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Abstract
Ultrasonic straight-blade tool is one type of effective tool for processing Nomex composites. As a system part, the ultrasonic tool,
directly contacting the workpiece and providing the vibration, is an important acoustic element alongside the cutter. And the
resonant frequency of ultrasonic processing systems, a key parameter of the vibration performance, is greatly influenced by the
straight-blade tool changes when connected to the ultrasonic system. In the present paper, a mathematical model for calculating
the resonant frequency was established for the ultrasonic straight-blade tools with variable cross-sectional areas. The relationship
between the parameters of the straight-blade tool and the resonant frequency, as well as between the force and the vibration of the
ultrasonic system, were presented and utilized to calculate the system resonant frequency change and the corrected horn value to
hold the frequency. To solve the vibration equations, they were refined by fitting a trigonometric function combination. The
errors of the vibration equations and the fitting were analyzed, showing the applicable scope of the vibration equations.
According to the model and the common ultrasonic straight-blade tool sizes, four tools were manufactured for verification
experiments. Results showed that the presented model could be well matched with the actual value.

Keywords Ultrasonic straight-blade tool . Vibrationmodel . Resonant design . Error analysis

1 Introduction

The Nomex honeycomb composites have been widely applied
in the aviation, aerospace, defense, and automotive field due
to their low density, high specific strength, high specific stiff-
ness, and good thermal insulation [1–3]. However, Nomex
honeycomb composite has poor processability because of its
special properties, such as anisotropy, brittleness, and easy
deformation. Nomex honeycomb composite processing de-
fects caused during the conventional processing techniques,
such as high-speed milling, greatly affected its application. In
traditional milling, the high-speed rotating tools smash the
Nomex honeycomb composites, causing problems such as

cell collapse, large dust high tool wear, and low surface qual-
ity, whereas Nomex honeycomb composite ultrasonic pro-
cessing provides an ideal processing effect [4, 5]. The ultra-
sonic straight-blade tools cut Nomex honeycomb composites
into pieces like a saw under the action of ultrasound, which
helps to improve the processing quality of Nomex honeycomb
composites. Ultrasonic machining has advantages such as low
tool wear, high efficiency, high surface quality, low process-
ing defects, and no processing pollution [6, 7].

Ultrasonic machining is widely utilized to process brittle
materials [8]. Ultrasonic straight-blade cutting is a common
method for processing Nomex honeycomb composites.
Studies have developed ultrasonic processing systems and
explored the ultrasonic cutting processing technology for
Nomex honeycomb composite [6, 9, 10]. Beyond cutting
Nomex composites, the straight-blade tool is also used to pro-
cess floppy, brittle, and ductile materials, such as plastic, rub-
ber, and polymer [11]. In recent years, the ultrasonic straight-
blade tool is also utilized as medical devices, such as the sonic
scalpel and osteotome.

The ultrasonic straight-blade tool is generally applied in
rough cutting of Nomex honeycomb composites to remove
large volume of material from workpiece [12]. In ultrasonic
processing, the system resonant frequency is an important
parameter determining the system resonance result, the cutting
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effect, and the work performance of each part. Some studies
proposed the ultrasound-related methods for designing the
resonant frequency of the transducers and horns [13–17],
while many researchers studied the effects of temperature,
atmospheric moisture, cutting parameters, and the transducer
material types (piezo-ceramics, giant magnetostrictive
material) on the resonant frequency and the effective frequen-
cy bandwidth of the ultrasonic system [18–20]. To hold a
stable resonant frequency for the ultrasonic system during
processing, some studies propose resonance tracking methods
[21, 22], and some studies provide instruments to detect and
correct the ultrasonic system resonant frequencies [23]. Every
part of the ultrasonic system influences the system resonant
frequency due to their sizes in the vibration friction. The nor-
mal ultrasonic cutting tools, such as the disc cutter, the milling
cutter, and turning tool, are short in the longitudinal vibration
friction direction. The tool contact length is usually no more
than 10mm. Therefore, the influences of these cutting tools on
the resonant frequency and amplitude are rarely considered.

