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Abstract

Primary blast lung injury (PBLI) is caused by the pressure wave released by an explosion.  A theory for the injury-causing mechanism of PBLI is that rapid motion of the chest wall creates a pressure wave in the lung material.  This is referred to as “coupling” of the blast wave to the thorax.  A concept to protect against PBLI is to use a layer of foam material behind a massive armor plate worn over the chest.  The foam layer can deform and absorb energy while the armor plate is loaded with the blast wave.  The dynamic response of the plate and foam armor system could be used to reduce the injury causing mechanism of chest wall motion.

Preliminary modeling is necessary to demonstrate the armor protection concept and guide the selection of materials for this application.  The Lobdell model is a mathematical model of the human thoracic response to an impact load.  In this study, a one dimensional lumped parameter model of the plate and foam armor system is coupled to the Lobdell model chest wall.  When loaded with a blast pressure wave, the simulated response of the combined system model is used to predict if the plate and foam armor can reduce chest wall motion.  Peak chest wall velocity is the metric used in this study to characterize the response of the Lobdell model.
The model simulation results show the plate and foam armor system can reduce the peak chest wall velocity in some cases, if the foam responds by absorbing energy and limiting the peak stress level applied to the chest wall.  If the energy absorbing capacity of the foam is exceeded, many armor model configurations have been shown to increase the peak chest wall velocity.  This occurs when the foam becomes fully compressed and the moving plate impacts the chest wall.  A foam material for this protective application should absorb energy at the highest allowable stress level, to limit motion of the armor plate.  Whether an armor system model increases or decreases the chest wall velocity is also dependent on the pressure magnitude and impulse of the blast wave load.  The threat range where protection is required must be determined for the preliminary design of the plate and foam armor system for reducing PBLI.

1.0
Introduction
Injury which results from the pressure wave released by an explosion is referred to as primary blast injury.  Primary blast injury most significantly affects the air-containing organs of the body [1].  Development of a personal body armor system to protect a Soldier from primary blast lung injury (PBLI) is the motivation for this research.

Foam materials are often used in applications of personal protection for their ability to deform and absorb the energy of an impact [2].  A Soldier’s protective equipment includes an armor plate which is worn over the chest, to provide protection from bullets and projectiles.  This study investigates the addition of a foam layer behind the armor plate for protection from PBLI.  The foam layer can cushion the armor plate and reduce chest wall acceleration by deforming at a stress which is lower than the applied pressure of the blast wave.  To provide protection and limit the peak stress, the foam layer must have sufficient thickness to absorb the motion of the armor plate within the relatively low stress level energy absorbing region of the foam [3].

This study is facilitated through the development of a simple one dimensional crushable foam model which captures the three basic regions of response in a foam material:  linear-elastic, plateau, and densification [2].  The model shows an initial linear-elastic rise in stress during the first 5% of compression, followed by a plateau region of constant stress from 5% to approximately 80% compression, and a rapid rise in stress at levels of compression greater than 80%.  The energy absorbed in the plateau region is unrecoverable.  The model allows for studying the effects of the key parameters for energy absorption:  plateau stress level and foam thickness [2].

The Lobdell model is a mathematical model of the human thoracic response to an impact load [4].  The foam material model is used to couple the armor plate and the chest wall of the Lobdell model [5].  The armor system is loaded with a blast pressure wave, and the response of the Lobdell model is evaluated based on the maximum chest wall velocity [6, 7].  The foam model parameters in the armor system are studied as they affect the peak chest wall velocity in the Lobdell model.  A plate-only armor system will be used as a baseline response, which simply adds the mass of the armor plate to the mass of the chest wall, with no foam layer between them.  The addition of a foam layer is evaluated as to whether it reduces chest wall motion in comparison to the baseline plate-only armor system.

