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a b s t r a c t
The scales of the arapaima (Arapaima gigas), one of the largest freshwater ﬁsh in the world, can serve as
inspiration for the design of ﬂexible dermal armor. Each scale is composed of two layers: a laminate composite of parallel collagen ﬁbrils and a hard, highly mineralized surface layer. We review the structure of
the arapaima scales and examine the functions of the different layers, focusing on the mechanical behavior, including tension and penetration of the scales, with and without the highly mineralized outer layer.
We show that the fracture of the mineral and the stretching, rotation and delamination of collagen ﬁbrils
dissipate a signiﬁcant amount of energy prior to catastrophic failure, providing high toughness and resistance to penetration by predator teeth. We show that the arapaima’s scale has evolved to minimize damage from penetration by predator teeth through a Bouligand-like arrangement of successive layers, each
consisting of parallel collagen ﬁbrils with different orientations. This inhibits crack propagation and
restricts damage to an area adjoining the penetration. The ﬂexibility of the lamellae is instrumental to
the redistribution of the compressive stresses in the underlying tissue, decreasing the severity of the concentrated load produced by the action of a tooth. The experimental results, combined with small-angle Xray scattering characterization and molecular dynamics simulations, provide a complete picture of the
mechanisms of deformation, delamination and rotation of the lamellae during tensile extension of the
scale.
Ó 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction
Natural protective layers, exhibited by seashells, ﬁsh scales, turtle carapaces, armadillo and alligator osteoderms, have developed
and reﬁned over hundreds of millions of years through a process
of convergent evolution [1]. These biological materials have hierarchical architectures and exhibit excellent properties with complex
mechanisms of failure avoidance. They are inspiring man-made
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structural materials that are lightweight and demonstrate outstanding toughness; good examples are nacre-inspired, freeze-cast
structures [2–4].
Dermal protection of animals ranges from rigid to ﬂexible. Flexibility enables mobility while rigid components maximize protection. Fish scales uniquely combine these two traits, and can be
classiﬁed into four groups: placoid [5,6], ganoid [7–9], cosmoid
[10–12] and elasmoid (cycloid and ctenoid) [13–16]. Yang et al.
[1] reviewed the four types and provided a schematic drawing of
their morphologies as well as their connection mechanisms. Placoid scales are denticles, or small modiﬁed teeth, which cover the
cartilaginous ﬁsh’s skin. They give the skin a rough feel, and may
contribute to favorable water ﬂow while swimming. Ganoid scales
are recognized by a thick surface layer of enamel or ganoine, on top
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of a dentin or bony base. Cosmoid scales consist of a double bone
layer, comprising lamellar and vascular bone; the outer layer is
considered as a dentin-like cosmine. Elasmoid scales are thin,
lamellar collagenous plates. Cycloid scales are composed of concentric rings and ctenoid scales are composed of fringed projections along the posterior edge. In ﬁsh, scales are lightweight and
enable ﬂexibility to swim, yet are sufﬁciently rigid to provide protection from predators.
Most ﬁsh scales have similar constituent materials: calciumdeﬁcient hydroxyapatite (HAP) and type I collagen ﬁbrils [17–
19]. The mineralized collagen ﬁbrils form different architectures,
such as the plywood (Bouligand-type) structure [20–22] or, in
the case of ganoid scales, a bony structure with a complex structure interlaced with HAP crystals [7,8]. Additionally, scales commonly exhibit a composite or graded structure with hardness
decreasing from the outer to the inner layers.
Studies on the penetration of scales using either real teeth or
simulated indenters to mimic ﬁsh bites provide a good estimate
of the effectiveness of the scale’s complex structure. Zhu et al.
[16] penetrated single scales of striped bass (Morone saxatilis) with
a sharp indenter, and analyzed the sequence of events, dividing it
into three stages: elastic deﬂection of the scale, fracture of the mineralized layer and penetration of the collagen lamellae. Meyers
et al. [23] penetrated the arapaima scale with a real piranha tooth
since piranha is the major predator to arapaima in the Amazon
River; despite being twice the hardness of the scales, the tooth
failed to penetrate them. Zhu et al. [24] found that overlapping
three scales essentially multiplies the puncture resistance by three.
Friction between the scales is negligible, and therefore does not
generate additional resistance to deformation or puncture, regardless of the arrangement of the scales. The force dispersal from
scales prevents unstable localized deformation of the skin and
damage to underlying tissues. Finite element modeling of the penetration into ganoid [25] and elasmoid [26] scales was conducted
to establish the interactions between tooth sharpness, scale ﬂexibility and other parameters.
It was established by Lin et al. [22], Meyers et al. [23] and Zimmermann et al. [27] that the structure of the arapaima scale consists of an external layer with a highly mineralized, rough surface
and inner foundation of collagen layers organized in a Bouligandtype structure with lamellae (50-60 mm thick for each) of parallel
collagen ﬁbrils in different orientations. However, the understanding of the fundamental mechanisms of deformation and damage
avoidance in elasmoid scales is still incomplete. The objective of
this work is to present a comprehensive evaluation of the mechanisms governing the strength, ductility and toughness of the scales
of the arapaima ﬁsh (Fig. 1a) through three complementary methods: experimental, analytical and computational. The damage
mechanisms of the penetration by teeth are identiﬁed and quantiﬁed through controlled experiments. The principal experimental
method is the in situ observation of the deformation of a scale. This
is supplemented by an analysis based on the interaction between
the different lamellae and by molecular dynamics (MD)
calculations.

2. Methods
The arapaima scales (Fig. 1b), which typically are 50–120 mm in
size, were characterized using a range of experimental procedures
to determine their structure and mechanical performance. In particular, indentation and tensile tests were performed on whole
scales and on the collagen layer alone (after removing the outer
mineral layer) to establish the individual function as well as deformation and fracture mechanisms in each layer. Additionally, the
local behavior of the collagen was investigated using in situ