However, a straight-blade tool approximately 40 mm in
length in the vibration friction direction has great influences
on the ultrasonic system resonant frequency. Wu [24] conduct-
ed simulations on the straight-blade tool to investigate the in-
fluence of ultrasonic resonance from the tool shape, length, and
thickness. Results showed that the tool thickness was negative-
ly correlated with the amplitude and had less influence on the
resonant frequency, while the tool length had more influence.
Zhou [25] deduced the ultrasonic system with the back cover,
the piezoelectric ceramics, the front cover, the horn, and the
straight tool to achieve the complete resonance equation in the
longitudinal vibration. The system frequencywas calculated via
the parameters of each structure. Zhang [26] derived the ultra-
sonic tool vibration equation with rectangular shape through the
horn design and simplified the equation via the Ritz method,
which is helpful to the ultrasonic tool design with a constant
cross-sectional area. Hu [27] proposed an approximation model
for ultrasonic systems and investigated an ultrasonic compo-
nent design method based on the SVR algorithm. The approx-
imate model was calculated via this method based on setting the
parameters within a certain range and facilitating individual
component designs under fuzzy design conditions.

In the studies mentioned above, they focus on the relation-
ship between ultrasonic tools and resonant frequency. Some
problems remain to be solved to get better performance and
efficiency out of the ultrasonic system. The current methods
for reversing the geometrical parameters of each structure
through design requirements and providing a method to de-
sign common straight-blade tools with variable cross-
sectional areas are defective. And, the method for maintaining
the resonant frequency when installing different straight-blade
tools for the same ultrasonic system is not raised.

In the present paper, the equations of the ultrasonic
straight-blade tool with variable cross sections were proposed

then simplified by fitting for the resonance equation. The
equations revealed the influence of various parameters of the
common straight-blade tools on the resonant frequency, which
is beneficial to designing ultrasonic straight-blade tools. The
reliability of the theoretical equations was verified via the
experiments.

2 Modeling of triangular ultrasonic
straight-blade tools

The ultrasonic straight-blade tool is commonly used for the V-
shaped rough machining of Nomex honeycomb composites.
Figure 1 shows that an ultrasonic straight-blade tool system
consists of a power supply, control circuit, transducer, horn,
and the straight-blade tool. The power supply generates ultra-
sonic electric signal. The transducer turns the electric signal
from the power supply into ultrasonic mechanical vibration.
And the horn amplifies the vibration, which drives the GMM
to produce ultrasonic strain along the axis. The horn realizes
the transmission and amplification of ultrasonic vibration
along the axis of the blade tool.

Figure 2 shows the straight-blade tool is normally used for
rough-machining the Nomex honeycomb materials. Because
the chip shapes and machined surfaces are V-shaped, this
method is also called V-shaped cutting.

In an ultrasonic system, every part with a length in the
direction of the wave transmission changed the antinode po-
sition, thereby changing the system resonant frequency.
The effect on the system resonant frequency was posi-
tively related to the dimension in the transmission di-
rection of the ultrasonic system parts.

The normal straight-blade tool area changed linearly with
the axis which led to more complex vibration equations, and it
was different from the equal cross-sectional area of the rect-
angular straight-blade tools or the secondary area of the circu-
lar section horns.

Fig. 1 Ultrasonic straight-blade tool system
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2.1 Vibration model of triangular straight-blade tools

Figure 3 shows a typical triangular ultrasonic straight-blade
tool. The main structure parameters of the straight-blade tool
were the tool height m(x1), length l1, thickness n, angle of the
tool nose α, and draft angle β.

Supposing the distance from the tool tip was x1, the cross-
sectional area of the tool was:

S x1ð Þ ¼ m x1ð Þ− n

2 tan
β
2

0
B@

1
CAn ¼ S l1ð Þx1

l
ð1Þ

S(l1) was the cross-sectional area on the left end of
the tool. To get a longitudinal vibration, the model con-
sidered one-dimensional vibrators when the maximum
circumferential dimension of the cross section of the
straight-blade tool was less than one-quarter wavelength.

The vibration equation of the one-dimensional longitu-
dinal vibrating rod was [28].

