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1. Introduction 

U.S. Army transformation is one of the largest efforts in modern times to reshape the overall 
structure and function of ground forces.  It is designed to respond to a host of new and emerging 
threats, and it explicitly recognizes the need for and vulnerability of electronically based systems 
on and off the battlefield.  Indeed, U.S. Army transformation features the Future Combat 
Systems (FCS), which is a “system of systems.”  The prominent theme in this new reshaping of 
the Army is emphasis on strategically arraying and integrating as many technologies together to 
provide an overwhelming and decisive advantage in hostile environments. 

The emergence of electronics on the battlefield has been incremental.  The impact of this is being 
re-thought as part of the U.S. Army transformation.  The goal is not only to ensure overall 
integrated system effectiveness but to minimize any potential weight and human performance 
penalties associated with incorporating this technology on and around the Soldier.  Many mobile 
electronic systems bring a concomitant requirement for power, and thus battery weight and 
efficiency, together with other novel power-generating and storage technologies, are a key focus 
of Army transformation goals.   

The addition of state-of-the-art electronics systems and power systems has stimulated a total 
redesign of the overall Soldier system ensemble.  The goal is to provide an effective, flexible, 
and lightweight system that enables the Soldier to rapidly and successfully do his or her mission.  
The challenge is integrating the lethality, survivability, and other technologies onto the Soldier 
without causing the overall system weight to impede the Solider’s ability to execute a wide 
variety of tasks.  

New designs for the Soldier-borne uniform and equipment are being developed, tested, and 
revised, based on a variety of human factors and other types of testing.  Key to this system 
development is the use of alternate materials to shed weight from conventional systems.  The 
U.S. Army transformation has provided a stimulus for pushing the limits of conventional 
materials and has opened the opportunity for the consideration of new materials and material 
combinations.  These materials may also include hybrids to maximize the overall system 
performance while minimizing weight.   
 

2. Background 

Helmet materials and designs have evolved primarily in light of prevailing threats and the 
invention of new and improved ballistic materials.  Figure 1 is a basic summary of U.S. helmet 
designs and materials since World War (WW) I.  For example, the helmet designs in WW I were 
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significantly different than in WW II.  WW I was characterized by an unprecedented amount of 
trench warfare, and the hot, sharp debris falling from relatively high angles was typical.  This 
gave rise to the fairly wide “brim” that gave the WW I helmet its distinctive look. 

 
Figure 1.  Historical perspective of U.S. Army helmet design and materials. 

Ballistic helmets today reflect combat experiences learned from WW I to contemporary deploy-
ments of personnel and equipment.  With the advent of trench warfare, fragmentation from 
exploding ordnance was the predominant source of injury and death to troops on the front line.  
The randomness of the shrapnel threat forced the design of protective head gear to cover not only 
the very top but also the sides, front, and back of the Soldier’s head.  The original French and 
British designs of WW I were adapted by the U.S. Army and involved formed Hadfield steel 
bowls with web-based suspensions.  Weight, comfort, and protection level influenced the eventual 
redesign of the fragmentation helmet to become the famous M1 helmet of WW II.  This steel 
outer shell used a molded inner shell to attach the suspension made of cotton webbing and leather.  
The composite inner liner nested into the ballistic steel shell.  The inner liner, introduced in 1941, 
was made of cotton fabric-reinforced phenolic laminate.  An improved ballistic version of the 
liner, fielded in 1961, used nylon fabric to replace the cotton.  The combined shells provided 
higher protection levels over a greater coverage area than the previous M1917 copy of the British 
Mk I “Brodie” helmet of WW I.  The one-size M1 helmet weighed 1.55 Kg, had 0.12 square 
meter of surface coverage, and protected against the 0.45 caliber round at 244 m/s with a 50% 
ballistic limit of 396 m/s against the standard NATO (North Atlantic Treaty Organization)  
1.1-gram fragment simulator. 

In the early 1960s, the U.S. Army embarked on an experimental effort to replace this two-part 
helmet design with a single-walled, lighter and more protective configuration.  Composite 
materials were considered because of their known higher ballistic efficiencies.  Glass fiber and 
nylon reinforcements were evaluated in the same toughened phenolic as was used in the earlier 
liners.  With the invention of Kevlar1 in 1965, it became immediately obvious that what could be 
done with nylon would be done better with this high strength polymer.  Kevlar was commercially 
available in 1972, with the U.S. Army already evaluating it late in the 1960s.  As is most often 
the case, a direct substitution of the newer, stronger fiber from the previous one showed less-
than-optimal improvement.  With considerable development effort, the “steel pot” M1 helmet 
                                                 

1Kevlar is a registered trademark of E. I. DuPont de Nemours & Co., Inc. 
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was gradually eliminated from the U.S. inventory in the late 1970s and replaced with the 
improved  Kevlar design called the Personal Armor System for Ground Troops (PASGT) in 1976 
(1).  The PASGT originally had three sizes, now four.  Throughout the development, improve-
ments in protection level (50% ballistic limit now 610 m/s), area of coverage (0.14 square meter) 
and better fit (1st to 99th percentile of the U.S. military population) were achieved while the 
same weight was maintained as for the M1. 

The PASGT has found much praise from the troops; it has saved many lives, including the 
civilian police forces who have now adapted it.  It has proved itself in field use, which suggests 
that its durability is also adequate.  The laminated material from which it is formed is not ideal 
structurally, however.  A low resin content (roughly 20% by weight), multi-ply fabric 
architecture and high porosity was selected primarily for its ballistic attributes, and one would 
expect that it could exhibit problems with durability or blunt trauma (lower flexural rigidity 
would suggest more deflection and lower structural capacity).  With its standard wall thickness 
of 9 mm, it barely meets the practical requirements. 

Since this very successful introduction, the desired trend has been related to weight reduction.  
Complaints related to comfort, hearing acuity, and relative motion or mobility and the desire to 
mount additional devices as noted earlier have required the shell material to provide equivalent 
protection at reduced weight.  Research into higher efficiency materials has moved toward more 
compliant laminates with stronger reinforcements.  The advanced combat vehicle crewman 
(ACVC) helmet was fielded in the late 1980s with less coverage but equal protection at reduced 
weight where it did cover.  The U.S. Army type classified this new helmet material with the 
newest Kevlar KM2 fiber (2), but several design details were also changed.  Besides the shell 
thickness being reduced to 7.6 mm, the fiber denier was reduced, the fabric style changed, the 
ply count increased, and fabric interface was adjusted to include a flouropolymer coating.  The 
amount and type of laminating resin remained the same, but the overall trend was toward higher 
compliance of the final laminate.  The KM2 fiber was stronger and tougher than the previous 
Kevlar 29 fiber.  It is believed that both of these changes resulted in the higher performance.  The 
identical material modification was evaluated for replacement of the PASGT and actually 
followed through the necessary evaluation cycle but was not selected for major procurement 
because significant weight reduction was less than perceived (15%).  Its field durability has not 
been demonstrated to the same extent as PASGT. 

Beginning in the early 1990s, the desire was to reduce the weight of the PASGT by at least 25%.  
The U.S. Marine Corps started a development program that evaluated several candidate materials 
with higher ballistic efficiency.  Materials such as Spectra Shield2 or Kevlar Mark III3 used 
alternate resin systems, fiber materials, or laminate architectures.  Both were successfully 
molded into PASGT geometry and found to meet the ballistic and weight goals.  Both failed to 
address the less-defined durability requirements, largely because of the higher flexural 
                                                 

2Spectra Shield is a registered trademark of Honeywell. 
3DuPont proprietary coated fabric prelaminated material 



 

4 

compliance of either material.  Brief attempts to resolve the structural limitations were not able 
to satisfy the program schedule, but initial ideas to make the final structure a hybrid with 
structural skins or rib reinforcement were proposed. 

