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Abstract 

Ultrasonic scalpel design for minimally invasive surgical procedures is mainly focused on optimizing cutting per-
formance. However, an important issue is the low fatigue life of traditional ultrasonic scalpels, which affects their 
long-term reliability and effectiveness and creates hidden dangers for surgery. In this study, a multi-objective optimal 
design for the cutting performance and fatigue life of ultrasonic scalpels was proposed using finite element analysis 
and fatigue simulation. The optimal design parameters of resonance frequency and amplitude were determined. By 
setting the transition fillet and keeping the gain structure away from the node position to enable the scalpel to have 
a high service life with excellent cutting performance. The frequency modulation method of setting the vibration 
node bosses at the node position and setting the vibration antinode grooves at the antinode position was compared. 
Then, the mechanism of the influence of various design elements, such as tip, shank, node position, and antinode 
position, on the resonance frequency, amplitude, and fatigue life of the ultrasonic scalpel was analyzed, and the opti-
mal design principles of the ultrasonic scalpel were obtained. The proposed ultrasonic scalpel design was con-
firmed by simulations, impedance measurements, and liver tissue cutting experiments, demonstrating its feasibility 
and enhanced performance. This research introduces innovative design strategies to improve the fatigue life and per-
formance of ultrasonic scalpels to address an important issue in minimally invasive surgery.
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1  Introduction
Ultrasonic scalpel [1] is becoming a revolutionary inno-
vation in minimally invasive surgery due to its excellent 
cutting and coagulation effects. Compared with elec-
tric scalpels and laser scalpels [2, 3], ultrasonic scalpels 
have many advantages such as less adhesion with tissues, 
less smoke, less postoperative scarring, and fewer post-
operative complications [4], and it has been widely used 
in endoscopic surgery [5, 6]. Ultrasonic scalpel system 
is usually composed of ultrasonic transducer, ultrasonic 
scalpel rod, and tip. As shown in Figure 1, the ultrasonic 
transducer converts the ultrasonic electric energy gener-
ated by the power supply into ultrasonic vibration [7, 8], 
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and amplifies the ultrasonic amplitude through the ultra-
sonic horn. The ultrasonic scalpel rod further transmits 
the ultrasonic vibration to the tip to complete the cutting 
and coagulation of body tissues, so as to meet the pur-
pose of treatment [9, 10].

Ultrasonic scalpels need a stable resonance frequency 
to provide the required amplitude for cutting and coag-
ulating closed target tissues during the working process 
[11, 12]. Therefore, the resonant frequency and output 
amplitude of the ultrasonic scalpel are essential perfor-
mance indicators in the design process of the ultrasonic 
scalpel. Ultrasonic scalpels will be excited by ultra-high 
frequency loads during work, and the tip of the ultra-
sonic scalpels is prone to extremely high-cycle fatigue 
fractures [13]. To reduce the probability of medical acci-
dents caused by breakage of ultrasonic scalpel tip, the 
ultrasonic scalpel is generally a disposable medical sup-
ply in clinical use, which not only wastes materials but 
also increases the burden on patients. Therefore, fatigue 
life is also a very important performance indicator in the 
design of ultrasonic scalpels.

Researchers in this field have been committed to devel-
oping ultrasonic scalpels with higher performance. Ume-
hara et al. [14] developed a miniature transducer, 9.8 mm 
long and 2.7 mm wide, which can be matched with the 
endoscope, improving the surgical field of vision and the 
doctor’s operating space. Wiksell et  al. [15] proposed a 
modeling method, which can simulate and automatically 
adjust each interactive part of the design before actual 
manufacturing, thus reducing the iteration difficulty in 
the design process of the miniature ultrasonic scalpel. Li 
et al. [16] proposed an ultrasonic scalpel based on longi-
tudinal and torsional modes with better hemostatic abil-
ity, which improved the energy used to seal blood vessels. 
Ethicon [17] developed a new type of hemostatic ultra-
sonic scalpel Harmonic ACE ®+ 7 Shears (Harmonic 7) 
can seal thick blood vessels by reducing the input power 

during cutting, which can achieve hemostasis and closure 
of 5 mm thick blood vessels. THUNDERBEAT ™ (Olym-
pus, Japan) [18] combines the friction heat generated by 
ultrasound and the heat generated by piezoelectric to 
work, with higher versatility, similar fracture pressure, 
and acceptable thermal diffusion. The above researches 
mainly focus on improving the cutting performance and 
hemostatic performance of the ultrasonic scalpel.

