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Bacillus atrophaeus (ATCC 9372) is chosen as sample to be lysed by the experimental platform 
because it is usually difficult to lyse bacillus atrophaeus using conventional methods in the 
laboratory. The degradation efficiency is calculated through plate cultivation, and then a 
comparison is made between the experimental platform and Branson Sonifier® S-250D digital 
ultrasonic processor (a contact ultrasonic degradation instrument). 

5.1. Experimental methods 

The concentration of the raw sample solution of bacillus atrophaeus is 106 cfu/mL. Then take 
1500 µL and divide them into three parts on average, which are marked as Group A, B and C. 
That is to say the volume of each group is 500 µL. The main experimental procedure is illustrated 
in Fig. 17. 

 
Fig. 17. The main experimental procedure 

1) Group A is degraded by the non-contact ultrasonic degradation system. 
Group A is degraded by the experimental platform of the non-contact ultrasonic degradation 

system for 60 seconds. It’s impossible to count the amount of the bacillus atrophaeus that have 
been degraded by the experimental platform, while the amount of the bacillus atrophaeus that 
remain alive can be counted through plate cultivation. After degradation, the amount of bacillus 
atrophaeus that remain alive is represented by ୅ܰ(ଵ,ହ଴଴), here ‘1’ means the sample solution after 
degradation is not diluted, ‘500’ means the volume of the sample solution is 500 µL. ୅ܰ(ଵ,ହ଴଴) cannot be obtained directly since there will be loss in volume after degradation. So 
100 µL of the sample solution after degradation is taken to do the following experiments. And the 
amount of acillus atrophaeus that remain alive is represented by ୅ܰ(ଵ,ଵ଴଴). Therefore, the relation 
between ୅ܰ(ଵ,ହ଴଴) and ୅ܰ(ଵ,ଵ଴଴) is as follows: 

୅ܰ(ଵ,ହ଴଴) = 5 ୅ܰ(ଵ,ଵ଴଴). (4)

However, ୅ܰ(ଵ,ଵ଴଴) cannot be obtained directly through plate cultivation since the value of ୅ܰ(ଵ,ଵ଴଴) is too huge to count after plate cultivation, which means dilution is a necessary step 
before plate cultivation. So the 100 µL of the sample solution after degradation is diluted, the 
dilution factor of which is 1:100. After dilution, take 150 µL and divided them into three parts on 
average, namely the volume of each part is 50 µL. Then three parts are inoculated on three agar 
plates independently, which are placed into the incubator at a temperature of 36 °C and then 
inverted. 24 hours later, the three agar plates are taken from the incubator, and then the colonies 
of bacillus atrophaeus are counted. The amount of bacillus atrophaeus in each agar plate is 
represented by ୅ܰ(ଵ଴଴,ହ଴)ᇱ , ୅ܰ(ଵ଴଴,ହ଴)ᇱᇱ  and ୅ܰ(ଵ଴଴,ହ଴)ᇱᇱᇱ , and the mean value of ୅ܰ(ଵ଴଴,ହ଴)ᇱ , ୅ܰ(ଵ଴଴,ହ଴)ᇱᇱ  
and ୅ܰ(ଵ଴଴,ହ଴)ᇱᇱᇱ  is represented by ഥܰ୅(ଵ଴଴,ହ଴). Here ‘100’ means the dilution factor is 1:100, and ‘50’ 



1966. OPTIMIZATION ANALYSIS OF NON-CONTACT ULTRASONIC DEGRADATION SYSTEM BASED ON SYNCHRONOUS RESONANCE OF MULTIPLE 
MODES. LONGXUE QIAO, YAOHUA DU, FENG CHEN, JINLONG WU, TAIHU WU 

 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. MAR 2016, VOL. 18, ISSUE 2. ISSN 1392-8716 1239 

means the volume of bacillus atrophaeus solution inoculated on agar plate is 50 µL. Therefore, 
the relation between ୅ܰ(ଵ,ଵ଴଴) and ഥܰ୅(ଵ଴଴,ହ଴) is as follows: 

୅ܰ(ଵ,ଵ଴଴) = 100 × 10050 × ഥܰ୅(ଵ଴଴,ହ଴) = 200 ഥܰ୅(ଵ଴଴,ହ଴), (5)ഥܰ୅(ଵ଴଴,ହ଴) = ୅ܰ(ଵ଴଴,ହ଴)ᇱ + ୅ܰ(ଵ଴଴,ହ଴)ᇱᇱ + ୅ܰ(ଵ଴଴,ହ଴)ᇱᇱᇱ3 . (6)

2) Group B is degraded by the conventional ultrasonic processor. 
Group B is degraded by Branson Sonifier® S-250D digital ultrasonic processor for 60 seconds. 

