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White, Zachary Windsor (M.S., Mechanical Engineering)
Fish-Scale: The Next Step in Soft Body Protection?

Thesis directed by Associate Professor Franck J. Vernerey

Balancing protection with mobility is a tradeoff all levels of the food chain have
made in evolutionary development. The ability to withstand threats allows for longer
life, as long as it does not degrade the ability to hunt and evade. The same can be said
for modern engineered protection. Analogies can be drawn between common forms of
man-made personal protection and the soft-body protecting structures seen in nature.
However, nature has figured out how to balance encumberment with protection
through the evolution of compound armors in a way that humans have yet to do in a
relevant way. Fish-skin presents a novel protective structure that accomplishes this
goal through the use of imbricated stiff scales embedded in soft dermal tissue. By
modulating basic properties of the assembly, scale interactions can be enhanced to
provide force dissipation and energy absorption. Here, the first three-dimensionally
overlapping surrogate structures were fabricated and tested in quasi-static
penetration loading. Layers of the fish-skin ultrastructure were analyzed for their
role in protection. Scale surface morphology along with epidermal layers and mucus
change the interactions between scales and the interaction with the threat.
Increasing the number of scales involved in threat defeat increases the distribution
of loading, and therefore, increases the survivability of the strike. Similarly,
increasing the duration of scale engagement serves to increase the energy absorbed
in defeat. Through evaluation of scale mechanics and response, direction can be

provided for the flexible armor designs of the future.
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CHAPTER 1

INTRODUCTION

The need for protection in nature is as crucial as the need for food. Evolutionary
development has provided a roadmap of natural selection for what has been effective
for a creature’s standing in the food chain. While mankind long ago exited the natural
order, there still remain threats from which physical protection is required. From the
battlefield to the sports arenas, blunt force trauma and penetrating threats exist that
could be life-threatening without the necessary protection. Over the years, physical
protective structures have been influenced by the protection readily seen in nature.
From the use of animal hides in the dawn of civilization, to plate armor in medieval
times, correlations can be drawn between natural protective structures and man-
made protection using the materials and methods of the time. The imbricated
structure of fish-skin, however, remains of great interest to researchers because of its
novel balance of protection and mobility. This type of structure has yet to be
reproduced in relevant manner for modern protection since the samurai armor of old.
As a biological structure, overlapped scales are one of the most common means of
protection in the animal kingdom. The nature of the assembly allows for stiff plates
to slide and rotate passed each other to offer protection without hindering movement.
These traits are highly important in modern protection arenas where the ability to
evade 1s as important as resistance to penetration.

Presented below are a collection of papers written by the author to further
explain the need for continued research into this area of bioinspired protection.
Chapter II offers a review of existing literature to date in the context of the corollaries
that can be drawn between current state-of-the-art ballistic protection and protective

structures in nature. Hard and soft armor designs are well represented in the natural



world and man-made protection but imbricated armor remains yet to be properly
exploited. Chapter IV presents original research into the design of fish-skin surrogate
structures and the factors that influence the effectiveness of the protection. Research
to date has been limited to simplified models of the scale overlap structure which
don’t take into account the full complexity of the interactions. This research presents
the first known study using the three-dimensional overlap patterning seen in nature
and offers insight into the protective role of the skin ultrastructure. These more
subtle components of the skin structure can offer an impressive effect on the
protective characteristics at minimal weight cost. The combination of these two
efforts offers a comprehensive view of the state-of-literature and a direction for future
research. Proving the efficacy of this type of hybrid stiff/flexible armor could allow for
future armor with greater effective coverage by offering inherent mobility with

protection.



