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In this investigation the fracture resistance of scales from Cyprinus carpio was evaluated as a function of
environmental temperature. Tear specimens were prepared from scales obtained from three characteris-
tic regions (i.e. head, mid-length and tail) of multiple fish. The fracture resistance was characterized in
Mode III loading and over temperatures ranging from —150 °C to 21 °C. Results showed that there was
a significant reduction in tear resistance with decreasing temperature and the lowest resistance to frac-
ture was obtained at —150 °C. There was a significant difference in the relative tear toughness between

Key Worfis: scales from the three locations at ambient conditions (21 °C), but not below freezing. Scales obtained near
Elasmoid scales o . )

Tear test the head exhibited the largest resistance to fracture (energy ~ 150 + 25 k] m™~) overall. The fracture
Fracture resistance resistance was found to be primarily dependent on the thickness of the external mineralized layer and
Microstructure the number of external elasmodine plies, indicating that both the anatomical position and the corre-

sponding microstructure are important to the mechanical behavior of elasmoid fish scales. These vari-
ables may be exploited in the design of bioinspired armors and should be considered in future studies
concerning the mechanical behavior of these interesting natural materials.

Anatomical position

© 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Nature has served to inspire solutions to technical problems in
many areas of engineering. While no longer new, the field of bioin-
spiration is contributing to the design and development of novel
materials with exceptional properties (e.g. Refs. [1-8]). Over the
past decade the search for more advanced structural materials
has extended to animals with “armored skins”, like those pos-
sessed by armadillos, crocodiles, turtles and fish. The architecture
of the aforementioned natural armors differs according to the pat-
tern of assembly, the way the hard platelets are embedded within
the skin and their unique hierarchical structures [9]. For example,
the scales in fish are distributed along the body, overlapping such
that the posterior region of a single scale covers a portion of both
adjacent lateral and posterior scales. This staggered arrangement
endows fish with a combination of protection from physical attack
and essential flexibility for locomotion [10].

The scales in modern fish are classified into four groups, includ-
ing cosmoid, placoid, ganoid and elasmoid [10,11]. Placoid scales of
sharks have been studied for hydrodynamic purposes [12]. Ganoid
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scales, known as bony scales, exhibit a microstructure similar to
that of bone [11,13-16] and can be found in the alligator gar.
The microstructure of ganoid scales can be divided into two main
layers. The outer ganoine layer consists of apatite crystals (similar
to tooth enamel) and the inner bone basal layer is largely con-
structed of mineralized type I collagen fibers [15]. The mechanical
properties of ganoid scales have been characterized from different
teleosts, including the alligator gar (Atractosteus spatula) [15-17]
and Polypterus senegalus [8,13,14]. Nanoindentation tests per-
formed on ganoid scales have shown that both the modulus and
hardness exhibit spatial variations through the thickness, which
appears related to the distribution of mineral [14-16]. Yang et al.
[17] characterized the tensile and compressive properties of the
alligator gar scales, and found that the scales exhibit inelastic
behavior when hydrated. The investigators also evaluated the frac-
ture resistance of scales from the alligator gar via three-point
bending in situ within an electron microscope. According to frac-
ture resistance curves, the fracture toughness of the tissue ranges
from 2.5 to 6 MPa m'/?, which is comparable to that of other min-
eralized tissues such as bone and dentin [18].

While the segmented assembly of ganoid scales bestows a
degree of flexibility, single scales are far less compliant. This is
not ideal for body armors that may require unrestricted movement.
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In contrast, elasmoid scales are flexible. They are also composed of
two primary layers. The external layer is highly mineralized and
composed of calcium-deficient apatite or calcium carbonate,
depending on the fish [15,19]. The internal layer is a composite of
minerals and type I collagen fibers organized in unique plies that
are arranged in the form of a plywood structure. The diameter of
the collagen fibers is ~1 pm, and they are constructed of an assem-
bly of fibrils ~100 nm in diameter [19-25]. Individual fibrils and
interfibrillar minerals have been observed in evaluations performed
with transmission electron microscopy (TEM) and atomic force
microscopy (AFM) [15,19,25].

Interesting studies have been performed on the mechanical
properties of elasmoid scales from the Pagrus major [20], Arapaima
gigas [22,25,26], striped bass (Morone saxatilis) [24,27] and carp
(Cyprinus carpio) [19]. Ikoma et al. [20] evaluated the tensile prop-
erties of dehydrated scales of Pagrus major and reported an elastic
modulus and tensile strength of 2.2 +0.3 GPa and 93 + 1.8 MPa,
respectively. Scales of Arapaima gigas in the hydrated condition
showed an elastic modulus of 0.8 £0.1 and tensile strength of
223 +3.9MPa; these values increased to 1.4+0.2GPa and
53.9 + 8.4 MPa, respectively, with dehydration [25]. An evaluation
using nanoindentation showed a reduction in hardness and modu-
lus from the exterior to the interior layers [22,25]. Garrano et al.
[19] found that the mechanical behavior of carp scales is a function
of hydration and anatomical position; scales from the tail region
exhibited significantly lower elastic modulus and strength than
those from the mid-length and head regions. Equally important,
recent evaluations of scales in uniaxial tension showed evidence
of mechanical anisotropy [24,25].

