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Biomaterials are evolving quite rapidly over the last decade. Many applications have
been considered toward their involvement in saving lives in the line of duty for law
enforcement agencies and military operations. This article discusses recent work on the
role of biomaterials that can be considered as a competitive alternative to composites,
being used against ballistic impacts. The fish-scaled biomaterials are focused on in this
paper, highlighting their excellent mechanical properties and structural configurations.
In its natural environment, the scale provides fishes with an armor plating, which is
significantly effective in their survival against attacks of predator and the impact inflicted
from sharp teeth. These bioinspired materials, if engineered properly, can provide an
excellent alternative to current Kevlar R© type armors, which are significantly heavier and
can cause fatigue to the human body over long-term usage. The investigated materials
can provide effective alternatives to heavier and expensive materials currently used in
different industrial applications. Additionally, some recent development in the usage of
fish scales as a biomaterial and its applications in rapid prototyping techniques are
presented. Finally, this review provides useful information to researchers in developing
and processing cost-effective biomaterials.

Keywords: fish scale, mechanical properties, military applications, rapid prototype, biomaterials, medical
application

INTRODUCTION

Since the beginning of time, humans have encountered many conflicts and wars, which could be at
a domestic level or even at a national level. These kinds of confrontations have led to many fatalities
in past and therefore put forwarded an idea to protect ourselves from various types of weapons that
have been used in such instances. For example, the invention and usage of body armor protection
for the chest and the head are vital as they being the necessary vital organs. Interestingly, as the
armor technology has evolved over time, so is the firepower and penetration power of ammunitions
that have been developed to pierce through them. Formerly, these armors used to be a single solid
thick metallic stiff plate though quite heavy but effective in deflecting any kind of impact. However,
as the material technologies advanced, armor plating became flexible and much lighter so that the
personnel can be relieved of some bodily fatigue and blunt force trauma.

In the twenty-first century, Kevlar R© (DuPont, Wilmington, DE, United States1) emerged
as a specially designed composite material for armor plating with very good strength
and impact resistance against small firearms. Moreover, it offers considerably lower weight
than the traditional armor plating primarily used for the same scenarios. However, it is

1https://en.wikipedia.org/wiki/DuPont
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also understood that the properties of Kevlar are not sufficient
enough to tackle and counter bullets of large caliber. Although
Kevlar R© offers excellent bulletproof properties, nevertheless
it leaves behind trauma marks on the body due to the
forces dispersed from the momentum of the bullet upon
impact, which can be very uncomfortable to experience
(Stopforth and Adali, 2018).

Bioinspired materials are under constant research to produce
new and innovative protective body armors by carefully looking
into scale configurations for effective protection and modes of
energy dissipation from projectiles. Nevertheless, there always
is a risk of energy leakage, which is dominantly presented
at the joints or boundaries of the scales, for example when
considering fishes. Studies are being done in this area so that
the armors can absorb most of the energy from the bullet or
projectile instead of just crushing the bullet and leaking that
energy toward the human body, which can cause some traumatic
injuries leading to an uncomfortable and painful situation. In
this quest, Lin (2017) proposed simple protecto-flexible gloves
designed from detailed research and simulation of Carp scale.
A more recent study has presented the idea of using ultra high
molecular weight polyethylene (UHMWPE) and Ceramic layered
round overlapping scales with a supporting base of Kevlar R©

to disperse energy from a bullet by undergoing a fracture of
ceramic layer and allowed for a dampening effect upon impact
to drastically diminish the kinetic energy of the bullet through
UHMWPE and Kevlar R© in coordination. Additionally, according
to the National Institute of Justice standard level III (NIJ-III),
the new body armor design is proposed to have a ballistic
limit of around 1,100 m/s, which is more than NIJ-III ballistic
rating of 838 m/s (Zhang et al., 2020). Correspondingly, ceramic
plates mimicked from fish scales have been proposed to have
10 times the puncture resistance than soft elasmoid type scales
(Ha and Lu, 2020).

At present, the armor development is still undergoing
extensive research to favor penetration resistance as the flexibility
and mobility of the wearer are taken into consideration for such
applications (White and Vernerey, 2018). It should also be noted
that soft body armors have no match for a high caliber round
for which only hard plate armors are used, known as level III
and level IV armors. In addition, glass–rubber application against
sharp high-speed projectiles has proven to be very effective
provided that the upper layer is segmented in a hexagonal glass
formation with a lower soft rubber substrate facilitating an
effective reduction in flexural stresses and providing a multihit
capability with 70% increase in failure resistance as compared to
a thick slab of glass with a similar rubber substrate (Chintapalli
et al., 2014). Nevertheless, not all types of fish possess armor
like properties, and it solely depends on factors like their
size, mobility, and agility of the fish species itself and the
natural configuration of each scale, which could lead to an
experimental design where we can observe the varying density
of mineralization, strain–stiffening effect, and good bending
response (Vernerey and Barthelat, 2010).

