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Introduction 
The machining of hard and brittle materials 
with accuracy is of utmost importance due 
to rie of its application in the high
compoents used in modern industries. Ultra 
Sonic Machining (USM) is a prefereed 
machining method for these materials 
because it non-thermal and stress freee 
machining. USM is a mechanical type of 
advanced machining process which is 
typically advantageous for machining of 
material having hardness more than 45 Rc. 
The high velocity longitudinal waves are 
normally used in USM because it propagates 
easily in solids, liquid and gases. The high 
frequency vibration produced by transducer 
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ABSTRACT 

the ultrasonic horns vibrate in longitudinal direction and transfer the vibrational energy 
from transducer to workpiece. The correct design of ultrasonic horn minimizes the damage to vibration system and 
generator. In this study, modal analysis of two different horn profiles for two different horn materials have been 
performed using finite element based ANSYS software. The analysis shows that the natural frequency of Aluminium 
horn is always higher for all the six modes for both exponential solid and exponential circular hollow horn profile. 
For aluminium and titanium the natural frequency of circular hollow exponential horn is initially less in 1

and 4th mode shape and then decrease at 5th and 6th mode shape.
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The machining of hard and brittle materials 
with accuracy is of utmost importance due 

rie of its application in the high-end 
compoents used in modern industries. Ultra 
Sonic Machining (USM) is a prefereed 
machining method for these materials 

thermal and stress freee 
machining. USM is a mechanical type of 

ocess which is 
typically advantageous for machining of 
material having hardness more than 45 Rc. 
The high velocity longitudinal waves are 
normally used in USM because it propagates 
easily in solids, liquid and gases. The high 

y transducer  

 
do not possesses adequate amplitude needed 
to remove the material from the work piece. 
The amplitude of 5-10 µm needs to be 
amplified to approximately 100 µm for 
effective machining. Therefore horn is used 
not only to amplify the vibration but
transmit the vibration from the transducer to 
the work piece. Effective machining using 
USM requires the horn to be in resonance 
with the transducer.  
The material removal takes place in USM by 
combination of three different modes. 
Mechanical abrasion due to localized 
hammering of the abrasive grain between 
the tool and work piece is the prime reason. 
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do not possesses adequate amplitude needed 
to remove the material from the work piece. 

10 µm needs to be 
amplified to approximately 100 µm for 
effective machining. Therefore horn is used 
not only to amplify the vibration but also to 
transmit the vibration from the transducer to 
the work piece. Effective machining using 
USM requires the horn to be in resonance 

The material removal takes place in USM by 
combination of three different modes. 

sion due to localized 
hammering of the abrasive grain between 
the tool and work piece is the prime reason. 
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Micro chipping by free impact of abrasive 
particle and erosion of work surface by 
cavitation is also responsible for material 
removal during USM.  The vibrating tool 
transfer the energy to the abrasive grains and 
thus removes the material in a precise 
reverse form of the tool shape. The shape or 
profile of horn decides the extent of 
vibrational energy magnification. Since the 
vibration of energy remain same throughout 
the length of the horn therefore the decrease 
of cross section area increases the energy 
density. In actual practice horns of different 
profiles like conical, stepped or exponential 
are used in USM. The stepped profile 
produce high amplitude but it is prone to 
breakage due to large vibration stress. The 
conical profile is the most widely used horn 
design due to its ease of manufacturing and 
good amplitude magnification. Horn of 
exponential profile are most difficult to 
manufacture but it has good amplification 
ability. The calculation of resonant length is 
a critical aspect of horn design and it must 
be equal to multiple of half wavelength of 
the system so that maximum vibration can 
be obtained at the tool end of the horn. 
A CAD based design procedure was 
proposed by Amin et al. [1]. The authors 
found that horn profile with conical shape at 
the upper end and cylindrical shape at the 
lower end provide maximum magnification 
factor. Nad [2] investigated the dynamic 
properties of different horn profiles. It was 
observed that the resonance frequency and 
the amplification factor are the two most 
critical parameters for the selection of horn. 
The amplification factor decreases with the 

