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Ultrasonic plastic welding technology has been widely applied in practice. Welding hogn.design is one of the important
tasks. Many studies have presented this problem. However, most of these studigs afe only interested in face profiles
that are flat or have symmetrical profiles. Meanwhile, ultrasonic welding horns with*é@mplex working surfaces receive
little attention. This research presented the design of an ultrasonic horngwith a complex working surface. Moreover,
the influence of the slot width in the horn, an important design parameter;<@n the performance of the designed horn
was considered. The finite element method was used for modal and harmenic analysis. The performance of the
design was assessed through criteria that are the uniformity of amiplitude, the distribution of the greatest stress at
points on the working surface, and closed to the target freguency. A new parameter, namely Displacement
unevenness (a), was proposed to evaluate the unevenness amplitudé€in the working surface of the horn. Effects of
three alternative slot structures width corresponding values of 12 mim, 17 mm and 20 mm, denoted by B12, B17, and
B20 respectively were carried out. The results showed that the B12 ang,B17 designs have natural frequencies close
to the target frequency of the welding machine, while the natural frequency of the B20 design is far from the target
one. The B12 and B17 designs also produce an unevenness amplitude smaller than those of the B20 design. The
model showing the relationship between design parameters and the required criteria must be further developed.
Additionally, this result can be said for the design guidelipes not fully available in the literature.
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1 INTRODUCTION

Ultrasonic welding is a pressure welding,process, ‘using the mechanical energy of ultrasonic vibrations to generate
the local plastic deformation at the joint'sutface. This process causes the elements of the welded parts to diffuse,
penetrate each other and bond together to famm a weld [1-3]. In recent decades, ultrasonic welding technology has
been widely used in industry to weld structure® made of a variety of materials such as Carbon-fiber reinforced
polymer, plastics, metallic materialSjpetc. It is widely used in aviation, automobile, household appliances, food,
electronics, medicine. The factors that'make it attractive to different industries as mentioned above are because of
its valuable properties. These ones are able'to weld metals with low resistance; can weld different metals, weld metal
to non-metal, weld plastic, weld bone, allowing to weld details with thickness ratio up to 1:1000; consumes little
energy; ease of automationy[4-6]. The,welding time of this technology is normally less than 1 second. Usually, the
basic components of an ultrasenic welding system are power supply, transducer, booster, horn, actuator, and fixture
[7-9]. Among these parts, the horajis a very important component which connects the welded parts and converts the
ultrasonic waves generated from transducer. The design characteristics of the horn can directly impact on the quality
of the weld. The horn is“designed to resonate at the desired frequency and vibrate in longitudinal mode [10-12]. In
the past, the trdal~and=error method was often used to design the horn. Recently, thanks to the development of
information technolegy, the finite element method (FEM), has been widely applied by researchers. Cardoni et al. [13]
studied the performanee,of an ultrasonic block welding horn using finite element analysis (FEA) in which the uniform
vibration amplitude on the working surface is a design requirement to improve the performance of the block horn by
introduéing thegslots along the length horns. The geometric dimensions of the slots in the block horn design are
determined to achieve the maximum value of vibration amplitude using FEA. Graham et al. [14] presented the results
of modal analysig of ultrasonic block horns using Electronic Speckle Pattern Interferometry. The horn is modeled and
analyzediusingfthe FEM. Frequency response function data is obtained from ESPI data by monitoring the electrical
signal. The authors concluded that the results from the modal analysis are in good agreement with the FEA results.
Lucas et al. [15] redesigned the ultrasonic block welding head to improve the performance of the welding head. Modal
analysis was performed on the block weld head using FEA. Two laser-based vibration measurement techniques,
laser Doppler velocimetry and electron speckle pattern interferometry, were used to experimentally measure the
natural vibration frequency of the welding tip. Kim et al. [16] studied the effect of slot size on the design of tube and
weld horn to achieve high amplitude uniformity using Design of Experiments. The natural frequency and displacement
amplitude of the working surface are analyzed by FEM. The results showed that the width and length slots have a
significant influence on amplitude uniformity. Recently Rani [17] developed computational models for different
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configurations of solid welding horns used in ultrasonic plastic welding to determine the dynamic characteristics.
Based on the previously analyses, it can be said that there have been studies on horn design to increase productivity
and improve weld quality. However, the results of these studies only focus on the design of welding horns with simple
welding profiles. Meanwhile, there have been few studies focusing on the design of welding heads with complex
working surface having complicated profiles.

