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Purpose: This study explores how thoracic orientation affects lung pressure and injury 

outcomes from shock waves, building on earlier research that suggested human posture 

impacts injury severity. Methods: A layered finite element model of the chest was constructed 

based on the Chinese Visual Human Dataset (CVH), including the rib and intercostal muscle 

layers. The dynamic response of the chest under 12 different angle-oriented shock waves 

under incident pressures of 200kPa and 500kPa was calculated. The correspondence between 

lung pressure at various angles, chest wall motion velocity and lung stress, and differences in 

pressure/stress of lung tissue behind ribs and intercostal muscle were analyzed. Results: The 

dynamic response of the chest can be roughly divided into four processes. High local 

intrapulmonary pressure areas were primarily in the anterior lobe margin and the lung's 

central region. A 500kPa incident wave at 0° could cause slight lung injury, whereas at 240°, 

the pressure was non-harmful. Lung tissue pressure and stress induced by chest wall 

movement were significantly higher behind the intercostal muscles than behind the ribs, with 

a difference of about 2-3 times. Conclusions: This layered model provides a cost-effective 

tool for large-scale shock wave impact simulations on the chest. Chest wall movement 

velocity strongly correlates with lung stress distribution. The significant density and sound 

velocity differences among ribs, intercostal muscles, and lungs cause an acoustic impedance 

mismatch, leading to “striped bleeding” marks in post-impact lungs. This research enhances 

understanding of chest and lung injury mechanisms and informs the development of 

protective measures. 
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1  Introduction 

The lungs are one of the most vulnerable organs in the human body under the blast shock 

wave[17]. When a shock wave impacts the human chest, it forms stress waves that propagate 

through the lung tissues, leading to the rupture of alveoli and capillaries, which results in 

pulmonary hemorrhage and edema[25], [24]. To predict and evaluate human lung injury, 



 

 

Bowen et al.[6] established an injury criterion based on the damage test data of more than 

1000 mammals across 13 species exposed to explosions and shock tubes, with loading 

described by the positive phase duration and peak overpressure. Bass et al.[4] suggested that 

Bowen’s curve overestimated injury during the short pulse phase and modified the model. 

Axelsson et al.[2] developed an injury predictor that takes the speed of chest wall movement 

as the main index and does not consider the animal’s orientation. Later, Stuhmiller et al.[32] 

proposed a blast injury model that established a damage model based on the normalized work 

(dimensionless quantity) received by the lungs. The model considered the orientation of the 

front, left, and right directions of the personnel, but the difference in damage caused by the 

orientation remains unclear. 

In recent years, finite element numerical simulation has emerged as a very effective 

method for studying the damage mechanism and response process of impact injuries[26], [7]. 

Roberts and Chen[28] developed the world's first finite element model of the human chest, 

which laid the foundation for numerical simulation of the human body. A.D. Greer[12] 

developed a lamellar finite element model between the 5th and 6th layers of the human 

thoracic vertebrae and analyzed the differences between different evaluation models. Kang et 

al.[19] built a finite element model of the human chest based on the Chinese Visual Human 

Dataset by using the MIMICS 3D reconstruction model and studied the dynamic process of 

the shock wave effect on the chest. Tang et al.[34] constructed a finite element model of the 

human chest to study the problems related to the interaction of shock waves and fragments. 

The studies above have not reported much on the effect of human body orientation on shock 

waves. 

On a battlefield or at the site of an explosion, it is observed that individuals at the same 

distance from the source of the explosion can suffer varying degrees of harm[15]. This 

variability in injury outcomes can be attributed, in part, to individual differences in height and 

weight[39]. Additionally, the orientation of the body at the time of the explosion plays a 

significant role[31]. Previous research by Bowen[6] and Stuhmiller et al.[32] has considered 

the impact of human orientation on injury severity when exposed to a shock wave. However, 



 

 

the extent of these differences and the underlying reasons remain unclear, this study carries 

out a numerical simulation analysis on the effects of varying orientations of the human body 

facing the shock wave front, with the long axis of the human body perpendicular to the 

direction of shock wave propagation. Based on the 50th percentile Chinese Visual Human 

Dataset[41], this paper constructs a finite element model of the region between the 5th and 6th 

layers of the thoracic vertebrae. The results obtained for lung pressure under a shock wave at 

different chest orientations provide strong support for developing personnel injury protection 

and evaluation standards. 

