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Abstract - The longitudinal-torsional mode horn has gained a popularity recently for ultrasonic welding (USW) because it is 
more efficient than conventional longitudinal horn. Addition of slanting grooves to the front mass to achieve torsionality is 
not new and much work has already been done on it but comparative studies about the effect of different groove parameters 
such as length, depth, angle, width, and distance upon the torsionality and resonance frequency are very rare. In the present 
work, only one parameter was varied at a time while others were kept constant to see their effect on both horn attributes i.e . 
torsionality and resonance frequency. The torsionality was maximized while keeping the value of resonance frequency as 
close to working frequency (i.e. 20 kHz) as possible. Depth was found to be the most important parameter since its effect on 
torsionality was higher than the other four parameters. 
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I. INTRODUCTION 

 

Over the past few years, ultrasonic devices has gained 

a lot of attention because of their usefulness for 

cutting, drilling and welding operations. At the heart 

of these ultrasonic devices is the horn which is 

available in many different sizes and shapes [1]. 

Longitudinal vibration has been by far the most 

popular vibration mode for ultrasonic horns but 
longitudinal mode coupled with torsional is gaining a 

lot of attention these days owing to its better 

performance compared to pure longitudinal mode. 

Longitudinal-torsional mode has been found to 

decrease the amount of required cutting forces in 

ultrasonic assisted drilling [2]. By using L-T mode in 

ultrasonic welding, welding times were found to be 

shorter and vibration velocities were found to be 

smaller followed by high strengths compared to 

conventional welding systems [3], [4]. Composite 

mode drill bits designed for rock sampling during 
space exploration missions have shown an improved 

rate of drill‟s penetration and the resulting bit was 

also superior in terms of power consumption [5], [6]. 

In recent years, different methods for producing L 

and T modes have been developed which would be 

discussed below. Composite modes in devices can be 

achieved either by using two coupled transducers [7] 

or just one transducer [8]. In former case, two sets of 

piezoelectric components (PZT) are used with one 

polarized in thickness direction and the other one in 

tangential direction producing longitudinal and 
torsional vibration modes respectively [9]. Two 

different ultrasonic generators are used to excite these 

PZT components which provides the freedom of 

controlling response of both modes separately. Shuyu 

et al. [10] derived a frequency equation for the 

exponential horn such that longitudinal and torsional 

modes both excite at the same resonance frequency 

and one ultrasonic generator is thus required. Another 

method for producing L-T mode is by using single 

transducer that produces longitudinal modes. 

Composite mode is then achieved by the introduction 

of slanting grooves in the front mass of horn which 

then degenerate the longitudinal vibrations into the 

composite ones [11]. However, this method does not 

produce enough frequency separation between 

desired mode and surrounding modes which results in 

unwanted coupling between these two types of modes 
[12], [13]. The non-uniform cross section at the tip of 

the horn can be created in several ways such as by 

extruding a profile at some appropriate twist angles, 

cutting off diagonal slits [14]–[16] etc.  

In this study, a composite mode horn for ultrasonic 

welding was designed by introducing slanting 

grooves at the front mass of the horn. The effect of 

different parameters of slanting grooves such as 

angle, depth, length, width, and distance was 

examined using finite element simulation (FEA) 

software ANSYS®.  
 

II. MATHEMATICAL BACKGROUND 

 

While calculating the initial length of the horn, there 

are some factors that must be taken into account such 

as desired resonance frequency f, material properties 

such as modulus of elasticity E and density ρ. In 

order to maximize the vibration amplitude at the tip 

of the horn, the horns are designed to vibrate at the 

resonance frequency f. The wavelength λ can be 

calculated by the following equation: 
 

λ =  
c

f
 

where c is the wave velocity of longitudinal vibration 

which depends on the properties of the medium 

through which waves are propagating. The wave 
velocity for a uniform cross section horn made of a 

homogenous material is given by: 
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c =   
E

ρ
 

where „E‟ the Young‟s modulus of elasticity and 

density „ρ‟ depend on the material of the horn as 

stated above. Since the horn under consideration is 

not uniform, the wavelength can be calculated by 

[17]: 

λ =  
c

2πf
  2πf 2 + (ln n)2 

where n is the ratio of the small end to the large end 
radius. The properties of the horn material i.e. ASP-

60 are given in Table 1. 
 

 
Table.1 Material Properties of Horn 

 

Since the half wavelength horn is focus of the present 

work, the half of wavelength calculated by the above 
equation is the desired length of horn. Commonly the 

resonance frequency of the horn should be equal to 

the working frequency (i.e. 20 kHz). Half wavelength 

horns are advantageous in a sense that they can be 

easily combined with other half wavelength parts 

such as booster and transducer without any changes 

ineigenform of the individual parts. Another 

advantage is that ideally the forces acting at the 

boundaries of each part are nearly equal to zero 

which means that the boundary conditions of each 

part are same i.e. free at both ends. Each part can then 
be manufactured individually and combined to 

produce the whole working system [18]. 