small-angle X-ray scattering (SAXS) studies during uniaxial tensile
testing; this behavior was also analyzed using MD techniques to
quantitatively predict the controlling damage mechanisms in the
inner layer.
2.1. Characterization of scales
The structure of the scales, as well as failure mechanisms and
distribution of damage after mechanical testing, were investigated
in an FEI SFEG ultrahigh-resolution scanning electron microscope
(SEM; FEI, Hillsboro, OR), Veeco scanning probe microscope (Veeco,
Plainview, NY) and an FEI Tecnai 12 transmission electron microscope (TEM) operating at 120 kV. All samples for SEM characterization were sputtered with iridium prior to observation.
2.2. Penetration and indentation
The penetration resistance of the entire scale including the
external layer was examined using an Instron 3367 mechanical
testing machine (Instron Corp., Norwich, MA) with a load cell of
30 kN. The scales in ﬁsh are in general designed to resist penetration by teeth. In the case of the arapaima scales, this necessity is
extreme due to the sharp teeth of their principal predator, the piranha. It was demonstrated by Meyers et al. [23] that the piranha
tooth is unable to penetrate through the scales without being
arrested or broken by the highly mineralized external layer of
the scale. A piranha tooth was removed from the ﬁsh’s head and
attached to the upper punch in order to indent the entire arapaima
scale (through the external layer), which was glued on a synthetic
rubber layer with a compressive elastic modulus of 10 MPa
attached to the lower punch. The low modulus of the rubber simulates the ﬂesh under the scale, which was established by Meyers
et al. [23]. The penetration tests were performed at a displacement
rate of 10 mm min1. Indentation of the inner layer (lamellar structure without mineralized surface) was carried out using an indentation load of 1 kgf and a holding time of 10 s using a LECO M-400H1 (LECO, Joseph, MI) hardness testing machine. Both types of penetration/indentation tests were performed on wet scales (kept in
water at 25 °C for 12 h).
2.3. Tensile behavior
Using a surgical blade, 15  2.3 mm tensile samples were cut
in two orientations (Fig. 1) from the scales with thickness of
0.6–1.2 mm. The outer layers of some samples were removed
using silicon carbide polishing paper of 180#–2500#, leading to
ﬁnal thickness between 0.6 and 0.8 mm (Fig. 1b). In order to prevent slippage, the ends of the samples were glued between sand
paper sheets using cyanoacrylate glue, resulting in a gauge length
of 8 mm. Uniaxial tensile tests were carried out on an Instron
3342 mechanical testing machine (Instron Corp., Norwich, MA)
with a load cell of 500 N at a strain rate of 102 s1 immediately
following the removal of samples from fresh water, where they
were kept prior to testing. The tensile results were expressed in
terms of engineering stress–strain curves. The ultimate tensile
stress, uniform elongation (strain at maximum stress) and the
toughness, as measured by the area beneath the stress–strain
curves, were established.
2.4. In situ observation under tensile loading
To discern the salient energy absorbing mechanisms during
penetration and to visualize the distribution of damage and corresponding resistance to cracking, both rectangular tensile samples
and single-edge notched tension (SE(T)) samples, with and without
the mineral layer, were prepared in the longitudinal direction with
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Fig. 1. Arapaima ﬁsh and its scales: (a) arapaima ﬁsh with overlapped scales on its body; (b) close-up of the overlapped scales (darker regions were exposed, lighter regions
were covered by other scales) showing longitudinal and transverse directions of specimens for tensile tests; (c) scanning electron micrograph of the cross-section of a scale
(note that the small cracks in the collagen layer are artifacts, formed when the scales dried out in vacuo; (d) schematic drawing of the structure of the arapaima’s scale: the
outer layer is highly mineralized, whereas the inner layer has different orientations of collagen ﬁbrils arranged in lamellae; (e) tensile failure region of the lamellae: a1 = 86.7°,
a2 = 34.5°, a3 = 69.2°, a4 = 66.9°. The yellow ellipse in (e) shows two events where lamellae separate leading to changes in the angle.

an 8 mm gauge length using the same dimension and procedure as
in Section 2.3. The notch in the SE(T) samples was ﬁrst cut using a
diamond blade and sharpened by polishing with a razor blade irrigated in 1 lm water-based diamond suspension; the resulting
micro-notch had a depth of approximately half the specimen width
with a consistently sharp root radius of 5 lm.
Uniaxial tension tests were performed at 25 °C in an environmental Hitachi S-4300SE/N (Hitachi America, Pleasanton, CA)
SEM under wet conditions. To minimize any dehydration, the
samples were soaked in water for at least 12 h prior to testing.

Testing was performed at a displacement rate of 0.5 mm min1
using a Gatan Microtest 2 kN bending stage (Gatan, Abington,
UK) inside the SEM; the samples were imaged in electron backscatter mode under variable low pressure conditions at a vacuum
of 35 Pa. Such low pressure is often used for biological materials
to limit the effect of dehydration and keep the properties of the
material relatively unaltered; however, while the outer surface
of the scale generally slightly dehydrates, the interior remains
wet until exposed. Due to the excessive deformation during testing, as well as constant and signiﬁcant relaxation during imaging,
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a reliable measurement of load and displacement could not be
obtained; consequently, the stress–strain curves, fracture toughness and crack-resistance curves (R-curves) could not be
measured.
2.5. Small-angle X-ray scattering
Rectangular samples, 15  1 mm in size with 0.6 mm thickness and gauge length of 10 mm, were sectioned with a razor blade
using the same polishing procedure described above. The scales
were hydrated in water for 12 h prior to mechanical testing.
The hydrated samples were loaded in uniaxial tension and
exposed to X-rays at beamline 7.3.3 at the Advanced Light Source
(ALS) synchrotron at the Lawrence Berkeley National Laboratory
(Berkeley, CA). The mechanical tests were performed with a custom-made rig using a 10 mm displacement stage and an Omega
LC703-10 load cell, calibrated to 45 N, to measure the force; this
set-up permits SAXS data collection to be recorded in real time
with the simultaneous measurement of the load–displacement
curve. The mechanical tests were performed at 25 °C at a displacement rate of 1 lm s1, on hydrated samples maintained through
the use of a hydration cell comprising a strip of cellophane held
to the sample through capillary action of a few drops of water.
A Pilatus 1 M detector (Dectris Ltd, Baden, Switzerland), used to
collect the SAXS data, was located at the largest allowable distance
from the sample (4 m) to permit detection of the ﬁne changes in
the collagen peak positions. The sample was exposed to X-rays for
0.5 s at 5 s intervals during mechanical testing; exposures were
in the less than 20 kGy range, below a level that would adversely
degrade the tissue [28]. Further details concerning the data collection and analysis are given in Zimmermann et al. [27].
2.6. Preparation of TEM specimens
The preparation procedures used for biological specimens
involved a number of stages. The arapaima scales were ﬁrst
immersion-ﬁxed in 3% glutaraldehyde in 0.15 M sodium cacodylate buffer (pH 7.4) for 4 h, and then post-ﬁxed using 1% OsO4 solution with 8% potassium ferrocyanide in 0.15 M sodium cacodylate
buffer for 12 h at 4 °C. The scales were subsequently stained with
2% aqueous uranyl acetate for 12 h and dehydrated with an
ascending ethanol series (50, 70, 90 and 100%), followed by a 1/1
ratio of 100% ethanol and 100% acetone and ﬁnally 100% acetone. Samples were then embedded in Spurr’s low viscosity resin
and polymerized at 60 °C for 48 h. Samples were subsequently sectioned perpendicular to the scale surface to generate slices 80–
200 nm thick using a Leica Ultracut UCT ultramicrotome (Leica,
Wetzlar, Germany) and a Diatome diamond knife (Diatome, Hatﬁeld, PA). The sections were post-stained with 1% uranyl acetate
for 10 min and Sato lead for 1 min. At this stage they were ready
for examination in an FEI Tecnai 12 TEM at 120 kV.
2.7. Preparation of atomic force microscope specimens
The lamellae with a thickness of 200 lm were peeled off from
the inner layer of arapaima ﬁsh scale. The inside peeled surfaces of
the lamellae samples were probed in water with a Veeco scanning
probe microscope using the SNL-10 Bruker tips (Bruker, Billerica,
MA).
2.8. MD analysis
A MD model, based on a simple elastic network model [29,30],
was used to theoretically investigate the mechanisms of the deformation and delamination in the arapaima scales under uniaxial
tension. This model does not take the ﬁbrils as elements but rather

considers the larger collagen ﬁbers to better simulate the response
of the lamellae. Based on Lin et al. [22], the initial inter-bead distance is r0 = 1 lm, which is the same as the average diameter of
the collagen ﬁber dc. Each collagen ﬁber is modeled as a series of
beads connected by harmonic springs. Since the density of the collagen is 1.34  103 kg m3, the mass of each bead is equal to
1.05  1015 kg. The total deformation energy of the simulation
system is given by:

