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A B S T R A C T

The Arapaima gigas scales play an important role in protecting this large Amazon basin fish

against predators such as the piranha. They have a laminate composite structure composed

of an external mineralized layer and internal lamellae with thickness of 50–60 µm each

and composed of collagen fibers with ∼1 µm diameter. The alignment of collagen fibers

is consistent in each individual layer but varies from layer to layer, forming a non-

orthogonal plywood structure, known as Bouligand stacking. X-ray diffraction revealed

that the external surface of the scale contains calcium-deficient hydroxyapatite. EDS

results confirm that the percentage of calcium is higher in the external layer. The micro-

indentation hardness of the external layer (550 MPa) is considerably higher than that of the

internal layer (200 MPa), consistent with its higher degree of mineralization. Tensile testing

of the scales carried out in the dry and wet conditions shows that the strength and stiffness

are hydration dependent. As is the case of most biological materials, the elastic modulus

of the scale is strain-rate dependent. The strain-rate dependence of the elastic modulus,

as expressed by the Ramberg–Osgood equation, is equal to 0.26, approximately ten times

higher than that of bone. This is attributed to the higher fraction of collagen in the scales

and to the high degree of hydration (30% H2O). Deproteinization of the scale reveals the

structure of the mineral component consisting of an interconnected network of platelets

with a thickness of ∼50 nm and diameter of ∼500 nm.
c⃝ 2011 Elsevier Ltd. All rights reserved.
d

1. Introduction

Arapaima gigas is one of the largest freshwater fish in the
world, reaching a length of about 2–2.5 m and a mass
over 150 kg. The fish inhabits the Amazon River Basin in
South America. Interestingly, it lives in harmony with the
piranha, fish known for their voraciousness and sharp teeth.
It has been proposed that the scales of Arapaimas serve
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as an armor-like protection against the sharp piranha teeth
(Currey, 2010). This function of scales as armor has been
demonstrated for Polypterus senegalus (Song et al., in press).

A number of studies on fish scales have been conducted
addressing the structural arrangement, and collagen forma-
tion and orientation (Zylberberg and Nicolas, 1982; Zylberberg
et al., 1988, 1992; Olson and Watabe, 1980). Most fish scales
have similar material components to other hard tissues such
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Fig. 1 – Hierarchical structure of the Arapaima gigas scales. The Arapaima gigas scales have an outside layer that is highly
mineralized; the inside is a laminate composite of collagen fibers, which are, on their turn, formed by fibrils.
as bones and teeth. They are mainly composed of type I col-
lagen fibers and calcium-deficient hydroxyapatite, which are
also found in bones and teeth. The collagen fibers are usu-
ally densely packed lamellae with different orientations from
layer to layer, forming a plywood structure (Zylberberg et al.,
1992; Weiner and Wagner, 1998). As is also the case for the
Pagrus major scales reported by Ikoma et al. (2003).

The dimensions of the laminates vary with the thickness
of the scale. In P. reticulata (guppy), the lamellae are ∼1 µm
thick; in C. auratus (goldfish), they are around 5 µm (Bigi et al.,
2001). Both orthogonal and double twisted plywood patterns
are reported. The angles between layers have also been found
to vary from 36◦ for teleosts, to 90◦ for Poecilia reticulata and
Pagrus major (Zylberberg et al., 1988), to less than 90◦ for H.
bimaculatus. This plywood structure has been proposed to
form a Bouligand arrangement, named after Bouligand (1972)
who studied it extensively. It consists of the superposition
of layers with the fibers forming a helical pattern. This
structure can also form in the cylindrical geometry (e.g.,
bones) and in this case each layer is composed of fibers that
twist around the axis with a different ‘pitch’. Neville (1993)
dedicates a considerable portion of his book to these helical
and helicoidal arrangements of fibers, which are prevalent
in arthropods, fish scales, bone, and wood. He discusses
different stacking sequences in fish scales.

