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BLAST/IMPACT FREQUENCY TUNING AND
MITIGATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a U.S. National Phase Application
under 35 U.S.C. 371 of International Application No. PCT/
US2014/065658 filed on Nov. 14, 2014 and published in
English as WO 2015/119695 on Aug. 13, 2015. This appli-
cation claims the benefit of U.S. Provisional Application No.
61/904,206, filed on Nov. 14, 2013. The entire disclosures of
the above applications are incorporated herein by reference.

GOVERNMENT INTEREST

This invention was made with government support under
N00014-10-1-415, awarded by the Navy/Office of Naval
Research. The Government has certain rights in the inven-
tion.

FIELD

The present disclosure relates to protective devices and,
more particularly, relates to protective devices having blast
and/or impact frequency turning and mitigation properties.

BACKGROUND AND SUMMARY

This section provides background information related to
the present disclosure which is not necessarily prior art. This
section provides a general summary of the disclosure, and is
not a comprehensive disclosure of its full scope or all of its
features.

Existing concepts for the design of helmets and armor
include the use of impedance mismatch to reduce the
amplitude of a stress wave. They also include the use of
plasticity to absorb energy; it is also recognized that some
visco-elastic materials are useful for blast mitigation.

The key concept of the present teachings is that if the
stress waves from a blast or impact can be tuned to the
critical damping frequency of a dissipative material, and the
dissipative properties of the dissipative material are properly
chosen, the energy can be dissipated in a very eflicient
fashion. Typically the energy of a blast or impact is con-
tained in multiple frequencies, only some of which may be
dissipated by passage through a given layer of a visco-elastic
material.

The damaging features of blast and impact loads on a
delicate target supported by a structure are shown to include
both the overpressure and the impulse delivered to the
support. The present teachings examine how layers of elas-
tic, plastic, and visco-elastic materials may be assembled to
mitigate these blast features. The impedance mismatch
between two elastic layers is known to reduce the pressure,
but dissipation is required to mitigate the transmitted
impulse in light-weight armor. A novel design concept called
blast tuning is introduced in which a multi-layered armor is
used to tune a blast to specific frequencies that match the
damping frequencies of visco-elastic layers. Moreover, the
dimensionless material and geometrical parameters control-
ling the viscous dissipation of energy in blast-tuned armor
are identified for a simplified one-dimensional system to
provide insight into how the optimal design of armor might
be based on these teachings. Finally, the performance of the
blast-tuned design is compared to the performance of other
potential designs, including elastic/plastic designs. It is
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2

shown that the blast-tuned armor design is more efficient in
mitigating the damaging features of a blast or an impact.

Further areas of applicability will become apparent from
the description provided herein. The description and specific
examples in this summary are intended for purposes of
illustration only and are not intended to limit the scope of the
present disclosure.

DRAWINGS

The drawings described herein are for illustrative pur-
poses only of selected embodiments and not all possible
implementations, and are not intended to limit the scope of
the present disclosure.

FIG. 1 is a schematic illustration of the geometry of the
armor and supporting structure exposed to a time-varying
normal load analyzed in the finite-element model;

FIG. 2 is a graph illustrating that the effective impulse is
minimized after passage through a three-layer visco-elastic
armor;

FIG. 3 is a graph illustrating that a significant reduction in
the transmitted peak pressure can be achieved with a well-
tuned, three-layer visco-elastic armor;

FIG. 4 is a graph illustrating that for a well-tuned three-
layer armor, the effective impulse drops with the time taken
for the stress wave to traverse the visco-elastic layer;

FIG. 5 is a graph illustrating that for a well-tuned three-
layer armor, the maximum amplitude of the transmitted
pressure drops with the time taken for the stress wave to
traverse the visco-elastic layer, since this allows an increase
in energy dissipation;

FIGS. 6A through 6C illustrate that (A) a stress wave is
attenuated as it travels through a visco-elastic layer as much
of'the momentum is transferred in an initial broad pulse, (B)
in a well-tuned, but not optimally damped, visco-elastic
layer the rest of the momentum is delivered over a series of
pulses separated by time increments of 1/fz, and (C) in a
well-tuned and optimally damped visco-elastic armor, the
rest of the momentum is transmitted in subsequent, widely-
dispersed pulses;

FIG. 7 is a graph illustrating that the maximum amplitude
of the transmitted pressure decreases with increased imped-
ance mismatch between the first and second layers for both
the elastic and well-tuned visco-elastic designs, although the
energy dissipation associated with visco-elasticity provides
a more effective reduction in the amplitude;

FIG. 8 is a graph illustrating that the transmitted impulse
decreases as the dissipative potential of the plastic layer
increases;

FIG. 9 is a graph illustrating the total impulse transmitted
to the structure/target system as a function of time;

FIG. 10 is a dynamic model of a structural support of mass
m, attached to a rigid foundation by a spring of stiffness k;,
and coupled to a delicate target of mass m, through a spring
of stiffness k,, wherein a pressure pulse P(t) is transmitted
to the structure either directly from the blast, or through the
armor; and

FIG. 11 is a graph illustrating the maximum pressure
exerted on the structure and on the delicate target as a
function of normalized time.

Corresponding reference numerals indicate correspond-
ing parts throughout the several views of the drawings.

DETAILED DESCRIPTION

Example embodiments will now be described more fully
with reference to the accompanying drawings.
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Example embodiments are provided so that this disclosure
will be thorough, and will fully convey the scope to those
who are skilled in the art.

Numerous specific details are set forth such as examples
of specific components, devices, and methods, to provide a
thorough understanding of embodiments of the present
disclosure. It will be apparent to those skilled in the art that
specific details need not be employed, that example embodi-
ments may be embodied in many different forms and that
neither should be construed to limit the scope of the disclo-
sure. In some example embodiments, well-known processes,
well-known device structures, and well-known technologies
are not described in detail.

The terminology used herein is for the purpose of describ-
ing particular example embodiments only and is not
intended to be limiting. As used herein, the singular forms
“a,” “an,” and “the” may be intended to include the plural
forms as well, unless the context clearly indicates otherwise.
The terms “comprises,” “comprising,” “including,” and
“having,” are inclusive and therefore specify the presence of
stated features, integers, steps, operations, elements, and/or
components, but do not preclude the presence or addition of
one or more other features, integers, steps, operations,
elements, components, and/or groups thereof. The method
steps, processes, and operations described herein are not to
be construed as necessarily requiring their performance in
the particular order discussed or illustrated, unless specifi-
cally identified as an order of performance. It is also to be
understood that additional or alternative steps may be
employed.