Since then, two new helmets have been produced for the U.S. military.  The first is now called 
the advanced combat helmet (ACH) and was previously provided by the Army for special 
operations as the modular integrated communications helmet (MICH).  This helmet uses a higher 
strength Kevlar K129, lower content phenolic resin (thus higher fiber content for the same 
weight), modified edge cut for lower protection surface, and a new suspension system for better 
comfort and possibly trauma reduction.  With a shell thickness of 7.8 mm and lower resin 
content, it will have higher structural compliance and potentially the same limitations of the 
earlier lightweight helmets.  The other helmet in current U.S. production is the new lightweight 
Marine Corps helmet.  This helmet uses a higher strength fiber, Twaron4, with properties similar 
to Kevlar 129, and with the same phenolic resin, is expected to perform ballistically and 
structurally similar to the ACVC material described earlier.  The geometry is the same as the 
PASGT, but the wall thickness is less, so the overall performance is similar to the lightweight 
PASGT.   

The future in helmet design may follow what we are describing in this report.  The Kevlar Mark 
III and Spectra Shield materials noted before involve thermoplastic resin matrices and are 
relatively flexible.  If the ballistic requirements at reduced weight can be met with these 
materials, then future development efforts will likely focus on meeting the structural (durability) 
and trauma (transient deflection) constraints.  Hybridization with structural skins is logical and 
should have a high probability of success.  How to manufacture finished helmets from these new 
material systems in a practical, cost-efficient manner also remains to be demonstrated.  One such 
example is with the Tepex5 (3) system now in production for the Norweigan military.  Claims are 
made of complete molding cycles of less than 5 minutes, without the need of extensive hand pre-
forming.  Certainly the existing manufacturing infrastructure will have a significant influence in 
defining the initial capital investment and subsequent unit cost.  What may be of particular 
interest is how to modify existing production equipment to allow for the thermoforming of 
thermoplastic matrix composite materials.  Identifying the proper combination of fiber, resin, 
reinforcement architecture, and manufacturing process for specific requirements is the goal of 
our present study.  Some trends have already been identified.  Beyond the increased compliance, 
we know that higher ply count and lower basis weight layers will improve ballistic efficiencies.  
Reducing the frequency of cutting and tacking will increase effective fiber length but will 
introduce wrinkling issues.  Lowering the resin content or weakening the resin-fiber interface 
will promote delamination and deflection which introduce positive and negative attributes.  
Through-the-thickness reinforcement will similarly control the extent of the deflection.  The 
most obvious parameter is the ratio of ballistic to structural material used in any hybrid 
architecture.  The orientation of each is also a variable.  Fabric architectures that allow for 

                                                 
4Twaron, which is a registered trademark of Teijin, is a synthetic fiber made from aramid polymer. 
5Tepex is a registered trademark of Bond-Laminates GmbH, Germany. 
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conformal draping without tacking is highly desirable, but the amount of necessary in-plane 
distortion may have limitations. 

Certainly as new high strength reinforcement fibers are introduced, they need to be evaluated in 
this ballistic application.  It is somewhat universally agreed that higher specific strength fibers 
with sufficient toughness (strain energy capacity or high elongation) should be good candidates 
for lighter weight helmets.  Newer polymers such as pyribenzamine (PBO6), MePPD-TA (4) or 
M57 (5) may suggest great potential but may exhibit other limitations or may simply not be 
commercially available.  The resin systems may also exhibit similar limitations, especially 
around thermal stability and environment degradation.  In addition to the subject areas of 
structure and ballistics noted already in this report, the practical issues around cost, availability, 
and environmental susceptibility will ultimately factor into what materials are good candidates to 
replace the incumbents. 

There are a number of promising materials on the horizon, most notably a relatively new organic 
fiber with a complex molecular structure known as M5 (6).  M5 is attractive based on initial 
properties (strength 4 GPa, modulus 330 GPa, and elongation 1.5%).  However, to date, M5 has 
been produced in only small, laboratory production runs.  There are still significant issues to 
resolve.  Even when M5 does become commercially available in sufficient quantities, it will likely 
be expensive, given the capital investment and development costs.  As such, the U.S. Army 
Research Laboratory (ARL) has proposed an incremental approach that will first establish 
thermoplastics and thermoplastic-based matrices as viable candidates for fabricating helmet shells.  
The advantage of this approach is the ability to reap the near-term benefits of commercially 
available thermoplastic matrix aramids, such as Tepex (3) and Mark III as well the ability to 
“spiral in” new fibers such as M5 (figure 2). 

The Future Force Warrior (FFW) is a major element of the Army transformation.  FFW is 
responsible for defining not only the type of materials, equipment, and systems that the Soldier 
will wear and use but also the hardware and software necessary for the Solider to be part of a 
larger “network.”  Current Soldiers configure their equipment, depending on the mission 
(figure 3a).  While this flexibility is desirable, a major problem with this approach is the 
tendency to burden the Soldier with too many discrete systems.  Such systems include IR 
cameras mounted on the helmet, communication devices on the side of the helmet, and so on.  
FFW is focused on streamlining these functions by determining what hardware is to be integrated 
into or onto a helmet as well as those devices that will be modular in nature.  More importantly, 
FFW is focused on redesigning a helmet that allows for optimal integration and modularity, as 
shown in figure 3b. 

 

                                                 
6PBO (ZYLON) is a new high-performance fiber developed by TOYOBO; ZYLON is a registered trademark of TOYOBO 

and consists of rigid rod chain molecules of poly(p-phenylene-2,6-benzobisoxazole)(PBO). 
7poly{2,6-diimidazo[4,5-b:4’,5’-E]pyridinylene-1,4-(2,5-dihydroxy)phenylene} 
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Figure 2.  Transition of new helmet materials. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 (a) (b) 

Figure 3.  Current and a future U.S. Army helmet systems. 

The new helmet architecture, together with the integrated electronic sensors and other devices, 
will demand a balance between the enhanced functionality and the overall weight of the helmet.  
Indeed, in the FFW program, the helmet is now referred to as “headgear” and as such implies a 
system rather than materials or assembly of discrete components.  Furthermore, the FFW 
ensemble is divided into two basic parts:  “neck up” which includes all the systems and functions 
associated with the headgear, and “neck down,” which encompasses the uniform and other 
equipment attached to the Soldier’s body and extremities.  An early prototype of this type of 
integrated system, known as Scorpion, is shown in figure 4.  Weight reductions will be achieved 
in at least two ways.  The first is by shrinking the active devices by further miniaturizing the 
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electronics, power, and packaging of these sub-systems.  The second will be in developing 
materials (and combinations of materials) that will enable weight reductions in the helmet shell, 
suspension system, comfort liners, etc.  The design and material selection for the FFW headgear 
is a highly coupled process, especially when one considers the physical linkages to neck-down 
systems.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.  Coupling of headgear and body-borne systems. 

 

3. Helmet Design and Material Considerations 

3.1 Ballistic Resistance 

The primary goal of the helmet shell is to protect the Soldier from a variety of threats.  First, the 
requirement is to limit the perforation of fragments or bullets through the helmet.  Even if the 
fragment is stopped, the deflection of the shell can engage the skull and cause injury.  The 
current PASGT uses an effective air gap of approximately 13 mm between the inner shell wall 
and the Soldier’s head to accommodate any deflection during projectile arrest.  Deflections 
greater than this will likely engage the skull, but whether this engagement is lethal is unclear.  
Recent studies at the University of Virginia and Natick Soldier Center, Massachusetts, have 
suggested that there is a threshold of impulse or force that is likely to cause serious trauma.  An 
alternate test protocol is proposed that would measure such an impulse delivered to the skull 
during controlled test conditions.  It is obvious that lower impulse and extent of deflection is 
desirable in order to minimize the probability of death. 

integrated head gear

integrated body armor
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The current study described in this report simply measures the relative amount of free field 
deflection in a consistent impact loading condition.  We are using high speed video techniques to 
measure the peak deflection during the arrest of a 1.1-gram fragment simulator at an impact 
velocity just below the limit velocity of the candidate material system.  This testing has been 
performed on flat plate samples with partial lateral support.  Whether this configuration can be 
related to the needed trauma requirement is uncertain.  We can surely identify relative 
differences in the extent of transverse deflections for various material combinations and quantify 
the relative trade-offs among weight, structural durability, and the extent of lateral deflection. 