2.0
Background

2.1.
Primary Blast Lung Injury Mechanism

A blast wave propagates outward from an explosion.  In open space, it can be modeled with a wave form known as the Friedlander curve, shown in figure 1.  The blast wave consists of a shock front, which precedes a phase of positive pressure and can be followed by a negative pressure phase.
[image: image1.emf]
Figure 1: Free field blast wave model:  Friedlander wave [1].
Primary blast lung injury (PBLI) results from the interaction between the blast pressure wave and the thorax.  PBLI can occur with no external signs of bodily injury.  Injuries from other blast effects are not considered in this study [1].  Pressure wave propagation in the thorax is considered by some researchers to be the cause of lung injury from a blast wave [5, 6].  The following sequence of events has been proposed by Cooper, et al., as a hypothesis for the injury-causing mechanism of PBLI [6].

· “Coupling” of the blast wave to the thorax occurs through rapid acceleration and motion of the chest wall.

· A pressure wave is formed in the lungs as they are rapidly compressed by motion of the chest wall.  The magnitude of the pressure wave is related to the velocity of the chest wall.

· The pressure wave propagates through the lungs, causing damage at interfaces between the lung tissue and air.
An armor system to protect against PBLI must “decouple” the shock wave from the thorax [6].  The plate and foam system could achieve this, with motion of the armor plate creating a dynamic interaction between the applied blast load and the foam stress applied to the chest wall.
The Bowen curves will serve as reference for this study, to link the model response to a free-field blast load with a predicted level of survivability.  The Bowen curves were developed by the Lovelace Foundation in the 1960’s, through testing a range of mammalian species subject to blast loads, and using that data to make predictions of human survivability [8].
2.2
Foam Materials for Protection

The previous section described how the injury mechanism which causes PBLI is a function of chest wall motion.  Reduction of chest wall motion by limiting the load applied to the chest wall is used as the initial design criterion for a plate and foam armor system.

Foam materials have the ability to deform at a relatively low stress level while absorbing mechanical energy.  Foam is used in applications of impact protection, to absorb the kinetic energy of an impact, and reduce the maximum stress on the protected object.  The foam material reduces peak acceleration while increasing the duration of the impact [2].  A general stress vs. strain compression curve for a foam material is shown in figure 2, which shows three distinct regions of response.
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Figure 2: General stress vs. strain response of a foam material (adapted from [9]).
The initial response of a polymer foam material under compression is characterized by linear-elastic behavior.  The primary mechanism for this linear-elastic response is the bending of the cell edges and walls in the polymer structure.  At approximately 5% compression (transition point is dependent on foam cellular structure), the applied stress on the foam causes the cell walls to buckle while the foam deforms at a relatively constant stress.  This is referred to as the plateau region in the stress vs. strain curve.  In a crushable foam material, the buckling causes cell walls to fracture, making this region of deformation unrecoverable (material is permanently damaged).  Densification of the polymer structure occurs at higher levels of compression, where the cellular structure begins to compact upon itself.  As this occurs, the cell walls or edges begin to make contact with each other, and the foam stress rises very rapidly with an increase in strain [2].  Foam can provide protection from an impact load by absorbing energy through foam compression in the low stress plateau region, highlighted in green in figure 2.  The foam thickness must be sufficient to absorb impact energy in the plateau region and limit compression in the densification region, which is highlighted in red.
As mentioned in the previous section, the goal of the plate and foam armor system concept is to “decouple” the blast wave from the chest wall.  This is accomplished by allowing the armor plate to act as a “buffer” between the blast pressure load and chest wall [3].  The blast pressure load acts on the armor plate instead of the chest wall.  The armor plate accelerates and is set into motion, compressing the foam layer behind it.  The decoupling effect is achieved if the motion of the armor plate can be absorbed by the foam at a relatively low stress level before it becomes fully compacted.  The assembly of the plate and foam armor system model will be described in the next section.
3.0
Methodology

