considered as a cascade of several two-terminal networks, as
shown in Fig. 4. According to Fig. 4, the relationship between
force and vibration velocity can be expressed as

[Fl:} _ |:Aa(b) Ba(b):l { Fy }’ (19)

vi Cav) Da) ] | =iy
where i = 1,3,5,...,
A Zi1a(v) _ AZyp)
a(b) — 7 (b — 7
21a(b) 21
1 Zy3a(p)
Car) =7 » Doy =7 ;
21a(b) 21a(b)

The parameters of the two-terminal network are related as
follows:

A B
T= {c D} =TT, T, T.Tp, (20)

Aup) B
where T, = | ¢t ~a®) } .
o) {Ca(m Dapy)
Thus, the vibration velocity ratio can be obtained as

I
n_4__p @21
v2 b
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Fig. 4. Two-terminal networks.
According to Eq. (21), the relationship between the vibra- ~ fram Mathematica 11.3 is used to calculate the frequency re-
tion velocity ratio and frequency, i.e., the frequency response  sponse function. The material used is titanium beta-21s and

function, can be obtained. The mathematical software Wol-  the material parameters are shown in Table 1.

Table 1. Material parameters of used materials.

Value
Parameters
PZT-4
p (kg/m?) 7500
&, (10 N/m?) 13.9
& (10 N/m?) 7.78
& (10" N/m?) 7.43
& (10" N/m?) 115
€3] (Nm/V) =52
€33 (N‘m/V) 15.1
&5 (107 C/m) 5.62
Value
Parameters
Aluminum 6083-T83 Titanium beta-21s Steel AISI 4340
p (kg/m®) 2700 4940 7850
E (10° N/m?) 69 105 205
c 0.33 0.33 0.28

The electromechanical equivalent circuit of the ultrasonic scalpel is shown in Fig. 5(a). The electrodes are thin which can

be neglected in the analysis.

(2) Zi Zaz Zer Zes Zin Zyo Zp Zp Zg Zgg Zny Zna Ziyv Zia Zijy Zjp Zka Zke Zin Ziz Zwd Zm2 Zar Za2 Zoy Zva Za1 Zay Zny Zny

Zay Zaz Zey Zez Zpt Zpy ZLs1 Ls2

T
vy V2 Vg1 Vg2 Va1 a2 Vb1 b2
— —
Fr1 F |Frz2 Ful G |Fgz - Fa| A |Faz F| B |Fp2

Fig. 5. Theoretical analysis of ultrasonic scalpel. (a) Electromechanical equivalent circuit of ultrasonic scalpel. (b) Two-terminal network.
(c) Simplified electromechanical equivalent circuit.

The expressions of Zy1, Zy, Za3, Zets Ze2s Ze3s Zp1, Zp2, Zp3, Zy1, Zp2, 253, Zg1, Zgo, Zg3, Zints Zios Znss Zits Zin, Zi3, Zj1,
Zp, Zjz, Zx1, Zia, Ziss Zits Zios Zi3y Zints Zimo, Zins are shown in Table 2. p is the number of piezoelectric ceramics,

P, (1 - K323) Sp d33Sp
= 1—7 nO = E
p 5330p
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where £3T3, K33, d33, and s]353 are the dielectric constant, electromechanical coupled coefficient, the piezoelectric constant, and the

elastic compliance of piezoelectric ceramics.

Table 2. Expression of impedance.

VA 2 %
‘ kely . koly PyCeSa
D Zy = jpecgSatan| =< Zagy = jpaceSatan| £ Zgy = —2 80
41 = 1PeCeSa an( 5 ) 2 = [PgCeSd ﬂﬂ( 3 > a3 j sin(kgly)
. kgle _ kel PeCaS,
E Z, :JchgSgtan< g2‘> Zey :JPgCgSetan< g26> Zes = ﬁ
. pkplp . pkpl]) pPCPSP
p Zl:JPCStan( Zp2 = jppcpSp tan Ly =T T
P pCpop ) P pCpSp 2 P2 jsin(pkyly)
) kllf . k]lf piaSy
F Zp =jpaSstan( —L Zpm = jpic e Zpy= 2L
11 JPILISftan< ) > 12 Jplclsftan< B f3 jsin(kily)
G 7 ——jPade [ [S2 Zo=—P9%2 [ [ 25 = POV 0%
# kilg Sel i kilg S & jsin(kilg)
. . P11/ Sg1S¢2 . . Pic1y/Sg1S0
_ t(kalg) +j oty oelmed - t(kilg) 4 j =Y & &
ipiaiSgr cot (kilg) + j sin(klg) iperSe cot (kly) +i =2 (kalg)
. kilp, . kilp pic1Sy
H Z, = jpaSt Zyp = jpiciSpt Iy =~y
nl = JPICI1O) an< 2 > h2 = JPICIOR an( 2 ) 3 j sin(kilp)
. kil; . kil piciSi
1 Zi=jpiesS: tan( 20 Zip = jpaiSitan| —= 23 = G
i1 = Jpic1Si an( 2 > 2 = 1Piedi an< 2 > B Jsin(kily)
. kil . kilj piciSi
] Zjp= Sjtan( —Z Zp= Sjtan| —Z Zjz=
i1 =]jpiaS; an( > ) 2 = 1P1c1s; an( ) 73 jsin(kl;)
K Zy = 1Sk (\/@_ 1) Zit = —i pic1Si2 (\/E_ 1) 3 = Pavokidia VSi1Sia
kg Skl kil Si2 jsin(kly)
. . Pre1v/Ski Sk . . pre1v/S1Si2
_ t (kil L St sl —ipic; t (k! —
ipiciSii cot (kily) + ] sin(hilg) ipaiSiz cot (ki) + sin(kily)
N kil . ki __pias
L Zy=jpias tan< 5 > Zp = jpiaisi tan( > Z3 = T sin(kl)
_ kil : kil )
M Zn1 = jpiceSm tan( t2m> Zyp = jPiciSm tan(%) Zn3 = j S;(‘k:;m)