The general method for characterizing a material’s ballistic performance is to conduct a V50 
ballistic test.  A V50 is defined as the velocity at which there is an equal probability of a partial or 
a complete perforation for the given armor and threat.  Security classification becomes critical 
when both the threat and armor are discussed or presented simultaneously, especially if the mass 
efficiency of the armor is significant.  Screening monolithic and hybridized materials can be a 
lengthy and costly undertaking, given that an extensive amount of data needs to be generated in 
order to build requisite confidence in the performance of a given ballistic material “solution.”  As 
such, researchers tend to choose threats that are known to be difficult to defeat, such as small 
fragments at high speed.  Bullets such as the 9 mm are also difficult to arrest with particular 
challenge of the transient deflections from the relatively large mass of the 9-mm projectile.  Note 
that Europe tends to emphasize a 1.1-gram fragment simulator rather than a 1-gram right circular 
cylinder surrogate.  In general, the required V50 for U.S. fragment simulators is higher than that 
required by European standards.  Ballistic testing can be complicated by hot and cold testing 
requirements.  Thermoplastics, for example, tend to soften at higher temperatures.  This 
softening can translate into improved ballistic performance; however, it can also undesirably 
increase the transient deformation and reduce the structural rigidity of the helmet. 

3.2 Transient Deformation 

Transient deformation is a direct result of the kinetic energy being dissipated within the ballistic 
material.  It is concomitant with the ballistic impact and it plays a very significant role in 
determining the design and materials selection of a helmet system.  Fabrics, although extremely 
ballistically resilient at areal densities around 0.975 gram per square centimeter, tend to deform 
significantly.  The fragment or bullet could conceivably be arrested by the fabric, but the 
resulting deformation could still result in a fatal injury by adversely engaging the skull.  By 
contrast, thermoset composites such as polyvinylbutyral (PVB) phenolic-aramid systems reduce 
the transient deformation, even though their ballistic performance may be less than that of a pure 
fabric system.  Thermoplastic composite materials offer a compromise of fabric and thermoset 
composite performance.  That is, the thermoplastic tends to deform but not as much as pure 
fabric, and it tends to have better ballistic resistance than a thermoset-based composite material. 
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3.3 Static and Dynamic Structural Performance and Stability 

Practical durability is a necessary trait for any article used in combat.  Helmets must also pass 
static structural tests as well.  “Ear-to-ear” loads of 2000 to 3500 kPa must be withstood by the 
helmet for several cycles without any permanent deformation of the helmet structure.  Thermoset 
composites tend to do well, given the higher matrix modulus (as compared to a thermoplastic 
matrix).  It is expected that the trends we identify for structural stiffness will track what we 
observe with the extent of transient lateral deformation.  One exception to this correlation is 
obvious.  If the material combination behaves in a brittle fashion (low tensile strength at high 
rates of loading), then it is possible that if brittle failure occurs prematurely, inelastic deflection 
will dominate and not necessarily track what we observe in the low rate structural testing.  That 
is one strong argument for performing both types of tests on all material candidates.  One 
additional comment:  the transient testing ought to be performed at full scale because of the 
uncertainty of temporal scaling of the ballistic event. 

3.4 Human Factors and Other Considerations 

Comfort, hearing, weight distribution, and a host of other factors also influence design and 
material selection of a typical helmet.  Many of these factors are weighted evaluations through 
models and experimental testing to reveal possible issues or concerns with the helmet system.  
For example, using a spiral design cycle strategy, researchers are constantly refining the design 
of attachments so that they optimize interfacing with weapons (figure 5) while still providing the 
desired electronic communication and optical systems in an ergonomically and mass-efficient 
design. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.  Weapons interface evaluation of prototype headgear. 

 



 

10 

4. Thermoplastic Based Helmet Materials, Specimens, and Helmets 

4.1 Thermoplastic Aramid Systems 

During the development of an effective thermoplastic-based aramid ballistic recipe, it was 
determined that transient deflection quickly becomes the limiting factor.  To preserve the 
ballistic benefits of thermoplastic matrix aramid systems and minimize the potential for such 
skull trauma, it will very likely be necessary to combine them with other materials that exhibit 
greater stiffness against static and dynamic loading.  The notion of composite hybrids is hardly 
new; the challenge becomes delivering the desired level of protection and performance in the 
overall shell without adding significant weight. 

Thermoplastic matrix aramid systems have excellent, mass-efficient ballistic properties.  However, 
the thermoplastic matrix is typically 30% to 60% less rigid than even toughened thermoset (e.g., 
phenolic) matrix.  This has significant implications for the overall static structural stability and 
resilience of the thermoplastic aramid shell, as well as the dynamic deflections associated with a 
ballistic event. To illustrate this phenomenon, consider figure 5.  A Phantom v.7 high speed digital 
camera was used to capture the effects of a simulated ballistic fragment impact on the back side of 
a flat thermoplastic-aramid panel.  This panel had an areal density that was nearly 50% of that 
recommended for producing a helmet shell.  As can be seen in the sequence of images, the 
fragment is effectively contained and stopped but not before it induced significant deformation to 
the overall panel.  A thermoplastic-Kevlar shell at this low areal density may be well suited for 
certain applications, but given that the deformation was well over 1 inch, it could cause severe 
skull fracture (and possibly death). 

 
 
 
 
 
 
 

Figure 6.  Still photographs from high speed digital imaging of thermoplastic-aramid panel. 

4.2 Specimen Preparation and Fabrication 

The design goal was to obtain an areal density of 1.75 pounds per square foot (psf) for all 
Kevlar-thermoplastic panels.  Therefore, based on material and construction (i.e., unidirectional, 
plain weave, etc.), a ply orientation scheme was determined from which we obtained a 
preliminary weight for the skins.  From there, the number of plies of Kevlar-thermoplastic was 
determined to obtain the 1.75-psf areal density. 
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The plies were cut into 15-inch square dimensions with the use of rotary shears made by Eastman 
Machine Co.  The plies were then carefully stacked individually to assure proper alignment and to 
avoid ply sliding in the press (150-ton heat press, model MTP-24 made by Tetrahedron Associates, 
Inc.) with the thermoplastic side facing up.  The last Kevlar-thermoplastic ply was reversed to 
provide better adhesive properties.  The thermoset skin(s) were placed on the last ply.  Teflon8 
textured release film was placed between the top and bottom plies and the call plates, which 
contacted the heated platens.  The press cycle used was 300 °F at 500 psi for 60 min and then 
cooled under pressure to approximately 80 °F.  Differential scanning calorimetry (DSC) showed 
that the 250 °F thermoset “prepregs” were fully cured, and dwell times could be reduced from 60 
minutes to 10 minutes, if preferred. 

4.3 Mechanical Characterization 

These candidate materials not only need to perform well ballistically but must also possess 
certain mechanical capacities.  The American Society for Testing and Materials D790 (7), was 
chosen for mechanical characterization of the specimens.  This approach provided a quantifiable 
means of comparing each recipe by determining the modulus of elasticity from the load-
deflection curves for each sample.  These baseline data, in conjunction with the ballistic data, 
provided a reasonable first-level recipe selection process.   

The 0.25-inch-thick panels were machined to 1-inch x 10-inch (WxL) flexural specimens with a 
Flow International Corporation waterjet system.  Cutting such a flexible material proved to be a 
challenge.  The material was machinable, but the edges tended to curl or bevel from the cutting 
process.  Various cutting techniques and a stiffening material added during the cutting process 
were evaluated.  The waterjet cutter, with particle board on the bottom surface of the sample, 
showed the best results.  This method worked well but did not totally eliminate the problem.  
Therefore, all samples were re-pressed after machining at room temperature (~70 °F) and 500 psi 
for 0.5 hour.  This added pressing step was performed after samples were dried at room 
temperature for about a week.   

Four-point bend tests were performed on an Instron Electromechanical Testing System (Model 
4405) with Series IX Material Testing Software.  Samples were conditioned according to the 
standard before testing.  A minimum of five samples was tested for each candidate recipe.  
Samples with thermoset prepregs on one side were tested with the thermoset side facing down, in 
tension.  This would be a true representation of how the helmet would be molded with the stiff 
material on the outside to accommodate the flexural stresses induced during attempts to collapse 
the shell in compression. 
 

