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Abstract


Bowel sounds, produced by intestinal peristalsis, are essential for diagnosing gastrointestinal disorders. However, acquiring and analyzing bowel sounds is challenging due to their unpredictable nature and individual variability. Biological tissues can affect bowel sounds during propagation, resulting in varying degrees of signal attenuation between the sound source and the transducer. This study aims to develop a numerical model of bowel sound propagation in the abdominal cavity, focusing on the impact of different biological layers on signal attenuation. Validation of the model demonstrated strong consistency between simulated and actual bowel sound signals, confirming the model’s accuracy and reliability. The model accounted for adipose tissue thickness, ranging from 5 to 20 mm across individuals, while muscle and skin thicknesses remained constant. Results indicated that signal attenuation increases with both the propagation distance and adipose tissue thickness. These findings provide insights into how tissue layers influence bowel sound propagation, offering a theoretical foundation for developing personalized and precise monitoring devices.
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1. Introduction


Bowel sounds, including rumbles, grunts, trebles, and growls, are typically produced by the movement of liquids, food, digestive juices, and air in the intestinal tract [1]. These sounds are primarily produced by the rhythmic contractions of the intestines, a process known as peristalsis. They are affected by the mechanical interactions between the digestive contents and the walls of the intestines [2]. Analyzing the presence, frequency, and intensity of these sounds provides valuable diagnostic insights into gastrointestinal diseases, particularly in their early detection. For instance, Liatsos et al. [3] demonstrated that bowel sound analysis accurately diagnoses small amounts of ascites. Craine et al. [4] utilized two-dimensional localization techniques to differentiate between irritable bowel syndrome (IBS) and Crohn’s disease, pioneering a new approach in the classification of functional bowel disorders. Moreover, Gu et al. [5] found that bowel sounds had a positive predictive value of 72.7% for diagnosing acute intestinal obstruction, highlighting their potential in rapid screening. These findings underscore the significant clinical applications of bowel sound analysis, particularly in the early identification of gastrointestinal conditions, though further efforts to standardize and objectify the method remain essential.



Bowel sound analysis has shown significant potential in diagnosing various gastrointestinal diseases and has made progress in theoretical research. However, its clinical application remains challenging. Currently, interpreting bowel sounds is heavily dependent on the clinician’s experience and is susceptible to interference from environmental noise and individual variability, limiting its standardized use in clinical settings. Furthermore, while conventional stethoscopes are commonly employed for bowel sound assessment, they remain subjective and fail to provide objective, standardized results [6]. The complex nature of bowel sounds, characterized by variations in frequency, intensity, and duration, presents challenges for automated detection [7] and analysis [8] techniques in achieving the accuracy needed for clinical applications. Existing automated methods often struggle to provide consistent and reliable diagnostic information when confronted with diverse disease states and individual differences. Moreover, the absence of large-scale, standardized bowel sound databases and uniform classification criteria further limits the widespread application and effectiveness of these techniques across various diseases.



Most existing studies have focused on methods and devices for acquiring bowel sounds [9,10,11], with relatively little attention given to bowel sound simulation. The development of bowel sound simulation devices is of significant importance, as they provide objective and controllable samples that can improve the accuracy and reliability of automated analysis techniques. This advancement may also support the establishment of standardized classification and diagnostic frameworks. Additionally, such devices can contribute to the creation of large-scale, standardized bowel sound databases, promoting the widespread application of bowel sound analysis across various clinical conditions. Du et al. [12] developed a mathematical model of bowel sound generation, simplifying the vibration of the intestinal wall into a spring-mass-damping system. Their study primarily focused on the mechanisms of sound generation within the intestine [13]. However, existing research has limited insight into the propagation of bowel sounds within the abdominal cavity [14]. The physical properties of various tissue layers, including thickness, density, elasticity, and impedance, heavily influence the propagation characteristics of bowel sounds [15]. Individual differences, particularly in fat layer thickness, can lead to significant attenuation and distortion of bowel sounds as they travel through the abdomen [16,17]. Therefore, developing a bowel sound simulation device that can accurately mimic the structure of the abdominal cavity of different individuals is of great significance for revealing the propagation law of sound waves, optimizing the signal acquisition and analysis, and providing key technical support for the clinical application of bowel sound analysis.