The fatigue performance [19, 20] of the ultrasonic 
scalpel is also an important index to evaluate the perfor-
mance of the ultrasonic scalpel. Ultrasonic fatigue refers 
to the fatigue damage of materials under ultrasonic vibra-
tion load, which has the characteristics of small vibra-
tion amplitude, high cycle times, and short duration. 
The fatigue research of ultrasonic scalpel belongs to the 
category of ultrasonic fatigue and has been studied by 
many researchers. Tjong et  al. [21] studied the micro-
structure and fracture of aluminum alloys and aluminum 
alloy composites using fatigue test techniques and dem-
onstrated their fatigue behavior, paving the way for the 
widespread application of titanium alloys in the manu-
facture of ultrasonic scalpels. Stanzl et  al. [22] applied 
shear stress to the sample and carried out ultrasonic 
torsional vibration fatigue tests to explore the ultra-high 
cycle fatigue characteristics of light alloys under different 
environmental conditions. Lucas et  al. [23] established 
the finite element model and fracture model of ultra-
sonic cutting, so that the ultrasonic cutting system suit-
able for the surgical field can be designed. For the fatigue 
design of structural members, the allowable stress can 
usually be determined according to the fatigue life curve 
(S-N curve) of materials and a safety factor. However, for 
different materials, the distribution of fatigue life in the 
ultra-high cycle fatigue cycle range is very complex, and 
many scholars have started to predict fatigue life. Bathias 
et  al. [24] established a high-strength steel ultra-high 
cycle fatigue life prediction model and a crack growth 

Figure 1  Ultrasonic Scalpel System: (a) Composition of the GEN100 Ultrasonic Scalpel System, (b) Structural diagram of ultrasonic scalpel
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threshold calculation model. Ebara et  al. [25] modified 
the fatigue life prediction model by introducing the con-
cept of optical shadowing area (ODA) based on a large 
number of experimental studies. Li et al. [26] studied the 
high cycle fatigue performance of Ti6Al4V, conducted 
axial loading tests with variable stress ratio, obtained S-N 
curves of Ti6Al4V under different stress ratio conditions, 
and proposed a life prediction method related to failure 
mechanism. Research has shown that the fatigue life of 
ultrasound knives is strongly correlated with the stress of 
the structure [27]. Zhang et al. [28] used nCode software 
to study the fatigue life of a torsion beam of a certain car, 
and obtained the stress distribution and fatigue life of the 
beam structure. This method can provide the basis for 
the optimal design of the torsion beam. Cao et  al. [29] 
studied the influence of the blade and blade structure of 
ultrasonic scalpels on frequency and stress, summarized 
the changes in stress, and optimized the frequency and 
fatigue life of ultrasonic scalpels based on this. Chen 
et  al. [30] used harmonic response analysis to calculate 
the tip amplitude, impedance, and stress distribution of 
ultrasound bone knives, and optimized the error using 
response surface methodology. They summarized opti-
mization methods for reducing the stress of ultrasound 
bone knives. Li et al. [31] optimized the design of ultra-
sonic scalpels based on finite element method and devel-
oped a low stress, high service life ultrasonic scalpel. It 
is worth noting that currently few scholars have incorpo-
rated fatigue life as a direct technical indicator into the 
design and optimization process of ultrasound scalpels.

At present, established methods can accurately predict 
the ultra-high cycle fatigue life of high–strength materi-
als. However, predicting the fatigue life of the ultrasonic 
scalpel, which has a complex structure and dispersed 
internal stress, requires an appropriate prediction model 
and continuous fatigue iterative simulation. In this study, 
the authors conduct a comprehensive investigation of the 
influence of structural parameters of the ultrasonic scal-
pel rod and tip on the resonance frequency, amplitude, 
and fatigue life of the device through a combination of 
simulation and experimental verification. The authors 
present an optimal structure design method for the ultra-
sonic scalpel within a certain range, which enables the 
creation of an ultrasonic scalpel with high performance 
and improved fatigue life.

