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Abstract

Explosions pose serious threats to military and civilians, often resulting in death.  The lower extremity is commonly injured due to its direct contact with the ground.  Compartment syndromes and traumatic amputations are often results of blast loading to the lower extremity.  The exact over pressure that induces these injuries is still unknown.  Due to the lack of knowledge, further research is required to uncover the mechanistic changes associated with injuries induced from high pressures.  Most of the injury criteria available is based on automotive standards, which are much lower than the pressures and forces experienced during blast events.  Finite element simulations allow for cost effective and reproducible testing of blast events at high g’s, in comparison to previous lower extremity blast experimental research methods.  This study focuses on developing and evaluating a lower extremity model at blast conditions using finite element analysis.  Several different cases are carried out and compared focusing on primary blast injuries.  This information will help with improvements of injury criteria and personal protective equipment by accurately evaluating the damage imposed on the lower extremity.

1.0
INTRODUCTION

Explosions are the leading cause of death on the battlefield [1].  When detonated, these explosives form an outward propagating shock or blast wave which produces large accelerations and decelerations.  The resulting loads pose serious threats to military personnel and civilians.  A blast wave consists of two parts:  a positive and a negative portion.  This is known as the typical pressure profile of a blast wave, which can also be referred to as a Fried-lander wave [2], in open air.  The positive portion is an immediate rise in pressure which dissipates over time and distance.  After the positive phase dissipates, a negative pressure phase develops and forms a vacuum like atmosphere.  The maximum pressure that occurs is called the peak or over pressure.  The strength of an explosive is characterized by its weight or size, standoff distance, and medium in which it takes place [2, 3, 4].  Distance is directly related to the overpressure exposure.  Therefore, the closer an individual is to an explosion, the greater the over pressure exposure.  

Blast injury patterns can be categorized into four groups, primary, secondary, tertiary, and quaternary injuries [2].  Primary blast injuries result from impact of the over pressure with the body’s surfaces.  Secondary effects are caused by debris which is physically displaced by the blast.  Tertiary blast injuries are created when an individual is physically thrown by the blast wave.  If an injury cannot be placed in any of the previous categories, they are termed quaternary or miscellaneous injuries.  These usually include burns, psychological trauma, and chemical exposure.

Lower extremity injuries can be categorized into any of these injuries depending on the type of forces sustained.  Due to the lower extremity being in direct contact with the ground, they are commonly injured during explosions and have recently been seen to represent at least 54% of combat wounds [5].  Compartment syndromes and traumatic amputations are two major extremity injuries that require further research.  Fractures, tissue damage, and burns can elevate compartmental pressures causing limb and life threatening conditions and making measurement of compartment pressure extremely important.  Partial or complete amputations are caused by high overpressure forces and blast winds which cause bone fractures and soft tissue rupture.  The exact overpressure to cause these injuries is not known [2, 6, 7, 8].

Of the accessible data on lower extremity criteria, most of it focuses on automotive data [9].  The criteria found have been established through testing on live human subjects, cadavers, and surrogates.  Disadvantages come along with each of these types of tests.  Live human and cadaver testing can be very limited and costly.  For surrogates it is difficult to construct a device that will accurately represent the material properties and mechanical properties of human tissue, and commonly the materials used are expensive.  Due to these issues, reproducibility and testing of multiple samples is difficult to obtain.  Most of the data found is based on the Abbreviated Injury Scale (AIS) [9, 10], which is a system rating severity of injury from 0 to 6, with 6 being fatal.  The majority of research focuses on tibia and fibula maximum compressive axial forces and foot/ankle injury for axial loading.  The maximum forces vary from source to source and are not necessarily a good means of comparison for blast loading conditions due to the multidirectional forces being applied.

Although experimental studies have been performed to advance the understanding of blast injuries, limited progress has been made in computational analysis of blast waves on the lower extremity [9].  There is a great need for the development of a robust and complex Finite Element (FE) lower extremity blast model.  By accurately developing this model, simulations will be able to capture the biomechanical response of the lower extremity after an explosion.  This will allow for cost effective and reproducible ways of testing as opposed to the current procedures mentioned above.