3.1
Armor Model Coupled to Lobdell Model

The Lobdell model was developed by General Motors to study the response of the human thorax in automobile crashes [4].  It consists of a configuration of springs and dashpot elements, as displayed in figure 3, with the model parameters listed in table 1.  The Lobdell model was developed through measuring the thoracic response of human cadaveric subjects to an impact load.  Use of the Lobdell model has been extended by researchers to the field of blast protection, to predict the thoracic response to a blast wave [5].  An illustration of the plate and foam armor system coupled to the chest wall of the Lobdell model is shown in figure 3.  For simplicity in modelling the plate and foam concept, any other soft body armor or fabric materials are ignored.  Figure 3 also includes the model of plate-only armor system, which simply adds the mass of the armor plate to the mass of the chest wall.  The Lobdell model has been modified with a rigid boundary condition in place of the thorax mass (m3).  This is consistent with the loading configuration of the model, which will be described in section 3.3.  The response of the Lobdell model and coupled armor system, when loaded with a pressure wave, is simulated using MATLAB and the ODE45 numerical solving tool for differential equations.  The model is programmed in MATLAB, by writing equations of motion for the armor plate and the chest wall.  The combination of the plate and foam armor model and the Lobdell model (with a rigid boundary condition) creates a two degree of freedom dynamic system.
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Figure 3: Armor system coupled to Lobdell model (adapted from [7]).  Note:  Arrow sign 
indicates direction of load, and does not indicate direction of blast wave propagation.

The armor plate is modelled as a lumped mass.  The mass value of 30 kg/m2 is approximately equal to an 11 mm thick aluminum plate or a 4 mm thick steel plate.  The value was chosen during the preliminary phase of this study so that it provided a significant effect in reducing the Lobdell model response, and where additional reduction is desired.  The mass of the armor is not adjusted in any of the simulations in this study.  The Lobdell model parameters and armor mass are listed below in table 1.  In the model, the area of the armor plate is set to match the effective area of the Lobdell model (182.5 cm2).
Table 1: Lobdell model parameters and armor mass [4, 7].
[image: image4.emf]Component Label Description Value Units

m

2

Chest wall mass 0.453 kg

A

eff

Effective Area of Chest 182.5

cm

2

k

23i

Spring stiffness if compression is less than 'd' (38.1 mm) 26,300 N/m

k

23s

Additional spring stiffness if compression is greater than 'd' (38.1 mm) 52,600 N/m

c

23c

Viscous damping if chest wall is compressing 520

N∙s/m

C

23r

Viscous damping if chest wall is rebounding 1230

N∙s/m

kve

23

Spring for Maxwell element 13200 N/m

cve

23

Dashpot for Maxwell element 180

N∙s/m

m

armor

Lumped mass per unit area of armor / plate system 30

kg/m

2


In the coupled system, the foam stress is the applied load on the chest wall [5].  The chest wall accelerates and compresses the Lobdell model during loading and deformation of the plate and foam armor system.  Foam strain (ε) is calculated from the difference of the plate displacement and chest wall displacement, divided by the initial foam thickness (h).
Strain:
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Strain Rate:
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3.2
Crushable Foam Model

The study of the plate and foam armor system is facilitated through the development of a simple one-dimensional foam model which captures the three regions of response in a crushable foam material.  Two model components will be used to create the three region response, as illustrated by figure 4.  The linear elastic and plateau region will be created by the “Structural Stress” (σS) component [9], and the densification region will be created by the “Densification Stress” (σD) component.  The total foam stress is the sum of the structural and densification stress components.  The foam model is written in MATLAB and solved with the Lobdell model as part of a two degree of freedom dynamic system.
Total Foam Stress:
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Figure 4: Crushable foam model:  structural stress and densification stress components.
3.2.1
Structural Stress Component

Foam is a complex material, with a response that changes based on the mechanisms of deformation in the foam structure, and the level of compression [2].  The linear elastic and plateau response are created with a foam material modulus that changes based on conditions in the model.  The modulus of a material is the change in stress over the change in strain.
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Therefore the value of the structural modulus (ES) is not a constant value, but controlled based on model conditions using a series of “IF” statements in the MATLAB program.  The change in stress is equal to the modulus times the change in strain.
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The structural stress is calculated by integrating the modulus times the change in strain.  The change in strain is equal to the strain rate integrated over time.
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Eo is the initial foam modulus during the linear-elastic region.  Transition in the model from the linear-elastic response to the constant stress plateau occurs at 5% compression.  Therefore, the value of Eo also controls the plateau level (σo), which is set at 5% of Eo. [2].
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3.2.2
Densification Stress Component

The densification stress component is a direct function of compression, with parameters that can be used to curve fit the magnitude and shape of the densification curve.  The densification stress model component limits deformation in the model to less than the initial thickness of the foam layer.  As the strain approaches 1.0, the denominator of the equation becomes infinitely small, and the densification stress becomes infinitely large.  The parameter A scales the magnitude of the equation and the parameter b changes the shape of the stress curve with respect to strain [10].