The mechanical properties of some fish scales have been
studied. Nano-indentation results on Polypterus senegalus
scales were reported by Bruet et al. (2008) showing that
distinct reinforcing layers with different moduli and hardness
offer a unique protection mechanism. The external surface
layer of this dermal armor consists of ganoine, with a nano-
indentation hardness superior to that of enamel: 4.4 GPa. The
tensile strength of the scale of Pagrus majorwasmeasured and
found to be ∼90 MPa; the elastic modulus was 2.2 GPa. There
is also one study on the Arapaima scales (Torres et al., 2008),
which has only limited tensile data.
Fig. 2 – (a) Five superposed Arapaima gigas scales;
embedded (left, light) and exposed (right, dark) and regions
are clearly seen, the light regions being larger than the
darker ones; (b) Optical micrograph of part of scales
showing pattern of veins and circular ridges (embedded
part on the left). The ridges are accentuated by dashed lines
and are barely visible. The veins form an irregular pattern.
They are seen in greater detail in Fig. 3.
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Fig. 3 – SEM images of the mineralized external surface showing the ridge structure on the surface. (a), (b) exposed region
of the scale under low and high magnifications; ridges approximately 1 mm wide (c), (d) embedded part of the scale; ridges
∼0.2 mm wide.
Both the hydration and strain rate play a significant role in
the mechanical properties of biological materials. Therefore,
tensile tests were conducted in wet and dry conditions and
at different strain rates to investigate how they affect the
mechanical properties of the scales. Thus, the objective of
this study was to establish the effects of strain rate and
hydration on the scales.

2. Experimental procedure

Mechanical tests including tensile and micro- and nano-
indentation were conducted. Scanning electron microscopy
was performed on the fracture surfaces of tensile test
specimens, cross sections and surfaces of the scales to
establish its structure. Both EDX and XRD were used to
identify the chemical content and scale composition.

2.1. Tensile tests

The air-dried scales were extracted from the lateral part
of the Arapaima gigas and rehydrated by placing them in
distilled water for four days before tensile testing. Specimens
were cut from the embedded part of the scale into dog-
bone shape by a programmed laser cutting machine to fit
into the custom-made grips. Their dimensions were 25.4 mm
in length, 6.35 mm in width, 6.35 mm in gage length and
2.29 mm in gage width. The specially designed fixture was
composed of two grips and a sliding track. Both the upper
and lower grips were confined in the track to minimize
torsion and misalignment. The fixture is described by Lin
and Meyers (2009). Testing was conducted in an Instron 3346
single column testing system equipped with a 500 N load cell.
The hydrated samples were tested immediately after they
were immersed in water for 4 days. The strain rate used for
hydrated samples was varied from 10−4s−1 to 10−2s−1.

2.2. Micro- and nano-indentation tests

Cross-sectional specimens were cut from the exposed region
of the Arapaima gigas scale with a thickness of about 2 mm.
Both the specimens for micro- and nano-indentation were
in air-dried condition with water content of ∼16 wt%. The
samples were mounted in epoxy, ground to expose the cross-
section surface with sand paper, and polished to 0.5 µm
with an Al2O3 solution. An LECO M-400-H1 hardness testing
machine equipped with a Vickers indenter was used. A load
of 25 N was utilized to indent the cross section starting
from the internal layers to the external layer. Nine linear
indentations weremade in three different areas with a total of
27 indentations. The interval distance between indentations
was sufficiently large to prevent the residual stress and strain
hardening effect.
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Fig. 4 – Optical micrographs of cross section of scale:
(a) Overview of the entire scale at a lower magnification
(b) Higher magnification of external layer showing ridge
geometry; (c) Higher magnification of internal layers
showing laminate structure in the scale.

Nano-indentation was also conducted on the cross section
of the scale. A Berkovich tip was employed on the polished flat
cross section of the scale to measure the indent resistance
including the elastic modulus and hardness through the
different layers which comprise the individual scale. The
applied maximum force was 500 µN with loading rate of
50 µN/min.