Armors should be strong and resistant to fracture. An ideal
armor would be one whose performance is also independent of
environmental factors. Currey [28] stated that some fish scales
are so tough that they are difficult to tear, even after immersion
in liquid nitrogen. That comment suggests that the fracture resis-
tance of these natural armors could be independent of tempera-
ture. However, no study has evaluated the importance of
temperature on the fracture resistance of fish scales. Therefore,
the primary objective of this investigation was to evaluate the frac-
ture resistance of elasmoid fish scales and the importance of tem-
perature for the first time.

2. Materials and methods

Five individual Cyprinus carpio fish (i.e. the common freshwater
carp) were obtained from a commercial vendor. These fish were
marketed as East Asian carp, and no additional information was
available for record. Scales were extracted from three regions of
the body of each fish after Garrano et al. [19], namely adjacent to
the head, from within the mid-length (beneath the dorsal fin)
and near the tail (Fig. 1a). The scales were obtained nearly equidis-
tant between the ventral and dorsal aspects of the body. All of the
scales were less than 1 mm thick and possessed an effective diam-
eter that depended on the anatomical position. Scales from the
head region had an effective diameter (d) equal to or greater than
25 mm. Those obtained from the middle and tail regions ranged
between 22 < d <25 mm and 19 < d <22 mm, respectively. After
extraction the scales were stored in Hanks balanced salt solution
(HBSS) at room temperature and evaluated within 2 weeks of
harvest.

Trouser-shaped tear specimens were sectioned from the scales
using a specially designed punch and stamping process. Owing to
the reported anisotropy of elasmoid scales [24,25], specimens were
stamped with respect to the longitudinal axis of the fish at orien-
tations of 0°, 45° and 90° (Fig. 1b). Each sample was stamped from
the center of the scale, such that crack extension occurred within

the region of uniform thickness (Fig. 1b). After sectioning, the spec-
imens were returned to the HBSS bath at room temperature. A cen-
tral notch was cut from one edge, which was extended through
~70% of the total specimen length. A scribe line was introduced
on the surface of the tear specimens to guide the cutting process.
Preliminary tests were conducted to compare the tear resistance
of specimens which had notches prepared using a razor blade
and a pair of precision-sharpened scissors. Based on measures of
the required energy and work to tear, there was no significant dif-
ference in the tear response obtained using the two methods of
notch preparation. Thus, the notches were prepared using the scis-
sors throughout the remainder of the investigation. Eight samples
were prepared from each anatomical position and for each of the
three orientations. The specimen measurements (Fig. 1c) were
adapted to the scale diameter, maintaining that the aspect ratio
of the trouser specimen for tear testing conformed to ASTM stan-
dard D1938 [29].

Elasmoid scales undergo appreciable inelastic strain to failure in

the hydrated state [15,18,21] and they are quite thin (t <1 mm).
They also reportedly exhibit rate-dependent behavior [21]. These
factors add substantial complexity to characterizing the fracture
resistance as the traditional methods based on linear elastic frac-
ture mechanics are not applicable. The primary form of threat
resulting from predator attack is puncture of the scales with a
semi-sharp object (i.e. tooth), which promotes a combination of
Mode I and Mode III loading. Rivlin and Thomas [30] characterized
the fracture toughness of elastomers in Mode III loading by extend-
ing Griffith’s theory [31] and relating the tear energy to the critical
value for crack growth. Thus, Mode III is a relevant loading format.
Although analytical solutions for the tearing energy require knowl-
edge of the detailed stress distribution, a simplified approach has
been developed for the trousers specimen (Fig. 2) subjected to
Mode III loading. Testing of the specimen is achieved by pulling
the two legs out of plane by equal forces and in opposite directions.
The tear energy in this configuration can be estimated according
to:
T= 2;71) —2bw (1)
where P is the tearing force, /. is the extension ratio of the legs, t is
the specimen thickness, b is width of the legs and w is the strain
energy density in the legs. If the deformation in the specimen legs
is negligible in comparison to the displacement corresponding to
tearing (41=1 and w = 0), then the tear energy is simply described
by:

2P
== @)

According to the relatively large compliance of hydrated fish
scales, the assumptions associated with characterizing the tear
behavior of elastomers apply to elasmoid fish scales as well. Exper-
imental measurements in rubber showed that when crack propa-
gation is expressed in terms of the tear energy, the relation is
independent of specimen type and geometry [30-36].

