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ARTICLE INFO ABSTRACT

Keywords: We compare the characteristics of the armored scales of three large fish, namely the Arapaima gigas
Scales (arapaima), Latimeria chalumnae (coelacanth), and Atractosteus spatula (alligator gar), with specific focus on

Bioinspiration their unique structure-mechanical property relationships and their specialized ability to provide protection from
Bouligand predatory pressures, with the ultimate goal of providing bio-inspiration for manmade materials. The arapaima
22;%:2:} éar has flexible and overlapping cycloid scales which consist of a tough Bouligand-type arrangement of collagen
Arapaima layers in the base and a hard external mineralized surface, protecting it from piranha, a predator with extremely

sharp teeth. The coelacanth has overlapping elasmoid scales that consist of adjacent Bouligand-type pairs,
forming a double-twisted Bouligand-type structure. The collagenous layers are connected by collagen fibril
struts which significantly contribute to the energy dissipation, so that the scales have the capability to defend
from predators such as sharks. The alligator gar has inflexible articulating ganoid scales made of a hard and
highly mineralized enamel-like outer surface and a tough dentine-like bony base, which resist powerful bite
forces of self-predation and attack by alligators. The structural differences between the three scales correspond
with the attack of their predators, and show refined mechanisms which may be imitated and incorporated into

superior bioinspired and biomimetic designs that are specialized to resist specific modes of predation.

1. Lessons from natural dermal armors

Nature has produced an extraordinary number of unique and
specialized materials over hundreds of millions and even billions of
years of evolution. For thousands of years natural designs have
provided inspiration for manmade structures, such as ancient armors.
However, it is only in recent times that humans have come to realize
that studying, understanding, and mimicking these materials may
serve as an important route for the design and development of new
specialized synthetic materials. Despite being comprised of only a
limited palette of constituents with relatively modest mechanical
properties, biological materials can exhibit remarkable combinations
of strength, toughness and reliability that are crafted through ingenious
designs involving hierarchical assemblies and gradients in composi-
tion, structure and properties. This has stimulated many studies
throughout the world to seek to understand biological materials and
the mechanisms that are responsible for their functions, e.g., Sacks and
Sun (2003), Meyers et al. (2008), Ji and Gao, 2010 and Chen et al.

(2012). As the principles underlying the properties of biological
materials become clarified, they can be applied to the development of
new materials. Two recent examples include a bioinspired glass,
produced by Chintapalli et al. (2014), which mimics natural designs
to display exceptional toughness, and freeze-cast bioinspired aniso-
tropic ceramic scaffolds produced by Porter et al. (2012) as a refine-
ment of a synthesis method developed by Deville et al. (2006) and
Munch et al. (2008). Unfortunately, there are not too many current
examples of successful bioinspired structural materials and processing
them can be extremely complex (Wegst et al., 2015). However,
advancements in manufacturing are opening new and exciting oppor-
tunities, and the development of a bioinspired, synthetic flexible armor
is a goal worth pursuing.

With regards to natural dermal armor, fish scales are a common
example and have been the subject of much research, particularly over
the past decade. They are an intriguing topic because they have
provided effective protection to fish for eons; some armored fish have
existed prior to the dinosaurs, which came into existence 225 million
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years ago. The fish scales have been traditionally classified into four
groups: placoid, elasmoid, cosmoid and ganoid. Placoid scales are
denticles with a flattened rectangular base plate embedded in the fish
body, and spines which project from the posterior surface. They have a
core with pulp which is surrounded by dentine and an outer vitroden-
tine layer. Cosmoid scales are similar to placoid scales and likely
evolved from the fusion of them; they have dentine, vitrodentine and a
tissue complex known as cosmine with interconnected canals and flask-
shaped cavities, but lack a pulp core. These rigid rhombic scales are
now, unlike the other scale classifications, entirely extinct. Ganoid
scales are modified cosmoid scales which are also rhombic, rigid, and
jointed articulating scales of two layers. A thin mineral surface layer
called ganoine replaces the vitrodentine, and lies atop a bony founda-
tion which replaces the cosmine. Peg and socket joints often join
ganoid scales. Elasmoid scales likely evolved from ganoid scales and
are the most common among living vertebrates. They are thin and
imbricate, resembling shingles on a roof, and consist of a bony surface
and a fibrous layer beneath of collagen. There are two subcategories,
ctenoid and cycloid, the difference between being that ctenoid scales
have developed surface spines which are bony and grow from the body
of the scale to the surface and the cycloid scales have a smooth surface
(Sire and Huysseune, 2003; Helfman et al., 2009; Sire et al., 2009;
Vickaryous and Sire, 2009).

Each of these scales has unique features and provides protection
with a modest weight penalty. In order to learn from natural fish scales,
modern tools and techniques, such as electron microscopy, nano-
indentation, computer x-ray tomography and finite element analysis,
provide insight into the features at the nano to macro level and reveal a
variety of toughening mechanisms that make fish armors highly
effective. Early studies on fish scales of this nature include
Polypterus senegalus (Bruet et al., 2008; Song et al., 2011), Morone
saxatilis (Zhu et al., 2013), Arapaima gigas (Torres et al., 2008; Lin
et al., 2011) and Atractosteus spatula (Allison et al., 2013; Yang et al.,
2013).

One principal function of fish scales is to resist penetration from
predators. In particular, the manner in which they resist pressure by
teeth has been addressed by several researchers. Zhu et al. (2012)
performed penetration tests on a Morone saxatilis (striped bass) fish
scale using a steel stylet simulating a sharp tooth. They compared the
force-penetration response of whole fish scales and just the collagen
layer with that of the synthetic polymers and found marked differences.
By analyzing the penetration sequence in the bony surface and
collagenous foundation, they classified it into three stages: stage I
represents a linear relationship between force and penetration distance
due to flexing of the scale and penetrating into the surface bone layer.
Stage II begins with a small force drop associated with the crack
opening in the bone layer and radiating from the penetration point
which finally propagates into the collagen layer. In stage III the force-
displacement curve plateaus as the stylet punctures the collagen layer.
In similar vein, Vernerey and Barthelat (2010) described the load
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redistribution mechanisms (proportional to scale size) from penetra-
tion on the overlapped fish scales (Fig. la). They also described
relationships between scale density, ratio of angular attachment
stiffness to bending stiffness, and a variety of other properties which
are key to the scales’ protective function (Fig. 1b) and vary according to
the environment in which the fish lives. If escaping from a predator is
critical, the structure of fish scale is “designed” in terms of flexibility
(strain stiffening) and lightness; if the protection from a predator is
more important, higher resistance to fracture and average bending
stiffness are design criteria. Similarly, characterizing the structure,
quantifying the mechanical parameters and understanding the salient
mechanisms can provide insight to understand the environment in
which the fish exist, the types of predators the fish may have faced, and
even aids in understanding the evolution of the fish.