CHAPTER II

ARMORS FOR SOFT BODIES: HOW FAR CAN BIOINSPIRATION TAKE US?/

1. Introduction

Man has been creating protective armor since the very dawn of combat. From
the practice of wearing animal skins as a means of protection, to medieval metallic
armors, analogies to biological protective structures can be made throughout its
development. By necessity, armor has evolved due to the threats encountered on the
battlefield in order to increase survivability. Similarly, natural selection has weeded
out the less effective defensive mechanisms and therefore, something can be learned
from what has survived. Biomimetics, the study of biological materials and structures
to inspire design, is one of the new frontiers in engineering allowing researchers to
tap into millennia of evolutionary development [1], [2]. Biological armor systems have
been developed in nature to defeat penetrating injuries and crushing blows from
predators while maintaining mobility for daily activities and food scavenging. Man-
made protective equipment followed an analogous development in keeping with the
technology of the time, shown below in figure 1. Shields and other monolithic
structures have been around for millennia but one of the first known armors to show
a clearly bio-inspired structure was the lorica segmenta developed by the Romans; an
early imbricated armor design [3], [4]. The use of metal bands that encircled the body
overlapping each other in similar to shell design of an armadillo or the segmented
body of many arthropods. Other implementations of imbricated armors included
jazeraint, lamellar, and the armor worn by samurai [5], [6]. Chain mail was another
common structure of overlapping metal rings similar to scales that became more

common due to the lower cost of construction [6]. However, the proliferation of bows

1 As published in Bioinspiration & Biomimetics: https://doi.org/10.1088/1748-3190/aababa



— especially higher velocity crossbows — rendered these armors ineffective which led
knights to employ the prototypical plate armor [3]. This armor was more reminiscent
of arthropods use of solid exoskeletal systems with articulations at the joints.
However, all of these systems were heavy — especially plate armor — due to the
materials and technology of the times. With the advent of firearms, most of these
types of armor became obsolete or even a liability due to the encumberment [5].
Therefore, the preference was to forego armor for the sake of agility until materials
and technology could catch up to the new, high velocity, ballistic threats. These
armors developed more with materials advancement than with the bioinspired

structures of early armors.

HARD ARMOURS
; e

Plate metal armour’
(circa 1500 BC)

SOFT ARMOURS

armour (500-1000 BC

COMPOUND ARMOURS

Figure 1. Biological armours, historical armour analogues, and modern ballistic
incarnations. As will be shown, skin is a nature analogue for soft armour, turtle shells
and arthropod exoskeletons are analogues of hard armour but there is no modern
ballistic intermediary that could correspond with scales.

Some of the first ballistic armor systems ever developed were flexible, soft
armor packages made from layers of cotton or silk fibers [7]. Soft armor is
characterized by utilizing layers of ballistic fabric to arrest projectile impact while

maintaining a flexible armor package. With the dawn of the industrial revolution in



the 20th century, these natural fibers gave way to high modulus synthetic materials
with greater performance at a lower weight. The most notable was the invention of
Kevlar® by the chemical company DuPont. Kevlar® and similar para-aramid fibers
are still some of the most commonly used in armor to this day. Soft armor is the most
regularly used type of armor on the market today due to its relatively light weight
and low bulk for easier concealment. Law enforcement officers rely on this level of
protection and soldiers utilize soft armor protection where harder armors are
impractical. However, the relative light weight and ease of use of soft armors is offset
by its ballistic limitations. To date, soft armor has only been employed commercially
to defeat relatively low velocity threats such as handgun rounds and fragmentation
threats. In order to attain higher levels of ballistic protection, hard armor designs
must be used. One of the first manifestations of hard armor was seen in Australia in
1879 when members of Ned Kelly’s bushranger gang devised armor from plough
blades to protect against the firearms of law enforcement personnel. The “Kelly
Armor”, however, was estimated at weighing close to 96lbs making it impractical for
modern combat [7]. The United States started designing body armor systems
including the “Brewster Body Shield” made of chrome nickel steel which saw action
in WWI [8]. At close to 40lbs, this system was heavy and clumsy. As armor
development continued, the transition was eventually made to ceramic replacements
for metal for weight reduction. Hard armor is utilized today when it is necessary to
defeat rifle threats or hardened penetrating threats such as armor piercing rounds.
Depending on the intended threat class, designers may employ plates made from
solely polymer matrix composites or may use hard ceramic cores.