2 � Mechanical Design of the Ultrasonic Scalpel
2.1 � Preliminary Structural Design of Rod
The ultrasonic scalpel design starts from an equal-sec-
tional thin rod [32]. According to the propagation theo-
rem of sound waves, when ultrasonic waves propagate 
in a thin rod, they will reflect and form a reflected wave 

after contacting the end surface, and the reflected wave 
and incident wave will form a standing wave through 
interference [33, 34]. The place with the largest ampli-
tude of the waveform is called the antinode, and the 
place with the smallest amplitude is called the node [35, 
36]. The standing wave equation is:

and

where, ξ(t, x) represents the displacement at the time 
t and x coordinate. A and B are the undetermined 
coefficient, k is the wave number, ω is the frequency, 
cos(ωt − ϕ) is the phase, and ϕ is the initial phase angle, 
which does not affect the calculation result. The process 
of ultrasonic scalpel withstanding transducer excitation 
is simplified as that of the thin rod withstanding simple 
harmonic force, as shown in Figure 2(a). According to the 
longitudinal vibration law of the thin rod, the boundary 
condition of the ultrasonic scalpel with one end free and 
one end bearing simple harmonic force is as follows:

where, S is the diameter of the thin rod, E is the elastic 
modulus, l is the total length of the rod, and the nega-
tive sign indicates that the direction of stress and strain is 
opposite, Fmax is the maximum value of simple harmonic 
force. Combining the above equation with the acoustic 
wave propagation characteristics, the vibration charac-
teristic equation of the thin rod with one end free and 
one end bearing simple harmonic force is calculated:

where, ξ(t, x) is positively correlated with Fmax , it proves 
that the vibration displacement of the thin rod increases 
with the increase of the force. When the frequency of the 
simple harmonic force is equal to the natural frequency 
of the thin rod, the amplitude of the thin rod will reach 
the maximum. The position equations of antinodes and 
nodes of the thin rod are obtained as follows:

(1)ξ(t, x) = (A cos kx + B sin kx) cos(ωt − ϕ),

(2)k = ω/c,

(3)
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and

where, c is the ultrasonic propagation velocity, �n is the 
wavelength, fn is the longitudinal vibration frequency 
of the thin rod, when n = 1 , f1 is the fundamental fre-
quency, and other longitudinal frequencies are positive 
integral multiples of the fundamental frequency, which is 
called overtones. Eq. (5) shows that for a thin rod with 
one end free and one end bearing simple harmonic force, 
the nodes are at an odd number of times of the quarter 
wavelength, and the antinodes are at an even number of 
times of the quarter wavelength. And the positions of 
nodes and antinodes are related to the total length l of the 
thin rod. Therefore, to minimize the impact of changes 
in the positions of the nodes and antinodes on the rod, 
the total length l of the rod should be kept as constant as 
possible during the design process.

The ultrasonic scalpel undergoes ultra-high cycle load 
excitation during operation, making it very prone to fatigue 
fracture. To make it more suitable for surgical operation, 
materials with good ductility, portability, and fatigue resist-
ance should be selected, with small loss and impedance 
within the operating frequency range. Considering these 
factors, the authors selected TC4 [37, 38] as the material 
for the ultrasonic scalpel. The ultrasonic propagation veloc-
ity c in TC4 is 4944 m/s [39]. Eq. (7) shows that product of 

(6)fn =
nc

2l
(n = 1, 2, 3...),

(7)�n =
c

fn
(n = 1, 2, 3...),

�n and fn remains constant. The resonance frequency of 
the ultrasonic scalpel designed in this study is 55.5 kHz, 
so the wavelength � is determined as 89 mm. According to 
the ultrasonic vibration characteristics of the thin rod [33], 
when the total length of the thin rod is half wavelength �/2 , 
the thin rod meets the condition of longitudinal vibration. 
To provide a larger surgical field of vision and meet the 
needs of surgery, the authors preset the total length of the 
ultrasonic scalpel l as 2.5 wavelengths, or 223 mm.