When an element or layer is referred to as being “on,”
“engaged to,” “connected to,” or “coupled to” another
element or layer, it may be directly on, engaged, connected
or coupled to the other element or layer, or intervening
elements or layers may be present. In contrast, when an
element is referred to as being “directly on,” “directly
engaged to,” “directly connected to,” or “directly coupled
to” another element or layer, there may be no intervening
elements or layers present. Other words used to describe the
relationship between elements should be interpreted in a like
fashion (e.g., “between” versus “directly between,” “adja-
cent” versus “directly adjacent,” etc.). As used herein, the
term “and/or” includes any and all combinations of one or
more of the associated listed items.

Although the terms first, second, third, etc. may be used
herein to describe various elements, components, regions,
layers and/or sections, these elements, components, regions,
layers and/or sections should not be limited by these terms.
These terms may be only used to distinguish one element,
component, region, layer or section from another region,
layer or section. Terms such as “first,” “second,” and other
numerical terms when used herein do not imply a sequence
or order unless clearly indicated by the context. Thus, a first
element, component, region, layer or section discussed
below could be termed a second element, component,
region, layer or section without departing from the teachings
of the example embodiments.

Spatially relative terms, such as “inner,” “outer,”
“beneath,” “below,” “lower,” “above,” “upper,” and the like,
may be used herein for ease of description to describe one
element or feature’s relationship to another element(s) or
feature(s) as illustrated in the figures. Spatially relative terms
may be intended to encompass different orientations of the
device in use or operation in addition to the orientation
depicted in the figures. For example, if the device in the
figures is turned over, elements described as “below” or
“beneath” other elements or features would then be oriented
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“above” the other elements or features. Thus, the example
term “below” can encompass both an orientation of above
and below. The device may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein interpreted accordingly.

The key concept of the present teachings is that if the
stress waves from a blast or impact can be tuned to the
critical damping frequency of a dissipative material, and the
dissipative properties of the dissipative material are properly
chosen, the energy can be dissipated in a very eflicient
fashion. Typically the energy of a blast or impact is con-
tained in multiple frequencies, only some of which may be
dissipated by passage through a given layer of a visco-elastic
material.

According to the principles of the present teachings, a
multi-layer design is provided in which two or more layers,
consisting of materials of different acoustic impedance are
used to tune a blast or impact to one or more specific
frequencies. The frequency or frequencies can be tuned by
the choice of appropriate geometrical and material param-
eters. Subsequent layers of visco-elastic materials are cho-
sen with critical damping frequencies that matches these
tuned frequencies. The thicknesses of these materials are
designed so that stress waves of the tuned frequencies decay
before passage of the wave through the layer to the target.

The efficiency of this system depends on matching the
properties of the visco-elastic layer and the tuned frequency
or frequencies. The damping frequency or frequencies of the
visco-elastic layer(s) can be tailored by suitable materials
design.

The present teachings illustrate the design of structures to
protect against blast and impact. Uses of this invention will
include any application in which a delicate target has to be
protected. Examples include, but are not limited to, armor
and helmets for the battlefield, protection against traumatic
brain injury in sports, and crash protection of vehicles. The
invention is also useful for the protection of any delicate
mechanical device subjected to impact.

1. Introduction

An explosion is associated with a rapid rise in the local
pressure of a fluid. This often occurs as a result of the
detonation of a solid or liquid explosive that is converted to
a gaseous product, or as a result of an intense local tem-
perature rise. A blast is the transmission of this pressure
pulse through a fluid by the propagation of a shock wave at
approximately sonic velocities. The interaction of a pressure
pulse with structures can cause damage, either of a structural
nature, if the blast causes collapse or other loss of structural
integrity, or of a functional nature, if the transmitted stress
waves cause delicate components to fail. Impact from a solid
projectile, or from arresting a moving body, also results in a
pressure pulse being transmitted to the structure. Such
impacts or arrests can result from strikes from, but not
limited to, a football, bicycle fall, a punch in hockey, or the
like. The mechanics for the two phenomena (e.g. impact and
arrest) are similar, and the analyses presented in the present
teaching are valid for both, although the time scales asso-
ciated with a blast can be significantly smaller. The term
“blast” will be used throughout the present teaching, but it
should be noted that the analyses are also generally appli-
cable to events caused by impact.

The two types of failure, loss of structural or functional
integrity, lead to two distinct approaches for design against
blast. One focus is on designing a system that can accom-
modate a given intensity of blast without loss of structural
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integrity. For example, a ship’s hull should be designed so
that a blast does not cause rupture. The other focus is to
design armor to prevent the damaging effects of a blast from
reaching a target behind the armor. For example, a helmet
should be designed so that a blast does not cause injury to
the brain by transmission of a shock wave through the skull
and orifices. However, this latter concept can be generalized
to the protection of any mechanically delicate device.

In the design of blast-resistant structures and armor, there
is often an associated goal of minimizing mass. Therefore,
the design process eventually involves an optimization of
blast-tolerance and mass minimization. This requires an
understanding of how structures are damaged by blast, and
how the effects of a blast can either be accommodated by the
structure or dissipated by the armor. As detailed in the
following paragraphs, there has been much work done on the
mechanics of blast and its relationship to the optimization of
blast-resistant structures. Less work has been done on how
to tailor material architectures for armor to be used as
external protection of delicate structures. This latter concern
provides the focus of the current work in which the mechan-
ics for blast mitigation by armor is developed. This will be
used as the basis for future work on optimizing the design of
multi-layered armor.

The relationship between the pressure rise in a fluid and
the stress wave that enters a solid depends on the details of
the fluid-solid interaction. When a structure is exposed to a
blast, the pressure exerted on the surface, P, rises almost
instantaneously to a peak value P,, and then decays over
time, t, so that

P@)=Pft/1), (6]

where t, is a characteristic time for the decay. For a blast,
f(t/t,) has an exponential form, and P, and t, depend upon
the type and mass of explosive material, the distance from
the source of the explosion, and the nature of the fluid-
structure interaction. For impact, P, and t, depend on the
mass, velocity and elastic properties of the projectile; there
may also be a longer rise time. The peak pressure is one of
the important characteristics of a blast that can cause dam-
age. The other important characteristic is the impulse
imparted by the blast:

Io=lo"P()dt ()]

This impulse is responsible for the transfer of kinetic
energy to the structure which can cause damage to the
structure or to the components within it.

One requirement for blast mitigation is the design of
structures that can absorb all the blast-born energy without
structural failure. Armor plating provides one such example.
This form of armor can be visualized as clamped plates that
undergo bending and stretching in response to the blast,
resulting in plastic deformation that dissipates energy. Addi-
tional contributions to energy dissipation can be provided by
adding a polymer such as polyurea to the back surface of the
plates. An alternative approach for the design of blast-
resistant structures is to incorporate an energy-dissipating
core, in the form of foams or trusses, between two face-
plates. These sandwich structures dissipate energy when the
impulse of the pressure wave transmits momentum to a
face-plate, which then deforms the core. The structures can
be designed with metallic cores and face-plates, composite
face-plates and polymeric cores, or with metal-polymer
hybrids.