2  Materials and Methods 

2.1  Establishment of finite element model 

The main steps of the model’s construction and calculation are as follows: (1) Convert 

the photos between the 5th and 6th thoracic vertebrae into grayscale images, and identify the 

boundaries of different tissues and organs according to the gray value(Fig.1); (2) Import the 

grayscale images into the MIMICS 3D software to generate the geometric of the chest 

between the 5th and 6th thoracic vertebrae; (3) Import the reconstructed geometric into 

LS-PREPOST software to mesh, to set the contact mode between tissues and organs, to select 

the material model, and input the material parameters; (4) Generate Keywords and import 

them into LS-DYNA solver to calculate the dynamic response. 

The 50th percentile Chinese Visual Human Dataset (CVH) was developed by the Third 

Military Medical University. The data were obtained from a 35-year-old adult male (height: 

170cm, weight: 65kg). The photos selected between the 5th and 6th thoracic vertebrae include 

the largest cross-sectional area of the lung, sternum, heart, ribs, and other important thoracic 

tissues. This selection facilitates the study of stress wave transmission and tissue response 

patterns. 



 

 

 

Fig. 1. Human body visualization photos and grayscale images 

The finite element model established in this study draws upon the models constructed by 

A. D. Greer[12], C. G. Thom[35], and T. Josey[18]. Given that visualization photos are a 

horizontal plain that will pass through multiple ribs and intercostal muscles in the chest rib 

cage, a simplified assumption is made that the ribs and intercostal muscles are distributed 

horizontally in the plane. This assumption facilitates the study of load propagation 

characteristics in the chest wall and lungs. The model consists of two layers: the first layer 

represents half of the intercostal muscle, while the second layer represents half of the rib (Fig. 

2). Symmetric constraints are applied to the upper and lower surfaces, as depicted in Fig. 3.  

 

 Fig. 2. Chest finite element model  



 

 

 

 Fig. 3. Finite element symmetric modeling of the chest  

2.2  Material models and parameters 

2.2.1  Air models and parameters 

The NULL material model is selected for air, in which equations of state(EOS) are 

described by the ideal gas EOS (*EOS_IDEAL_GAS)[33]. A high-pressure zone is 

established at the edge of the air domain, in the form of high-pressure gas release, to simulate 

the shock wave caused by the explosion, as shown in Fig. 4a. This is achieved by modifying 

the initial temperature setting in the EOS. The pressure control equation in the ideal gas EOS 

is as follows: 

𝑝 = 𝜌(𝐶𝑝 − 𝐶𝑣)𝑇 (1.) 

Where p is the initial pressure, 𝜌 is the air density, 𝐶𝑝 is the specific heat at constant 

pressure, 𝐶𝑣 is the specific heat at constant volume, and T is the temperature. The material 

parameters are shown in Table 1. 

Table 1. Air material parameter 

Material ρ(kg/m3) Cp(J/(kg·K)) Cv(J/(kg·K)) T(K) Relative volume 

Air 1.293 1005 718 270 1 

2.2.2 Bone and cartilage material models and parameters 

The microscopic bone structure comprises the outer cortical bone and the inner 

cancellous bone. To simplify the calculations, the distinction is no longer made between the 



 

 

two, but the average value of their parameters[22]. Given that a simple shock wave will not 

cause rib fractures, both bone and cartilage tissues are described using an elastic material 

model and the Gruneisen equation of state[30]. Notably, there are significant differences in 

parameters such as density, elastic modulus, and volume modulus between them, as shown in 

Table 2[9]. 