In this study, the lower extremity has been modelled with a realistic mesh created for a Finite Element (FE) analysis of blast conditions and analyzed in several scenarios.  The final goal of this research is to evaluate the damages incurred of the lower extremity after an explosion using Abaqus/Explicit software [11].  This paper focuses on developing a standard blast wave simulation procedure for obtaining realistic data.  This information will allow the military to enhance the design of protective equipment and improve injury metrics.  

2.0
METHODS
2.1
Geometry
The geometry of lower extremity was developed from axial computed tomography (CT) scans and cryosections contained from the National Library of Medicine’s Visible Human Male.  One thousand one hundred and thirty-four images were obtained and used in a stack for both the CT scans and the cryosections.  The spacing between these images was 1 mm apart along the vertical axis.  The skin, fat, and muscles were constructed from the cryosections, while the bones were more accurately obtained from the CT images.  Using Mimics software [12] each component was manually and semi-automatically segmented into a total of 18 different parts.  The bones were separated into the following groups: hip bones, femur, patella, tibia, fibula, talus, calcaneus, and tarsals/metatarsals/phalanges.  Nine different groups of muscles were selected according to function and location.  The muscle groups can be summarized as follows:  gluteus maximus, gluteus medius, gluteus minimus, anterior thigh, biceps femoris, Sartorius/gracilis/semitendonous, calf muscles, and tibialis/proneus/extensor muscles, and foot muscles.

2.2
Mesh

Once each part was segmented into a mask, they were uploaded into ScanIP, image processing software [13].  In order to run a blast simulation, the lower extremity mesh must be enclosed in an “air” mesh.  The size of the air mesh was approximately 0.5 m.  The mask was created in ScanIP and meshed with the lower extremity to create conforming interfaces.  Several meshes of the lower extremity were created, ranging from 5.6 to 1.1 million tetrahedral and hexahedral elements.  The mesh qualities were altered by down-sampling the image pixels two and four times, meaning that one pixel represented 2 mm and 4 mm, respectively.  The following contact surfaces were selected in the ScanIP model:  air to skin, skin to bone, and muscle to bone.  Contact surfaces were exported, along with the mesh, for use in the blast simulation.  In an effort to shorten simulation run-time, meshes used in preliminary studies included only the knee to the foot.

2.3
Blast Simulations
Blast simulations were performed using Abaqus/Explicit.  Isotropic elastic materials [14, 15] were assigned to the different components of the lower extremity (Table 1).  Three different tie constraints were applied to the lower extremity:  air to skin, skin to bone, and muscle to bone.  Symmetry and boundary conditions were applied.  The FE model was subjected to two pressure profiles, based on work done by Chafi [16] (Figure 1).  The blast wave was simulated using the incident wave procedure in Abaqus/Explicit.  
Table 1: Elastic material properties used in the blast simulations.
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Figure 1: Air pressure profiles for two blast scenarios [16].
2.3.1
Mesh Refinement Study
A mesh refinement study was performed on two different meshes to obtain a mesh that adequately provides an accurate solution with computational efficiency.  The two different simulations varied only in mesh size.  The low pressure profile was subjected to the lower extremity near the ankle.  The overall pressure and von Mises stress in each model were compared to decide which mesh should be used in further simulations.  Once the results converged, the lowest mesh was chosen for further simulations.
2.3.2
Source Point Location

After deciding which mesh would be used, numerous simulations were executed varying in blast overpressure and source point location.  Three locations were chosen as shown in Figure 2.  Both pressure profiles were simulated at each location.  To determine whether the pressure wave was propagating accurately through the model, the pressure propagation was observed and compared to previous blast simulation papers [16, 17].  Four points were chosen on the outside of the skin to evaluate the von Mises stress and pressure propagation in each case.  The average pressure in each material was also calculated and compared between cases.


[image: image3]
Figure 2: Three different blast location cases.  Case 1:  Source located near outer 
ankle region.  Case 2:  Source located under foot (landmine case).  
Case 3: Source located near inner region of the ankle.
3.0
results
3.1
Geometry

A realistic model of the lower extremity was successfully developed.  The current model is composed of a total of 18 different parts.  The main components were the contour, bones, and muscles as shown in Figures 3A, 3B, and 3C, respectively.