In this review, we focus on the three resilient fish (Fig. 2) whose
highly effective dermal armors have protected them survive for millions
of years, namely Arapaima gigas (arapaima) (Torres et al., 2008; Lin
et al., 2011; Zimmermann et al., 2013), Latimeria chalumnae (coela-
canth) (Roux, 1942; Smith et al., 1972), and Atractosteus spatula
(alligator gar) (Allison et al., 2013; Yang et al., 2013), with an emphasis
on the structure-mechanical property relationships in their respective
armored scales. It has been established that the properties of fish scales
may vary with the head, body, and tail having unique traits (Marino
Cugno Garrano et al., 2012; Murcia et al., 2015), but this case there is
no knowledge of what specific part of the animal they are from; this
may lead to some experimental variation. The arapaima is a huge fish
which lives in the Amazon and grows upwards of 3 m in length and 200
kgf in weight (National Geographic, 2016a). Its fossil records have
remained the same for at least 23 million years, and it evolved in order
to peacefully cohabitate with the piranha, a predator with famously
sharp tricuspid teeth with a tooth tip radius of 13 um. Despite its
ferocity, the piranha possesses a relatively small bite force, estimated
by Meyers et al. (2012) as 20 N. The coelacanth is another large fish
which lives at up to 700 m deep in the Indian ocean (specimens have
been found in the Madagascar and Indonesian coasts), and grows to
2 m in length and 90 kgf in weight. It has existed for 400 million years,
and was thought to have gone extinct with the dinosaurs until
rediscovered in 1938 (Smith, 1939). Shark bite marks found on
coelacanths suggest that the shark is one possible predator (Fricke
et al., 1991). Shark teeth are nearly as sharp as the piranha's, with a
16 um tooth edge radius, but different types of sharks possess biting
forces ranging between 1-2400 N (Huber et al., 2009; Mara et al.,
2010; Ferrara et al., 2011). The bite force of sharks is surprisingly low,
and this is understandable because they do not possess bones and only
cartilage. Finally, the alligator gar is a third large fish which lives in the
brackish waters around the Gulf of Mexico and grows up to 3 m and
140 kgf (National Geographic, 2016b). The gar has existed in its
current form for roughly 100 million years, and must protect itself
from alligators. The alligator has 80 teeth although it may generate
3000 over its life (Potts, 1998), but these teeth which are not
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Fig. 1. (a) Scales redistribute an applied load in a region proportional to the scale size. This also leads to a greater penetration resistance. (b) Plot of attachment to scale stiffness ratio as
a function of scale density illustrates several relationships between scale properties and features of the response such as average bending stiffness, resistance to fracture, and mass

density (from Vernerey and Barthelat (2010)).
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Fig. 2. Ruthless predators and their prey. (a) The piranha is an infamously ferocious fish which cohabitates with the arapaima in the Amazon; the arapaima grows up to 3 m in length
and 180 kgf in weight. (b) The shark is suspected to be the main predator of the coelacanth, which can grow to over 2 m in length and 90 kgf in weight. (c) The alligator, known for its
massive jaw strength and powerful attacks, cohabitates the Mississippi basin with the alligator gar, a fish which grows up to 3 m in length and 140 kgf in weight.

particularly sharp, have a tip radius of the order of ~80—130 pm for
juveniles up to 3 mm for adults. This lack of sharpness, however, is
compensated by powerful jaws capable of bite forces of 10 N to 10 kN,
depending on the size (Erickson et al., 2003; Erickson et al., 2004).

2. Arapaima gigas
2.1. Structure of arapaima scales

As shown in Fig. 3, the arapaima fish has elasmoid scales (cycloid as
the sub-classification) which are composed of a hard and stiff outer
mineral layer and a tough lamellar Bouligand-like collagen structure
beneath. The scales are overlapped and arranged with a degree of
imbrication (exposed length/total length) equal to 0.4 and aspect ratio
(length/thickness) of 50 (Yang et al., 2014). The average number of
scale layers covering the fish's body is three, and the darker parts of the
scale are exposed while the light parts are overlapped by surrounding
scales (Fig. 3). The exposed scale is covered by a thick mineral layer
(~1 mm in adults) with ridges on the surface; in the embedded portion
of the scale the mineral layer is thinner (~0.5 mm). Beneath the
mineral, collagenous lamellae display a Bouligand-type structure,
involving large (~45-90°) angles between adjacent layers. Individual
lamella consists of parallel and straight collagen fibrils, although there
is significant misorientation between the fibril directions in adjacent
lamellae. Fibrils can be imaged by transmission electron microscopy
(TEM), as shown in Fig. 3, where the misorientation between the two
visible lamellae is visible. The cross-section of fibrils in layer 1 of
collagen is elliptical and the periodicity of the banding in collagen

Cross-section of scale

fibrils in layer 2 is ~50 nm, i.e., less than the 67 nm characteristic d
period of collagen. This indicates that the fibrils are at an angle to the
surface, which can be calculated as 6=arccos(50/67)=~40°, and that
the included angle between the two layers is less than 90°.

2.2. Mechanical response of arapaima scales

Owing to the large overlap area over the entire fish, the flexibility of
each individual scale is a requirement for the mobility of the arapaima.
As such, its scales are flexible in all directions, a characteristic of all
elasmoid scale classifications as compared to ganoid scales, such as
those of the alligator gar. When these scales are tested in tension in the
longitudinal and transverse directions (Fig. 4a), with the mineral layer
either intact or removed, there is a substantial decrease in the strength
with the mineral layer present. This decrease is associated with the
mineral's inability to carry tensile load due to the presence or formation
of microcracks, i.e., the outer mineral layers merely increase the cross-
sectional area and correspondingly decrease the stress. Although the
arapaima fish scale is flexible in all directions, the scale in the
longitudinal direction, i.e., along its length, is stiffer (0.5 vs. 0.2 GPa)
and stronger (25-50 vs. 15—20 MPa) than in the transverse direction
(Yang et al., 2014). The stronger and stiffer direction of the scale aligns
with a possible exotendon function of the scales, where scales store
energy for more efficient swimming (Brainerd, 1994). The more
compliant direction allows the scales to accommodate movement as
they conform to the curvature of the fish body. However, as previously
addressed, the specific location of the scales on the fish is unknown and
this effect may vary throughout the fish.
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Fig. 3. Structure of the scale of Arapaima gigas. The arapaima's elasmoid scale has a hierarchal structure which is designed to defend against piranha attacks. The underlying shape of
the scales can be seen in the overlapping arrangement schema of five scales. The exposed portion of the scale is dark and consists of mineral ridges atop a Bouligand -type lamellar base
of collagen, creating the cross-section shown. The white part of the scale is covered by surrounding scales, and consists of the same Bouligand layers as beneath the mineral ridges. These
collagen layers are made of sheets of oriented collagen fibrils, roughly 200 nm in diameter and with some degree of mineralization; two layers of differing orientations are observable in

