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Abstract: - The paper presents the simulation results of a booster - ultrasonic horn assembly. The 
ultrasonic horn shape is exponential and for the analyzed assembly was chosen different materials. Such 
an ultrasonic horn can be used in the composition of an experimental stand for experimental development 
of cavitation erosion of materials. By simulating the entire assembly with SolidWorks program, the aim is 
to see the material components influence of the assembly respectively the selection of material whose 
natural frequency depending on mode shapes, will range around the 20 kHz value. At this value the 
ultrasonic horn and therefore the experimental stand will operate correctly. 
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1. INTRODUCTION 
 

For a structure without defects respectively with 
defects, the natural frequency values are different 
[1]. One way to identify a specific defect in an 
elastic structure is to determine and interpret its 
natural frequency changes [2, 3]. Such researches 
have been reported by various authors [4]-[8], where 
beams or solids like plates were analyzed. 

Damage can be assessed in the same way for 
structures composed of different materials, as the 
booster (mechanical transformer) - ultrasonic horn 
assembly is. This system is analyzed in the current 
paper. 

Generally, an ultrasonic horn or sonotrode may 
be used in various applications [9]-[14], one of that 

being the employment in the composition of a 
vibratory apparatus for testing the cavitation erosion 
of materials [15]. 

Such a vibratory apparatus can operate in some 
important parameters such as [16]:  

 The natural frequency, between the values: 20  
± 0.5 kHz; 

 The amplitude, with values between 50÷60 
μm. 

For experimental research in the laboratory, 
regarding the resistance of metallic materials to 
cavitation erosion [17]-[19], a vibratory apparatus 
can operate at least 1000 hours.  

An important component is the ultrasonic horn, 
which can be used in practice several times and can 
run at its natural frequency for ~200 hours. 
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There are two ways to perform experimental 
research of cavitation erosion by vibratory 
apparatus, namely direct and indirect cavitation 
method [18].  

For the indirect cavitation method, which 
requires more time, they can use ultrasonic horns 
such as the one analyzed in this paper, which have 
the advantage that they can use again or can be 
replaced during the time. 

For some research on ultrasonic horns, the 
simulation results showed small errors compared to 
experimental results and the itself verification is 
done using a hardware and software equipment for 
measuring its frequency [16]. 

So, by FEM [20]-[22], using SolidWorks [23] or 
similar programs [24], were achieved good results 
through simulation.  

Also in this paper, using FEM in SolidWorks, by 
employing the Frequency type study, the entire 
booster - ultrasonic horn assembly will be simulate, 
aiming to see the material influence on the natural 
frequencies and to obtain values at 20 kHz, 
depending on the mode shapes. 

 
2. USED MATERIALS AND THE 
BOOSTER - ULTRASONIC HORN 
ASSEMBLY SIMULATION STEPS 
 

For the booster - ultrasonic horn assembly and 
for its components were used various materials in 
the simulation.  

The name and certain mechanical properties of 
these materials are given in Table 1, where these 
materials were chosen from the SolidWorks program 
materials library, after the following categories: 

 Steel (Alloy Steel); 
 Metals (Nickel, Titanium and Molybdenum); 
 DIN Steel – Structural (1.0038 or S235JRG2 

steel); 
 DIN Steel – Unalloyed (1.6582 or 34CrNiMo6 

steel). 
 

Table 1. Materials name and certain mechanical 
properties 

Materials / 
Properties 

Elastic 
Modulus 

Shear  
Modulus 

Mass 
Density 

Poisson’s
Ratio 

[N/mm2] [N/mm2] [kg/m3] [-] 
Alloy Steel 210000  79000  7700  0.28  

Nickel 210000  79000  8500  0.31  
Titanium 110000  43000  4600  0.3 

Molybdenum 320000  120000  10000  0.38  
S235JRG2 210000  79000  7800  0.28  

34CrNiMo6 210000  79000  7800  0.28  
 

The 3D design entire assembly and components 
are shown in Figure 1. 