 

III. EXPERIMENTAL AND SIMULATION 

DETAILS 

The finite element analysis was used to see the 

frequency response of the horn before the prototype 

fabrication. Among the different meshing methods 

available in ANSYS® such as Multizone, Hex 

dominant, etc. the meshing was performed using just 

global controls (e.g. relevance, relevance center, 

element size) to optimize the computing time and 
accuracy. As the problem involves the optimization 

and many iterations were required, the meshing size 

was of immense importance to obtain an accurate 

solution within the reasonable time. Skewness, a 

measure of mesh quality, was used to judge the 

quality of the mesh. Even though the value of 

skewness was not good enough, the quality of mesh 

was still acceptable as the deformation was very 

small and no nonlinearities were involved. The 

element used was higher order tetrahedral as this 

element has been found to deliver better results than 
its linear counterpart [19].The geometrical details of 

the horn and meshing are shown in Fig.1 (a) and (b) 

respectively. 
 

 
Figure 1: (a) The geometrical details and (b) meshing of the 

horn 

 

There were five parameters such as length, depth, 

angle, width, and distance from front end to the 

grooves with different values that were varied within 

a specified range to observe the frequency response 
of the system. During the analysis only one parameter 

was varied at a time while others were kept constants. 

The values of all these parameters are shown in Table 

below. 

 

 Table 2. Variable parameters and their constant values 

  

The first column in table. 2 shows the parameter that 

was varied and first row shows the parameters that 

were kept constant. For instance, the second row 

indicates that angle was varied while keeping all 

other parameters constant. The values of all the 

parameters mentioned as variables in the table 2 are 

shown in table 3. 

 

 
Table 3. Values of variable parameters 

 

IV. HORN ATTRIBUTES 

 

There were certain attributes that were optimized by 

changing the values of parameters during simulations. 

Those attributes are described as follows: 

 

(a) Torsionality  

This is the most important attribute and it was 

maximized during the analysis. However, this is not 

the only attribute and other attributes were kept in 

mind as well while achieving maximum torsionality. 
The torsionality can be defined as: 

 

Torsionality =  
Ator

Alon

 

Where Ator  and Alon  are the amplitudes of the 
torsional and longitudinal vibrations respectively. 
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(b) Resonance frequency  

This is another important attribute because resonance 
frequency of the horn should be as close to working 

frequency as possible. It was found that resonance 

frequency is sensitive to process parameters and 

attention must be paid to keep it closer to working 

frequency while maximizing torsionality. 

 

(c) Frequency separation 

While designing horn the coupling between vibration 

modes is undesirable because it translates to the poor 

performance of the horn. Three modes were found in 

the vicinity of our desired frequency i.e. 20 kHz and 

two of them were bending modes and the other one 
was longitudinal-torsional mode. In order to create 

enough separation between these three modes, 

different geometric modifications were introduced 

repeatedly. The final design of horn discussed in later 

sections had enough frequency separation between 

our desired composite mode and surrounding bending 

modes.  

 

(d) Manufacturing constraint 

Several features introduced in the initial design of the 

horn were removed due to the difficulties in 
machining process. The depth of slanting grooves 

which is the most important parameter for torsionality 

was kept 3 mm to ease the machining process. 

 

 
Figure2: Animation of 10

th
 L-T mode saved as pictures at 

different frames of animation sequence (a) 1st (b) 2nd (c) 3rd 

(d) 4th (e) 5th 

 

 

V. RESULTS AND DISCUSSIONS 

 

5.1 Modal Analysis 

The modal analysis was performed first to analyze the 

vibration behavior of the system i.e. vibration modes 

and their corresponding resonance frequencies. The 

deformation values obtained during modal analysis 
are immaterial and the vibration mode shapes 

corresponding to their resonance frequencies are the 

only things of physical importance. The resonance 

frequency variation with respect to change in values 

of parameters is shown in Fig.3. The resonance 

frequency plummeted gradually with respect to the 

increase in value of all parameters because of the 

addition of the slanting grooves which reduced the 

overall stiffness of the horn. The mode shapes of first 

L-T mode are shown in Fig. 2. The animation was run 

at 5 frames per second so that it could be saved in the 

form of picture files. Each picture in Fig.2 is a 
snapshot of one frame of animation sequence which 

means that Fig. 2 (c) shows the snapshot of horn at 

half of the maximum torsional deformation. The 

legends are not shown in the picture because as stated 

earlier the deformation values obtained from modal 

analysis have no physical significance. The animation 

sequence clearly shows that torsional behavior was 

observed without showing any signs of unwanted  

bending modes.  

