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ABSTRACT

Among many dermal armors, fish scales have become a source of inspiration in the pursuit of “next-
generation” structural materials. Although fish scales function in a hydrated environment, the role of
water and intermolecular hydrogen bonding to their unique structural behavior has not been elucidated.
Water molecules reside within and adjacent to the interpeptide locations of the collagen fibrils of the
elasmodine and provide lubrication to the protein molecules during deformation. We evaluated the con-
tributions of this lubrication and the intermolecular bonding to the mechanical behavior of elasmodine
scales from the Black Carp (Mylopharyngodon piceus). Scales were exposed to polar solvents, followed
by axial loading to failure and the deformation mechanisms were characterized via optical mechanics.
Displacement of intermolecular water molecules by liquid polar solvents caused significant (p < 0.05)
increases in stiffness, strength and toughness of the scales. Removal of this lubrication decreased the
capacity for non-linear deformation and toughness, which results from the increased resistance to fibril
rotations and sliding caused by molecular friction. The intermolecular lubrication is a key component of
the “protecto-flexibility” of scales and these natural armors as a system; it can serve as an important
component of biomimetic-driven designs for flexible armor systems.

Statement of Significance

The natural armor of fish has become a topic of substantial scientific interest. Hydration is important to
these materials as water molecules reside within the interpeptide locations of the collagen fibrils of the
elasmodine and provide lubrication to the protein molecules during deformation. We explored the op-
portunity for tuning the mechanical behavior of scales as a model for next-generation engineering mate-
rials by adjusting the extent of hydrogen bonding with polar solvents and the corresponding interpeptide
molecular lubrication. Removal of this lubrication decreased the capacity for non-linear deformation and
toughness due to an increase in resistance to fibril rotations and sliding as imparted by molecular fric-
tion. We show that intermolecular lubrication is a key component of the “protecto-flexibility” of natural
armors and it is an essential element of biomimetic approaches to develop flexible armor systems.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Endowed with toughness and flexibility, modern fish scales are
key components of the natural armors of most fish. The primary
function of this armor is to protect the fish from external physi-
cal threats without interfering with locomotion. Fish scales exhibit
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Fig. 1. Hierarchical structure of fish scales from the black carp from the macro- to the nano-scale. The aspect of scale structure explored in this investigation is the inter-
peptide hydrogen bonding and its importance to fibril deformation, including contributions from the interpeptide liquid on fibril sliding.

mor plates of bichirs and sturgeon. The general classification of fish
scales in modern fish includes cosmoid, elasmoid, ganoid, and pla-
coid scales [1,2]. Elasmoid scales are thin and highly flexible. They
are generally found on fish with greater swim speeds. Scales of the
other three classes are relatively stiff and becoming less common
in the species of today [3].

Elasmoid scales consist of type I collagen fibers reinforced by
apatite mineral platelets. In comparison to hard tissues like dentin
and bone, which exhibit mineral content over 60% by weight,
the mineralization of elasmoid scales is much lower and exhibits
strong spatial gradients [4-6]. According to the relative extent of
mineralization, elasmoid scales have three distinct layers. The out-
ermost limiting layer (LL) is highly mineralized and serves as the
first barrier against penetration [1]. The mineralization extends
from the LL into the underlying elasmodine, which consists of plies
of uniaxial collagen fibers. According to its mineral content, the
elasmodine has two layers. The outer and more highly mineralized
layer is the external elasmodine (EE), while the internal elasmo-
dine (IE) is closest to the fish body (Fig. 1) [6]. Collagen fibrils of
the EE are sparsely reinforced with nano-crystals of apatite, simi-
lar to that in bone and dentin, whereas the mineral content of the
IE is negligible [7]. The fibrils are formed through self-assembly of
collagen molecules using coordinated hydrogen bonds [8-11] and
are bundled into fibers with a thin layer of interfibrillar protein
matrix [12].

The plies of uniaxial collagen fibrils of the EE and IE are orga-
nized with a so-called “plywood-like” stacking arrangement, which
is regarded as a Bouligand structure [13]. The angles between fib-
rils in these plies have been reported to vary from 36° to 90° de-
pending on species [14-18]. Murcia et al. [17] showed that the

scales from carp and tarpon possess a relative rotation of 75
between adjacent plies, with some variability, whereas arapaima
scales have a relative rotation closer to 90°. The ply thickness de-
pends on the fish species, with general range between 10 and
50 pym [17].

Such sophisticated microstructure and mineral distribution be-
stow elasmoid scales with unique mechanical properties. The
highly mineralized LL provides the initial resistance to puncture. By
virtue of its stiffness, it distributes the load transmitted onto the
elasmodine over a large area [1]. The elasmodine provides flexibil-
ity and toughness to the scales, and can undergo significant defor-
mation to resist failure [19]. Nature uses this compliant “backing
layer” to resist penetration. An overly flexible layer could permit
contusion damage to the underlying tissues. The Bouligand lamina-
tion structure of the elasmodine adapts to loads by reorienting the
collagen fibril plies [15,20], which reduces stiffness and enhances
the fracture resistance as well. As such, the collagen layer assists
in providing flexibility and arresting damage.