 
 

 
Figure 1. The 3D design and booster - ultrasonic horn 
assembly components  

 
Simulation steps, including the ultrasonic horn 

2D geometry and 3D image of the entire assembly, 
are shown in Figure 2 and 3. 

a) 2D ultrasonic horn 
sketch with the length 

 of 154 [mm] 

b) 3D booster - 
ultrasonic horn 

assembly 

Figure 2. The 2D ultrasonic horn sketch and 3D booster - 
ultrasonic horn assembly 

 

  
a) Fixed geometry b) The mesh 

  

c) Viewing of the results 

Figure 3. Some simulation steps 
 

For the simulation was considered five cases, 
where materials were chosen as follows:  
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 Case 1: when all the assembly elements are 
from alloy steel; 

 Case 2: when the booster with its elements 
(booster fixing screws, booster rod of 
M16x1.5 and threaded pin) are from alloy 
steel and the ultrasonic horn of nickel; 

 Case 3: when the booster with its elements are 
from alloy steel and the ultrasonic horn of 
titanium; 

 Case 4: when the booster with its elements are 
from alloy steel and the ultrasonic horn of 
molybdenum; 

 Case 5: when the booster with fixing screws 
and threaded pin are from alloy steel, the 
ultrasonic horn from S235JRG2 steel and 
when the booster rod of M16x1.5 is from 
34CrNiMo6 steel. 

The selection of the materials for booster - 
ultrasonic horn assembly components of the 5 cases 
are presented in Figure 4. 

 

  
a) Only for 

case 1 
b) For case 2,  

3 and 4  
c) For all the 

cases 
 

  
d) For case 2,  

3 and 4 
e) Only for  

case 5 

Figure 4. Images for the 5 cases 
 

In Figure 5 it is shown an ultrasonic horn 
practically make. 

 

 
 

Figure 5. Ultrasonic horn practically makes 
 
Some vibration mode shapes, are shown in 

Figure 6, but only for case 1. 

Mode 1 Mode 2 

Mode 3 Mode 5 

Mode 15 Mode 19 
Figure 6. Some vibration mode shapes for case 1 

 
From the results that will be obtained, interested 

only the mode where the frequency is ~20 kHz. 
 
3. RESULTS ACHIEVEMENT AND 
INTERPRETATION  
 

The results regarding the natural frequencies and 
mass participation coefficients for the first 3 cases 
are presented in Tables 2-5. 
 

Table 2. The results obtained for Case 1 

Mode
Frequency 

[Hz] 
Mass participation coefficients 

X Direction Y Direction Z Direction

1 1250.1 0.25857    9.11e-07 0.00013002  
2 1253.5 0.0001306  5.37e-06 0.25926    
3 3520.1 0.070681   1.57e-05 1.70e-02 
4 3524.1 2.29e-02 2.45e-08 0.069805    
5 6502.3 1.83e-06 2.01e-04 6.05e-04 
6 6649.5 0.029243   1.08e-04 4.01e-01 
7 6676.4 3.38e-01 9.60e-05 0.028068    
8 7822.8 6.74e-02 0.60579     9.76e-02 
9 7934 0.0040968  1.64e-01 0.3782      
10 7936.9 0.37651    7.44e-02 0.004086    
11 13338 0.079745   2.83e-06 0.00032661  
12 13351 0.00032294 4.17e-04 0.078377    
13 13422 2.13e-02 8.50e-04 3.83e-02 
14 13872 1.34e-03 2.92e-03 2.64e-04 
15 15748 3.21e-04 2.29e-02 2.02e-04 
16 16006 2.49e-05 0.35258     1.35e-05 
17 18289 0.052771   3.45e-06 0.00022858  
18 18319 0.00022766 7.40e-04 0.054739    
19 20507 1.23e-04 0.012505    1.85e-04 
20 21985 1.39e-01 2.62e-04 0.081588    

-  -  
Sum X  = 
0.87236    

Sum Y  = 
0.97091     

Sum Z  = 
0.95486     
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Table 3. The results obtained for Case 2 

Mode 
Frequency 

[Hz] 
Mass participation coefficients 

X Direction Y Direction Z Direction 

1 1188     0.27478     1.2303e-009  6.7475e-005 
2 1191.2    6.7963e-005 5.2582e-010  0.2755      
3 3388.7    0.07235     2.0615e-009  0.00011391  
4 3392.8    0.00011124  1.6979e-010  0.07144     
5 6164.1    4.4897e-008 6.9171e-011  5.5135e-008 
6 6429.3    0.038697    7.9394e-008  7.0414e-005 
7 6456.7    6.287e-005  2.9501e-008  0.037911    
8 7487.9    4.7659e-007 0.60733      9.8328e-008 
9 7911.5    0.0032935   1.6194e-008  0.35386     