This review paper provides a compilation of fish scales
and their respective mechanical properties for biomimicry
applications, specifically to provide protection as body armor.

The history of the design of fish-scaled armor provides us
the principles of their unique design (Ehrlich, 2015). Although
the field of research is quite new, there has been a couple
of breakthroughs with the respective problem in making the
armors lighter and thinner while still retaining and relying on the
bulletproof attributes of a Kevlar R© vest.

The presence of naturally occurring armors dates back to
the Dinosaur age as paleontological studies have presented
data about the type of epidermis the fossils used to have.
After the evolutionary processes of living organisms, there are
still traits present in some mammals and fishes that possess
a naturally occurring body armor, which can demonstrate
excellent mechanical properties like Young’s modulus.
Arapaima, for instance, a bioinspired material, has gained a
lot of attention for its numerous applications in the medical
industry, where different sorts of problems have been rectified
using inspiration and imagination from the living species
around. Chen et al. (2012) performed and validated the scale
structure of Arapaima gigas (Figure 1) and alligator gar
fishes to better understand the mechanical properties through
nanoindentation tests, which showed great resistive properties
against predators like piranhas. Nonetheless, moving toward
the armor applications from biomaterials, fish scales, and
shrimp bodies have been a major focal point in developing an
impact-resistant material.

CHARACTERIZATION OF FISH SCALES

There are a handful number of research articles available on fish
scales primarily focusing on the key parameters like the scales,
the structure, placement, and symmetry of each scale to the next,
performance under impact loading, etc. It is a known fact that fish
scales are quite hard in reality and serve as naturally occurring
armor to prevent attacks from a predator whose teeth would
deliver a significant amount of impact as it strikes and plunges
onto its prey for appetite (Yao et al., 2015). A. gigas, for instance,
shows an overall Young’s modulus of their dermal region to be
about 1.2 GPa, given they have a two-region dermal layer in which
has a bony layer on top for protection and a soft collagen thick
layer in the bottom for flexibility (Yang et al., 2013) as shown
in Figure 2. It is also claimed that low-speed projectiles with a
point load can provide promising results in favor of penetration
resistance, but it would be quite uncertain to claim the same for
ballistics (Yao et al., 2015).

Vernerey and Barthelat (2014) presented another species of
fish called teleost, which can demonstrate good mechanical
performance in terms of different kinds of loadings. However,
since their scales are not as strong as A. gigas, it has been given
an insight into the development of thin flexible armor that can
provide protection against knives and sharp objects (including
shrapnel) to be considered a fair application for the scales found
on the body of teleost fish, which claims to offer a decent level
of results despite the fact that individual scales can fracture
under extreme impact loadings. However, to further improve
the defensive mechanisms in armor applications, strategies like
sacrificial deformation could be adapted in the microstructure
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FIGURE 1 | Dermal armor for Arapaima gigas (Chen et al., 2012).

to dissipate energy without allowing penetration of the projectile
(Song et al., 2011).

There are many other species of fish in the ocean, which
possess credible mechanical properties that are required for body
armor applications. For example, boxfish offers a hexagonal

FIGURE 2 | Bioinspired bulletproof vest inspired from scales of fish (Yang
et al., 2013).

structure as shown in Figure 3. Through visual inspection, it
can be noticed that they are arranged in a symmetry, and from
this symmetry, the borders and joining points of each scale
are considered to provide an energy dissipation method, which
actually hinders the load propagation, consequently reducing
chances of catastrophic damage.

The Cyprinus carpio has attracted an extensive scale
mechanical properties study. However, results demonstrated a
fairly weaker scale structure and stress–strain endurance whether
in hydrated or dehydrated conditions and can reach almost as
half of what can be achieved and observed from a scale of A. gigas
(Garrano et al., 2012).

EFFECTS OF FISH SCALE
CONFIGURATION ON MECHANICAL
PROPERTIES

Elasmoid fishes are largely known to have great toughness of
their scales that present naturally occurring composite having
three layers. These layers consist of an outer limiting layer (hard
inorganic and highly mineralized), a middle layer consisting of
a softer organic yet tough layer of collagen fibers, and finally
the last layer of thin and orthogonal collagen fiber (Murcia
et al., 2017). Considering a scale from a grass carp, the structure
of the scale is found to have a double-twisted plywood-like
structure with each layer alternating between rich and poor
collagen fibers longitudinally. Through observation of a sample
under SEM, the eight layers of lamellae (Figure 4) show the
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FIGURE 3 | Boxfish (Lactoria cornuta) scale structures (Miranda et al., 2019).

orientation of each fiber in each of the eight regions in red color
(Feng et al., 2020).

Scales harvested from elasmoid fish like C. carpio and
Megalops atlanticus commonly knowns as freshwater carp and
tarpon, respectively, show an extensive yet prominent three layers
of a bony limiting layer and two orthogonal elasmodine layers
(external and internal) as an SEM imaging (Figure 5) at 100 µm
depicts (Arola et al., 2018).