Table 2. Bone and cartilage material parameters 

Part Density(kg/m) 
Young’s modulus 

(GPa） 
Poisson’s ratio 

Sound 

speed(m/s) 

Rib 1561 7.92 0.379 3073 

Sternum 1354 3.51 0.387 2248 

Spine 1644 9.68 0.376 3282 

Cartilage 1281 0.049 0.400 286 

2.2.3 Muscle and heart material models and parameters 

Muscles, the heart, and other tissues possess complex microstructures, including fiber 

bundles with directional characteristics, and exhibit both elastic and viscous properties at the 

macro level[1]. The heart is a hollow structure filled with blood, and there is a significant 

difference in their properties. In this model, the heart is simplified as a uniform material, and 

the viscoelastic material model is used to represent the heart and other organs such as muscles 

and soft tissues[3]. Given the differences in characterization, the relevant parameters vary, as 

shown in Table 3. 

Table 3. Muscle and other soft tissue material parameters 

Part Density(kg/m3) Sound speed(m/s) Bulk modulus(N/m2) 

Muscle 1000 1500 2.2x109 

Heart 1050 1540 2.2x109 

2.2.4 Pulmonary material model and parameters 

The lung poses the greatest challenge in characterizing chest tissue due to its complex 

microstructure, encompassing numerous alveolar tissues, capillaries, and a high air 

content[27], [40]. The overall wave velocity of the lungs is 30-40m/s, which is much lower 



 

 

than the wave velocity in air or water, and the deformation of the lungs has extremely 

nonlinear characteristics[11]. In this study, void materials were used and the Gruneisen EOS 

to characterize lung materials. The parameters are detailed in Table 4[5]. 

Table 4. Lung material parameters 

Part Density(kg/m3) Sound speed(m/s) Dynamic viscosity(Pa·s） 

Lung 200 30.5 1.0 

2.3  Contact mode, algorithm, and calculation Setting 

2.3.1 Elements, grids, algorithms, and contacts 

The elements selected in the model are all SOLID164 solid elements. The meshing 

method uses an adaptive algorithm, with a predominantly 8-node hexahedral mesh and a 

tetrahedral mesh for the transition mesh(Fig. 2). The chest model is described using a 

LAGRANGE grid. The air domain employs the ALE (Arbitrary Lagrangian-Eulerian) 

algorithm. The impact of incident shock waves on the chest in the air is analyzed using a 

fluid-structure coupling algorithm(*CONSTRAINED_LAGRANGE_IN_SOLID)[38]. The 

air domain is the ambient atmospheric pressure and the chest model is placed in the air 

domain(Fig. 4b). Symmetric constraints are applied to the upper and lower surfaces of the 

model(Fig. 3), and the air domain's boundary is set as a non-reflective boundary to prevent the 

wave front's reflection effect. The interaction between the various tissues and organs of the 

chest is modeled using automatic surface-to-surface contact[37]. 

 

 

(a) (b) 

Fig. 4. Model configuration. (a) Simulated overpressure curve, (b) Overall model of the torso and air 



 

 

2.3.2 Grouping 

This study primarily investigates the effects of different angles on pulmonary pressure 

when the long axis of the body is perpendicular to the direction of shock wave propagation. 

The incidence direction of the shock wave was maintained constant, with the chest facing the 

shock wave at an angle of 0°. The model was then incrementally rotated 30°clockwise to 

obtain the distribution of pulmonary pressure at each corresponding angle（Table 5）. For 

model validation, the modified Bowen model (Bass model) was used[5], selecting the peak 

overpressure at threshold damage and the 1% fatality rate as incident pressure. The results 

obtained at 0° angle will be compared with the modified Bowen model to verify the accuracy 

of our model. 

Table 5. Calculationgrouping settings 

Incident 

overpressure(kPa) 

Positive phase 

duration(ms) 
Orientations and numbers 

200 2 0°, 30°, 60°,…,330°, 12 angles in total 

500 2 0°, 30°, 60°, …,330°, 12 angles in total 

3  Results 

3.1  Dynamic process of load propagation 

 

T=0.49992ms

T=0.69995ms

T=2.7ms

T=3.1499ms

lung heart ribs



 

 

Fig. 5. Pressure and organ stress distribution map at different times for the chest at 0° under the effect 

of 200kPa incident pressure 

The dynamic response of the chest under two incident pressures has been calculated. Fig. 