After degradation, the amount of bacillus atrophaeus that remain alive is represented by ୆ܰ(ଵ,ହ଴଴), 
here ‘1’ means the sample solution after degradation is not diluted, ‘500’ means the volume of the 
sample solution is 500 µL. ୆ܰ(ଵ,ହ଴଴) cannot be obtained directly. So 100 µL of the sample solution after degradation is 
taken to do the following experiments. And the amount of acillus atrophaeus that remain alive is 
represented by ୆ܰ(ଵ,ଵ଴଴). Therefore, the relation between ୆ܰ(ଵ,ହ଴଴) and ୆ܰ(ଵ,ଵ଴଴) is as follows: 

୆ܰ(ଵ,ହ଴଴) = 5 ୆ܰ(ଵ,ଵ଴଴). (7)

୆ܰ(ଵ,ଵ଴଴) cannot be obtained directly through plate cultivation, and dilution is a necessary step 
before plate cultivation. So the 100 µL of the sample solution after degradation is diluted, the 
dilution factor of which is 1:100. After dilution, take 150 µL and divided them into three parts on 
average, namely the volume of each part is 50 µL. The three parts are inoculated on three agar 
plates independently, which are placed into the incubator at a temperature of 36 °C and then 
inverted. 24 hours later, the three agar plates are taken from the incubator, and then the colonies 
of bacillus atrophaeus are counted. The amount of bacillus atrophaeus in each agar plate is 
represented by ୆ܰ(ଵ଴଴,ହ଴)ᇱ , ୆ܰ(ଵ଴଴,ହ଴)ᇱᇱ  and ୆ܰ(ଵ଴଴,ହ଴)ᇱᇱᇱ , and the mean value of ୆ܰ(ଵ଴଴,ହ଴)ᇱ , ୆ܰ(ଵ଴଴,ହ଴)ᇱᇱ  
and ୆ܰ(ଵ଴଴,ହ଴)ᇱᇱᇱ  is represented by ഥܰ୆(ଵ଴଴,ହ଴). Here ‘100’ means the dilution factor is 1:100, and ‘50’ 
means the volume of bacillus atrophaeus solution inoculated on agar plate is 50 µL. Therefore, 
the relation between ୆ܰ(ଵ,ଵ଴଴) and ഥܰ୆(ଵ଴଴,ହ଴) is as follows: 

୆ܰ(ଵ,ଵ଴଴) = 100 × 10050 × ഥܰ୆(ଵ଴଴,ହ଴) = 200 ഥܰ୆(ଵ଴଴,ହ଴), (8)ഥܰ୆(ଵ଴଴,ହ଴) = ୆ܰ(ଵ଴଴,ହ଴)ᇱ + ୆ܰ(ଵ଴଴,ହ଴)ᇱᇱ + ୆ܰ(ଵ଴଴,ହ଴)ᇱᇱᇱ3 . (9)

3) Group C is not degraded. 
Group C is not degraded, and the amount of bacillus atrophaeus in group C is represented by େܰ(ଵ,ହ଴଴). Here ‘1’ means group C is not diluted, ‘500’ means the volume of group C is 500 µL. 

Obviously, େܰ(ଵ,ହ଴଴) can be regarded as the amount of bacillus atrophaeus in group A or B before 
degradation.  

Take 100 µL from group C, the amount of bacillus atrophaeus in it is represented by େܰ(ଵ,ଵ଴଴). 
The relation between େܰ(ଵ,ହ଴଴) and େܰ(ଵ,ଵ଴଴) is as follows: 

େܰ(ଵ,ହ଴଴) = 5 େܰ(ଵ,ଵ଴଴). (10)

However, େܰ(ଵ,ଵ଴଴)  cannot be obtained directly through plate cultivation, and dilution is a 
necessary step before plate cultivation. This time the dilution factor is 1:1000 because the value 
of େܰ(ଵ,ଵ଴଴) is huger. After dilution, take 150 µL and divided them into three parts on average, 
namely the volume of each part is 50 µL. The three parts are inoculated on three agar plates 
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independently, which are placed into the incubator at a temperature of 36 °C and then inverted. 
24 hours later, the three agar plates are taken from the incubator, and then the colonies of bacillus 
atrophaeus are counted. The amount of bacillus atrophaeus in each agar plate is represented by େܰ(ଵ଴଴,ହ଴)ᇱ , େܰ(ଵ଴଴,ହ଴)ᇱᇱ  and େܰ(ଵ଴଴,ହ଴)ᇱᇱᇱ , and the mean value of େܰ(ଵ଴଴,ହ଴)ᇱ , େܰ(ଵ଴଴,ହ଴)ᇱᇱ  and େܰ(ଵ଴଴,ହ଴)ᇱᇱᇱ  is 
represented by ഥܰେ(ଵ଴଴଴,ହ଴). Here ‘1000’ means the dilution factor is 1:1000, and ‘50’ means the 
volume of bacillus atrophaeus solution inoculated on agar plate is 50 µL. Therefore, the relation 
between େܰ(ଵ,ଵ଴଴) and ഥܰେ(ଵ଴଴଴,ହ଴) is as follows: 

