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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 armour-like protection as 
they derive greater survival rates with their ability to 
evade without these structures to weigh them down. 
With ballistic armours, 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 protec-
tion as their primary form of defence. This review will 
focus on three types of natural armour: mammalian 
dermal shields as an analogue to soft armour, turtle 
shells and arthropod exoskeletons for hard armour, 
and scales which combine flexibility and protection 
in a way that has yet to be successfully mimicked in a 
modern man-made armour systems. The selection of 
natural analogues was completed by comparing meth-
ods for energy dissipation in form factors that allowed 
sufficient mobility for the hosts. For example, the shell-
fish 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 armours to be able to enhance 
survivability in future conflict.

2.  Background: ballistic armour

As has historically been the case, the higher the threat 
level, the greater the weight and bulk necessary in the 
armour 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 armour, 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:
Types IIA through IIIA comprise the handgun 

protection levels while levels III and IV are rifle rated 
armours 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 armour system must mitigate to suc-
cessfully defeat the threat. Successful defeat is usually 
defined by two metrics: backface deformation and 
resistance to penetration (RTP). RTP can quite sim-
ply be defined as the ability of the armour to stop the 
incoming projectile before rear surface of the armour 
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 armour 
trauma can be as fatal as the projectile itself so most 
standards specify a maximum allowable deforma-
tion measured in clay or ballistic gel during testing. 
For example, to successfully pass the NIJ standard at 
any level, the armour must not only stop the specified 

threat from penetrating at the specified velocity, but 
also must have a maximum BFS depth of 44 mm or less 
[13]. The clay used in this test protocol captures the 
transient deformation of the armour and therefore the 
maximum deflection at any point during the ballistic 
event can be measured. Therefore, increasing impact 
energies require increasingly sturdy armour designs to 
be successful. Modern soft armour is capable of attain-
ing up to the IIIA level of protection. To stop the rifle 
threats, Levels III and IV armours currently require 
hard armour 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 armour and/or the wearer in full. 
Therefore, in a successful RTP test, the equation can be 
written simply as follows:

E0 = EA + eTA� (1)

where E0 is the energy of the penetrating threat 
(kinetic energy in the case of ballistic protection), EA 
is the energy absorbed by the armor system, and eT 
is the energy per unit area transmitted to the wearer 
multiplied by A, the area the impact is dissipated over. 
Measurement of the BFS is intended to estimate the eT 
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 armour 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 eT 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.
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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 stud-
ies 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 mechani-
cal behaviour. Some of the earliest work to develop 
constitutive equations for mammalian skin was per-
formed by Lanir and Fung based on experimental 
data in observations of rabbit abdominal skin [33, 34]. 
These relationships, however, were dependent on pre-
conditioning 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 act-
ing on the material in three dimensions. Sherman et al 
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benzobis-oxazole (PBO) such as Zylon® (Toyobo) 
[41]. Many works have also looked at spider silk as a 
biological replacement for engineered ballistic fibres 
due to their strength-to-weight ratio and elongation 
at failure [42–45]. During a projectile impact, the 
projectile is caught in the fibres and the kinetic energy 
is absorbed through fibre interactions and failure. 
Breaking down the simple energy balance from 
equation (1), EA can be further described through

EA = ETF + EED.� (4)

Where ETF is the energy absorbed in tensile failure 
of the yarn and EED is the energy absorbed in elastic 
deformation [46]. This process is shown graphically in 
figure 4.

The elastic deformation term can be thought of as 
a combination of the elastic deformation of the yarns 
and fibres 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 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 fab-
ric in the transverse direction which, in turn, affects the 
performance of the material [52]. The inter-yarn fric-
tion 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 over-
all system. Manufacturers also may stitch soft armour 
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 armours [54].

The other major energy absorption mechanism is 
through tensile failure of the yarns. Some ballistic fab-
rics, 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 fibre elongation and causes 
fibre failure in the brittle mode [39]. However, UHM-
WPE fibres have not be shown to demonstrate a strain-
rate dependency which may lead to increased energy 
absorption [57]. While fibre elongation is an impor-
tant mechanism for absorbing energy, it needs to be 
balanced in ballistic testing to limit back deflection 
[14]. As discussed above, this back deflection trans-
mits energy into the body of the wearer causing BABT 
which can be potentially life-threatening. Like dermal 
armours, the soft nature of fabric armour localizes the 
damage creating sharp BFS deformations. Localized 
damage means that the remainder of the armour is 
likely undamaged and can withstand multiple impacts, 
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ing blow and the inner structure provides the bulk of 
the energy absorption through deformation.