What is not seen in modern ballistic armors, are the bio-inspired structures
that look to balance weight, flexibility, and protection. While man-made armors have
been in development for centuries, nature has been developing protective systems for
millennia. It was with good reason that early civilizations looked for inspiration from
natural systems around them. From the thickened hides of large mammals, to the
imbricated structures of scales, nature has developed methods to balance protection

with practically and mobility. While man-made weaponry has developed past any



kind of threat seen in nature, parallels can still be drawn between the respective
armors. It 1s important to note that natural protective structures have obviously
never evolved to handle the high-velocity penetration of ballistics threats so this
review focuses on the mechanisms employed in nature to distribute and mitigate
force. Many works have already been undertaken to evaluate potential benefits from
the hierarchical materials developed over millennia of evolution [1], [9]-[12]. As
further study is undertaken on biological armor, it is increasing apparent that there
1s still lots of inspiration that can be drawn for modern man-made protection. Trade-
offs will always be made for weight, flexibility, and protection and they must be taken
into account with an understanding of the battlefield. Areal density and stiffness
equate to encumberment which must be balanced with the potential for the defensive
structure to absorb impact energy. For example, smaller, faster animals have
developed less armor-like protection as they derive greater survival rates with their
ability to evade without these structures to weigh them down. With ballistic armors,
the relative velocity of the user to the threat is quite low and therefore, the analogues
examined below come from larger or slower animals that have had to develop physical
methods of protection as their primary form of defense. This review will focus on three
types of natural armor: mammalian dermal shields as an analogue to soft armor,
turtle shells and arthropod exoskeletons for hard armor, and scales which combine
flexibility and protection in a way that has yet to be successfully mimicked in a
modern man-made armor systems. The selection of natural analogues was completed
by comparing methods for energy dissipation in form factors that allowed sufficient
mobility for the hosts. For example, the shellfish were not considered because the
protective shells do not integrate with a means of locomotion. The intent is to find the
convergence between biological systems and engineered armors to be able to enhance

survivability in future conflict.

2. Background: Ballistic Armor
As has historically been the case, the higher the threat level, the greater the

weight and bulk necessary in the armor to defeat it. Due to the ever-expanding range



of threats, many countries and organizations have developed standards to benchmark
protection levels. In the United States, the National Institute of Justice (NIJ)
maintains the most commonly used standard for ballistic resistance of body armor,
0101. The most recent version of the NIJ standard, 0101.06, comprises five different

protection levels evaluated against the threats laid out in Table 1:

Table 1. Protection levels defined by NIJ 0101.06 [13]

Armor .
Classification Threat Threat Mass | Test Velocity
9mm Full Metal Jacketed 373m/s
T A Round Nose 8.0g (124gr) (1225ft/s)
ype .40 Smith & Wesson Full 11.7¢ (180gr) 352m/s
Metal Jacketed (8 LLOVBY) 1 (1155ft/s)
9mm Full Metal Jacketed | g 0 (1945v) | 398m/s (1305ft/s
Tyvoe II Round Nose
yP .357 Magnum Jacketed Soft 10.2¢ (158r) 436m/s
Point =8 (L908Y) 1 (1430ft/s)
.357 SIG Full Metal 448m/s
T TIA Jacketed Flat Nose 8.1g (125¢r) (1470f1t/s)
ype .44 Magnum Semi Jacketed 15.6g (240gr) 436m/s
Hollow Point 08 (VB (1430ft/s)
7.62 NATO Full Metal 847m/s
Type 111 Jacketed (M80 ball) 9.6¢ (147gr) | 9780¢/s)
.30 Caliber M2 Armor 878m/s
Type IV Piercing 10.8g (166g1) | o550 fi/e)

Types IIA through IIIA comprise the handgun protection levels while levels III and
IV are rifle rated armors as shown by the increased test velocities. Each successive
level represents a greater impact energy (either through increasing projectile mass,
velocity, or both) that the armor system must mitigate to successfully defeat the
threat. Successful defeat is usually defined by two metrics: backface deformation and
resistance to penetration. Resistance to penetration (RTP) can quite simply be
defined as the ability of the armor to stop the incoming projectile before rear surface
of the armor is penetrated and the projectile contacts the wearer. Backface signature
or deformation (BFS or BFD) is a measure of the impact force applied to the user

during the successful defeat of the projectile. Behind armor trauma can be as fatal as



the projectile itself so most standards specify a maximum allowable deformation
measured in clay or ballistic gel during testing. For example, to successfully pass the
NIJ standard at any level, the armor must not only stop the specified threat from
penetrating at the specified velocity, but also must have a maximum BFS depth of
44mm or less [13]. The clay used in this test protocol captures the transient
deformation of the armor and therefore the maximum deflection at any point during
the ballistic event can be measured. Therefore, increasing impact energies require
increasingly sturdy armor designs to be successful. Modern soft armor is capable of
attaining up to the IIIA level of protection. To stop the rifle threats, Levels III and IV
armors currently require hard armor designs.