In Table 2, py, p1, pr, and p, are the density for steel
AISI 4340, aluminum 6083-T83, titanium beta-21s, and PZT-
4 kg =0/co, ki=w/ct, kp =0/cp, ki = 0 /ci, cg = \/Eg/Ps>
a=+E/p, cp =/ 1/(Sl3€3pp)’ = \/m’ Eq, Ey, E; are
the Young’s modulus of steel AISI 4340, aluminum 6083-T83,
titanium beta-21s.

Here, the electromechanical equivalent circuit of F, G, H,
ILJ,K,L, M, A, and B can be regarded as a two-port network,
as shown in Fig. 5(b). Since each two-port network is a cas-
cade relationship, the relationship between force and vibration

velocity can be rewritten as follows:

Fnl Fn2
—T , 2
o l=n] %] @)
where
T _ An Bn — len
n Cn Dn ) Zzln7
AZ, 1 Z
Bn _ n 7 Cn o 7 Dn 22n
Zo1n Zo1n Zo1n
Ziin=2Zn +2Zp3, Zoon=Zn+7Zy3,
_ _ 1 Z1n Zioa
ZlZn - ZZln - Zn37 AZn - sz ZZZn

n :f7g7h’i7j7k7l7m7a7b'

According to the two-port cascading, the following ex-
pression can be obtained:

T, = {A‘ B‘] =Ty T, T, T T LT T. (23)

C: Dy

When the ultrasonic scalpel vibrates freely, it can be re-
garded as no load. Figure 5(c) shows the simplified elec-
tromechanical equivalent circuit, where Zs; = A;/C; — AT/,

Zo = AT /Gy Z = Dy G, — AT, /o, AT, = ‘ A5l The input
t t
impedance of the ultrasonic scalpel is
Z .
Zeg= 5. (24)
ny +jOCoZy;

The admittance is the reciprocal of the input impedance,
which can be expressed as

1 2+ joC
y = = ltJeC (25)
Zeq Znmi
where Zmi = £p3 + ZvZa)/(Zv +ZCO)’ Z, = p2 + Zg +

ZoZ3)(Zo+2Z3), Zw = Zp1 + Zer + ZgZe3 [ (24 +Ze3), Zy =
Zel 24> +Zd12d3/(Zd1 +Zd3). According Egs. (24) and (25),
the frequency response curves of impedance and admittance
can be obtained by using the mathematical software Wol-
fram Mathematica 11.3. The geometric dimensions of the ul-
trasonic scalpel are S; = 96v/3 mm?, Se = 827 mm?, Sp =
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827 mm?, Sr= 8271 mm?, Sg1 = 827 mm?, Sg = 5.7% 1 mm?,
Sy = 5.7*m mm?, S; = 5.95°7 mm?, §; = 9.45°7 mm?, S; =
5.27°7 mm?, S} = 3.19%27 mm?, S,, = 2*7 mm?, [; = 4.5 mm,
le=45mm, [, =25mm, ;= 2.5mm, [, =4.37 mm, [, =
1577 mm, [; = 22.23 mm, /; = 2.6 mm, /; = 6.66 mm, /; =
19.24 mm, and [,, = 405 — 7a mm. For the ultrasonic scalpel
of non-PnCs structures, a = 0. Therefore, /,,, = 405 mm.