the TEM micrograph (adapted from Zimmermann et al. (2013) and Yang et al. (2014)).
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Fig. 4. Mechanical response and lamellar rotation of the arapaima scale. (a) The tensile response of the arapaima scale is characterized by elastic and plastic regions (Yang et al., 2014).
The tensile response of the scales shows that they are weaker when the mineral layer is not removed, due to the fact that the mineral is brittle and microcracks defeat its strength. (b) The
variation in lamellar orientation is not consistent between layers. Three orientations of adjacent layers are shown; two at acute angles and one at an obtuse angle. (c) The lamellar
reorientation of these layers can be predicted mathematically based on their initial orientation using Eq. (1). The plotted results show that under load, all layers should reorient towards
the tensile axis, but those layers with the strongest tendency are those oriented roughly 10-30° from the tensile axis. (d) The lamellar reorientation predicted from (c) is measured

experimentally using SAXS. (from Yang et al. (2014) and Zimmermann et al. (2013)).

Scanning electron microscopy (SEM) shows that the lamellar angles
are large and variable (Fig. 4b), and are arranged in a Bouligand-type
structure, which is highly resistant to crack propagation. Under tensile
loading, some lamellae reorient as the deformation is applied so that
the lamellae close to the tensile axis can more effectively carry the
applied load. This reorientation has been estimated theoretically by
considering the elastic stretching, strain-rate sensitivity and interfi-
brillar sliding of the lamellae (Zimmermann et al., 2013; Yang et al.,
2014):

cos ¥(e + 2)
2+C|L|a
(“’)Ef 6h)

where W; is the predicted angle between the lamella and the tensile
axis (positive values correspond to rotation towards the tensile axis),
W, is the initial value of W before the application of the load, & is the
sum of the strain due to the elastic stretching of fibrils and rotation
with the effect of interfibrillar shear, ¢ is the strain rate, ¢ is a reference
strain rate, Ef is the modulus of a fibril, and C is an experimentally
measured constant. Predictions from Eq. (1) for the angular rotation
shown in Fig. 4c¢ indicate that all orientations will rotate towards the
tensile axis, with the most significant reorientation occurring for ¥
angles between 10° and 30°. Corresponding experimental measure-
ments of the scales, under tensile loading with real time small angle x-
ray scattering (SAXS) imaging, provide a detailed observation and
analysis of the mechanisms in Fig. 4d. SAXS results indicate that under
tensile loading, the collagen fibrils oriented to within ~15-30° of the

¥ — ¥ = arccos

loading direction tend to rotate towards the tensile axis, whereas fibrils
in the 61-90° range rotate away from the tensile axis. Owing to the
large angles between layers, as the collagen fibrils oriented close to the
loading direction rotate towards it, the adjacent layers, which are far
from the tensile axis are subjected to tension perpendicular to the
fibrils, causing gaps to open. In addition, interfacial shear and
sympathetic lamellar rotation by adjacent layers contribute to these
orientations, on average, rotating away from the tensile direction (Yang
et al., 2014).

2.3. Arapaima failure prevention strategies

The arapaima can effectively defend against piranha attacks due to
the highly mineralized, hard surface layer of its scale, and a Bouligand-
type structure of the layer beneath. The mineral layer resists the
penetration by a tooth, and the Bouligand foundation provides
strength and toughness to accommodate the deformation. The damage
evolution in the scale, and its corresponding toughness, have been
examined by tensile testing notched specimens of the scale in situ in
the SEM (Yang et al., 2014). Fig. 5 shows a sequence of images
captured during such tests: at the beginning of the tensile test, fibrils at
the notch tip start to delaminate in the vicinity of the notch tip
(Fig. 5a). Under increasing load, the collagen fibrils become stretched,
with some fracturing close to the notch tip, while other fibrils away
from the tip become curved due to the geometry of notch-opening and
the rotating from the layers beneath (shown in Fig. 5b). Before fracture,
more collagen fibrils delaminate (labeled as 1 in Fig. 5¢), some fracture
(labeled as 2), bend or buckle (labeled as 3), but other layers remain
intact and carry the load (labeled as 4 in Fig. 5¢,d). Similarly, Dastjerdi
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Fig. 5. In situ SEM of a crack arrested in arapaima scales under tensile loading. (a) An initially notched scale is loaded in tension in the direction indicated. (b) As stretching continues,
multiple layers become apparent as lamellae stretch, reorient, bend, and buckle. (¢) Lamellar delamination occurs as an energy absorbing mechanism. (d) The crack is fully arrested by

reorientation, bending and stretching of the layers (from Yang et al. (2014)).

and Barthelat (2015) measured the fracture toughness of striped bass
scales (also an elasmoid scale) and found them to be among nature's
toughest materials (J.=15-18 kJ m2). The scales negate the effect of
cracks as they effectively delocalize into wide process zones with the
partially detached collagen fibers engulfing the crack front.

To further assess the effectiveness of arapaima scales, Meyers et al.
(2012) examined how an actual piranha tooth can penetrate the
arapaima scale. With the tooth mounted on the upper fixture of the
testing machine so that it could be compressed into hydrated arapaima
scales, it fractured before complete perforation of the scales occurred
(Fig. 6). The images show the sequence of events (for the tooth and the
scale) during the test, with a picture of the failed tooth as an inset to the
force-displacement plot. Microscopically, the lamellar base of the scales
was observed and shown to serve as a resilient and tough base which
acts synergistically with the hard and stiff outer mineral layer to
prevent penetration from the tooth. Hence, this highly effective armor
allows the passive arapaima to cohabitate peacefully with the piranha,
one of the most vicious and feared fish in the Amazonian waters.