Tear testing of the specimens was performed under displace-
ment control loading using a universal testing machine (Instron
ElectroPuls E1000). The instrument was equipped with a load cell
having a full-scale range of 250 N and a load precision of 0.01%.
To assure minimum elongation of the legs with respect to the rest
of the specimen, 80-90% of the legs were clamped within the com-
pression grips during the experiments. Preliminary experiments
were conducted with scales of the head region using stroke rates
of 25,100 and 175 mm min~! to identify potential rate dependence.

The tear energy of the scales in each of the three regions was
evaluated as a function of temperature. To maintain the specimen
hydration and achieve a desired temperature the specimens were

T
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Fig. 1. Details regarding the preparation and characterization of the specimens. (a) Scale extraction according to anatomical position [18], (b) extracted scale showing the
three specimen orientations examined with respect to the longitudinal axis of the fish and (c) the rectangular specimen dimensions used for development of the tear

specimens.
P
L /o

Fig. 2. Schematic diagram of the trouser specimen used for tear testing and
definition of variables.

submerged in specific liquid environments while testing. Separate
experiments were performed at 21 °C (room temperature), 0 °C,
—30°C and —150 °C using submersion media of HBSS, ice water,
dry ice within ethyl acetate and liquid nitrogen, respectively. Spec-
imens of extruded polypropylene (PP) were also evaluated in the
aforementioned conditions and used as a control material. These
tests were performed at a stroke rate of 250 mm min ', as recom-
mended by ASTM D1938 for polymers [29]. The glass transition
temperature for PP is —10 °C [37]. To dismiss any possible interac-
tions between the polymers or fish scales and ethyl acetate, pilot
tests were performed at room temperature after increasing periods
of submersion. It was identified that immersion in ethyl acetate
had no significant effect (p >0.05) on the tear responses up to
~1h of exposure. That was substantially longer than the time
required for completing the tear tests (less than 1 min).

The energy required to tear the fish scales was estimated from
the force-displacement curves of each specimen. The maximum
force was identified from the tear history and used with Eq. (2)
to estimate the required tear energy. The work required for frac-
ture of the fish scales was also quantified by integrating the area
under the force-displacement curves as a function of the tear dis-
placement. For each fish evaluated, eight specimens were tested
for each unique parametric condition, with one specimen obtained
from each scale. Apparent differences in tear energy and tear work

attributed to the independent variables were evaluated for statisti-
cal significance using a two-way analysis of variance (ANOVA) and
Tukey’s honestly significant difference test at o = 0.05.

An examination of the fish scale microstructure was performed
using an Olympus BX51 optical microscope in reflection mode.
Samples were taken from each of the three anatomical positions,
and sectioned for inspection along the transverse plane, near the
central region. The sectioned scales were fixed in resin and pol-
ished with sand paper from mesh numbers of 800 to 4000. Final
polishing was performed with a diamond liquid suspension of
3 um, followed by a liquid suspension of 1 pm Al,05. The micro-
structure was observed over a range of magnification to distinguish
and quantify important features. The thickness and number of plies
were recorded for the scales obtained from each carp. These mea-
sures were used to explore potential correlations between the
microstructure and mechanical properties.

3. Results

The influence of stroke rate and specimen orientation on the tear
energy of scales from the head region is shown in Fig. 3. There was
no significant difference (p > 0.05) in the tear responses over the
range of stroke rates in any of the three specimen orientations.
However, there were subtle differences in the tear characteristics.
At the highest stroke rate the tear deviated from the sample center,
whereas at the lowest rate delamination of the scale appeared to be
more common. Both of these forms of failure resulted in mixed-
mode tear conditions. Therefore, a stroke rate of 100 mm min~'
was utilized for the remainder of the investigation to maintain con-
sistency in the mode of failure. If the tear deviated from the center
of the sample, that result was discarded due to deviation from the
Mode III condition [32-37].

A comparison of the tear energy required for fracture of speci-
mens from the head, middle and tail regions is shown in Fig. 4.
The responses in this figure were obtained at room temperature
and represent results for all three orientations. As evident from
the distribution in these results, there are no distinct spatial varia-
tions in the tear resistance of scales, except for the specimens with
0° orientation. Scales extracted from the head region required
~30% greater tear energy than that for scales from the middle
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Fig. 3. The importance of stroke rate and specimen orientation on the tear energy.
The results in this figure are responses for specimens obtained from scales near the
head. Each bar represents the average value along with the standard deviation.
Columns with different letters are significantly different (p < 0.05). No significant
differences were observed in the tear energy response with stroke rate (p > 0.05).

