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Abstract

:

Cell photoacoustic detection faces the problem where the strength of the sound wave signal is so weak that it easily gets interfered by other acoustic signals. A sonic triode model based on an artificial periodic structure is designed by COMSOL Multiphysics 5.3a software (Stockholm, Sweden), and software simulations are conducted. Experiments show that when a sound wave with a specific frequency is input by the sound wave triode, it can produce an energy amplification effect on the sound wave signals of the same frequency and a blocking effect on the sound wave signals of other frequencies. This contrast effect is more obvious after increasing the sound pressure intensity of the input sound wave signal. It can effectively filter out interference sound signals. The study of the acoustic triode model provides a new approach for the acquisition and identification of acoustic signals in cell photoacoustic detection, which can significantly improve the working efficiency and accuracy of cell photoacoustic detection.
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1. Collection of High-Frequency Acoustic Signals


1.1. High-Frequency Acoustic Signal in Cell Photoacoustic Detection


The collection of high-frequency acoustic signals has always been the focus of attention in modern medical activities. Especially in cell photoacoustic detection, an important factor limiting its development is the effective acquisition of high-frequency acoustic signals. Cell photoacoustic detection refers to the use of high-energy laser pulses to stimulate cells and cause them to expand thermally, thereby generating ultrasonic waves of a specific frequency.



The characteristics of cells can be analyzed by collecting ultrasound signals. They are different from the characteristics of ultrasonic waves produced by different cells, and at present, cell photoacoustic detection is widely used in tumor examination. For example, the application of photoacoustic detection technology in the detection of breast cancer cells can realize the early detection of breast cancer [1,2,3]. Lv et al. studied the application of in vivo photoacoustic imaging in the dynamic monitoring of the early stages of ischemic stroke and proposed a highly sensitive in vivo photoacoustic imaging model [4]. Qian et al. proposed a guided surgery method based on photoacoustic imaging to achieve tumor resection [5]. Lu et al. proposed a photoacoustic contrast agent based on functional peptide-modified gold nanoparticles for the problems of the photoacoustic imaging of bacterial infections [6].




1.2. The Problem of Acquisition for High-Frequency Acoustic Signal


The ultrasonic sound pressure generated by a pulsed laser is very low because the volume of the cell itself is small. Meanwhile, obvious energy loss will occur during the transmission of ultrasonic signals.



This feature determines the difficulty of the photoacoustic detection of cells. The main improvement method to observe weak acoustic signals is developing a new type of contrast agent. However, this method cannot fundamentally solve the problem of acoustic signal acquisition in the photoacoustic detection of cells [7,8,9,10].



The difficulties in achieving acoustic signal detection of cell photoacoustic detection are as follows:



First, the intensity of the ultrasonic signal produced by photoacoustic detection is low, making it difficult to detect the low-intensity acoustic signal by existing technical means. The frequency of the sound wave produced by the photoacoustic detection of cells is not fixed. Different cells produce sound waves with different frequencies under the same condition.



Then, the acquisition of ultrasonic signals is disturbed by the surrounding environment. Especially in the photoacoustic detection of a specific cell, the surrounding cell will produce disturbing acoustic signals.



Finally, the acquisition of ultrasonic signals is limited by the ‘window time’. Photoacoustic detection uses a high-energy laser pulse to act on the cell for a long time, which will cause harm to the human body or cell. Effective ultrasonic signals can only be acquired in a specific period of time.



Overall, we need to design a new model that can simultaneously achieve the directional transmission of sound waves and the enhancement of the local sound field to solve the application drawbacks of photoacoustic detection technology.





2. Concept and Assumption of Sonic Transistor


Researchers have developed acoustic diodes with similar functions based on unidirectional conductivity semiconductors [11]. Cheng et al. at Nanjing University proposed a nonlinear system with the acoustic diode phenomenon in 2009, and successfully produced related samples in 2010. However, current research on the acoustic triode is still lacking [12,13].



The triode is a semiconductor device that controls current, and the most important role of it is to amplify a weak signal into an electric signal with a larger amplitude. Amplification of acoustic energy is the focus of acoustic research. The general sound energy amplification method is continuous amplification. This method improves the detection efficiency of the acoustic signal. However, people need to capture the sound wave signal for a specific period of time in cell photoacoustic detection, which is referred to herein as ‘window time’. The energy intensity should be reduced as much as possible for sound signals outside the ‘window time’ to improve the efficiency of receiving an effective acoustic signal.