Moreover, Grass Carp scales were also investigated in terms of
their structure and mechanical properties to be used for probable
biomimetic protection applications. Those scales were found to
have a two-layer structure, which displayed better mechanical
properties at dry conditions rather than in wet conditions. This
was found primarily after conducting several tensile tests on
whole scale samples containing both the layers and analyzing
results in uniaxial and biaxial loading scenarios (Liu et al., 2017).

Considering the structural and mechanical properties of
the elasmoid fish scale altogether from common carp species
like A. gigas displays an exceptional result when subjected to
longitudinal and transverse loadings, and due to a single-twisted
Bouligand structure with each layer having a unique angular
orientation gives us the following properties as shown in Table 1
(Quan et al., 2020).

The scales from A. gigas displays the reason behind a
protective characteristic against tooth bites of a piranha because
of the lamellar structure of collagen fibers within the scales.
These fibers of collagen demonstrate a sliding behavior as the
tooth penetrates, which also provides lamellar sliding resulting
in tension of the soft fibers and compression of the hard-bony
shells (limiting layer), resulting in tooth fracture of hampering
(Yang et al., 2014). Similarly, the puncture resistant property
in scales of carp and arapaima are found to be advantageous
against physical threats, which can resist failure at even strain

FIGURE 4 | Orientation of collagen fibers (in red) in eight-layered lamellae of
grass carp under SEM (Feng et al., 2020).

FIGURE 5 | SEM cross-section image of an elasmoid fish scale (tarpon) (Arola
et al., 2018).

rate of puncture loadings, while being close to the head region
in the fish (Ghods et al., 2018). Dimensionally, arapaima scale
thickness range approximately 1,600 µm, constituting 600 µm
of its limiting layer and the remaining 1,000 µm of elasmoid
region containing an orthogonal arrangement of fibers in stacks
ranging between 30 and 60 µm in ply thickness with each
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TABLE 1 | Uniaxial tensile test results of a scale from Arapaima gigas (Quan et al., 2020).

Whole scale Collagen scale

Longitudinal Transverse Longitudinal Transverse

Young’s modulus (MPa) 521.1 ± 125 463.5 ± 92.3 526.0 ± 126.1 406.4 ± 95.5

Ultimate tensile stress (MPa) 57.4 ± 14.5 41.4 ± 12.8 57.3 ± 17.8 51.7 ± 0.005

Ultimate tensile strain (mm/mm) 0.193 ± 0.023 0.0206 ± 0.047 0.196 ± 0.043 0.201 ± 0.005

Energy dissipation (MJ/mm3) 6.79 ± 1.75 5.83 ± 2.90 6.8 ± 2.31 6.22 ± 2.23

fiber of lamella of 1 µm of diameter and each small fibril of
approximately 100 nm in diameter or even smaller (Estrada
et al., 2020). The phenomenon when these collagen fibers
undergo tensile loading has previously been described to slide
and reorient in a different direction, and this reorientation
mechanism was studied using the X-ray diffraction method
where the fibers tend to straighten themselves in the axis of tensile
stress because of each individual fibril slides and stretches in
the direction of tension (Zimmerman et al., 2013) and enabling
them to undergo excessive strains without failure (Sherman
et al., 2017). Upon further investigations, it was found that
the upper limiting layer of the arapaima scales consisted of
high mineralization of calcium content, which are present in
voids (Bezerra et al., 2019) and hydroxyapatite (HA), which
makes the limiting layer strong, hard, and tough, determined
using energy-dispersive X-ray spectroscopy (Bezerra et al., 2020).
Nevertheless, Bouligand structures can also undergo fracture, but
it is resisted due to being in a twisted manner that propagates
crack along the twisted path but greatly resists fractures as found
numerically by Suksangpanya et al. (2017).

In addition, dermal armor of boxfish, which is also known
to have a protective property against predators. Their structural
configuration found to be hollow honeycomb-like pattern as
shown in Figure 6. These are also composed of collagen fibers
but not as strong as the structural arrangement found in other fish
scales (Garner et al., 2020). The very reason for its low-strength
armor capabilities as compared to other fish scales lies within the
fact that these scales do not overlap and are only in a single-
layer configuration, but due to high mineralization within the
scales, they tend to exhibit some protection and flexibility of some
consideration (Yang et al., 2015).

Teleost fish scales, similar to those in A. gigas, also display
a great toughness due to being highly rich with collagen fibers.
Though having a cross-ply layer of stacked collagen fibers
reinforced with HA (Dastjerdi and Barthelat, 2015) rather than
in a twisted plywood configuration as found in A. gigas. the
presence of collagen is quite prominent in every type of fish
scale whether it provides excellent protecto-flexible property
or adequate enough for some optimization and consideration.
Interestingly, the reason collagen fibers display such an exquisite
mechanical property is due to the fact of their own structure,
which at a molecular level, is constructed in a triple helix manner
for each fibril (Sherman et al., 2015), and this is what provides
different favorable properties that vary on mineralization and
hydration property in each fish scale as Table 2 displays a
summary for each type of fish scale.