A o 745 = 90°

140 | .
. . B

120 + B

160

100 - l

©
o
T

Tear Energy (lemz)
8

H
o
T

[\%)
o
T

7

Middle Tail

Head

Fig. 4. A comparison of tear energy responses as a function of orientation for scales
obtained from the head, middle and tail regions. Results in this figure were obtained
at room temperature. Note that the tear energy of head scales with 0° orientation is
significantly greater than that over the remainder of the body and other orienta-
tions (p < 0.01).

and the tail regions; the differences were significant (p < 0.05). In
contrast, the required tear energies for the 45° and 90° orientations
were not significantly different (p > 0.05) over the three regions of
evaluation. Concentrating now on the importance of orientation in
Fig. 4, scales from the head exhibited a moderate degree of anisot-
ropy. The tear energy required for fracture in the 0° orientation was
significantly greater (p < 0.05) than required for the 45° and 90°
orientations. However, scales obtained from within the middle
and tail regions did not exhibit anisotropy.

Results from the preliminary testing showed that the 0° orien-
tation exhibited the largest tear resistance (Fig. 3). Furthermore,
specimens obtained from scales of the head region possessed the
greatest tear resistance of the three regions evaluated (Fig. 4).
The influence of temperature on the tear response of specimens
from the head region with 0° orientation are shown in Fig. 5a. As

(a) 160 T T T 40| T T ]
140 | % ]
< 120 | o 20 g
E %ﬁ
?_‘, 100 L %: 10 ]
5 80 - \ % o5 T 15 4
o
: DO \
W 6o S -
5 IO
Ealf ey 0o e
20| qs( R
%& | -151°C
,.." |
0 - Il Il Il Il

0 5 10 15 20 25 30 35
Displacement (mm)

(b) 600 T T T T
500 |- i
—~ 400 | i
5
=
<
S 300 | i
=
.
3 200 | i
) $
100 | i
0 Q 1 1 1
200 -150  -100 -50 0 50

Temperature (°C)

Fig. 5. Fracture resistance of the carp scales and influence of temperature: (a) tear
energy vs. displacement for the individual testing temperatures; (b) importance of
temperature on the work to fracture. The work to fracture is obtained by integrating
the individual tear responses over the tear displacement as shown in (a).

evident in this figure, there is a substantial decrease in tear energy
with reduction in temperature. Submersion of the specimens in ice
water resulted in a decrease of ~50% in the tear energy with
respect to that at room temperature. Both the dry ice and liquid
nitrogen environments caused further degradation. The load-line
displacement responses were also used to estimate tear resistance
in terms of the work to fracture, and the importance of tempera-
ture on this measure of resistance is shown in Fig. 5b. It is impor-
tant to note that the responses in this figure were obtained from
scales of the head region and are representative of results obtained
from each of the three regions evaluated. Clearly there is a signif-
icant decrease in the required work to fracture with decreasing
temperature.

The tear resistance of PP was also evaluated as a function of the
environmental temperatures to serve as a basis of comparison with
the fish scale responses. Preliminary tear tests were conducted
with tear oriented parallel and perpendicular to the extrusion
direction. Those specimens prepared with parallel orientation
underwent uniform Mode III fracture, whereas the samples sec-
tioned perpendicular to the direction of extrusion underwent
mixed-mode fracture. Thus, all further evaluation was conducted
with tear oriented in the extrusion direction to maintain consis-
tency in the tear mechanics. Typical tear energy vs displacement
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curves for the PP specimens at the individual testing temperatures
are shown in Fig. 6a. Results for the tear energy measurements at
room temperature are in agreement with previous measures [37],
thereby validating the method of assessment. At the lower temper-
atures, fracture of the polymer specimens transitioned from Mode
Il to a mixed mode response. Mixed-mode tearing was most prom-
inent for the specimens evaluated in liquid nitrogen. In contrast to
the responses of the fish scales, there was limited reduction in the
energy to fracture with reduction in temperature, except with
exposure to liquid nitrogen. Interestingly, there was a distinct
reduction in the tear stability at the lower temperatures (Fig. 6a),
which is evident in the degree of tear displacement. The influence
of temperature on the work to fracture of the PP is shown in Fig. 6b.
Similar to results for the scales, there is a significant reduction in
the work to fracture over the range in temperatures evaluated.
An overall comparison of the tear resistance for the scales and
PP control over the explored temperature range is shown in
Fig. 7. Specifically, the fracture energy and work to fracture distri-
butions are shown in Fig. 7a and b, respectively. The density of the
carp scales ranges from ~1.10+0.02gcm > (head) to
0.88 + 0.03 g cm~3 (tail), which is very consistent with that of PP
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Fig. 6. Fracture resistance of PP and influence of temperature. The orientation of
tear was aligned and parallel to the extrusion direction. (a) Change in the tear
responses with decreasing temperature; (b) importance of temperature on the work
to fracture.
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Fig. 7. Comparison of the fracture resistance of carp scales, PP and polystyrene with
the influence of temperature. (a) Tear energy results for the carp scales (head
region, 0° and 90° orientation) with that of PP and polystyrene. Tear energy of
polystyrene is only shown at room temperature since it represents the behavior of
the polymer in environments with lower temperatures than its Tg. (b) Tear work
results for the carp scales (head region, 0° and 90corientation) and PP and
polystyrene.