A three-dimensional structure of a thin rod made of 
TC4 material with a length of 223 mm was modeled, and 
the calculation results were verified using model analysis, 
as depicted in Figure 2(b). The fundamental frequency f1 
is 11.1 kHz and the design frequency f5 is 55.5 kHz. After 
comparing the calculated results with Eqs. (1), (5), it was 
determined that the frequency response results obtained 
from the simulation were in perfect agreement with the 
theoretical frequency equations. Moreover, the simula-
tion results shown in Figure 2(c) (in the case where the 
frequency fa is 55.5 kHz) showed that when the thin rod 
is at the longitudinal vibration frequency, the positions 
of nodes and antinodes were entirely consistent with the 
theoretical calculation. Figure 2(b) shows that when the 
frequency was around 55.5 kHz, the thin rod had better 
displacement. The research has shown that the ultrasonic 
scalpel had good cutting performance when the resonant 
frequency was around 55.5 ± 1 kHz. Therefore, the design 
frequency of the ultrasonic scalpel in this study was set 
between 54.5 kHz–56.5 kHz.

The research shows that when the frequency is 55.5 
kHz, the output amplitude of the ultrasonic scalpel 

Figure 2  Design of resonance frequency and amplitude gain for ultrasonic scalpel: (a) Thin rod with one end bearing simple harmonic force 
and one end free, (b) Resonant frequency, (c) Deformation results of the thin rod at 55 kHz, (d) Amplitude amplification mechanism of the stepped 
rod, (e) Amplitude gain design of ultrasonic scalpel
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tip should reach 41 μm above and can meet the condi-
tions of soft tissue cutting [39]. The input amplitude of 
the ultrasonic scalpel is generally about 10 μm [40]. To 
make the output amplitude of the ultrasonic scalpel 
meet the cutting requirements, the input amplitude of 
the ultrasonic scalpel needs to be amplified. This paper 
uses the FEM method to simulate the amplitude amplifi-
cation mechanism of a thin rod, as shown in Figure 2(d), 
when the shaft segment with a small diameter is at the 
node position of the thin rod, the amplitude gain can be 
obtained, and the gain value is the ratio of the sectional 
areas of the two shaft segments. When the shaft segment 
with a small diameter is at the antinode position of the 
thin rod, the amplitude will not change. On this basis, 
the structure of the ultrasonic scalpel rod is designed, as 
shown in Figure 2(e). Two amplitude gain structures were 
designed near the node positions at both ends of the rod. 
It is worth noting that this setup method avoids the stress 
concentration caused by the abrupt structural change 
induced by setting up only one gain structure, thereby 
improving the service life of the ultrasonic scalpel. The 
middle region of the rod is usually not equipped with a 
gain structure to maintain the stability of ultrasound 
transmission and improve the efficiency of ultrasound 
transmission.

2.2 � Optimization Design of Ultrasonic Scalpel Tip
The main clinical functions of the ultrasonic scalpel tip 
include cutting, coagulation, tissue separation, clamping. 
Traditional ultrasonic scalpels are limited by the prob-
lems of short length and small curvature, which always 
lead to insufficient surgical space, and the low service life 
of the tip is always a surgical risk. To solve these prob-
lems, a proposed design for an ultrasonic scalpel with a 
larger radian, longer and thinner distal tip is introduced 
in this study, providing a larger surgical field of view 

compared to traditional ultrasonic scalpels. The proposed 
ultrasonic scalpel tip is located in the last half wavelength 
of the ultrasonic scalpel rod, and includes a gain struc-
ture and a cutting end tip. By extending the tip length, 
increasing the curvature of the cutting end and reducing 
the tip diameter, the ultrasonic scalpel not only provides 
a larger operating space and reduces the difficulty for the 
surgeon, but also extends the life of the ultrasonic scal-
pel while maintaining a very good cutting amplitude. In 
addition, the reduced cutting surface facilitates the cut-
ting of soft tissue.