2.3. Microstructure characterization

Both the fracture and polished cross-section surface of the
scale were characterized by using a field emission scanning
c

Fig. 5 – (a) SEM image of the cross section showing the
laminated structure in the internal layers. The white lines
in the SEM image represent the cracks due to the drying of
the scale. It can be seen that, as we go from the top to
bottom, that Layers 1, 4, and 7 do not show cracks;
(b) Higher magnification SEM image of cross section
showing the collagen fibril orientation. The aligned
collagen fibers can be seen in the middle lamella; no cracks
were formed perpendicular to fiber axis; (c) top view
showing two adjacent layers and angle between them.

electron microscope (FEI-XL30, FEI Company, Oregon, USA)
equipped with electron-dispersive X-ray spectroscopy (EDS).
The samples were gold coated and observed with secondary
electron mode at a 10 kV accelerating voltage. Elemental
analysis was conducted on the cross section of the scale by
EDS to verify the element content and differentiate between
the internal and external layers.
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Fig. 6 – (a) Back scattered image of the polished cross
section of scale; cracks are produced by drying; (b) EDS
results of external and internal regions of the cross section;
notice that calcium peak is more pronounced for external
layer.

2.4. X-ray diffraction

X-ray diffraction (MiniFlexTM II, Rigaku Company, Texas, USA)
with the Cu Kα1 radiation source was performed on the two
sides of Arapaima scales. In order to obtain better diffraction
conditions, both the outer and inner surfaces were polished.
The wavelength of the radiation source is 0.154 nm. The scan
angle ranged from 20◦ to 60◦ with step sizes of 0.01◦ at a rate
of 1◦/min.

2.5. Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) was used to
analyze the chemical compounds in the scale with different
absorption peaks which correspond to different frequencies
of vibration of bonds between the atoms. The sample, with
dimensions of 1 × 1 cm, was cut from the embedded part
of the scale and ground to a thickness of 300 µm. A Varian
Excalibur 3100 FTIR spectrometer with wave number of
20 cm−1 spectral resolution was used to identify the chemical
compounds in the scale. The sample was tested in Attenuated
Total Reflectance (ATR) mode with ATR configuration of Si and
ZnSe plate equipped in the FTIR instrument.

2.6. Characterization of deproteinized Arapaima gigas
scales

Both mineral and collagen are the key extracellular
components of the scale. In order to investigate the structure
of the mineral phase in the scale, the specimens were
immersed in a 2.6 wt% NaOCl solution (Weiner and Price,
1986) for 7 days to remove the protein in the scale.

3. Results and discussion

The Arapaima scale has two main distinguishable sections:
an embedded part with a thickness of ∼1 mm and an
exposed section of ∼2 mm in thickness. It is thicker than
most other fish scales, that can be as low as 1–2 µm in
the case of Pagrus major (Ikoma et al., 2003). Fig. 1 shows
the hierarchical structure of the Arapaima gigas scales. The
scale has a laminate structure composed of an external layer
(highly mineralized) with ridges and internal layers. The
main building block of the scales is collagen fibers forming
a plywood structure. The collagen fibrils, with a diameter
of ∼100 nm, form collagen fibers with a diameter of 1 µm.
The collagen fibers, in turn, assemble into lamellae with a
thickness of ∼50 µm.

3.1. Structure characterization

Fig. 2 shows the typical arrangement of the fish scales.
The scales, with dimensions of 5–7 cm in length (and, in
large fish, up to 10 cm) and ∼4 cm in width, overlap one
another to form the characteristic armor-like protection.
The darker region is exposed to water, while the lighter
areas are the embedded regions which are covered by other
scales. The areal fraction of the lighter (covered) regions is
approximately ∼0.6, consistent with the fact that, in average,
there are three layers overlapping each other. Note that these
regions are mislabeled in Figure 5 of Torres et al. (2008). The
ridge structure is oriented along the partial circle contour
around the focus point on the junction of exposed and
embedded parts. Fig. 2(b) is an optical micrograph showing
the veined pattern in the embedded part of the scale. There
are also circular lines drawn, marking the presence of ridges.
Arapaimas scales are commonly used as nail files in the
Amazon basin and these ridges act as controlled grooves.
They are perpendicular to the longitudinal axis of the scales.
Fig. 3(a) and (b) are SEM images of the exposed part of surface
and Fig. 3(c) and (d) are SEM images of the embedded part.
Fig. 3(c) and (d) show the ridge structure which corresponds
to circles drawn in Fig. 2(b). The spacing between the ridges
in the exposed part is larger than that in the covered part of
the scale. The scale thickness is correspondingly larger for the
exposed part.