(0.95 g cm3). Hence, the performance ranking in Fig. 7 is the same
whether considering the direct measurements or after normaliza-
tion. At room temperature the carp scales required almost three
times more energy to fracture than the PP control (Fig. 7a). While
both material systems underwent a significant decrease in tear
resistance with reduction of temperature, the fish scales required
greater energy to fracture at all temperatures, except after expo-
sure to liquid nitrogen. When evaluated in terms of the work to
fracture (Fig. 7b), there is no significant difference (p > 0.05)
between the performance of the PP control and scales with 0° tear
orientation. Although the reduction in temperature was less detri-
mental to the tear resistance of scales with 90° orientation, there
were no significant differences in the tear energy or work of the
two orientations, except at room temperature.

Spatial variations in the tear resistance could be attributed to dif-
ferences in the microstructure between the three regions. The
microstructure evident from cross-sections of representative scales
from the head, middle and tail regions are shown in Fig. 8a-c,
respectively. As evident from these images, the thickness of scales
from the three regions are not equal, and scales from the head exhib-
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Fig. 8. Cross-section views of sectioned scales and the microstructure within the
three regions of evaluation. Representative scales are shown for the: (a) head, (b)
middle and (c) tail. The LL is annotated at the top of each micrograph, in addition to
the EE and IE regions. The bar represents 100 pm.

ited the largest thickness overall. Furthermore, the cross-section of
each scale can be divided into two distinct layers as annotated in the
figures. The most external layer is a highly mineralized “coating”
that is referred to as the limiting layer (LL). It is the last part of the
scale to develop [38], and promotes a downward diffusion of miner-
als to the underlying elasmodine layer [39]. The elasmodine is a
matrix of type I collagen fibers arranged in plies that can be divided
into external and internal sub-layers. The external elasmodine (EE)
layer is the first to develop in the process of scale formation, and is
followed by the formation of the internal elasmodine (IE). These
two sub-layers are quite easy to discriminate in the micrographs
presented in Fig. 8, as well as the individual plies within both the
EE and IE. Individual plies of the external elasmodine are clearly
thicker in comparison to those in the internal layer and are attrib-
uted to the higher mineral content [19].

Previous studies on fish scales appear to have incorporated
scales from a single fish. As natural materials are not subjected
to the same standards of fabrication as those that are engineered,
the microstructure of scales from different fish may not be equiv-
alent. Measurements for the total scale thickness and number of
plies for the scales of each of the five fish evaluated in this investi-
gation are shown in Fig. 9a and b, respectively. There appears to be
a decrease in scale thickness from head to tail in each of the carp
evaluated (Fig. 9a). The difference in thickness between the head

Thickness (um)

(b)

0

a0

Number of plies

A

Fig. 9. An analysis of microstructural characteristics of scales obtained from five
different fish and within the three regions of evaluation: (a) Scale thickness and (b)
total number of plies.

and tail scales is significant (p < 0.05). However, there was no sig-
nificant difference in the thickness of scales of the head region
amongst the five fish. That is one of the primary reasons for the
use of head scales in evaluating the importance of temperature.
According to the ply counts, there is a decrease in the total number
of plies from the head to the tail (Fig. 9b), and a significantly
greater number of plies within scales of the head with respect to
the tail (p < 0.05). Interestingly, there are also significant differ-
ences in scale thickness and number of plies between the individ-
ual fish.

4. Discussion

Fish scales are now serving as inspiration for armor materials
[40,41]. Understandably, the majority of scientific efforts in this
area have been focused on the puncture resistance. Another key
performance requirement of “armors” is resilience to the environ-
mental conditions, including variations in temperature. Fish scales
have been purported to be so tough that they are difficult to tear,
even after immersion in liquid nitrogen [28]. While it is doubtful
that fish would rely on the protective capacity of their scales at
temperatures below freezing, the possibility that their construc-
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tion bestows them resistance to temperature variations is an excit-
ing prospect.