Accurate modeling and analysis of bowel sounds in clinical settings presents several challenges. To address these challenges, it is essential to develop a model that effectively captures the mechanisms of bowel sound generation and their propagation within the abdominal cavity. Numerical simulations approximate solutions through discretization and iterative solving, making them well suited for complex physical phenomena and boundary conditions. In contrast, analytical models simplify systems to provide exact solutions, but they can be limited in complex situations and computationally expensive. In the field of nanoelectronic device modeling, semi-analytical models have proven to be a helpful balance, reducing computational complexity while maintaining high accuracy [18]. Building on this approach, this study uses an analytical model to define the characteristics of the sound source and provide accurate initial conditions for numerical simulations. The sound wave propagation is then analyzed through numerical modeling in COMSOL Multiphysics® (version 6.2.) [19]. This combined approach improves both the accuracy of the results and computational efficiency, offering a practical solution for modeling the dynamics of bowel sound generation and propagation.



This study aims to develop a comprehensive numerical model to simulate intestinal sound generation and propagation, focusing on the acoustic properties of abdominal tissue layers, including adipose tissue, muscle, and skin. By integrating tissue-specific acoustic parameters into a finite element model, this research establishes a proof-of-concept framework for accurately simulating sound propagation. A key objective is to investigate how variations in fat layer thickness influence sound attenuation, accounting for individual anatomical and physiological differences. The model will be personalized based on individual-specific tissue composition, enabling precise simulation of real-world abdominal conditions. By correlating these variations with an expanded bowel sound database, the model has the potential to enhance diagnostic accuracy and support personalized medicine. Additionally, this research contributes to the development of non-invasive gastrointestinal health monitoring devices, offering significant clinical value for early disease detection and management.




2. Theory and Model


2.1. Generation of Bowel Sounds


Bowel sounds are generated by the rhythmic contraction and relaxation of smooth muscles in the intestinal walls. This process, known as peristalsis, involves wave-like movements that propel food, liquids, and digestive juices through the intestines. This process causes pressure changes within the intestinal lumen, compressing gases and liquids to produce sound. The characteristics of these sounds, including their intensity, frequency, and nature, depend on factors such as the speed of peristalsis, the type of materials in the intestines, and muscle contraction patterns. In order to accurately simulate bowel sound production, the mathematical model introduced in the literature [12] incorporates four key parameters: individual waveform components (IWC), pressure index (PI), component quantity (CQ), and component interval time (CIT).



The individual waveform component (IWC) is the basic unit of bowel sound, produced when the bowel contracts and compresses fluid (gas or liquid) through the intestinal lumen. The frequency of the IWC is linked to the intensity and rhythm of these oscillations. The pressure index (PI) measures pressure fluctuations in the bowel and directly impacts the volume and clarity of the sound. Higher PI values result in stronger and more pronounced bowel sounds. Component quantity (CQ) refers to the number of distinct waveform components within a given time frame, influencing the complexity and density of the sound. A higher CQ produces a richer, more complex sound. Component interval time (CIT) measures the time between successive waveform components and is crucial for controlling the rhythm of the sounds. By adjusting CIT, different types of bowel sounds, such as rumbling or growling, can be simulated. These four parameters determine the character and variability of the bowel sounds. By adjusting these four parameters, the model can effectively reproduce the various types of bowel sounds observed clinically, allowing for more accurate simulations that are useful for both medical diagnosis and educational purposes.



In modeling abdominal acoustic wave propagation, the individual waveform component (IWC) is used as the source signal. It simulates bowel sound responses as they pass through different tissue layers, including fat, muscle, and skin. The propagation model incorporates tissue-specific interactions, accounting for sound attenuation as it travels from the intestine to the skin surface. The mathematical representation of the IWC is described by the following equation:


    P   i w c   =   A   i w c     sin  ⁡    2 π   f   i w c   t      



(1)




where   t   is time,     f   i w c     is the resonant frequency, and     A   i w c     is the envelope of the IWC, given by:


    A   i w c   =    p   e   − E   /   t         t   b       



(2)







Here,   p   is the pressure index,    E   is the envelope exponent influenced by pressure, and   b   controls the bandwidth of the IWC related to damping.



