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A horn is an important part of the ultrasonic plastic welding system.
The design characteristics of the horn will directly affect the quality of
the weld. This study aims to analyze the influence of the number of
slots in the two directions of the block-like horn on the working
performance of the horn. Two analysis techniques are used such as
modal and harmonic analysis. The finite element method is utilized to
perform the two analysis steps mentioned above. The results show that
under the direct influence of the Poisson effect, the use of longitudinal
slots significantly improves the uniformity of the displacement on the
working profile and reduces the maximum stress generated in the horn.
In particular, the number of slots also has a direct influence on the
uniformity of the profile, the spacing of the frequency separation and
the maximum stress generated. The research results of this paper can be
considered the first important results, aiming to orient the coming
research on developing optimization methods for block-like horns with
complex working profiles for industrial applications.
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TU KHOA

Han siéu am

Thiét ké dau han

Pau han dang khi

Do ddng déu chuyén vi
Phuong phap phan tir hiru han

Pau han 1a mot bo phan rat quan trong trong hé thong han siéu 4m
nhya. Cac dic diém thiét ké cua no s& anh huéng truc tiép téi chat
lwong méi han. Nghién ctru nay nhdam muyc dich phan tich sy anh huéng
cua s lugng ranh trén hai phuong cua dau han dang khéi 1én hiéu suit
lam viéc. Hai k¥ thuat phan tich duoc su dung la phéan tich phuong thac
va song hai. Phuong phap phan tir hitu han duoc st dung nhu mot cong
cu dé thuc hién hai budc phén tich néu trén. Két qua cho thiy rang,
dudi anh huong tryc tiép cua hiéu wng Poisson, viéc st dung céc rinh
doc truc c6 tac dung cai thién dang ké do dong déu chuyén vi trén bién
dang 1am viéc va lam giam @ng suat 16n nhét phat sinh trong dau han.
Dic biét, s6 lugng ranh ciing co anh huong truc tiép téi do dong déu
bién dang, khoang cach vé do phan tach tan s6 va ang suét 1on nhét phat
sinh. Két qua nghién ctru cua bai bdo nay c6 thé coi 1a nhitng két qua
quan trong dau tién, nhim dinh huéng cho cac nghién ctru tiép theo vé
viéc phat trién cac phuong phép tdi wvu dau han dang khdi c6 bién dang
lam viéc phuc tap tng dung trong cong nghiép.
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1. Introduction

Ultrasonic plastic welding is an advanced method of connecting plastic parts through the use
of ultrasonic energy. This process uses high-frequency sound waves to create friction and heat at
the contact surfaces of plastic parts, causing the parts of the solder to melt and fuse together [1] -
[3]. Typically, a plastic ultrasonic welding system consists of main parts summarized as follows.
The first part is the transducer, which converts the electrical energy into ultrasonic energy and
creates high-frequency ultrasonic vibrations to weld and bond plastic materials. Next is the
booster, which is an intermediate part between the transducer and the horn, amplifying the
amplitude of the ultrasonic vibrations from the transducer before they are transmitted to the horn.
To achieve good weld quality, the initial displacement excited from the transducer should be
amplified to obtain better displacement at the end of the working zone [4] — [6]. The horn or
sonotrode is the final part of the system where the ultrasonic vibrations are focused and
transmitted into the material to be welded. Horns often have special designs and shapes to
optimize weld quality and performance. In some cases, the horn and booster may be attached to
each other. Fixture is the part that holds the plastic samples to be welded in the correct position
and ensures even pressure in the welding process [7] — [8].

Among the above components, the horn is a very important detail in the ultrasonic welding
system because it directly affects the energy transfer efficiency, weld quality, and longevity of
the system. In the block-like horn design process, it is required attention to many factors to
ensure optimal performance and weld quality [9] — [11]. Proper horn design and fabrication is the
key to ensure the success of the ultrasonic welding process. Normally, the following four factors
are very important, affecting the quality of horn performance. The first standard is the
displacement uniformity of the working surface on the horn. The second is the frequency
separation between longitudinal frequency and other frequency modes. The third standard is that
to achieve welding efficiency and good weld quality, the axial amplitude should be the largest.
And finally, the stress generated inside the horn body is always less than the endurance limit to
ensure the horns not to be broken during work. There have been a few studies on the design and
optimization of blade-like horns with simple working profiles, such as straight-line profiles or flat
profiles, so far [12], [13]. However, there have not been any studies related to block-like horns
with working surface profiles in the form of complex profiles. Therefore, it can be said that this is
a gap in the research community that needs to be paid more attention.