                                                 
8Teflon is a registered trademark of E. I. DuPont de Nemours & Co., Inc. 
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5. Helmet Manufacturing Considerations 

Fully realizing the material and performance benefits of thermoplastic-aramids and hybridized 
solutions will require rethinking of the manufacturing processes currently in use by most of the 
U.S. helmet manufacturers.  Current processes are configured for mass production of thermoset-
based, monolithic Kevlar helmets.  These manufacturing systems typically use expensive, matched 
steel tools to consolidate the materials.  Cold helmet pre-forms are placed in a hot mold and held 
under pressure until fully cured. The tools are heated at 325 °F to promote the cross-linking of the 
phenolic resin.  “Bump” and “burp” cycles are used to draw off undesirable gases that evolve 
during the cure.  By contrast, thermoplastic manufacturing cycles have a number of attractive 
features.  Secondary innovations could be introduced in the optimization of a pre-form design and 
cutting with the use of software and near-net patterns.  Table 1 summarizes the essential difference 
of the two material and process-based approaches. 

Table 1.  Comparison of current and proposed helmet manufacturing methods. 

 Current Approach Future Approach 
Tool type Matched metal (costly) Female with silicone plug 
Heat source Conduction (heated tool) Infrared 
Pressure Hydraulic press Hydraulic press 
Resin type Thermoset Thermoplastic 
Fiber type Monolithic Hybrid 
Cycle time 15 minutes 5 minutes 
Pre-form scrap 15 to 20% 5 to 10% 

 

Ideally, a new process should be conceived that would simultaneously address the materials and 
fabrication deficiencies of current manufacturing methods and fully exploit the inherent benefits 
of thermoplastic-based processes.  Figure 7 is a conceptual schematic of such a process.  Material 
waste could be reduced or eliminated if neat pre-forms are developed and the reinforcement is 
hybridized.  Infrared heating would rapidly heat the thermoplastic matrix and a silicone plug 
could be used to improve the hydrostatic pressure distribution used to consolidate the final shell. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.  An integrated, low scrap and low cost semi-automated hybrid helmet process. 
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5.1 Series Fabrication 

A logical approach in fabricating a structure made of two or more materials is to assign a 
processing step for each material system.  For example, the thermoplastic matrix-based aramid 
could be placed in the helmet mold and processed under a minimum of 3500 kPa and a 
temperature of at least 120° Celsius.  Once the helmet is formed, cooled, and stabilized, a 
secondary process step could be employed, which would apply a layer of graphite to the aramid-
thermoplastic “core.”  This could be done with a vacuum curable prepreg, provided the cured 
and finished laminate demonstrates the required stiffening effects for the overall helmet system.  
This process approach can be considered a series-type manufacturing method insofar as the 
material systems are separately and sequentially fabricated.  A schematic of a basic series 
process cycle is shown in figure 8a.  The advantage of this method is that, given two distinct 
resin types (thermoplastic and thermoset), having two separate process steps ensures an optimal 
process cycle for each material.  The disadvantage is that this process method inherently 
introduces a secondary process step, and as such could increase process cycle time, touch labor, 
and secondary process infrastructure. 

5.2 Parallel Fabrication 

A possible remedy for minimizing or eliminating additional process steps in the manufacture of 
hybridized material systems is to combine the material assembly as much as possible and co-
process the materials together.  Generally, the aramid fibers are tolerant to relatively mild 
variances in process temperatures.  The matrix materials, however, are not; indeed, thermoplastic 
matrices typically process at temperatures below thermosets.  However, it is possible to select 
thermoset resin systems that are curable at or near the temperatures required to melt and 
consolidate the thermoplastic matrix material.  Prudently selecting the matrix material provides 
the opportunity to effectively co-process the materials.  Figure 8b schematically depicts this 
parallel process approach.  The advantages of this manufacturing method are the ability to reduce 
the number of overall processing steps and to minimize the labor and cycle time required to 
effectively produce a hybridized helmet material system (8).  The disadvantage is the possible 
limitation of certain thermoset resin systems if the cure temperature far exceeds the process cycle 
temperature for melting and consolidating the thermoplastic.  The time required for curing the 
thermoset skin will influence the total process cycle time. 
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Figure 8.  A comparison of series and parallel fabrication cycles for hybrid helmet manufacture. 

 

6. Results and Discussion 

ARL has explored a variety of thermoplastic-based systems, including hybridized derivatives.  
The flexural data for both thermoplastic Kevlar KM2 and IM7-epoxy thermoplastic KM2 hybrid 
are shown in figure 9.  Table 2 provides a summary of flexural modulus data for some of the 
ballistic recipes that were explored.  The preliminary conclusions based on ballistic and 
mechanical data are that it is possible to reduce the overall areal density of a typical PASGT 
shell (Kevlar 29-phenolic) by 25% with the use of hybridized, thermoplastic based aramids.  It 
appears that the dominating design factors at reduced weight are static and dynamic structural 
rigidity and integrity.  Simply preventing penetration of a bullet or high speed fragment is not a 
sufficient condition for Solider-borne head protection.  The deformations witnessed with 
monolithic thermoplastic aramid systems rapidly increase, raising serious concerns about 
localized and blunt force trauma such as fracturing of the skull.  Still, through hybridization and 
prudent design trade-offs, it is possible to construct a thermoplastic based helmet with superior 
mass-efficient ballistic properties as compared to current thermoset helmet shell systems. 



 

15 

KM2 S707 Baseline vs. KM2 S707 with IM7 Skins

0
5

10
15
20
25
30
35
40

0 0.1 0.2 0.3

displacement (in)

Lo
ad

 (l
bs

.)

KM2 baseline
KM2 + IM7 Skins

 
Figure 9.  A comparison of monolithic and hybrid (IM7 graphite) thermoplastic KM2. 

Table 2.  Mechanical data for monolithic and hybrid recipes. 

TP0721G 30 plies S707 + 2 plies S2/M36 Comp 0.2574 0.0009 2,808,121 
      
TP077C 40 plies S707 + 2 plies S2 FgBT250E Tens 0.2602 0.0015 2,334,024 

      
TP077C 40 plies S707 + 2 plies S2 FgBT250E Comp 0.2615 0.0004 2,587,133 

      
TP05c1 32 plies 705/SP N/A 0.2693 0.0006 2,403,230 

      
TP0710D 41 plies S707 + 2 plies K49 Bt250E Tens 0.2668 0.001 2,414,482 
      
TP0710D 41 plies S707 + 2 plies K49 Bt250E Comp 0.2672 0.0004 2,782,257 
      
TP0733K 41 plies S707 + 1 ply Twintex EG/PP Tens 0.276 0.001 1,778,301 
      
TP0733K 41 plies S707 + 1 ply Twintex EG/PP Comp 0.2747 0.0016 1,906,098 
      
TP05b3 31 plies 705/PU N/A 0.2836 0.0009 193,221 

      
TP0730J 42 plies S707 + 1 ply Twintex C/N Tens 0.2826 0.0011 1,245,251 
      
TP0730J 42 plies S707 + 1 ply Twintex C/N Comp 0.2836 0.0012 1,217,542 
      
TP075A 42 plies S707 + 2 plies Cytec 381/IM7 Tens 0.2673 0.0004 2,741,839 

      
TP075A 42 plies S707 + 2 plies Cytec 381/IM7 Comp 0.2674 0.0011 3,126,790 

      
TEPNY TEP/NYLON N/A 0.2831  903,264 

      
TP0740A Double-Sided S707/TP N/A 0.2644  4,111,269 
      
TP0741N S707/TP/Kevlar/Phenolic/PVB Tens 0.2662  1,784,187 
      
TP0741N S707/TP/Kevlar/Phenolic/PVB Comp 0.2661  1,751,947 

 
The development of the materials and processes in this research is pertinent not only to next-
generation helmet systems but to currently fielded systems as well.  For example, as shown in 



 

16 

figure 10, as each new and improved thermoplastic recipe is developed, it is possible to consider 
one of two uses for this technology.  The first is a lighter helmet shell that delivers essentially the 
same ballistic, static, and dynamic characteristics as a current helmet (e.g., the PASGT).  This is 
the current intention of the FFW.  However, a second option is to consider providing an 
improved level of protection at the same weight.  For example, this could entail replacing the 
Kevlar 29-phenolic with KM2-thermoplastic hybridized with a stiffening material (e.g., glass or 
graphite).  This helmet could exhibit less deformation and improved ballistics at the same weight 
of the current PASGT system. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10.  Applicability of new helmet recipes to current and future helmet systems. 