10 7915.9    0.35252     3.1467e-007  0.0032692   
11 12931    0.071979    2.2688e-007  0.0050942   
12 12938    0.0051226   3.3802e-008  0.070717    
13 12998    6.6907e-005 7.0919e-009  1.1783e-005 
14 13649    3.7094e-007 1.7916e-008  1.1844e-008 
15 15280    2.2913e-008 2.6588e-008  6.4918e-008 
16 15844    5.3964e-008 0.34456      7.4939e-008 
17 17705    0.047852    3.0697e-007  0.00064868  
18 17739    0.00063896  8.3046e-009  0.049219    
19 19896    2.2858e-009 0.020035     8.0734e-008 
20 21595    0.00042047  1.3429e-008  0.08289     

-  -  Sum X = 
0.86796     

Sum Y = 
0.97192      

Sum Z = 
0.95082     

 
Table 4. The results obtained for Case 3 

Mode 
Frequency 

[Hz] 
Mass participation coefficients 

X Direction Y Direction Z Direction 

1 1398.5    0.16798     1.8508e-009 6.2338e-005 
2 1404.1    6.2414e-005 2.2346e-010 0.16868     
3 3507.3    0.056183    6.9903e-009 0.0090681   
4 3509.3    0.0092024   1.1381e-009 0.055624    
5 6496.9    0.032453    1.4364e-008 1.8348e-005 
6 6524.4    1.1687e-005 6.5523e-008 0.031177    
7 6790.9    1.462e-007  1.6856e-008 1.212e-007  
8 7953     0.021427    1.275e-006  0.41268     
9 7955.4    0.41101     1.3526e-007 0.02143     
10 8535.8    2.1665e-007 0.49567     4.5818e-007 
11 12594    0.08347     1.2033e-008 0.00066715  
12 12598    0.00068585  6.0216e-008 0.082096    
13 12888    1.3761e-007 2.2064e-008 6.6669e-009 
14 13602    4.5991e-008 1.2961e-008 1.0021e-009 
15 14797    1.0348e-010 4.2091e-006 9.6159e-011 
16 15370    1.59e-008   0.44979     5.8613e-009 
17 17571    0.051019    3.7638e-007 0.00022043  
18 17606    0.00020626  2.7553e-011 0.052381    
19 20041    2.6976e-008 0.022648    1.0481e-006 
20 21258    0.00011087  8.8833e-009 0.10728     

-  -  
Sum X = 
0.83382     

Sum Y = 
0.96812     

Sum Z = 
0.94138     

 
It is noted that at the vibration mode number 19, 

its frequency value is approximately 20000 Hz, 
where the value of the Y direction of mass 
participation coefficient has a higher value and also 
represents an axial displacement. 

This is happens also for the results of the last two 
cases presented in Tables 6 and 7. 
 

Table 5. The results obtained for Case 4 

Mode
Frequency 

[Hz] 
Mass participation coefficients 

X Direction Y Direction Z Direction

1 1168.4    0.31732     0.0000270 0.00033063  
2 1170.8    0.00032955  0.0000166 0.31795     
3 3724.6    0.071771    0.0001006 0.00054323  
4 3731.6    0.00054743  0.0000036 0.070832    
5 6227.7    0.0000001 0.0007028 0.0001021 
6 6895.3    0.019793    0.0010510 0.1540800 
7 6917.7    0.1130800 0.0389410 0.01854     
8 7443.5    0.0089865 0.6646     0.0011774 
9 7939.2    0.027509    0.0111510 0.33226    
10 7941.7    0.33019     0.0129830 0.027571    
11 13562 0.0000740 0.0112570 0.0057272 
12 13997 0.076461    0.0000095 0.00060561  
13 14021 0.00059621  0.0003671 0.075086    
14 14337 0.0103330 0.0010401 0.0001904 
15 16425 0.0018436 0.0012174  0.0026136 
16 16476 0.0021211 0.30329    0.0147160 
17 19264 0.054247    0.0008919 0.0015608   
18 19285 0.0014595   0.0182210 0.056227    
19 21595 0.0024218 0.003449   0.0017255 
20 22649 0.0335330 0.0019599 0.060287    