U total ¼ U T þ U B þ U weak :

ð1Þ

As the total energy (Utotal) is given by the sum over all pair wise
(UT), three-body (UB) and weak inter-ﬁber interactions (Uweak) where
P
P
P
U T ¼ pair uT ðrÞ; U B ¼ triplets uB ðhÞ and U weak ¼ r<rcutoff uweak ðrÞ
with uT(r) as the energy of inter-bead spring in tension, uB(h) as
the energy of angular spring in bending and interaction energy of
inter-ﬁber beads. Here uT(r) = K(r  r0)2 is the energy of each
inter-bead spring in tension, where K as the stiffness of the springs
EA
is assigned according to K ¼ 2r
(estimated value of the Young’s mod0
2
ulus of collagen ﬁber, E = 2 GPa) and A ¼ p4d is the cross-section area
of the collagen ﬁber. An angular spring between two neighboring
springs is used to deﬁne the bending stiffness of the collagen ﬁber,
and its energy is given by uB(h) = KB(h  p)2, where the the bending
stiffness of the thread is given by:
4

K B ¼ EIt =ð2r0 Þ ¼ Epdc =ð128r 0 Þ;

ð2Þ

where It is the area moment of inertia of the cross-section. The
inter-ﬁber interaction is denoted by:

h

i

uweak ðrÞ ¼ 4 ðr=rÞ12  ðr=rÞ6 ;

ð3Þ

where  is the interaction energy between two inter-ﬁber beads
that is given by  ¼pdﬃﬃﬃc r 0 c as c is the surface energy of the collagen
ﬁbers, and r ¼ dc = 6 2 decides the equilibrium distance between
two neighboring collagen ﬁbers, which equals d for this selection.
To ensure that the collagen ﬁbers only interact with their nearest
neighbors, the cutoff of the interaction is set as rcutoff = 1.5dc.
The model of the arapaima scale is composed of multiple layers
of parallel collagen ﬁbers [22] making speciﬁc angles which were
found to vary from 35 to 85°. Considering that the mean angle
between two neighboring lamellae is 60°, it sufﬁces to model
three lamellae with 60° (one centrally sandwiched between two
lamellae) to capture the most important events. For simplicity,
each lamella is modeled by three layers of collagen ﬁbers that initially align in the same direction; the thickness of each lamella is
3 lm. This is much lower than the actual lamellar thickness,
50 lm, but sufﬁcient to capture the essential phenomena since
we also include the periodic boundary conditions in the direction
perpendicular to the lamellae.
We applied a uniaxial tensile strain to deform the entire multilamellar ﬁlm in a quasi-static way. For every deformation increment, we applied a uniaxial strain of 0.004 to the model, ﬁxed
the single layer of beads at the two ends of the lamellae along
the pulling direction and carried out energy minimization and
equilibrium for 20,000 integration steps. We recorded the total
force applied to the beads at the boundaries and obtained the
stress–strain curve of the material during deformation. We also
monitored the deformation of all the collagen ﬁbers during the
entire loading process. This model enabled a systematic investigation of how different mechanical and geometric characteristics of
the arapaima scale inﬂuence its response to loading, e.g. the angle
between two lamellae, the inter-ﬁber interaction strength and the
stiffness of a single collagen ﬁber.
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3. Results
3.1. Structure characterization
The cross-sectional structure of the entire arapaima scale is
shown in Fig. 1c. Three parameters can be used to describe the geometrical characteristics of scales [31]: aspect ratio (= total length/
thickness), degree of imbrication (= exposed length/total length)
and the angle of scales with the surface plane. The (elasmoid) scales
of this ﬁsh have an aspect ratio of 50 and a degree of imbrication
of 0.4 (Fig. 1a and b). They consist of hydroxyapatite and type I collagen arranged in two distinct layers: a rough, highly mineralized,
outer layer and a poorly mineralized collagen inner layer (Fig. 1c).
Our group [22] performed Fourier transform infrared spectroscopy,
which showed several strong absorption peaks, similar to previous
studies [14,32]. The absorption peaks at 1637, 1546 and 1239 cm1
are the three characteristic peaks which correspond to amide I,
amide II and amide III of type I collagen, respectively. Lin et al.
[22] present a table comparing the peaks. There are also peaks at
around 1000 cm1, which represent the phosphate groups at
872 cm1, peaks at 1401 and 1450 cm1 correspond to carbonate
anions. Within the inner layer, the ﬁbrils align parallel within layers
called lamellae that have a characteristic thickness of 50–60 lm
[22,32]. Neighboring lamellae are rotated to form a twisted plywood structure similar to that proposed by Bouligand [33]; we refer
to this as the Bouligand-type structure (Fig. 1d). Fig. 1e shows the
extremity of a specimen that was stretched until complete failure
(strain 0.3); the arrangement of the different orientations of collagen ﬁbrils in the Bouligand-type structure is clear. Collagen lamellae are labeled from the outside to the inside as A to E. It is apparent
that the angles between the ﬁbrils of adjacent lamellae are not
equal, as would be the case for the classical Bouligand structure.
Using the nomenclature deﬁned in Fig. 1e, these angles are:
a1 = 86.7°, a2 = 34.5°, a3 = 69.2°, a4 = 66.9°, i.e. displaying an
irregular orientation which varies from lamella to lamella.
The properties of the scales are highly dependent on the level of
hydration [22], due to the effect of water molecules on the bonding
between ﬁbrils, as computed by Gautieri et al. [34]. The calculated
density of collagen decreases from 1.34 to 1.19 g cm3 with hydration and is accompanied by a decrease in the Young’s modulus
from 3.26 to 0.6 GPa.
Fig. 2 shows the individual collagen ﬁbrils imaged by TEM and
atomic force microscopy (AFM). The ﬁbrils imaged in Fig. 2a are
not equiaxed because the foil plane is not exactly perpendicular
to the ﬁbril axis. The ﬁbrils, initially cylindrical, become faceted
because of the necessity of tight stacking and the lamellar orientation. In Fig. 2b two ﬁbril orientations from two adjacent lamellae
are imaged. The ﬁbrils in the left image are close to perpendicular
to the foil plane; the ones in the right image are close to parallel.
The interface between lamellae with different orientations is
abrupt, i.e. there is no gradual transition stage. The ﬁbrils are cylindrical and arranged in the most compact fashion. The surfaces at
which adjacent ﬁbrils touch are somewhat ﬂattened, enabling a
tighter stacking. The apparent period in the collagen ﬁbrils measured in the TEM micrograph of Fig. 2b is 50 nm. The banding consists of three white radial lines, due to the fact that the foil thickness