Other approaches to dissipate the energy from a blast
include the use of air bladders and fluid-filled chambers,
granular systems, and filled foams. These approaches rely on
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variations in the mass and stiffness of the components to
disperse and attenuate the blast. An active, rather than a
passive, approach to blast mitigation has recently been
proposed by Wadley et al. to minimize the transmitted
compressive stress in a bilayer composite structure made of
a buffer plate (exposed to the blast load) and a pre-com-
pressed crushable foam that is relaxed just prior to the arrival
of the blast-borne impulse, creating momentum opposing
that acquired from the blast.

Studies on the interaction between a blast, armor, and a
target have been limited to the specific analysis of a combat
helmet, among which a numerical study has shown how the
replacement of foam by polyurea as a suspension pad may
reduce the peak compressive stress in the brain and its
velocity. Beyond this type of empirical study, there has been
little focus in the mechanics literature about the features of
a blast that sensitive targets need to be protected against, and
how armor might be optimized to achieve this. These
questions provide the focus for the present disclosure. The
original motivation was provided by design against brain
injuries, but it is recognized that sensitive targets requiring
protection against blast can be generalized to any dynamical
systems, such as those containing MEMS devices. In the
first section of the present teachings, a brief discussion is
presented as to what features of a blast should be mitigated
in the design of armor. This is followed by numerical
analyses of how layers of elastic, plastic and visco-elastic
materials might best be assembled to protect a target. One of
the major conclusions of this work is that a new and
potentially very efficient design of multi-layered armor
might include layers to tune a blast to specific frequencies
that match the damping frequencies of visco-elastic mate-
rials incorporated within the armor.

2. Mechanics of Damage to Delicate Targets from
Blast

Recently, there has been much publicity about the damage
that can be caused to brain tissue by blast and by impacts to
the head in sports or vehicle crashes. The origin of the
damage is not well understood, although it is generally
agreed to be the result of excessive axonal deformation. The
details of how a target may be affected by blast or impact,
after mediation by armor, depend on factors such as the
geometry of the target and armor, the constitutive properties
of the target, and the medium through which the blast is
transmitted. However, for the purposes of evaluating pos-
sible mitigation strategies, it is necessary to identify the
important features of any stress wave that may emerge from
armor to damage a delicate target.

In the present teaching, the system behind the armor is
assumed to be a simple two-component dynamical system
consisting of the delicate target and the supporting structure.
The supporting structure and target are coupled by a spring,
and the structure is attached to a rigid foundation by a
second spring. The motivation for this assumption is a
simple model of a head that can be envisaged as a brain
coupled to a skull through cerebrospinal fluid, with the
motion of the skull being resisted by its attachment to the
rest of the body by the neck. It is assumed that the delicate
target (brain) can be damaged if it experiences too high a
level of stress.

As shown herein, the maximum stress transmitted to the
target (brain) arises either from the directly transmitted
pressure pulse, or from the dynamic response of the system,
depending on the duration of the interaction between the
pressure pulse and the supporting structure (skull). If the
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time for the pressure pulse to be transmitted to the structure,
t,, is significantly shorter than the natural period of the
structure/target system, T, the stress that the target
experiences is directly proportional to the impulse delivered
to the structural support. If t, is significantly greater than
Trarger the maximum stress on the target is equal to the
maximum pressure transmitted to the structural support.
The peak acceleration of the supporting structure (skull)
is often measured in instrumented studies of impact as a
proxy for the transmitted stresses. However, as discussed
above, the skull and brain accelerations are uncorrelated if
t,<T g0 Therefore, instrumented studies should measure
the entire acceleration history of the supporting structure,
not just the peak values. This does seem to be reflected in
some empirical design criteria, in which it is recognized that
the maximum acceleration that a head can experience with-
out damage to the brain rises for short-duration impulses.
While recognizing that geometrical details will be impor-
tant for detailed analyses and helmet design, the intent of
this work is to explore the general concepts of different
blast-mitigation strategies at a fundamental level of mechan-
ics. Therefore, only one-dimensional analyses are presented
in the present teaching. Finite-element simulations are used
to compare the form and characteristics of the pressure pulse
transmitted through different designs of multi-layered armor
with those of the original blast. The insight from these
analyses is used to assess different design strategies, as they
relate to blast and impact, and to propose novel strategies
associated with the use of visco-elastic materials.

3. Blast Mitigation Approaches

As discussed above, the main objective in the design of
protective armor is to mitigate both the impulse and stress
amplitude that are transmitted from a blast to a supporting
structure and target. It is well known that a stress wave
traveling through two materials can be attenuated if there is
an impedance mismatch between them. If an incident com-
pressive stress wave of amplitude o, traveling in material A
passes through an interface with material B that is normal to
the direction of propagation, the amplitude of the transmit-
ted compressive stress wave, O, in B is given by

2V Eppp (©)

=0
VEspa +VEgpp

T

where E is the modulus, p is the density, and the sub-
scripts A and B indicate the two materials. As indicated by
this equation, the magnitude of a transmitted stress wave is
reduced by making the acoustic impedance, defined as \/E_p,
of the second material much smaller than that of the first
material.

The impedance-mismatch approach described above for
mitigating the peak pressure transmitted through armor has
no effect on the impulse. However, the transmitted impulse
does depend on the relative masses of the armor and
structure/target system. If there is no energy dissipation, a
simple rigid-body-dynamics analysis indicates that the ratio
of the total transmitted impulse, 1,,,,, to the original
impulse, 1, carried by the armor is

_ 2mg /myg)
Io  (ms/mg)+1°

)

Liotat

20

25

30

35

40

45

50

55

60

65

8

where, m,, is the mass of the armor, and m, is the mass of
the structure and target. Therefore, one approach for miti-
gating impulse is to use massive armor (m>>m,).

An approach that relies on heavy armor clearly conflicts
with a common design criterion of minimizing the mass of
a protective structure. Therefore, an alternative approach is
to reduce the transmitted impulse by dissipating energy
within the armor. However, rigid-body dynamics gives a
limit to this approach, in that the minimum ratio for I, ,,,/1,
corresponding to a perfectly-inelastic collision is given by

®

(ms [ ma)
I (ms/mg)+1

lotat _

This is only a factor two less than the total transmitted
impulse in a perfectly-elastic collision.