FIGURE 6 | Boxfish scale geometry and structure in high magnification
(Garner et al., 2020).

RAPID PROTOTYPING OF BIOMIMETIC
DESIGNS

As far as the simulative study of biomaterials are concerned, their
rapid prototyping (RP) can ensure a promising application in
the industrial sector and in military applications. However, the
availability of materials for rapid prototyping by modern means
can pose additional challenges.

The most recent type of work being performed in order
to manufacture biomaterials proved to be a very ingenious
method, utilizing the ultrasound direct-write printing technique
(Ultrasound-DW) to tailor the microstructures relevant to
desired mechanical and material properties. It was noticed
that the factors in the Ultrasound-DW setup like frequency
of operation and printing speed determined the overall
manufacturing properties (Wadsworth et al., 2019). Similarly,
in terms of the medical field, the RP techniques being used
recently are at a whole new level, especially taking into
consideration of 3D printing technologies, which mainly include
PolyJet multimaterial printing2 and two-photon polymerization
(Meyers et al., 2018).

2https://www.initial.fr/en/about-initial/
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TABLE 2 | Summarized comparison of fish scales and their characteristic.

Fish Layers Configuration of scale Thickness Young’s modulus

Arapaima gigas Three Twisted Plywood/Bouligand 1,600 µm 1.2 GPa

Teleost Two Bouligand 300 µm 2.2 GPa

Polypterus senegalis Four Orthogonal 400 µm 2.2 GPa

Striped bass Two Orthogonal 200–300 µm 1 GPa

Grass carp Two Twisted Bouligand 25–330 µm 0.27 GPa

Boxfish Two Hollow Honeycomb Bouligand 60–100 µm 50 MPa

Additionally, there are other manufacturing perspectives of
bioinspired materials, which can ensure very authentic outcomes
upon the implementation of modified RP techniques that can
benefit greatly if usage of liquid-based, solid-based, or powder-
based feed materials are considered by which there is a very
high probability of achieving exceptional quality macrostructures
in the case of bioprinters (Touri et al., 2019). Moreover,
fused deposition modeling (FDM) should be practiced to print
composite like bioinspired materials as that is the quickest form
of 3D printing, with proper printing parameters like nozzle size
and nozzle temperature taken into account (Ko et al., 2019).
To add more, there exists a wide gap between the industry
and the research in order to develop a fine-tune method and
biomaterial optimization if we talk about 3D printing as the best
possible technique to provide benefit to the different industrial
sectors like energy, medicine, automotive, environment, and
military (Poomathi et al., 2020). However, during recent times,
it has been observed that the fabrication of biomaterials is also
possible by utilizing all the rapid prototyping techniques like
3D printing, mineralization, freeze-casting, laser engraving, and
coating-assembly. For instance, collagen material, which is an
abundant fundamental material in fish scales, can be printed
using HA inks easily, but their availability is a concern in some
third world countries (Gu et al., 2016). Upon the fabrication
and manufacturing of potential biomaterials, the ones to be
used in the desired industry have shown the need to focus on
mechanical properties at micro and nano scales to improve the
toughness and the deformation mechanics for a better quality of
synthesis (Mirkhalaf and Zreiqat, 2020). In further applications
of these biomimetic techniques, ceramic materials of excellent
mechanical properties can be incorporated into a very flexible
base to be formed for gloves, which when undergoing stretch, the
overlapped optimized and synthetic scales made of ceramics will
be providing adequate protection and flexure of finger and palm
(Martini and Barthelat, 2016a).

As the RP methods in the development and evolution
of biomaterials are being carried at a whole new level with
exceptional quality of technological advancements, it has been
observed that their usage in the present time is widely dispersed
over the medical field. Since, grafts of bones and skin are being
flawlessly made using biomimicry and materials that represent a
better phase of mechanical properties when subjected to a specific
loading and fixation point. Although the military use in the sector
of defense against ballistics is also being studied at great depth
by the application of RP; nevertheless, there is still a need for
specialty material in order to stand alongside the materials that

are light in weight and have immense toughness. Consequently,
the possibilities also emerge to look into RP of different types of
scale geometry, which can be mimicked to mechanical destructive
testing while inspirationally adding modifications not possible
in nature (Porter et al., 2017). On a different perspective, given
that arapaima scales can be further strengthened at a molecular
bonding level, providing new techniques in the development of
flexible armors, an organic solvent like ethanol proved to be very
effective in strength increment and puncture resistance for low
mineralized scales, which are usually present and obtained from
the lower middle to tail region of these fishes (Arola et al., 2019).
These strengthening mechanism works on the collagen fibrils
as hydrogen bonding begins to form among the solvents that
could be methanol, ethanol, and acetone, providing good and
enhanced mechanical properties (Jiang et al., 2020). To add, fiber-
reinforced composites (FRCs) can also be considered as a very
effective way to construct and mimic the collagenous formation
in a material, as FRCs provide favorable mechanical properties
and also are quite popular (Yaraghi and Kisailus, 2018).