We need to design a new model with the acoustic wave amplification function to meet the needs of cell photoacoustic detection, which can amplify the sound wave signal within the ‘window time’ and minimize the interference the other sound wave signals may bring. This functional requirement is similar to that of a triode—when the model inputs a specific sound wave, the sound wave is locally enhanced. In addition, when sound waves of other frequencies are input, the attenuation effect is produced. This article calls it ‘sonic triode’. Due to the special application of an acoustic metamaterial in the regulation of acoustic waves, this article plans to design an acoustic triode based on an acoustic metamaterial that can meet the needs of photoacoustic detection.




3. Design of Sonic Triode Model


After years of development, research on acoustic metamaterials has made great breakthroughs and has been applied in some fields. Acoustic metamaterials have a very good role in sound wave regulation and also have a good local sound field enhancement effect. They are good materials for the design of a sonic triode. The theoretical research on acoustic metamaterials currently focuses on one-dimensional structures, and their application effect research mainly focuses on two-dimensional structures [14,15,16].



In the process of sound wave transmission, there is a serious energy loss phenomenon [17,18,19,20]. We design the sonic triode by using the artificial periodic structure to overcome this problem, as shown in Figure 1:



Figure 1b is a local enlarged view of the center position of Figure 1a for observing the details of the structure. The artificial periodic structure in Figure 1b adopts the double-layer structure. The double-layer structure is a simplified acoustic metamaterial. It can achieve efficient transmission of sound waves and has a band gap effect. It can achieve the effect of local sound field enhancement by periodically arranging the acoustic metamaterial [19]. The outer layer of the structure is rubber, with a thickness of 0.2 mm. In addition, the inner structure is steel, and the size is 0.5 mm. The sonic triode model, as shown in Figure 1a, is formed on the rubber base by arranging the double-layer structure. The overall size of the model is 8 cm × 8 cm. The green dot on the left in Figure 1a is the signal output terminal, which is used to collect acoustic signals.



The blue point on the right side is the excitation point, which is used to input the weak sound wave signal (this type of sound wave signal is referred to as the ‘main signal’); the red point is the switching point, and other signal sources such as sound wave probes are placed.



The blue point inputs a weak sound wave signal in the process of application. In addition, the red dot inputs the sound wave signal at the same time. The weak sound wave signal can be amplified or shielded by changing the frequency or phase of the red point sound wave signal.



Two sound sources are placed at the red and blue points in Figure 1a. Their acoustic characteristics remain the same—the sound wave frequency is 273 kHz and the sound pressure is 2 Pa. The effect diagram shown in Figure 2 was obtained through software simulation:



Figure 2b is the transmission phenomenon of sound waves without adding a model. The red and blue colors in Figure 2a,b indicate the sound pressure in different directions. The darker the color, the higher the sound pressure. The sound pressure value inside the sound wave transmission channel can reach 20 Pa. It can be found that the sound wave energy in the sound wave channel has been greatly improved, and the defect of the sound wave transmission energy loss has been overcome well.



Further observation in Figure 2a shows that, for the sound pressure of the sound wave in the channel of the output, the green point in Figure 1a is higher, which can reach 60 Pa. This is because the red and blue points in Figure 1a input sound waves with exactly the same frequency and phase. When both are transmitted to the output channel, an enhanced effect occurs. This result proves that the acoustic triode has the effect of sound energy enhancement. In this paper, we record the blue, red, and green points in Figure 1a and the changes in sound pressure, and we plot the sound pressure curve in Figure 3:



The abscissa of Figure 3 represents the length of the selected point, and the ordinate of Figure 3 represents the sound pressure value of the selected point. The result in Figure 3 is consistent with the observation phenomenon in Figure 2 and also proves that the acoustic triode designed in this paper has a local energy enhancement effect of acoustic waves at a specific frequency. The local sound field enhancement effect of the model can solve the problems of low sound pressures and acoustic energy transmission loss in the photoacoustic detection process of cells.




4. Test and Analysis of Acoustic Triode Model


Figure 2 and Figure 3 prove that the sonic triode has the characteristics of sonic lossless transmission and directional transmission. Subsequent software simulation was carried out in this paper to achieve the amplification of the main signal within the ‘window time’.