5 illustrates the dynamic response of the chest oriented at a 0°to an incident overpressure of 

200kPa.The dynamic process can be roughly divided into four stages: First, at 0.5ms, the 

shock wave front contacts the chest surface, triggering a stress response in the soft tissue, lung 

lobe edges, and rib edges. Second, at 0.7ms, the shock wave front reaches the middle of the 

chest, causing continued deformation of the chest's soft tissues and ribs, with stress 

concentration appearing on the front of the heart and lungs, while the backside remains 

undisturbed. Third, at 2.7ms, when the wave front reaches the back of the chest, the organs in 

the chest activate completely, with a significant increase in stress amplitude compared to the 

second stage. Finally, at 3.15ms, even though the shock wave front has moved away from the 

chest model, the oscillation of the tissues within the chest cavity continues due to inertia and 

viscosity effects. Throughout the entire process, the highest points of local pressure in the left 

and right lungs appear at the tip of the lobe edge near the heart, this is consistent with the 

results showing the distribution of pulmonary hemorrhage along the lobe border. 

3.2  Pulmonary pressure distribution at different chest angles 

 



 

 

 

Fig. 6. Lung pressure distribution map at different angles at the 1.35ms moment for the chest under the 

effect of 200kPa incident pressure 

The chest is initially set at a 0° orientation facing the shock wave front, after which the 

chest orientation is increased clockwise by 30° increments. Fig. 6 illustrates the 

intrapulmonary pressure distribution at 12 different orientations under an incident shock wave 

of 200kPa at 1.35ms. It is observable that the pulmonary pressure distribution varies 

significantly with different orientations at the same moment. The causes for these differences 

will be discussed and analyzed in the following sections. 

3.3  Stress time history curves of different tissues and organs 



 

 

 

Fig.7. Stress-time curve of chest tissues at 0° under 200kPa shock wave loading 

Fig. 7 presents the chest model oriented at 0° under an incident pressure of 200kPa. The 

figure highlights the different sections of the lung, heart, ribs, and intercostal muscles, and 

provides the stress-time curve for these tissues after exposure to the incident pressure. The 

time it takes for the stress wave to reach different tissues varies, thus the time for each stress 

peak also differs. At the selected points in the figure, the maximum stress experienced was 

3.5MPa for the ribs, 0.65kPa for the lungs, 4kPa for the heart, and 48kPa for the intercostal 

muscles. 

4  Discussion 

4.1  Model correctness validation 

Alexander[12] made a comparison between the modified Bowen curve proposed by Bass, 



 

 

the chest wall motion velocity model proposed by Axelsson, and Stuhmiller's normalized 

work model. He suggested that the peak value of local pressure in the lung was closely related 

to injury, proposing a threshold for local peak pressure in the lung corresponding to different 

degrees of injury: no injury (less than 60kPa), trace injury (60-100kPa), slight injury 

(100-140kPa), moderate injury (140-240kPa), and severe injury (greater than 240kPa). In this 

paper, an incidence pressure of 200kPa with a duration of 2ms corresponds to the damage 

threshold on the Bass curve, while an incident pressure of 500kPa with a duration of 2ms 

corresponds to a 1% mortality rate on the Bass curve[29]. The upcoming comparison of local 

intrapulmonary pressure will serve to validate the accuracy of the model developed in this 

study. 