Dissipative processes associated with plasticity or visco-
elasticity, as well as friction and delamination, can be used
to dissipate energy in armor. Plastic deformation is irrevers-
ible, and is limited to a single use. Once an element of
material has plastically deformed, it is unavailable to absorb
energy from subsequent stress waves of the same magnitude.
On the other hand, visco-elastic materials can deform energy
in multiple cycles, provided the time scale of the cyclic
loading is on the order of the characteristic time for the
material. Therefore, the efficiency with which energy is
dissipated in visco-elastic materials depends on the frequen-
cies of the stress waves associated with a blast pulse. If there
is a mismatch between the frequencies and the critical-
damping frequencies of the visco-elastic material, then
visco-elasticity is not a very efficient way of dissipating
energy. The simple concept of merely introducing a layer of
visco-elastic material into armor, without thought about its
characteristic frequencies, will not, generally, be useful.
Furthermore, blast waves exhibit different frequency com-
ponents, so it may be difficult to match the energy-absorbing
material to the frequencies. These issues led us to a novel
concept we call blast tuning, in which a multi-layer con-
struction is used to tune blasts to frequencies that can be
matched to the optimal energy-dissipating frequencies of
visco-elastic materials.

An additional consideration raised by Eqns. 4 and 5, is
that, even with the most efficient energy dissipation, the
transmitted impulse can only be cut by a factor of two. This
introduces an additional role of armor: to increase the time
scale of the pressure pulse. This is a direct consequence of
lowering the average pressure of a pulse coupled with the
concept of the conservation of momentum. If the duration of
apressure wave is increased sufficiently, it may become long
enough, compared to the dynamic response of the structure
and target, that the transmitted impulse is less important than
the amplitude of the stress wave in determining damage. The
peak pressure can be more readily controlled through imped-
ance mismatch, yield stress, or visco-elastic properties of the
armor, than the transmitted impulse can. As will be
described more extensively later, the use of blast tuning with
visco-elasticity provides an additional advantage in this
connection. The impulse can be transmitted to the structure/
target system over a series of widely separated pulses. As a
result, the effective impulse, 1, that acts on a time scale that
is important for determining the damage to the structure can
be less than that predicted by Eqn. 5. The rest of the impulse
is transmitted in small pulses over a relatively long time-
scale, providing no significant stresses to the target. We
believe this characteristic of tuned visco-elastic armor, that
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L4 can be less than the total impulse transmitted over long
time scales, I, ,;, adds enormously to the potential efficiency
of blast tuning.

4. Blast-Tuning Concept

In this section, linear visco-elasticity is used to introduce
the concept of blast tuning. The dimensionless material and
geometrical parameters controlling viscous energy-dissipa-
tion are identified for a simplified one-dimensional system to
provide insight into how one might design armor based on
this concept. We assume that the properties of a visco-elastic
material can be represented as a standard-linear solid (SLS),
consisting of a linear-elastic spring in parallel with a Max-
well element (a linear-elastic spring and a linear-viscous
damper connected in series), providing a single character-
istic relaxation time. The parameters describing the consti-
tutive equations for a standard linear solid are the unrelaxed
modulus, E,, the relaxed modulus, E,, and the relaxation
time, T. (In the present teaching, the use of the word
“modulus” for a polymer, always implies the “storage modu-
lus” or the “real part” of the complex modulus.) If such a
material is subjected to an oscillating stress at a frequency f,
the ratio of the loss modulus to the storage modulus is given

by

_(E—E)f ©)

tand =
A0S ZE 4 E,

The energy dissipated in the material scales with tan 9. It
can be shown that the maximum value of this quantity is
given by

tans E, - E, M
Ay = —=—,
WEE,
at a critical frequency of
VETE, ®

Serie =

T

Hence, it can be seen that an optimally dissipative mate-
rial is one in which the frequency of the stress wave matches
the critical frequency, and the difference in the relaxed and
unrelaxed moduli is as large as possible.

The problem with using visco-elastic materials to dissi-
pate the energy of a blast (or impulsive impact) is that the
impulse is usually delivered to the armor in the form of a
single pulse, represented by a wide range of frequencies in
the Fourier domain. Both of these considerations, the single
pulse and the wide range of characteristic frequencies, might
appear to make visco-clastic materials unattractive for
energy dissipation in this application. However, as explained
below, it is possible to use a multi-layered structure to tune
the blast pulse into characteristic frequencies that can then
be dissipated by an appropriate choice of visco-elastic
materials. The potential materials challenge from a devel-
opment perspective is that the frequencies associated with
this tuning will be in a range for which the properties of
polymers have only received limited study.

To achieve the blast-tuning required to realize optimal
damping, a minimum of three layers is needed. The first

20

25

30

35

40

45

50

55

60

65

10

layer should be a stiff, linear-elastic material (here, we also
assume it to be isotropic), having a large acoustic impedance
relative to the second layer. The length of the first layer in
the direction of wave propagation is L, the modulus is E,
and the density is p, . The second layer should also be elastic.
The length of this second layer is L,, the modulus is E, and
the density is p,. The acoustic impedance of the second layer
needs to be much less than that of the first layer to ensure
tuning: VE,p;>>VE,p,. As a result of this acoustic mis-
match, the internal reflections between this interface and the
surface of the armor will tune the vibrations to a character-
istic value of

VET ©

fa= L

Numerical simulations using the commercial finite-ele-
ment code ABAQUS confirmed that Eqn. 9 provides an
accurate description of this characteristic frequency pro-
vided the ratio between the impedances of the two layers is
greater than about 70. The third layer should be the visco-
elastic layer that dissipates the energy of the tuned blast.
This layer has length L;, density p;, unrelaxed modulus E,,
relaxed modulus E,, and time constant T. The properties of
this layer should be such that its characteristic damping
frequency matches the tuned frequency given by Eqn. 9.

The energy dissipated from stress waves traveling through
a visco-elastic layer of a given length increases with the
number of loading and unloading cycles of the waves within
the layer, and with their amplitude. These two concepts add
some additional considerations to the design of the multi-
layer armor. First, while the impedance mismatch between
the first and second layers must be great enough to provide
frequency tuning, it must not be so great as to prevent stress
waves of significant amplitude from being transmitted into
the energy-absorbing layer. In the simulations presented
herein, we set E,p,/E,p,=5,000 to meet these criteria. For a
similar reason, to ensure a reasonable amplitude of stress
waves for dissipation, the impedance of the third layer must
be relatively high compared to the impedance of the second
layer. Furthermore, the need for many stress cycles to occur
within the visco-elastic layer suggests that one should try to
tune the blast frequency to as a high a value as possible,
consistent with finding a material with a suitable time
constant. The higher the frequency, the less volume of
material is needed to dissipate the energy (for a given wave
speed). Conversely, one might consider slowing down the
wave speed in the visco-elastic material to maximize the
number of cycles that are experienced by the tuned blast
while traversing the third layer.