3. Latimeria chalumnae
3.1. Structure of coelacanth scales

The coelacanth has an ancient type of elasmoid scales, which were
present several times during the fish evolution. (Fig. 7). Similar to
cycloid scales, these scales have a dark region with a rough and more
mineralized exposed surface, and an overlapped (embedded) region of
which the surface is light and smoother. The individual scales have an
elliptical shape with various sizes corresponding to the size of the fish
and they are typically ~10-35 mm in size for a 1 m fish. The degree of
imbrication is ~0.34 and the aspect ratio is ~55, similar to the
arapaima. These scales provide protection by means of a highly

200 T T T T
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Fig. 6. Piranha tooth penetration of the arapaima scale. During an indentation
experiment, the piranha tooth attempts to fully penetrate a single arapaima scale. A
sequence of images on the right shows a time evolution of the penetration. The protective
mineral and lamellar Bouligand structure base causes tooth fracture before the scale can
be fully penetrated. The fracture of the tooth is indicated by the drop in force as seen in
the force vs. displacement measurement (identified by black arrows) and the broken
tooth is pictured as an inset within the graph (from Meyers et al. (2012)).

mineralized outer layer with unique “double-twisted” Bouligand foun-
dation (Giraud et al., 1978). The surface of embedded region is shown
in Fig. 7b. From the center of the scale circular annular ridges with
various spacings can be observed. Additional ridges radiating from the
center are initially perpendicular to the annuli and then orient towards
the dorsal-lateral direction. These ridges, shown in Fig. 7c, have a
spacing of approximately 30 um. On the surface of the exposed region,
denticles protrude from the scale towards the direction of the fish tail
(Fig. 7d). The mineral layer is needed for protection, although Sudo
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Fig. 7. Overview of the scale of coelacanth. (a) The entire body of coelacanth is covered by elasmoid scales. (b) The scales are oblong and the complete surface of the scale is comprised of
stacked layers, which originate at the intersection of the exposed and covered portions of the scale. A ridge at the edge of each oval layer transitions to the layer beneath. (¢) Each layer
has comb-like ridges which radiate from the center of the scale. (d) The exposed portion of the scale has denticles which angle towards the tail of the fish. (e) Cross-sectional view of the
scale shows the internal collagenous lamellae. (f) SEM and (g) TEM of adjacent lamellae the collagenous struts connecting them. (h) An oblique cross-section shows the change in
orientation of adjacent layers. (i) The progression of layers and orientations shown schematically (from Giraud et al. (1978)).

et al. (2002) studied the scales of the Sebastes inermis (rockfish), which
also has ctenoid scales, and showed the surface roughness aligns with
the direction of the water current and serves to channel flow for a
hydrodynamic advantage.

Beneath the rough and hard exposed surface, the majority of the
scale thickness is composed of collagenous lamellae, identified as
isopedine (Goodrich, 1907; @rvig, 1957; Smith et al., 1972; Giraud
et al., 1978). Isopedine is also present in the ganoid scales of Senegal
bichir (Bruet et al., 2008). The laminated structure of the coelacanth
scale is shown in Fig. 7e. The lamellae in the isopedine have two
superimposed and interpenetrating Bouligand structures with a re-
markably regular arrangement in which the parallel fibers in any one
lamella lie at a roughly 90° angle to the fibers in adjacent lamellae
(Fig. 7i) (Smith et al., 1972; Giraud et al., 1978). The architecture of
the coelacanth scale differs from the arapaima scales, as they have
struts with less ordered collagen fibrils connecting the lamellae and
filling the gaps between collagen bundles. Fig. 7f shows holes in the
scale cross-section which indicate that the collagenous bundles “pull-
out” when the sample is fractured. Transmission electron microscopy

of these scales (Fig. 7g) shows aligned collagen fibrils along the
lamellae and less organized fibrils in the struts, forming a continuous
network. The orientation of lamellae can be readily identified from the
oblique slice shown in Fig. 7h. The fibril directions are marked and
show that the orientations of the collagen lamellae in adjacent layers
are nearly orthogonal, while successive bilayers are characterized by a
clockwise rotation of ~30° (when observing from the top of the figure
down). This arrangement, first described by Giraud et al. (1978) and
subsequently termed “double twisted”, is illustrated schematically in
Fig. 7i, which shows the collagen orientation in each odd layer and each
even layer (including the rotation between the layers), and how the
combination of the two Bouligand structures forms the double twisted
structure.

3.2. Mechanical response of coelacanth scales

The pseudo-orthogonal ‘plywood’ structure of the isopedine of the
coelacanth scales leads to in-plane isotropy, with no significant
difference between the mechanical responses along longitudinal and
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Fig. 8. Mechanical response of the coelacanth scale. Comparison of the tensile stress as a function of strain for the coelacanth scales in (a) the longitudinal and (b) the transverse
direction. The in-plane isotropy results from the periodic relationship between lamellae; the lamellae are oriented as two interpenetrating Bouligand structures (ABAB) where the A and
B orientations are perpendicular to one another and subsequent AB pairs are twisted by ~30° with respect to the previous pair. This structure promotes strength as well as isotropy; the

relatively strong scales have an ultimate tensile strength between 40 and 50 MPa.

transverse directions. Tensile stress-strain curves, shown in Fig. 8a and
b, reveal a Young's modulus in the longitudinal direction of ~210 MPa
with a tensile strength of ~50 MPa, as compared to respective values of
~250 MPa and ~50 MPa along transverse direction. This in-plane
‘isotropic’ mechanical response is substantially different from the
mechanical response of arapaima scales, which have higher strength
and stiffness in the longitudinal direction. The work-of-fracture in
coelacanth scales (area under the stress-strain curve) before complete
fracture is about 10 MJ m~ in both longitudinal and transverse

directions. This is much higher than the work-of-fracture in arapaima
scales, which is 1-2 MJ m~2. This indicates that the role of collagen
struts between the lamellae is important and provides additional
deformation ability to the structure, contributing significantly to the
toughness of these scales.