NUMERICAL AND EXPERIMENTAL
RESULTS

Finite element modeling and analyses performed for different
types of fish scales have provided interesting data concerning
their failure mechanism and crack propagation. Lightweight
fish like P. senegalus of considerably small size with thin outer
layer for being and big heavy fish with a thick outer layer like
A. spatula and A. gigas depicted contrasting results when a quasi-
static indentation tests were numerically realized (Chandler
et al., 2014). This presents a considerable potential in designing
a new bulletproof vest by using fish scales. However, before
commercially undertaking the project, to use them on a vast scale
in the bulletproof vest technology, a vast experimental campaign
needs to be executed to validate these results. It would otherwise
be unsafe to claim the effectiveness of the design approach.

Investigations on marine laminates of five different materials
show the damage penetration in the respective thickness of
the materials. If the laminates were very thick, the face would
undergo bending, which will delaminate the soft substrate
layer and eventually giving up to penetration (Sutherland and
Soares, 2006). Therefore, a resistance to impact forces can be
accompanied with a laminate of Kevlar R© along with another
marine type composite to be applicable for ballistic purposes and
used only for small caliber ammunition.
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FIGURE 7 | Impact of projectile on segmented composite armor (A) square, (B) hexagonal, (C) rhombic, and (D) circular geometries to observe force distribution
when the impact is on center of scale (on left column) and when off-center (on the right column) (Miranda et al., 2019).

Miranda et al. (2019) performed a numerical simulation
using Abaqus R© (Dassault Systemes, France3) as the finite element
modeling software to carry out different impact testing scenarios
with changing scale dimensions as compared to the dimensions
of the projectile.

Inspired by boxfish scale structure (Figure 3), a numerical
simulation was performed (Miranda et al., 2019). Miranda et al.
used a projectile of a diameter that would be as big as a
single scale. However, these experiments were conducted on
varying scale sizes, shapes, and configurations to optimize the
design for the best protection, reduction in kinetic energy,
energy absorption. and impact resistance. Figure 7 illustrates

3https://en.wikipedia.org/wiki/Dassault_Syst%C3%A8mes

a variety of configurations toward impact loading using a 20-
mm diameter projectile. For the tested case scenario, both the
front and back surfaces of load distribution were investigated
to figure out the extent of force and energy transferred from
the front (impact side) of the sample to its backside if different
configurations like square, hexagonal, rhombic, and circular
arrangements. The projectile was shot at the center and off-center
for each configuration to observe how and what reaction will
each configuration and impact positioning offer. Consequently,
the findings were that it would be better to use a projectile
as big as the scale because it implied that the forces would be
transferred to the scales adjacent to the targeted ones, especially
in a hexagonal configuration. Also, if scales were smaller than
the projectile itself, the boundaries could be a potential risk to
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leak some of the kinetic and impact energy toward the body.
However, in the boundaries, there was a risk of some of the kinetic
energy being leaked through the sample, which posed quite a
concern that it would be the weak point of the whole structure,
and it will not be able to hold after a couple of impacts at the
boundary points.

As scales are housed upon a soft substrate, it provides
flexibility to the body and allows some dampening effect. In this
perspective, mechanical tests were performed on scales mounted
on a soft elastic substrate. The scales were covered with four
different types of soft-layered covers, and in some conditions,
grit was also used in the soft layer of cover on top of the scales
to examine the probability of impact force deflection if a blunt
projectile or object is targeted on it (White et al., 2019). It makes
a lot of sense to add soft layers of covers with grit particles
suspended inside, since it will provide a significant amount of
dampening if subject to a blunt projectile. As the purpose of
bulletproof vests is to reduce the number of forces and energy
travel toward the human torso that can cause mild injuries,
which is very disturbing, considering the scale of momentum
being transferred from a small bullet at a very high speed
toward the human body, which will first be experienced by the
bulletproof vest and subsequently be transferred to the human
body after whatever remains of the energy. Additionally, using
bio-based epoxy laminates could be a potential source of additive
manufacturing to obtain excellent flexure properties and a good
amount of impact energy absorption (Scarponi et al., 2016). Since
the joints like shoulders, elbows, and knees require constant and
undisturbed movement, protection with thick armor in these
areas could be problematic as it can interfere with movement in
a combat scenario. Hence, incorporating these bio-based flexible
epoxy laminates with scales embedded in them could be a very
good feature and improvement to develop and produce armor
for the joints by providing ease of mobility.