 

Fig. 8. Pressure curve of the lung lobe margin in a 0° chest orientation under the effect of 200kPa 

 

Fig. 9. Pressure curve of the lung lobe margin in a 0° chest orientation under the effect of 500kPa 

Fig. 8 depicts the pressure history of the lung lobe edge under the impact of a 200kPa 

incident pressure at a 0° orientation. The maximum value observed in the figure is 50kPa, 



 

 

which is less than the damage threshold of 60kPa, that is, according to the effect of Bass curve 

on the damage threshold under 200kPa incident pressure, the maximum pressure area of the 

whole lung does not exceed the local intrapulmonary pressure damage threshold indicating 

that no damage would be caused under these conditions. Fig. 9 presents the pressure history 

of the lung lobe edge when a 500kPa incident pressure is exerted on the chest at a 0° 

orientation. The figure shows that the maximum local intrapulmonary pressure reaches 

112kPa, hitting the mild injury threshold of local intrapulmonary pressure (100-140kPa), 

which aligns with the Bass curve threshold. The regions of the lungs with high pressure 

values, as presented in the model in this study, align with the areas of bleeding in the lung 

lobe margins and other parts as reported in the literature[16]. Based on the location of local 

intrapulmonary pressure injury and pressure distribution, the model established in this study 

can more accurately predict the likelihood of injury and reflect the chest's response under 

shock wave load. 

4.2  Distribution of pulmonary pressure at different angles of the chest 

 

Fig. 10. Schematic diagram of pressure measurement points inside the lung 

To investigate the impact of various chest orientations on intrapulmonary pressure under 

the same incident pressure, 12 points within the lung tissue were selected, as depicted in Fig. 

10. These points were categorized into three areas: the anterior pulmonary area (points 1, 2, 3, 

4), the middle pulmonary area (points 5, 6, 7, 8), and the posterior pulmonary area (points 9, 

10, 11, 12). The intrapulmonary pressure values resulting from a 200kPa incident pressure are 



 

 

displayed in Fig. 11, whereas those resulting from a 500kPa incident pressure are shown in 

Fig. 12. 

 

Fig. 11. Pressures at 12 points at different angles under an incident pressure of 200kPa 

 

Fig.12. Pressures at 12 points at different angles under an incident pressure of 500kPa 

4.2.1 Local maximum pulmonary pressure position difference caused by different 

orientations 

Changes in orientation cause variations in the position of the chest wall impacted by the 



 

 

shock wave, which in turn leads to differences in the location of maximum pressure within the 

lung. Table 6 presents the locations of maximum intrapulmonary pressure within the chest at 

different orientations under two incident pressures, the position number is consistent with 

Figure 10. 

Table 6 Position of maximum pressure at each orientation 

orientation 0° 30° 60° 90° 120° 150° 180° 210° 240° 270° 300° 330° 

200kPa 2 1 1 2 7 7 6 6 8 6 2 2 

500kPa 3 1 1 3 6 7 6 6 3 6 2 1 

The table reveals that the maximum pressure primarily occurs in the anterior lung area 

when the chest is oriented towards the shock wave array, and predominantly in the middle 

lung area when the spine is oriented towards the shock wave array. The posterior area of the 

lungs (points 9, 10, 11, 12), located near the spine, remains largely unaffected regardless of 

the chest orientation. In refining the injury prediction model, Stuhmiller[23] noted that due to 

the stiffness of the spine region, it undergoes essentially no significant deformation. In the 

process of calculating normalized work in different directions, using Stuhmiller’s model, the 

coefficient of the chest anterior region is 0.5, and the coefficients of the left and right sides of 

the chest wall are 0.25, respectively, and the spinal region is not involved in the calculation. 

The calculations in this study indicate that the baseline pressure of the lung tissue near the 

spine changes the least, which validates the appropriateness of Stuhmiller's modified model 

that excludes the coefficient for the back. 

4.2.2 Difference of mean pulmonary pressure at different angles 

The pressure values at the 12 points depicted in Fig. 10 were averaged for the anterior, 

middle, and posterior sections of the lung, as well as for the whole lung. The average values 

for these four groups were subsequently represented in the form of radar line charts, 

differentiated by various angles. Fig. 13 illustrates the distribution under an incident pressure 

of 200kPa, whereas Fig. 14 depicts the distribution under an incident shock wave pressure of 

500kPa. 