Based on the mathematical model of bowel sound generation, Equation (2) is substituted into Equation (1), and the generated IWC is shown in Figure 1. The IWC is defined by the resonance frequency     f   i w c     and is strictly constrained by the envelope function     A   i w c    . In this simulation, the parameters were set to     f   i w c     = 400 Hz, with envelope parameters   E   = 0.0495 and b = 11.0. As shown in Figure 1, the red solid line represents     + A   i w c    , the green solid line represents −    A   i w c    , and the blue solid line illustrates the simulated IWC. The IWC curve peaks at 4.5 ms, indicating that the pressure induced by the intestinal wall contraction is most pronounced at this time. The subsequent decrease in amplitude reflects the gradual attenuation of pressure changes over time, approaching zero at 15.0 ms. The parameter p, acting as a scaling factor, was fixed at p = 1 for this analysis. This choice simplifies the analysis and allows us to focus on the relative relationships between the parameters, rather than on the absolute magnitude levels. By adjusting other parameters, different forms of the IWC can be generated.




2.2. Transmission of Bowel Sounds


2.2.1. Principle of Sound Propagation


This study adopts the assumption that the bowel sound source is not significantly influenced by complex fluid dynamics in the abdominal cavity, such as the movement or interaction of gases, liquids, or other substances. By modeling the IWC as an ideal point source, the approach bypasses the need to incorporate these fluid behaviors, allowing the focus to remain on fundamental acoustic phenomena. This assumption provides a practical framework for simulating intestinal sound propagation while maintaining both computational efficiency and analytical accuracy.



Additionally, other components of the abdominal cavity, such as gaseous or liquid substances present in the peritoneal cavity, do not significantly impact the propagation or attenuation of sound waves generated by the IWC, and their effect on sound wave propagation is considered negligible. This study primarily focuses on the acoustic properties of the various tissue layers in the abdominal cavity, such as density     ρ   0     and sound speed   c   [20]. These tissue properties determine the propagation, reflection, refraction, and attenuation of sound as it passes through the complex anatomical structures of the abdomen, enabling a more accurate simulation of intestinal sound within the human body. By concentrating on these acoustic properties, the model provides a simplified but effective representation of sound wave propagation.



To simulate the propagation of bowel sounds within the complex environment of the abdominal cavity, this study employs the pressure acoustics-elasticity model available in COMSOL, a widely recognized software platform for solving complex physics-based simulations. Specifically, the study focuses on time-domain simulations, which facilitate the analysis of sound wave behavior over time as it propagates through various tissue layers within the abdominal cavity [21]. The simulation is based on the classical wave equation, a fundamental principle in acoustics that describes the propagation of sound waves as they travel through different media. This wave equation captures the dynamic relationship between sound pressure and the physical properties of the medium [22]. The equation is mathematically represented as


                                                           1     ρ   0     c   2           ∂   2   p   ∂   t   2      + ∇ ⋅ ( −    1     ρ   0      ∇ p ) = 0      



(3)




where   p   is the sound pressure,     ρ   0     is the density of the medium,   c   is the speed of sound, and   ∇   represents the gradient operator.



The first term      1     ρ   0     c   2           ∂   2   p   ∂   t   2        in the equation describes the temporal variation of sound pressure. It provides insights into how sound waves evolve over time as they travel through the medium. This term captures the relationship between sound pressure and wave acceleration, influencing the velocity of sound wave propagation over time. Essentially, it models the inertial effects of the medium, reflecting the time-dependent behavior of sound waves. The second term,   ∇ ⋅ ( −    1     ρ   0      ∇ p )  , describes the propagation and diffusion of sound waves through space. Specifically, the gradient operator   ∇ p   quantifies the variation of sound pressure at each spatial location, while the divergence operator   ∇   describes the spatial spreading or focusing of the sound waves as they propagate through the medium. The negative sign in this term reflects the physical principle that pressure gradients drive the movement of the sound waves. As a result, this term captures how sound waves expand or contract as they travel through different tissue layers, potentially experiencing attenuation or changes in direction, depending on the properties of the surrounding medium.