This study aims to present some important preliminary results related to the optimal design of
block-like horns with complex working profiles. The finite element method, through Abaqus
software, is used as an effective tool to analyze the mode shape, the frequency separation
between longitudinal natural mode and the ones which are pre and post. The uniformity of the
displacements on the working profile is also analyzed and evaluated through the results from
harmonic analysis. The research results of this paper contribute to building the foundation for
developing a future optimal design method for block-like horns serving the ultrasonic welding of
complex-shaped welds in the automotive, children's toy, and printing industry, etc.

2. Method of designing the block-like horn

The welding considered in this study is a turn signal made of Acrylonitrile Butadiene Styrene,
or ABS materials consisting of two parts, body and lens as presented in Figure 1. The quality of
the weld is ensured when the body and lens are welded together closely along the welding profile
of the weld. To ensure this, the working surface profile of the block-like horn must also closely
fit this profile. The width and thickness dimensions of the weld will determine the corresponding
dimensions of the horn. Meanwhile, the length of the horn is determined by equation (1) [3].
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Where: c, E, p, L, 4, and f are the velocity of sound (m/sec), modulus elasticity of the horn
material (Gpa), density of the horn material (kg/m®), the horn length (mm), wavelength of
mechanical vibration (um), and longitudinal natural frequency of 20 kHz, respectively.
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Figure 1. Products for welding of car turn N

signals: (a) body, (b) lens Profile of Working surface
Figure 2. A proposed 3D CAD model of a block-like horn
There are a few types of materials that can meet the requirements for horn design in this case.
According to the recommendations of previous researchers, the material is Aluminum Alloy of
Al-6061-T6. This material has good acoustic properties which are shown in Table 1.

Table 1. Properties of aluminum alloy (Al-6061-T6)

Young’ modulus (GPa)  Poisson’s ratio (v)  Density (kg/m®)
70 0.33 2700

According to the above material parameters, the length of the horn can be obtained by
calculating from equation (1), the theoretical horn value is 127 mm. According to the design
recommendation [14], the horn length is selected to move within the range of + 7% - 10% in this
study. Therefore, the theoretical length of the horn is selected as 115 mm. To achieve the
displacement amplitude amplification effect, it is recommended that the area of the upper surface,
in contact with the booster, should be larger than the area of the lower part, where the working
surface profile is located. In addition, to reduce stress concentration, the horn block should have a
transition in the middle of the horn body with a sufficiently large radius R. In addition, to achieve
good working efficiency, and to reduce the influence of Poisson phenomenon, slots should be
introduced along the horn length. A proposed 3D design model of the horn block for this study is
shown in Figure 2.

The dynamic characteristics of the ultrasonic block horn are studied by finite element method
(FEM) using the commercial software ABAQUS. The FEM model meshes using a 10-node
C3D10 element with a mesh size of 4 mm. This is a 4-sided quadratic element suitable for 3D
design with variable cross-section and complex profile with 3 degrees of freedom at each node.
The selected types of element are capable of representing different forms of damage such as
creep, stress, plasticity, super elasticity, and large deformation. The accuracy of the meshing
model, number of elements, boundary conditions will not be discussed in this study. The
effectiveness of using this finite element analysis model can be referenced in the study [15].