[image: image4]
Figure 3: 3D masks modelled in Mimics.  (A) Contour of the lower extremity; 
(B) Lower extremity bones; (C) Muscle groups in the lower extremity.
3.2
Mesh

The two meshes developed contained approximately 5.6 million and 1.1 million hexahedral and tetrahedral elements.  Each mesh was of high quality and displayed exact contact matching between components.  This can be seen in Figure 4.  The meshes were successfully imported into Abaqus for use in the FE blast simulation.  When the meshes were checked for errors in Abaqus, no errors were found and less than 1% of the model contained warnings.
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Figure 4: High quality mesh of the lower extremity created in ScanIP displaying the mesh’s 
exact contact matching between components (Grey=Skin, Red= Muscle, Blue=Bone).  
3.3
Blast Simulation

The mesh refinement study results can be seen in the pressure and von Mises stress plots shown in Figure 5.  Skin and muscle plots follow very similar trends.  Bone pressure and von Mises averages vary the most.  Based on the results, the mesh size of 1.1 million elements was chosen to be used in the subsequent simulations.  
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Figure 5: Pressure and von Mises stress averages in each material.  
The plots compare the results for both mesh sizes.
The FE simulation results provide evidence of pressure wave propagation through the lower extremity (Figures 6-7).  Cases 1 and 3 have similar patterns with pressure propagation through the skin dissipating near 1.2 milliseconds.  Case 2 skin propagation varies the most with pressure propagating upward into the leg.  Figure 7 shows pressure propagating through the bones.  Case 1 and 3 show similar patterns with the pressure propagation beginning in the foot and dissipating into the long bones.  Case 2 propagation is much slower and stronger with localization mainly in the foot.
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Figure 6: Pressure propagation in skin for each case subjected to the high pressure profile. 

[image: image8]
Figure 7: Pressure propagation in the bones for each case subjected to the high pressure profile.
Figure 8 displays pressure plots at four different locations on the lower extremity.  Each case and pressure profile are plotted and compared.  Several observations can be made by comparing the plots.  The arrival of pressure at each point is consistent, further confirming accurate pressure propagation in each case.  Pressure dampening is observed in each case as the pressure propagates from a point near its source location to a point further away.  Table 2 summarizes the highest peak pressures reached at both high and low pressure profile cases.  The largest pressure differences between source location cases can be seen in high pressure profile simulations at points 2 and 3.

[image: image9.emf]
Figure 8: Pressure plots from four points located on the outside of the skin.  Demonstrates 
the comparison of each case at the same point and with different pressure profiles.

Table 2: Summary of blast cases resulting in the highest pressures reached 
at both high and low pressure profile conditions for each point location.
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Due to the multiple factors associated with the pressure differences at each location, the average pressure in each material was calculated for each case and pressure profile (Figure 9).  Each case is displayed showing different material responses and pressure wave propagation.  Bone has the highest maximum pressure followed by skin and muscle respectively.  Pressure oscillations are more pronounced in bone alternating between tension and compression while muscle and skin seem to transition from compressive to tensile states.  The pressure propagation trends in each material vary from case to case.  Case 3 has the highest pressure in each material followed by cases 1 and 2 respectively.
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Figure 9: Material stress averages for each case and pressure profile.
4.0
Discussion and conclusions

This study focuses on subjecting the lower extremity to blast loading to obtain injury criteria and the pressure profile of the tissues based on location.  The goal was to subject the lower extremity to two different amounts of explosive which fall into two separate injury zones based on work done by Usmani [10].  According to literature, the high pressure profile usually results in severe injuries such as amputations or brain rupture.  This is equivalent to an AIS of 3.  The low pressure profile, or AIS of 1, results in bruises and ear drum rupture.  Each pressure profile was subjected to three separate scenarios.  The information collected is extremely important to evaluate for the consideration in the manufacturing process of personal protective equipment.

Based on the results from the mesh refinement study, the larger mesh size was chosen to produce the data found.  It was assumed that the results did not vary significantly, and for preliminary studies the use of a larger mesh size was appropriate.  These conclusions were drawn from similarities found in the pressure and von Mises stress results.  The largest result differences were calculated in bone and were thought to be the result of minor changes in the bone structure from the down-sampling of the images.  To perform fast and efficient simulations these differences were disregarded at this time and will be addressed once the simulation process is finalized.