ε ¼ F
S x1ð Þ ¼ E

∂u
∂x1

ð2Þ

where ε was the strain, F was the force, and u was the
displacement function related to the tool position and
time. For a continuum of variable cross section, there
was:

∂2u
∂x21

þ 1

S x1ð Þ
∂S x1ð Þ
∂x1

∂u
∂x1

¼ 1

C2

∂2u
∂t2

ð3Þ

where t was the time, substitute (1) into (3):

∂2u
∂x21

þ 1

x1

∂u
∂x1

¼ 1

C2

∂2u
∂t2

ð4Þ

Assuming u(x1,t) = v(x1)q(t) was usually an effective way
to solve this equation, where v(x1) was the vibration speed
relevant to x1, where v(x1) is a variable with unit of “m/s”
and only related to x1, and q(t) was a variable with unit of
“s” influenced by only t, (4) was simplified to:

v
0 0
x1ð Þ þ v

0
x1ð Þ
x1

v x1ð Þ ¼ 1

C2

::
q tð Þ
q tð Þ ð5Þ

In (5), there was only one variable on each side, and the
variables were different, so the values of both sides were con-
stant. The constant was recorded as y2.

d2v

dx21
þ 1

x1

dv
dx1

þ y2v ¼ 0 ð6Þ

Fig. 3 Structure parameters of a
triangular straight-blade tool

Fig. 2 The V-shaped cutting
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There was no elementary analytical solution for this equa-
tion, and its analytical solution needed to be represented by the
Bessel function of the first order and the Neumann function of
the first order. The solution of (6) was (7):

vt ztð Þ ¼ ct1 J 0 ztð Þ þ ct2Y 0 ztð Þ ð7Þ
where kwas the wave number and zt = kx1 was dimensionless,
indicating the position of the ztwavelength from the tool tip.c-
t1 and ct2 were constant in m/s. The curve vt(zt)/vti vs. zt is
shown in Fig. 4, vt(zt)/vti was the ratio of the input vibration
speed vti to the vibration speed vt(zt) at ztwavelength positions
from the tool tip.

The force at the section at zt wavelength positions from the
tool tip was:

Ft ztð Þ ¼ −jρCS x1ð Þdvt
dx1

¼ −jρkcS
Zt

k

� �
−ct1 J 1 ztð Þ−ct2Y 1 ztð Þ½ � ð8Þ

where ρ was the density and C was the speed of sound of the
tool material. The boundary conditions were utilized to obtain
the coefficients ct1 and ct2. On the right end of the tool, a line
of 2 mm existed instead of a point to increase the tool strength,
so the minimum value of x1 was not 0. When the tool length
was l1, the minimum value of x1 was δ = f(l1), and a small
amount of that tended to 0. Based on the speed of sound in
steel and the frequency of 20 kHz, the boundary conditions
were:

vt kδð Þ ¼ vto
vt kl1 þ kδð Þ ¼ vti
Ft kδð Þ ¼ vtoZto

Ft kl1 þ kδð Þ ¼ vtiZti

ð9Þ

where the first subscript t represented the straight-blade tool
and the second subscript i represented the physical quantity at
the left end of the knife while o for these on the right end. v
was the vibration velocity of the corresponding section and

varied with the cross-sectional area. F was the tensile force on
the cross section and Z was the acoustic impedance. The out-
put impedance Zto was regarded as 0 and vti was the horn
output vibration velocity.

2.2 Fitting of theoretical models

Since the Bessel functions are complex form and not
conducive to the solution of stress, vibration velocity,
and resonance equation, it was assumed that the analyt-
ical solution could be fitted with the elementary func-
tion. According to the vibration mechanics, the output
was in the form of a trigonometric function when the
input vibration was a trigonometric function. On the
other hand, the tool was a continuum, so the energy
passing through each section was consistent while the
vibration remained stable, as shown in Fig. 5.

The vibration energy Ek through the arbitrary cross section
was constant:

Ek ¼ ∫dEk ¼ ∫
1

2
vt ztð Þ2dm ¼ ∫

1

2
ρS x1ð Þ vt ztð Þð Þ2dx1

¼ ∫
1

2
Csρx1 vt ztð Þð Þ2dx1 ð10Þ

where ρ was the density of the material of the tool, m was the
mass, and Cs was a constant.

1

2
Csρkzt vt ztð Þð Þ2 ¼ const ð11Þ

Equation (11) assumed that the magnitude of the solution
above vt(zt) was proportional to 1ffiffiffi

zt
p and appeared as a sine

wave form. The analytical solution was fitted by AsinztþBcosztffiffiffi
zt

p .