 

5.2 Harmonic Response Analysis 
The generalized equation for the multiple degrees of 

the freedom is: 

 

 M  D  +  C  D  +  K  D = {F} 

 

where {D} is the nodal displacements vector, {F} is 

the nodal external forces vector, [M] is called the 

mass matrix, [C] is called the damping matrix, and 

[K] is called the stiffness matrix. The harmonic 

response analysis assumes a special form of force {F} 

in which an external force on the ith degree of 

freedom is given as: 

 

Fi = Aisin(ωt + φi) 
 

where  Ai   is the amplitude of the force, ω is the 

angular frequency, and φi  is the phase angle of the 

force. Since the force was assumed to be of the form 

as mentioned above, the calculation will be much 

more efficient compared to transient response 

analysis. The steady state solution of the above 

equation is of the form:  

 

Di = Bisin(ωt + φi) 
 

The purpose of harmonic response analysis is to find 

the amplitude Bi  and phase angle φi  for the each 

degree of freedom. 

As there were five parameters, the effect of different 

values of each one on torsionality and resonance 

frequency was simulated and then plotted as shown in 

Fig. 3. As can be seen in Fig. 3, with the increase in 

value of parameters the torsionality always increases 

and resonance frequency always decreases (i.e. 
moves away from working frequency) while 
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torsionality and frequency are always in opposite 

relation to each other (i.e. if one increases the other 
decreases.) The torsionality increased because the 

addition of slanting grooves converted a part of the 

total longitudinal vibration into torsional vibrations. 

One noticeable thing in above graphs is that 

frequency plunged significantly corresponding to the 

peak values of torsionality against all parameters 

which justifies its selection as a potential horn 

attribute besides torsionality. In a nutshell, depth is 
the most important parameter because it increases the 

torsionality almost nine times while the width affect 

the torsionality the least. The other three (i.e., angle, 

distance, and length) are of moderate importance to 

maximize torsionality.    

 

 
Figure 3: Effect of different values of parameters on torsionality and resonance frequency (a) Depth vs. Frequency and Torsionality 

(b) Width vs. Frequency and Torsionality (c) Length vs. Frequency and Torsionality (d) Angle vs. Frequency and Torsionality (e) 

Distance vs. Frequency and Torsionality 
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Figure 4: The directional deformation of the horn obtained from Harmonic response analysis (a) Longitudinal response (b) 

Torsional response 

 

The directional deformation of the horn in both 

longitudinal and torsional directions is shown in Fig. 

4. The longitudinal deformation was analyzed using 

X-axis of global coordinate system while cylindrical 

coordinate system was introduced for torsional 

deformation as can be seen in Fig. 4 (b). The torsional 

deformation is marked as maximum at the back of the 

horn shown by the red color which is against the 

expected outcome. The reason for this is that the Y-
axis defined by the cylindrical coordinate system is 

clockwise as seen from positive X-direction but the 

torsional deformation as shown in Fig.2 is in anti-

clockwise direction corroborated by the series of 

snapshots in Fig.2. The maximum deformation at the 

tip of the horn is thus in negative direction and treated 

as the minimum value compared to the deformation at 

the back which is positive.  

The parameters decided for the final horn are: Length 

= 30 mm, Depth = 3 mm, Width = 2 mm, Angle = 

54° and distance from front end to the grooves = 22 
mm. The torsionality found at these parameters is 

0.15. The depth and width are chosen as 3 mm and 2 

mm respectively because of the manufacturing 

constraint as machining of depth more than 3 mm and 

width less than 2 mm is difficult and less cost 

effective. 

 

VI. CONCLUSION  
 

In the current work, finite element simulations were 

used to determine the effect of different parameters of 

slanting grooves on torsionality and resonance 
frequency. The modal and harmonic response 

analysis have shown that torsionality and resonance 

frequency always depict opposite behaviors i.e. as 

torsionality increases resonance frequency moves 

away from the working frequency. Depth have been 

found to be the most important parameters while 

width is of the least importance. The remaining three 

parameters (i.e. width, length and distance from front 

end to the grooves) are of moderate importance. The 

parameters for the final prototype fabrication are 

chosen by taking into account not only the two horn 
attributes i.e. torsionality and resonance frequency 

but the manufacturing costs as well. This work is 

helpful for researchers to make some trade-offs 

between geometrical features and manufacturing 

costs while designing a composite L-T mode horn 

and maximizing its torsionality.  
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