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Abstract

:

In breast ultrasound CT imaging, the ultrasound signals received by high-density CMUT cylindrical array have problems of low transmission efficiency, susceptibility to interference from other signals, and an inability to achieve efficient acquisition. Therefore, to overcome these problems, based on acoustic metamaterials and graphene structure, an efficient transmission model of the multi-channel breast ultrasonic signals was designed, and a finite element simulation experiment was conducted. Research showed that the separation of ultrasonic signals could be achieved by the model designed in this article. The anti-interference ability in the ultrasonic signal acquisition process was effectively improved by the good multi-channel directional transmission and the sound wave local enhancement effect, which improved the sound wave transmission efficiency. In addition, the acoustic signals could be effectively transmitted from 80 kHz to 4000 kHz, realizing broadband transmission. Based on the flexibility of the design of the phononic crystal structure, phase adjustment could be achieved in a wide frequency range by changing the parameters of the primary cell structure. This enabled the CMUT cylindrical array to obtain better directivity characteristics, laying the foundation for high-quality breast ultrasound imaging.
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1. Introduction


In recent years, breast cancer has ranked first in the incidence of female tumors worldwide, and has become a major public health problem in contemporary society [1]. Therefore, the early and accurate diagnosis and timely treatment of breast cancer are particularly important. As a new type of breast cancer imaging technology, ultrasound CT imaging technology can invert the three-dimensional image of the internal structure of the tissue by detecting the scattered waves and reflected waves of the human tissue in the broadband frequency range, which has a high degree of biosecurity [2,3]. Therefore, the research of ultrasound CT imaging technology is of great significance for the early detection and long-term diagnosis and treatment of breast cancer [4,5,6].



As the core component of the ultrasound CT imaging system, the transmission and reception of ultrasound signals can be realized based on the capacitive micromachined ultrasound transducer (CMUT) [7,8,9]. However, due to the complexity of breast tissue, efficient acquisition of breast ultrasound signals by CMUT has become an important factor limiting accurate detection. The specific manifestations are as follows [10,11,12,13,14]: (1) the ultrasound signal intensity of minimal breast lesions is weak, and the acquisition is difficult; (2) the ultrasound signal transmission process is easily interfered with by the surrounding environment, and the transmission efficiency is low; (3) the limited bandwidth of the CMUT will lead to the sound waves of different frequency components to be lost during the transmission process, causing signal integrity problems; (4) the phase modulation function is not provided by the transmission of traditional acoustic signals. Specifically, the directivity is poor, and the stable signal cannot be output. Many scholars have made efforts aiming to solve the above problems. In 2017, Zhang et al. [15] proposed the physical mechanism of dolphin beam formation, which provided a new idea for sparse CMUT arrays to achieve excellent acoustic emission directivity. In 2020, Coutant Z A et al. [16] used three sizes of square micro-elements to form CMUT array elements, achieving an increase in bandwidth. In 2021, Hani H. Tawfik et al. [17] proposed a meniscus mode, which is a new operation mechanism for signal amplification in CMUT transducers. The formation of the meniscus increases the measured signal intensity. However, as the intensity increases, the probability of meniscus rupture increases. The efficient acquisition of breast ultrasound signals is seriously affected.



The efficient transmission of breast ultrasound signals has been pointed out by the development of artificial acoustic metamaterials [18,19,20,21]. Different from the regulation mechanism of traditional artificially variable refractive index materials, the essence is to use the structure of sub-wavelength size to realize the arbitrary regulation of sound waves through fine microstructure design. Functionally, the use of metamaterials for acoustic wave modulation not only enhances the existing CMUT acquisition method, realizes multi-channel acoustic signal directional transmission, and reduces signal attenuation; it also realizes broadband transmission, phase adjustment, and other functions, laying the foundation for fast and reliable multiparameter data acquisition.