6.1 Flat Plate Fabrication and Results 

Previous studies had initiated the fabrication of flat plate specimens for structural and ballistic 
testing (5).  Each of the flat plate “recipes” represented a potential helmet material solution to 
meet key performance requirements that included fragmentation, dynamic deflection, and 
structural integrity.  The current research focused on refining the leading candidate recipe, which 
consists of IM7 graphite-epoxy co-processed with a polyolefin matrix, Kevlar KM2 woven 
reinforcement (figure 11).  It is possible to reduce the weight and increase protection levels 
simultaneously (table 3). 
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Figure 11.  ARL recipe. 

Table 3.  A comparison of PASGT and hybrid shell materials. 

All data normalized using PASGT as baseline PASGT KM2-polyolefin Hybrid 
Normalized Areal Density 1 0.76 
Normalized 2-grain V50 1 1.02 
Normalized 17 grain V50 1 1.20 

6.2 Helmet Design Variations 

Once a viable hybridized material recipe was identified (in this case, a graphite-KM2 polyolefin), 
it was possible to use the aforementioned processes to begin forming the materials into a helmet 
shell.  The goal was twofold:  to characterize the influence of the process cycle on the material and 
to explore weight-saving methods of selectively stiffening the helmet shell.  Helmet fabrication 
was performed by Diaphorm LLC (Limited Liability Company) in accordance with ARL 
materials, designs, and process specifications. 

6.2.1 Monolithic KM2 Shell-Polyolefin Shell 

It is important to have a baseline when one is developing a hybridized material system.  In this 
particular application, the base material is polyolefin-KM2 (aramid) composite.  Figure 12 shows 
the results of consolidating this material into a helmet shell.  For these studies, the helmet shell 
“shape” is arbitrary as long as it remains fixed for each of the subsequent material variations.  
“Petal” shapes are apparent on the aramid fabric in order to limit wrinkling during molding.  
Since there is no thermoset present, the polyolefin melts, conforms fully to the mold shape, and 
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upon cooling, retains the shape and rigidity associated with the mold and KM2-thermoplastic 
material. 

 
 
 
 
 
 
 
 

Figure 12.  Monolithic shell composed of KM2-polyolefin. 

6.2.2 Graphite Skin on Polyolefin-KM2 Shell 

The first variation is the application of a graphite-epoxy skin to the outer surface of the KM2-
polyolefin, as shown in figure 13.  Some of the latter material was removed to keep the areal 
density of the helmet consistent with the monolithic KM2-polyolefin shell.  Like the flat plate 
work that preceded it, the bond between the graphite-epoxy and the KM2-polyolefin was 
excellent.  Because a silicone plug, instead of the matched compression tooling, was used to 
consolidate, some wrinkling on the interior of the shell was apparent. 

 
 
 
 
 
 
 
 

Figure 13.  Graphite-epoxy on outer surface of KM2-polyolefin shell. 

6.2.3 Polyolefin-KM2 Encapsulated by Thermoplastic Graphite 

A second variation was the application of a graphite-nylon layer to the interior and exterior 
surfaces of the KM2-polyolefin shell, as shown in figure 14.  Again, the areal density was kept 
equivalent to the monolithic KM2-polyolefin shell.  This shell was extremely stiff even though 
the nylon thermoplastic modulus was less than that of the graphite-epoxy material.  This 
variation also demonstrates the total elimination of thermoset matrices in the stiffening or 
ballistic components of the helmet.  Cure kinetics were not an issue in determining the cycle time 
for this process.  Only the ballistic capability of the skin material is yet to be determined.  
Similarly, additional studies of the lower pressure consolidation influence on ballistics are 
required. 
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Figure 14.  KM2-polyolefin fully encapsulated by graphite-nylon. 

6.2.4 Integrally Stiffened Polyolefin-KM2 Shell 

A third variation is the selective application of a graphite-epoxy material to the KM2-polyolfin 
ballistic “core.”  Like the first variation, two layers of graphite-epoxy were applied to the 
exterior surface of the KM2-polyolefin shell as shown in figure 15.  However, graphite was 
applied in a hoop on the lower perimeter of the shell, as well as in a U-shaped piece in the 
middle interior of the shell.  The purpose was to selectively stiffen only those regions that 
required it, thereby minimizing weight.  A limited amount of wrinkling is apparent on the inner 
surface, which is attributable to low pressure consolidation. 

 
 
 
 
 
 
 
 

Figure 15.  Integrally stiffened KM2-polyolefin shell. 

 

7. Conclusions 

A series of thermoplastic-based aramid materials has been hybridized with secondary structural 
materials.  These specimens have been characterized ballistically and structurally.  The conclusion 
is that thermoplastic based systems can yield a 10 to 25% weight reduction over conventional 
thermoset (PVB phenolic) helmet materials while maintaining equivalent protection levels.  The 
focus of the present work is to begin identifying materials and design opportunities that could be 
used to engineer a lighter helmet that meets prescribed baseline performance specifications.  In 
addition, practical manufacturing methods for producing these systems have been identified and 
preliminary prototypes of these new material and system designs have been fabricated through 
relatively low pressure manufacturing. 
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  KANSAS ST 
  NATICK MA 01760-5057 
 
 2 OFC OF NAVAL RESEARCH 
  ATTN  D SIEGEL CODE 351  J KELLY 
  800 N QUINCY ST 
  ARLINGTON VA 22217-5660 
 
 1 NSWC 
  CRANE DIVISION 
  M JOHNSON CODE 20H4 
  LOUISVILLE KY 40214-5245 
 
 2 NSWC 
  ATTN  U SORATHIA 
   C WILLIAMS CODE 6551 
  9500 MACARTHUR BLVD 
  WEST BETHESDA MD 20817 
 
 2 CDR  NSWC 
  CARDEROCK DIVISION 
  ATTN  R PETERSON CODE 2020 
   M CRITCHFIELD CODE 1730 
  BETHESDA MD 20084 
 
 4 DIR  US ARMY NGIC 
  ATTN  D LEITER MS 404 
   J GASTON MS 301 
   M HOLTUS MS 301 
   M WOLFE MS 307 
  2055 BOULDERS RD 
  CHARLOTTESVILLE VA  22911-8318 
 
 4 DIR  US ARMY NGIC 
  ATTN   S MINGLEDORF MS 504 
   W GSTATTENBAUER MS 304 
   R WARNER MS 305 
   J CRIDER MS 306 
  2055 BOULDERS RD 
  CHARLOTTESVILLE VA  22911-8318 
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NO. OF 
COPIES ORGANIZATION 
 
 1 NAVAL SEA SYSTEMS CMD 
  ATTN  D LIESE 
  1333 ISAAC HULL AVE SE 1100 
  WASHINGTON DC 20376-1100 
 
 4 US ARMY SBCCOM 
  SOLDIER SYSTEMS CTR 
  BALLISTICS TEAM 
  ATTN  J WARD  W ZUKAS 
   P CUNNIFF   J SONG 
  KANSAS ST  
  NATICK MA 01760-5019 
 
 3 US ARMY SBCCOM 
  SOLDIER SYSTEMS CTR 
  MARINE CORPS TEAM  J MACKIEWICZ 
  ATTN  AMSSB RCP SS  W NYKVIST 
     S BEAUDOIN 
  KANSAS ST  
  NATICK MA 01760-5019 
 