(60–200 nm) can exceed the ﬁbril diameter. Thus, two or three
ﬁbrils may simultaneously be imaged, creating the unusual pattern.
The d period of the collagen in the right side of Fig. 2b is less than
the expected value of 67 nm. This indicates that this lamella is
not parallel to the foil plane but at an angle. Assuming a d period
of 67 nm, one obtains an angle between the ﬁbril and the foil of
42°. Assuming that the ﬁbrils on the left are perpendicular to the
foil axis, the angle between the two lamellae is (90–42) = 48°, conﬁrming that the angles between adjacent lamellae vary.
AFM corroborates the TEM characterization and provides additional detail (Fig. 2c and d). Since the ﬁbrils were peeled from the
scale and the AFM tip provides an accurate representation of the
surface, the d banding observed is the actual value of 67 nm. This
is shown clearly in Fig. 2d. The three-dimensional rendition in
the lower left hand corner of Fig. 2d shows that the ﬁbrils are
indeed cylindrical.
3.2. Protective function of the entire scale against penetration
The penetration of the scale by a piranha tooth (Fig. 3a and b) is
severely hampered by the mineral layer, amounting to a 1 mm
deep indentation into the scale under a 1 kgf load applied for
10 min, with relatively minimal damage around the indent (shown
in Fig. 3a). The surroundings of the indent were damaged more
seriously due to the severity of load concentration and serrations
on the edge of the teeth (shown by the detail in Fig. 3a). Two orientations of collagen ﬁbrils were exposed at the wall of the indent
(circular line in Fig. 3a) as the external layer became damaged
(Fig. 3b); the ﬁbrils are delaminated, fractured and change orientation (Fig. 3b); these processes permit the internal collagen layer to
dissipate energy during penetration.
Fig. 3c and d shows the damage from penetration of a microindenter in the collagen layer (without the mineral layer). In the vacuum of the SEM, the collagen layer dries and shrinks, and
separation between collagen ﬁbers becomes evident, which is not
characteristic of the intact, water-saturated scale. Nevertheless,
the damage mechanisms around the indentation can still be clearly
seen. Different orientations of collagen ﬁbers are observed at different levels. The potential indentation region is marked by the
dashed square in Fig. 3c. Collagen ﬁbers are bent and fractured
through the action of the indenter, but the overall effect of the different lamellar layers is to localize damage to the immediate vicinity of the indenter, without propagation throughout the scale. The
failure of the collagen ﬁbers is preceded by deﬂection, stretching
and necking, characteristic of signiﬁcant inelastic deformation
prior to failure (Fig. 3d). As a result, crack initiation and propagation are avoided.
3.3. Tensile mechanical behavior of scales
Fig. 4 shows the uniaxial tensile response of the entire scales
and the collagenous lamellar layer (after removal of the external
mineralized layer) in the longitudinal and transverse orientations
deﬁned in Fig. 1b. Three specimens were tested in each condition.
Additionally, the tensile response of the collagenous lamellar layer,
including the load–time curve and the behavior of collagen ﬁbrils

Table 1
Uniaxial tensile testing results for the entire scale and for the collagen layer, loaded in the longitudinal and transverse orientations.
Longitudinal orientation

Young’s modulus (GPa)
Ultimate (engineering) tensile stress (MPa)
Engineering strain at maximum stress
Energy dissipation (MPa)

Transverse orientation

Entire scale

Collagen layer

Entire scale

Collagen layer

0.86 ± 0.32
23.6 ± 7.2
0.08 ± 0.07
1.47 ± 1.08

0.47 ± 0.25
36.9 ± 7.4
0.14 ± 0.06
3.12 ± 0.98

0.21 ± 0.02
14.2 ± 1.1
0.12 ± 0.01
1.07 ± 0.08

0.21 ± 0.03
21.8 ± 2.4
0.18 ± 0.01
2.53 ± 0.40
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Fig. 2. Characterization of collagen by (a, b) TEM and (c, d) AFM. (a) TEM image of the foil plane inclined to ﬁbril axis; the smallest dimension of the ﬁbrils is 100 nm. (b)
Two orientations of ﬁbrils are shown: on the right-hand side the ﬁbrils are inclined to the foil plane showing d bands of 50 nm (projected value of 67 nm), on the left-hand
side the ﬁbrils are close to being perpendicular to the foil. Note the regular ﬁbril diameter, 100 nm. (c) AFM of parallel ﬁbrils. (d) Higher magniﬁcation AFM showing 67 nm d
bands and tridimensional rendition of ﬁbrils in the insert.

Fig. 3. (a, b) Penetration of the scale by a piranha tooth from the outer layer towards the inner layer. (a) Entire penetration indent of the scale; cracks were deﬂected and arrested
at orthogonal cracks caused by fracture of the mineral (red arrows), with more serious damage at the corner of the penetration. (b) Collagen ﬁbrils exposed from the damage of the
mineral observed from the circled region in (a). (c, d) Penetration of collagen layers by a microhardness indenter; the original indentation is shown by the dashed square; the
ﬁbers are displaced but the gaps on the samples are due to dehydration in the vacuum of the SEM, the ellipse in (d) is the region that was produced by the indenter tip.

W. Yang et al. / Acta Biomaterialia 10 (2014) 3599–3614
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Fig. 4. Uniaxial tensile stress–strain curves of the scales (solid lines) and of the collagen layers with mineral removed (dashed lines). Tests were performed at a strain rate of
102 s1 in the (a) longitudinal and (b) transverse directions, as deﬁned in Fig. 1.

Fig. 5. SEM images of tested tensile samples: (a) side of a tensile sample of the scale after mineral failure, ﬁve lamellae were delaminated from each other labeled from 1 to 5;
(b) the top view of the tensile sample shows the mineral domains separated and the collagen exposed (the arrows show two orientations); (c) fractured collagen ﬁbrils, some
of which are close to the mineral layer (shown by the ellipse); the collagen ﬁbrils beneath are delaminated and separated.

in different lamellae, was also determined in the SAXS tests, as discussed in Section 3.5. Based on these tests, the following results
can be deduced (deformation mechanisms are discussed in
Section 3.5):
a. The strength of the scales is 50% higher in the longitudinal
than in the transverse orientation, indicating that the lamellae are not distributed to produce in-plane isotropy. Contrary to our results, Zhu et al.’s [24] measurements on
striped bass show that specimens with an orientation of
45 or 90° to the longitudinal axis of the ﬁsh have higher
strengths (60 MPa) than the 0° orientation (40 MPa). This
shows that in-plane anisotropy exists in both the cycloid
and ctenoid scales. The strength of the scales including the