Another point of interest on arthropod exoskel-
etons is how they provide protection without restrict-
ing motion. Looking at the exoskeleton as a system 
of defence rather than just a defensive structure can 
provide ideas of how to offer the most amount of pro-
tection without sacrificing freedom of movement. 
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functionally graded material structure of the carapace 
to blunt a predator’s attack and distribute the energy 
input to their soft tissue [91, 98].

The hierarchical structure of a turtle carapace is 
designed to provide protection from impacts. With a 
highly dense exterior component to mitigate impact 
and a softer supporting structure for shock absorption, 
the carapace can withstand relatively large applied 
loads. While a carapace would be unlikely to perform 
well in a ballistic event, the design of the structure and 
mechanisms for energy absorption echo the intent of 
man-made armours. The interior foam-like structure 
absorbs and dissipates the impact energy as a ballis-
tic protective armour should to mitigate BFS. As will 
be discussed in the hard armour section  below, the 
highly dense and rigid exterior plays an important role 
in blunting the initial contact of the incoming threat. 
Also, similar to hard armour protection, the carapace 
is bulky, heavy and cumbersome. Again, a much higher 
level of energy absorption can be obtained but the cost 
is rigidity. As mentioned, different species balance the 
trade-offs to be more effective in their environments. 
In some cases, speed and agility may be preferred for 
hunting and evasion rather than maximizing protec-
tion. But for slow moving terrestrial turtles, being able 
to fully retract into their shells if necessary, mobility is 
less of a concern. As an analogue for the modern sol-
dier, mobility is not optional and the ability to escape 
and evade is critical to survival on the battlefield.

4.3.  Man-made hard armour
As mentioned above, hard armour is utilized today 
when it is necessary to defeat rifle threats (NIJ Level III 
and above). Depending on the intended threat class, 
designers may employ plates made from solely polymer 
matrix composites or may use hard ceramic cores. 
Semi-rigid armour plates and combat helmets are 
made from fibre reinforced polymer matrix composites 

based on fibres like those used in soft armour. The 
difference here is the addition of a resin matrix to 
bond layers together in the transverse direction. The 
resin matrix constrains the yarns of the fabric so that 
the projectile must engage and fracture more fibres 
directly to penetrate the material. Additionally, the 
resin enhances the frictional forces between yarns and 
plies so the composite has more energy absorption 
potential than similar soft armours [51, 99, 100]. The 
stiffer the resin used, the greater the yarn confinement 
and generally the greater the absorption potential of 
the laminate. However, fibres must still be able to move 
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macroscopic model for the pulverized ceramic ahead 
of the projectile to obtain a detailed picture of the pen-
etration process [109]. Bürger et al developed an FEA 
model of an armour-piercing projectile impact on a 
ceramic/composite armour with special attention paid 
to the delamination between the backer and strike-
face during the defeat [110]. Due to the multitude 
of deformation processes occurring during impact, 
including large strains and fracture, the most effective 
modelling techniques rely on mesh-free FE analyses. 
One method, smooth particle hydrodynamics, bor-
rowed from fluid dynamics appears to show the most 
promise in predicting ballistic results. An overview of 
the method and it’s applications is presented in [111]. 
Lee and Yoo found good correlation between ballistic 
experiments and armour tiles designed with metal 
backing plates using this method [112]. In total, these 
models present a detailed depiction of the defeat pro-
cess in hard armour but so far have not been accurate 
enough to replace physical ballistic experiments.

While a hard armour plate provides substantially 
higher protection from ballistic threats, the stiff-
ness, thickness, and weight takes a toll on the user. As 
described in the defeat mechanisms, this type of archi-
tecture must be rigid and therefore mobility will be 
inherently reduced. Soldiers use a set of plates in an 
attempt to cover all the vital organs in the torso but 
there are gaps in coverage to maintain mobility. The 
thickness of commercially available armour exacer-
bates this issue. Military level torso plates are usually 
about an inch thick; lower performing systems may 
be thinner. These factors combined with the system 
weight has been shown to have a severely negative 
effect on users. One study showed that a standard 
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by scale shape, size and overlapping distance. While 
scale size will vary considerably between species of 
fish, normalized overlap distance has been shown 
to be remarkably consistent [119]. In the following 
sections, an overview of the current research into 
scale interactions and modelling approaches will 
be reviewed along with the applicability for future 
armour development.