-  -  
Sum X  = 
0.90025     

Sum Y  = 
0.97257    

Sum Z  = 
0.96181     

 
Table 6. The results obtained for Case 5 

Mode
Frequency 

[Hz] 
Mass participation coefficients 

X Direction Y Direction Z Direction

1 1219.6    0.25586     2.16e-009    4.431e-005 
2 1222.9    4.4871e-005 4.0941e-011  0.25655    
3 3283.6    0.071325    5.4379e-009  0.0008685  
4 3286.3    0.00089117  3.8069e-010  0.070559   
5 6455.8    4.9373e-007 1.4871e-008  4.315e-007 
6 6500.9    0.037582    7.8456e-008  1.874e-005  
7 6529     1.4435e-005 8.6892e-008  0.036417   
8 7745.3    9.967e-006  0.60348      9.70e-006 
9 7918.2    0.011417    1.8986e-005  0.36234    

10 7923.9    0.36071     9.1312e-006  0.011404   
11 13023    0.067319    1.7596e-007  0.000675   
12 13027    0.0078552   1.3383e-010  0.012194   
13 13031    0.00014414  1.5596e-007  0.061235   
14 13650    1.9814e-009 3.8543e-009  1.852e-007 
15 15564    1.9604e-008 1.1414e-008  6.835e-008 
16 15892   5.7465e-011 0.34821      4.579e-009 
17 17500    0.04986     4.52e-008    2.818e-005 
18 17537    2.9768e-005 8.9773e-008  0.051116   
19 19935    5.2884e-009 0.019461     1.495e-007 
20 21673    0.00020988  1.9795e-007  0.089115   

-  -  
Sum X = 
0.95904     

Sum Y = 
0.97229      

Sum Z = 
0.9588     

 
For the obtained results, one of the factors that 

influenced the natural frequency values is also the 
mass of analyzed materials. 

A comparison of the materials mass used for the 
components of the assembly of the five cases is 
shown in Table 7, where the mass is expressed in 
kilogram. 
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Table 7. Mass values for the 5 cases 

Mass 
/Cases 

Case 1 Case 2 Case 3 Case 4 Case 5 

Booster 
mass 

1.9220  1.9220 1.9220  1.9220 1.9220 

Booster 
fixing 
screws 

0.0313  0.0313 0.0313  0.0313 0.0313 

Ultrasonic 
horn mass 

2.1174 2.3335 1.2628 2.7453 2.1449 

Booster rod 
mass 

0.2443 0.2443 0.2443 0.2443 0.2474 

Total mass 3.1582 3.2562 2.7705 3.4430 3.1738 

 
The obtained 20 vibration mode shapes, are 

compared in Figure 7 and 8 in related graphs, where 
the Frequency type study has the following options:  

 Solid Mesh for Mesh type; 
 Curvature based mesh for Mesher Used; 
 4 Points for Jacobian points; 
 High for Mesh Quality. 
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Figure 7. Study results for the first 10 modes  
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Figure 8. Study results the modes 11 to 20 
 

For a better view, the graphic representation was 
done on two charts. 
 
4. CONCLUSIONS 
 

One of the most important parameters in the 
operation of an ultrasonic horn on a vibratory 
apparatus is the natural frequency, with the value 
around the 20 kHz. 

In the simulation with SolidWorks program, 
mechanical properties and the mass of each material 
influenced the natural frequency. 

Also the natural frequency differ even from steel 
to steel, such in the cases 1, 4 and 5. 

For the ultrasonic horn with the length of 154 
mm, the 20 ±0.5 kHz (value at the ultrasonic horn 
operates correctly on the vibratory apparatus), was 
closest to mode shape number 19 of the 20 chosen 
modes. 

Evolution of the natural frequencies was one 
increasing with values between 1168.4 and 22649 
Hz, those limits being at the case 4. 

The cases 2, 3 and 5, for the vibration mode 
number 19 were the closest to the natural frequency 
of 20 kHz. 

The closest value was obtained for the ultrasonic 
horn of titanium material, where the natural 
frequency was 200041 Hz. 
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