mineralized layer in the longitudinal direction (23.6 MPa)
is considerably higher than in the transverse direction
(14.2 MPa) shown by Table 1.
b. Removal of the external and highly mineralized outer layer
increases the tensile strength of the scale. Although this
appears to be counterintuitive, it results from several factors.
Most importantly, the external layer is designed for compressive strength; being highly mineralized it is brittle and
weak in tension. This is consistent with the SEM images in
Fig. 5a and b, which show the tension samples in the transverse orientation after failure; the external layer fractures in
a brittle manner either through the attack of a piranha or
other circumstances, leading to tensile stresses in that layer
(Fig. 5a: mineralized layer is labeled 1 and has a thickness of
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280 lm). Such a fractured layer cannot carry any load,
which leads to a decreased strength of the entire scale
resulting from the increased cross-section compared to the
collagen-only samples. Additionally, due to failure of the
outer mineral layer, there is very likely signiﬁcant damage
evolution in the form of delamination and separation of
ﬁbers in adjacent lamellae prior to failure of the entire scale
(Fig. 5c). Fig. 5a shows ﬁve lamellae, marked by the numbers
1–5 (thickness 50–60 lm), throughout the thickness of the
scale; the lamellae close to the mineral layer might be
hindered in their ability to rotate upon tensile loading,
which could reduce the strength of the collagen layer. The
function of the mineralized layer can be rationalized through

a comparison with modern armor, which consists of a hard
face supported by a tougher foundation. The hard layer
operates under compression and therefore resists projectile
penetration, whereas the backing, being tougher and more
ﬂexible, ensures the integrity of the structure.
c. The tensile behavior of the collagen layers was examined in
the wet condition; the solid plots in Fig. 4 represent the tensile stress–strain curves of these collagen layers. It is interesting to note that the collagen layers in the transverse
orientation have the same modulus as the scale, but a larger
strain at failure, suggesting that when the scale is dried and
bent in this orientation, cracks are not easily generated.
Table 1 shows the tensile properties of the scale in the two

Fig. 6. Damage propagation in the collagen layers containing a notch: (a) initial conﬁguration at the onset of loading (the notch is in the center of the image with the notch
root pointing towards the bottom); (b) the collagen ﬁbrils separate when the samples are being loaded; (c) four orientations of lamellae are being exposed (shown by the
individual arrows); (d) the collagen ﬁbrils bend and stretch as shown by the arrow, some of the collagen ﬁbrils were relaxed when the test stopped; (e) the lamellae and
collagen ﬁbrils bend (arrow), delaminate (dashed lines) and fracture (square); (f) continued loading characterized by sliding of the lamellae indicating the absence of
signiﬁcant crack propagation; (g) damage in unnotched specimen tested under the same conﬁguration up to failure.
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Fig. 7. SAXS results of arapaima collagen layer under tensile load. (a) Tensile load–time plot, SAXS images were taken at four points: (b) before testing, (c) during testing, (d)
at the peak load, (e) after testing. Note that the black dashed line shows the average angle (orientation) of the lamellae in scale before tests, the red short dash–dot line shows
the average angle (orientation) of the lamellae during the in situ tension tests, orientation change of the lamellae can be observed easily from the difference between black
dashed line and red short dash–dot lines in the individual (c–e).

orientations (longitudinal and transverse). As noted above,
the collagen-only samples have a higher strength and
display higher uniform strain and energy dissipation (as
measured by the area under the stress–strain curves) than
the complete scale samples.

3.4. Tensile behavior of the lamellar structure in notched and
unnotched specimens
Fig. 6 shows crack propagation in a specimen in which the
highly mineralized external layer was removed, i.e. exclusively in
the lamellar structure of the collagen. A crack starting from the
root of the notch is forced to grow under the action of tensile forces
with a direction marked in Fig. 6a. At the onset of crack propagation, collagen ﬁbers in different orientations are exposed and show
different damage mechanisms (Fig. 6b and c). The top lamella
(labeled 1), with an orientation of the collagen ﬁbrils perpendicular
to the loading direction, undergoes separation by splitting. The
ﬁbers in the other underlying orientations (labeled 2, 3 and 4)
are more closely aligned to the loading direction and are stretched
and rotated. The ﬁbrils (labeled 2) close to the split lamella (labeled
1) fracture; however, some lamellae (labeled 3 and 4) are only
stretched and rotated (Fig. 6c and d). Some collagen ﬁbrils are bent
(arrow in Fig. 6d) by the loading and then relaxed and curved back
after unloading or fracture (dashed square). The full range of failure
mechanisms, speciﬁcally delamination, tensile failure, rotation and
bending of ﬁbrils, is shown in Fig. 6e. Due to the high ﬂexibility of
the collagen lamellae and excessive failure distribution upon tensile loading tests, samples showed large crack-tip openings but
negligible crack propagation. Failure mechanisms of samples with
a highly mineralized external layer occurred in a comparable manner to samples without an outer layer and are hence not shown
individually. Fig. 6e and f shows the progression of damage without any appreciable increase in the crack length.
The individual deformation process and mechanism occurring
in a tensile test from an unnotched sample are additionally shown

in Figs. 6g and 7 using the SAXS method. The splitting of the individual layers, their rotation and separation as well as curling of
fractured ﬁbrils can be also seen. This demonstrates that the processes of ﬁbrillar rotation, stretching, delamination and reorientation occur in the entire specimen being subjected to deformation.

3.5. SAXS, diffraction and mechanisms of collagen reorientation
Synchrotron radiation has been used previously to measure the
reorientation and elastic stretching of collagen in bone [35,36] and
human aorta [37,38]. The current results for Arapaima gigas conﬁrm
the previous analyses but importantly introduce another element:
the organized reorientation of the lamellae of parallel collagen
ﬁbrils, a process that is signiﬁcantly different from that in other biological systems and which results from the Bouligand-like structure.
SAXS tests were performed on the inner collagen layer to reveal
and quantify the mechanisms of collagen lamellae deformation
and reorientation during tensile straining, which are essential to
the understanding of the resistance of the scale to external loading.
The procedures and detailed results are described by Zimmermann
et al. [27]; only the principal mechanisms are introduced here to
highlight the modes of deformation. The uniaxial load–extension
curves on the collagen layer, taken during the SAXS experiment,
show an approximately linear response, in agreement with the
tensile results of Fig. 4. As the lamellae within the scale’s inner collagen layer have a Bouligand-type structure, each lamella will have
a distinct orientation that is visible in the two-dimensional X-ray
diffraction pattern. Thus, the strain and orientation of the collagen
ﬁbers in each lamella can be measured during tensile deformation;
the reorientation is clearly visible through the change in the orientation of the arcs with respect to the tensile axis and the strain can
be measured by the change in the arc’s radial position with respect
to the beam center. Four points are marked in the tensile load-time
plot (Fig. 7a) measured where SAXS observations were recorded
(Fig. 7b and e, respectively), corresponding to points 1–4: before
testing (point 1), during testing (point 2), at the peak load (point
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3) and after testing (point 4). In the SAXS images, as the collagen
ﬁbrils rotate, the angle of the arcs on the SAXS spectra changes;
the dash–two dots lines show the tensile loading direction, the
dashed lines show the original orientations of collagen ﬁbrils
before testing and the dash–dot lines show the changed orientations of collagen ﬁbrils after the testing starts.
Before testing, two main orientations of collagen make angles of
w1 = 43° and u1 = 49° to the tensile loading direction (Fig. 7b). During tensile testing, the collagen ﬁbrils rotate towards the tensile
direction (Fig. 7c) such that w2 = 41° and u2 = 35°. At the peak load,
the two ﬁbril orientations rotate closer to the tensile direction:
w3 = 21° and u3 = 12°. At this point, the SAXS patterns (arcs) of collagen ﬁbrils in two orientations almost meet each other (Fig. 7d).
After sample failure (Fig. 7e), one orientation of collagen ﬁbrils
releases back to a larger angle (u4 = 22°), whereas the other ﬁbril
orientation can no longer be seen, which implies possible fracture.
Such rotations of collagen ﬁbrils both towards and away from
the loading direction observed in the in situ SAXS experiments
can be attributed to two principal mechanisms, as follows.