 7 US ARMY RESEARCH OFC 
  ATTN  A CROWSON  H EVERITT 
   J PRATER  G ANDERSON 
   D STEPP  D KISEROW  J CHANG 
  PO BOX 12211 
  RSCH TRIANGLE PARK NC  27709-2211 
 
 1 AFRL MLBC 
  2941 P ST RM 136 
  WRIGHT PATTERSON AFB OH  45433-7750 
 
 1 DIRECTOR 
  LOS ALAMOS NATL LAB 
  ATTN  F L ADDESSIO T 3 MS 5000 
  PO BOX 1633 
  LOS ALAMOS NM 87545 
 
 4 NSWC 
  ATTN  J FRANCIS CODE G30 
   D WILSON CODE G32 
   R D COOPER CODE G32 
   J FRAYSSE CODE G33 
  DAHLGREN VA 22448 
 
 4 NSWC 
  ATTN   T DURAN CODE G33 
   L DE SIMONE CODE G33 
   R HUBBARD CODE G33 
  DAHLGREN VA 22448 
 
 
 
 
 

NO. OF 
COPIES ORGANIZATION 
 
 1 NSWC 
  CARDEROCK DIVISION 
  R CRANE CODE 6553 
  9500 MACARTHUR BLVD 
  WEST BETHESDA MD  20817-5700 
 
 1 AFRL MLSS 
  ATTN  R THOMSON 
  2179 12TH ST RM 122 
  WRIGHT PATTERSON AFB OH  45433-7718 
 
 2 AFRL 
  ATTN  F ABRAMS  J BROWN 
  BLDG 653 
  2977 P ST STE 6 
  WRIGHT PATTERSON AFB OH  45433-7739 
 
 5 DIR LAWRENCE LIVERMORE NATL LAB 
  ATTN  R CHRISTENSEN 
   S DETERESA   F MAGNESS 
   M FINGER MS 313 
   M MURPHY L 282 
  PO BOX 808 
  LIVERMORE CA 94550 
 
 1 AFRL MLS OL 
  ATTN  L COULTER 
  5851 F AVE 
  BLDG 849 RM AD1A 
  HILL AFB UT 84056-5713 
 
 1 OSD 
  JOINT CCD TEST FORCE 
  ATTN  OSD JCCD  R WILLIAMS 
  3909 HALLS FERRY RD 
  VICKSBURG MS 29180-6199 
 
 3 DARPA 
  ATTN  M VANFOSSEN  S WAX 
   L CHRISTODOULOU 
  3701 N FAIRFAX DR 
  ARLINGTON VA 22203-1714 
 
 3 OAK RIDGE NATL LAB 
  ATTN  R M DAVIS 
   C EBERLE   MS 8048 
   C D WARREN  MS 8039 
  PO BOX 2008 
  OAK RIDGE TN  37831-6195 
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NO. OF 
COPIES ORGANIZATION 
 
 3 DIR  SANDIA NATL LABS 
  APPLIED MECHS DEPT 
  ATTN MS 9042  J HANDROCK 
   Y R KAN  J LAUFFER 
  PO BOX 969 
  LIVERMORE CA 94551-0969 
 
 4 NIST 
  ATTN  M VANLANDINGHAM MS 8621 
   J CHIN MS 8621 
   J MARTIN MS 8621 
   D DUTHINH MS 8611 
  100 BUREAU DR 
  GAITHERSBURG MD 20899 
 
 1 HYDROGEOLOGIC INC 
  ATTN  SERDP ESTCP SPT OFC   S WALSH 
  1155 HERNDON PKWY STE 900 
  HERNDON VA 20170 
 
 3 NASA LANGLEY RSCH CAR 
  ATTN  AMSRD ARL VT 
   W ELBER MS 266 
   F BARTLETT JR MS 266 
   G FARLEY MS 266 
  HAMPTON VA 23681-0001 
 
 1 FHWA 
  ATTN  E MUNLEY 
  6300 GEORGETOWN PIKE 
  MCLEAN VA 22101 
 
 1 USDOT FEDERAL RAILROAD 
  ATTN  M FATEH RDV 31 
  WASHINGTON DC 20590 
 
 3 CYTEC FIBERITE 
  ATTN  R DUNNE  D KOHLI 
   R MAYHEW 
  1300 REVOLUTION ST 
  HAVRE DE GRACE MD 21078 
 
 1 DIR  NGIC 
  ATTN  IANG TMT 
  2055 BOULDERS RD 
  CHARLOTTESVILLE VA  22911-8318 
 
 2 3TEX CORP 
  ATTN  A BOGDANOVICH 
   J SINGLETARY 
  109 MACKENAN DR 
  CARY NC 27511 
 
 
 

NO. OF 
COPIES ORGANIZATION 
 
 1 DIR DEFENSE INTLGNC AGENCY 
  TA 5 
  ATTN  K CRELLING 
  WASHINGTON DC 20310 
 
 1 COMPOSITE MATERIALS INC 
  ATTN  D SHORTT 
  19105 63 AVE NE 
  PO BOX 25  
  ARLINGTON WA 98223 
 
 1 JPS GLASS 
  ATTN  L CARTER 
  PO BOX 260 
  SLATER RD 
  SLATER SC 29683 
 
 1 COMPOSITE MATERIALS INC 
  ATTN R HOLLAND 
  11 JEWEL CT 
  ORINDA CA 94563 
 
 1 COMPOSITE MATERIALS INC 
  ATTN C RILEY 
  14530 S ANSON AVE 
  SANTA FE SPRINGS CA 90670 
 
 1 SIMULA 
  ATTN  R HUYETT 
  10016 S 51ST ST 
  PHOENIX AZ 85044 
 
 2 PROTECTION MATERIALS INC 
  ATTN  M MILLER   F CRILLEY 
  14000 NW 58 CT 
  MIAMI LAKES FL 33014 
 
 2 FOSTER MILLER 
  ATTN  M ROYLANCE   W ZUKAS 
  195 BEAR HILL RD 
  WALTHAM MA 02354-1196 
 
 1 ROM DEVELOPMENT CORP 
  ATTN  R O MEARA 
  136 SWINEBURNE ROW 
  BRICK MARKET PLACE 
  NEWPORT RI  02840 
 
 2 TEXTRON SYSTEMS 
  ATTN  M TREASURE   T FOLTZ 
  1449 MIDDLESEX ST 
  LOWELL MA 01851 
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NO. OF 
COPIES ORGANIZATION 
 
 1 O GARA HESS & EISENHARDT 
  ATTN  M GILLESPIE 
  9113 LESAINT DR  
  FAIRFIELD OH 45014 
 
 1 MILLIKEN RESEARCH CORP 
  ATTN  M MACLEOD 
  PO BOX 1926 
  SPARTANBURG SC 29303 
 
 1 CONNEAUGHT INDUSTRIES INC 
  ATTN  J SANTOS 
  PO BOX 1425 
  COVENTRY RI  02816 
 
 1 ARMTEC DEFENSE PRODUCTS 
  ATTN  S DYER 
  85 901 AVE 53 
  PO BOX 848 
  COACHELLA CA 92236 
 
 3 PACIFIC NORTHWEST LAB 
  ATTN  M SMITH   G VAN ARSDALE 
   R SHIPPELL 
  PO BOX 999 
  RICHLAND WA 99352 
 
 1 ALLIANT TECHSYSTEMS INC 
  4700 NATHAN LN N 
  PLYMOUTH MN 55442-2512 
 
 1 APPLIED COMPOSITES 
  ATTN  W GRISCH 
  333 NORTH SIXTH ST 
  ST CHARLES IL 60174 
 
 1 CUSTOM ANALYTICAL 
  ENG SYS INC  
  ATTN  A ALEXANDER 
  13000 TENSOR LANE NE 
  FLINTSTONE MD 21530 
 
 1 AAI CORP 
  ATTN  DR N B MCNELLIS 
  PO BOX 126 
  HUNT VALLEY MD 21030-0126 
 
 1 OFC DEPUTY UNDER SEC DEFNS 
  ATTN  J THOMPSON 
  1745 JEFFERSON DAVIS HWY 
  CRYSTAL SQ 4 STE 501 
  ARLINGTON VA 22202 
 