To increase the amplitude, researchers typically place a 
variable-section gain structure at the node position near 
the tip. However, due to the serious stress concentration 
caused by the change of section, fatigue damage is very 
easy to occur. At present, it is still difficult to achieve 
accurate prediction and failure warning of the fatigue 
fracture time of the tip. Therefore, to reduce the risk of 
surgical accidents, it is necessary to reduce the stress on 
the structure of this position and prolong the time of 
the ultrasonic scalpel. The simple way to improve stress 
concentration is to add transition fillet radius at the gain 
structure, as shown in Figure 3(a). But setting transition 
fillet radius at the node position will undoubtedly have 
an adverse effect on the vibration amplitude of the tip. 
To minimize the stress amplitude and make the ampli-
tude gain meet the cutting requirements of the ultrasonic 
scalpel, it is necessary to analyze the size of the transi-
tion fillet radius R. Taking different transition fillet radius 
R, the influence of transition fillet radius R on the stress 
and amplitude gain of the ultrasonic scalpel is obtained 
through finite element analysis, as shown in Figure 3(b). 
In the range of the transition fillet radius R of 0–40 mm, 
the stress decreases with the increase of R, but the rate of 
stress decrease gradually slows down, and the amplitude 
gain decreases gradually with the increase of R. When R 

Figure 3  Settings for transition fillets: (a) Position of transition fillets, (b) Effect of transition fillet radius on stress and amplitude gain
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is in the range of 0–20 mm, the stress decreased by about 
14.6%, and the amplitude decreased by about 4.1%, and 
when R is in the range of 20–40 mm, the stress decreased 
by about 1.5%, and the amplitude decreased by about 
4.2%. To minimize the stress concentration of this vari-
able section and make the rod have a larger amplitude 
gain, the transition fillet radius R should be selected 
between 10–20 mm.

This paper proposes another method to reduce stress 
concentration and improve fatigue life, as shown in Fig-
ure  4. The tip is improved by extending the length of 
the tip to move the gain structure away from the node 
location.

The results of model analysis of traditional tip and pro-
posed tip are shown in Table 1. The optimization of the 
ultrasonic tip significantly improves the fatigue life from 
81 h to 241.5 h. It should be noted that the process of cal-
culating the life of the ultrasonic scalpel in this study is 
the case of no load of the ultrasonic scalpel (no touch-
ing the soft tissue). Although the output amplitude is 
reduced to a certain extent, the amplitude fully meets 
the cutting requirements, and this design is completely 
feasible.

The above method prolongs the service life of the ultra-
sonic scalpel and improves the performance of the ultra-
sonic scalpel.

3 � Multi–Objective Optimization Design Based 
on Model Analysis and Fatigue Simulation

After conducting initial theoretical calculations, this 
paper uses ANSYS and nCode DesignLife software to 
simulate the ultrasonic scalpel. The simulation analyzes 
how various structural parameters affect the scalpel’s 
frequency, amplitude, and fatigue life. By optimizing the 
mechanical structure based on these results, this study 
successfully enhances the performance of the ultrasonic 
scalpel.

3.1 � Optimal Design of Vibration Node Bosses
In the engineering manufacturing process of ultrasonic 
scalpel, factors like machining accuracy, manufacturing 
assembly errors, and material properties affect the reso-
nant frequency of the device and cause deviations from 
the design value. Typically, for a thin rod, the frequency 
can be calibrated by reserving a length of process tol-
erance at the end. However, due to the long and highly 
curved shape of the ultrasonic scalpel tip, this process is 
not feasible.

The ultrasonic scalpel operates by transmitting and 
amplifying ultrasonic waves generated by the transducer. 
For optimal performance, the resonant frequency of the 
scalpel and the transducer should closely match. The fre-
quency of the transducer is 55.5 kHz. To adjust the fre-
quency of the ultrasonic scalpel, this paper proposes a 
method shown in Figure 5, which involves adding vibra-
tion node bosses (VN bosses) at the nodes and vibration 
antinode grooves (VA grooves) at the antinodes. The 
addition of VN bosses reduces the radial amplitude of the 
rod, optimizes the vibration mode, and adjusts the reso-
nant frequency of the ultrasonic scalpel. Similarly, the 
addition of VA grooves has a similar effect. As long as the 
central position of these shaft segments coincides with 
the position of nodes or antinodes, they will not affect 

Figure 4  (a) Traditional ultrasonic scalpel tip and (b) proposed 
ultrasonic scalpel tip that makes the connection between the tip 
and the gain structure far away from the node position

Table 1  Performance comparison between proposed and 
traditional ultrasonic scalpel