a. Collagen ﬁbril rotation towards tensile loading through
interﬁbrillar shear and elastic stretching (Fig. 8a): when a
bundle of collagen ﬁbrils aligned in the same orientation
rotate towards the tensile direction, the interﬁbrillar hydrogen bonds break so that the collagen ﬁbrils can experience
shear strain. Fig. 8a shows the collagen ﬁbrils rotating
toward the tensile direction (w1 6 w0), as well as their elastic stretching, leading to a tensile strain e = (L1  L0)/L0,
where L0 is the initial projected ﬁbril length, L1 is its
stretched length projected in the tensile direction and d0
and d1 are the spacing characteristics of collagen ﬁbrils (d
period) before and after stretching, respectively.
b. Orientation of collagen ﬁbrils change due to formation of an
interﬁbrillar gap (Fig. 8b): when a lamella with collagen
ﬁbrils makes a large angle with the loading direction, the
ﬁbrils can separate, allowing a gap to open up; thus, regions
with two new orientations of collagen ﬁbrils are generated
with one at a larger angle (w1 > w0) and another at a smaller
angle to the loading direction (w2 < w0). In addition to the

Fig. 8. Mechanisms of collagen ﬁbril deformation under tensile load. (a) Rotation through interﬁbrillar shear and elastic stretching of collagen ﬁbrils. Fibril stretching and
interﬁbrillar sliding decrease the angle between the ﬁbrils and the loading direction from w0 to w1. The initial d period along the ﬁbrils is equal to d0; after extension, this d
period increases to d1 as the overall length increases from L0 to L1. (b) The tensile opening of interﬁbrillar gaps acts to change the angle, at the extremities of the ﬁbrils, from
w0 to w1 and w2; note the change in width from W0 to W1 that can cause Poisson contraction (adapted from Ref. [27]).
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above mechanisms, Zimmermann et al. [27] consider ‘‘sympathetic’’ ﬁbril rotation, which can rotate the ﬁbrils toward
the tensile axis.
In summary, for collagen ﬁbrils aligning at a small angle to the
tensile direction, ﬁbril rotation can easily occur towards the loading direction, whereas for ﬁbrils at a larger angle this rotation is
far more difﬁcult. Both rotation toward and away from the tensile
axis can be induced.
The rotation of the lamellae toward the tensile axis can be calculated as a function of the total applied tensile strain when the
initial angle w0 is small. Two components of strain are considered.
The total strain is obtained from the elastic stretching of ﬁbrils (eel)
associated with the increase in d-period of collagen and from the
ﬁbril rotation (er) that is the result of interﬁbrillar shear:

et ¼ er þ eel :

er ¼

L1  L0 cosw1
¼
1
L0
cosw0

The elastic strain, shown by the increase in the d period from d0
to d1 (d1 > d0), also has to be expressed in the tensile direction, considering the ﬁbril length Lf and its initial and deformed values, Lf0
and Lf1:

eel ¼

ð5Þ

Lf 1 cosw1  Lf 0 cosw0 Lf 1 cosw1
¼
1
Lf 0 cosw0
Lf 0 cosw0

ð6Þ

The elastic stretching of the collagen ﬁbers follows the linear
equation, where Ef is the elastic modulus of the ﬁbrils, estimated
to be 2 GPa by Gautieri et al. [34]. Thus:

Lf 1  Lf 0 r
¼ :
Lf 0
Ef

ð7Þ

Substituting Eq. (7) into Eq. (6) and this result with Eq. (5) into
Eq. (10) gives the strain in the collagen ﬁbrils:

ð4Þ

The strain due to the rotation of the ﬁbrils (involving interﬁbrillar shear and ignoring the ﬁbrillar stretching) is directly obtained
from Fig. 8a; it is equal to:
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et ¼



cosw1
r
 2:
2þ
cosw0
Ef

ð8Þ

The constitutive behavior for an assembly of collagen lamellae
has been expressed, as a function of strain rate, though a viscoelastic relationship [22]. The one commonly used for biological
materials is called the Ramberg–Osgood equation [39]; it was

Fig. 9. Nature of the rotation and deformation of the lamellae during tensile loading of the scales. Positive values of the angle Dw represent rotation of ﬁbrils toward
tensile axis and negative values rotation away from tensile axis. (a) Changes in the angles of collagen ﬁbrils with the tensile axis are shown from analytical calculations.
Note that when Dw reaches the value of the initial angle w0, the rotation stops because the alignment with the tensile axis is reached (at strains 0.01 for 5° and 0.035
for 10°). (b) Changes in the angles of collagen ﬁbrils with respect to the tensile axis measured from small-angle X-ray diffraction patterns; the latter were taken from
Ref. [27].
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originally developed for metals but its use in the viscoelastic
response of bone is well recognized [40]. It describes the strainrate sensitivity m of the elastic modulus E (which is expressed as
r/e):


r
e
¼C 
ef
e0

!m
ð9Þ

;

where C is an experimentally measured parameter, e_ is the strain
rate and e_ 0 is a normalization parameter, which we can assume to
be equal to 1 s1. Indeed, Lin et al. [22] demonstrated that the
arapaima’s collagen exhibits a high value of m  0.26, with the
constant C = 1.5 GPa. Substituting Eq. (9) into Eq. (8), we obtain:

et ¼

"
cosw1
2þC
cosw0



e

e0

!m

et
Ef

#
 2;

ð10Þ

which is expressed in a format of the changing orientation of
the collagen ﬁbrils similar to that used by Zimmermann et al.
[27], gives:

2

3

6 cosw0 ðe þ 2Þ 7
w1  w0 ¼ arccos4
 m 5  w0 :
et
2 þ C e
E
e0

f

ð11Þ

Fig. 9a shows the change in collagen orientation given by
Eq. (11) vs. the total strain in the range e  0–0.12. The strain rate
used in Eq. (11) was 104 s1 to match the experimental SAXS
results. These values are plotted for different initial values of w0:
5, 10, 20, 45 and 70°. It can be seen that the ﬁbrils rotate toward
the tensile axis for all cases and that rotation stops once the rotation angle reaches the original misorientation angle. When all the
collagen ﬁbrils align towards the loading direction (w0 = 0°), there
is no strain contributed by the rotation of collagen ﬁbrils. For small
angles w0, the rotation is more pronounced. The ﬁbrils originally at
an angle between 31° and 90° have no chance to rotate towards the
tensile axis and either do not change orientation or rotate away.
The results of the SAXS experiments are given in angular
ranges: 0–14°, 15–30°, 31–60° and 61–90°. During tensile testing,
we can observe collagen ﬁbrils rotating both towards (positive
Dw) and away from (negative Dw) the tensile direction (Fig. 9b).
The positive values and the rates of rotation are well described
by the above analysis.
Negative values of Dw (rotation away from tensile direction)
require mechanisms not incorporated into the analysis. Three principal mechanisms can be considered: the splitting of lamellae
creates regions of separation, causing changes in the angle w of
the lamellae to the tensile direction, as shown schematically in
Fig. 8b (the changes in the angle can be both positive and