 
 

NO. OF 
COPIES ORGANIZATION 
 
 3 ALLIANT TECHSYSTEMS INC 
  ATTN  J CONDON   E LYNAM 
   J GERHARD 
  WV01 16 STATE RT 956 
  PO BOX 210 
  ROCKET CENTER WV   26726-0210 
 
 1 PROJECTILE TECHNOLOGY INC 
  515 GILES ST 
  HAVRE DE GRACE MD 21078 
 
 1 PRATT & WHITNEY 
  ATTN  C WATSON  
  400 MAIN ST MS 114 37 
  EAST HARTFORD CT 06108 
 
 5 NORTHROP GRUMMAN 
  ATTN  B IRWIN  K EVANS 
   D EWART   J MCGLYNN 
   A SHREKENHAMER 
  BLDG 160 DEPT 3700  
  1100 W HOLLYVALE ST 
  AZUSA CA 91701 
 
 1 BRIGS COMPANY 
  ATTN  J BACKOFEN 
  2668 PETERBOROUGH ST  
  HERNDON VA 22071-2443 
 
 1 ZERNOW TECHNICAL SERVICES  
  ATTN  L ZERNOW 
  425 W BONITA AVE STE 208 
  SAN DIMAS CA 91773 
 
 2 GENERAL DYNAMICS OTS 
  FLINCHBAUGH DIV 
  ATTN  K LINDE  T LYNCH 
  PO BOX 127 
  RED LION PA 17356 
 
 1 GKN WESTLAND AEROSPACE 
  ATTN  D OLDS 
  450 MURDOCK AVE 
  MERIDEN CT 06450-8324 
 
 1 BOEING ROTORCRAFT 
  ATTN  P HANDEL 
  800 B PUTNAM BLVD 
  WALLINGFORD PA 19086 
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NO. OF 
COPIES ORGANIZATION 
 
 5 SIKORSKY AIRCRAFT 
  ATTN  G JACARUSO   J ADELMANN 
   T CARSTENSAN  B KAY 
   S GARBO MS S330A 
  6900 MAIN ST 
  PO BOX 9729 
  STRATFORD CT 06497-9729 
 
 1 AEROSPACE CORP 
  ATTN  G HAWKINS M4 945 
  2350 E EL SEGUNDO BLVD 
  EL SEGUNDO CA 90245 
 
 2 CYTEC FIBERITE 
  ATTN  M LIN  W WEB 
  1440 N KRAEMER BLVD 
  ANAHEIM CA 92806 
 
 2 UDLP 
  ATTN  G THOMAS  M MACLEAN 
  PO BOX 58123 
  SANTA CLARA CA 95052 
 
 2 UDLP 
  ATTN  R BRYNSVOLD 
   P JANKE MS 170 
  4800 E RIVER RD 
  MINNEAPOLIS MN 55421-1498 
 
 1 LOCKHEED MARTIN 
  SKUNK WORKS  
  ATTN  D FORTNEY 
  1011 LOCKHEED WAY 
  PALMDALE CA 93599-2502 
 
 1 NORTHRUP GRUMMAN CORP 
  ELECTRONIC SENSORS & SYSTEMS DIV 
  ATTN  E SCHOCH MS V 16 
  1745A W NURSERY RD 
  LINTHICUM MD 21090 
 
 1 GDLS DIVISION 
  ATTN  D BARTLE 
  PO BOX 1901 
  WARREN MI 48090 
 
 2 GDLS 
  ATTN  D REES   M PASIK 
  PO BOX 2074 
  WARREN MI 48090-2074 
 
 
 
 
 

NO. OF 
COPIES ORGANIZATION 
 
 1 GDLS 
  MUSKEGON OPER 
  ATTN  M SOIMAR 
  76 GETTY ST 
  MUSKEGON MI 49442 
 
 1 GENERAL DYNAMICS 
  AMPHIBIOUS SYS 
  SURVIVABILITY LEAD 
  ATTN  G WALKER 
  991 ANNAPOLIS WAY 
  WOODBRIDGE VA 22191 
 
 6 INST FOR ADVANCED TECH 
  ATTN  H FAIR  I MCNAB 
   P SULLIVAN  S BLESS 
   W REINECKE  C PERSAD 
  3925 W BRAKER LN STE 400 
  AUSTIN TX 78759-5316 
 
 1 ARROW TECH ASSOC 
  1233 SHELBURNE RD STE D8 
  SOUTH BURLINGTON VT  05403-7700 
 
 1 R EICHELBERGER 
  CONSULTANT 
  409 W CATHERINE ST 
  BEL AIR MD 21014-3613 
 
 1 SAIC 
  ATTN  G CHRYSSOMALLIS 
  8500 NORMANDALE LAKE BLVD 
  SUITE 1610 
  BLOOMINGTON MN 55437-3828 
 
 1 UCLA MANE DEPT ENGR IV 
  ATTN  H T HAHN 
  LOS ANGELES CA 90024-1597 
 
 1 UMASS LOWELL  
  PLASTICS DEPT 
  ATTN  N SCHOTT 
  1 UNIVERSITY AVE 
  LOWELL MA 01854 
 
 1 IIT RESEARCH CAR 
  ATTN  D ROSE  
  201 MILL ST 
  ROME NY 13440-6916 
 
 1 GA TECH RESEARCH INST 
  GA INST OF TCHNLGY 
  ATTN  P FRIEDERICH 
  ATLANTA GA 30392 
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NO. OF 
COPIES ORGANIZATION 
 
 1 MICHIGAN ST UNIV 
  MSM DEPT 
  ATTN  R AVERILL 
  3515 EB 
  EAST LANSING MI 48824-1226 
 
 1 PENN STATE UNIV 
  ATTN  R S ENGEL  
  245 HAMMOND BLDG 
  UNIVERSITY PARK PA 16801 
 
 1 PENN STATE UNIV 
  ATTN  C BAKIS 
  212 EARTH ENGR 
  SCIENCES BLDG 
  UNIVERSITY PARK PA 16802 
 
 1 PURDUE UNIV 
  SCHOOL OF AERO & ASTRO 
  ATTN  C T SUN 
  W LAFAYETTE IN 47907-1282 
 
 1 UNIV OF MAINE 
  ADV STR & COMP LAB 
  ATTN  R LOPEZ ANIDO 
  5793 AEWC BLDG  
  ORONO ME 04469-5793 
 
 1 JOHNS HOPKINS UNIV 
  APPLIED PHYSICS LAB 
  ATTN  P WIENHOLD 
  11100 JOHNS HOPKINS RD 
  LAUREL MD 20723-6099 
 
 1 UNIV OF DAYTON 
  ATTN  J M WHITNEY 
  COLLEGE PARK AVE 
  DAYTON OH 45469-0240 
 
 5 UNIV OF DELAWARE 
  CTR FOR COMPOSITE MTRLS 
  ATTN  J GILLESPIE  M SANTARE 
   S YARLAGADDA  S ADVANI 
   D HEIDER 
  201 SPENCER LAB 
  NEWARK DE 19716 
 
 1 DEPT OF MTRLS 
  SCIENCE & ENGRG 
  UNIV OF IL AT URBANA-CHAMPAIGN 
  ATTN  J ECONOMY 
  1304 W GREEN ST 115B 
  URBANA IL 61801 
 
 

NO. OF 
COPIES ORGANIZATION 
 
 1 MISSISSIPPI STATE UNIV 
  DEPT OF AEROSPACE ENGRG 
  ATTN  A J VIZZINI 
  MISSISSIPPI STATE MS 39762 
 
 1 DREXEL UNIV 
  ATTN  A S D WANG 
  3141 CHESTNUT ST 
  PHILADELPHIA PA 19104 
 
 3 UNIV OF TEXAS AT AUSTIN 
  CAR FOR ELECTROMECHANICS 
  ATTN  J PRICE  A WALLS 
   J KITZMILLER 
  10100 BURNET RD 
  AUSTIN TX 78758-4497 
 