In general horn analysis and design, there are two very important analysis steps to determine
the dynamics properties of the horn, namely modal analysis and harmonic analysis. The first is
used to determine the mode shape and the resonant frequency values of the modes. For ultrasonic
welding horns, it will work effectively if the adjustment is made so that the longitudinal natural
frequency appears in the resonant mode. In addition, in this analysis step, determining the
frequency space, also known as frequency separation, is also very important. This criterion aims
at the appearance of mode coupling between longitudinal frequency and non-longitudinal ones.
The boundary condition for this analysis step is to impose control in all directions except the Y
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direction which is free to move. The point of applying boundary conditions is at the location of
the connecting bolt between the top surface of the horn and the end of the booster as described in
Figure 3 [4], [15].
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Figure 4. Basic design dimensions of a block-like horn

In the second step of analysis, harmonic analysis, the value of longitudinal natural frequency
determined from modal analysis step is used to conduct analysis to determine the displacements
inside the horn body. In particular, the displacements on the working surface profile to determine
the displacement uniformity. In addition, the maximum Von-Mises stress is also determined in
this analysis step. The vibration frequency amplified from the transducer-booster is the frequency
of the welding machine used in this study, which is 20 kHz. This value is also called the target
frequency. The boundary condition point in this analysis step is the same as the modal analysis
step. However, a given displacement value is applied at this position to replace the displacement
transfer from the booster to the horn. This given displacement value is 10 um. This value is
referenced from the available transducer [16]. The dimensions of the horn are shown in Figure 4.
The dimensions of this modal can be seen in Table 2 with the units of millimeters. Accordingly,
only the number of grooves was changed in this study. To determine displacement uniformity,
120 points located on the working surface profile were selected to extract displacement values.

Table 2. The dimensions of the block-like horn are shown in Figure 4

L Lb B W w a b ¢ d R T T T, S S
115 55 200 8 60 10 20 65 36 45 10 60 60 275 275
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3. Results and discussions
3.1. The block-like horn with two slots in one direction

In this section, a block-like horn using two longitudinal grooves is used and the performance
criteria of this horn will be evaluated through two analysis steps as presented above.

3.1.1. Modal analysis

Figure 5 shows the longitudinal mode shape and the pre and post ones. It is observed that the
longitudinal natural frequency with the value of 20364 Hz which is different from the target
frequency of 1.82%. The bending and torsion modes are the pre and post corresponding to the
frequencies of 18673 Hz and 21260 Hz, respectively. In terms of frequency separation, it is
observed that the first spacing between bending and longitudinal mode is 1691 Hz, while the
second spacing between longitudinal and torsion modes is 896 Hz. To avoid mode coupling, the
frequency isolation should be greater than 1000 Hz. The first spacing satisfies this condition, but
the second one is not enough large.

Figure 5. Three mode shapes for the case of 2 slots along the horn length:
(a) torsion, (b) longitudinal, and (c) bending

3.1.2. Harmonic analysis

In this analysis step, the uniform displacement of the working surface profile is considered. It
is seen that the color chart in Figure 6a seem more even. The displacement extracted from 120
points in working surface profile is calculated. The U value in this case is 82.3%. In addition to
displacement uniformity, the maximum Von-Mises tress generated in the horn is also an
important criterion to evaluate horn performance. From Figure 6b, it reveals that the maximum
Von-Misses stress is around of 29 MPa. This value is smaller than fatigue strength of horn
material, which is 96.5 MPa. Meanwhile, the smallest stress value is located on the working
surface profile of the horn. This is beneficial because the gas in contact with the weld at high
frequency, the horn will not be destroyed.
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Figure 6. Harmonic results of 2 slots along horn length: (a) displacement and (b) Von-Mises stress
3.2. The block-like horn with three slots in one direction

The arrangement of 02 slots on one direction, as well as the combination of this option and the
arrangement of one more slot on the remaining direction give a positive signal for the

http://jst.tnu.edu.vn 119 Email: jst@tnu.edu.vn



TNU Journal of Science and Technology 230(06): 115 - 122

improvement of displacement uniformity. In this section, the number of slots on one direction
will be increased to 3.