As mentioned above, the asymmetrical compo-
sition of fish-skin gives rise to its unique mechanical 
properties. These properties are characterized by a 
highly anisotropic response in bending due to the scale 
to scale interactions. Vernerey and Barthelat demon-
strated this with a simple pinch test of fish-skin. Bend-
ing in the direction of the scales (scales on the inside) 
showed significant scale rotation and increasing bend-
ing resistance while convex bending showed no stiff-
ening [119]. The stiffening response can be described 
via a simple 1D model relating stiffness to radius of 
curvature. Figure 9, below, introduces the setup for this 
model:
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ever was shown to depend on localized scale bending 
[124]. Furthermore, these responses can be tailored by 
changing scale size, overlap distance, and scale stiffness 
[125]. Therefore, a fish may have evolved with a scale 
structure such that the scales lock against each other 
before soft tissue damage occurs. Similarly, a ballis-
tic structure could be designed to lock before a small  
ballistic penetrator can reach a certain depth.

Another factor that makes scales highly desir-
able in a defensive structure is the ability to distribute 
the force of penetration or impact loads over a larger  
surface area and limit eT. The scale overlap allows for 
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when the scales can interact, the force can be distrib-
uted [126]. Browning et al demonstrated that the back 
deflection of the scaled surface was dependent on the 
density of the scale arrangement and therefore could 
be tailored to mitigate blunt trauma [127]. However, 
in this case, the structure bending response was domi-
nated by scale bending as the sample design limited 
scale sliding resulting in a nearly linear stress–strain 
response. Figures 10 and 11 illustrate how scales can 
distribute the loading of an impact to mitigate trauma. 
While the load is distributed over a larger surface area, 
damage to the structure is still relatively localized to 
the armour because cracks cannot propagate between 
adjacent scales. Therefore, unlike monolithic struc-
tures, each impact on a scaled structure would behave 
like an undamaged panel as long as impacts were not 
on directly adjacent scales. Fish-skin presents a defen-
sive structure unlike those currently available for bal-
listic protection because it aims to balance of mobility 
and protection. The imbricated structure allows for 
the benefits of both types of armour to be incorpo-
rated into a single system. Currently, there is no well-
accepted in-between for man-made ballistic armours; 
simply hard or soft packages. In natural defensive 
structures, scales utilize the best parts of the hard and 
soft protective systems to create protection that sup-
ports motion [128]. The additional energy absorption 
mechanisms and ability to distribute loading are large 
factors in the appeal of scales for future armour sys-
tems.

5.1.  Man-made compound armours
While there is no well-accepted armour on the market 
that takes advantage of the structural advantages of 
scales, some companies have tried. The most well-
known system to try this was Dragon Skin developed 
by Pinnacle Armor. Dragon Skin utilized overlapping 
ceramic discs to create a ‘scaled’ strikeface backed 
by neat Kevlar® fibres, shown in figure 12 [129]. This 
was the subject of intense controversy between the US 
Army and Pinnacle Armor due to their ballistic claims 
following its release in the early 2000s. A consequence 
of this is that there is a lack of reliable information as to 
its true ballistic performance. What is known however, 
is that the modular strikeface offered an improvement 
in multi-hit performance due to the restriction of 
ceramic fracture propagation to individual tiles but the 
cost of this performance was increased system weight. 
One belief is that each scale needed to be thicker than 
the ceramic component of a monolithic plate of the 
same performance because the scale geometry did not 
allow for proper support of the ceramic which limited 
the dwell time and thus the ballistic effectiveness. 
This coupled with scale overlap is commonly blamed 
for the increase in weight. Additionally, there was not 
a substantial increase in flexibility due to the bulk of 
the system. However, this remains an area of interest 
because of the severe effect body armour can have 
on a soldier’s effectiveness. While Dragon Skin used 

a ‘scaled’ strikeface, it did not truly replicate the 
interactions of scales in nature. For example, this bio-
inspired structure lacks an analogue to the dermal 
pocket which controls scale rotation. Ceramic scales 
would have no ability to bend before breaking so 
this mechanism cannot be used to enhance energy 
absorption. Therefore, to gain a benefit from the scaled 
structure, scale sliding and rotation must activate. 
Without a dermal pocket analogue, these factors also 
may not be in play. With a greater understanding 
of how this protection is accomplished in nature, it 
may be possible to realize an armour system that can 
outperform the current standards without an added 
weight.

5.2.  Future of compound armour systems
As discussed, there are several ways to build armour for 
personal protection but each method requires trade-
offs for the user. Because of the weight and mobility 
constraints, coverage is often limited to vital areas. For 
example, the US military utilizes soft armour vests to 
cover the majority of the torso with a set of four hard 
armour plates to cover critical organs on the chest, 
back, and sides. While it has been noted that vests 
change the distribution of injuries to unprotected 
areas [130–132], there are still gaps in coverage on the 
torso that would be vulnerable to high-powered rifles. 
Similarly, there is often little to no protection on the 
lower body due to the deleterious effect it would have 
on mobility. One study of firearm trauma over a three-
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