The absolute value of the integral from the input end of the
tool to the output was taken as a reference to control the fitting
function accuracy, zt = δ/k to zt = (l1+δ)/k:

Fig. 5 Vibration energy of a continuumFig. 4 The correlation curve between vt(zt)/vti and zt
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min
�

∫
l1þδð Þ=k

δ=k
ct1 J 0 ztð Þ þ ct2Y 0 ztð Þ− A sin zt þ B cos ztffiffiffiffi

zt
p dzt

����
���� ð12Þ As shown in Fig. 6, the fitted result was close to the ana-

lytical solution.
The vibration speed and the force on the section of the tool

could be represented by (13):

vt ztð Þ ¼ vti
A sin zt þ B cos ztffiffiffiffi

zt
p

Ft ztð Þ ¼ −jρcS x1ð Þ dvt
dx1

¼ −jρcS x1ð Þvti A
k cos kx1ffiffiffiffiffiffiffi

kx1
p −

sin kx1
2x1

ffiffiffiffiffiffiffi
kx1

p
� �

−B
k sin kx1ffiffiffiffiffiffiffi

kx1
p −

cos kx1
2x1

ffiffiffiffiffiffiffi
kx1

p
� �� 	

¼ −jkρcS
zt
k

� �
vti A

cos ztffiffiffiffi
zt

p −
sin zt
2zt

ffiffiffiffi
zt

p
� �

−B
sin ztffiffiffiffi

zt
p −

cos zt
2zt

ffiffiffiffi
zt

p
� �� 	

ð13Þ

The ratio of the normal stress to the input normal stress in
the sections of the straight-blade tool was obtained from the
model proposed in the manuscript. Figure 7 shows the curve
of the ratio to the cross-sectional coordinates that were obtain-
ed by ANSYS simulation and were made with the error. The
data calculated by the model was in line with that in the sim-
ulation, especially for those near the boundaries.

2.3 Coupling model of tool and horn

Horns tend to be easy to remove when compared to ultrasonic
transducers. Therefore, the coupling equation between the
horn and the straight-blade tool was calculated for designing
them together in a definite resonant frequency.

Figure 8 shows the horn, with a length of l2, was a part with
a cross-sectional area that was always πr2. Substituting Sh(x)
= πr2 into (2), the vibration velocity equation was obtained as
vh = Chsinkx2 + Dhcoskx2.

The boundary conditions of the horn were:

vh 0ð Þ ¼ vti; vh l2ð Þ ¼ 0; Fh 0ð Þ ¼ F t l1ð Þ ð14Þ

Taking the boundary conditions into vh = Chsinkx +
Dhcoskx, the constants Ch and Dh could yield:

Dh ¼ vti;Ch ¼ −cot kl2ð Þvti;
vh ¼ vti −cot kl2ð Þsinkx2 þ vticoskx2ð Þ

ð15Þ

Considering (14), (15), and (13), the coupled vibration fre-
quency equation of the horn and the tool was calculated as:

−2Akl1 þ Atankl1 þ 2Bkl1tankl1 þ B
2kl1cotkl2

ffiffiffiffiffiffi
kl1

p
coskl1

¼ πr2

2mn−
n2

2tan0:5β

ð16Þ

Equation (16) describes the relationship between the resonant
frequency of the horn with the straight-blade tool and various

tool parameters. This resonant frequency was the resonant fre-
quency of the entire ultrasound system if the resonant frequency
of the transducer was also designed in the same basic value.
There was cotkl2 on the denominator in the left side of (16),
which was infinite with constant l2. For an ultrasonic system
designed in a basic frequency without the straight-blade tool,
the resonant frequency of the system must change regardless of
any tool parameter after installing the tool. To keep the basic
resonant frequency constant, the horn length should be corrected.
The corrected horn length could be calculated with (16),
substituting parameters such as frequency and tool length.

Figure 9 shows the relationship between the various param-
eters of the straight-blade tool and the resonant frequency of
the ultrasonic system, in which each parameter varied from
0.75 to 1.25 times the basic value. The tool length had the
greatest influence on the system resonant frequency, while
the influence of the thickness and the length of the end were
small, and the influence of the cutting edge angle was
smallest. In fact, these parameters of the tools will greatly
affect other cutting performances, such as the tool strength
and degree of sharpness. Therefore, the length of the
straight-blade tool was studied and the coupling model of tool

Fig. 6 The fitting solution
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and horn was utilized to calculate the resonant frequency of
the entire system. Furthermore, ultrasound systems of a given
frequency with the straight-blade tool and the horn design
method were proposed for the coupling model.