It was noted from the finite-element calculations that there
is a second characteristic frequency for the tuned blast, fy,
corresponding to the period for a wave to travel back and
forth through all three layers. This second frequency plays
an important role in the analysis since the impulse is
transmitted by well-tuned armor in a series of pulses sepa-
rated by integer multiples of 1/fz. In principle, one could add
other layers, or use materials with multiple time constants,
to dissipate the energy carried at this frequency. However,
since it is always much lower than f,, and carries less
energy, attention was only focused in this analysis on
dissipating the energy carried by f,.

5. Finite-Element Analysis of Blast Mitigation

In this section, we present results from finite-element
analyses conducted to examine blast mitigation using the
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blast-tuning concept discussed above. In these results, we
compare the maximum amplitude of the stress wave, P,, and
the effective impulse, I transmitted through the armor, to
P, and I, of the original blast. The performance of this
concept is then compared to the performance of systems
relying on elasticity or plasticity only.

In this analysis, the interaction between the supporting
structure and the delicate target was not addressed. It was
assumed that, from a design perspective, the characteristics
of the pressure pulse that the structure can support without
damage to the target are known from a separate analysis of
the target and supporting structure. The finite-element cal-
culations were performed using the commercial code
ABAQUS Explicit. The armor and the supporting structure
were modeled using three-dimensional, eight-node brick
elements with reduced integration. The geometry is shown
in FIG. 1. The displacements along one set of xz- and
xy-faces were constrained in the y- and z-directions, respec-
tively. The other xz- and xy-faces were traction-free. The
interfaces between the internal layers of the armor were
bonded. The supporting structure was linear-elastic with a
modulus of E_, and the interface between it and the armor
was frictionless.

A time-varying pressure P(t) was applied to the external
surface of the armor, along the x-direction (FIG. 1). This
pressure decayed linearly to zero from a peak value of P,
during a time t,, to give an impulse of [,=P,t,/2. Although
the results for only one particular form of applied pressure
have been presented in this work, it was verified that the
major conclusions of the study are not sensitive to this
choice. The peak pressure transmitted to the structure, P,,
was taken to be the maximum value of the longitudinal stress
at the internal surface of the armor, as calculated from the
finite-element calculations. Determination of the effective
impulse transmitted to the structure was more complicated.
As will be discussed in more detail later, there were two
distinct types of behavior observed. In one type of behavior,
complete momentum transfer to the structure/target system
occurred fairly uniformly in a single broad pulse with a
period ranging from about 10t, to about 100t,. In the other
type of behavior, momentum was transferred over a large
number of broad pulses separated by significant periods of
time. Owing to the time scales involved, only the impulse
delivered in the first broad pulse was considered and iden-
tified with 1. The transmitted or effective impulse, as
appropriate, was determined by integrating the longitudinal
stress at the internal surface of the armor over the first broad
pulse delivered to the structure. The value of the transmitted
impulse at any point in time was verified by comparing it to
the momentum it gave the supporting structure:

Loans™VmasPsLs 10)

Where 1, is the maximum mean particle velocity, p; is
the density, and L, is the length of the supporting structure
(FIG. 1).

5.1. Analysis of the Three-Layered Armor

The material and geometrical parameters describing the
different layers of the armor and target have been defined
earlier. Each layer is isotropic. Layer 1 has a Young’s
modulus of E |, a density of p,, and a length of L. Layer 2
has a Young’s modulus, of E,, a density of p,, and a length
of L,. The visco-elastic layer 3 has an unrelaxed modulus of
E,, a relaxed modulus of E,, a characteristic relaxation time
of T, a density of p; and a length of L;. The plate repre-
senting the supporting structure has a Young’s modulus of
E,, and a mass of ms.
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These dimensions and properties, plus the two character-
istics of the blast, make a total of fifteen variables and three
different units to describe the propagation of the stress wave
through the armor. Therefore, according to the Buckingham-
II theory, the resultant impulse and pressure must be a
function of twelve dimensionless groups. However, finite-
element calculations showed that many of these groups did
not have a significant influence on the results, under certain
limiting conditions. For example, the modulus of the struc-
ture has no effect if E/E,>>1. As discussed earlier, E,p,/
E,p, was set equal to 5,000 in all the calculations, since this
value was found to be an effective compromise between
providing good tuning and allowing passage of the stress
wave into the energy-dissipating layer. Furthermore, the
masses of the supporting structure and armor were arbi-
trarily set equal to each other, so that the transmitted impulse
would be equal to the incident impulse in a perfectly elastic
system (Eqn. 4), and to one half of the incident impulse in
a perfectly-plastic system (Eqn. 5). Other dimensionless
groups that had negligible effects on the transmission of a
stress wave through the armor were kept in ranges that were
reasonable for the proposed application and for realistic
materials. With these limitations, finite-element calculations
showed that there are essentially four other important groups
to be considered, so that I ,/I, and P/P, can be expressed as

Ie_ﬁ_f(fcn'r i Eeips E) (1n
1o fa'n BpE,
B _f(fcm 5 Ecrips E)
Py fa'n’ B E,

The critical frequency, £f_,,,, and the tuned frequency, £,
have been defined in Eqns. 8 and 9. E_,,, is the storage
modulus of the third layer at the critical frequency: E_,,=
(2E,E,)/(E,+E,). Finally, the parameters t, and t, are defined

as

t,=LVpi/E; (12)

and

=LV Py En a3)

where t, is the time for a stress wave to travel through
layer 1, and t; is the time for a stress wave at the critical
frequency to travel through layer 3.

A well-tuned wave is expected to be optimally damped at
f.,./f,=1, and the effectiveness of the damping is expected
to increase with the number of cycles that the pressure wave
experiences in the visco-elastic layer. The first concept is
illustrated by the plots in FIGS. 2 and 3 that show the results
of calculations over a range of values for f_,/f,. These plots
show minima in the effective impulse and transmitted pres-
sure at £ /f,=1. The second concept is illustrated by the
plots in FIGS. 4 and 5 that show the results of calculations
over a range of values for t;/t;. These plots show how the
effective impulse and transmitted pressure decrease as the
time for the stress wave to traverse the visco-elastic layer is
increased. This results in more loading and unloading
cycles, and hence an increase in the amount of energy that
can be dissipated by a tuned visco-elastic system. The travel
time can be increased either by increasing the thickness of
the visco-elastic layer, or by decreasing the wave speed.