 1 SOUTHWEST RESEARCH INST 
  ENGR & MATL SCIENCES DIV 
  ATTN  J RIEGEL 
  6220 CULEBRA RD 
  PO DRAWER 28510 
  SAN ANTONIO TX 78228-0510 
 
  ABERDEEN PROVING GROUND 
 
 1 DIRECTOR 
  US ARMY RSCH LABORATORY 
  ATTN  AMSRD ARL CI OK  TECH LIB 
  BLDG 4600  
 
 1 US ARMY ATC 
  ATTN  CSTE DTC AT AC I   W C FRAZER 
  BLDG 400 
 
 1 DIR USARL 
  ATTN AMSRD ARL CI  
  BLDG  
 
 1 DIR USARL 
  ATTN AMSRD ARL O AP EG  M ADAMSON 
  BLDG   
 
 1 DIR USARL 
  ATTN AMSRD ARL SL BB   D BELY 
  BLDG 328 
 
 2 DIR USARL 
  ATTN AMSRD ARL WM  J SMITH 
     D LYON 
  BLDG 4600 
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NO. OF 
COPIES ORGANIZATION 
 
 2 DIR USARL 
  ATTN AMSRD ARL WM B  CHIEF 
   T KOGLER 
  BLDG 4600  
 
 2 DIR USARL 
  ATTN AMSRD ARL WM BC  P PLOSTINS 
   J NEWILL    
  BLDG 390 
 
 3 DIR USARL 
  ATTN AMSRD ARL WM BD  B FORCH 
   R PESCE-RODRIGUEZ   B RICE 
  BLDG 4600 
 
 3 DIR USARL 
  ATTN AMSRD ARL WM BD  P CONROY 
   C LEVERITT  A ZIELINSKI 
  BLDG 390 
 
 2 DIR USARL 
  ATTN AMSRD ARL WM BE  R LIEB  
   M LEADORE 
  BLDG 4600 
 
 1 DIR USARL 
  ATTN AMSRD ARL WM BF   
   S WILKERSON 
  BLDG 390 
 
 2 DIR USARL 
  ATTN AMSRD ARL WM M  J MCCAULEY 
   S MCKNIGHT 
  BLDG 4600 
 
 2 DIR USARL 
  ATTN AMSRD ARL WM MA   
   L GHIORSE   E WETZEL 
  BLDG 4600 
 
 22 DIR USARL 
  ATTN AMSRD ARL WM MB    
   J BENDER  T BOGETTI 
   J BROWN  L BURTON    
   R CARTER  K CHO  W DE ROSSET 
   G DEWING  R DOWDING 
   W DRYSDALE   R EMERSON 
   D GRAY   D HOPKINS   R KASTE 
   L KECSKES   M MINNICINO 
   B POWERS  D SNOHA 
   J SOUTH   M STAKER 
   J SWAB   J TZENG 
  BLDG 4600 
 
 

NO. OF 
COPIES ORGANIZATION 
 
 11 DIR USARL 
  ATTN AMSRD ARL WM MC  J BEATTY 
   R BOSSOLI   E CHIN   
   S CORNELISON   D GRANVILLE 
   B HART   J LASALVIA 
   J MONTGOMERY   F PIERCE    
   E RIGAS   W SPURGEON 
  BLDG  4600 
 
 11 DIR USARL 
  ATTN AMSRD ARL WM MD  P DEHMER 
   B CHEESEMAN   R DOOLEY   
   G GAZONAS   S GHIORSE    
   M KLUSEWITZ   W ROY  J SANDS 
   S WALSH  D SPAGNUOLO  S WOLF 
  BLDG 4600 
 
 2 DIR USARL 
  ATTN AMSRD ARL WM RP  J BORNSTEIN 
   C SHOEMAKER 
  BLDG 1121 
 
 1 DIR USARL 
  ATTN AMSRD ARL WM T   B BURNS 
  BLDG 309 
 
 1 DIR USARL 
  ATTN AMSRD ARL WM TA  W GILLICH 
  BLDG 309 
 
 7 DIR USARL 
  ATTN AMSRD ARL WM TA  M BURKINS 
   B GOOCH  T HAVEL  C HOPPEL 
   E HORWATH   J RUNYEON 
   M ZOLTOSKI 
  BLDG 393 
 
 1 DIR USARL 
  ATTN AMSRD ARL WM TB   P BAKER 
  BLDG 309 
 
 1 DIR USARL 
  ATTN AMSRD ARL WM TC   R COATES 
  BLDG 309 
 
 4 DIR USARL 
  ATTN AMSRD ARL WM TD  D DANDEKAR 
   M RAFTENBERG   S SCHOENFELD 
   T WEERASOORIYA 
  BLDG 4600 
 
 2 DIR USARL 
  ATTN AMSRD ARL WM TE   CHIEF 
   J POWELL   
  BLDG 1116A 
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NO. OF 
COPIES ORGANIZATION 
 
 1 LTD 
  R MARTIN 
  MERL 
  TAMWORTH RD 
  HERTFORD SG13 7DG  
  UK 
 
 1 CIVIL AVIATION 
  ADMINSTRATION 
  T GOTTESMAN 
  PO BOX 8 
  BEN GURION INTRNL AIRPORT 
  LOD 70150 
  ISRAEL 
 
 1 AEROSPATIALE 
  S ANDRE 
  A BTE CC RTE MD132 
  316 ROUTE DE BAYONNE 
  TOULOUSE 31060 
  FRANCE 
 
 1 DRA FORT HALSTEAD 
  P N JONES  
  SEVEN OAKS KENT TN 147BP 
  UK 
 
 1 SWISS FEDERAL ARMAMENTS 
  WKS 
  W LANZ 
  ALLMENDSTRASSE 86 
  3602 THUN 
  SWITZERLAND 
 
 1 DYNAMEC RESEARCH LAB 
  AKE PERSSON 
  BOX 201 
  SE 151 23 SODERTALJE 
  SWEDEN 
 
 1 ISRAEL INST OF TECHLGY 
  S BODNER 
  FACULTY OF MECHANICAL 
  ENGR 
  HAIFA 3200 
  ISRAEL 
 
 1 DSTO 
  WEAPONS SYSTEMS DIVISION 
  N BURMAN RLLWS 
  SALISBURY 
  SOUTH AUSTRALIA 5108 
  AUSTRALIA  
 
 

NO. OF 
COPIES ORGANIZATION 
 
 1 DEF RES ESTABLISHMENT 
  VALCARTIER 
  A DUPUIS 
  2459 BLVD PIE XI NORTH 
  VALCARTIER QUEBEC 
  CANADA 
  PO BOX 8800 COURCELETTE 
  GOA IRO QUEBEC 
  CANADA 
 
 1 ECOLE POLYTECH 
  J MANSON 
  DMX LTC 
  CH 1015 LAUSANNE 
  SWITZERLAND 
 
 1 TNO DEFENSE RESEARCH 
  R IJSSELSTEIN 
  ACCOUNT DIRECTOR  
  R&D ARMEE 
  PO BOX 6006 
  2600 JA DELFT 
  THE NETHERLANDS 
 
 2 FOA NATL DEFENSE RESEARCH 
  ESTAB 
  DIR DEPT OF WEAPONS & 
  PROTECTION 
  B JANZON 
  R HOLMLIN 
  S 172 90 STOCKHOLM 
  SWEDEN 
 
 2 DEFENSE TECH & PROC 
  AGENCY GROUND 
  I CREWTHER 
  GENERAL HERZOG HAUS 
  3602 THUN 
  SWITZERLAND 
 
 1 MINISTRY OF DEFENCE 
  RAFAEL 
  ARMAMENT DEVELOPMENT 
  AUTH  
  M MAYSELESS 
  PO BOX 2250 
  HAIFA 31021 
  ISRAEL 
 
 1 B HIRSCH 
  TACHKEMONY ST 6 
  NETAMUA 42611 
  ISRAEL 
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NO. OF 
COPIES ORGANIZATION 
 
 1 DEUTSCHE AEROSPACE AG 
  DYNAMICS SYSTEMS 
  M HELD 
  PO BOX 1340 
  D 86523 SCHROBENHAUSEN 
  GERMANY 
 
 