In order to contribute to filling the scientific gap mentioned above, in this study research dealing
the horn with complex working surface will be conducted. The results in the literature reveal t
working surface increase with increasing in slot width [18-20], the influence of slot width on the performal
horn will be analyzed. The performance of the horn is evaluated through three factors. First, vibration of the working
surface on the horn tip should be as uniform as possible. Second, the nature frequency itudinal mode of the
designed horn should be closed to the target frequency emitted by the transducer. Fihally aximum stress
generated inside the horn body should be small, and lower than the endurance limit to ge to the horn
due to fatigue. Modal analysis and harmonic analysis will be used through the FEA model to b uated.

e design of

2 MATERIALS AND METHODS

The horn needed to design is used for welding a pair of cars turn signals
Styrene, or ABS materials. In order to satisfy the requirements of plastics weldin horn materials should possess
the good fatigue strength, excellent acoustic properties, and good surface hard Among the available ones,
Aluminium Alloy of Al-6061-T6 can meet the mentioned demands. The details, of this materials are presented in Table 1.

Acrylonitrile Butadiene

Table 1. Properties of aluminum alloy (Al-60 [9]
Young’ modulus (GPa) Density (kg/m?3)
70 2700
The horn designed in this study is for ultrasonic welding of a pair o turn signals showed in Fig 1 in which the

required horn has the shape in the form of a block to
the welding area, the working surface of the horn
weld (Fig 1.a). A 3D scanning device was used t
signal. The collected data were exported to reverse
of the designed horn can be seen in Fig 2.

isfy the dimensions of welded parts. To transmit energy into
irely cover the working surface of the upper part of the
ree-dimensional profile of obve part of the car turn

. Products of car turn signals for ultrasonic welding (a) upper part and (b) below part
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Working surface

Fig. 2. A CAD model of the designed block horn with comple g surface

The width and thickness are selected due to those of the workpieces,
mechanical properties of horn materials such as density and Young's modulus as'E

== 1E_
1=2=1f-2 ®

length is dependent on the
1ation (1) [18].

Where,

¢ - Velocity of sound (m/sec)

E — Modulus elasticity of the horn material (Gpa)
p - Density of the horn material (kg/m?)

| — The horn length (mm)

A - Wavelength of mechanical vibration (um)

f — Frequency of vibration (Hz)

The horn length should be an integer number of hal elength of the mechanical vibration produced by the
transducer. In this study, half the wavelength,is taken as height of the block horn. The working frequency of the
welder is selected as 20 kHz. The speed of s through aluminum alloy (Al-6061-T6) is calculated as follows:

the wavelength of mechanical vibration,

¢ _ 509175 _
A= 7= 20000 0.254 m
21=0.254 m

This gives,

1= 7\—0127
—E— . m

Hence, the ho oretically found to be 0.127 m. According to the recommendation given by [19], the
actual length of th rn should be varied 10-15% of the length previously determined. In this design the length of
the horn of 115 mm ( adopted. The highest distance in the working surface to the bottom face of the horn (ho) is

nm based on our experiences. The horn thickness (t2) and width (b) depend on the corresponding
2 welded parts. The width of the slot (s), the width of each rod (I1) can be considered the variables
in order to magnify the working surface amplitude, a step located at the distance of hi is adopted.
factor is determined by the cross-section areas between the upper surface and the lower surface.

ensional information of the designed horn are listed in Table 2 and in Fig 3.

Table 2. The basic dimensions of the designed horn

I (mm) b (mm) t1 (mm) t2, (mm) r, (mm) h1 (mm) ho (mm)
115 200 75 63 31 45 4
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Fig. 3. Basic dimensions of complex profile ultrasonic we horn

The dynamic characteristics of the ultrasonic block horn were studie
ABAQUS. The FEM model meshes using a 10-node C3D10 element with
guadratic element suitable for 3D design with variable cross-secti
at each node. The selected types of elements are capable of re
stress, plasticity, super elasticity, and large deformation. To
several dimensional parameters should be investigated simulta ly. These include slot width (t), slot length (1),
distance from the top to the slot (s), upper body thickness (t1), low dy thickness (t2), and radius fillet angle (Fig
2). However, in the current study, the influence of slot width is only focused on because this parameter is
recommended as having a significant influence on welding horn design [20, 21]. The displacement in the working
surface of the ultrasonic horn can be uniform if introdye€ing the small slots along to the horn length [19, 22, 23]. In this
section the importance of slotting in the block hor] width which is relatively large will be emphasized one
more time.