Of particular significance in FIGS. 2 and 4 are the regimes
in which [_<I,, .: where the effective impulse transmitted to
the target is less than would be expected for perfectly-plastic
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armor. The reason for this lies in our definition of the
effective impulse. This can be explained by reference to FIG.
6 that shows the pressure transmitted to the target as a
function of time for a well-tuned and optimally-damped
armor. It will be observed that there is a broad pressure pulse
of duration t,, followed by a long period where the armor
loses contact with the target. The impulse transmitted to the
armor in this initial pulse is defined as the “effective”
impulse, since the subsequent pulses occur so much later
that they will probably have no significant effect on the
maximum stress experiences by the target (see 7. Additional
Information). With a well-tuned visco-elastic layer, the
magnitude of the effective impulse can be significantly
smaller than the impulse expected to be transferred in a
perfectly-plastic collision, since full transmission of the
impulse may require many subsequent smaller pulses. In the
calculations for FIGS. 2 and 4, the mass of the target has
been assumed to be equal to the mass of the structure, so
transmitted impulse for a fully-plastic collision is expected
to be half of the incident impulse. Therefore, on these plots,
a value of I_,<0.5], indicates that the transmitted pressure
wave is being split up as indicated in FIG. 6. Conversely, a
value of ,>0.5], indicates that the impulse is delivered in
a single broad pulse.

FIG. 2 shows that there is no significant reduction in the
effective impulse if E,/E,=0.1, because there is then no
energy dissipation, even for a well-tuned armor. Corre-
spondingly, the drop in the amplitude of the transmitted
pressure for E /E,=0.1 shown in FIG. 3 is determined only
by impedance mismatch. Finally, it will be noted from the
plots in FIGS. 2 and 3 that, when E,/E,, is small, the minima
are fairly broad for values of f_,, /f ,>1. This can be explained
by reference to Eqns. 6 and 8; as E /E, becomes smaller, tan
O exhibits a broader peak skewed to £, /f,>1. As will be
discussed later, this may have significant practical impor-
tance from a design perspective, in reducing the sensitivity
of the performance of the armor to variations in operating
conditions.

FIGS. 6A and 6B illustrate finite-element results of how
the pressure varies with time for three different elements
within the visco-elastic layer: at the front edge of the layer
(element 1), in the middle of the layer (element 2), and at the
back of the layer (element 3). The magnitude of the peak
pressure that enters the visco-elastic layer depends on the
impedance mismatch between layers 2 and 3. This pressure
is then attenuated as it travels through the visco-elastic
material. In well-tuned armor with limited damping,
momentum is transmitted to the structure in a single broad
pulse, after which contact is lost (in the scenario used here
of an untethered structure). The transmitted impulse in such
a case can be anywhere between 100 and 50% of the incident
impulse (in this case of equal masses), depending on the
amount of damping. FIGS. 6A and 6B illustrate a different
case where the armor has more damping. Now, contact is
lost after less than 50% of the impulse is transmitted.
However, contact is subsequently re-established and further
increments of momentum is transferred to the structure at
intervals of 1/f;, until the full 50% has been transmitted.
FIG. 6C shows the pressure in the last element when there
is even more damping. Now, the subsequent pulses of
momentum transfer are even further apart, but they are
always separated by multiples of 1/f;. In this case, the entire
impulse was transmitted over a time scale of ~10,000t, (not
shown). These time scales over which the full impulse is
transmitted are so long that the response of the structure and
target may no longer be dominated by the impulse they
receive, but by the peak pressure. This is why only the
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effective impulse (transmitted in the first broad pulse) has
been plotted in FIGS. 2 and 4.

5.2. Comparison of the Blast-Tuned Armor to an Elastic
Design

To highlight the enhanced performance of the blast-tuned
armor, the performance of alternative approaches relying on
only elasticity or plasticity have also been analyzed, keeping
equivalent parameters the same, and holding the masses of
the armor and structure equal to provide a valid comparison.
The first case considered is an armor consisting of two
linear-elastic layers. The transmitted pressure in an elastic
system can be reduced significantly using impedance mis-
match between the two layers, with E,p,/E,p,>>1. These
conditions are met with helmet designs that consist of an
exterior shell made of a high-modulus glassy polymer and
an interior made of a low-impedance, low-density elastic
foam.

As shown in FIG. 7, with everything else being equal, the
dissipation provided by a tuned visco-elastic layer reduces
the transmitted pressure more effectively than an elastic
system. Furthermore, the major problem with a design that
relies only on elastic materials, is that there is no energy
dissipation, so that any reduction in impulse depends on
having massive armor. However, it is noted that a low
impedance for the second layer could increase the time-scale
for the transmission of the impulse sufficiently to make
pressure amplitude a more important design consideration.
For cheap, low-performance armor and helmets, this is
certainly a possible strategy. Whether it is an appropriate
approach, or not, would depend on the application.

5.3. Comparison of the Blast-Tuned Armor to a Plastic
Design

In the design of structures that can directly accommodate
a blast without loss of structural integrity (e.g., a ship’s hull),
it is well-recognized that a plastic layer can be used to
dissipate energy. To illustrate this, we considered the per-
formance of armor that relies on a plastic layer to dissipate
energy. As has been established, the design of plastic armor
relies on a surface layer to convert impulse to kinetic energy
which can then be dissipated by the plastic layer. Light-
weight armor relies on a foam (or truss) for the plastic layer,
so our analysis assumes a similar form. The surface layer
consists of a stiff, elastic material (E,, p, and L,). The
energy-dissipating layer is an elastic/perfectly-plastic foam
(E,, p, and L,) with a yield strength of o,, and a densifi-
cation strain of €, . The structure/target system has a mass
of m,, which was taken to be equal to the mass of the armor,
to provide a point of comparison with the other calculations
herein.

Finite-element calculations indicated that two non-dimen-
sional groups were of primary importance in determining the
energy dissipation. The first group is the ratio of the yield
stress of the second layer to the amplitude of the pressure
wave transmitted into that layer:

0’y(\/ Eipr +VEem )
2PoV Exp

This ratio needs to be much smaller than one, to ensure
that efficient plastic deformation of the plastic layer occurs.
If it is too large, then the foam behaves in an elastic fashion,
as described in the previous section. The transmitted pres-
sure also depends on this ratio. If the ratio is large, the
transmitted pressure depends on the impedance mismatch,
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as with the elastic armor. If the ratio is small, the transmitted
pressure is limited to the yield strength.

The second non-dimensional group that is important in
determining the energy dissipation and the transmitted
impulse is what we term the “dissipative potential” of the
armor. This is equal to the maximum plastic strain energy
that can be dissipated by the second layer divided by the
kinetic energy of the first layer:

20,L,E 4,501 t Ve

FIG. 8 shows a plot of how the transmitted impulse varies
with this parameter. When the dissipative potential is small,
there is no plastic deformation, and the transmitted impulse
is equal to I,. The fully-plastic case develops when the
dissipative potential is equal to one, and I, ,,,/1,=0.5 (within
numerical uncertainty).

