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Abstract 

Building on successful testing and understanding of mechanism of how polymers  enhancing the performance of armour in blast and ballistics ONR is leading a basic research challenge to develop polymers-by-design to divert and dissipate shockwaves from the head and thus prevent traumatic brain injury - TBI.  Tests and theoretical developments on polyurea, indicate that these polymers can provide the necessary protection against TBI. 

1.0
HIGH STRAIN RATE SENSITIVE POLYMERS

Recent investigations into blast resistant properties of polyureas and other multi-phase polymeric elastomers indicate that they can dissipate broad bands of frequencies such as those encountered in blast events.  Polymers are the best hope for protection against TBI for the following reasons: 
· Lightweight and can both improve blast and ballistic protection

· When combined with other materials, have proven to offer increased protection against blast, shockwave, and fragments [1, 2].

·  Highly strain rate sensitive and shear mechanical properties increase significantly under combined pressure and high rate.

· Under shock loading, brain tissue is weak in shear, while polymers increase in strength and modulus (both direct and shear stresses).

· Polyureas have multi-scale structures from the nano to the micro and continuum level with complex interactions with all frequencies of shockwaves, thus, in principle, have the potential for absorbing/dissipating harmful effects that result in mTBI 

· Polymers can be design from the molecule up.  But, what is the design criteria in the case of shock? UCSD / UC Irvine and PSU/Clemson.

·  Interfaces help in diverting shock waves--UCSD/PSU, but still need to be proven for mTBI levels.

· Nano- and micro- particles, and shaped interfaces and layers can be included to dissipate and divert shock-UCSD/PSU.  One of the major issues in modelling is simulation of shockwave using molecular dynamics models and scaling the results to the continuum level –Northwestern Univ./Clemson efforts. 

High strain rate sensitive polymers interaction with underlying substrates, have been shown to absorb shock in quite different manner than any ballistic material known to the armour community [1, 2].   Protection against shockwaves creates a major challenge.  In most conventional protection systems for armor or blast (which use conventional materials), if they have been designed to protect against a high threat, they will protect against a lower one; unfortunately this is not the case with shockwaves; protection against a high level will not necessarily work for a lower levels.  In the protection against mild Traumatic Brain Injury (mTBI), where the insult pressures are quite low, is more difficult to achieve it at the low level;  guaranteeing that it will work both at the high plus the low level insult, is even more challenging, especially with rate dependent materials.    

In this paper, we will focus on the efforts related to the multi-scale computations to understand interaction between polymers and wave propagation, constitutive modelling, polymer synthesis, nano and micro inclusions that result in diversion and dissipation of shockwaves, interaction with interfaces in the helmet, and testing of the concept of polymer coating on manikins subjected to blast wave and assessing the efficiency of the protection system.  
2.0
ELASTOMERIC POLYMER–BY-DESIGN FOR DIVERTING AND DISSIPATING SHOCKWAVES

The polymers of interest are polyureas /polyurethanes.  Polyurea (PU) possesses a very complex nanometer-scale material with microstructure consisting of hydrogen-bonded discrete hard domains and a soft matrix and that the mechanical properties of this type of elastomer are highly dependent on the details of this microstructure.  Interactions of shockwaves in polyurea occur at all levels and scales from nano-to micro and to continuum and thus can be designed at all these levels. 

The approach used is to start with commercially available polyureas, understand their molecular structure, and process to modify it, use molecular dynamics to understand its behaviour under shock loading, synthesize new polymers to achieve better behaviour, performing large scale computations using biofidelic models of the head and brain to assess the protection system, and repeat the process of optimization as shown in Figure 1.  
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Figure 1: Polymer–by-design for protection against traumatic brain injury.