3.3. Coelacanth failure prevention strategies

Fig. 9a and b shows the extension of a crack in a pre-notched

Fig. 9. Crack arrested by the collagen fibrils and EDX image of outer layer of coelacanth scale. (a) A notched tensile test is paused to illustrate the opening of the scale during tensile
crack propagation. (b) Expanded view of crack tip demonstrating extensive bridging of the crack by collagen fibers and blunting of the crack tip. Individual lamellae are not visible, but a
large amount of collagen fiber pullout and complete lamellar delamination are the key energy absorbing features. (c) SEM of the cross-section of the scale used for energy dispersive x-ray
analysis (EDX). (d) EDX shows high mineral content of outer surface as well as a small amount of mineral distributed in the scale indicated by the blue features. The black area

corresponds to low mineral content.
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coelacanth scale. As the crack propagates, the collagen fibers form
bridges in front of the main crack front and delocalize failure. Thus, the
crack tip becomes blunted by collagen fibrillary bridging, similar to that
shown in striped bass scales (Vernerey and Barthelat, 2014). Fig. 9¢
shows the highly mineralized surface layer (top); element mapping of
calcium in Fig. 9d indicates that this outer layer of the scale has much
higher mineralization than the inner layer.

To examine how these scales defend against an attack by the
coelacanth's predator, the shark, a shark's tooth is attached to a load
frame and penetrated through two scales, with fish flesh placed
underneath to mimic the coelacanth body. The force vs. displacement
curve in Fig. 10 shows two drops as the tooth penetrates through the
two scales. The penetration of one coelacanth scale occurs at approxi-
mately 15 N (the first drop in the curve) and 25 N for the subsequent
scale, which is inferior to the arapaima scale that can withstand loads
in excess of 100 N.' As potential predators of the coelacanth, sharks
with ~ 70 teeth (depending on the species) may have a bite force of up
to 2400 N (blacktip shark: 420 N; horn shark: 200 N; hammerhead
shark: 2400 N; bullshark: 1000 N as summarized by Mara et al.
(2010)). The bite force is distributed across a number of teeth, although
in some cases (especially with larger sharks) the scales would be
expected to suffer penetration. The coelacanth scales would success-
fully defend from many smaller sharks, but inevitably the fish would
fall victim to the more powerful sharks in the ocean. For this reason,
the fish's ability to remain hidden (Fricke et al., 1991) is crucial to its
survival.

4. Atractosteus spatula
4.1. Structure of alligator gar scales

The alligator gar scales provide protection from alligators as well as
from self-predation. Sharp teeth are not a major concern, as in the case
for other fish, but the gar's defense must be effective in resisting the
powerful bite force and impact of ambush predators. The fish has
ganoid scales characterized by a hard enamel-like mineral layer and a
dentine-like foundation consisting of a bony composite of collagen and
mineral. In the living fish, the scales are not exposed but are covered by
a layer of skin (Daget et al., 2001). Fig. 11a shows the scales without
the outer skin layer. The ganoine layer (white in image, green in micro-
computed tomography (u-CT) scan in Fig. 11b) covers most of the
surface of the scale, while the overlapped region is the bony foundation
(yellow in image, red in p-CT). Fig. 1la shows the shapes and
organization of the gar scales, where three types of scales are required
to provide full coverage of the fish. Type I is the most common type of
scales and cover most of the gar. Type II scales are found where rows of
Type I scales converge, and Type III scales are found at the extremities
of the fish. The edges of the Types I and III scales may have serrated
ridges which serve to cut predators as the fish thrashes and are shown
by the arrow in Fig. 11b. The scales on the fish form an imbricated
array; the reported aspect ratio is 8.66 and the degree of imbrication is
0.78 (Yang et al., 2013) which is much larger than for the arapaima
(0.4) and coelacanth (0.34) and is a result of a small overlap region.
This highlights a major difference between the gar and most other fish:
it is protected principally by only one layer of scales, although this is
also the case for the ganoid scales of the Senegal bichir (Bruet et al.,
2008). In the overlap regions the thickness of the scale is reduced so
that adjacent scales fit to produce a constant thickness. These
chamfered overlapping edges provide protection against penetration
when the tooth tip impinges on the boundary. The advantage of a small
overlap area is to minimize weak interfaces at the junctions of scales,

! Penetration distances measured in the testing machine are a function of both the
actual scale penetration and compression of the foundation beneath; as such, these
distances cannot be compared across the three fish.
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Fig. 10. Penetration of a coelacanth scale by a shark tooth. Two overlapped scales are
penetrated in the exposed area by a shark tooth. The arrangements of the coelacanth
scales are such that the covered portion of a second scale exists immediately below
exposed surfaces. The force displacement diagram indicates that penetration and damage
of the scale is possible due to the shark's bite force; the two drops in load correspond to
visible penetration of the shark tooth through two scales.

while still permitting the mobility of the fish, as ganoid scales are much
stiffer than the scales of either the arapaima or the coelacanth and do
not readily flex during fish movement. The ganoine, shown in Fig. 11c,
consists of distinct layers of decussated mineral in a crossed pattern,
while in the bony layer, shown in Fig. 11d, hollow tubules and fibrils
(the head of a single fibril is shown in the inserted picture) are present
which run throughout the thickness of the scale (Fig. 11e).