By optical microscopy of the cross section, one can observe
the external and internal layers (Fig. 4). The corrugated
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Fig. 7 – (a) Calcium mapping of the cross section of the scale; (b) Phosphorous mapping of the cross section of the scale;
(c) Line scans of calcium and phosphorous along cross section. It can be seen that both calcium and phosphorous
concentrations are higher in the external layer.
surface of external layer corresponds to the ridge structure
of the surface, whereas the internal layers are characterized
by lamellae.

Macroscopically, the exposed part shows a rougher
surface than the embedded part. Nevertheless, the ridge-like
structure is distributed across the entire embedded (covered)
part. Additionally, it can be observed that the thickness of the
scale gradually decreases toward the edge of the embedded
region. The average thickness of the exposed part is about
1.8 mm and that of the internal part is ∼1 mm. Fig. 5(a) shows
the internal layers of the scale with the lamellar structure
having an approximate layer thickness of 50 µm. At higher
magnification (Fig. 5(b)), the central lamella shows collagen
fibrils oriented in one direction. There is a profuse network
of cracks in the layers due to the drying process. These
cracks propagate between the fibers and are due to shrinking
stresses. When the fibers are oriented parallel to the surface,
no cracks can be seen. In Fig. 5(a) the layers are numbered.
Layers 1, 4, and 7 do not exhibit cracks. Thus, this suggests an
angle between layers of approximately 60◦(3 × 60◦

= 180◦).
Fig. 5(c) shows a top view of the scale; one can see the
layers. The angle between them is ∼75◦; consistent with the
periodicity in the crack pattern seen in Fig. 5(a).

Fig. 6(a) is the BSE image of the polished cross section.
Energy-dispersive X-ray spectroscopy was conducted on two
spots, in the external and internal layers. The EDS results
(Fig. 6(b)) show that the calcium content in external region
is about twice of that in internal region. The Al peak is due to
Al2O3 polishing particles. Calcium and phosphorousmapping
was also conducted on the cross section and the amount of
these elements gradually decrease from the external to the
internal layer. (Fig. 7(a) and (b)). This higher mineralization
is responsible for a higher hardness value in the external
region. Fig. 7(c) shows calcium and phosphorous line scans.
It is evident that the surface is richer in these elements.

Fig. 8(a) shows the structure of the scales after depro-
teinization. The mineral phase of the scale shows a platelet
morphology. The mineral platelets have a random orienta-
tion and are the characteristic elements of the entire depro-
teinized scale structure. Each plate has dimensions of 50 nm
thickness and 500 nm diameter. These plates form assem-
blies that are connected. Fig. 8(b) shows the most common
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Fig. 8 – SEM micrographs of the deproteinized scale:
(a) Mineral disks with approximate diameter of 500 nm and
thickness of 50 nm; (b) Schematic drawing showing disk
with three lobes.

Fig. 9 – X-ray diffraction patterns from scale: (a) internal
part; (b) external part with strong hydroxyapatite peaks.
The XRD pattern can be indexed to standard
hydroxyapatite (JCPDS#00-001-1008, 0000).

configuration of the platelets, which we assume to be three
semi-circles connected along a common axis, which we shall
name ‘tri-disk’. This arrangement is well suited for the min-
Fig. 10 – FTIR spectra of Arapaima gigas scale showing
amide I, II, and III of type I collagen, phosphate groups and
carbonate anions.

eral to form a semi-continuous or even continuous network
in the aligned collagen fiber network. It can be envisaged that
the axis of the ‘tri-disk’ in Fig. 8(b) would be aligned with the
collagen fibrils. Thus, the presence of the mineral does not
disturb the parallel arrangement of the collagen. It is possible
to estimate the density of these platelets that is required to
form a continuous network by assuming contiguous spheres
into which the trifles are inscribed. This is less than 0.1.