FEM using the commercial software
sh size of 4 mm. This is a 4-sided
profile with 3 degrees of freedom

senting different forms of damage such as creep,
i e optimal geometric dimension of the horn,

3 RESULTS AND DISCUSSION

The comparison in term of the regularity of the
carried out. The first one is a block horppwi
are three criteria used to show the perfo
surface of the horn, and the maximum stres
the resonant frequency should be

ing surface between two designs without and with slots will be
ucing slots and the second is the one including slots. There
ce are the longitudinal natural frequency, the displacement of working
he horn. In this case the longitudinal natural frequency referring to
frequency or the working frequency of the welder, 20kHz. For the
design without slots, thanks to the m analysis, it is observed that the longitudinal vibration model is 18568 Hz as
shown in Fig 4. The percentage error co red to the target frequency is 7.6%. The preceding and the next vibration
modes are bending and torsion which have the frequency of 18972 Hz and 17362 Hz respectively (Fig 5). The big
value of the frequency difference between the natural and targeting is attributed to the coupling of the transverse and
longitudinal modes.

+ 08 medal.odb  AbagusfEtandaed €.33-1  Sun May 26 15133038 SE Asia Standard Time 2024

Fig. 4. Longitudinal mode of the block horn without slots
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ck horn is imposed to conduct
escribed later. This is the given
atural frequency of 18568 Hz
displacements in the working surface

U, U2

QDB: harmonic.odb qus/Standard 6.13-1  Wed May 29 14:48: 10 SE Asia Standard Time 2024

3: Fraq

Frequency = 1,8569E+04
Complex: Real

y u, Uz P
Deformed Wart U Deformation Scale Factor: +9.1651e+02

Fig. 6. Displagement'analysis of the longitudinal vibration mode of the initial design

To minimize the vagation of working surface displacements because of the interaction between the desired and
undesirable modes a ntioned above, the slots are created along the horn length. In this section of this paper, the
slotted welding is designed and analyzed in which the effect of width slots on the dynamics properties
of the horn. T lysis commonly performed are modal and harmonic analysis. The former is used to
determine the nat requency and vibration mode of the welding horn. The design of the horn is tuned until the
longitudinal mode at theyresonant frequency obtained according to the design error of less than 10%. This is done
by prelimin@mpanalysis. After receiving the longitudinal mode shape in the frequency range of the machine, harmonic
ed. In the harmonic analysis, the displacement amplitude at the output face of the welding horn
on Mises stress in the welding horn are predicted by applying boundary conditions. Three
he horn design corresponding to three different values of the width slot such as 12 mm, 17mm,
onsidered. The dimension detail of each design is shown in Table 2 where except for the width slots,
other dimensions are similar to all horn configurations. In order to simplify, three designs with three slot widths of 12
mm, 17 mm, and 20 mm will be abbreviated as T12, T17, and T20 respectively.

3.1. Modal analysis

It is noticed that the designed horn is asseblied to the booster by a screw. However, in this case it is not taken into
account of the CAD model due to simplifying the model during simulation. In addition, the influence of the screw on
the numerical results can be approximated through the use of the reasonable boundary conditions imposed at the
screw installation location as shown in Figure 8 [24]. Mode extractions are carried out between the frequency range
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of 16-22 kHz. With the given frequency range, the extracted modes are analyzed. The eigenvalue extraction (natural
frequencies) using the Lanczos method. In addition to the longitudinal modes, the appearance of bending and
torsional modes are observed. However, only the longitudinal mode Fig of the designs is showed. The modal analysis
of the T12 design presented in Fig 7 shows that the natural frequency in longitudinal mode in this case,is found to be
20313 Hz which is different from the frequency excited by transducer-booster (20000 Hz) by 1.6%. The natural
frequencies in the longitudinal mode of T17 and T20 are 20033 Hz and 18631 Hz respectively. Th values in turn

profile of the horn. On the other hand, the design of T12 and T17 give similar results of matching to target frequency.
In term of separation frequency between turned mode and the next ones for three designs e observed in Table
2. It can be concluded that the design T20 gives less isolation of frequency between the | i