 

 

 

Fig. 13. Difference in average lung pressure at different angles under the effect of 200kPa incident 

pressure 

 

Fig. 14. Difference in average lung pressure at different angles under the effect of 500kPa incident 

pressure 

Analysis from different angles revealed that: when the chest is oriented between 300° 

and 90°, the local pressure at the front of the lung is higher than in other parts. The pressure in 

the middle of the lung is higher than in other parts when the chest faces between 90° and 270°. 

When the chest is oriented at an angle of 240°, all parts of the lungs experience the least 



 

 

pressure, with the difference between the front, middle, and back of the lungs and the average 

pressure being 2-5 times. According to the criterion for average intrapulmonary pressure 

injury, the injury threshold is 35kPa and the slight injury threshold is 60kPa[12]. Under an 

incident pressure of 500kPa, slight injury occurs when the chest is oriented to 0°, whereas 

injury can be avoided when the chest is oriented to 240°. 

For the anterior pulmonary pressure, under 200kPa incident pressure, the pulmonary 

pressure at 0° is less than 35kPa, and the minimum average anterior pulmonary pressure is 

approximately 5kPa at 120 °  and 240 ° .Under 500kPa, the average maximum anterior 

pulmonary pressure is close to 70kPa, reaching the slight injury threshold, and the minimum 

is approximately 15kPa at 150° and 240°. 

For the average pressure in the middle part of the lung, When the incident pressure is 

applied at 200kPa, the maximum value is 25kPa at 180°, the average value is 7kPa at 60°, and 

the maximum and minimum angles of 200kPa remain the same at 500kPa.The maximum and 

minimum values at 500kPa are 50kPa and 15kPa, respectively. 

For the posterior part of the lung, the average pressure following the two incident 

overpressures was lower than that in other parts, which aligns with our previous analysis 

results. At a 0° angle, this area was the last to be disturbed, and at 180°, there was almost no 

inward movement due to the high rigidity of the spine. 

4.2.3 Analysis of reasons for difference of average pulmonary pressure caused by 

orientation 

(1) Differences in Effective Area: Regardless of the model in question—be it Bowen, 

Axelsson[2], or Stuhmiller[32]—the chest is conceptualized as a single piston model. The 

shock wave-affected area of the chest wall is a crucial parameter in all these models. As the 

angle of the chest rotates, the area of the chest wall directly influenced by the shock wave 

changes, leading to variations in lung pressure. (2) Differences in Rib Cage Strength: The rib 

cage of the chest, bearing an oval shape, exhibits varying strengths in different directions. The 

posterior ribs, connecting to the spine, possess the highest strength, whereas the anterior 

part—aligned with the largest area of the "oval"—exhibits less strength. 



 

 

4.3  Correlation analysis of rib velocity, intercostal muscle velocity and high value area 

of lung stress 

Shock wave loads apply force on the chest wall, causing an inward acceleration and 

subsequent impact on the lungs. Based on this concept, Axelsson[2] developed a physical 

model that establishes a correlation between the velocity of chest wall movement and the 

severity of the resultant injury. 

 

Fig. 15. Velocity history curve of the right ribs and intercostal muscles under the effect of 500kPa 

incident pressure 

The model developed in this study calculates the velocity history of rib and intercostal 

muscle elements in the chest wall following a 500kPa incident pressure load on the chest 

(Fig.15). The velocity changes in the intercostal muscle tissue and rib tissue were similar, 

indicating that the surface of the chest wall moves as a unit under the influence of a shock 

wave, with a velocity of 8m/s. When compared with Axelsson's chest wall velocity and injury 

correspondence scale, it was found that the lung injury ranged from light to moderate[20], 

which was in line with the expected results. 

Upon examining the pulmonary stress curve after the action of the intercostal muscle (as 

depicted in Fig. 16), it was observed that the chest wall's movement velocity peaked at 0.5ms 

and exhibited a secondary peak at 2ms. Correspondingly, the peaks in the pulmonary pressure 

history were delayed, with the first stress peak occurring at 1ms and the second peak at 3ms. 