According to Yang and Quan (2019), fish species known
as Arapaima have scales, which possess excellent mechanical
properties as they are known to be found in the Amazon
River, these fishes protect themselves from piranha bites, which
has a brutal force to even tear off human flesh into pieces.
Therefore, for close combat situations where combat knives and
small caliber firearms are suspected, these materials could be
considered as one of the choice materials for the bulletproof
vest technology, and they can be processed through various
techniques while keeping in focus the principle of elasmoid
scales, which acts strong and flexible due to a soft layer beneath
the hard scales to provide ease of mobility. Torres et al.
(2015) tested A. gigas scales through different types of impact
loadings to determine their true values of elastic modulus as it
is known to have a deviation when hydrated and dry. It was
found that in conditions where impact tests were conducted at
room temperature and cryogenic conditions clearly indicated
a full fracture at the latter condition and did not undergo
full fracture in room temperature, i.e., these scales were dry.
Moreover, in case of hydrated conditions, the Young’s modulus
was lower in the scales than in dry conditions, i.e., 1.2 GPa
instead of 0.1 GPa after performing a series of tensile tests
(Lin et al., 2011).

Bruet et al. (2008) have cited historical aspect of fish and
their scales in their research about fish scales and associated
mechanical properties. They found that a species, which goes by
the biological name of Polypterus senegalus bear a very tough
and outer scale on its body. Owing to extensive finite element
analysis (FEA) and experimentations, it was concluded that
they possess some outstanding mechanical properties that are
maximum at the outermost hard scale and decrease gradually
as we move further in toward the body, all the way to the
bones showing a very good amount of stress values that it can
endure. These findings show their potential candidacy for body
armor applications.

Synthesis and manufacturing of these scales for experimental
testing are very essential to gather authentic experimental data.
Thanks to the technological advancement in manufacturing, like
additive manufacturing techniques that are capable of producing
parts using composites and hybrid materials that can possess
similar properties as metals but can be lower in weight and
material handling. Fish scale materials and specimenfor impact
tests to study their resistance against ballistic projectiles can be
manufactured. This is how biomimicry could help validate all
the numerical data being recorded via finite element modeling
and simulations (Le et al., 2019). Martini et al. (2017) have
looked into this very technology of 3D printing bioinspired scales
from alligators, fishes, and armadillos to understand and study

FIGURE 8 | (A) Isolated rectangular scale, (B) simple array of rectangular
scales, and (C) simple array of slanted scales (Martini et al., 2017).
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FIGURE 9 | A detailed illustration of scale slant angle, aspect ratio, and scale thickness for optimized flexibility and puncture resistance (Shafiei et al., 2020).

the effectiveness of each type of scale, scale orientation, and
geometry. They conducted the experiments using 3D printed
ABS photopolymer on a polyurethane substrate in isolated and
arrayed scale arrangements to observe the behavior individually,
and the scales were of rectangular and slanted geometry, and
upon experimentation, it depicted that slanted orientation of the
scales was much effective in providing scale-to-scale interaction
and stability to the overall network of scales, which also deflects
the projectile away from the target, as shown in Figure 8. For
further experimentations on flexibility and puncture resistivity
aspects, it was extremely important to preserve these properties
in an array of scale for which topologically interlocked scale
geometry and configuration was preferred as it provided 10 times
the puncture resistance with very minor sacrifice in flexibility,
which is still considered to be 18 times beneficial than a
simple rectangular array of scales. Additionally, upon modeling
different scales at different slant angles and aspect ratio, the
gap between each scale is also a crucial parameter, as too much
of a slant angle can potentially increase contact points under
concentrated loading. Consequently, the scale would raise the

puncture resistance but at the cost of impaired flexibility (Shafiei
et al., 2020) as illustrated in Figure 9.

Moreover, in the last decade, there has been a breakthrough
toward the application of body armor inspired by fish scales
in a research funded by The United States Army where an
extremely flexible and light-weight body armor was given
preference for the development (Rudykh and Boyce, 2014).
These armor applications were applied after considering
the laminations of the scales and their arrangement to
obtain super flexible structure without compromising protective
properties of the elasmoid composite (Rudykh and Boyce,
2014). For such an inspiration, fish scales were used and
3D printed using a very complex and unique sort of hybrid
polymer that persisted an elasmoid type attributes and also
provided exceptional ballistic protection from firearms (Rudykh
et al., 2015). The scale orientation in these experiments
was also considered. In a three-point bending test, the
scales demonstrated exceptional resistance against a 5-mm
radius pointed cylinder. For the variations in inclination
angles of the scales with respect to the volume fractions,
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FIGURE 10 | Deformation illustration on the laminates of scales at increasing inclination angles (top to bottom) with decreased volume fraction and increased
indentation depth (left to right) (c: volume fraction) (Rudykh et al., 2015).