Fig. 10. MD of collagen ﬁbrils in three different directions with initial lamellar angles of 42°, 78° and 18° to the tensile direction. (a) Schematic of the scale model and the
loading condition used to investigate the response under uniaxial tension. (b) The stress–strain curves obtained for different surface energies used in model. It is noted that
for 1 J m–2 the ﬁrst stress drop is 26.4 MPa, which gives the best approximation to the stress–strain curve of collagen layer and scales as shown in Fig. 4. (c) Simulation
snapshots of the deformation of each lamella in the scale model, taken at different strains as noted in panel (b) at increasing strains: (I) strain = 0, (II) strain = 0.04, (III)
strain = 0.09 and (IV) strain = 0.15. Collagen delamination (noted by ii) and bridging (noted by i) are marked for lamella 2 at strain = 0.15 (IV), as illustrated (scale bar: 10 lm).
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negative); sympathetic rotation through which a layer is sandwiched between two layers which ‘‘drag’’ it and force it to rotate
away from the tensile direction; and contraction by Poisson’s ratio
effects, leading to rotation. In summary, the analysis predicts the
positive Dw rotations (rotation towards the tensile direction) fairly
well. It should be noticed that the analysis uses independent values; no parameters extracted from the SAXS experiments were
employed.
3.6. MD calculations on collagen layers in tension
In order to conﬁrm the rotation of the lamellae and individual
ﬁbrils observed by SAXS and in situ SEM tensile experiments, the
process was modeled at the ﬁber level. MD calculations of the tensile deformation of the collagen layer with three orientations of
collagen lamellae (42°, 78° and 18°) were performed to model
the mechanisms of deformation. Periodic conditions are applied
to the out-of-plane direction and thus each collagen lamella is
sandwiched between two other lamellae with a 60° angle with
each of them. This conﬁguration is built according to the experimental observations as the angle between two neighboring lamellas is measured to vary between 35 and 85° [22]. An earlier study
had reported 60° but this was an oversimpliﬁcation [23]. We use
this model and apply uniaxial tensile force by ﬁxing a single layer
of coarse-grained beads at each edge of the pulling direction and
controlling their displacement quasi-statically, as detailed in Section 2.8 (Fig. 10a). The Young’s modulus used to model the collagen
ﬁber is 2 GPa, which is an average estimate from collagen microﬁbrils from both computational and experimental approaches [34].
It is noted that the inter-ﬁber interaction energy depends on surface chemistry (in terms of protein sequence and mineral composition), degree of hydration and roughness, and it is difﬁcult to
directly measure this experimentally. However, we are able to
model this interaction by referring to the results of full atomistic
simulations. We model the inter-ﬁber interaction by using the surface energy of tropocollagen molecules, which is measured to have
a range from 0.05 to 3 J m2 in simulations with different constraints [41].
Using the present model, we obtain multiple stress–strain
curves by using different surface energies, as shown in Fig. 10b.
These calculated curves have a typical saw tooth shape, with the
stress ﬁrst increasing linearly with the increasing strain at small
deformation followed by signiﬁcant stress drops before increasing
again. The peak stress before the drop region depends on the surface energy; as the surface energy increases, the stress increases,
because the bonding between adjacent collagen microﬁbrils
increases. In Fig. 10b, it can be seen that the peak stress increases
to over 100 MPa when surface energies are increased to 10 J m2.
For 1 J m2, the peak stress is equal to 26.4 MPa, which is close
to the magnitude of the experimental peak stress of ﬁsh scales,
as shown in Fig. 4. We therefore use this surface energy to model
the inter-ﬁber interaction. By comparing the simulation snapshots
shown in Fig. 10c, we ﬁnd that during the linear and yielding
region, all the collagen ﬁbers in the model retain the orientation
of the initial conﬁguration and the deformation strain is homogenously distributed in the ﬁbers. The ﬁrst stress drop corresponds
to the appearance of collagen delamination within the material;
this is an important mechanism for releasing the deformation
energy stored in ﬁbers, since it creates microcracks along the
ﬁbers. For smaller surface energies (e.g. 0.1 and 0.05 J m2), the
simulations show neither a signiﬁcant stress drop nor collagen
delamination. The last region of the bumpy but upward trend is
principally caused by the alignment of the ﬁbers in the third
lamella; stretching of those aligned ﬁbers requires larger stress.
It is noted that the stress can increase signiﬁcantly in this region
because we assume that the collagen ﬁbers are purely elastic and

Fig. 11. Simulation results showing evolution of angles w of the collagen ﬁbers in
each lamella for increasing strains (I < II < III < IV).. The three layers have conﬁgurations shown in Fig. 10c. The four strains used here to scan the angle are 0, 0.04,
0.09 and 0.15 for strains I–IV (same as that used in Fig. 10c), respectively. The
variation in the angles increases with strain (marked by bars on top of each bar
plot). Lamella 3 shows a signiﬁcant decrease in angle with increasing strain due to
rotation of ﬁbers toward the tensile axis.

non-breakable, which simpliﬁes the mechanics but quickly enables
us to see the strain distribution and mechanisms of the collagen
delamination and bridging. An improved model needs to incorporate the entire force–extension curve of the collagen ﬁber; this
can be obtained in future from either micro tensile test experiments or large-scale modeling of collagen ﬁbers using molecular
simulations [42]. Fig. 10c shows the change in orientation and
delamination of the lamellae as a function of applied tensile strain.
Four values were used for comparison: 0, 0.04, 0.09 and 0.15. They
are labeled I, II, III and IV, respectively. The delamination is more
prominent for the ﬁrst and second lamellae, which have initial
angles of 42 and 78°. In the regions at the ends of the delaminations, the angles change signiﬁcantly. This is indicated by arrows
for the second lamella at strain IV. This rotation at the end of the
delamination supports the mechanism derived from experiments,
as shown in Fig. 8. For the third lamella, which makes an initial
angle of 18° to the tensile axis, the rotation towards the tensile
direction reduces the angle.
The average value and standard deviation of the angles between
the ﬁbers and the tensile direction in each collagen lamella was
computed; results are summarized in Fig. 11. It is shown that for
the lamella with the largest initial angle (78°, second lamella),
the average value stays at a constant level, which agrees with the
analytical calculations (Fig. 9a). The standard deviation of the angle
in this lamella increases signiﬁcantly for large deformation, which
can be understood by collagen bridging, explaining how a part of
the collagen ﬁbers rotates away from the tensile direction
(Fig. 10c). The calculations also show that the lamella with a smaller angle with the tensile direction (third lamella, making an initial
angle of 18°) rotates faster than the other lamella (ﬁrst lamella,
with angle of 42°) toward the tensile direction, which also agrees
with the analytical calculations (Fig. 9a).
4. Discussion
The arapaima scale has two important functions: (i) it resists
penetration and (ii) it redistributes the force from the location of
the bite over a much larger area. According to Zhu et al. [16], the
whole penetration process can be divided into three stages with
progressively increasing penetration depth: stage I is essentially
elastic loading, which terminates with cracking of the external mineral layer; stage II involves the penetration of collagen; while in
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Fig. 12. Protection mechanisms of the arapaima’s scales against the penetration of a tooth: (a) schematic conﬁguration of the scale overlap (imbrication); (b) ﬂexing and
redistribution of compressive stresses on the tissue; (c) ﬂexure of scale leading to compressive stresses in the mineralized surface layer and tensile stresses in the ﬂexible
collagen lamellae.