2.1
Polyurea-by-Design: Nano-, Micro-, Meso- and Macro-Scale Compositions
The effort at UCSD/UC Irvine [3] is focus on modifying PU through its three main elements as a nano-composite structure, namely the (hard segments), the matrix (soft), and the interfacial chemistry connecting these two (Fig. 2).  A second approach incorporates synthesized small--‐molecules into segmented polyurethanes to improve control of hard--‐domain size and morphology (e.g. UPy‐diol motifs, nano-particle/polymer blends).  The design is guided by molecular dynamics (MD) simulation package for performing equilibrium and non--‐equilibrium (shock--‐wave) of coarse--‐grained block polymers embedding particle inclusions, where shear waves and energy dissipation are included in the formulation.    NWU is also engaged in fully atomistic simulation of polyurea to optimize system parameters and predict structural, thermodynamic, and mechanical properties. These studies include: mechanisms of wave dissipation and redirection as a function of block polymer parameters and particle inclusions and optimize parameters for achieving specific energy dissipation; and investigate the mechanisms by which the H-bond affects energy dissipation through cooperative dissociation.  These studies will provide a theoretical basis for the constitutive models to be used in the optimization, mechanical testing, analysis and application of the polymer to the helmet system design and evaluation of polymer effectiveness in prevention of mTBI.  To further exploit mechanisms at the micro scale, NWU [8] is using X‐FEM to model wave propagation in particulate and fibrous polymer matrix composite to optimize their orientation to achieve the maximum shockwave absorption (Fig. 3).  Optimized polymers will be then be combined with the helmet geometry at appropriate thickness for the large scale computations using biofidelic models of the head and brain to assess the protection system [5].   
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Figure 2: Modification of Polyurea/polyurethane using additives, nano particles, 
nano carbon and  micro glass fibers for shockwave management.
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Figure 3: Multi-scale modelling to guide polymer by Design 
in shock wave management Belytschko, et al. Ref. 6.
2.2
Designing the Nano- Micro-Meso Strucutre of Polyurea  
The effort at Penn State, [4] is focusing on using the complex nano-to micro / meso to continuum scale and modifying the properties through synthesis at different levels.   Recognizing that polyurea has nanometer-scale material microstructure consisting of hydrogen-bonded discrete hard (high glass-transition temperature, Tg) domains and a soft (low Tg) matrix and that the mechanical properties of this type of elastomer are highly dependent on the details of this microstructure.   By selectively varying polyurea chemistry and processing and using the thermal history to reveal the fundamental role of molecular structure and phase separated morphology in the mechanism of shockwave absorption  and deflection.  These studies are guided by multi-scale computations performed by Grujicic, Clemson U.[8, 9], to understand shockwave propagation in PU and to improve its properties (Fig. 4).     Molecular dynamics, coarse scale modelling, continuum modelling, high rate load testing, and constitutive modelling and large scale computations using models of the head and brain with the helmet and various means of application of the polyurea (Fig. 5).  The formulation of a molecular-level simulation problem requires specification of molecular-level computational model consisting of atoms, ions, functional groups and/or molecules and force field functions to be used in the computational simulations.  Within the meso-scale approach the atomistic description of the material is replaced with a collection of coarser particles/beads which account for the collective degrees of freedom of the constituent atoms, Ab initio quantum mechanics results are used in the parameterization of the material model at the molecular length/time scale. At the atomic-scale, computational material tests are carried out to determine the mechanical response of the two polyurea phases, a soft matrix and the hard domains.  At the meso-scale, the process (and the product) of decomposition of an initially fully mixed polyurea into its two-phase segregated microstructure is carried out.  A non-equilibrium molecular dynamics method is employed in order to study various phenomena accompanying the generation and propagation of shock waves in polyurea (a micro-phase segregated elastomer).  This behaviour of polyurea is believed to be closely related to its micro-phase segregated microstructure (consisting of the so-called “hard domains” and a soft matrix) and to different phenomena/processes (e.g. inelastic-deformation and energy-dissipation) taking place at, or in the vicinity of, the shock front. The findings obtained in the present analysis are used to help elucidate the molecular-level character of these phenomena/processes.  In addition, the analysis yielded the shock  (i.e. a set of axial stress vs. density/specific-volume vs. internal energy vs. particle velocity vs. temperature vs. shock speed) material states obtained in polyurea after the passage of a shock wave (Fig. 4). The availability of the polymer shock behaviour is critical for construction of a high deformation-rate, large-strain, high pressure material models which can be used within a continuum level computational analysis to capture the response of a polyurea-based macroscopic structure (e.g. blast-protection helmet suspension pads) to blast/ballistic impact loading (Fig. 5).  At the continuum-level, quasi-static finite element analyses are employed to determine the effective mechanical properties of the two-phase polyurea. The use of these results in constructing a homogenized (smeared-out) continuum-level material model for micro-phase separated polyurea is also discussed.
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Figure 4: Atomistic shock simulation comparison with continuum 
analysis and Shadowgraph wave tracking experiments.
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Figure 5: (left Fig) Maximum shear stress over the surface of the brain-lobe for unprotected-head case (a) and (b), protected-head case (c) and (d), 5.2 atm peak pressures (a) and (c) and 18.6 atm peak pressure  (right Fig.) maximum shear stress over the mid-coronal section with helmet at four post (5.2 atm peak pressure) blast impact times: (a) 0.10 m s, (b) 0.23 m s, (c) 0.36 m s, 
and (d) 0.49 m s. M. Grujicic, et. al. Materials and Design 31(2010) 4050-4065.