Therefore, based on acoustic metamaterials, the design of a multi-channel structure suitable for the efficient transmission of breast ultrasound signals has become a new CMUT efficient acquisition solution. Using the coupling and resonance mechanism between the sound wave and the medium in the model, the parallel directional transmission of multiple signals is realized. Therefore, the mutual interference between the signals is reduced and the transmission efficiency is effectively improved. At the same time, the acoustic signals are effectively transmitted in a wide frequency range, and more signals can be received by the CMUT. Moreover, the phase of the ultrasound signals is controlled, and the collection efficiency of CMUT is improved, which provides a data source for ultrasound tomography, and promotes research in the early screening of breast cancer.




2. Theoretical Analysis


During the acquisition of breast ultrasound signals, acoustic impedance is generated during the transmission of ultrasound in the soft tissues of the organism. Among them, the formula that best reflects the acoustic characteristics of the medium is the acoustic impedance ratio formula [22]:


  z =   ω  ρ 0   k  =  ρ 0  c  



(1)







In Equation (1),  ω  is the angular frequency,  k  is the wavenumber,    ρ 0    is the density of the medium, and  c  is the speed of sound in the medium in N⋅s/m3.



Acoustic impedance ratio can be understood as the speed-limiting ability of the medium at a specific position in the sound field. Generally, the ultrasonic attenuation determined by the characteristics of the propagation medium obeys the law of exponential attenuation. Specifically, the relationship between the amplitude A along the propagation direction of the sound wave and the propagation distance x is:


  A =  A 0   e  − α x    



(2)







In this formula,    A 0    is the initial amplitude and  α  is the attenuation coefficient.



It can be seen that the amplitude A of the sound wave propagation direction is negatively related to the propagation distance. The greater the propagation distance, the smaller the amplitude A. Therefore, the ultrasonic signal energy is subject to attenuation during the process of transmitting information to the CMUT receiving end; the bandwidth is limited, and the complete signal cannot be collected. Acoustic metamaterials, as a kind of artificially designed composite structural materials, have the characteristics of high-efficiency transmission of sound waves in specific frequency bands, which have a relatively large relationship with their structural characteristics. Compared with traditional acoustic materials, the cell structure of acoustic metamaterials has multiple vibration characteristics. Therefore, a specific acoustic wave transmission bandgap [23] is formed.



In 2000, Liu et al. [24] first proposed the bandgap of phononic crystals based on the local resonance mechanism. A three-dimensional, locally resonant phononic crystal was prepared by periodically inserting a lead core covered by a soft material in an epoxy resin-based material. Both theoretical and experimental results show that the limitations of the Bragg condition can be broken through, which has become an essential breakthrough in the field of phononic crystals. The local resonance type-phononic crystal bandgap is produced by the local coupling of elastic waves and oscillators.



The dispersion equation of the spring-vibrator model is [25]:


   ω 2  = 4 K  M  e f f   − 1     sin  2  k a  



(3)






   M  e f f   =  M 1  +  M 2   ω 0 2  / (  w 0 2  −  w 2  )  



(4)






   ω 0  =   2 G /  M 2     



(5)




where    M 1    and    M 2    are the masses of the outer and inner layers of the double-spring vibrator, respectively.    M  e f f    ,  ω  and  α  represent the effective mass, the resonance frequency, and the distance between the two vibrating spheres, respectively.



In breast detection, when ultrasonic signals are transmitted through multiple channels, according to the dispersion equation of the spring-vibrator model, epoxy resin and rubber are selected as the outer layer of the metamaterial local resonance unit to achieve adjustment of the elastic coefficient. In this two-component resonance-type phononic crystal, the rubber as a scatterer assumes the role of spring and mass simultaneously [26]. Under the squeezing action of the sound wave, the epoxy resin of the matrix starts to vibrate. Under the action of elastic force, the rubber layer vibrates, which leads to the vibration of the entire structure.



In a two-dimensional phononic crystal, the propagation direction of elastic waves and sound waves is determined by the direction of the group velocity. The equation of the group velocity is as follows [27]:


   C  g x   =   ∂ ω   ∂  k x    ,  C  g y   =   ∂ ω   ∂  k y     



(6)







In the formula, the group velocity components along the x-axis and y-axis directions are expressed:    C  g x     and    C  g y     represent the group velocity components along the x-axis and y-axis, respectively.