To solve the wave equation numerically, COMSOL discretizes both space and time, transforming the continuous wave equation into a set of algebraic equations that can be solved iteratively. The spatial discretization divides the abdominal cavity into a mesh of smaller elements, each representing an approximation of the sound pressure and its gradient. The temporal discretization divides the simulation time into small time steps, allowing the tracking of dynamic changes in sound pressure over time. By discretizing both space and time, COMSOL enables a detailed simulation of the sound wave’s propagation and its interaction with the heterogeneous tissues in the abdominal cavity.




2.2.2. Sound Propagation Models


To simulate the propagation of bowel sounds within the abdominal cavity, obtaining anatomical data of the human abdomen is essential for determining its shape and size [23]. Given the clinical significance of the upper abdomen and its concentration of vital organs, we chose to focus our study on this region. However, we believe that the principles and methods employed in this study are equally applicable to other regions of the abdomen, providing a solid foundation for a more comprehensive understanding of bowel sound propagation. In order to model the propagation of bowel sounds within the abdominal cavity, we approximated the cavity as a semi-cylindrical structure in the coronal plane. This geometric representation not only streamlines the computational process but also maintains essential anatomical features, thereby aiding in the accurate simulation of sound wave propagation. The key dimensions of the abdominal cavity were determined based on average measurements of human anatomy, as shown in Figure 2a. The parameters “a”, “b”, and “c” denote the depth, length, and width of the peritoneal cavity, with respective measurements of 12.5 cm, 23 cm, and 25 cm [24]. Using this anatomical data, the thickness of each tissue layer within the abdominal cavity, including muscle, fat, and skin, was determined. For a typical human body, the muscle layer thickness is set at 12.50 mm, the fat layer thickness at 10.25 mm, and the skin layer thickness at 2.25 mm [25], as shown in Figure 2b. Additionally, as our model is a simulation, the values of parameters “a”, “b”, and “c”, as well as the thickness of each tissue layer, can be adjusted to reflect individual anatomical variations. This customization allows the model to more accurately represent the specific characteristics of each person’s abdominal cavity. By incorporating such flexibility, our model can be adapted to accommodate the anatomical differences among individuals, thereby enhancing its applicability and improving the precision of the simulations.



In this model, the peritoneum’s effect on sound propagation is assumed to be negligible, and the primary focus is on the influence of the fat and muscle layers, which significantly impact sound wave reflection, refraction, and attenuation. The composition and properties of these layers, such as their density, elasticity, and acoustic impedance, are essential for accurately predicting how sound waves behave as they travel through the abdominal cavity. This approach leads to a simplified yet effective representation of the abdominal cavity, as shown in Figure 2c, which incorporates the semi-cylindrical shape and multilayered structure of the tissue [26]. This modeling process establishes the geometric model of the abdominal cavity, which provides the necessary geometric foundation for the subsequent acoustic wave propagation simulation.



Bowel sounds have low frequencies, relatively long wavelengths, and short propagation distances in the abdominal cavity. As a result, the effects of absorption and frequency-dependent attenuation are negligible within the simulated frequency range. Based on this assumption, sound propagation can be regarded as a linear process mainly affected by the density and elasticity of the medium, and the speed of sound is a key indicator of the elasticity of the medium [27]. Accurately modeling the propagation of bowel sounds within the abdominal cavity requires defining the sound speed and density for each tissue layer [28]. Acoustic impedance, defined as the product of the density (  ρ  ) and the speed of sound (  c  ) of a medium (  Ζ = ρ ⋅ c  ), is a physical quantity that describes the resistance encountered by sound waves as they pass through a medium. As shown in Table 1, which lists the acoustic properties of different tissues, fat has the lowest acoustic impedance, implying that sound passes through it with the least resistance. Consequently, the fat layer allows sound to propagate with less reflection and greater transmission when coupled with other tissue layers, thereby facilitating the overall propagation of sound waves. These settings enable the software to automatically calculate the propagation, reflection, and refraction of bowel sounds as they interact with different tissue layers. This approach effectively captures the propagation characteristics of bowel sound waves in complex biological media, ensuring that the simulation results are both physically accurate and reasonable.