Table 2. The natural and isolation frequency of three design

Design of T12 Design of T17 of T20
Isolation Isolation Isolation
Fre(grs;lcy frequency Fre(grs;lcy frequen =1y frequency
(kHz) (kHz) (kHz)
Torsion 19421 18897 18518
892 11 113
Longitudinal 20313 20032 18631
676 43 425
Bending 20989 20675 19056
U, Magnitude r
+1.002e+00
+0.192e-01 z
+8.368e-01
+7.543e-01
+6.718e-01
+5.894e-01
+5.069e-01
+4.245e-01
+3.420e-01
+2.595e-01
+1.771e-01
+90.462e-02
+1.216e-02
rmaodal.adb Abaqus/Standard 6.13-1 Sat Jun 01 10:42:04 SE Asia Standard Time 2024
fat.fﬁ)é Step}l: Yalue = _1.62899E+10 Freq = 20313. (cyclesftime)
Primary Yar: U, Magnitude
Deformed Var: U Deformation Scale Factor: +2.000e+00
Fig. 7. Modal analysis of T12 design
3.2. Harmo alysis

The boundary conditions applied to this step are imposing the bolt position in the upward face connecting to the
booster. A displacement value of 10 um is applied. The application process of the boundary conditions can be seen
in Fig 6.
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Fig. 8. Description of imposing boundary congi

In this step, the extracted vibration modes in the modal anal
proposed designs. The amplitude uniformity of the working s
horn body is taken into account. Fig 7 shows the color chart referri
body in the T12 design. It is observed that the points in the above pa
parts move downward in the longitudinal direction.

ions for harmonic analysis

utilized to evaluate the performance of the
ofiles and maximum stress generated in the
the absolute displacement values of the horn
isplace upward and the points in the below

u,uz

+1.098e-02
+0.081e-03 .
+7.170e-03
+5.277e-03

+3.376e-03
+1,474e-03
-4.285e-04
-2.330e-03
-4.232e-03
-6.134e-03
-8.036e-03
-9.938e-03
-1.184e-02

rmonic.odb  Abagus/Standard £.13-1  SatJun 01 11:21:16 SE Asia Standard Time 2024

Step: harmonic

Ancrement 3: Frequency = 2.0314E+04

Primary Yar: U, U2 Complex: Real

Deformed var: U Deformation Scale Factor: +2.000e+00

Fig. 9. Displacment analysis of T12 design

svaluating displacement of the whole horn body is beyond the scope of this study. The amplitude

e working surface is evaluated by a proposed parameter, namely Displacement unevenness (a). This
is defined as the absolute value of the difference between the maximum and minimum displacements in the working

surface of the block horn. Hence, the larger the absolute value of the difference between the largest displacement
and the smallest displacement, the higher the unevenness:

a = |umax - uminl (2)

Where: umax, and umax are the maximum and minimum value of displacement calculated in absolute value.
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The displacements of the points in the working surface of the designed horns described as in Fig 10. The
displacements of the of the points in the working surface of T12 design are horizontally developed as showed in Fig
11. In term of the algebraic value, the maximum displacement on the working surface profile is -9.22 um, while the

minimum displacement is -11.5 pm.
Hence, Displacement unevenness is as follows:

a=1-922— (—115)| = 2.28 um

Do the same process, it is obtained Displacement unevenness for T17 and T20 designs are 2.6 um and 40.9 um
respectively. Based on these results, it can be concluded that an increase in the widt ts leads increase in
Displacement unevenness or the unevenness of apmlitude in the working surface.

ints in working
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Fig. 11. Displacement of points on the working profile surface of T12 design

Fig12 gives qualitative information on the stress generated in the horn body of the T12 design. The maximum stress
value is concentrated in the connection between the upper and lower body of the horn because of the change in
cross-section. This phenomenon causes the stress concentration in this location. The stress at points on the working
surface extracted from the results of ABAQUS has an absolute value of magnitude close to zero. This is beneficial
for design because during work the contact between the working surface and the work-piece does not cause damage
at these points. The stress distribution as shown in the Fig ensures uniform strength in the weld head structure.
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Similar results were also observed in the case of two remaining designs, e.g. T17 and T20.