4.1. Amplification Function of Sonic Triode


We cannot fix the frequency of the sound wave produced in the photoacoustic detection of cell. To achieve the amplification of the main signal in the ‘window time’, it is necessary to realize the lossless directional transmission of the model for the sound waves of different frequencies. A number of different frequencies are selected and the acoustic wave transmission simulation is performed in this paper. The simulation method is consistent with that in Figure 2. The sound source frequency and sound pressure of the sound source at the excitation point and the switching point are consistent, and the effect diagram shown in Figure 4 is obtained:



Figure 4a–d are phenomenon diagrams of the model when the sound wave frequencies are 272, 276, 277, and 285 kHz, respectively. These prove that the model has a similar effect on sound waves of different frequencies, and they can all produce the similar sound wave transmission phenomenon as in Figure 2a. The transmission characteristics are consistent in the two branch channels of the Y channel. When the sound waves reach the intersection of the channels, the sound pressure value of the sound waves in the ‘output channel’ rises significantly. This phenomenon is consistent with the design of the sonic triode in this paper. When two input points are used to input sound waves with the same characteristics at the same time, the energy intensity of the sound waves will be greatly increased. This processing method can achieve a local sound field enhancement of weak acoustic signals and improve the efficiency of acoustic detection.



The frequency of ultrasonic waves emitted by different cells in photoacoustic detection is different. The model can produce similar effects on sound waves of different frequencies, which can meet the needs of the photoacoustic detection of cells.



The sound pressure change diagram of the observation point of the sound wave frequency corresponding to Figure 4 is plotted to better observe the sound wave energy enhancement effect of the acoustic triode model, as shown in Figure 5:



It can be found that when the sound pressure of the sound source is maintained at 2 Pa, the sound pressure value of the collection point is increased to different degrees, but the effects are different. The sound pressure value of the sound wave increases by factors of 60, 6, 8, and 5 when the sound wave frequencies are 272, 276, 277, and 285 kHz, respectively. The increase in sound pressure of such sound waves may cause the model to be unable to enhance the local sound field of sound waves of a specific frequency. The acoustic triode needs to satisfy the local sound field enhancement of acoustic waves of different frequencies as much as possible. The resulting sound wave intensity in the photoacoustic detection of cells is low. The acquisition of acoustic signals cannot be performed well if the local sound field enhancement effect of the model is too low. Therefore, the local sound field enhancement effect of the model needs to improve until the enhancement effect can meet the requirements of the acoustic signal acquisition.



Therefore, the sound pressure of the sound source at the switching point (the red point) was changed in this paper, which was raised to 20 Pa, and the simulation was re-performed.



Figure 6a–d show the change in sound pressure at the acquisition point when the sound wave frequency is 276 and 285 kHz. Their sound pressures reach 120 and 70 Pa. Compared to Figure 4a,d, the sound pressure at the acquisition point has been significantly increased, reaching factors of 60 and 35, respectively. Therefore, this article considers that it is feasible to use the sonic triode to amplify the sonic energy.



However, the phenomenon of acoustic wave transmission loss will become more serious when the acoustic wave frequency increases, and the efficiency of the local sound field enhancement will also decrease. The input sound pressure at the switching point should be increased (the red point) to ensure the effective acquisition of the acoustic signal.



We can turn the acoustic wave transmitter at the switching point to achieve the amplification of acoustic energy within the ‘window time’ of acoustic signal acquisition when performing cell photoacoustic detection. In addition, the sound wave energy intensity will greatly decrease when the sound wave transmitter is turned off after the ‘window time’ is closed. The collected high-energy acoustic wave signal can be regarded as an effective photoacoustic detection signal. The distortion of the acoustic signal caused by the long acquisition time can be largely avoided by this method of detection.




4.2. Blocking Function of Sonic Triode


The purpose of designing a sonic triode in this paper is to exclude the interference of the clutter signal within the ‘window time’ in addition to the energy amplification of the main signal.



We obtain the ultrasonic wave excited by the cell. It will also carry sound waves of other frequencies due to the influence of the surrounding environment. This sound wave is considered an interference signal. If we can weaken the interference signal within the ‘window time’, it will be very helpful to improve the efficiency and reliability of photoacoustic detection.



A transient software simulation was performed based on the above models. The experimental method involves fixing the frequency of the acoustic wave at the excitation point at 270 kHz, and changing the acoustic wave characteristics of the switching point.