[image: image16.wmf](

)

b

D

A

e

e

s

-

=

1







(9)

Densification Stress Parameters:  A = 1.0, b = 6.0
The parameters A and b are set to create a minimal response between 0 and 0.80 strain, and to rise in stress rapidly with an increase in strain beyond 0.80.  The shape of the densification curve is fit to match the general response for crushable type foam as displayed previously in figure 2.

The control of the foam model is outlined in table 2.  An example of the complete foam model stress vs. strain curve, with a 0.30 MPa plateau stress, is displayed in figure 5.
Table 2: Foam model control:  model conditions with modulus value and model behaviour.
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Figure 5: Crushable foam model stress vs. strain curve with loading and unloading behaviour.
3.3
Free-Field Blast Load:  Model Input
The Bowen curves relate the magnitude and duration of a blast wave to a predicted probability of human survivability [8].  The response of the Lobdell model will be simulated when loaded with a blast wave as indicated by the Bowen curves.  The peak chest wall velocity in the model can then be linked to a level of survivability.  The use of the Bowen curves in this study is intended only to provide a frame of reference for comparative purposes within this study.
The Bowen curves used for this study are shown in figure 6.  The loading configuration is of a man prone on a surface, with the body positioned parallel to the direction of blast wave propagation.  With this configuration, the incident wave pressure would be applied to the thorax of the subject, because it does not create a reflecting surface against the blast wave.  The loading configuration is also consistent with the use of a rigid boundary condition on the thorax in the model, as the subject’s body is supported by the ground surface.
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Figure 6: Bowen curves relate a blast wave to the predicted probability of human survival [8].
A blast wave pressure trace is generated using ConWep [11], to match the loadings indicated by the Bowen curves.  ConWep is a software application provided by the U.S. Army Corp of Engineers which generates a blast wave pressure trace for a set of input parameters that characterize the blast and loading configuration.  The maximum incident overpressure is used as one parameter to design the blast wave.  ConWep does not allow for duration of positive overpressure as an input parameter, so the distance from charge parameter is adjusted until it produces the duration that is called out by the Bowen curves.  An example of the blast load generated through ConWep for the 2.76 MPa (400 psi) / 2 ms blast load is shown in figure 7.
[image: image20.emf]
Figure 7: Blast load from ConWep with 2.76 MPa (400 psi) peak pressure and 2 ms duration [11].
Although the positive pressure duration of the blast wave is listed as 2.0 ms, the pressure has dropped from the peak pressure of 2.759 MPa to 0.03 MPa after 1 ms.  Due to the exponential decay in pressure, nearly all of the pressure impulse occurs in the early part of this short duration blast wave.  Without extensive further study, it cannot be determined how closely these ConWep blast loads actually match the loads that are indicated by the Bowen curves.  Since the Bowen curves are being used in this study to set a relative baseline for comparison of the Lobdell model response, confirming an exact match is not necessary.
4.0
Results

The results are generated from running MATLAB computer simulations of the Lobdell model (with or without armor) loaded with a ConWep blast pressure load as indicated by the Bowen curves.  The first section shows the simulation results of the Lobdell model with no armor system, and a plate-only armor system, to create the baseline of the Lobdell response in relation to survivability.