XRD was conducted on the polished internal and external
surfaces of the fish scales. Fig. 9 shows the two XRD patterns
with 2θ scan from 20◦ to 60◦. The broad peaks of the XRD
pattern indicate that the scale has low crystallinity. The XRD
patterns are from (a) the internal surface and (b) the external
surface. The peaks in the internal surface are not as obvious
as those in the external surface. The peaks at 2θ of 25.9◦,
31.9◦, 39.8◦, 47.2◦, 49.3◦, and 53.2◦ correspond to d spacings
of 0.343, 0.281, 0.226, 0.193, 0.185, and 0.172 nm, respectively.
The XRD results are consistent with the results by Torres
et al. (2008) which are 25.8◦, 31.8◦, 39.6◦, 47.2◦, 49.3◦, and
53.1◦ corresponding to d spacings of 0.345, 0.281, 0.227, 0.192,
0.184, and 0.172 nm. The XRD results of the scales can also
correspond to the hydroxyapatite XRD, which has peaks at
2θ = 25.8◦,31.8◦,39.6◦,47.2◦,49.3◦, and 53.1◦. The peaks are
also consistent with results from Ikoma et al. (2003).

FTIR spectroscopy shows several strong absorption peaks,
similar to previous studies (Ikoma et al., 2003; Torres et al.,
2008). The absorption peaks at 1637, 1546, and 1239 cm−1

are the three characteristic peaks which correspond to
amide I, amide II, and amide III of type I collagen (Thomas
et al., 2007; Pati et al., 2010) (Table 1). Peaks at around
1000 cm−1, which represent the phosphate groups at 872,
1401, and 1450 cm−1 and correspond to carbonate anions,
were also observed. Thus, the scale is composed of organic
(type I collagen) and inorganic components (calcium-deficient
hydroxyapatite) (Fig. 10).
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Fig. 11 – Micro-indentation hardness through the cross section of scale; measurements start at inner surface and proceed
to outer surface. Hardness is significantly higher in the external layer.
Fig. 12 – Typical nano-indentation curves for external and internal layers. Notice higher slope for external layer, indicative
of higher Young’s modulus, and larger hysteresis in inside layer, indicative of greater deformation and lower hardness.
Table 1 – Comparison of wavelengths of amide I, II and
III.

Torres et al.,
2008

Ikoma et al.,
2003

Present
study

Amide I (cm−1) 1662 1657 1637
Amide II (cm−1) 1560 1520 1546
Amide III (cm−1) 1242 1447 1239

3.2. Micro- and nano-indentation testing

The average hardness value in the internal layers was found
to be 200 MPa, increasing to about 550 MPa in the external
layer. Fig. 11 shows the micro-indentation hardness through
the cross section of the exposed region of the scale. The
hardness of the external layer is over twice that of the internal
layer. This large difference suggests that the purpose of the
external layer is to serve as protective armor against the
sharp teeth of the piranha. Bruet et al. (2008) found that the
scales from Polypterus senegalus also exhibit a multiple layer
structure. They performed nano-indentation testing on the
scales and showed that the hardness increases with distance
from the inner surface to the outer surface, from 0.54 GPa to
4.5 GPa.

In order to compare the present results with those of
Bruet et al. (2008), nano-indentation tests were performed.
Fig. 12 shows the load–depth curves. The internal region of
the scale exhibits lower hardness (0.6 GPa) than the external
region (2 GPa). This is the direct result of the high mineral
content in the external layer. Whereas the internal region
has a value comparable with that of Bruet et al. (2008), the
external region is much softer, the reason being that the



J O U R N A L O F T H E M E C H A N I C A L B E H AV I O R O F B I O M E D I C A L M A T E R I A L S 4 ( 2 0 1 1 ) 1 1 4 5 – 1 1 5 6 1153
Table 2 – Nano-indentation values.