4.2. Mechanical response of alligator gar scales

The main predator of the alligator gar is the alligator whose bite
force can range from 10 N to 10 kN (Erickson et al., 2003; Erickson
et al., 2004). Both the bite force and the radius of the tooth tip increase
with the mass of the predator. Thus the natural design of alligator gar
scale is to have stiff and strong fish scales with minimal overlap, where
connective tissue ensures the linkage as well as flexibility. The principal
function of the rigid scales is to resist the high forces by delocalizing
them. Fig. 12 shows compressive and tensile stress-strain curves of the
bony region of the gar scale. Results for the orientation perpendicular
to the scale surface (orientation A) are in black, with blue and red lines
for the orientation parallel to the surface plane of the scale, but
perpendicular (orientation B) and parallel to the serrated edge
(orientation C), respectively. The average compressive strength and
failure strain perpendicular to the surface are 300 MPa and 0.3,
respectively, and the two in-plane directions are 210 MPa and
240 MPa with maximum strain values of 0.17 and 0.25, respectively.
The ultimate strength and failure strain perpendicular to the scale are
significantly different from these properties in the two in-plane
directions, specifically because the tubules and fibrils run normal to
the scale surface, or from the interior to outer surface of the scale. In a
previous study, Yang et al. (2013) reported moduli for these scales:
5.4-6.0 GPa for dry scales and 4.8—5.5 GPa for wet ones (obtained by
compression results). In contrast, the elastic moduli measured using
nanoindentation showed far less variation: 10.0 GPa when wet and
10.9 to 13.2 GPa when dry. The latter tests probe a far smaller region of
the scale which is likely to be uniform, whereas the compressive tests
on ~2-mm sized cubes of bulk material sample a much larger volume of
the scale and probe its heterogeneous nature with flaws and pores, all
of which lead to a reduction of stiffness. The ultimate strength and
failure strain perpendicular to the scale are significantly different from
these properties in the two in-plane directions, specifically because the
tubules and fibrils run in the direction normal to the scale surface, or
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Fig. 11. Structure of the scales of Atractosteus spatula. (a) The protective armor is formed of three principal types of scales, shown as type I, II, III. The outer surface of the scale is
covered with a layer of dermis. Below and in direct contact with the dermis, some portions of the scale are covered with ganoine, a white colored enamel-like mineral. The darker areas
around the ganoine are a bone-like composite of protein and mineral; these areas correspond to the portions of the scales that are directly overlapped by surrounding scales. (b) These
two regions are easily visualized using micro-computed tomography; in the scan shown the green is indicative of the dense ganoine mineral, while the red indicates the bony composite.
(c) The two regions and their interface are shown. A saw tooth interface is observed, as well as clearly defined mineral layers. The surface of the ganoine is characterized by small rounded
reliefs called tubercles. (d) The bony region of the scale has hollow tubules and collagen fibrils which run throughout. (¢) The arrangement of these is demonstrated by a schematic which
shows the ganoine (outer layer) and the bony inner layer with tubules (hollow) and collagen (green) dispersed throughout. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 12. Mechanical response of alligator gar scale. (a) The compressive response of the bony region of the alligator gar scale. Differences between orientations are due to the orientation
of mineral and tubules in the scale. (b) The tensile response of the alligator gar scale. Dry scales have a linear response while hydrated scales have a bilinear response due to the plasticity
induced by the presence of water; in the dry state, hydrogen cross-linking creates strong bonds between all components, while in the hydrated state weaker hydrogen bonds are formed
with water molecules which allow plasticity as these bonds are broken and reformed (from Yang et al. (2013)). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Tensile strain

from the interior to outer surface of the scale. However, there appears
to be no structural features which would lead to dissimilar responses in
the plane of the scale.

The difference between the properties of the scale when wet or dry
can also be seen by the tensile data for the longitudinal direction
(Fig. 12b). Interestingly, both wet and dry scales show similar stiffness

and strength. Typically both free convection dehydration and dehydra-
tion through the introduction of a polar solvent result in an increase in
inter-peptide hydrogen bonds which, although weaker in strength,
result in stiffening and strengthening due to the increase in quantity
(Murcia et al., 2016). However, this effect may be interrupted by high
amounts of mineralization, which is why the strength and stiffness in
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Fig. 13. Failure aversion of the alligator gar scale by mineral decussation. (a) Compressive failure of the mineral layer (the separation between mineral and bone is shown by the red
line). (b,c) The arrest of incipient cracking is due in part to the enamel-like weaving of the mineral, called decussation, which the ganoine exhibits. This decussation is observed on a
mineral fracture surface (b) and by use of an etchant (c). Both show the woven structure with mineral texture protruding towards the outer scale surface, which appears to be even more
extreme than the weave of tooth enamel. The etchant also clearly reveals distinct mineral layers which are indistinguishable in a fracture surface.

the highly mineralized alligator gar scale are similar when wet and
when dry. The critical difference is the post-yield behavior in the wet
scales which display extensive plasticity, due to the breaking and
reforming of hydrogen bonds between water molecules and collagen
fibrils (Maciel et al., 1996). Such plasticity is clearly important to the
mechanical properties, especially the toughness of the gar scale. In
tension, the dry scales do not exhibit significant plasticity. However,
the compressive tests show a bi-linear response. This may be associated
with a much greater difficulty in opening cracks in compression.
Fig. 12b shows the curves in tension, with the absence of plasticity.
Dry and wet fish scales are toughened by differing mechanisms which
are addressed in the following section.

4.3. Alligator gar failure prevention strategies

The alligator gar has a variety of refined features and strategies
which aid in protection against attack, as desribed in detail by Sherman
et al. (2016). First, the outer mineral layer (Fig. 13) has an arrange-
ment of crystals which greatly contributes to the toughness of the
ganoine. Fig. 13a shows cracks which initiate in the ganoine layer
under compressive load yet arrest within the layer; this prevents cracks
from propagating into the bony layer to cause failure of the scale. The
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mineral bundles in ganoine, observed from both a fractured surface
(Fig. 13b) and polished and etched surface (Fig. 13c), are shown to be
twisted and interlocked with other bundles, in a manner similar to that
seen in tooth enamel (Bajaj and Arola, 2009). This decussation, or
cross-plied arrangement of crystals, guides the cracks along a tortuous
path through the twists and turns of the mineral, requiring significantly
more energy to propagate.

Another important feature of the alligator gar scales are the tubules
in the inner layer that are oriented nearly perpendicular to the scale
surface. These tubules provide channels for vascular flow and the
delivery of nutrients. Fig. 14a shows a single tubule and the fracture
surface (Fig. 14b) shows the tubules and collagen fibers in the
structure, confirming that they are nearly parallel. The tubules can
cause crack meandering when the scale is dry (Fig. 14d) which would
increase the toughness of the scale by up to a factor of two for in-plane
deflections. However, the scales of the fish are not dry and this effect
does not appear to occur when the scales are hydrated (Fig. 14c). This
begs the question as to whether the tubules contribute to the in vivo
fracture resistance of the alligator gar scale. The water molecules can
act as a plasticizer and enhance plastic deformation and ductility in the
wet scale, which we believe is the principal toughening mechanism in
the presence of water; this is shown in Fig. 12b. Finite element
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Fig. 14. Failure aversion of the alligator gar scale by tubule effects. (a) High magnification view of tubule and surrounding collagen fibril heads. (b) Fracture along tubule and fibril
direction shows parallel and regularly spaced fibrils. (c) When wet, tubules have little influence on the crack propagation. (d) When dry, the tubules cause crack meandering as the crack
deflects from tubule to tubule. (e and f) Finite element simulations of an applied load of 70 MPa applied to dry (linear elastic) and wet (elastoplastic) scales. Contour lines are drawn at
77 MPa. (e) The plasticity of the hydrated tensile response leads to a decrease in the stress around tubules and more homogenous stress distribution. This decrease in stress corresponds
with an increase in localized strain. (f) The dry scale experiences significantly higher stresses around tubules, and inhomogeneous stress distribution with clear directions of high stress

which the cracks follow, causing crack meandering.

modeling was performed in COMSOL. The constitutive equations used
in the FEM analysis are based on the two responses given in Fig. 12b,
and dry scales were modeled as a linear elastic solid while wet scales
were modeled as a elastoplastic solid. These results confirm that the
plasticity in the wet scale acts to markedly diminish the stress
concentrations around the tubules by almost a factor of two, making
the stress distribution far more even throughout the scale. This allows
increased strain values to be achieved, and enhances the absorption of
strain energy (Fig. 14e and f).