interesting results were witnessed as illustrated in Figure 10.
Moreover, upon examining the substrates with overlapping
scale configurations, there is always a limit toward the
non-idealistic geometry. This happens when the scales are

present on only one side of the substrate, and the scale
engagement can cause a huge difference in the displacement
of the whole sample when subjected to bending in contrasting
directions (Ghosh et al., 2017).
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These results being gathered by Rudykh and his team present
the different aspect of inclination came to a verdict about 30◦

of angle being an optimal configuration of the setup to be
used to have a greater penetration resistance and flexibility that
was very impressive considering the protecto-flexibility required
by the new kind of light-weight and extremely effective vests
for the future. Moreover, a similar design pattern was studied
numerically by Liu et al. (2016). It was a more focused study
toward the shape and geometry of a scale intended for the
ballistic impact testing. Initially, a hexagonal shape of scales
was considered, but they were then finally considered to be
circularly overlapped with each other of some specific thickness.
The results produced from the impact tests showed that the

scales would puncture or fail if a projectile traveled at 878 m/s.
Silicon carbide circular scales were prepared with an aluminum
substrate held together by Kevlar R© showed quite impressive
results. Due to the increased hardness of the scale and an
overlapped configuration, it was determined that the projectile
will just transfer the kinetic energy to the adjacent scales and
may just deform the scale plastically instead of puncturing
through it. Similarly, upon further investigations, it was found
that elasmoid fishes possess some really intriguing properties,
especially the species like teleost, which have an overlapping
scale configuration, naturally making it a very credible candidate
for armor applications as the numerical results can demonstrate
the capability of withstanding larger values of puncture loads

FIGURE 11 | Contours of stress and strain taken at 5 N/mm force over three configurations of scale overlapping and scale volume (Browning et al., 2012).

FIGURE 12 | (A) Scale arrangements used for tests: stacked, staggered (natural) overlap, and rotated, (B) force displacement curves for the three scale
arrangements, and (C) “sink-in” mechanism of scale and substrate deformation (Zhu et al., 2013).
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of teleost fish scales (Vernerey et al., 2014). Furthermore, the
protection and flexibility of armor were determined by the scale
overlapping and the volume of material used which should be
effective enough to provide resistance against ballistic impacts
as results from numerical simulations shown in Figure 11
(Browning et al., 2012).

It could be very illustrative and clear that the biomimicry
being adapted in body armor applications has a lot to offer but
with specially designed materials for additive manufacturing.
Since, these materials are not available readily and need
additional development techniques to incorporate properties to
sustain ballistic impacts lighter in weight than conventional
Kevlar R© type vests.

Upon further examining the structure and mechanical
performance of the modern fish scale of striped bass, the scales
were studied further for penetration of a sharp projectile if

subjected to impact on their hard-outer bony layer supported
by a softer cross-ply of collagen fibrils (Zhu et al., 2012). The
results generated from these experiments illustrated a puncture
and penetration of the projectile in two stages, i.e., the first
stage consists of bony layer cracking in fourfolds which into the
second layer of collagen layer is resisted very effectively due to the
bilateral tension produced in the collagen layer, which requires
the projectile to have 50% more penetration force to completely
penetrate through all the scales.

Zhu et al. (2013) conducted further real-life experimentations
with improved scale overlapping in different configurations
namely stacked, staggered, and rotated. They summarized that
if the scales are stacked upon each other, it would present
a much greater penetration resistance, and with the added
mineralized collagen fibrils, it would be even tougher than
the previous tests conducted as shown in Figure 12. Since

FIGURE 13 | Detailed illustration of puncture from the sharp projectile into the scale with a soft substrate (Zhu et al., 2012).
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FIGURE 14 | Honeycomb-like structural sandwich for impact absorption (Qi
et al., 2017).

indenters/projectiles are designed for considerable damage and
penetration, therefore, if they could be coated with a material to
prevent the catastrophic fracture failure, these biomaterials can
be ensured to withstand much higher penetration indenters (Yao
et al., 2015). Comparably, a sample of teleost fish was investigated
for a similar purpose of its flexure as a whole, and it proves that
having an external tendon on its skin provides locomotion and
flexibility that subsequently has also no major effect on stiffness
reduction when descaled (Szewciw et al., 2017).

From the illustrated SEM imaging in part (C) of Figure 13,
it can be observed that the outer bony layer was completely
punctured, whereas the softer layer of collagen holding the bony
structure together experienced only a slight penetration and
resisted from puncturing throughout the whole protective layer.
Where part (A) and part (B) are illustrates a graphical and
visual perspective, respectively, of the projectile penetration in
three stages of deformation. Part (B) provides a side view of
the scale and the projectile and the depth with of deformation
in each gradual succession. Similarly, when discussing arapaima
fish being attacked by piranhas, their fierce and forceful bites
fail to penetrate completely toward the body of fish and the
teeth suffer from fracture before achieving complete penetration
(Meyers et al., 2012). Vernerey and Barthelat (2010) also support
the fact about fish scales to be of greater penetration resistance
when the scale density is increased, i.e., the strain–stiffening
property is greatly enhanced. This could imply the fact that it
would be quite challenging for a bullet or a sharp projectile
carrying speed and energy, if it were to collide with a specially
designed scale armor to completely penetrate. The reason also
lies within the microstructures of these scales as they contain
the collagen fibrils in a laminated form, and each of the fibers
is co-aligned in each layer, which is stacked at about a 90◦

rotation in each layer. These scales are then further reinforced

FIGURE 15 | (A) Discontinuous Bouligand fibers and (B) the numerical result
of energy absorption (Wu et al., 2020).