Defeating a ballistic threat can most simply be described through an energy
balance. The input of energy into the system by the threat must be absorbed or
dissipated in the armor and/or the wearer in full. Therefore, in a successful RTP test,
the equation can be written simply as follows:

Ey =E, + esA (1)
where E; is the energy of the penetrating threat (kinetic energy in the case of ballistic
protection), E, is the energy absorbed by the armor system, and e; is the energy per
unit area transmitted to the wearer multiplied by A, the area the impact is dissipated
over. Measurement of the BF'S is intended to estimate the e; as a way to quantify the
likely behind armor trauma. In some cases, measurement of the volume of the
penetration into the witness clay has been used as a more accurate measure of energy
imparted to the body [14] but this is not yet an industry standard. Energy can be
dissipated by the armor through absorption via elastic and in-elastic deformation, or
through distribution by de-localizing the impact energy. Both methods may result in
a deformation of the same volume, however, direct absorption without distribution
will result in a much higher BFS measurement. This high e; due to the localized
impacting energy can have a much more damaging effect on the wearer through
behind-armor blunt trauma (BABT). Therefore, a common theme in the armor
discussion to follow will be how the energy is transmitted to the user as this plays a

large role in the survivability of the event.



The RTP tests used by the NIJ standard are also sometimes known as Vo tests,
that is a test velocity at which the probability of a complete penetration of the armor
1s zero. Of course, a true probability of zero penetration is difficult, if not impossible,
to find through reasonable testing so many standards use a confidence interval to set
the sample test size. Another common metric for testing is the Vso, or the velocity at
which the specified threat would be expected to completely penetrate the armor 50%
of the time. The most common method for evaluating this velocity is to increase the
striking velocity with each successful defeat until an armor sample fails. Then the
velocity is dropped until the armor successfully defeats the threat. This goes back and
forth until all test samples are consumed. The average of an equal number of partial
penetration and complete penetrations is the Vso [15]. This test is often used as a
metric to compare armors against each other. In both Vo and V5o testing, a single
armor panel may need to withstand between one and six ballistic impacts at various
locations. The multi-hit performance may also be a required metric for an armor
design.

Figure 2 shows relative trade-offs between the two different types of modern
ballistic armor. Soft armor is much more compliant and lightweight than hard armor
but has lower energy absorption potential. As will be discussed in more detail below,
soft armor can meet the requirements of the first three protection levels but hard
armor 1s required for the rifle threats. Hard armor offers much higher levels of
ballistic protection but, as the name suggests, is completely rigid and therefore offers
no flexibility. A desired armor system would combine the benefits of both types of
armor into a flexible, protective package that could cover the majority of the body. As
discussed, armor must balance weight and flexibility along with the ballistic metrics
discussed above. Both styles of modern ballistic armors use monolithic constructions

to provide consistent performance over the surface.



(a) Soft armor (b)
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=
(5]
. § Protection
= g Motion
= o0
S g Small £
>< R
15 K] Small h
= 4
M /
Ballistic protection Curvature

Figure 2. (a) Trade-offs between different types of NIJ 0101.06 armours. Currently
no system available on the market strikes a balance between ballistic protection
and flexibility. (b) Bending stiffness as a function of the plate thickness. To
minimize the transmission of energy into the wearer's body, thickness should be
maximized

Therefore, besides the composition, armor flexibility is related to a cubic factor
of the thickness. From Eqn. (1), E, is proportional to h while A is proportional to h3.
Solving for e; demonstrates quite simply that minimization can be accomplished by
maximizing h.

E,—E, 1
Y] “ﬁ (2)

Conversely, flexibility can be described through the curvature defined as 1/r where r

er =

1s the radius of curvature. The resistance to bending can further be measured by the
bending stiffness:

K o« ER3 (3)
where E is Young’s Modulus, and h is the thickness of the structure. In this cause,
resistance can be minimized (flexibility maximized) by minimizing the thickness.
With monolithic structures, these two design goals become mutually exclusive. Both
structures have desirable behaviors but no modern design has been able to take
advantage of both aspects. With this understanding, a look at biological analogues
can demonstrate where the industry is currently and where there is room for
advancement.