4.1
 Baseline Response – Bare and Plate-Only Armor with Bowen Curve Loads
The blast loads indicated by the Bowen curves in figure 6 are used to load the bare Lobdell model (no armor), and the results are plotted in figure 8.  In addition to the bare model, the 30 kg/m2 mass of the armor system (plate-only) is added to the Lobdell model and loaded with the 1% survivability blast loads.  This shows the effects of adding the armor system mass without the foam model, and will be referred to as the plate-only armor system.  The performance of the plate and foam armor system will have to improve upon the plate-only armor system to be considered effective.  Figure 8 displays the maximum chest wall velocity averaged from simulations with nine blast loads for each of the three Bowen survivability curves.  The error bars indicate the maximum and minimum peak chest wall velocity between the nine simulations of the model from each survivability curve.
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Figure 8: Lobdell chest wall velocity with Bowen curve loads for 3 survivability levels.
Despite the variation within each survivability level, the results do provide a guideline of how the chest wall velocity relates to survivability based on the Bowen curves.  For the purposes of this study, 6 m/s will be used as the maximum tolerable chest wall velocity, as this value corresponds with the lower end of the 99% survivability level.  The requirement of the armor system model will be to reduce the peak chest wall velocity to approximately 6 m/s.

The results in figure 8 show that the addition of the armor system mass (30 kg/m2 plate) reduces the peak chest wall velocity from the 1% survivability level, to a level that is between the 50% survival range and the 99% survival range (from approximately 14 m/s to 8 m/s).  Armor mass has a very significant effect on reducing the Lobdell model chest wall velocity, and that must be accounted for when analyzing any of the plate and foam armor systems results.  The model response with the plate and foam armor system must always be compared to the performance of the plate-only armor system to account for mass effects.
4.2
Lobdell Model Response
This section shows an example of the Lobdell model response to a blast wave load.  The bare Lobdell model (no armor) is loaded with a blast pressure wave of 2.76 MPa (400 psi) peak pressure and 2 ms positive pressure duration.  This blast wave is from the 1% survivability level and will be used as a relatively short duration blast wave load to simulate the response of the Lobdell model.  The force in the Lobdell model components are converted to stress by dividing by the effective area of the Lobdell model chest wall.  The blast wave pressure and Lobdell stress components are plotted in figure 9.
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Figure 9: Lobdell model stress response to the 2.76 MPa (400 psi) / 2ms duration blast load.
The stress developed in the Lobdell model is dominated by the dashpot c23.  The model is responding to the blast load with primarily viscous behavior.  The original development of the Lobdell model associates the viscous damping of the c23 model component with the flow of air in the lungs and the flow of blood in the vessels of the thorax during compression [4].  Energy absorbed by the viscous response of the thorax has been used by other researchers to predict thoracic injury [5, 7].  Chest wall velocity is used to correlate with injury in this study, which is proportional to the maximum stress in the c23 model component.  The chest wall velocity and chest wall displacement in the simulation are plotted in figure 10.
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Figure 10: Lobdell model chest wall velocity and displacement.
Positive chest wall velocity and displacement are in the direction of thoracic compression.  The chest wall is moving in the direction of compression between 0 and approximately 3 ms, after which it is rebounding and recovering towards the original state.  The rebound is heavily damped, because the viscosity of dashpot c23 increases from 520 to 1230 Nm/s when the chest wall motion transitions from compression to recovery.

4.3
Plate and Foam Armor System

In this section the foam model will be used to couple the armor plate and chest wall, with the goal of reducing the peak chest wall velocity of the Lobdell model to approximately 6 m/s.  The two parameters of the foam model that will be varied are the crushable plateau stress level and the foam thickness.  Figure 11 shows the peak Lobdell chest wall velocity with armor for three different plateau stress levels (0.20 MPa, 0.25 MPa and 0.30 MPa), and a range of foam thicknesses from 0 mm (plate-only) to 30 mm.  The plate-only armor response is represented by the 0 mm foam thickness value and is included in the figure as a baseline for comparison with the plate and foam armor systems.
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Figure 11: Lobdell peak chest wall velocity as a function of foam thickness with plate and foam armor and three foam plateau stress levels.  All simulations are with the 2.76 MPa / 2 ms blast wave.
The results in figure 11 show that initially, the addition of foam thickness increases the peak chest wall velocity of the Lobdell model.  The increase in chest wall velocity reaches nearly double the plate-only response with the 0.20 MPa foam model.  At a certain point, related to the plateau stress and pressure load, a transition occurs, where increasing the foam thickness begins to reduce the response of the Lobdell model.  With sufficient foam thickness, the Lobdell response reaches a lower limit of chest wall velocity, where additional foam thickness does not further reduce the response.