stage III the tip of the indenter completely traverses the scale. This
is indeed what happens in the scale of the arapaimas. Song et al.
[25] conducted a ﬁnite element analysis of the ganoid scales where
they varied tooth and scale parameters and established what effects
this had on the mechanical response. One important conclusion is
that the radius of curvature of the tip of the tooth had a profound
effect on the force necessary to penetrate the scale. This was
extended to elasmoid scales by Browning et al. [26] and Varshney
et al. [43]. Their conclusion was that the redistribution of loads
around the penetration point is critically dependent on the following scale parameters: angle of the scales, degree of scale overlap,
composition (volume fraction of the scales), aspect ratio of the
scales and material properties (tissue modulus and scale modulus).
Fig. 12a shows schematically how the stresses are redistributed
over a large area by the collective action of the scales. This enables
the ﬂesh to resist the compression by the application of the bite
force. The ﬂexibility of individual scales and their overlap are
designed to increase the area of redistribution, as was pointed
out by Vernerey and Barthelat [44]. Speciﬁcally, the scales are
designed to function with the external layer under compressive
stresses (Fig. 12b). Indeed, Meyers et al. [23] proposed that the
design of scales could lead to a bioinspired ﬂexible ceramic composite and suggested that, in the case of the arapaima scales, the
surface ridges minimize the stresses in the ceramic and enable
ﬂexing without fracture.
The foregoing results of experiments, characterization and analysis provide an improved understanding of the mechanisms of
deformation and damage in the scales. The external mineral layer

is designed to operate under compression; the tensile strength of
the scales is actually increased by its removal. This is paradoxical
but can be explained by the fact that the mineral does not contribute signiﬁcantly to the tensile strength. Thus, its effect is strictly to
increase the cross-sectional area, thereby decreasing the stresses. A
second effect is that the lamellae adjacent to the mineral layer do
not beneﬁt from the rotational mechanisms discovered by Zimmermann et al. [27]. Indeed, the mineral layer is designed to operate in compression, as shown in Fig. 12b. The application of a force
by a tooth bends the scale in such a manner that the external mineralized layer is put under compression whereas the internal layers
are subjected to tension (Fig. 12c). In fact, penetration by a tooth is
hampered signiﬁcantly by this layer, leading often to the fracture
of the tooth.
The lamellar structure of the collagenous foundation comprises
many layers in a Bouligand-like arrangement. As a tooth penetrates, the layers separation and scale fracture are avoided through
interlamellar and interﬁbrillar sliding mechanisms. The reorientation of the lamellae was observed through in situ experiments conducted on pre-notched specimens. These experiments show the
sliding and reorientation of the lamellae and the absence of crack
propagation. SAXS experiments conﬁrm the change of orientation
of the collagen ﬁbrils. These phenomena were modeled by MD; this
conﬁrms that at small angles (w < 45°) the lamellae rotate towards
the tensile axis, while for larger values, interlamellar splitting
causes local increases in w.
The combination of a highly mineralized surface region
designed to operate in compression with a ﬂexible foundation,
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which can undergo signiﬁcant tensile stresses, provides mechanical properties that minimize the penetration ability of teeth and
can distribute the compressive traction effectively while ensuring
signiﬁcant mobility to the ﬁsh. This is accomplished at a modest
weight penalty: the scale weight/ﬁsh weight ratio is only 0.1.
5. Conclusions
Arapaima gigas is one of the largest freshwater ﬁsh; it is covered
with elasmoid scales that act as ﬂexible dermal armor and provide
protection, primarily from attacks by piranhas, the principal predators in the Amazon basin. In this study, the penetration response
and tensile behavior of the scales were investigated, with particular attention to the mechanisms of damage in the individual collagen layers. This was achieved experimentally through the use of
tensile tests on hydrated scales and indentation experiments, analytically by predicting the various mechanisms that retard damage
in the scales, and computationally with MD calculations performed
to understand the response of collagen ﬁbrils to tensile loading.
Based on these studies, the following speciﬁc conclusions can be
made:
TEM and AFM conﬁrm that the collagen ﬁbrils have diameters
of 100 nm and are parallel in one lamella. The d band spacing
of the collagen is clearly revealed by AFM and is equal to 67 nm,
characteristic of type I collagen.
The scales act to efﬁciently resist bites from other ﬁsh. As a
tooth attempts to penetrate the scale, ﬁrst the brittle external layer
is placed under compression and would eventually crack due to the
stress concentration and gradients, exposing the collagen layers
beneath. As the penetrator enters more deeply into the scale, the
collagen ﬁbrils are pushed apart and separated. Since it has to traverse several lamellae with different orientations, no macroscopic
cracks are formed. In an extreme case, eventually, individual collagen ﬁbers fail in tension, exhibiting necking which is characteristic
of considerable permanent deformation.
We conﬁrm and quantify earlier conclusions by Zimmermann
et al. [27], namely that the stretching, rotation, delamination and
fracture of collagen ﬁbrils are the principal mechanisms of energy
dissipation in the ﬂexible foundation. Under tensile loading, most
of the collagen ﬁbrils are stretched and rotate toward the tension
direction; the collagen ﬁbrils with a large angle to the loading (closer to 90°) delaminate as portions can rotate away or towards the
tensile direction. An analytical model predicts the rotation of the
collagen ﬁbers toward the tensile axis; the model is in good agreement with measurements by SAXS.
MD calculations of interﬁbril separations yield results that
match quantitatively the experimental measurements, with interaction energy between microﬁbrils of 1 J m2 being assumed. The
calculations correctly predict the separation of ﬁbrils and angular
rotation toward and away from the tensile axis for large angles,
and rotation of ﬁbrils toward the tensile axis for small angles. Since
only three lamellae are used in the computation, their splitting is
accompanied by signiﬁcant load drops; the drop at a stress of
26.4 MPa corresponds closely to the maximum stress of 30–
40 MPa experimentally observed.
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Appendix A. Figures with essential colour discrimination
Certain ﬁgures in this article, particularly Figs. 1–12 are difﬁcult
to interpret in black and white. The full colour images can be found
in the on-line version, at http://dx.doi.org/10.1016/j.actbio.2014.
04.009.
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