4.2.1. Research on the Possibility of Phase Interference Filtering Clutter


This article first changed the phase of the acoustic wave at the switching point. Its acoustic wave frequency is 270 kHz, but the phase of the acoustic wave is opposite to the excitation point. The sound pressure of both is maintained at 2 Pa. As shown in Figure 7:



Figure 7a–d show the internal sound pressure distributions of the model at 12, 34, 44, and 58 µs, respectively. It can be found that the sound waves with different phases will maintain the same transmission characteristics inside the model. However, the sound pressure distribution directions of the excitation point channel and the switching point channel at the same time are completely opposite. This phenomenon corresponds to the preset sound source settings.



Figure 7c is very similar to Figure 7d. This phenomenon illustrates the phenomenon of mutual interference between sound waves with different phases. Sound waves with the same frequency and opposite phases ‘cancel each other’ at the intersection. This phenomenon proves that the model has the basis for utilizing phase interference sound wave transmission.




4.2.2. Analysis of the Method of Phase Interference Filtering Clutter


The above experiment proves the feasibility of using the opposite-phase sound wave to filter out the interference sound wave, but in actual detection, it is impossible to know the ultrasonic frequency emitted by the cell in advance. Therefore, it is necessary to study the interference effect of sound waves of a specific frequency on sound waves of other frequencies. This paper has carried out research based on the above experiments. The sound wave frequency of the switching point is fixed at 270 kHz, and the sound wave frequency of the excitation point is then changed to study the effect of the fixed frequency sound wave on the interference sound wave signal, as shown in Figure 8:



Figure 8a–d show the sound pressure distribution of the model at 12, 34, 46, and 66 µs, respectively. It can be found that due to the change in the acoustic wave frequency of the excitation point, the sound pressure phenomena inside the excitation point channel and the switching point channel are not exactly the same. When the two sound waves reach the intersection, they will still converge. However, this phenomenon is obviously weaker than the effects in Figure 4 and Figure 6.



This paper draws the sound pressure change curve of the collection point at the corresponding time, and draws the sound pressure map at the initial time for comparison to further verify the effect of phase interference filtering clutter, as shown in Figure 9:



Figure 9a–e are the sound pressure change distributions at three observation points at 0, 12, 34, 46, and 66 ns, respectively. The sound pressure values at the collection point are 0, 0, 0, 0.1, and 0.2 Pa, respectively. It can be found that the initial sound pressure of the excitation point and the switching point is maintained at 2 Pa. In Figure 9d,e, the sound pressure has been detected at the acquisition point. However, the sound pressure at the collection point did not increase, unlike Figure 5 (10 Pa: 0.2 Pa), but the sound pressure at the excitation point decreased, achieving the effect of blocking sound waves.



The sound pressure at the switching point was increased to 20 Pa to further observe the acoustic wave blocking effect of the model. In addition, the acoustic wave frequency remained unchanged, software simulation was performed again, and the effect diagram shown in Figure 10 was obtained:



It can be found that the sound pressure of the acoustic wave at the switching point increased (referred to herein as ‘boost signal’) by comparing Figure 6b, Figure 6d, Figure 9d, Figure 9e and Figure 10. After that, the sound pressure of the interference signal at the collection point also increased. This kind of lifting has a good effect on identifying interference signals.



The intensity difference between the main signal and the interference signal is very weak before the sound pressure is amplified. This slight difference places high demands on the sensitivity of the ultrasonic transducer. Through the role of the acoustic triode, the intensity difference between the main signal and the interference signal can reach tens of times. As shown in Figure 10b, the interference signal with a sound pressure intensity of 2 Pa can maintain the sound pressure intensity of 2 Pa under the effect of the ‘boost signal’, but the sound pressure intensity of the main signal in Figure 6b can reach tens or hundreds of Pascals. This strong signal strength difference can clearly distinguish the main signal, thereby obtaining the acoustic parameters of the main signal. Therefore, we can use ordinary ultrasonic transducers to collect and analyze the acoustic signals, which reduces the cost of photoacoustic detection. In addition, this phenomenon is also beneficial to analyze the characteristics of the interference signal and supplement the content of photoacoustic detection.