Parameters Traditional tip Proposed tip

Resonant frequency (kHz) 55.961 55.510

Number of cycles 5.483× 10
8

1.772× 10
9

Fatigue life (h) 81 241.5

Average amplitude (µm) 78 65

Figure 5  Position of the VN bosses and VA grooves of the ultrasonic 
scalpel
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the amplitude of the ultrasonic scalpel. Therefore, the 
resonant frequency of an ultrasonic scalpel can be cali-
brated by adjusting the length L1 , diameter H1 , and the 
number of VN bosses or the length L2 , diameter H2 , and 
the number of VA grooves. To investigate the influence 
of the shaft parameters on the ultrasonic scalpel, a three-
dimensional model was established and analyzed, the 
results are shown in Figure 6. For the purpose of analysis, 
only the parameters of the first VN bosses Vb1 and the 
first VA grooves Vg1 are varied in analyzing the diameter 
and length of the shaft segments, as shown in Figure 5. 
The initial diameter of the thin rod is set to 3 mm.

As shown in Figure  6(a), the resonant frequency of 
the rod increases as the diameter of the VN bosses 
increases, whereas the resonant frequency decreases 
with an increase in the diameter of the VA grooves. In 
Figure 6(b) and (c), when the diameter of the shaft seg-
ment exceeds the original diameter of the rod, the reso-
nant frequency of the rod rises with an increase in the 
length of VN bosses, but decreases with an increase in 
the length of VA grooves. And if the diameter of the 
shaft segment is less than the original diameter of the 
rod, the opposite conclusion is reached. Comparison 
reveals that the diameter of the shaft segment has a more 
significant influence on the resonant frequency than 
its length. Figure 6(d) and (e) show that as the number 

of VN bosses increases, the resonant frequency of the 
rod increases when the diameter of the VN bosses are 
larger than the diameter of the rod, while the resonant 
frequency of the rod decreases when the diameter of the 
VN bosses are smaller than the diameter of the rod. For 
the VA grooves, the conclusion is opposite. In summary, 
the variation of the diameter of the shaft segment has a 
greater effect on the resonant frequency than the varia-
tion of its length, and the variation of the shaft segment 
at the nodes and the antinodes has an opposite effect on 
the resonant frequency of the rod.

Using the same analytical approach, the effect of struc-
ture on the fatigue life of the rod was evaluated, and the 
results are presented in Figure  7. The fatigue life of the 
rod increases with an increase in the diameter of the 
shaft segment. When the diameter of the shaft segment 
exceeds the original diameter of the rod, the fatigue life 
of the rod can be improved by increasing the number and 
diameter of shaft segments, irrespective of their location. 
Conversely, if the diameter of the shaft segment is smaller 
than the original diameter of the rod, the conclusion is 
opposite. The impact of the shaft segment diameter on 
the fatigue life of the rod is greater than the number and 
length of shaft segments. Thus, changes in the shaft seg-
ment at the nodes and antinodes have opposite effects on 
the resonant frequency of the rod, but their impact on 

Figure 6  Mechanism of influence of axial structure parameters on the resonant frequency of ultrasonic scalpel: (a) Influence of the diameter 
of shaft segment on the resonance frequency, (b) Influence of the length of shaft segment on resonance frequency when the diameter is larger 
than the rod diameter, (c) Influence of the length of shaft segment on resonance frequency when the diameter is smaller than the rod diameter, (d) 
Influence of the number of the VN bosses on the resonance frequency, (e) Influence of the number of the VA grooves on the resonance frequency
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the fatigue life of the rod is consistent. Furthermore, the 
fatigue life of the rod is predominantly associated with its 
diameter. Therefore, the addition of VN bosses and VA 
grooves can modulate the resonant frequency, but add-
ing VN bosses improves the fatigue life. Therefore, this 
design uses the method of adding VN bosses. These find-
ings can also be applied to achieve multi-objective opti-
mization of the ultrasonic scalpel.