As mentioned, natural protective structures have evolved for a different level

of protection that what is necessary for ballistic protective armors. Similarly, modern
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engineering materials are also generally more capable then their biological
counterparts. For example, a piranha bite force of 200 kN/m? could be considered as
a reasonable threat for a scaled skin [16]. Conversely, a 9mm threat for NIJ Type 11
armor would impart over 1,000 kN/m?, not to mention the more substantial threats
of the higher protection levels. Typical threat velocities in nature for some of the
different protective structures described in this review are laid out in table 2 below.

Table 2. Threat Velocities Seen in Nature

Attack Impact Velocity Prey/Target
Rhinoceros charge | 11-14m/s [17] Other rhinoceros or

perceived threats
Peregrine falcon 31-39 m/s [18] Small birds, mammals
hunting stoop and reptiles
Stomatopod dactyl | 23m/s [19] Mollusks, crabs, small
strike fish

3. Soft Armors: Natural and Engineered Designs

3.1.Dermal Armor

Mammalian skin provides protection against tearing and puncture in a soft,
flexible package. As will be discussed in the following sections, it has a similar
composition and protection characteristics as soft armor packages. In particular, the
dermal shields developed by large herbivores are of interest as they have developed
over time using similar defeat mechanisms. Jarman hypothesized that these
mammals developed areas of markedly thickened skin as shields against blows
received during intraspecific combat [20], [21] based on thickness variations noted by
Cave & Allbrook [22]. This idea is supported by the earlier work of Geist on skin
thickness variations in mountain goats [23]. Beyond localized dermal thickening,
these areas also possess increased mechanical properties that cannot be attributed to
thickness alone. Shadwick et. al. demonstrated that the dorsolateral skin of the white
rhinoceros (Ceratotherium simum) has additional structural and mechanical
specializations to make it a more effective shield beyond just the increased thickness

[24]. White rhinoceroses are regarded as the third largest species of living terrestrial

11



mammal [25] with incredibly dense, protective skin that is colloquially known for
being impervious to all but high-powered rifles. This makes it a perfect natural
analogue to the soft armor used in handgun protection.

The skin of a rhinoceros has a structure and material composition similar to
most mammals. The epidermis is the outer most layer of the skin and is only about
Imm in thickness [22]. The underlying dermis however, is impressively thick
reaching 18-25mm 1in areas and is responsible for providing the brunt of the
protection characteristics [22], [24]. Comparatively, human skin typically ranges
from 1 to 2mm in total thickness but still provides limited protection from puncture
[26]—[28]. The dermal structure is then attached to the structures beneath via non-
resistant superficial fascia [22]. The primary components of typical mammalian
dermis are water and collagenous fibres which constitute 70-80% of the dry tissue
mass [29]. The white rhinoceros comes in slightly higher than this at ~85%
collagenous fibres which represent 33.2% of wet tissue mass with 60.9% water
content in the skin [24]. The primary component of typical mammalian dermis is
collagenous fibres constituting 70-80% of the dry tissue mass [29] and the white
rhinoceros comes in slightly higher than this at ~85% [24]. However, it is the highly
ordered nature of the rhinoceros’ dermis that distinguishes it from its peers. Like
ballistic fabrics, the collagen fibres are relatively straight and arranged almost
parallel to one another with a high degree of cross-linking. Unlike the ballistic fabrics
that will be discussed for soft armour, the crosslinking in mammalian skin occurs in
both the lateral and transverse directions. In typical mammalian skin, the collagen
fibres are generally much more disorganized representing a feltwork mat [24]. The
highly cross-linked collagen molecules and closely packed fibres give the skin
relatively isotropic tensile properties orthogonal to the body long axis. The fibres also
appear to be well-connected internally as tensile failure requires rather large stresses
with fibre rupture being the preferred failure mechanism over fibre “pull-out”.
Compressive failure also requires very high stress levels which is believed to be due
to the retention of interstitial water within the fibre network and generating tension

perpendicular to the compressive force [24]. As skin samples are pulled in tension,
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the fibres become increasingly organized in a parallel manner resulting in a J-shaped
stress-strain curve [30]. Figure 3 demonstrates this progression of failure through the
dermis during a blunt impact event. As skin never evolved to protect against the
penetrating power of a ballistic projectile, this figure is designed to demonstrate the

force dissipation mechanisms against a realistic threat.