The 0.30 MPa plateau foam model does not create a significant reduction in chest wall velocity compared to the plate-only response.  For this specific blast pressure load, the stress level of 0.30 MPa is too high to create a significant reduction in response.  The lower foam plateau levels show additional reduction in Lobdell chest wall velocity, but increased foam thickness is required to reach those levels.  With a minimum 25 mm thickness, the 0.20 MPa foam model reduces the Lobdell velocity to approximately 6 m/s, which is the goal of this armor system model.

The following figures show individual blast pressure load and foam stress response plots for two different thicknesses of the 0.20 MPa plateau stress foam (12.5 mm and 25 mm thick).  These two combinations of parameters are shown because they highlight two distinct cases of the armor system response, which affect the Lobdell model response in very different ways.
4.3.1 
Undesirable Armor Response:  Foam Model is Compressed into Densification Region
Figure 11 identified many cases where the plate and foam armor model increased the peak chest wall velocity in the Lobdell model.  In these cases, the foam thickness is not sufficient, and the foam model is approaching full compression in the densification region of response with a sharp rise in stress.  One of these cases is highlighted in figure 12, which shows the response of the plate and 0.20 MPa / 12.5 mm thick foam to the 2.76 MPa (400 psi) / 2 ms duration blast wave, while coupled to the Lobdell model chest wall.
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Figure 12: Blast load and foam stress response with 12.5 mm thick foam model.
The 12.5 mm thick foam shows an initial rise in stress through the linear-elastic region, and then compresses at a constant stress of 0.20 MPa until the foam reaches the densification region.  Compression into the densification region causes a rapid rise in stress to a level which is greater than the initial blast wave pressure.
Initially, as the foam is deforming through the linear elastic and plateau region, the foam stress is less than the blast pressure load.  This difference of forces creates motion of the armor plate towards the chest wall.  When the plate compresses the foam into the densification region, the velocity and kinetic energy of the plate are reduced rapidly, and that energy is absorbed in the foam with a very high foam stress.  When this occurs, the kinetic energy of the plate is rapidly transmitted to the chest wall by the high foam stress.  This can be observed at 1.0 ms in the armor and Lobdell model energy vs. time plot in figure 13.  The kinetic energy of the chest wall is then absorbed by the Lobdell model spring and dashpot components.
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Figure 13: Kinetic energy and energy absorbed in the armor model and Lobdell model. 
Blast wave:  2.76 MPa / 2 ms.  Plate and foam armor:  0.2MPa plateau, 12.5 mm thick.

When the foam is fully compressed into the densification region, the armor plate impacts the chest wall and results in a rapid rise in kinetic energy of the chest wall.  When this occurs, the plate and foam armor system could create greater injury and lethality than would occur with the plate-only armor.  By increasing the foam thickness, the chest wall velocity vs. foam thickness plot in figure 11 showed a transition from this undesirable case to the ideal case, which is highlighted in the next section.

4.3.2 
Ideal Armor Response:  Sufficient Foam Thickness Prevents Densification
The plate and 0.20 MPa / 25 mm foam response to the 2.76 MPa (400 psi) / 2 ms duration blast wave, while coupled to the Lobdell model chest wall, is shown in figure 14.  This plate and foam armor model configuration was identified in figure 11 to reduce the response of the Lobdell model in comparison to the plate-only system.
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Figure 14: Blast load and foam stress response with 25 mm thick foam model.
The 25 mm thick foam deforms within the plateau region, and does not enter the densification region, so it maintains the 0.20 MPa stress level.  A further increase in the foam thickness will not significantly change the stress vs. time response of the model, which is why the peak chest wall velocity reached a lower limit in figure 11. The foam begins to unload at approximately 2.5 ms, after absorbing the motion of the armor plate.   The energy balance of the armor system and Lobdell model provides further insight as to how this ideal response in the foam model results in a reduction of the Lobdell model response.