A comparison of the load-line displacement profiles for the PP
(Fig. 6a) shows that there is a reduction in the tear stability with
decrease in temperature. Indeed, this is expected as the glass tran-
sition temperature of PP is —10 °C [37]. Below that temperature the
polymer undergoes embrittlement, which is important to the long-
range, coordinated molecular motion that transpires during defor-
mation. At temperatures above the T, the polymer chains have suf-
ficient thermal energy to move in a coordinated manner (10-50
chains of atoms move). Below that temperature the mobility is
substantially restricted (1-4 chains of atoms) [42]. The reduction
in polymer chain mobility at temperatures below the T suppresses
the polymer extensibility and its ability to localize damage in the
vicinity of the stress intensity via inelastic deformation. While
apparently not critical to the tear energy distribution (Fig. 7a),
the in temperature caused substantial degradation to the tear work
(Fig. 7b).

Further comparison of the results in Fig. 7 suggests that the
mechanisms contributing to changes in the tear resistance of scales
with temperature are not equivalent to those operating in the
polymer. For instance, the load-line displacement profiles of the
scales do not show distinct signs of embrittlement with reduction
in temperature. According to the ASTM standard for tear testing
[29], that quality is a prerequisite to application of the tear test
and in maintaining consistency of the results across the tempera-
ture range. In contrast to the polymer, the fish scales undergo
reduction in the critical tear force. Of note is that the entire tem-
perature range explored is below the T, of collagen [43,44]. Tem-
peratures below freezing could change the structure of water
molecules residing about the collagen, as well as their interaction
with the proteins. In the fracture of brittle or embrittled polymers,
inelastic deformation can occur via crazing [42,45]. The crazed
zone consists of the development of voids and both extension
and rotation of molecular fibrils to an orientation parallel to the
maximum normal stress. Yang et al. [25] reported that similar
mechanisms contributed to deformation in Mode I fracture of fish
scales at room temperature. Dissipation of fracture energy
occurred through rotation and stretching of the collagen fibrils as
well as via rotation and delamination of the individual plies. This
process appears to be a form of crazing, which extends over multi-
ple length scales (fibril and ply). Those plies oriented transverse to
the loading direction also undergo distributed delamination, which
enables elongation at lower temperatures. Thus, the laminated
scale structure appears to result in an apparent lower sensitivity
to the decrease in temperature when evaluated by the work to
fracture.

In contrast to the control, the scales with 0° orientation under-
went a decrease in energy to fracture with reduction in tempera-
ture (Fig. 7a), which arises from the changes in critical tear force
(Fig. 5a). We believe that the reduction in tear force could result
from a diminished participation of the inter-chain hydrogen bonds
of the transverse plies at the lower temperature. Alternatively,
freezing of the water residing about the collagen could decrease
the ability of the fibrils to undergo changes in orientation that
would place them in tension, which is more favorable for resisting
crack advance [46].

In comparing scales from the three regions, those from the head
exhibited significantly greater tear resistance than the other two
regions (Fig. 4). Similar findings were reported in the evaluation
of the elastic modulus and yield strength of elasmoid scales of carp
[19], where the head scales were superior to those from the middle
and tail regions. In that investigation the spatial variations were
interpreted by ranking the need for protection, i.e. the head and
central regions encompass the vital organs of the body, which
are more essential to protect. Further explanation stems from the

locomotion of swimming, where flexibility of the tail is critical to
propulsion of the fish and evasion of attack [47]. But there is a
more practical explanation, which comes from the process of scale
generation and maturation. Squamation' of scales in the carp
occurs first in the head region, followed by the middle and then
the tail regions [37]. It is essential to add that squamation patterns
are not the same in all teleosts and there is some belief that this pro-
cess is initiated by mechanical stimuli [38]. The squamation chronol-
ogy of cyprinodontidae shows that there is a lapse of 17 days
between the emergences of the first scales in the head to those in
the tail [48]. Furthermore, it takes 26 days to fully cover the body
of the fish, a time in which differences between head and tail scales
could be significant. Indeed, both the scale thickness and number of
plies were greatest in scales of the head (Fig. 9). Nevertheless, the
differences in tear energy (Fig. 4) were not related to scale thickness
as the tear energy accounts for this parameter. Regional differences
in scale properties could also be a result of site-specific changes that
arise during ontogeny, which influence the collagen distribution and
its maturation [39].

In evaluations of engineered composites the number of plies
and their orientation are critically important to the mechanical
behavior of the laminate (e.g. Refs. [49-51]). Therefore, a relation-
ship between microstructural differences in scales with anatomical
position and the mechanical behavior might be expected. Surpris-
ingly, there was no correlation between scale thickness and the
tear energy or the tear work. There is a significant difference
between the number of plies in scales from the head and the tail
(p £ 0.05), as shown in Fig. 9b. However, there was also no corre-
lation between the measures of tear resistance and the total num-
ber of plies. Therefore, other characteristics should be considered.