3. Results and Discussion


3.1. Model Validation


Computational modeling helps to overcome the limitations of analytical methods such as simple geometries or non-realistic hypothetical problems. In this study, a finite element model (FEM) [31] is used to calculate the sound pressure field at each interface point. The accuracy of the FEM depends on a computationally feasible and sufficiently fine mesh selection. In COMSOL, the number of degrees of freedom (DOF) per wavelength must meet specific guidelines in order to ensure model accuracy and convergence. For second-order Lagrangian elements, a minimum of six cells per wavelength is required to accurately capture the wave properties. In this study, the following formula was used to calculate the cell size for meshing:


  h ≤    λ   n    =    c   n   f   m a x       








h represents the element size, n denotes the number of elements, and λ denotes the wavelength,     f   m a x     is the maximum frequency of bowel sounds and   c   is the speed of sound in different tissues. COMSOL automatically calculates the number of degrees of freedom required based on the element size.


  Δ t ≤    1   20   f   m a x       








  Δ t   denotes the time-step requirement, and     f   m a x     denotes the maximum frequency.



In this study, we validated the accuracy of the proposed model by comparing the IWC values obtained from simulating bowel sound propagation with actual IWC data collected from clinical measurements [32]. The comparison results shown in Figure 3 indicate that the amplitude values of the two waveforms are nearly identical at most time points, especially at the peaks and valleys. The real IWC signals may exhibit minor noise-induced variations. This high degree of overlap indicates that the two waveforms are very similar in the time domain, i.e., the signals are strongly coherent. This comparison reinforces the validity of the mathematical model proposed in the literature for the generation of bowel sounds and confirms the robustness and accuracy of our propagation model in simulating the propagation of sounds in the abdominal cavity.




3.2. Tissue Attenuation


This study investigates how bowel sound signals propagate within the human abdominal cavity, emphasizing the attenuation of sound waves by the muscle, fat, and skin layers, influenced by the density and sound velocity of each tissue [33]. The propagation of sound waves in different tissues is significantly affected by the density and speed of sound of each tissue, with denser or lower speed sound tissues usually leading to stronger signal attenuation. To analyze this phenomenon in depth, this study quantitatively assessed the signal attenuation by collecting bowel sound waveform data from different tissue surfaces.



As shown in Figure 4, the amplitude strength of the signals gradually weakened as the propagation distance of the bowel sound signals increased and as they passed through different tissue layers. This attenuation trend indicates that the absorption and scattering of sound waves by various tissue layers during propagation cannot be ignored. The results showed that muscle had the highest attenuation at −29.35 dB, followed by skin at −22.77 dB, and fat, which exhibited the least attenuation at −16.48 dB. These findings are consistent with those reported in the literature [34] and provide further evidence of the differential impact of various tissues on sound wave propagation. This pattern of attenuation underscores the varying degrees to which different tissues influence signal transmission, with muscle presenting the most significant impact, followed by skin, and fat having the least effect.




3.3. Fat Thickness Effects


The thickness of the fat layer significantly affects medical imaging and physiological monitoring, especially in simulating abdominal signal propagation [35,36]. Fat layer thickness can influence the propagation characteristics of bowel sound signals. To investigate its specific effects, we varied the fat layer thickness in the propagation model. This approach enabled a detailed analysis of how different thicknesses affect signal transmission, providing deeper insights into the factors influencing bowel sound acquisition and analysis. Figure 5 illustrates the changes in the IWC waveform on the surface of the fat layer when the thickness ranges from 5 to 20 mm. The waveform exhibits a clear trend: as the thickness of the fat layer increases, the amplitude of the IWC waveform decreases. This reduction in amplitude indicates a positive correlation between fat layer thickness and signal attenuation. These findings underscore the importance of considering fat layer thickness in simulations of bowel sound propagation.