3 Discussion of the models

Since the model boundary conditions and the fitted interval were
not always the same with the actual values, the presented model
has systematic errors. In (9), k was not a constant but a wave
number related to the resonant frequency. Therefore, for the
model calculated with the basic resonant frequency of f, when
the resonant frequency of the system was not f, the boundary
conditions of the model were incorrect, leading to an error.

Considering the error, vt and Ft in (9) should be changed to:

vt k þ εð Þl1 þ k þ εð Þδð Þ ¼ vt kl1 þ εl1 þ kδ þ εδð Þ ¼ vti ð17Þ

Ft k þ εð Þδð Þ ¼ Ft kδ þ εδð Þ ¼ vtoZto ¼ 0 ð18Þ

Among these, ε and δwere low-grade, so εδwas negligible
as a high-order small one. Therefore, the error of (18) was
small and the proportional relationship between c1 and c2 ob-
tained by the equation was accurate. The main source of error

in (17) was from εl1, which was a positive correlation with ε.
Then, when the input frequency of the model deviated from the
basic value 20 kHz, themodel had the system error, so that c1 and
c2were proportionally enlarged or reduced. εwas a small amount
below zero, so that the left end of themodel did not coincidewith
the actual left-most end, shifting to the right, and the theoretical
input vibration velocity vti was smaller than the actual vibration

velocity v
0
ti of the section. The abrupt surface of the cross-

sectional area was the left end of the tool, and the vibration
velocity was continuously changed in the tool segment. The error

amplified c1 and c2, denoted as vti ¼ v
0
ti � kti ¼ v

0
ti � 1þ f εð Þð Þ.

c1 and c2 were also scaled up by 1 + f(ε) times. This means that
when ε= 0, there was no systematic error. Figure 10 shows that
while ε< 0, c1 and c2 were proportionallymagnified but the error
changed continuously. If ε> 0, c1 and c2 were scaled down and
the cross-sectional area could be changed suddenly; a large error
would be caused.

During the fitting process, the change of k also caused errors.
In (16), the values of A and B were mainly affected by the
length of the tool, but, simultaneously, the input frequency k
slightly affected the value of A and B. When the value of k
changed, the fitted region (δ/k (l1+δ)/k) was not exactly the
same as the original function area. When the k became smaller,
the lower limit value δ/kwas smaller than theminimum value of
the fitting domain, while the maximum value was still in the
fitting domain. When the k became larger, the upper limit value

Fig. 9 Relationship between the parameters and the resonant frequency

Fig. 8 Boundary conditions of
the tool and the horn

Fig. 7 Curve for the ratio of stress and the coordinates of the section
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kl1 + kδ was bigger than the fitting. The maximum value of the
domain was large, and the minimum was within the fitted do-
main. Among them, since δ itself was small, but l1+δ was non-
ignorable, k had little effect on the fitting when k became small-
er, yet the fitting domain error and the original function were
larger when k became larger. The change of k was the main
source of systematic error. Transducers and ultrasonic power
supplies were generally inconvenient parts of an ultrasonic
system, so the coupling model proposed in this paper
only included horns and straight-blade tools. The calcu-
lation of the model did not include the transducer,
which would also cause errors between the actual reso-
nant frequency and the calculated value if the actual
resonant frequency was not the basic frequency.

According to the analysis above, the systematic error
occurred only when the system resonant frequency
changed. Therefore, the model calculated at the basic fre-
quency of f without the tool could not accurately predict the
system resonant frequency after installing the tool. When
the tool length was larger, the value of k and the error were
also higher.When the tool length was not correctly designed
with the straight-blade tool, it may have a large deviation
from the actual value. On the contrary, no systematic error
existed for the horn design with the tool. The model was
reliable when utilized to design a system at a determined
resonant frequency or to design a new horn for an existing
system to change its resonant frequency. On the other hand,
when the model was utilized to calculate the system reso-
nant frequency, the calculation results were more accurate
with the smaller frequency variation range. If the frequency
varied widely, the resonant frequency calculated by the
model should only be utilized as a qualitative reference.