Understanding the arrangement of building blocks in natural
materials, as well as the deformation/failure mechanisms they be-
stow, is a prerequisite for designing biomimetic materials [21-23].
Numerical simulations and carefully-designed experiments are two
approaches for determining how natural materials can possess su-
perior qualities despite the relatively inferior mechanical proper-
ties of their constituents [24,25]. Through computational simula-
tion, Vernerey et al. [26] showed that scale rotations induce a
softer bending stiffness in the longitudinal direction of the fish
body that preserves the freedom of motion (i.e., armor flexibility).
Murcia et al. [27] demonstrated that the elastic modulus, strength
and modulus of toughness of elasmoid scales from the carp could
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be increased over 100% by chemical dehydration; the increase
in elastic modulus of scales from the tail region exceeded 200%,
which was attributed to the lower mineral content. The changes in
mechanical properties were attributed to increases in the degree of
interpeptide hydrogen bonding of collagen molecules, whereas the
spatial variations were associated with differences in the degree of
mineralization across anatomical sites.

In situ measurement methods are helpful to assess important
mechanistic contributions to the mechanical behavior of natural
materials. For example, Zimmermann et al. [20] applied in situ
synchrotron small-angle X-ray scattering to Arapaima gigas scales
during stretching and characterized the nano-micro deformation
mechanisms derived from the Bouligand structure. Here, we inves-
tigate the micro-meso mechanisms of deformation in scales of the
Black Carp and the contributions of intermolecular lubrication and
bonding through in situ experiments involving digital image corre-
lation. The role of water as an aid to interfibrillar sliding and lu-
brication is explored and its importance to the “protecto-flexibility”
aspect of individual scales is discussed.

2. Materials and methods
2.1. Materials

A black carp (M. piceus) was purchased from a commercial
vender with weight and length of 7 kg and 95 cm, respectively.
The age of this fish was approximately 4 years old, implying it
had reached sexual maturity. The scales were extracted from the
fish using tweezers in two regions including adjacent to the head
and near the tail. They corresponded to distances defined along
the lateral line from the gill plate to the tail of 15% and 80% of
the total number of scales, respectively. The scales in these two
regions were symmetrically removed between the dorsal and
ventral aspects, on opposite sides of the lateral line of the body.
The thickness of the scales was less than 1 mm and the effective
diameter varied depending on the anatomical position. Scales
from the head region possessed a diameter of roughly 30 mm,
while those from the tail region were less than 25 mm. All of the
scales had an effective diameter greater than 15 mm. After their
removal, the scales were placed in a Hanks Balanced Salt Solution
(HBSS) bath and stored at —20 °C to minimize the possibility of
degradation until testing. In advance of sample preparation and
testing, the scales were thawed in HBSS at 3-5 °C for 30 min.

Conventional dog-bone shaped specimens were sectioned from
the scales using a punch and stamping process consistent with our
previous study [7]. The specimens had a gage-section width and
length of 2 mm and 7.5 mm, respectively, and a total length of
14.5 mm as shown in Fig. 2a. All specimens were stamped from
the center of the scale, which is the region with most uniform
thickness. The specimens were obtained with an orientation that
is parallel to the lateral line of the body. Previous studies have
shown that the IE of elasmoid scales has in-plane isotropic me-
chanical properties [1,18]. Nevertheless, potential changes in this
behavior induced by the polar solvents warranted consistency in
the methods of preparation. To obtain samples limited to the IE
of the scales, it was gently separated from the stamped full scale
specimens under hydration using a dissection needle, as shown in
Fig. 2b. The IE of the scales were evaluated to remove the influence
of the highly mineralized limiting layer and external elasmodine,
which would have much different influence from the polar solvent
treatments due to the interference of the mineral.

After separation of the LL and EE, the IE specimens were soaked
in a polar solvent of either HBSS, methanol, ethanol, or acetone
at 3-5 °C for 48 h. That insured that there were no dimensional
changes occurring to the scales (e.g., shrinking) while they were
undergoing uniaxial tension. The polarity of these solvents can be
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Fig. 2. Details of the experimental methods to evaluate the mechanical behavior of
the scales. (a) A single specimen is sectioned from the center of a scale with an
orientation parallel to the lateral line axis of the fish body. The dimensions of the
specimens are noted. (b) Specimens consisting of the full-scale thickness (LL, EE and
IE) and only the IE after peeling away the highly mineralized layers. Note that the
IE specimen is partly transparent. (c) Schematic diagram of the 2D-DIC system used
to evaluate the full-field deformation in the samples while submerged in a solvent
tank. The tank is filled with the desired solvent and the water proof lens cap is
introduced below the liquid level.