Therefore, in this study, a multi-channel acoustic channel model was designed based on metamaterials. The specific idea adopted in this article is: in ultrasound CT imaging, the multi-channel acoustic transmission model based on the graphene structure is used to adjust sound waves of the ultrasound signals excited by the breast tissues, and then they are received by the CMUT to achieve high-efficiency transmission of sound wave energy between human tissues and transducers. Consequently, the collection efficiency of the CMUT is improved.




3. Model Structure Design


First, the cell structure based on the acoustic metamaterial was designed. As shown in Figure 1, the rubber was placed in the epoxy resin matrix, and the width R of the rubber layer was 0.05 mm. The parameters were set as follows:    ρ  w a t e r     = 1000 kg/m3,    C  w a t e r     = 1500 m/s,    ρ  e p o x y r e sin     = 1180 kg/m3,    C  e p o x y r e sin     = 2540 m/s,    ρ  r u b b e r     = 1300 kg/m3,    C  r u b b e r     = 300 m/s.



Graphene is a new type of two-dimensional material composed of carbon atoms, where the carbon atoms are arranged in a honeycomb regular hexagon pattern through covalent bonds. It is the thinnest two-dimensional material created so far and has good sound absorption properties [28]. To realize the regulation of the graphene structure on the sound wave, the protocell structure was arranged into the graphene structure, as shown in Figure 1b. The distance d between primitive cells is 0.1385 mm, and the length L of the sides of the hexagon is 0.2385 mm. One side is shared by the adjacent hexagons. In this paper, three columns and 16 rows of graphene structures are arranged closely to form an acoustic channel, and the thickness of the acoustic channel is 1.2 mm. As shown in Figure 2a, to study the transmission characteristics of multi-channel breast ultrasound signals, five channels were used for research in this paper.



COMSOL Multiphysics, as a powerful finite element analysis software, was used to simulate the sound field signal. Based on the previous basic model [26,29,30,31], COMSOL finite element simulation software was used to study the transmission characteristics of breast ultrasound signals. First, the pressure acoustic transient was set, the multi-channel model was immersed in the water environment, and the hard sound field boundary was set outside. The breast ultrasound signal was simulated as a parallel excitation source, placed directly below each channel, and the sound pressure value was 2 Pa, as shown in Figure 2b. Research control-transient equations were used to solve acoustic wave equations inside the COMSOL:


     ω 2  p   ρ  c 2    + ∇ ⋅  (  −  1 ρ   (  ∇  p t  −  q d   )   )  = Q  



(7)







In the formula,  ρ  is the density of the fluid medium,    p t    is the sound pressure,    q d    is a dipole source,  ω  is the angular frequency,  c  is the speed of sound in the medium, and  Q  is a unipolar source.




4. Results


4.1. Analysis of Acoustic Transmission Characteristics in the Time Domain


In the traditional acquisition process, when multiple sound source signals work together, the sound wave signals will interfere with each other, seriously affecting the transmission effect of ultrasonic signals. However, when there are sound channels, as shown in Figure 3, the sound wave signals are transmitted along their respective sound channels and separated from each other without diverging to the surroundings. As a result, the mutual interference and distortion of the signals are effectively reduced, and the collection efficiency is improved.



To study the acoustic transmission characteristics of the acoustic channel, the time-domain transmission effect of the ultrasonic signal transmitted in the multi-channel acoustic channel was analyzed.