3.2 � Model Simulation and Fatigue Simulation of Ultrasonic 
Scalpel

By combining the ultrasonic scalpel design model and 
the multi–objective optimization design method men-
tioned earlier, the design structure of the ultrasonic scal-
pel is shown in Figure  8, with added fillets and internal 
threaded holes. To study the static and dynamic perfor-
mance of the ultrasonic scalpel, modal analysis using 
the finite element method was conducted, as shown in 

Figure 9. The ultrasonic scalpel demonstrated good lon-
gitudinal vibration mode at the 62nd mode with a value 
of 54910 Hz, which is in line with the working direction 
of the ultrasonic scalpel and within the preset frequency 
range of 45–65 kHz, meeting the design requirements. 
The axial and radial deformation results of the ultrasonic 
scalpel under the working frequency were extracted, 
as shown in Figure 9(b) and (c), respectively. The maxi-
mum axial and radial deformation ratio is about 45.5, 
proving that the rod has excellent longitudinal vibration 
characteristics.

The fatigue life of the ultrasonic scalpel can be pre-
dicted by using the transient structural module of ANSYS 
Workbench and nCode SN Timestep (Designlife) module 
of the nCode Designlife. Transient structural analysis is a 
method used to analyze the dynamic response of struc-
tures caused by time-varying excitation in a very short 
time. The ultrasonic scalpel in this study was subjected to 
a sinusoidal force excitation with a fixed amplitude, and 
the working life was calculated by analyzing the influence 
of displacement load on the strain stress over time. The 
resonant frequency of the designed ultrasonic scalpel is 
54910 Hz, with 54910 cycles performed within 1 s. The 
time of each sine wave cycle, that is, the time of one cycle 
of the sine wave cycle, is 1.81× 10−5 s. The total length 

Figure 7  Mechanism of the influence of structural parameters of shaft segment on fatigue life of ultrasonic scalpel: (a) Influence of the diameter 
of the shaft segment on the fatigue life, (b) Influence of the length of shaft segment with a diameter greater than the rod diameter on fatigue 
life, (c) Influence of the length of shaft segment with a diameter smaller than the rod diameter on fatigue life, (d) Influence of the number of shaft 
segments with a diameter smaller than the rod diameter on fatigue life, (e) Influence of the number of shaft segments with a diameter greater 
than the rod diameter on fatigue life

Figure 8  Designed ultrasonic scalpel
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of the designed ultrasonic scalpel is five and a half wave-
lengths, which means it takes 2.5 cycles in total to realize 
the ultrasonic transmission of the entire ultrasonic scal-
pel. To facilitate the calculation, the time of an analysis 
step was set as 5 cycles ( 9.09× 10−5 s). According to the 
linear cumulative damage law, the fatigue life of the ultra-
sonic scalpel is calculated as the product of the fatigue 
cycles analyzed by the nCode simulation and the time of 
an analysis step.

To improve the evaluation of the fatigue life of the 
designed ultrasonic scalpel, this study compares its per-
formance with that of the Ethicon ultrasonic scalpel, and 
analyzes the effect of the length of the ultrasonic scal-
pel rod on the fatigue life. The lengths of the ultrasonic 
scalpel rod used in different operations are 178 mm, 223 
mm, 267 mm, and 401 mm. To obtain a more compre-
hensive conclusion, the impact of the ultrasonic scalpel 
rod length on fatigue life is analyzed, and the results are 
presented in Figure 10. The fatigue life of the ultrasonic 
scalpel increases as the length of the ultrasonic scalpel 
rod increases, under the same conditions. Based on this 

conclusion, the fatigue life of the Ethicon ultrasonic scal-
pel and the designed ultrasonic scalpel is compared, and 
the results are presented in Figure  11. The length and 

Figure 9  Deformation results of the designed ultrasonic scalpel at 54910 Hz: (a) Total deformation, (b) Deformation along the Z direction, (c) 
Deformation along the X direction

Figure 10  Influence of length of ultrasonic scalpel rod on fatigue life
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diameter of the blade of the Ethicon ultrasonic scalpel 
are the same as those of the blade designed in this study. 
The maximum damage occurs at the end tip contact area 
of the gain structure, the Ethicon ultrasonic scalpel has 
a maximum fatigue cycle count of 3.396× 109 , com-
pared to 1.36× 1010 for the designed ultrasonic scalpel. 
Through calculation, the fatigue life of the Ethicon ultra-
sonic scalpel (under no-load condition and not touch-
ing soft tissue) is 366768 s, i.e., 101.88 h, while that of 
the designed ultrasonic scalpel is 1221000 s, i.e., 340 h. 
Therefore, the designed ultrasonic scalpel has a better 
fatigue life.