3.0
TESTING POLYMERS by DESIGN FOR PROTECTION AGAINST mTBI
In order to assess the efficacy elastomeric polymers in diverting and dissipating shockwave, we are currently performing tests at NSWCCD using full-size manikins [10] (head and neck), with proper masses and flexibility.  The manikins are designed with anatomically correct skull with silicon type skin flesh and the surrogate brain uses Sylgard silicone gel.  Intracranial, pressure sensors, and accelerometers are imbedded in the brain surrogate, at locations deemed critical (Fig. 6) from the FE model simulations performed by MIT [5] (Figs.7, 8).  The instrumented heads (Fig. 7) also have external pressure sensors and accelerometers, in addition there are free-field pressure sensors.  All tests are performed with two heads (one without a helmet and the other with helmet, or one helmet coated with polymer and the other without) (Fig.7).  The shockwaves are generated by carefully placed and designed explosives (both small and full-scale) at distances believed to result in pressures that could lead to mTBI.  Accelerations and pressures measured data from head and brain are at very high rates of data collection.  Several parameters are calculated from these measures to compare the results and efficacy of the protection system.  Using the pressure- and accelerations-time history (in micro-second) measurements, the impulse, power accelerations (and rate of change of acceleration -jolt), are calculated in order to compare the efficiency of the protection system against the shockwave (Fig. 8).  
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Figure 6: NSWCCD Manikin and placements of pressure gages and accelerometer (AC) Ref. 10.
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Figure 7: NSWCCD Manikin test set up with free field gages and MIT FE head model.  
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Figure 8: Comparison of NSWCCD test results [Ref. 10], 
with MIT analysis (with and without Helmet) [Ref. 5]. 

4.0
PROTECTION SYSTEM EVALUATION
A major deciding factor in testing and analysis is the level of pressure and the pulse duration generated by the explosive and its distance from the manikin.  The pressure loads used in these tests were based on levels that could result in lung damage from Bowen curves. 

· Under shock loading, brain tissue is weak in shear and its shear modulus is three orders of magnitude less than it direct modulus, while polymers increase in strength and modulus (both direct and shear stresses).

· Pressure that can cause mTBI are low in comparison with those that cause lung (and other organ) injury. 

Engineering-wise, in armour or blast protection with conventional materials, if one designs a system that protects against a higher threat, it will work for a lower threat as well.  Unfortunately, this is not the case for protection against shockwave, especially with highly rate dependent materials.  Comparing materials by testing at arbitrarily higher blast pressure may not guaranty that they will rank the same way at the threshold of mTBI.       

5.0
CONCLUSIONS
Polyurea and other polymers with nano-micro-meso structure  are effective for protection against mTBI.  In addition, they are lightweight and can both improve blast and ballistic protection.  Because of the contradicting behaviour under shock loading, brain tissue (weak in shear) and polymers (increase in strength and modulus both direct and shear stresses), polymers can be optimized to dissipate and divert the harmful effects of blast from the head.  Incorporating these polymers with the current helmet materials (Kevlar or Dyneema), they can offer increased protection against blast, shockwave, and fragments with very low increase in weight.
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The objective and essence of this research is to mitigate shock through material design. Here we seek to develop a thorough understanding of the material through experimental characterization methods that lend themselves to creating verifiable constitutive relations, all while working towards the development of a new blast resistant material.
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