External Internal

Nano-hardness (GPa) 2.0 ± 0.4 0.6 ± 0.08
Elastic modulus (GPa) 46.8 ± 8.9 16.7 ± 4.0

Table 3 – Tensile test values.

Ultimate tensile
strength (MPa)

Elastic
modulus (GPa)

Dry scale 46.7 ± 4.6 1.2 ± 0.2
Hydrated scale 25.2 ± 7.3 0.1 ± 0.02

external layer in Polypterus is the biomineral ganoine. Table 2
summarizes the average results of nano-hardness and elastic
modulus of internal and external layers.

3.3. Tensile properties

Fig. 13 shows the typical tensile stress–strain curves in
(a) dry and (b) hydrated conditions. The differences are
striking. The stress–strain curve for dry condition shows
a much steeper slope than that of hydrated condition
demonstrating a higher elastic modulus. The elastic modulus
for the dry condition is about 1.2 GPa, whereas for the
hydrated condition it is one tenth of this, about 0.1 GPa.
The dry samples also demonstrate higher ultimate tensile
strength, about 46.7 MPa, while that in the hydrated samples
is 25.2 MPa. Conversely, the hydrated scales show a much
higher deformation to failure. The maximum tensile strain
of the dehydrated condition is less than 10%. In contrast,
the maximum tensile strain of the hydrated condition is
30%–40%. The flexibility of the scales is clearly needed during
swimming, so that they can flex with the body of the fish
(Table 3).

The tensile strengths obtained here in both dry and
hydrated conditions are in agreement with the test results of
Torres et al. (2008) which yielded values of 54 and 22 MPa,
respectively. Their curves also exhibited load drops, evidence,
as in our experiments, of “graceful” failure. Fig. 13(b) shows,
by means of arrows, regions with small load drops, which
are attributed to partial failure of the laminates, while the
specimens retain their integrity. They can also be due to
sliding or separation between layers. To obtain the degree of
hydration, samples were weighed and put into the furnace to
dehydrate at 105 ◦C for 2 days. The air-dried sample contained
a water concentration of 16% while that of hydrated sample
was 30%. In the hydrated condition, the curves are less linear
than those in the dry condition.

Ikoma et al. (2003) reported that the tensile strength of
Pagrus major scales is 93 MPa which is higher than our results.
The strength of the Arapaima gigas scale in the dry condition
is about one half of that of the Pagrus major. It is inferred
from the low ductility (∼5%) that the Pagrus major scales were
tested in the dry condition. The tensile curve also exhibited
a pseudo-plastic behavior, i.e., the curve shows non-linearity
prior to failure.

Fig. 14(a) shows the strain-rate sensitivity of the elastic
modulus of the scale; it increases from 118 MPa at 10−4s−1

to 404 MPa at 10−2s−1. In Fig. 14(b) these values are plotted to
Fig. 13 – Stress–strain curves in tension of specimens
aligned with longitudinal axes of scales at a strain rate of
10−4s−1 in (a) dry and (b) hydrated conditions. Load drops
in (b) marked by arrows designate partial failure of
laminate structure.

the Ramberg–Osgood equation, which is commonly used to
describe the strain-rate sensitivity d, of the elastic modulus E
(e.g., Hight and Brandeau (1983); Wright and Hayes (1976)):