4.3. Working Method of Sonic Probe of Sonic Triode


Through software simulation, it is proved that the designed sonic triode has the effect of simultaneously realizing sonic wave amplification and sonic wave blocking. Considering the particularity of cell photoacoustic detection, the application method of the sonic triode is studied in this paper:




	(1)

	
When the frequency of the ultrasonic wave emitted by the cell is unknown, the sonic probe at the switching point should use the frequency sweeping method for sonic emission. The intensity comparison will be more obvious under the ‘energy increase’ of the switching point acoustic signal due to the difference in the strength of the main signal and the interference signal. The strongest sound wave signal should be regarded as the main signal, and its frequency is the sound wave frequency of the main signal. The subsequent sound wave emission frequency of the switching point should be adjusted to be the same as the main signal frequency to achieve the effect of filtering out clutter.




	(2)

	
The time for signal acquisition should be set to avoid signal distortion caused by the continuous transmission of acoustic signals, called ‘window time’. The sonic probe is started within the ‘window time’ to improve the efficiency of sonic signal acquisition. If the ‘window time’ is exceeded, the sound wave probe is turned off, subsequent weak sound wave signals are regarded as interference signals, and no acquisition is performed.











5. Conclusions


The acoustic signal acquisition of cell photoacoustic detection has problems of insufficient acoustic wave intensity and signal interference. A model of a sonic triode based on the artificial periodic structure is designed and functions of the sonic energy enhancement and sonic blocking of the model are simulated.



Experiments show that transmitting acoustic waves with characteristic frequencies at the switching point of the acoustic triode can amplify the energy of the acoustic signal in photoacoustic detection. The amplification effect is related to the input sound wave intensity at the switching point, which can reach dozens or hundreds of times.



The acoustic wave at the switching point will block the interference signals of other frequencies at the same time. It can significantly increase the intensity gap between the main signal and the interference signal, and can meet the application of ordinary ultrasonic transducers in photoacoustic detection. This characteristic improves the effectiveness of the acoustic wave signal in photoacoustic detection. It can reduce the application cost of the photoacoustic detection technology and realize acoustic signal detection of the photoacoustic detection in an ordinary environment. This article summarizes the specific application methods of sonic triodes according to the characteristics of cell photoacoustic detection. These studies are very helpful for improving the efficiency and signal reliability of photoacoustic detection in cells.
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Figure 1. Sonic triode based on artificial periodic structure: (a) Acoustic triode model; (b) artificial periodic structure model. 
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Figure 2. Schematic diagram of sound wave transmission: (a) Schematic diagram of sound wave transmission; (b) schematic diagram of sound wave transmission (no adding model). 






Figure 2. Schematic diagram of sound wave transmission: (a) Schematic diagram of sound wave transmission; (b) schematic diagram of sound wave transmission (no adding model).



[image: Crystals 10 00204 g002]







[image: Crystals 10 00204 g003 550] 





Figure 3. Sound pressure changes at different observation points. 
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Figure 4. Sound wave transmission effect at different frequencies: (a) Phenomenon at 272 kHz; (b) phenomenon at 276 kHz; (c) phenomenon at 277 kHz; (d) phenomenon at 285 kHz. 
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Figure 5. Sound pressure changes of acoustic waves at different frequencies: (a) Line graph at 272 kHz; (b) line graph at 276 kHz; (c) line graph at 277 kHz; (d) line graph at 285 kHz. 
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Figure 6. The effect of the sound pressure at the switch point:(a) Phenomenon at 276 kHz; (b) line graph at 276 kHz; (c) phenomenon at 285 kHz; (d) line graph at 285 kHz. 
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Figure 7. Acoustic phase interference simulation diagram: (a) Phenomenon at 12 µs; (b) phenomenon at 34 µs; (c) phenomenon at 44 µs; (d) phenomenon at 58 µs. 
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Figure 8. Filtering effect of fixed-frequency sound wave: (a) Phenomenon at 12 µs; (b) phenomenon at 34 µs; (c) phenomenon at 46 µs; (d) phenomenon at 66 µs. 
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Figure 9. Changes in sound pressure at collection points at different times: (a) Line graph at 0 µs; (b) line graph at 12 µs; (c) line graph at 34 µs; (d) line graph at 46 µs; (e) line graph at 66 us. 
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Figure 10. Sound pressure change at the acquisition point (sound pressure rise at the switch point): (a) Line graph at 46 µs; (b) line graph at 66 µs. 
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