increase of cross-section area and 
slenderness ratio. Seah et al. [3] investigated 
the effect of the change in design variables 
on the frequencies and stress concentration 
in the conical and stepped horns using 
ANSYS. Nad and Cicmancova [4] analysed 
the influence of geometrical parameters on 
dynamic properties of different horn profiles 
like exponential, stepped, and conical. They 
found that the resonance frequency must be 
more than 20 kHz and amplification factor 
must be greater than unity for effective 
machining. Yadava and Deoghare [5] 
developed FEM based design procedure for 
sonotrode of rotary ultrasonic machining 
(RUM). The authors obtained the various 
stress components in the horn and found that 
the stress components varies  linearly  along  
the radial length and the stress obtained at 
the resonant frequency is considerably  
smaller than the stress obtained at other 
frequencies. 
Youssef and El-Hofy [6] developed a design 
methodology to determine the horn contour 
using the general empirical formula.  
Analysis and design of acoustics horn were 
performed by Shu et al. [7] using ANSYS 
software. Modal analysis and harmonic 
analysis were performed to find the natural 
frequencies and amplitude amplification of 
different horn profiles. FEM was used by 
Nanu and Marinescu [8]to investigate the 
effect of step length, diameter and corners 
radius size on stepped horn profile during 
ultrasonic assisted EDM machining. Roy 
and Jagdish [9] designed a circular hollow 
horn for USM using ANSYS. Modal 
analysis and harmonic analysis was 
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performed and it was observed that circular 
hollow horn provides better magnification 
factor compared to conical and exponential 
horns and the developed stress is 
comparatively less than the stepped, conical, 
and exponential horns.  
The above literature review reveals that even 
though modal analysis using FEM has been 
performed for various horn profiles but a 
comparative analysis for solid and hollow 
exponential profiles has not been reported. 
Moreover, the analysif of these two horns 
for two different horn materials is very 
sparse. Therefore in this study modal 
analysis for solid and hollow exponential 
horn profiles for two different materials 
have been performed using FEM based 
ANSYS software.  

 
Finite Element Modelling 
 
Numeric analysis based on finite element 
method is preferred for analysis of horn 
design compared to analytical and 
experimental methods because the solution 
of wave equation through analytical method 
is very difficult and experimental approach 
is not reproducible and time consuming.  
Axial vibration of an elastic member with 
varying cross section is the basis of horn 
design for USM. Since the frequency of 
fixed-fixed case is similar to free-free case 
therefore in this modal analysis the FEM 
analysis has been performed for fixed-fixed 
condition because the free-free condition is 
semi-indefinite in nature [13]. USM is based 
on propagation of longitudinal wave through 
ultrasonic horn therefore generalized wave 

equation can be applied for modal analysis 
[12]. The resonant frequency and resonant 
length are the two most critical parameter 
affecting the magnification factor of USM. 
Since the tool is very light in weight and do 
not affect the resonance condition of horn 
therefore in this analysis the tool has not 
been taken into consideration. 
In this study the dimension of the soid 
exponential  and circular hollow exponential 
horn with circular cross section in the 
transverse direction  has been taken from the 
reference [15] respectively with the 
exception that in case of exponential horn 
solid profile has been taken unlike the 
hollow profile considered in reference [15]. 
The length of the exponential solid and 
circular hollow exponential horn considered 
for the analysis is 120.69 mm both. Material 
properties of Titanium and Aluminum are 
shown in Table 1.  
  
Since a 3D model has been developed for 
both the geometry, analysis has been 
performed for six nodes. Modal analysis 
reveals the resonant frequency of the 
geometry [13]. Mode shape indicate that 
structure will oscillates within a particular 
frequency [14]. There may be multiple 
modes for a structure and each mode shape 
occurs at a particular frequency known as 
natural frequency of the mode at which all 
the available energy supplied by excitation 
is absorbed by the horn. Discretization of 
geometry has been done using 3D 
tetrahedron element and number of nodes 
obtained after convergence test for each 
horn profile is shown in Table 2. Each node 
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of the element has three translational 
degrees of freedom so that the element can 
deform in all three directions in space. After 
post processing the natural frequency have 
been obtained for different modes. 
Conclusions 
Modal analysis of two different horn profiles 
which are usually difficult to manufacture 
has been performed for solid exponential 
and circular hollow exponential profile 
using FEM based ANSYS software. The 
following salient conclusions have been 
drawn from the analysis.  
 