4 � Experimental Investigation on Impedance 
and Cutting Performance

To verify the cutting ability and impedance characteris-
tics of the designed ultrasonic scalpel, an experimental 
platform was constructed as illustrated in Figure 12. This 
platform comprises a digital ultrasonic driver, a proces-
sor, an ultrasonic transducer, and the designed ultrasonic 
scalpel. The ultrasonic driver can measure the imped-
ance, track the resonant frequency, and apply driving 
voltage to the ultrasonic scalpel. The impedance charac-
teristic curve of the designed ultrasonic scalpel is pre-
sented in Figure 13. The processed ultrasonic scalpel has 
a resonance frequency of 54701 Hz, an antiresonance fre-
quency of 54810 Hz, and an error of only 0.3%, satisfying 
the design requirements.

To assess the cutting performance of the designed 
ultrasonic scalpel, fresh liver tissue was selected for 
experimentation. The built experimental platform was 
used to perform multiple rounds of cutting at the same 

position on the liver tissue surface under ± 200 V AC 
voltage to create a large incision and peel off. The experi-
mental results are shown in Figure 14. The incision was 
large and deep, and only a small number of fine scorch 
marks were found upon observing the cross-sectional 
view, indicating a low degree of damage to the tissues. 
These results demonstrate that the ultrasonic scalpel pos-
sesses basic cutting capability.

5 � Conclusions
This study introduced an ultrasonic scalpel with improved 
service life and presented the optimal design methods for 
its longitudinal vibration frequency, output amplitude, 
and fatigue life. The regularity of ultrasonic scalpel design 
was summarized, and these findings can serve as a refer-
ence for the design of future ultrasonic scalpels. The work 
and conclusions of this study were summarized as follows:

(1)	 Using a combination of theoretical formula calcula-
tion and FEM simulation, the propagation charac-
teristics of ultrasonic waves in a thin rod are inves-
tigated, the change rule of the waveform and the 
positions of the nodes and the antinodes are sum-
marized, and the design method of the amplitude 
gain of the ultrasonic scalpel is proposed.

(2)	 A slender, large-curved ultrasonic scalpel tip is 
designed, and two methods for reducing the stress 
on the ultrasonic scalpel are proposed. The first way 
is to set the transition fillet in the gain structure. 
Through simulation, it is found that the most suit-
able transition fillet radius is set at 10−20 mm. The 

Figure 11  Fatigue simulation results of ultrasonic scalpel: (a) Ethicon ultrasonic scalpel, (b) Improved ultrasonic scalpel
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other way is to extend the end tip by keeping the 
gain structure away from the node position. Both 
methods reduce stress and extend the service life of 
the ultrasonic scalpel effectively.

(3)	 A frequency adjustment method is proposed, that 
is, setting VN bosses at the node position or setting 
VA grooves at the antinode position. Through sim-
ulation and comparison, the influence mechanism 
of the two methods on the resonance frequency and 
fatigue life of the ultrasonic scalpel is obtained. And 
a universal conclusion is analyzed, which can real-
ize the multi-objective optimization design of the 
ultrasonic scalpel.

(4)	 An optimized ultrasonic scalpel was designed and 
completed, and its vibration performance was veri-
fied by model analysis. Through fatigue life simula-
tion, it was demonstrated that the designed ultra-

Figure 12  Experimental setup of performance investigation of the presented ultrasonic scalpel

53500 54000 54500 55000 55500 56000
Frequency (Hz)

lg
Z Ph
i

Figure 13  Impedance characteristics of designing ultrasonic scalpel

Figure 14  Liver tissue cutting experiment: (a) The liver tissue, (b) 
The liver tissue was cut with the designed ultrasonic scalpel, (c) 
Cross-sectional view of liver tissue that has been cut for multiple 
times
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sonic scalpel had a higher fatigue life compared 
with the Ethicon ultrasonic scalpel. In addition, the 
results of impedance measurement experiments 
and liver tissue cutting experiments show that the 
designed ultrasonic scalpel has good impedance 
characteristics and satisfactory cutting perfor-
mance.
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