Mineralization of fish scales begins once the scale is completely
formed and proceeds downward from the limiting layer through-
out the life of the fish [23,38,39]. This process results in develop-
ment of the EE layer, which exhibits thicker plies due to their
greater degree of mineralization. A division between the IE and
EE layers of the elasmodine can be seen in the micrographs of
Fig. 8. The more mineralized portion (EE) was found to exhibit
the greatest variation in number of plies with anatomical position.
The importance of the number of EE plies on the tear energy distri-
bution is shown in Fig. 10a. As evident in this figure, a larger energy
to fracture was required by those specimens with greater number
of heavily mineralized plies (i.e. in the EE). The relationship
between the internal elasmodine ratio, defining the ratio of IE
thickness to total scale thickness, and the work to fracture is
shown in Fig. 10b. Overall, there is an increase in the work to frac-
ture with increase in the IE ratio. These results appear to conflict
with those of Zhu et al. [24] and Yang et al. [25], who found that
the mineralized layers actually reduced the tensile strength of
scales from striped bass and Arapaima gigas.

The relationships evident in Fig. 10 are akin to those contribut-
ing to the performance of many engineered composites. The pres-
ence of mineralized layers in the elasmodine is critical to the
fracture resistance of the scales. As shown in previous investiga-
tions of puncture resistance, the hard mineralized external layer
is the first barrier against penetration [24,25,27]. The mineralized
layer increases the resistance to local compressive forces, thereby
bestowing greater puncture resistance than that of engineering
polymers [24]. The ratio of EE and IE in the scale plays an impor-

! Squamation is the process of formation of scales in the epidermis of the fish. The
establishment of the squamation pattern has been described in several teleost species
[39]. In all fish species studied so far, the scales appear very late in ontogeny, i.e., after
metamorphosis, when the juveniles are already miniatures of the adults. Usually in
the fish skin, cells from which scales start to form, known as fibroblasts, appear only
20-26 days post-fertilization, suggesting that fibroblast invasion requires a specific
state of differentiation of the collagen fibrils, and of the cells of the basal epidermal
layer.
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Fig. 10. Relationship between the tear energy and the number of external
elasmodine plies: (a) influence of the number of external elasmodine plies and
the energy to fracture; (b) influence of the internal elasmodine ratio on the tear
work. The internal elasmodine ratio is the ratio of the number of plies in the
internal elasmodine and total number of plies in the scale.

tant role as well since the function of the external layers of the EE
are to protect the less mineralized layer from direct contact with
the penetrating instrument, and to mitigate the stresses transmit-
ted onto the underlying collagen layer by redistributing them over
a large area [24]. The primary function of the underlying collagen
layers of the IE is in the localization of damage and in preventing
its propagation throughout the scale [25]. Considering the tear
resistance (Fig. 10b), the IE appears to be essential to the work to
fracture and operates to localize damage in the vicinity of the
stress intensity.

In the past, the microstructure of teleost scales has been catego-
rized as either a double-twisted [52] or an orthogonal [14-25] ply-
wood structure. Although a detailed analysis of the ply orientations
in the carp scales was not conducted, one approach to assess the
ply orientations is through the cracking patterns. These are arti-
facts that develop during dehydration of the scale throughout sam-
ple preparation and corresponding non-uniform shrinkage. Yang
et al. [17] commented that if every second layer is uncracked,
the mis-orientation angle is ~90°; whereas if every third layer is
uncracked, this angle is ~60°. Neither of these patterns coincides

with the microcracks evident in Fig. 8. The cracks do not appear
in every ply, and are most evident within plies of the EE layer. In
2001 Bigi et al. [23] investigated the plywood pattern of collagen
fibrils in teleosts with X-ray diffraction (XRD). In their findings,
few Cypriniformes present a double-twisted plywood structure
with an angle of 36°. Moreover, in their study they found a charac-
teristic five orientation pattern of the small-angle XRD reflections
on L. cephalus scales. This pattern suggests a discontinuous twist
of the collagen fibril layers with a 36° rotation from one layer to
the following one, resulting in a repetition of orientation every five
plies. These discontinuous twists are closer to the observed charac-
teristics of the microcracking patterns. As a definitive description
of ply distributions in fish scales has yet to be reported, additional
studies aimed at understanding the lamination patterns of scales
and their importance to their performance appear warranted.