2.3. FEM

The FEM has been widely used in the analysis of PnCs.
Therefore, the commercial software COMSOL Multiphysics
is used to analyze the frequency response function of the blade.
An acceleration response of magnitude 1 m/s? is applied to
one end of the blade, and a probe is added to the other end,
as shown in Fig. 6. By processing the data of the probe,
the frequency response function of the blade can be obtained.
The geometrical dimensions and material parameters used are
the same as those in the electromechanical equivalent circuit

method.
Probe
e

/
Acceleration
response

Fig. 6. Calculation method of frequency response function for FEM.

For the analysis of the vibration characteristics of ultra-
sonic scalpel, the piezoelectric device module is used. The
geometric model as shown in Fig. 1 is established in the finite
element software, where the dimensions and material param-
eters used are consistent with those of the electromechanical
equivalent circuit method. Free boundaries are selected, and
the applied voltage is 1 V. In addition, the displacement distri-
bution on this intercept line at the resonance frequency can be
obtained by defining an intercept line in the length direction of
the ultrasonic scalpel.

3. Results and discussion
3.1. Verification of theoretical validity

In Ref. [24], a vibration experiment of one-dimensional
PnCs was studied. A unit cell included an aluminum rod and a

PMMA

/

(a) Aluminum

PMMA rod, as shown in Fig. 7(a). The diameter and length of
each aluminum rod and PMMA rod were 10 mm and 75 mm.
Vibration excitation is applied to one end, and the output am-
plitude of acceleration is measured at the other end. In order to
verify the validity of the electromechanical equivalent circuit
method, the results obtained by the electromechanical equiva-
lent circuit method are compared with the experimental results
in Ref. [24]. According to the boundary conditions at the con-
tacting surfaces, the electromechanical equivalent circuits of
the metal cylinder and the PMMA cylinder can be cascaded,
as shown in Fig. 7(b). The impedance expressions in Fig. 7(b)

are

Zann = Zap = jpalcalSal tan(kallal/2)7

Zus = PaiCalSal
“ J sin(kallal) ’
mel = me2 = ijmeanpm tan(kpmlpm/z)7
mCpmS pm
me3 = PomCpmyp

jsin(kpmlpm)’

where ky = a)/Cals Cal = v/ Eal/pals Pai> Ears Sals and Iy
are the bulk density, Young’s modulus, cross-sectional area

and length of aluminum rod, respectively. &y, = ®/cpm,
cpm = \/Epm/Ppms Ppms Epms Spm, and 1, are the bulk density,
Young’s modulus, cross-sectional area and length of PMMA
rod, respectively.

Figure 8 illustrates comparison between the frequency
response function of the electromechanical equivalent circuit
method and experiment, where figure 8(a) is the experimental
results in Ref. [24], and figure 8(b) is the results by the elec-
tromechanical equivalent circuit method. The band gaps for
experimental results in Ref. [24] are 5.4 kHz-13.6 kHz and
15.9 kHz-24.8 kHz, and the band gaps calculated by the elec-
tromechanical equivalent circuit method are 4.8 kHz—11.6 kHz
and 14.3 kHz-23.5 kHz. The material parameters used for
aluminum are consistent with those in Table 1. For PMMA,
Ppm = 1180 kg/m?, E,,,, = 4.35 GPa. The results obtained by
the equivalent circuit method are close to the experimental re-
sults in Ref. [24]. Since the material parameters are not given
in Ref. [24], the error is mainly caused by the different mate-

rial parameters.

Fig. 7. Validation of electromechanical equivalent circuit method: (a) PnCs structure in Ref. [24], (b) the electromechanical equivalent circuit for PnCs structure.
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Frequency (kHz)

5 s0- g
= (a) b
a g
60 1 S
=] =
o
2 40 LA, M\ [ 2
(o 20 A %
N ] /
>y 0 Y A >
g YI’V'V / ;é) 60 \/
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3.2. Frequency response function

Exploring the bandgap law of the fusiform PnCs struc-
ture is instrumental for subsequent device design. Here, the
frequency response functions of the three structures are ana-
lyzed by the electromechanical equivalent circuit method and
the FEM for the cone, exponent, and catenary, respectively,
as shown in Fig. 9. The dimensions of the blade used in
the calculation are as follows: d; = 2.5 mm, d» = 4 mm,
a; = ap =27 mm. The number of periods is 7. It is shown