E = C(ε̇)d

where ε̇ is the strain rate and C is an experimental parameter.
In our results, C and d are 1.5 GPa and 0.26, respectively.
For comparison purposes, the elastic moduli of bone, rat-tail
collagen, and horn (keratin) are also plotted. Adharapurapu
et al. (2006) obtained values of C and d of 12 GPa and 0.018,
respectively. Horn keratin exhibits a value of d equal to 0.19 in
transverse direction and 0.12 in longitudinal direction. Thus
the parameter d, which describes the strain-rate sensitivity
in fish scale, is an order higher than that in bovine bone and
considerable higher than human femur bone, keratin and rat-
tail collagen (McElhaney, 1966; McKittrick et al., 2010; Haut
and Little, 1972). The strain-rate sensitivity in most of the
biological materials is primarily due to collagen. The high
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Fig. 14 – (a) Stress–strain curves of hydrated scale at three different strain rates; (b) Elastic modulus as a function of strain
rate for a number of biological materials; Arapaimas scales have, by virtue of their higher collagen content, the highest
strain rate sensitivity of E (Human femur bone: McElhaney, 1966; Bovine cortical bone: Adharapurapu et al., 2006; Horn
keratin: McKittrick et al., 2010; Rat-tail tendon: Haut and Little, 1972).
strain-rate dependence in the Arapaima scales is attributed
to the high degree of hydration (∼30%) and the much lower
mineral content in fish scales (30 wt%) compared with that in
bone (65 wt%) (Olszta et al., 2007).

The fracture surface (Fig. 15(a)) clearly shows the different
collagen fibril orientations in different lamellae. Collagen
fibers in each layer are aligned as described by Onozato and
Watabe (1979) and Zylberberg et al. (1992), among others.
The angle between two adjacent lamellae seem close to
90◦, thus forming a plywood structure. However, the twisted
plywood structure (e.g., angle of 60◦) is a definite possibility as
well. Fig. 15(b) shows pulled-out or distorted collagen fibrils
damaged during the tensile testing. Tensile fracture not only
breaks the collagen fibers but also tears the collagen fibers
away from each other. The fracture mechanism seems to be
a combination of the collagen fracture and the pulling out of
the collagen fibers in a single layer.
4. Conclusions

Arapaima gigas scales are constructed as a laminate
composite structure composed of lamellae with collagen
fibers in parallel orientation. The presence of amide I, II, and
III, characteristic of type I collagen was confirmed. Each layer
is formed by collagen fibers with a diameter of ∼1 µm. The
fibers in two adjacent layers are not perpendicular to each
other, suggesting a twisted plywood structure (Bouligand
arrangement), which consists of a stacking of lamellae in
which there is a twisting pattern. This arrangement ensures
that the structure has in-plane isotropy in mechanical
response. In contrast with tendon, where all the collagen
fibers are aligned, the Bouligand pattern ensures in-plane
isotropy. The lower maximum strength (∼25–47 MPa), in
comparison with tendon (∼100 MPa) shows that only a
portion of the fibers resist the stresses in tension. The low
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Fig. 15 – (a), (b) SEM image of the fracture surface collagen
fibers separated and distorted by the action of tensile
forces. The intrachain bonds are covalent, while the
interfiber bonds are van der Waals or hydrogen, thereby
much weaker.

Young’s modulus of the hydrated scales (∼0.1 GPa) indicates
that the collagen fibers must slide past each other in tension.
In contrast, Young’s modulus of tendon is ∼1.2–1.5 GPa. In line
with the Bouligand structure, only a fraction of the collagen
fibers are oriented along the tensile axis. If we consider a
rotation of approximately 60◦–75◦, then one would expect
that approximately one third of the fibers are in tension,
on average. Thus, the tensile strength should be one third
of that of fully aligned, e.g., tendon, consistently with the
experimental results. Both the micro- and nano-hardness
in the external region are higher than that in the internal
region due to the higher mineralization associated with the
protection purpose of the scale surface.

Tensile tests in the dry condition show the higher elas-
tic modulus and tensile strength than that in the hydrated
condition, which indicates that hydration plays an important
role in the mechanical strength of the scale. The elastic mod-
ulus of hydrated scales increases significantly as the strain
rate increases and can be interpreted by the Ramberg–Osgood
equation with an exponent equal to 0.26. The higher strain-
rate sensitivity of scales, in comparison with bone, keratin
and rat-tail tendon, is proposed to be due to the lower min-
eral content and the higher degree of hydration of the scales
(around 30%). Fracture surface observation reveals that a
combination of collagen fiber stretching, sliding and fractur-
ing are the dominant failure mechanisms.
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