The key point to make here is that, in contrast to the
results for visco-elasticity, the results for plasticity never
exhibit a regime where the impulse is transmitted to the
target outside an initial broad pressure wave. FIG. 9 provides
representative illustrations of how the impulse transmitted to
the structure/target system varies with time for elastic armor,
the most efficient plastic armor, and two examples of visco-
elastic armor. For the plastic armor, the impulse is always
transmitted over a single broad pulse, and the value of the
impulse transmitted during this pulse is always in the range
I, to 0.51,, depending on the “dissipative potential” of the
armor. For the visco-elastic armor, if the impulse transmitted
in the initial pulse is greater than 0.51,, then there is no
further transmission at a later time. However, the effective
impulse transmitted by well-tuned and damped visco-elastic
armor in this first pulse can be less than 0.51,. With the
freely-moving target assumed in the calculations, contact
can be momentarily lost between the armor and target, even
with partial transmission of the impulse, and not re-estab-
lished for some time.

6. Conclusions

A simple dynamic model illustrates that the stress on a
target is determined by both the impulse striking the sup-
porting structure, and by the directly transmitted pressure.
The relative importance of each parameter depends on the
time scale of the pressure wave compared to the time scale
of the dynamic response of the structure/target system. The
design of any armor used as protection from blast in military
applications or by impact in sporting or industrial applica-
tions needs to address all these parameters. Armor can
mitigate the pressure and the impulse; it can also change the
time scale over which a pressure wave is transmitted.
Changing the time scale over which a pressure pulse is
transmitted may, depending on the application, move the
design away from one in which impulse needs to be miti-
gated, to one in which the pressure needs to be limited.

Impedance mismatch can be used to control the transmit-
ted pressure, but energy dissipation mechanisms are
required to mitigate the transmitted impulse. In the present
teaching we have proposed that using visco-elastic polymers
to dissipate energy by cyclic deformation may be a more
efficient design concept than using plastic materials to
dissipate energy during a single loading event. However, for
this concept to be realized, it is necessary for the stress
waves traveling through the armor to do so at frequencies
corresponding to appropriate molecular transitions in the
polymers. Typically, the energy of a blast or impact is
broadly distributed over multiple frequencies. Therefore,
this energy must be tuned to a narrow spectrum that can be
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optimally dissipated by the polymer. It is proposed to do this
through a multi-layer design in which the outer layers tune
the stress waves to match the critical damping frequency of
the inner layer. As the high frequency stress wave travels
through this visco-elastic layer, it undergoes multiple load-
ing-unloading cycles which can result in significant energy
dissipation over a short duration.

A finite-element analysis of this concept has illustrated
several important constraints on the design. The outer layer
needs to have a high acoustic impedance compared to its
neighbor, so that the wave can be tuned by multiple reflec-
tions at the interface between the two layers. Typically, this
would involve an outer layer with a relatively high modulus;
but it is recognized that this outer layer may also have to
serve other functional purposes such as resistance to ballistic
penetration. An impedance ratio of about 5000:1 seems to be
appropriate.

There are two significant constraints on the material
properties of the visco-elastic layer used for energy dissi-
pation. First, it needs to have a very low ratio of the relaxed
modulus to the unrelaxed modulus to provide a high value
of tan 9 at a critical frequency that matches the tuned
frequency from the first layer. Second, this critical frequency
will, generally, need to be quite high. For example, if the
modulus of the outer layer is of the order of 1-10 GPa, its
density is 1000 kg'm—, and its length is 5 mm, its critical
frequency will be about 100-300 kHz. This leads to some
experimental challenges in identifying and designing suit-
able polymers, for it is far above the range of frequencies at
which polymers are typically investigated. However, a
method to measure tan 9 and the storage and loss moduli in
the MHz range using ultrasound has been demonstrated, as
have dielectric analyses.

The glass transition might be a possible energy-loss peak
to explore for these purposes, and it is instructive to consider
what value of glass transition temperature, Ty, measured at
the 1 Hz range might correspond to a glass transition in the
200 kHz range at an operating temperature of T,. This can
be estimated from the WLF equation, for a shift factor of
2x10°:

17.5(Ty - Ty) 14

Sy —
log(2 % 10°) = ST,

This expression results in a glass transition temperature
measured at 1 Hz which is about 23° C. below the operating
temperature. For example, if the inside of a helmet is
maintained at body temperature, the required glass-transi-
tion temperature would be about 14° C. However, there will
obviously be a range of operating temperatures, depending
on the external environment. Fortunately, the analysis (FIG.
2) shows that the efficacy of the proposed design is relatively
insensitive to f_,, provided that f_,f,>1 and E/E,, is very
small. In practice, this puts an upper bound on T, of about
20-30° C. below the lowest temperature that the armor will
experience in service. Higher temperatures, within a reason-
able range, will result in the system being within the plateau
where the response is not very sensitive to f_ . /f,. In
conclusion, this result would seem to indicate that there is
plenty of flexibility to use even higher tuning frequencies
than 200 kHz, since the required value of T is not particu-
larly low.

7. Additional Information

In the present teaching, it is assumed that a delicate target
can be damaged if it experiences a peak stress greater than
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a critical value, and that this stress can be transmitted either
directly in the form of a stress wave or through dynamic
interactions between the target and its supporting structure.
A critical stress (for a given area and mass of target) is
equivalent to a critical acceleration of the target. This
concept of critical acceleration forms the basis of com-
monly-used criteria for investigations into brain injury.
However, for practical reasons, the acceleration measured in
such a context is that of the supporting structure (skull)
which is used as a proxy for the acceleration of the target
(brain). The head is a complex dynamical system, so the
force transmitted to the brain cannot simply be taken to be
the force applied to (acceleration of) the skull. The purpose
of'the present discussion is to use a simple dynamical system
to illustrate this point, and to derive clearly identifiable
mechanics criteria that are used in the main text to evaluate
design concepts for armor to protect a simple dynamic
system. It is recognized that a head is a much more com-
plicated dynamical system than that considered here, and
that the critical thresholds are not well established; however,
it is expected that the general principles illustrated by the
current analysis will be valid in concept, if not in detail.