(a) (b)
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Collagen
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Figure 3. (a) Cross-sectional schematic of mammalian dermal structure. Relative
thicknesses of component layers vary with species and function. (b) Deformation
map of dermal response to an impact by a blunt threat: 1) the dermal structure prior
to impact, 11) upon initial contact, dermis begins to deform through compression
along with orienting of the tangled collagen fibres, ii1) collagen fibres align and
begin to elongate until finally, iv) fibres begin to fail and the dermis begins to tear.

While no studies have been conducted on ballistic impact resistance of dermal
armours, much can be inferred from the mechanical properties in quasi-static testing
and observations in nature. The dermal armour of the rhinoceros is thought to have
developed as a defensive mechanism for resisting blows from the horns of conspecifics
[22]. The tensile strength, work to fracture, and elastic modulus are all relatively high
in relation to other mammalian skins which, coupled with the extreme thickness,
enhance the tissue’s resistance to penetration or tearing by a horn in combat [24],
[31]. The flexibility of skin is great for motion but it limits its ability as a defensive
structure. In an impact event, high compressive forces are placed on the strikeface

but the successive layers are placed in tension. The high flexibility localizes the
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deformation to the area directly around the impact site creating a deep, narrow BFS.
This can often correlate with what are known as backface signature injuries and can
be defined as open penetrating lacerations due to blunt trauma although the
projectile did not penetrate. This differs from BABT which is historical moderate to
severe bruising and broken bones as the energy is distributed over a larger area [32].
In essence, the difference in injury pattern can be attributed to the difference in
energy density [32].

Very little, if any, work has been done to model rhinoceros skin mechanical
behaviour in literature however, given the similarities to the skin of other mammals
(including humans), there is a plethora of available works that could be applied. Many
early studies looked to linearize the stress-strain relationship of skin in numerical
models which fails to accurately capture the J-shape of the curve due to collagen fibre
orientation. While this may be sufficient for highly dense, oriented samples like
rhinoceros’ dermis, it fails to capture the full complexities of the mechanical
behaviour. Some of the earliest work to develop constitutive equations for
mammalian skin was performed by Lanir and Fung based on experimental data in
observations of rabbit abdominal skin [33], [34]. These relationships, however, were
dependent on preconditioning of the skin sample and required different equations for
loading and unloading. Ridge and Wright looked to develop a relationship between
the orientation and involvement of collagen fibres in a tension test with the
mechanical performance of the dermis [30]. The relationships developed by Tong and
Fung in [35] defined a “pseudo strain potential” for the skin samples to begin to derive
the stresses acting on the material in three dimensions. Sherman et. al. developed a
constitutive model based on the organization of collagen fibrils in rabbit skin [36].
Hendriks et al. took this one step further by developing a finite element model to
describe the non-linear behaviour [37]. Samples used for these earlier studies were
prepared from harvested tissues, not in vivo, and therefore may not fully represent
the “in-use” state. More recent experiments have analysed the mechanical properties

of human skin in vivo using suction and ultrasound. The methods are described in
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[27], [38] and provide a more accurate representation due to internal tension,
hydration, and vascularization of living samples.

Dermal armors offer an interesting natural analogue to soft body armors due
to their similar fibrous composition and dependency on orientation for strength.
Rhinoceros skin is an extreme example of the protection capabilities of skin but is so
dense and thick that it is nearly inflexible itself. This demonstrates the limitations of
soft armor packages where the bulk begins to outweigh the protective advantage.
Even though dermal shielding is flexible (in most cases), it can be limiting in mobility
and therefore is generally not found around joints or other areas requiring a high
degree of flexion. Stiffness and areal density increase rapidly with increased
thickness but energy absorption potential decreases much more slowly. Other
mammals have less imposing dermal shielding but the principles and structure
remain the same. Again, the weight versus protection trade-off must be made for
animals less massive than the rhinoceros. Therefore, as with soft armor, different
structures are needed to reach higher protection levels while maintaining a
reasonable amount of encumberment. Modern implementations of soft armor may
still be utilized around joints but as protection increases, increasing burden is put on

the user limiting the full range of motion.