Figure 15 shows the energy vs. time in the armor system and Lobdell model for this simulation with the 0.20 MPa / 25 mm thick foam layer.  Compared to the previous simulation with a 12.5 mm thick foam layer, this foam model absorbs the kinetic energy of the plate more gradually over time.  This has the subsequent effect of a slower transmission of energy from the armor system to the Lobdell model.
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Figure 15: Kinetic energy and energy absorbed in the armor model and Lobdell model. 
Blast Wave:  2.76 MPa / 2 ms.  Plate and foam armor:  0.2MPa plateau, 25 mm thick.
The goal of the plate and foam armor system concept was to “decouple” the blast wave from the chest wall.  This is accomplished by allowing the blast wave to transmit energy to the armor plate, which acts as a “buffer” between the blast pressure load and chest wall [3].  The armor plate becomes energized by the blast load, instead of the chest wall.  The decoupling effect is achieved if the kinetic energy of the armor plate can be absorbed by the foam at a relatively low stress level and low rate.  If the foam does not have sufficient energy absorbing capacity, the armor plate will impact the chest wall, as was shown in the previous section (figures 12 and 13).

4.4
 Longer Duration / Higher Impulse Blast Load

As shown in figure 11, plate and foam armor system with a combination of 0.20 MPa plateau stress and a 25 mm foam layer provided the desired reduction in peak chest wall velocity (to 6 m/s) with a minimum foam thickness when loaded with the 2.76 MPa (400 psi) / 2 ms duration blast wave.  The model response with this armor system will now be simulated with the 1.03 MPa (150 psi) / 10 ms duration blast wave.  This blast wave is also located on the 1% survivability level of the Bowen curves.  The peak pressure of this blast load is 60% less than in the previous simulation, but the positive pressure duration is longer, and the total impulse is approximately 60% greater.  Due to the higher impulse of the blast wave, this armor system is now compressed into the densification region, as shown by the sharp rise in foam stress in figure 16.
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Figure 16: Longer duration blast load (1.03 MPa / 10 ms) and foam stress response. 

The response in figure 16 shows that an armor system designed for one particular load may be insufficient to protect against a different blast load, especially if the total impulse of the load is increased.  Therefore, the chest wall velocity vs. foam thickness curves are different for every blast load and armor system.  The peak velocity vs. foam thickness curves for the 1.03 MPa (150psi) / 10 ms duration blast wave with three foam plateau levels (0.20 MPa, 0.25 MPa, and 0.30 MPa) are shown in figure 17, with increasing foam thickness from 0 to 60 mm.  The 0.20 MPa foam with 25 mm of thickness is compressed into the densification region as shown above in figure 16, which increases the chest wall velocity compared to the plate-only system, as displayed in figure 17.  With this plate and foam combination, the peak Lobdell velocity is 16 m/s, which is nearly a 100% increase over the plate only system.
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Figure 17: Lobdell peak chest wall velocity as a function of foam thickness with plate and foam armor and three foam plateau stress levels.  All simulations are with 1.03 MPa / 10 ms blast wave.
With this higher impulse blast load, 50 mm of the 0.20 MPa foam are required to bring the peak chest wall velocity down to the 6 m/s level.  The higher impulse and longer duration of the blast wave continue to accelerate the armor plate over a longer period of time, which adds more kinetic energy to the plate.  Additional foam thickness is then required to absorb the kinetic energy at the 0.20 MPa plateau stress level.  This demonstrates the fact that any plate and foam armor system will only provide protection within a limited range of blast loadings.
5.0
Discussion

5.1
Summary:  Limits of Foam Performance

Due to the non-linear behavior of the foam material model, the dynamic response of the plate and foam armor system can differ greatly based on the magnitude and duration of the applied load.  The optimum foam material for this application is unique to each blast wave pressure load.  A plate and foam armor system which provides the desired reduction in response when loaded with one particular blast wave may not provide a similar reduction when loaded with a different blast wave, especially if it is of greater total impulse.  With no limits on foam thickness, an armor system could be designed to reduce the Lobdell response against any blast wave pressure load in this study.  However, an armor system that requires an excessively thick foam layer would not be practical for a Soldier’s protective equipment.