This pattern reflects the foam-like properties of the pulmonary material[8]. 



 

 

 

Fig. 16. Effective stress history curve of the right lung in contact with the intercostal muscles under the 

effect of 500kPa incident pressure 

4.4  Differences in lung tissue pressure/stress after rib and intercostal muscle 

As described in Section 2.1, the model developed in this paper bifurcates the chest into 

two layers: the costal (rib) layer and the intercostal muscle layer. The movement of the chest 

wall engenders stress waves[10], thereby escalating the pressure and stress on the lungs. 

However, the ribs and intercostal muscles of the chest wall exhibit significant differences due 

to variations in material density and sound velocity. This study zeroes in on lung tissue 

elements situated behind the rib and intercostal muscles, subjected to an incident pressure of 

500kPa (illustrated in Fig. 17). It juxtaposes the tissue stress and pressure curves (portrayed in 

Fig. 18), while Fig. 19 delineates the pressure history of the right lung. 

 

Fig. 17. Selection of points in the lung behind the ribs and intercostal muscles 



 

 

 

Fig. 18. Comparison of pressure and stress history in the left lung element 

 

Fig. 19. Comparison of pressure and stress history in the right lung element 

The figures unveil a significant discrepancy between the pressure and stress values of the 

lung tissue situated behind the rib and the intercostal muscle. According to the analysis in 

Section 4.3 (Fig. 15), the velocities of the rib and intercostal muscle are fundamentally 

identical. However, the pressure and stress exerted on the lung tissue behind the intercostal 

muscle surpass those on the lung tissue surface behind the rib. This discrepancy directly 

instigates the "striped bleeding " or "intercostal bleeding" observed in the lung blast 

injury[21]. 

The lung injury stemming from the overall movement of the chest wall is ascribed to the 

acoustic impedance mismatch at the interface[13], [14]. The product of sound velocity and 

density (acoustic impedance) of the ribs, intercostal muscles, and lungs exhibits significant 

variation, culminating in differences in the pressure and stress exerted on the lung surface[36]. 

Due to the compression and shear forces, the lung manifests “striped bleeding” marks. The 

theoretical analysis here will be emphasized in other subsequent articles. 



 

 

5  Conclusions 

This study constructed a layered chest finite element model based on CVH Dataset and 

calculated the dynamic response of the chest in 12 different orientations towards a shock 

wave under incident pressures of 200kPa and 500kPa. The research involved an analysis of 

the pulmonary pressure in various orientations, the correlation between the chest wall's 

movement velocity and the stress within the lung, and the differences in pulmonary pressure 

and stress behind the ribs and intercostal muscles.  

Key findings include: 

1) The model accurately reproduces the dynamic response history of the chest, offering a 

cost-effective and convenient method for large-scale shock wave chest calculations. 

2) The overall movement speed of chest wall is strongly related to the stress distribution 

in the lung, but the load has hysteresis, which is related to the foam-like characteristics of 

lung materials.  

3) The paper provides the relationship between the local pressure in the lung, the mean 

pressure, and orientation when the chest is facing the shock wave at 12 different orientations, 

at 0°, the local intrapulmonary pressure in the anterior part of the lung is the highest, while at 

240°, both local and average intrapulmonary pressure are the lowest. The high-value locations 

of local pressure in the lung at different orientations align well with results in existing 

literature. 

4)The density and sound velocity of materials in the ribs, intercostal muscles, and lungs 

differ greatly. Due to the mismatch in acoustic impedance, the pressure/stress of the lung 

tissue behind the ribs and intercostal muscles differs by 2-3 times. The pressure and stress of 

the lung tissue behind the intercostal muscles are much greater than those behind the ribs, 

which is the main reason for the appearance of " striped bleeding " marks in the lungs after 

blast injury. 

This research method and its results offer support for large-scale numerical calculations 

of chest injuries and can serve as reference for research on the mechanism and protection of 

chest injuries. 
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