Figure 6 illustrates the relationship between attenuation values and fat layer thickness. Signal attenuation was calculated using the root-mean-square (RMS) ratios of the initial and final signals, with the results expressed in decibels (dB), which represent the logarithmic change in signal intensity [37]. As the thickness of the fat layer increases, the signal attenuation also increases, but the relationship is non-linear. Initially, the attenuation grows rapidly with small increases in thickness, especially between 4 mm and 10 mm, due to stronger scattering and absorption interactions. However, as the thickness continues to increase, from 10 mm to 20 mm, the rate of attenuation growth slows down, eventually reaching a saturation point where further increases in thickness have minimal additional effect on signal attenuation. This non-linear trend suggests that the primary contributors to attenuation, such as scattering and absorption within the fat, have diminishing returns at higher thicknesses [38].



Comprehending the impact of fat layer thickness on signal attenuation is essential for the clinical interpretation of bowel sounds and for accounting for individual differences during diagnostic assessments. The fat layer’s thickness directly influences the amplitude of the detected signal, as shown in the observed decrease in waveform amplitude with increasing thickness. Beyond a critical thickness, further increases in fat layer thickness result in smaller changes in attenuation, which highlights the need to account for individual variations in fat distribution during diagnostic assessments. Understanding this relationship helps to refine non-invasive diagnostic techniques and enhances the interpretation of bowel sounds.





4. Conclusions


Bowel sounds are critical physiological signals with significant diagnostic value, often used in the early detection of gastrointestinal diseases. In this study, we investigated the impact of different tissue layers on the propagation of bowel sounds, with a particular focus on the effect of fat layer thickness on signal attenuation. The results show that the simulated IWC captured on the surface of the propagation model has a strong similarity with the clinically captured IWC signal, proving the validity of our proposed propagation model. The fat layer has a relatively small effect on signal propagation, but its thickness is a key factor contributing to interindividual differences in sound attenuation. As the thickness of the fat layer and the propagation distance increased, the attenuation of bowel sounds during propagation also increased.



To enhance the model’s relevance to real-world clinical circumstances, future research should investigate the relationship between bowel sounds recorded from the abdominal surface and disease characteristics across individuals, with a particular focus on the impact of chronic diseases on bowel function. For example, conditions like diabetes and right heart failure can affect the blood supply and function of the gastrointestinal tract, potentially altering bowel activity [39]. Future model optimization should focus not only on combining various types of bowel sound signals to create a rich sound source, but also on the generation of pathology-related bowel sound signals. This will contribute to a more comprehensive understanding of intestinal activity and enhance the model’s ability to analyze different pathological states. In addition, it is particularly important to improve the computational efficiency and runtime of the model, especially when performing large-scale clinical data analysis. Optimizing these aspects will enhance the real-time performance and adaptability of the model, making it more valuable for clinical applications. With these improvements, the model will support the customization of more personalized bowel sound simulations to help provide clinical treatment options, implement early interventions, and facilitate accurate disease management in clinical practice. Based on this foundation, it will be possible to develop more reliable, efficient, and tailored diagnostic tools. Ultimately, this will lead to more effective treatments for patients and promote the development of individualized medicine.
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Figure 1. An IWC with its bounding envelope. 
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Figure 2. Abdominal modeling process. (a) Abdominal anatomy in the standard anatomical position. (b) Tissue layers of the human abdomen. (c) Overall geometric model of the abdomen. 
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Figure 3. Analog IWC vs. real IWC. 
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Figure 4. IWC on tissues surfaces. 
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Figure 5. IWC on fat layer surface at varying thickness. 
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Figure 6. Absolute attenuation as a function of fat thickness. 
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Table 1. The acoustic properties of different tissues.






Table 1. The acoustic properties of different tissues.





	Tissue Type
	Speed of Sound [29]

(m/s)
	Density [30]

(kg/m³)
	Acoustic Impedance

(kg/m²/s)





	Skin
	1613
	1120
	1,804,560



	Fat
	1478
	950
	1,404,100



	Muscle
	1547
	1050
	1,624,350
















	
	