3.2.1. Modal analysis

Figure 7 shows three shape modes obtained by modal analysis. The longitudinal natural
frequency in this case is 17656 kHz, which is far from target frequency by 11.7%. It can be said
that this value can not match the safe frequency range which ensures efficient energy transfer and
effective vibration transmission and to correctly run the welding system. The pre and post modes of
the longitudinal one in this case are tortion and bending which exhibit the frequencies of 16426 kHz
and 17897 kHz, respectively. The frequency separation is meaningless in this situation.
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Figure 7. Three mode shapes for the case of slots in both directions: (a) torsion, (b) longitudinal, and (c) bending

3.2.2. Harmonic analysis

The harmonic analysis results also show that the displacement uniformity is also very small,
59%. In addition, the Von-Mises stress generated in the horn is also relatively large as shown in
Figure 8. This value is 211.37 Mpa which is higher than the fatigue strength value of the horn
materials. Thus, it can be concluded that for the specific application in this paper, which is

welding turn signals as described in Figure 1, the use of 3 slots along the length of the horn is not
reasonable.
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Figure 8. Harmonic esults o 3 slots along horn length: (a) displacement, and (b) Von-Mises stress
3.3. The block-like horn with slots in 2 different directions

From the analysis results of the previous section, it can be seen that the arrangement of 02 slots
along the length of the horn in one direction cannot satisfy the requirements of a design. For
example, the displacement uniformity is not high, the frequency separation is not safe. Therefore, to
improve the performance of the block-like horn, in this section, the slots will be arranged in both
directions. In this case, the X direction is arranged with 2 slots, and one is introduced in the remain.

3.3.1. Modal analysis

Three mode shapes in this case are presented in Figure 9. It is noticed that the longitudinal
natural frequency is 19665 Hz as shown in Figure 9b. This frequency value is diffrent from
target one of 1.7%. The pre shape mode is bending one with natural frequency of 18733 Hz.
The post shape mode is torsion one with the natural frequency of 20920 Hz. These can give the
frequency separations of 932 Hz and 755 Hz. It is clear that these values can not solve the
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mode coupling between longitudinal and non-longitudinal modes. It is nessessary to increase
these frequency spacings.

U, Magnitude

(@) (b)

Figure 9. Three mode éhapes for the case of 2 slots along the horn length:
(a) bending, (b) longitudinal, and (c) torsion

3.3.2. Harmonic analysis

Regarding the harmonic analysis results from the Figure 10, it is observed that the colour chart
shows uniformly. This refers that the displacement in the working surface profile is regular.
Indeed, the U value in this case calculated is 92%. This is a relatively high value and the weld
quality would be significantly improved if this simulated value could be applied to the fabrication
of the block-horn after optimization.
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Figure 10. Displacement in working profile in case of slots in both directions: (a) front view and (b) top view

In terms of stress as shown in Figure 9, the results show that the maximum Von-Mises stress
generated in the horn is 38.6 MPa. In fact, this value is quite small compared to the fatigue
strength of the horn material. Thus, it can be seen that the arrangement of slots on both directions
significantly improves displacement uniformity in the working surface profile. For a complex
working profile, which is a curved profile in space as in this design, the value of 92% of U is a
positive approach to be able to explore more options to increase displacement uniformity.

4. Conclusions

This paper analyzes the effect of the number of slots created on the block-like horn on the
design criteria of the horn used in ultrasonic welding of plastics. The block-like horn in this study
is a type of complex working profile horn used in turn signal welding made of ABS materials.
Two analyses were used, namely modal analysis and harmonic analysis, using the finite element
method. Preliminary results about the effect of slot numbers on the block-like horn performance
were detected. Some conclusions can be drawn as follows:

- To create the highest working efficiency of the ultrasonic plastic welding system, it is necessary
to adjust the design parameters so that the longitudinal mode which is in resonance state appears.

- The number of slots, as well as the arrangement of slots on the directions have a great
influence on the required performance of a block-like horn. The results show that with block-like
horns, slots should be arranged on both the thickness and width directions of the horn. The
arrangement of slots will create space so that when the horn resonates in the axial direction, it
will cause the material to deform in the lateral directions, and there will be space to accommodate
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this deformation. If there is no space created by the slots, the material will deform and squeeze
each other, causing the phenomenon of uneven displacement on the working surface profile.

- From the results of the three case studies, it can be seen that each case has its own
advantages in terms of design criteria. However, no case can ensure that all design criteria are
met. It can be concluded that these are only initial preliminary results, it is necessary to continue
researching the optimization of the structure of block-like horn in a larger range with more input
variables. This study lays the foundation for developing methods for optimal design of horns
used in the field of ultrasonic welding of plastics with complex curved profiles.
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