The effectiveness of the gar scale array is demonstrated by experi-
ments involving the penetration of an alligator tooth shown in Fig. 15.
A foam pad was placed beneath the scales to simulate the flesh of the
fish. Application of pressure caused adjacent scales to hinge on one
another in order to resist from penetration. Small concentric cracks
occurred in the ganoine layer, but were arrested and did not propagate
or cause failure. Eventually, at a force of ~500 N, the alligator tooth
failed, illustrating the capability of the gar scale to withstand the high
forces from the predatory action of an alligator. Tooth failure under the
alligator's biting force is because in an actual bite, the force of up to
10 kN is distributed among the ~80 teeth in an alligator's mouth. The
radius of the adult tooth tip is much larger (~up to 3 mm) and the load
at which the tooth fracture would be significantly increased.
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5. Comparison of the three fish scales

The arapaima, coelacanth and alligator gar scale have different
predators, and comparing the mechanical properties with the structur-
al characterization as well as the toughening mechanisms which were
described in the previous sections provides insights on the armor
suited for different applications. Key features of the three types of
scales being compared are presented in Table 1. The relative hardness
and stiffness of the three fish scales, calculated using micro- and nano-
indentation measurements, are plotted in Fig. 16. Although the
hardness and stiffness of these scales are different for each fish because
of their specific protective requirements, they are all designed with the
concept of a hard and stiff outer surface with a relatively soft and tough
foundation to accommodate excessive damage. Beyond this common
design principle, each scale has a specialized structure which corre-
sponds to the specific mechanisms providing a competitive advantage
over their predators, which have been discussed above. These mechan-
isms of protection against predators have clearly been successful as
they have enabled these fish to survive for millions of years.

To compare the three fish scales and their defense capability,
predator tooth sharpness, predator bite force as well as the modulus
of the fish scales are summarized in Fig. 17. To give a clear comparison,



V.R. Sherman et al.

Journal of the mechanical behavior of biomedical materials 73 (2017) 1-16

| Alligator Tooth Penetration \

500

Force (N)

0 2 4 6 8 10 12

Penetration distance (mm)

Fig. 15. Penetration of an alligator gar scale array by an alligator tooth. As pressure is applied, the scales hinge at their interfaces in order to absorb and conform to the flexing
(overlapped scales redistribute penetration load over a larger area). As the test continues, the tooth breaks at 500 N, which corresponds to the maximum force in the plot. The scales are
sufficiently strong to resist the high applied force from one tooth (biting force distributed to ~80 teeth) and defeat the attempted penetration by an alligator tooth. The inset shows the

fractured tooth after an “attempted attack”.

values are normalized by maximum values. It is clear that minimal
overlap (and corresponding large degree of imbrication) of systems
with stiff scales, such as alligator gar, can defend against a predator
with a large bite force but a large radius of the teeth tips. However,
facing predators with sharp teeth (small tip radius) requires more
flexible scales with large overlap regions (consistent to a low degree of
imbrication).

6. Bioinspired flexible armor

Inspiration from nature in the design of armor has existed since the
days of the Roman Empire. The lorica squamata mimicked lizard skin
and provided protection to the soldiers while ensuring mobility.
Indeed, the name squama signifies “scales” in Latin. The plates of
Lorica squamata were 0.5-1 mm thick and had dimensions of 15—
25 mm across, similar to the arapaima and coelacanth. These scales
provided the best protection, superior to Lorica segmentatata (metal
lamellar hoops associated with Roman legionnaires in movies), and
Lorica hamata (chain mail). Lorica squamata was superior because
the majority of the body was covered by two plates in which the kinetic
energy of projectiles was transferred laterally.

Researchers are currently using new techniques to mimic the
overlap system of the fish scales as well as specification of the aspect
ratio and imbrication in order to tune the flexibility and protection
function of future bioinspired armor. Rudykh et al. (2015) investigated
the resistance to penetration of a microstructured elasmoid scale-
inspired armor. Indentation and bending tests on bioinspired 3-D
printed structures, shown in Fig. 18a and b, optimized protection
against penetration and flexibility, amplifying penetration resistance by
a factor of 50 while reducing flexibility by less than a factor of 5. This
was achieved by identifying and separately analyzing the mechanisms
which govern flexibility and penetration resistance. Similar efforts by
Funk et al. (2015) have led to the creation of a synthetic “fish skin” for
the production of soft materials through a combination of a mesh or
dermis-like layer and rigid scales. The assembled product is not specific

Table 1
Comparison of the properties of arapaima, coelacanth, and alligator gar scales.

to any particular classification of fish scale, but incorporates compo-
nents that are key to the armors mechanical response. The resulting
assembly, shown in Fig. 18c and d, is flexible, lightweight, transparent,
and robust under mechanical load. It is claimed to have a potential
application as a thin protective coating for soft materials. It is also
important to understand how a stiff plate performs on a soft substrate;
Martini and Barthelat (2016a) showed that small plates may fail by
tilting due to a localized force, and emphasized the importance of
avoiding this dangerous failure mode which drastically reduces the
effectiveness of stiff armor plates. Additionally, Martini and Barthelat
(2016b) produce a bioinspired armor shown in Fig. 18e and f, made of
ceramic tiles and a soft substrate and capable of a large degree of
flexibility and also resistant to penetration.

Another unique biological feature learned from the arapaima scale
is that of the concept of “flexible ceramics”. This refers to the ability of
the collagenous foundation of the scales to flex without damaging the
mineralized surface (Meyers et al., 2012), as shown in Fig. 18g and h,
which allows arrangements of larger scales to retain flexibility. The
tensile strains at the bottom of the mineralized ridges are considerably
lower than those encountered if the mineralized layer had a homo-
geneous thickness. Correspondingly, localized cracking occurs at the
bottom of the ridges but is much less damaging. Rudykh and Boyce
(2014) similarly demonstrated that super flexible composites may be
produced with an elasmoid scale type arrangement, using a large
volume fraction of the stiff phase in order to promote protection with
little compromise in flexibility.