େܰ(ଵ,ଵ଴଴) = 100 × 100050 × ഥܰେ(ଵ଴଴଴,ହ଴) = 2000 ഥܰେ(ଵ଴଴଴,ହ଴), (11)ഥܰେ(ଵ଴଴଴,ହ଴) = େܰ(ଵ଴଴,ହ଴)ᇱ + େܰ(ଵ଴଴,ହ଴)ᇱᇱ + େܰ(ଵ଴଴,ହ଴)ᇱᇱᇱ3 . (12)

4) Calculation of the degradation efficiency. 
The degradation efficiency is defined as the ratio of the amount of the bacillus atrophaeus that 

has been degraded to the total amount of the bacillus atrophaeus without any treatment and is 
represented by ߛ. Therefore, the degradation efficiencies of the experimental platform and the 
Branson Sonifier® S-250D digital ultrasonic processor are as follows: 

୅ߛ = ቆ1 − ୅ܰ(ଵ,ହ଴଴)େܰ(ଵ,ହ଴଴)ቇ × 100 %, ୆ߛ(13) = ቆ1 − ୆ܰ(ଵ,ହ଴଴)େܰ(ଵ,ହ଴଴)ቇ × 100 %. (14)

According to Eqs. (4)-(12), the degradation efficiencies can be given as: 

୅ߛ = ቆ1 − ഥܰ୅(ଵ଴଴,ହ଴)10 ഥܰେ(ଵ଴଴଴,ହ଴)ቇ × 100 %, (15)

୆ߛ = ቆ1 − ഥܰ୆(ଵ଴଴,ହ଴)10 ഥܰେ(ଵ଴଴଴,ହ଴)ቇ × 100 %. (16)

5.2. Experimental results 

The results are listed in Tables 9-11, from which the degradation efficiency can be calculated.  ߛ୅ ୆ߛ ,% 86.7 = = 82.5 %. 
The results prove that the non-contact ultrasonic degradation system developed in this paper 

has the ability to degrade bacillus atrophaeus. 

Table 9. The amount of bacillus atrophaeus from Group A (after cultivation) ୅ܰ(ଵ଴଴,ହ଴)ᇱ  ୅ܰ(ଵ଴଴,ହ଴)ᇱᇱ  ୅ܰ(ଵ଴଴,ହ଴)ᇱᇱᇱ  ഥܰ஺(ଵ଴଴,ହ଴) 
313 330 272 305 

Table 10. The amount of bacillus atrophaeus from Group B (after cultivation) ஻ܰ(ଵ଴଴,ହ଴)ᇱ  ୆ܰ(ଵ଴଴,ହ଴)ᇱᇱ  ୆ܰ(ଵ଴଴,ହ଴)ᇱᇱᇱ  ഥܰ஻(ଵ଴଴,ହ଴) 
425 382 398 401.7 

Table 11. The amount of bacillus atrophaeus from Group C (after cultivation) େܰ(ଵ଴଴,ହ଴)ᇱ  େܰ(ଵ଴଴,ହ଴)ᇱᇱ  େܰ(ଵ଴଴,ହ଴)ᇱᇱᇱ  ഥܰ஼(ଵ଴଴଴,ହ଴) 
244 225 219 229.3 

Longxue Qiao developed the non-contact ultrasonic degradation system and wrote the 
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manuscript. Yaohua Du optimized the structural parameters of the dome-shaped diaphragm as 
well as the preload force. Feng Chen designed the experiments to evaluate the system. Jinlong Wu 
performed the experiments and analyzed the data. Taihu Wu provided instruction and financial 
supports. 

6. Conclusions 

1) Using a diaphragm, the non-contact ultrasonic degradation system developed in this paper 
can avoid the high risk of cross contamination that plagues conventional ultrasonic processors. 

2) Based on the finite element modal analysis, the first ten natural frequencies of the 
dome-shaped diaphragm are found to have the characteristics of a ladder-like distribution, which 
provides a possibility to utilize the synchronous resonance of multiple modes. 

3) To optimize the vibration performance of the diaphragm, the effects of the curvature radius, 
the thickness and the preload force on the frequency and the fluctuating frequency of the second 
gradient are analyzed. In addition, some laws of significant reference value are discovered. 

4) According to the optimized results, the dome-shaped diaphragm is manufactured and the 
experimental platform is established, through which the experiments are conducted. The results 
prove that non-contact ultrasonic degradation system developed in this paper is capable of 
effectively degrading bacillus atrophaeus. 
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