As shown in FIG. 10, a delicate target supported by a
structural support that is subjected to a blast is modeled as
two point masses coupled by two springs. The structural
support is represented by a mass m, that is attached to a rigid
foundation by a spring of stiffness k,. For example, in a
simple model of the head, this structural support is the skull,
and the spring represents the stiffness of the neck and body
and any other constraint. The pressure pulse transmitted
from the blast, either directly or as modified by passage
through the armor, P(1), is applied to this structural support.
The delicate target is represented by a mass m, that is
attached to the structural support by a spring of stiffhess k.
For example, in a simple model of the head, the target is the
brain, and the spring represents the cerebrospinal fluid. The
load that can cause damage to the target is given by

s)

where x, is the displacement of the target, and x, is the
displacement of the structure. The relationship between the
pressure imposed by the blast on the structure, P(t), and the
pressure acting on the target, P,(t), is given by

PrO)=ky[x,—x5]=m. %,

PrO)=P(0)—[m % +kyx] (16)

A calculation of the pressure that acts on the target is
obtained by solving these two equations, subject to an
assumption about the form of the transmitted pressure pulse
from the blast. As an example, the structure and target are
assumed to be initially at rest (x;=X,=%,=%,=0), and the
transmitted pressure is idealized as a triangular pulse with a
peak force/unit area P, and a duration of't,.

A non-dimensional analysis of this problem indicates that
the maximum pressure acting on the target and on the
structure are of the form

[k ]
RGPS
m

A MATLAB SIMULINK calculation was performed to
show how the maximum pressure on the structure (mass 1),
P, _and on the target (mass 2),P, _varies with V] k,/m,t, for
a range of masses and spring constants. An example of such
a plot is shown in FIG. 11. This figure shows how the
maximum pressure on the structure is relatively constant and
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approximately equal to the amplitude of the pressure acting
on the structure, P,. The maximum pressure on the target
depends on the transmitted impulse when the transmitted
pulse is shorter than the natural period of the target. It
depends on the amplitude of the transmitted pressure only
when the pulse is longer than the natural period of the target.
Physically, one can see this result by realizing that a steady
pressure applied for a long time on the structure will result
in a force on the target that does not increase with time.

Although this is a relatively simple dynamical model,
there are several important conclusions about protecting
targets from damage arising from blast or impact. The first
is that the maximum force on the structure does not correlate
with the maximum force on the target. A practical implica-
tion of this is that a simple measurement of maximum
acceleration of a skull gives no indication of the force that
a brain may experience. Acceleration measurements are
useful as part of a complete time-history record. The second
is that the correct protective strategy depends on the duration
of the blast or impact compared to the natural frequency of
the target one is trying to protect. If the duration of the
impact is long, then it is the amplitude of the transmitted
pressure that has to be reduced. This can be done by
mismatch of impedance. If the duration of the impact is
short, then one needs to minimize the impulse that is
transmitted. There are bounds to any impulse that is trans-
mitted through armor. These are set by the relative mass of
the armor. The upper bound corresponds to the case where
there is conservation of energy, with no energy dissipation in
the armor. The lower bound is finite, and corresponds to a
perfectly plastic collision. From a perspective of conserva-
tion of momentum, there is very little freedom to use armor
to lower the force on a target if the duration of the pulse is
too short. However, as explained in the text, an approach for
armor design is to use the armor to extend the duration of a
short incident pulse, so that the transmitted pulse is rela-
tively long and the force on the target can be controlled by
limiting the transmitted pressure. This is a key component of
the tuned visco-elastic armor we present herein.

The foregoing description of the embodiments has been
provided for purposes of illustration and description. It is not
intended to be exhaustive or to limit the disclosure. Indi-
vidual elements or features of a particular embodiment are
generally not limited to that particular embodiment, but,
where applicable, are interchangeable and can be used in a
selected embodiment, even if not specifically shown or
described. The same may also be varied in many ways. Such
variations are not to be regarded as a departure from the
disclosure, and all such modifications are intended to be
included within the scope of the disclosure.

What is claimed is:

1. A protective device for mitigating stress waves result-
ing from a blast or impact, said protective device compris-
ing:

a first layer having a thickness, h;, and having a first
acoustic impedance, being made of a linear-elastic
material having a first modulus, E |, and a first density,
P13

a second layer having a second acoustic impedance being
made of an elastic material having a second modulus,
E, and a second density, p,, said second acoustic
impedance being less than said first acoustic impedance
such that a ratio of the first acoustic impedance to the
second acoustic impedance being expressed as
VE,p>>VELp, and is greater than seventy (70), said
second layer being proximate to said first layer along an
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interface, said first layer and said second layer are
collectively configured to tune the stress waves result-
ing from the blast or impact to a specific tuned fre-
quency of f,=/E,7p,/2h, with a portion of the stress
wave being reflected back toward the first layer at the
interface and a portion of the stress wave at the specific
tuned frequency being transmitted through the second
layer, the reflected portion of the stress wave being
greater than the transmitted portion of the stress wave;
and

athird layer being made of a visco-elastic material having

a critical damping frequency that matches the specific
tuned frequency, said third layer being proximate to
said second layer and receiving and dissipating the
transmitted portion of the stress wave, the third layer
being configured such that a period of the critical
damping frequency is substantially equal to a time for
the reflected portion of the stress wave to traverse the
first layer, with a ratio of an unrelaxed modulus to a
relaxed modulus of the third layer being greater than
ten (10), and a thickness, h;, being greater than five (5)
times the wavelength of the tuned stress wave in the
third layer so as to ensure significant damping.

2. The protective device according to claim 1 wherein said
first layer and said second layer are collectively configured
to tune stress waves resulting from the blast or impact to said
specific tuned frequency using geometrical parameters.

3. The protective device according to claim 1 wherein said
first layer and said second layer are collectively configured
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to tune stress waves resulting from the blast or impact to said
specific tuned frequency using material parameters.

4. The protective device according to claim 1 wherein said
first layer and said second layer are collectively configured
to allow passage of said specific tuned frequency to said
third layer, whereby said specific tuned frequency is visco-
elastically dissipated in said third layer.

5. The protective device according to claim 1 wherein said
third layer is made of a material sufficient to visco-elastically
dissipate a plurality of cycles of the specific tuned frequency.

6. The protective device according to claim 1 wherein said
third layer is made of a material sufficient to visco-elastically
recover within the time scale of the cyclic loading of the
specific tuned frequency.

7. The protective device according to claim 1 wherein a
thickness of said third layer is sufficient that the presence of
stress wave of said specific tuned frequency substantially
decay before passage of said stress wave through said third
layer.

8. The protective device according to claim 1 wherein said
second layer is joined to said first layer.

9. The protective device according to claim 1 wherein said
third layer is joined to said second layer.

10. The protective device according to claim 1 wherein
said first layer and said second layer are collectively con-
figured to increase a time scale of the stress waves resulting
from the blast or impact.
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