a) The study reveals that different 
frequencies are generated at different modes 
and the desired mode at which longitudinal 
mode of vibration is created is the 6th mode 
for both solid exponential and circular 
hollow exponential horn profile. 
b) Natural frequency of Aluminum horn is 
always higher for all the six modes for both 
solid exponential and circular hollow 
exponential horn profile. 
c) The natural frequency is initially higher 
in 1st and 2nd mode shape for solid 
exponential then reduce in 3rd and 4th mode 
shape and again increase in the 5th and 
6thmodeshape. 
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Table 1: Material properties of Titanium and Aluminum 
 

Material Young 
Modulus 

Poiss
on’s 
ratio 

Bulk 
Modulu
s 

Shear 
Modulu
s 

Titanium 96.0 GPa 0.36 96.8 
GPa 

35.3 
GPa 

Aluminum 71.0 GPa 0.33 69.6 
GPa 

26.7 
GPa 

 

 

 
(a)                                                                                                  (b) 

Figure 1: Geometry of (a) solid exponential horn (b) hollow exponential horn 
 
Table 2: Nodes and element in horn profiles 
Types of geometry Nodes Elements 
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Solid exponential 
Circular hollow Exponential Horn 

 

(a)                                                                                                                  
Figure 2: Mesh generation of (a) solid exponential horn (b) hollow exponential horn
 
Results and Discussion 
Modal analysis of solid exponential ultrasonic horn
The ultrasonic machining take place at frequency greater than 20 kHz. In this analysis six modes 
has been generated and the frequency obtained for Aluminum and Titanium is shown in Fig. 3. It 
can be observed from Fig.  4 that natural frequency of aluminum solid
than titanium solid exponential horn for all the six different modes. 

(a)                                                                      
Figure 3: Modal analysis (mode shape 6) of solid exponential horn of (a) aluminum (b) titanium horn
 

Figure 4: Natural frequency produced in solid exponential horn of titanium and aluminum
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                                                                                       (b) 

Mesh generation of (a) solid exponential horn (b) hollow exponential horn 

Modal analysis of solid exponential ultrasonic horn 
ltrasonic machining take place at frequency greater than 20 kHz. In this analysis six modes 

has been generated and the frequency obtained for Aluminum and Titanium is shown in Fig. 3. It 
can be observed from Fig.  4 that natural frequency of aluminum solid exponential horn is higher 
than titanium solid exponential horn for all the six different modes.  

                                                                     (b) 
Modal analysis (mode shape 6) of solid exponential horn of (a) aluminum (b) titanium horn

 
Natural frequency produced in solid exponential horn of titanium and aluminum
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ltrasonic machining take place at frequency greater than 20 kHz. In this analysis six modes 
has been generated and the frequency obtained for Aluminum and Titanium is shown in Fig. 3. It 

exponential horn is higher 

 

Modal analysis (mode shape 6) of solid exponential horn of (a) aluminum (b) titanium horn 

Natural frequency produced in solid exponential horn of titanium and aluminum 
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Modal analysis of circular hollow exponential ultrasonic horn 

 
 

       (a)                                                            (b) 
 

Figure 5: Modal analysis (mode shape 6) of hollow exponential horn (a) aluminum (b) titanium 
 

 
Figure 6: Natural frequency produced in circular hollow exponential horn of titanium and aluminum 

 
From Fig. 6, it is observed that the natural frequency of aluminum circular hollow exponential 
horn is higher than titanium circular hollow exponential horn for all the six different modes. 
 
Modal analysis of ultrasonic horns for different materials 
Figure 7 (a)-(b) reveals the frequency produced at different modes for stepped and exponential 
horn made of Aluminum and Titanium respectively. The graph indicates that in case of stepped 
profile the titanium horn produce higher natural frequency but the frequency of aluminum horn is 
more for all modal shape in case of exponential profile. 
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(a) 

 
(b) 

Figure 7: Frequency produced in solid exponential and circular hollow exponenetial horn of (a) 
Aluminum (b) Titanium 

 