Recent studies have targeted the design of armor plates inspired
from the architecture of the alligator gar scale. These armored plates, 3-
D printed with ABS and machined using zirconia, simplify the
geometry of the gar scale into an easily manufactured shape which
retains its primary features to allow for exceptional flexibility and
penetration resistance with little compromise between the two. To
achieve this, an exceptionally hard and inflexible articulating unit
hinges on adjacent units through matching radii of curvature using
arrays of additively manufactured ABS and machined zirconia tiles in

Fish Aspect ratio  Imbrication degree ~ Mineral content  Structure Ultimate tensile strength ~ Tensile modulus ~ Nano-indentation modulus
Arapaima 50 0.4 43% Bouligand 15-40 MPa 200-500 MPa 1.3 GPa to 0.5 GPa
Coelacanth 55 0.34 53% Double-twisted Bouligand 50 MPa 200 MPa 0.5 GPa to 0.2 GPa
Alligator gar  8.66 0.78 65% Bone and enamel 90-115 MPa 2 GPa 3.7 GPa and 0.75 GPa
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Fig. 16. Nanoindentation and microindentation of the cross-sections of scales. (a) Nanoindentation of the arapaima scale shows that the surface mineral has a hardness of ~1.3 GPa;
the hardness decays with decreasing mineral to a value of ~0.5 GPa in the Bouligand-type foundation. (b) The coelacanth scale has a nanoindentation hardness of ~0.5 GPa in the
mineral layer which, similar to the arapaima, continuously decreases to ~0.2 GPa as mineral content decreases. (c) The alligator gar scale has a nanoindentation hardness of ~3.7 GPa in
the mineralized ganoine outer surface; a sharp transition between the outer surface and the boney base causes an immediate hardness decrease to ~0.75 GPa. (d) Hardness vs.
normalized depth plots of across each of the three scales reveal harder outer surfaces and softer foundations.

the image of gar scales (Fig. 19). Fig. 19a—c shows the initial
production of ABS scales, and their ability to flex and retain coverage.
Fig. 19d is the next iteration of the model with zirconia tiles mounted
on Kevlar in order to retain the crucial flexibility with much improved
protection.

7. Conclusions

In this paper, we have reviewed the armored scales of three large
fish: the Arapaima gigas (arapaima), Latimeria chalumnae (coela-
canth) and Atractosteus spatula (alligator gar). Each of these fish
utilize a different class of scales for protection, respectively cycloid,
ctenoid, and ganoid. These finely tuned dermal armors have protected
these fish for millions of years, and barring direct or indirect human
intervention, will likely continue to do so. Like most armors, these
scales are designed with a hard outer surface to resist penetration and a
tough inner foundation to accommodate excessive strains. However,
each type of scale owes its effectiveness to specific features which are
related to the fish's main predators:

1

o 08 5
= 3
§ )
2 0 = £
g e 3
s 04 by 8
g > et o
= o §
o p ]
=2 s [-%
0.2 £ G
£ <

~ 1

[
o
S
Lo
[}
=
o
x
S
©
£
7]

® The elasmoid (cycloid) scale of the arapaima enables flexibility in
spite of a highly mineralized exposed surface and substantial overlap
to effectively resist the penetration of piranha teeth. The ridges on
the surface enable the mineral to effectively flex, minimizing the
tensile stresses acting on it.

The elasmoid (ctenoid) scale of the coelacanth has a much lower
stiffness but higher ultimate strength (40—-60 MPa) than that of the
arapaima (30 MPa), with a considerably higher work-of-fracture (9—
10 MJ m™2 vs. 1-1.5 MJ m™®). Although the coelacanth scale uses
similar mechanisms to the arapaima, the interfibrillar collagen
struts between the collagen bundles in the structure contribute
significantly to the energy dissipation.

The ganoid scale of the alligator gar resists the extreme bite forces of
its predators by having a highly mineralized, tough and strong
foundation beneath a hard and stiff ganoine outer layer. The wet gar
scales dissipate energy as the water molecules act as a plasticizer to
promote ductility while in the dry scales the tubules provide
toughening through crack deflection and meandering.
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Fig. 17. Comparison of normalized predator tooth sharpness, predator bite force, and prey scale modulus. The high imbrication of stiff alligator gar scales can defend against predators
with large bite forces and dull teeth (large tooth tip radius), while the more flexible scales of the coelacanth and arapaima can defend against sharp teeth (small tooth tip radius).
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Fig. 18. Bioinspired armor designs. (a) and (b) Microstructured elasmoid scale armor produced by Rudykh et al. (2015) amplifies penetration resistance by a factor of 50 while reducing
flexibility by less than a factor of 5. (c) and (d) A synthetic “fish skin” developed by Funk et al. (2015) combines a mesh or dermis-like layer and rigid protective scales. (e) and (f) Martini
and Barthelat (2016b) produced the this armor by stretching a soft substrate and affixing ceramic tiles, which leads to imbrication upon release. (g) and (h) Schematic of the flexing of the
arapaima scale, which illustrates the concept of a “flexible ceramic”. Ridges minimize the tensile strains in the mineralized layer, preventing large cracks from forming during flexing.

From Meyers et al. (2012).

Each type of scale has unique and fascinating features in its nano-,
micro-, and meso-structure which lead to its capacity to prevent failure
when under attack by either sharp teeth or crushing force of predators.
If placed in alternative environments, each fish would be likely to suffer
as the minimally overlapped gar scales may provide regions where a
piranha's sharp teeth can penetrate into the fish's connective tissue and
flesh, while the cycloid scales of the arapaima may not resist the
powerful bite of the alligator. The understanding of these dermal
armors and their effectiveness in protecting these three fish may inspire
the production of novel designs for flexible body armor which provides
superior safety and protection from physical threats.
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Fig. 19. 3D printed ABS and machined zirconia scales. (a) through (c) 3-D printed ABS and (d) machined zirconia scales were inspired from an idealized and symmetric ganoid scale
geometry. They are designed to utilize key features of the alligator gar scales which lead to the scales’ flexibility and effectiveness. This is achieved through matching radii of curvature on
all sides of the scale which allows for hinge-like action between scales, as well as sufficient overlap to prevent gaps from forming between scales as they hinge. ABS scales were produced
in order to refine the geometry and as a proof of concept, while zirconia scales were produced due to their strength and toughness as a technical ceramic.
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