v

S, Mises

{Avg: 75%)
+2.698e+01 z
+2.474e+01
+2.249e+01

+2.025e+01

+9.020e+00
+6.775e+00
+4.530e+00
+2.284e+00
+3.923e-02

¥ ODEB: Harmenic, .odb  Abagus/Standard £.13-1  Sat Jun 01 11:21:16& SE Asia Standard Time 2024

Step: harmonic
L Ancrement  3: Frequency = 2.0314E+04

Primary Yar: S, Mises Complex: Real
Deformed ¥ar: U Deformation Scale Factor: +2.000e+00

Fig. 12. Stress analysis of T1 sign

For a more thorough evaluation of the output differences of the three designs, stresses and displacements of 120
points on the working surface are extracted. The ABAQUS patrtition technique is utilized to ensure that the positions
of these 120 points are the same across the thre i
deviation) values of the points mentioned above
T20. Fig 13 shows the mean values of displacement elected points along the working surface for the three
designs. The results show that the T12 welding surface ces the largest mean displacement (10.2 um) and the
smallest standard deviation (0.63 um). The s value of the standard deviation indicates that the uniformity of the
displacement on the weld profile is the best. In con the T20 tip produces the smallest mean displacement (4.38 um)
and the largest standard deviation (4.13 ms that the displacement variation on the weld profile is large.
These results are consistent with the results iously analyzed.

17 20
The slot width, t (mm)

Fig. 13. Average displacement of 120 points on the working surface profile

The stress distributions obtained from the harmonic analysis of the three designs indicate qualitatively that the
stresses near or on the weld profile are minimal in absolute value. For a more precise assessment, the mean stress
and standard deviation of all three designs will be considered as shown in Fig 14. Small stress on the tip profile will
be safe when the tip is in contact with the welded parts [9]. It can be seen that the T17 design produces the smallest
average stress (0.09 Mpa). In addition, the standard deviation of the average stress value on T17 is 0.1 Mpa, also
reaching the smallest value. In contrast, the T20 design produces the largest average stress value, as well as the
most stress heterogeneity shown by the largest value of the standard deviation (0.36 Mpa).
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Fig. 14. Average stress of 120 points on the working sutface profile

From the above analysis results, it can be seen that the T20 design produces ‘outputs that do not satisfy the
requirements such as displacement uniformity and unevenly distributedystress on the welding horn. Meanwhile,
designs T12 and T17 satisfy both of the above criteria, especially design T2iZ. Although the T17 design produces
higher mean displacement amplitudes and displacement nonunifosmities thanthe corresponding values of the T12
design, the natural frequency is closer to the target operating freguiency. In addition, the T17 design creates smaller
and more uniform stresses on the weld profile than the T12 design. Therefore, within the scope of this paper, it can
be concluded that the design of the welding head with a complexiprofile with a 17 mm wide groove is considered to
be the optimal design to achieve the requirements of the welding head, In addition to the groove width, in practice it
is possible that the interaction between the dimensional parameters of the solder tip can affect the output
requirements. Therefore, for a more optimal design, a larger-scale optimization problem should be considered in the
future.

4 CONCLUSIONS

In this study, for the first time a block horn with a complex¢surface profile used for welding plastic turn signal cars
was designed. FEM is used to analyze and Simulate designs. The influence of the slot width on the performance of
the horn was evaluated. The effectiveness of the, design is shown through two output parameters: displacement
uniformity on the working surface profilegand.stressdistribution arising inside the structure. In order to quantify the
uniformity of the working surface with complex profile, a new parameter, Displacement unevenness (o), is proposed.
The results show that slot width has an influ@nce on the output requirements of the design. Of the three designs
selected, the T20 design does not guarantee the'eutput requirements. Meanwhile, the T17 design relatively balances
the output requirements and can be cansidered an optimal design within the scope of the article. The results obtained
by this study can be considered preliminary for further studies of designing ultrasonic horns having complicated
working surface. Although the results of the article also have certain new contributions, to further develop the research
results, some of the following issues need to be further researched in the future.

— To confirm the reliaRility of the FEA model proposed by the article, experimental research needs to be used
to verify the results.

— In order to obtain an optimal design for welding horns with complex profiles, the influence of dimensional
parameters suchjas geometry such as slot width (t), slot length (I), distance from the tip top to slot (s), upper
body thicknessi(), lower body thickness (t2), fillet radius should be evaluated simultaneously.
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