As shown in Figure 4, the sound pressure diagrams of the ultrasonic signals at different moments were recorded. Among them, the frequency of the sound signal was 100 kHz, and the red and blue in the sound pressure diagrams represent the sound wave signals in opposite directions. The darker the color, the greater the sound pressure value and the higher the energy. When t is 0 μs, there is no sound pressure distribution inside the sound channel, and it is all green. With the increase in time, the sound wave signal is gradually transmitted along the sound channel under the action of parallel excitation. When t is 6.5 μs, the sound wave is transmitted to the 1/3 channel. Similarly, when t is 11.5 μs, the sound wave is transmitted to the 2/3 channel. The acoustic signal is transmitted from the incident port to the CMUT receiving end. Additionally, the energy is concentrated inside the model without spreading to the surroundings and gradually becomes stable after 18.25 μs. In addition, during the transmission of the sound wave signal, the red and blue sound fields alternately appear, i.e., the same direction sound waves and the opposite sound waves alternately appear. This is because different metamaterial layers emit sound waves at different positions, and the phase of the sound waves emitted depends on the position of the acoustic metamaterial array. When its position is an even multiple of the half-wavelength, an in-phase acoustic wave is generated; when its position is an odd multiple of the half-wavelength, an anti-phase acoustic wave is generated. It can be seen from the sound pressure diagram that the energy value in the sound channel is much greater than the sound pressure value of the pressure source, indicating that the sound channel has a good local enhancement effect. The detection signal of minimally diseased tissue is amplified, which reduces the difficulty of detection. At the same time, the breast ultrasound signal is transmitted directionally along the acoustic channel and reaches the receiving end of the CMUT transducer without spreading to the surroundings. The collection speed of breast volume data was increased to achieve fast, real-time, high-resolution imaging.



To further study the change of the sound pressure value of the multi-channel sound channel model with time, under the action of the parallel excitation as shown in Figure 5a, the sound pressure change waveform of the receiving end of the five sound channels in this paper was drawn. As shown in Figure 5b, the sound pressure value at the receiving end of the CMUT was zero until 10 μs. At this time, the sound wave signal was transmitted inside the model and did not reach the receiving end. After 10 μs, as time increased, the acoustic signal gradually reached the CMUT receiving end and stabilized after 18 μs to achieve dynamic transmission. The sound wave energy was approximately 2.3 Pa, which was greater than the sound pressure value at the excitation source, achieving a good sound wave local enhancement effect and effectively amplifying the intensity of the ultrasonic signal. In the meantime, the waveforms of the five sound channels were almost the same, and they were transmitted efficiently at the same time, realizing multi-channel and efficient acquisition of sound wave signals.




4.2. The Influence of Frequency on Sound Transmission Characteristics


The frequency of the ultrasonic waves excited by the breast tissues with different degrees of variation is different, the transmission characteristics of the ultrasonic signals in different frequency bands have been further studied. As shown in Figure 6, the transmission waveforms of acoustic signals at frequencies of 80 kHz, 1000 kHz, 3000 kHz, and 4000 kHz reach the receiver of CMUT through the acoustic channel are, respectively drawn. It can be seen from the waveform that when the frequency is 80 kHz, the sound wave signal has a transmission effect in the whole process, and the sound pressure value is stable at 1.5 Pa, which has a smaller energy loss compared with the excitation source. When the sound wave frequency is 1000 kHz, the signal almost has no transmission effect before 9 μs. As time increases, the acoustic signal is gradually transmitted to the receiving end. The signal intensity is gradually enhanced and stabilized at 20 μs, and the sound pressure value is 1.4 Pa. The model cannot completely overcome the problem of sound energy loss in sound wave propagation, but it does have a stable sound wave propagation effect. When the sound wave frequency is 3000 kHz, the sound wave transmission characteristics are similar to 1000 kHz. With the increase in frequency, the amplitude of attenuation is increased gradually, and the oscillation effect is stronger. When the sound wave frequency is 4000 kHz, the sound wave intensity is small, oscillating around 0.05 Pa. The transmission effect is weak and can be ignored. Therefore, the acoustic signal can be effectively transmitted in the 80 kHz to 4000 kHz band, and broadband transmission is realized. More acoustic signals with different frequency components are delivered to the receiving end, and the signal integrity is improved. It can be seen that through the multi-channel acoustic channel model designed in this article, the effective transmission bandwidth is increased, and the integrity of the collected signal is improved.




4.3. The Influence of Structural Parameters on Sound Wave Transmission Characteristics


With better directional properties in the CMUT cylinder array, a more stable ultrasonic signal would be produced, the reception performance of CMUT would be improved, and the receiving efficiency of the CMUT would be improved. By studying the influence of structural parameters on signal transmission characteristics, phase modulation was achieved.