According to the model, the resonant frequency must
change when there was force on the straight-blade tool in
the actual processing. The model could be utilized to calcu-
late the resonant frequency of the system subjected to exter-
nal forces (only for axial forces), but it was of little signif-
icance unless the cutting force was constant and only uti-
lized for the axial force. In an ideal situation, the external
force on the tool could be obtained via a dynamometer and
substituted into (9) to calculate a new model for calculating
the system resonance frequency. In the process of measur-
ing force, calculating the model, calculating and input-
ting new resonance frequencies into the system, the tool
kept feeding and made the situation change faster than
the processing.

Frequency trackingwasmore effective than utilizing themodel
to calculate the system frequency in cutting. The cutting force for
processing Nomex honeycomb composites was only 1–10 N, and
the change of resonance frequency was within 50 Hz. Based on
the relationships among the dynamic resistance, impedance phase,
and resonant frequency of the ultrasonic system, many methods
such as the in-phase method and maximum-current method were
utilized to track the resonance frequency automatically in real time
when processing. Usually, a processor that collects and calculates
the real-time resonance frequency was installed on the ultrasonic
power source to complete frequency tracking. For example, for the
in-phase method, when the system received an external force in
actual processing, the resonance frequency changed, and the pro-
cessor detected that the current and voltage output by the power
supply had a phase difference. Then, the processor adjusted the
output frequency according to the phase difference so that the
current had the same phasewith voltage,making the systemwork-
ing at the changed resonance frequency. Thesemethods, changing

Fig. 10 Errors of the boundary conditions
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the input frequency of the system to the actual resonance frequen-
cy within 50 ms when the system was subjected to an external
force, weremore effective than utilizing this model to calculate the
frequency.

4 Experiments and verification

An experimental system was built to measure the resonant
frequency of the systems, as shown in Fig. 11. It was com-
posed of an impedance analyzer, straight-blade tool ultrasonic
system, and analysis software. The impedance analyzer was
utilized to measure the resonant frequency of the ultrasonic
system with a frequency accuracy of ± 0.005% and the soft-
ware processed and displayed the frequency.

According to the sizes of the common ultrasonic
straight-blade tools, four tools with lengths of 30 mm,
35 mm, 40 mm, and 45 mm were selected for the exper-
iment. Without the straight-blade tool, the basic horn
length was 74 mm with the basic resonant frequency of
20 kHz. First, the coupling models of different tools and

the basic horn were established according to the method
proposed in the present paper, and the parameters of the
models were shown in Table 2. These models were then
utilized to calculate the resonance frequencies of the ul-
trasonic systems, including basic horns with a length of
74 mm and straight-blade tools in different lengths.
Finally, these models were utilized to calculate the
corrected horn length suiting different straight-blade tools
to maintain the resonant frequency of 20 kHz, as shown in
Table 1. Figure 11 shows the ultrasonic transducers and
ultrasonic horns with a resonant frequency of 20 kHz,
corrected horn lengths, and the straight-blade tools with
the fabricated lengths above.

The resonance frequencies of the ultrasonic systems
with 74 mm long horns and straight-blade tools of four
different lengths were measured and shown in Table 3,
and the frequency of the ultrasonic systems with corrected
horns and the same tools are measured as shown in
Table 2.

A model which simplified the straight-blade tool geom-
etry to a rectangular shape with a constant cross section (c

Fig. 11 The experiment of the
straight tools

Table 1 Parameters of the
couping model and the
experiment

Length of
the tool l1 (mm)

Model parameters Basic horn l
ength l2 (mm)

Corrected horn
length l2 (mm)

c1 c2 A B

30 1.16 0.015 1.039 0.301

74

72

35 1.233 0.021 1.050 0.317 68

40 1.308 0.015 1.083 0.330 63

45 1.422 0.039 1.101 0.400 48
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model) was established and compared with the model
proposed in the present manuscript. The coupled vibration
frequency equation of the horn and the tool with c model
was Zt=Zhð Þtan kl1ð Þtan kl2ð Þ ¼ 1. As shown in Table 3, the
frequencies with the basic horn utilizing different straight-
blade tools and the corrected horn lengths with these tools
are calculated by the constant model.