With all studies there are potential limitations and the present
investigation is no exception. Perhaps the greatest concern is
related to the use of tear testing for characterizing the fracture
resistance. While the primary mode of crack growth in engineering
materials and corresponding studies on fracture resistance involve
Mode I loading, Mode III fracture is dominant in the puncture of
fish scales that results from predator attack. In addition, the scales
of carp (elasmoid) are very compliant due to their low mineral con-
tent and small thickness, and undergo substantial plastic deforma-
tion to failure when hydrated [15,19,22]. Thus, linear elastic
fracture mechanics does not apply and an elastic plastic fracture
mechanics approach is necessary. However, with the addition of
the liquid baths used to achieve the desired environmental tem-
peratures, instrumenting the fracture process to evaluate the
near-notch deformation is nearly impossible. There is an additional
problem with Mode I loading of fish scales that involves delamina-
tion of the scale, which arises from differences in the degree of
inelastic deformation exhibited by the different layers [53]. These
difficulties were overcome with the Mode Il approach and by con-
ducting preliminary studies to identify the appropriate loading
parameters. Thus, the tear test provided an effective approach for
evaluating fracture resistance that supported a determination of
the temperature dependence.

There are legitimate concerns related to application ASTM stan-
dard D1938 [29] as a guide for evaluating the fracture resistance of
the scales. The low mineral content of the scales and corresponding
compliant behavior over the entire range of temperatures roughly
conformed to the standard. However, the differences in geometry
of scales from the three regions did not completely follow the
guidelines. There were variations in the scale thickness, as would
be expected for a biological system, with the largest differences
noted from scales of middle and tail regions. While the differences
in thickness were not directly responsible for the differences in
tear energy as evident from Eq. (2), they should be recognized.
Additional concerns are related to the specimens used and their
preparation. The greatest tear resistance was recorded in the 0° ori-
entation; i.e. with tear proceeding along the longitudinal axis of
the fish. With locomotion, the highest bending moment will be
experienced in the lateral mid-line of the fish body. This lateral line
is where the nerves or neuromats of the fish are located and they
are heavily protected with an additional mineral layer [39]. These
scales were excluded from the study since they presented promi-
nent deviations in the tear response, including both tear resistance
and its orientation. Furthermore, the scales of five different fish
were evaluated, with no control for age. As the squamation process
and ontogeny of the fish may be important to the microstructure of
the scales and its distribution across the body, differences in fish
age may have been a contributor to some of the observed varia-
tions in mechanical behavior. Another limitation was the potential
importance of scale shedding and regeneration to the scales evalu-
ated. It is unknown whether the scales evaluated of any one fish
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were original or regenerated. Scale regeneration has been widely
studied from a biology perspective [54-56], and would be an excit-
ing scientific pursuit to analyze if there are mechanical differences
between old (original) and regenerated scales.

One of the most important findings of the present study is an
identification of differences in scale thickness and number of plies
within the same species (Fig. 9), and the importance of observed
differences in microstructure on the mechanical behavior
(Fig. 10). If fish scales will serve to inspire future generations of
armor, a better understanding of the relationships between scale
design as a laminated system and its contribution to performance
is not only relevant, but essential [57,58]. At the very least, the spa-
tial variations in microstructure are important to the mechanical
behavior of scales, and there appears to be some important connec-
tion with the signals controlling squamation and scale growth. As
such, potential spatial variations in scale properties are too easily
overlooked and should be considered in future studies of these
interesting structural materials.

5. Conclusions

On the basis of results obtained, the following conclusions may
be drawn:

1. The microstructure of fish scales is a function of the anatomical
position. The total thickness and number of plies in the scales
decreased from the head to the tail region. This distribution
agrees with the squamation pattern for the C. carpio.

2. At room temperature there were spatial variations in the tear
resistance of scales obtained from the three characteristic
regions evaluated. Those scales obtained from nearest the head
required significantly greater energy to tear than those within
the mid-length and tail regions. There was no significant differ-
ence between the tear energy of scales from the mid-length and
tail.

3. There was a significant decrease in the resistance to fracture of
the scales with reduction in temperature from ambient condi-
tions to liquid nitrogen environment. Over this range in reduc-
tion of temperature there was a 75% decrease in the required
work to fracture of the scales overall.

4. Scales obtained from the head region exhibited anisotropy, with
the largest tear resistance obtained for tears oriented along the
longitudinal direction. Those scales from the other two regions
did not exhibit anisotropy. The unique behavior of the head
scales appears to be attributed to the larger external elasmo-
dine layer of scales from that region.

5. The tear energy of the scales was found to be strongly related to
the number of mineralized plies of the external elasmondine
layer. The tear resistance increased with increasing number of
elasmodine plies and the total thickness of this layer.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figs. 1, 7,9 and 10, 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/
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