Each source point case provided evidence of pressure propagation through the lower extremity.  Case 1 and 3 were very similar due to how they impacted the leg in almost exact opposing directions.  Case 2, the landmine case, experienced the most discernable differences in pressure propagation.  This is most likely caused by having a longer duration in the lower extremity due to the pressure propagating vertically up the leg instead of horizontally through the leg.  These differences can be observed in both the skin and bone.  

When comparing the results from each case and pressure profile, many distinct patterns were observed.  As expected, with more explosive, or a higher pressure profile, the arrival of the peak pressure values appears sooner.  Also with the higher pressure profile, the maximum positive and minimum negative pressures increased and decreased, respectively.  This corresponds with previous work done by Chafi [16].  The differences in the pressure propagation plots vary from point to point and with pressure profiles.  This is due to the influence of peak pressure, impulse, and overall shape of the lower extremity.  Cullis [3] states that these characteristics have the most influence on the structural response, which is based on each material’s strength and natural period of oscillation.  At point 4, the peak pressure varies between the high and low pressure profiles.  This unusual response might be associated with the interactions between the numerous bones and muscles in the foot.

The averaged material pressure propagation results provide several interesting responses.  The most important thing to point out is the difference in response between each material without comparing the cases.  Bone’s tendency to alternate between compressive and tensile states could be correlated with common occurrence of amputations and bone fractures.  The response of muscle and skin tending to shift into a tensile state could be the cause of compartmental pressure build ups.  The strength of the resulting pressure wave inside each material depends on the material properties, geometry, and incident blast wave [3].  From these thoughts, it can be inferred that the response of the model will vary tremendously depending on the material parameters used. 

In conclusion, this paper focuses on obtaining a detailed model and subjecting it to several scenarios.  Once the lower extremity simulations were performed, the focuses were to obtain proper pressure wave propagation, analyze and compare the pressure propagation for each case at two different blast conditions, and examine the pressure response in each material for the three cases and two blast conditions.  All three goals were accomplished, each bringing different considerations to this work.  Although there are currently no validated models for the case of blast effects on the lower extremity, this is our first step towards developing a model for the improvement of military protective equipment and injury metrics.  The frequent occurrence of lower extremity injuries on the battlefield represent a need for models such as the one developed in the current work.
5.0
Future work

The final model will simulate damages incurred on the lower extremity, allowing the military to obtain injury criteria data and optimize PPE with a shorter cycle of development.  In order to develop a well established and validated lower extremity blast model, many additions and changes to the current model must occur.  Three main points are currently being considered and implemented:  (1) Material properties and their interactions (2) Alternative blast conditions and (3) Experimental validation.

Since biological materials contain a variety of complex mechanisms, the material properties can depend on a number of issues such as viscoelasticity, anisotropy, and strain rate.  This makes the isotropic elastic material assumption valid for only preliminary studies.  The material properties used in this study were obtained at much lower strain rates than those occurring with blast waves.  Quasi-static testing usually occurs at rates of 10-6/s to 10-4/s, while blast loading occurs in the 102/s or higher strain rates [4].  High strain-rate testing is being conducted for future modelling purposes.  The data obtained will provide tissue response characteristics to develop constitutive models and properties.  Another issue to be considered with the different materials in the lower extremity is the amount of contact between materials.  How much friction occurs between each material can cause potential differences in results.  This issue will be addressed in future simulations.

More simulations must be executed for specific blast conditions to obtain more detailed data.  Due to the fluctuations in pressure profiles, a number of simulations must be run to determine the minimum stresses in the lower extremity to cause specific injuries.  Future simulations will vary in higher amounts of explosive and different source distances.  Having a variation of results will allow for a more accurate injury prediction rather than the current procedure of relying on one vague injury criteria which is associated with lower rate situations.

The last and most important step in finalizing the model will be the experimental validation.  Many difficulties are associated with producing experiments similar to the simulations.  The most convenient case to compare to experimental results is Case 2, the landmine case.  Experimental cadaver vertical drop tower tests are being considered to be implemented in conjunction with the present work as a source of validation.  Having either experimental or medical references of injury patterns as a comparison will provide evidence of the value and importance of simulation work for enhancing the understanding of tissue interactions with blast waves.
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