3.2.Soft Engineered Armor

Soft armors are generally composed of layers of synthetic or natural fabrics.
Similar to the collagen fibers in dermal armors, high tenacity fibers do the bulk of the
work in energy dissipation. Ballistic fabrics are most commonly made from woven
yarns constructed in a 2D plain weave pattern [39]. If the fabric is composed of yarns
with a tenacity of greater than 15 g/denier and modulus of 44-176.4 GPa, the fabric
1s considered to be a high performance fabric suitable for ballistic applications [39],
[40]. Tenacity is defined as the ultimate breaking strength of the fiber or yarn divided
by the denier, or linear mass density, of the fabric. Some of the most common fabrics
in use today include para-aramids such as Kevlar® (DuPont) and Twaron® (Teijin),

ultra-high molecular weight polyethylene (UHMWPE) such as Spectra® (Honeywell)
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and Dyneema® (DSM), and poly-benzobis-oxazole (PBO) such as Zylon® (Toyobo)
[41]. Many works have also looked at spider silk as a biological replacement for
engineered ballistic fibers due to their strength-to-weight ratio and elongation at
failure [42]—[45]. During a projectile impact, the projectile is caught in the fibers and
the kinetic energy is absorbed through fiber interactions and failure. Breaking down
the simple energy balance from Eqn. 1, E, can be further described through the
below:

Ep=Eppt+Egp (4)
Where Err is the energy absorbed in tensile failure of the yarn and Egp is the energy

absorbed in elastic deformation [46]. This process is shown graphically in figure 4,

below:
(a) (b)
\ . J
J v — —
‘ Projectile s w s -
— - -
1 7 %
Ballistic/ 1\ /F
Fiber I J
Layers of | ] \: lll

Ballistic Fabric

i) i) ii) iv)
Figure 4. (a) General construction of soft armour packages: ballistic fabrics are
layered together and may be quilt-stitched to enhance transverse fibre interaction
and localize deformation. (b) Steps of the fibre failure process during a ballistic
impact: 1) Cross-section of a single fibre before impact, 11) Initial impact, fibre begins
to elongate, 111) Deformation increases to maximum strain of the material, and iv)
Fibre rupture and penetration of the fabric [47].

The elastic deformation term can be thought of as a combination of the elastic
deformation of the yarns and fibers along with the deformation of the fabric. The
fabric deformation includes frictional absorption mechanisms like inter-yarn friction,

fabric projectile friction, and interactions between fabric layers [39], [48]. It has been
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shown that the inter-yarn friction plays a critical role in energy dissipated in
frictional work at the yarn-to-yarn junctions [49]—[51]. This affects the stiffness of the
yarn in the tensile direction and the fabric in the transverse direction which, in turn,
affects the performance of the material [52]. The inter-yarn friction can be described
by the static frictional coefficient between the yarns while yarn-projectile friction can
be better described by the coefficient of kinetic friction [53]. This highlights the
importance of the weave or fabric structure in the energy absorption of the overall
system. Manufacturers also may stitch soft armor packages in the transverse
direction to enhance these frictional forces while maintaining flexibility. The weave
of the fabric provides the similar interactions as the lateral crosslinking in
mammalian dermis while the quilt-stitching replicates at least a portion of the
transverse linkages. In fact, quilt-stitching was shown to increase the energy
absorption in fragment impacts 14-22% over non-quilted armors [54].

The other major energy absorption mechanism is through tensile failure of the
yarns. Some ballistic fabrics, such as para-aramids, have been shown to exhibit
strong strain-rate dependencies [55], [56]. It was found that the strain at failure
decreased with increasing strain rate in Twaron® fabrics. This limits the energy that
can be absorbed in fiber elongation and causes fiber failure in the brittle mode [39].
However, UHMWPE fibers have not be shown to demonstrate a strain-rate
dependency which may lead to increased energy absorption [57]. While fiber
elongation is an important mechanism for absorbing energy, it needs to be balanced
in ballistic testing to limit back deflection [14]. As discussed above, this back
deflection transmits energy into the body of the wearer causing BABT which can be
potentially life-threatening. Like dermal armors, the soft nature of fabric armor
localizes the damage creating sharp BFS deformations. Localized damage means that
the remainder of the armor is likely undamaged and can withstand multiple impacts,
but the total energy absorbed by the armor is limited.