that Bragg band gap is existed for blades based on fusiform

PnCs. The band gap width for the cone, exponent, and cate-
nary are 35.0 kHz-51.0 kHz, 35 kHz-51.1 kHz, and 34.7 kHz—
51.2 kHz, respectively. The area function has a minor effect on
the width of the bandgap, with the widest bandgap range for
the catenary and the narrowest bandgap range for the cone. In
addition, a second band gap appears in the 82.7 kHz—89.9 kHz
range for the blade of the catenary structure. The results of
electromechanical equivalent circuits are in good agreement
with those of FEM, which shows the validity of the electrome-
chanical equivalent circuit method in calculating the vibration
transmission characteristics curve.
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The frequency response function is calculated with the
lattice constants and radius ratios of the one-dimensional
fusiform PnCs structure, as shown in Fig. 10, where the blue
part is the vibrational bandgap, and the area function adopted
is conical. In the case of d; = 2.5 mm, d» =4 mm, periods =7,
the bandwidth for the vibration bandgap decreases and shifts
towards lower frequencies with the lattice constants of the one-
dimensional fusiform PnCs structure from 20 mm to 30 mm,
as shown in Fig. 10(a). Because the band gap type of fusiform
PnCs structure is Bragg band gap, the center frequency of the
first band gap is generally located near ¢/(2a) (c is the speed
of sound), so as the lattice constant increases, the center fre-
quency shifts to the low frequency. In the case of a = 25 mm,
periods = 7, the bandwidth for the vibration bandgap gradually
increases as the radius ratio (d/d;) of the one-dimensional
fusiform PnCs structure goes from 1.2 to 2.2, as shown in
Fig. 10(b). As the radius ratio increases, a greater impedance
mismatch is induced, which is beneficial for bandgap per-
formance, therefore the bandwidth of the bandgap becomes
wider. In addition, the stiffness of the structure increases with
the increase of the radius ratio, so the center frequency of the
band gap increases with the increase of the radius ratio.

The vibration of the blade in the band gap range will be
suppressed, so the working frequency cannot be designed in
the band gap range. The band gap should be designed near the
working frequency, which can well suppress other vibration
modes near the working frequency. Thus, the interference to
the working frequency can be reduced.

3.3. Analysis of vibration characteristics for ultrasonic
scalpel

It is expected to suppress other resonance modes by de-
signing the working frequency of the ultrasonic scalpel near
the vibration band gap. The analysis for the frequency re-
sponse curves of admittance for the ultrasonic scalpel is nec-
essary. The area functions have a relatively small effect on the
band gap width. Considering the difficulty of manufacturing,
the vibration characteristics of the conical structure are ana-
lyzed.

Figure 11 shows the frequency response curves of admit-
tance, where the dimensions of the transducer and horn are the
same as mentioned in Section 2, the dimensions of the blade
are as follows: dy = 2.5 mm, d, =4 mm, a; = a; = 27 mm,
periods = 7. The results of theoretical model are in good
agreement with those of the FEM. Combined with the vibra-
tion mode analysis, the working frequency of the ultrasonic
scalpel can be determined. There are unnecessary vibration
modes around the working frequency of the ultrasonic scalpel,
as shown in Fig. 11(a). For ultrasonic scalpel based on PnCs,
other vibration modes near working frequency are isolated, as
shown in Fig. 11(b). It illustrates that the PnCs structure can

effectively suppress other modes near the working frequency
for the ultrasonic scalpel. For more practical designs, the PnC
structure can still achieve this effect after the introduction of
curved head in the ultrasonic scalpel (more details shown in
Section S1 of supporting information).
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Fig. 11. The frequency response curves of admittance: (a) conventional
ultrasonic scalpel, (b) ultrasonic scalpel based on fusiform PnCs.
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In addition, figure 12 shows the vibration displacement
distribution of the conventional ultrasonic scalpel as well as
the ultrasonic scalpel based on the PnCs. It can be seen that
the vibration displacement for the ultrasonic scalpel based on
PnCs is larger than that for the conventional ultrasonic scalpel.
Therefore, the fusiform PnCs structure have the effect of am-
plifying the displacement, which is similar to the function of
the ultrasonic horn. The truncation resonance is that the elas-
tic wave increases exponentially from the excitation point and
shows high amplitude at the boundary.!*>! This phenomenon
is a notable similarity to the vibration amplitude pattern ob-
served in the ultrasonic scalpel based on PnC structures. Con-
sequently, there may exist a potential correlation between the
enhanced amplitude observed in ultrasonic scalpel based on
PnCs and the truncation resonance.

4. Conclusion and perspectives

The ultrasonic scalpel based on the PnCs is designed to
suppress the unnecessary vibration modes that lead to a de-
crease of the ultrasonic scalpel efficiency. A practical and
accurate theoretical model is proposed, aiming to effectively
evaluate the frequency response functions for the blades and
the frequency response curves of admittance for ultrasonic
scalpel. Bragg band gaps exist in fusiform PnCs, and the area
function, lattice constant, and radius ratio affect the band gap
range. The fusiform PnCs can effectively inhibit other vi-
bration modes near the working frequency of the ultrasonic
scalpel. In addition, the fusiform PnCs have the effect of am-
plifying the displacement of the ultrasonic scalpel, which is
similar to the function of a horn.
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