With other parameters unchanged, the frequency of the five input ultrasonic signals was 100 kHz, the amplitude was 2Pa, and the phase difference as   3 π / 8  . The period of the incident sound pressure function of one channel was   3 π / 2  , and the phases of other channels were shifted to the right by   3 π / 8  ,   3 π / 4  ,   9 π / 8  ,   3 π / 2   and in turn.



Figure 7a shows the simulation of the ultrasonic signal at different input signals. It can be seen from the simulation diagram that the sound pressure distribution at the peak and trough of the output sound pressure is messy, and there is an obvious phase difference. On this basis, the subject changed the structural parameters of the material to achieve phase modulation. As shown in Figure 7b, the phase of the acoustic signal can be distributed regularly. The acoustic wavefront arriving at the exit point has the same phase, i.e., constructive interference occurs. Therefore, despite the different directions and paths, after different ultrasonic signals are processed through the acoustic channel, the phase can be adjusted to deflect the beam and output a stable ultrasonic signal under the action of phase modulation. Moreover, the signal is transmitted along the channel, the pointing performance is improved, and the transmission efficiency of breast ultrasound signals is greatly enhanced, which is conducive to efficient acquisition and high-resolution ultrasound imaging.



In short, based on the bandgap theory of phononic crystals, the efficient transmission of ultrasound signals was realized by the multi-channel breast ultrasound signal model designed in the simulation. In 2008, Yang et al. [31] experimentally proposed and prepared a two-dimensional membrane–mass structure negative-mass-density acoustic metamaterial, and systematically studied the singular properties of the acoustic metamaterial based on this structure. The feasibility of the multi-channel model design was confirmed by this experiment, which provided a new idea for the efficient transmission of breast ultrasound signals.





5. Conclusions


In ultrasound CT imaging, there are problems such as low ultrasound signal transmission efficiency and severe interference. In this article, based on the graphene structure and acoustic metamaterials, a multi-channel acoustic channel model designed by COMSOL was proposed to achieve the efficient transmission of breast ultrasound signals, thereby achieving the efficient acquisition of CMUT. Through the analysis of the efficient transmission characteristics of sound waves, the following conclusions can be drawn.



	(1)

	
When the frequency of the acoustic signal is 100 kHz, the acoustic signals are transmitted along their respective acoustic channels and separated from each other without diverging, which effectively reduces the mutual interference and distortion of the signals. Simultaneously, the energy of the ultrasonic signal reaching the receiving end of the CMUT through the acoustic channel is enhanced, which reduces the difficulty of acquisition and provides the possibility for accurate detection of early breast cancer.




	(2)

	
For sound wave signals of different frequencies, they can be effectively transmitted when passing through the sound channel in the wide frequency range of 80 kHz to 4000 kHz. The transmission frequency band of the acoustic signal is effectively expanded, and the integrity of the signal arriving at the receiving end of the CMUT is improved, realizing efficient acquisition.




	(3)

	
Based on the flexibility of the phononic crystal structure design, changing the parameters of the primitive cell structure, the phase adjustment can be realized in a wide frequency range, which greatly enriches the function of the acoustic channel. The beam is deflected by adjusting the phase to improve directivity, and the efficient acquisition of CMUT is better realized, providing a database for accurate diagnoses of breast cancer.
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Figure 1. (a) Primitive structure; (b) graphene structure. 
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Figure 2. (a) Multi-channel breast ultrasound signal transmission model based on metamaterials; (b) parallel excitation source. 
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Figure 3. Transmission effect: (a) two-dimensional sound field distribution; (b) three-dimensional height expression. 
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Figure 4. Simulation results in different time periods: (a) sound pressure diagram at 0 μs; (b) sound pressure diagram at 6.5 μs; (c) sound pressure diagram at 11.5 μs; (d) sound pressure diagram at 18.25 μs. 
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Figure 5. (a) Five-channel incident sound pressure change; (b) five-channel exit sound pressure change. 
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Figure 6. Transmission waveforms at different frequencies: (a) Sound pressure graph at 80 kHz; (b) Sound pressure graph at 1000 kHz; (c) Sound pressure graph at 3000 kHz; (d) Sound pressure graph at 4000 kHz. 
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Figure 7. (a) Sound field distribution before phase modulation; (b) sound field distribution after phase modulation. 
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