with HA nanocrystals, which explains their excellent mechanical
properties (Torres et al., 2008). However, when considering a soft
substrate with a hard plate or scale on the outer layer, concerns
arise for the stability of scale under impact loading. This can be
tackled successfully by designing the scale of a considerable size
while having greater friction between the substrate and the scale,
which could potentially provide a much sturdy condition to resist
puncture and sustain flexibility (Martini and Barthelat, 2016b).

Considering other options to deflect energy and resist
penetration, there are some other structural designs to
incorporate into the vest as a dampening mechanism and
penetration-resistant mechanism for the ballistic projectiles.
A honeycomb-like sandwich structure, as shown in Figure 14,
containing scales on either surface of the honeycomb structure
could provide excellent energy absorption and penetration
resistance on highly exposed flat areas, like the chest, which
would be light weight and flexible as a similar technology is
being considered for military vehicle and bunker purposes for
protection against improvised explosive devices (IEDs) and
bombs (Qi et al., 2017). However, considering armor-piercing
incendiary 12.7 mm rounds, extreme cases of heavy armor can
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be studied. These could still be lighter than traditional level-
II heavy armor if incorporated into hexagonal thick scale-like
protective coating with epoxy is considered. Latter is often used
against concrete and has displayed favorable results in reduced
damage and crack propagation (Sun et al., 2015). However, this
condition could be applicable only if many staggered layers of
protection are used which would only make the armor bulkier
yet still lighter.

Furthermore, looking into great depths of Bouligand-like
structure of a scale from an arapaima scale, numerical simulations
provide an evidence in preferring a discontinuity in fibers
through the layers of collagen ply to successfully increase fracture
resistance and crack insensitivity which is demonstrated in
Figure 15 (Wu et al., 2020).

CONCLUSION

This paper presents a clear and up-to-date picture of the various
types of scales that can be considered as potential candidates to
develop new and improved body armors. A. gigas fish possesses
remarkable mechanical properties and is found effective to
counter ballistic projectile from small firearms and small caliber
bullets. Since these fish contain collagen fibrils beneath their
scales and are covered with an extremely dense mineralized
material over the top, the scales act very effectively in providing
the protection required and the flexibility needed in a combat
situation. The effective armor-like properties in these scales arise
due to the helicoidal or twisted cross plywood-like orientation of
each lamellae of collagen fibers with the convincing distribution
of forces and energy upon impact loading (Liu et al., 2020).
However, teleost fish is also considered to demonstrate great
mechanical properties in similar conditions where penetration
resistance is favored, but they possess an anomaly in both dry and
hydrated conditions of the scale while from different regions on
the body of fish (Rawat et al., 2021).

Numerical simulations and experimental campaigns have
been very helpful in determining the type and configuration to
use for the scales of the manufacturing of a real-life armored
material by use of lightweight yet tough impact resistant materials
in the form of a composite. The point of interest also includes
the amount of energy and momentum transferred through the
bullet, which will be quite significant if the overall weight and

thickness of the vest would be reduced. However, to deal with
the energy absorption and dissipation, the microstructures found
naturally in these scales could be a potential choice given their
excellent mechanical characteristics. It is concluded that ballistic
performances are not as favorable for cross-ply laminates, which
mimic the Bouligand structure. Since the failure mechanism
occurs in front which forms a domino of delamination letting
the projectile slip through the fibers. On the other hand, when
fibers are tough and brittle, they interfere with the performance of
projectile and saving an object from the impact on the other side.

Similarly, considering the manufacturing and synthesis of
biomaterials will be utilized later on in their respective fields
of applications. The methods exist but on a wide variety
of microstructure, building blocks are available and each
configuration at a micro-scale level poses a challenge in
obtaining important mechanical properties like toughness and
deformation. Therefore, the availability of feed material for 3D
printing or stereolithography is crucial. Furthermore, biomaterial
processing for the medical field, energy industry, defense sector,
or environmental sector is also challenging. Rapid prototyping
of these materials does display a huge benefit, especially with
the cost and efficiency of designing and manufacturing of
the components. It is expected that the application of rapid
prototyping will rise and grow at a much greater level if the raw
material for 3D printers and PolyJet printers can be designed and
utilized with desired mechanical properties and building block
microstructures.
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