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Abstract 

In order to improve the effect of high-frequency vibratory stress relief (VSR) on the small 
work-piece, a high-frequency VSR device was designed. The ANSYS was employed to 
carry out numerical modal analysis of the small work-piece. Then a high-frequency 
vibration energy amplification device and a clamping device were designed. Strain 
gauges were attached at the distribution region of the peak residual stress. The small 
work-piece was clamped by the clamping device. In this case, the small work-piece can 
be vibrated according to its mode shape. The effect of the high-frequency VSR can be 
improved by the high-frequency VSR device designed in this paper. 
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1. Introduction 

Vibratory stress relief (VSR) technology has the advantages of good processing effect, low energy 

consumption, short processing time, energy saving and less environmental pollution [1-4]. In this 

case, the VSR technology has been widely used in the mechanical engineering field. A speed-

adjustable motor is adopted as the exciter for the traditional low-frequency VSR technology [5], 

which results in that the excitation frequency of the traditional low-frequency VSR is generally less 

than 200 Hz. Under this condition, the optional vibration modes for the traditional low-frequency 

VSR are very limited. The electromagnetic exciter is adopted as the exciter for the high-frequency 

VSR technology [6-7]. In this case, the vibration frequency of the electromagnetic exciter can reach 

10 kHz, which implies that the application range of the VSR technology can be extended. However, 

the output vibration energy of the electromagnetic exciter is very limited, which results in that the 

effect of the high-frequency VSR is very poor when the small work-piece is directly clamped on the 

electromagnetic exciter. In the current high frequency VSR technology [6-9], the acceleration 

vibration level is used to represent the vibration energy, which results in that it is incapable to evaluate 

whether the residual stress on the small work-piece can be eliminated or not. Meanwhile, the 

sweeping frequency method is used to determine the excitation frequency for the high-frequency VSR 

technology. This frequency determination method has the following shortcomings. Firstly, it takes 

some time and reduces the efficiency. Secondly, the distribution of the residual stress on the small 

work-piece is not considered when the excitation frequency of the high-frequency VSR is determined 
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by the sweeping frequency method. In addition, the small work-piece is rigidly mounted on the 

supporting platform, which results in that it is difficult for the small work-piece to vibrate according 

to its mode shape. So the effect of the high-frequency VSR on the small work-piece is limited. In 

order to solve the above problems, a high-frequency VSR device was designed in this study to 

improve the effect of the high-frequency VSR. 

2. Design of High-frequency VSR Device 

The high-frequency VSR device is shown in Figure 1, which comprises a high-frequency vibration 

energy amplification device, a clamping device, cushion blocks, strain gauges, a dynamic strain meter, 

a host computer system, a signal generator, a power driver and an electromagnetic exciter. 

 

 

Figure 1. High-frequency VSR device 

 

 

Figure 2. (a) The first-order bending strain mode of the small work-piece 

(b) The first-order bending displacement mode of the small work-piece 

 

2.1 Numerical Modal Analysis 

The small work-piece is a 45# steel plate small work-piece and its size is 5.22060  mm. The 

density   is 7850 kg/m3, elastic modulus E is 200 GPa and Poisson's ratio   is 0.28. The ANSYS 

was used for numerical modal analysis. The first-order bending strain mode and the peak strain region 

on the small work-piece are shown in Figure 2(a). The first-order bending displacement mode and 

the node lines of the small work-piece are shown in Figure 2(b). The laser surface processing was 

used to generate the initial residual stress on the small work-piece. When the peak strain region on 

the small work-piece is consistent with the peak residual stress region on the small work-piece, the 

bending vibration frequency of a certain order corresponding to the bending strain mode of a certain 
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order is recorded as the target frequency. In order to simplify the analysis, the peak residual stress 

region on the small work-piece is consistent with the peak strain region of the first-order bending 

strain mode. So the first-order bending vibration frequency was recorded as the target frequency f, 

whose value is 3592.4 Hz. 

2.2 The High-frequency Vibration Energy Amplification Device 

The high-frequency vibration energy amplification device is shown in Figure 1. Compared with the 

high-frequency vibration energy amplification device shown in the references [8-9], the cone-shaped 

connecting rod adopted in this paper has a lighter weight if the diameter of the large end of the cone-

shaped connecting rod is same as the diameter of the cylindrical connecting rod. In this case, it is 

beneficial for the excitation of the high-frequency VSR device. The orthogonal experimental design 

method is used to optimize the design of the high frequency vibration energy amplification device. 