The multiple energy absorption mechanisms at work highlight some of the
difficulties in numerically modelling performance under high energy, ballistic impact

loading. Given the time and expense required for ballistic testing, several groups have
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made attempts at modelling these mechanisms to predict ballistic results. Cunniff
utilized a regression analysis of fragment simulating projectile (FSP) impacts on
ballistic fabrics to provide an approximation of required areal densities to defeat
specified threats [58]. Morye et. al. attempted to predict a ballistic limit, or Vo, value
from material characteristics and high-speed photography of the deformed area and
cone velocity [46]. Leigh et. al. developed a 2D model for calculating the Vs
performance of a membrane with provisions to scale the system up to the multi-ply
systems used in armor vests [59]. Mamivand and Liaghat studied the effect of spacing
between layers of ballistic fabrics through a numerical model and demonstrated that
increased spacing decreased the ballistic limit up until a layer decoupling threshold
[60]. Beyond the layer decoupling threshold, each ply behaved essentially
independently deriving no support from adjacent layers. This understanding feeds
into explaining the advantage gained by consolidating fabric system into semi-rigid
armors that will be discussed later on. This is by no means a comprehensive list of
the numerical models developed for soft armor systems but is intended to provide a
general sense of the available literature.

In recent years, an area of research interest has been on increasing the ballistic
performance of soft armor systems through impregnating fabrics to give non-
Newtonian impact responses. The most well-known example is the work conducted
at the University of Delaware on impregnating woven Kevlar® fabric with shear-
thickening fluid (STF) [50]. During an impact, the colloidal suspension stiffens,
imparting greater ballistic resistance characteristics than the neat fabric. It was
shown that the addition of the STF raised the ballistic resistance of the fabric to that
of an equivalent areal density of neat fabric albeit in a thinner and more flexible
package [50]. Other works have shown that the increase in ballistic performance of
this system is due to an increase in the inter-yarn and projectile-fabric frictional
forces [61]. Conversely, the addition of lubricants such as PDMS has been shown to
decrease the ballistic performance of the fabric lending credence to the above
approach [52]. While this approach has demonstrated improved ballistic resistance,

a commercially available armor has yet to be brought to market. This is likely due to
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the fact that this technology has yet to demonstrate an improvement in areal density
over similarly performing systems. In fact, some implementations were over twice the
weight of comparable all-fabric systems [39]. What is interesting however, is the non-
linear response this system provides by offering some advantages of a hard system
with the flexibility of a soft armor system.

Fully flexible armors are advantageous because they are inherently mobile and
flexible. Therefore, they can be utilized around joints without undue encumberment,
provided the thickness is reasonable in relation to the angles of motion. However, the
drawback i1s the limited ballistic protection they can provide. Unfortunately,
materials have yet to be discovered that can provide enough energy absorption
potential to defeat rifle threats in a soft armor package without a thickness rendering
it wholly unusable. As shown with dermal armor for rhinoceros, providing high levels
of protection results in a package that is nearly inflexible and extremely heavy. To
achieve maximum protection, the rhinoceros dermis becomes almost solid with heavy
crosslinking between collagen fibers. This type of protection would add tremendous
aerobic and heat strain to end users which has been shown to dramatically reduce
soldier effectiveness [62]—[64]. Therefore, new types of construction are necessary to

lend additional protection to soldiers while remaining functional.

4. Rigid Armors: Natural and Engineered Designs

4.1.Insect Exoskeletons

The most common natural “hard armor” i1s the exoskeletal system of
arthropods, the largest animal phylum. The exoskeleton serves multiple purposes
besides lending protection to the soft body inside. It also provides support, giving the
insect shape and a means of locomotion, along with environmental protection [65],
[66]. The exoskeleton, also known as the cuticle, can be broken into two primary
components; the external layer, the epicuticle, and the main structural portion, the
procuticle. The epicuticle is usually ~1-2 um thick and is the main waterproofing

barrier [65]—[67]. The procuticle is of the most interest in this research as it provides
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the bulk of the protective characteristics. This portion can be split in