For the system with straight-blade tools of different lengths,
the theoretical and experimental values of the system resonant
frequency with uncorrected and corrected horn length are shown
in Fig. 12, and the same data of the c model are also shown in
Fig. 12. In Fig. 12, “f-basic-e” means the resonant frequency
measured in the experiment with the basic horn, “f” means the
frequency, “basic” means the basic horn, “corrected” means the
corrected horn, “v” means the v model data, “c” means the c
model data, and “e” means the experimental data.

For the c model, the tool shape was treated as a rectangle,
and the tool influence was reduced, whichmade the calculated
frequency change little with the tool length change. As the tool
length increased, the error of calculation data greatly in-
creased. When the tool length was 35 mm or less, the calcu-
lated values of the c model and the v model were similar,
while the error of the c model was far higher than that of the
v model when the tool length was 40 mm or 45 mm. For the v
model, in the data of the systems with the basic horn, the
experimental value had a systematic error with the theoretical
value, and the farther the frequency deviated from the basic
resonant frequency, the larger the error was. When the fre-
quency of the system deviated from 4 kHz, the error was about

10%, making the quantitative value lost. But a model based in
basic frequency could be utilized to calculate whether the
resonant frequency of the system increased or decreased with
different straight-blade tools. The result was in line with the
analysis of the previous section.

On the other hand, the resonant frequencies of the systems
with corrected horns were in line with the experimental results
and had few errors (less than 2.5%), which mainly came from
the actual material parameters not being completely consistent
with the theoretical values and the joint surface. The result was
consistent with the conclusions drawn from the error analysis,
and the model was accurate to design the ultrasonic straight
cutting system in a given resonant frequency.

Table 2 Frequency comparison
and error Length of

the tool l1
(mm)

System frequency (Hz)
(with basic horn)

Error
(%)

System frequency (Hz)
(with corrected horn)

Error
(%)

Theoretical
value

Experimental
value

Theoretical
value

Experimental
value

30 19,560 19,225 1.7

20,000

20,335 1.7

35 18,910 18,212 3.8 19,890 0.6

40 18,184 17,308 5.1 20,062 0.3

45 16,940 15,283 10.8 20,480 2.4

Table 3 Compared with c model and variable cross-section model (v model)

Length of the tool l1(mm) System frequncy with basic horn(Hz) Error(%) Corrected horn length l2(mm)

Experiment value c
model

v
model

c
model

v
model

c
model

v model

30 19225 18908 19560 1.7% 1.7% 70 72

35 18212 18681 18910 2.6% 3.8% 69 68

40 17308 18428 18184 6.4% 5.1% 67 63

45 15283 18143 16940 18.7% 10.1% 66 48

Fig. 12 Frequencies and errors of different models and horns
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5 Conclusion

To solve the problem of the resonant frequency design for the
ultrasonic straight-blade tool, the vibrationmodel of the ultrason-
ic straight-blade tool with variable cross-sectional area was
established based on the vibration theory and the equations of
the vibration system were then presented by combining trigono-
metric functions. Results showed that the resonance frequencies
could be well matched with the theoretical values. This provided
ideas for the analysis of other ultrasonic structures with variable
sectional areas. The following conclusions were drawn:

(1) The vibration model of the ultrasonic straight-blade tool
was coupled with the common horn model. The relation-
ship between the length, thickness, edge angle, and width
of the ultrasonic straight-blade tool and the resonant fre-
quency of the systemwere given, which could be utilized
to determine the structure parameters of ultrasonic
straight tool system with changes in the boundary condi-
tions. The proposedmethod was verified via experiments
and it was beneficial to the resonance frequency design
of the ultrasonic straight-blade tool with a higher accura-
cy than the constant cross-sectional model.

(2) The vibration model of the ultrasonic straight-blade tool
and the coupling model of the tool and horn were fitted
and achieved via a combination of trigonometric functions,
making it convenient for designing the ultrasonic system
with straight-blade tools. For ultrasonic systems, the pre-
sented model could be utilized to calculate the amount of
change in the resonant frequency when assembled with
straight-blade tools and the corrections that should be made
on the system to maintain the resonant frequency.

(3) The error of the coupling model of tool and horn was ana-
lyzed and the error analysis was verified via experiments.
When the resonant frequency of the system deviated from
the basic frequency at which the model equation was con-
structed, then a systematic error had occurred and the sys-
tematic error increased while the deviation of the resonant
frequency increased. When the resonant frequency of the
system remained constant, the theoretical value calculated
by the model could be in line with the actual value.
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