In this study, the natural frequency 
af  of the first-order axial vibration of the high-frequency 

vibration energy amplification device was regarded as the target of the optimization design, and the 

structural dimensions were regarded as the variables. The scheme corresponding to a minimum value 

of the deviation between 
af  and f was selected as the structural dimensions scheme. The 

optimization design steps based on orthogonal experimental design method are as follows: 

The length l of the cone-shaped connecting rod, the diameter d of the small end of the cone-shaped 

connecting rod and the thickness h of the working platform were selected as the factors, and three 

levels were selected for each factor. In order to improve the efficiency of optimization design, the 

other structural dimensions were set as the fixed values. In this study, the diameter of the working 

platform and the diameter of the supporting platform are 100 mm, the thickness of the supporting 

platform is 8 mm, and the diameter of the large diameter of the cone-shaped connecting rod is 11 mm; 

L9(3
4) orthogonal experimental table was selected to make the schemes of the optimization design. 

The material of the high-frequency vibration energy amplification device is aluminum alloy. The 

natural frequency af  of the first order axial vibration of each scheme was obtained by ANSYS. The 

deviation between af  and f is defined as 100%
af f

f

−
 . The deviation of each scheme is 

calculated and the results are listed in Table 1. 

 

Table 1. The schemes based on the orthogonal experiment table L9(3
4) and results 

 

Schemes 

Structural dimensions Results 

l(mm) d(mm) h(mm) af (Hz) 100%
af f

f

−
  

1 40 8 9 3449.2 3.98% 

2 40 9 10 3611.5 0.53% 

3 40 10 11 3717.1 3.47% 

4 50 8 10 3522.8 1.94% 

5 50 9 11 3636.1 1.22% 

6 50 10 9 3538.9 1.49% 

7 60 8 11 3549.3 1.20% 

8 60 9 9 3451.5 3.92% 

9 60 10 10 3599.4 0.19% 

 

Based on the results shown in Table 1, the deviation between 
af  and f is the smallest for the scheme 

9. In this case, the effect of high-frequency VSR can be improved. Thus, the scheme 9 is selected as 

the structural dimensions scheme of the high-frequency energy amplification device. 
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2.3 The Clamping Device 

The clamping device is shown in Figure 3, which comprises an adjusting device and pressing devices. 

 

 

Figure 3. The clamping device 

 

2.4 Attaching the Strain Gauges 

The strain gauges were attached on the peak residual stress of the small work-piece, where the first 

strain gauge was attached along the first principal stress direction and the second strain gauge was 

attached along the second principal stress direction. 

3. Application of High-frequency VSR Device  

3.1 Clamping the Small Work-piece 

As shown in Figure 4, the small work-piece was clamped on the working platform at the vibration 

node lines of the small work-piece by the clamping device, and the cushion blocks were set along the 

vibration node lines on the small work-piece. 

 

 

Figure 4. Clamping the small work-piece 

 

3.2 High-frequency VSR Process 

The host computer system controls the signal generator to output the excitation frequency f of the 

high-frequency VSR. Then the high-frequency vibration can be generated by the electromagnetic 

exciter, and the high-frequency VSR on the small work-piece was carried out based on the high-

frequency VSR device as shown in Figure 1. The strain signal on the small work-piece was collected 

by the dynamic strain meter. The peak strain obtained by the first strain gauge is 
1 , and the 

corresponding dynamic stress acting on the direction of the first principal stress 
1r  is  

1 1E =                                   (1) 

The peak strain obtained by the second strain gauge is 
2 , and the corresponding dynamic stress 

acting on the direction of the second principal stress 
2r  is 
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2 2E =                                  (2) 

The output current of the power driver can be adjusted during the high-frequency VSR process. Under 

this condition, the high-frequency vibration energy output by the electromagnetic exciter can be 

adjusted. That is, the dynamic stress acting on the small work-piece can be changed during the high-

frequency VSR process. When the sum of 
1  and 

1r  and the sum of 
2  and 

2r  meet the 

relationship 1 1+s r p      and 2 2+s r p     , the first principal stress 
1r  and the the 

second principal stress 
2r  can be eliminated by the high-frequency VSR. 

4. Conclusion 

1. The output vibration energy of the electromagnetic exciter can be amplified by the high-frequency 

vibration energy amplification device when the high-frequency VSR on the small work-piece is 

carried out under the natural frequency of the first-order axial vibration of the high-frequency 

vibration energy amplification device. In this case, the high-frequency vibration energy acting on the 

small work-piece is improved. 

2. The excitation frequency of the high-frequency VSR can be determined according to the method 

of the numerical modal analysis, which improves the efficiency of the high-frequency VSR. 

3. The small work-piece can vibrate according to its mode shape based on the high-frequency VSR 

device designed in this paper. In this case, the effect of the high-frequency VSR can be improved. 
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