Many cases were shown where the dynamic response of the plate and foam armor system caused an increase in peak chest wall velocity compared to the plate-only armor system.  The basic objective of the foam layer is to reduce the stress on the chest wall in relation to the blast wave pressure load.  This difference of forces accelerates the plate towards the chest wall.  If the motion of the plate compresses the foam into the densification region, the foam must rapidly absorb the kinetic energy in the armor plate with a very high foam stress, which is transmitted to the chest wall and absorbed by the thorax (Lobdell model).  At densification, the plate impacts the chest wall, and rapidly increases the energy transmitted from the armor model to the Lobdell model.  The impact of the armor plate with the chest wall could increase the potential injury from a blast wave.
5.2
Possible Solutions Due to Limits of Foam Performance

5.2.1
Define the Limits of the Blast Threat for PBLI
Since the behavior of the crushable foam model is dependent on the magnitude and duration of the applied load, the range of blast wave loadings where primary blast lung injury (PBLI) protection is required must be defined.  At some upper level, the blast would certainly be unsurvivable due to other mechanisms of injury.  At this upper level, reducing PBLI would have no benefit for increasing survival, and an armor system should not be designed to protect against these threats.  Likewise, an armor system should not be designed to deform and protect against blast loads which are already survivable with the plate-only armor system.  Defining these upper and lower limits is necessary to design body armor for blast protection.
5.2.2
Viscous Material Response
The crushable foam model used in this study has no rate dependent viscous component.  A rate dependent material could potentially have the benefit of extending the range of effectiveness of the armor system.  A viscoelastic material would be softer at lower rates of deformation and stiffer at higher rates of deformation.  When the blast load is relatively low, the load on the armor plate and the rate of deformation would be lower.  A viscoelastic material would be softer under these conditions, which could provide protection from the lower level blast loads.  At a higher level blast load, the rate of foam compression would be greater, and the viscoelastic foam would become stiffer [2].  This would limit the velocity of the plate, and reduce the impact of the plate with the chest wall.  The downside of this type of material is that it would not respond with the ideal plateau region of response, which is often the most desirable for energy absorption in applications of personal protection.
5.2.3
Structural Armor System:  Redistribute the Load
The plate and foam armor concept sought to reduce the magnitude of the load on the chest wall through a dynamic armor response.  An alternate approach could be a structural armor concept designed to redistribute the transmitted blast load to other parts of the body which are less susceptible to lethal injury.  An armor shell that completely or partially encases the thorax could prevent the blast load from being applied directly to the chest wall.  The armor could be mounted at stronger and more resilient parts of the body, such as the shoulders and hips.  Ideally, this type of armor would be sealed against the body, so the blast pressure cannot propagate between the inside of the armor and the thorax [12].
6.0
Conclusion
A simple model of a plate and foam armor system was developed to show the potential benefit and limitations of this concept for protection against primary blast lung injury (PBLI).  The armor model was coupled with the Lobdell model of the human thorax.  The Bowen curves were used to link a blast wave loading and the response of the Lobdell model to a human survivability level.  The coupled armor system and Lobdell model was loaded with a blast wave as indicated by the Bowen curves, and the relationship between peak chest wall velocity and the foam model parameters was studied.  Through incremental varying of the foam thickness, different types of response were identified.  If the foam model reached full compression into the densification region, the response of the Lobdell model was increased in most cases, due to the impact of the armor plate with the chest wall.  With sufficient thickness and energy absorbing capacity, the foam maintains a relatively constant stress, which reduces and limits the load on the chest wall.  A greater reduction in the Lobdell model response can be achieved with a lower plateau stress, but this requires an increased foam thickness.

This study demonstrated the ability of the plate and foam armor system concept to reduce the response of the Lobdell model when loaded with a blast wave.  Limitations of the armor system concept have also been identified.  With constraints on foam thickness, the basic crushable foam model will not reduce the Lobdell model response to a wide range of loadings.  In many cases, the required foam thickness may be considered impractical for a Soldier’s protective equipment.  To design a body armor system for this application, it is necessary to identify the range where PBLI protection is required.
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