described according to either Hansen’s or Hoy’s solubility param-
eters for hydrogen bonding, the latter being more common. Ac-
cording to Hoy’s triple solubility parameter model, the solubility
parameter for hydrogen bonding forces (§;,) for HBSS, methanol,
ethanol and acetone are 40.4, 24.0, 20.0, and 11.0 MPa'/2, respec-
tively [28]. An additional group of samples were maintained in air
(relative humidity ~ 25%) at room temperature for 48 h. The value
of 8, for interpeptide hydrogen bonds within collagen fibrils in air
has been estimated as 14.8 MPa!/2 [28]. To prevent the samples
from distorting during dehydration they were sandwiched between
two glass slides. That ensured that the samples were flat after ex-
posure to the polar solvents and that they would not undergo out-
of-plane bending during the tensile tests as a result of inherent
curvature. This process of restraining the specimen distortion could
introduce a residual stress into the fish scale samples. However,
due to the low elastic modulus of the IE = (0.2 < E < 3 GPa), the
magnitude of this residual stress would be small. In addition, there
is no further contribution of the residual stresses to the mechan-
ical behavior after the onset of inelastic deformation, which was
the predominant aspect of the scale responses evaluated. There-
fore, its contribution to the mechanical behavior was neglected.
Five specimens were evaluated for each of the five treatment con-
ditions (HBSS, methanol, ethanol, acetone and air) and from each
anatomical region (head and tail). Consequently, a total of 50 spec-
imens were prepared and evaluated within the core of this evalu-
ation. Additional samples were evaluated as a part of pilot testing
and to validate the experimental methods.

2.2. Tensile testing

The tensile testing was performed using a commercial horizon-
tal universal testing machine (Yuansheng Tech, Microtensile Tensile
Tester, Shanghai China) equipped with a 200 N load cell, and with
load precision of 0.03%. The fixture shape offered space for a con-
tainer, which was used to immerse the specimens in polar solvents
during testing and facilitate application of optical imaging. Tensile
testing of the IE specimens was performed within the appropriate



H. Jiang, S. Ghods and E. Weller et al./Acta Biomaterialia 106 (2020) 242-255 245

solvent bath to failure at room temperature. A set of specially de-
signed fixtures were fabricated from stainless steel to enable the
tensile testing as shown in Fig. 2c. The loading was performed us-
ing a stroke rate of 0.5 mm/min under displacement control, which
corresponded to a strain rate of approximately 1 x 1073 s~ ac-
cording to the specimen gage length. A preload of 0.2 N was ap-
plied to the specimens as part of the loading process to minimize
out-of-plane deformation of the compliant specimens and facili-
tate the application of Digital Image Correlation (DIC). The load
was acquired as a function of time, and the in-plane displacement
and strain were acquired using DIC as detailed in Section 2.3. To
validate the methods of tensile testing applied to the scales, they
were also used for evaluating a control material (polycarbonate
(PC)). The mechanical properties estimated from tensile responses
of the PC control included the yield and ultimate strengths of ap-
proximately 50 and 78 MPa, respectively, and the elastic modu-
lus of 2.6 GPa. Most importantly, the average Poisson’s ratio ob-
tained from the elastic range of the tensile tests was 0.3, which
is very consistent with the reported values from multiple studies
[55-58] and validated the methods of evaluation.

The synchronized stress-strain responses acquired from tensile
testing were used to determine the elastic modulus (E), strength
(S), strain to failure (FS) and modulus of toughness (MOT) using
the engineering stress-strain definitions as highlighted in Fig. 3b.
These metrics were calculated for all of the specimens tested to
characterize the contributions of the solvents to the mechanical
behavior. The elastic modulus was determined using a tangent
method for strains less than 1%; the strength and strain to fail-
ure was defined by the maximum stress and strain realized by the
sample, respectively; the MOT was calculated by integrating the
area under the stress-strain curves as a function of strain until
failure. The MOT quantifies the ability of a material to dissipate en-
ergy to failure through inelastic deformation. It is not a measure of
fracture toughness, which is a measure of a materials resistance to
the growth of a crack and involves the energy required to develop
new surface area. While both the MOT and fracture toughness con-
tribute to the puncture resistance, the former is more important to
the IE, based on the contribution of its capacity for inelastic defor-
mation to the overall puncture resistance of scales [1].

There are alternatives to tensile testing that were considered
for evaluating the mechanical behavior of the scales. Nanoindenta-
tion and acoustic methods (i.e., ultrasound) are potent candidates
for evaluating the elastic properties of materials. There are dif-
ficulties that reduce the applicability of these techniques in the
present investigation. In situ evaluation of the scales within the
polar solvent bath complicates the application of nanoindentation.
Evaporation of the solvents during the indentions, as well as the
more extensive sample preparation to achieve the required surface
roughness and flatness are two difficulties associated with nanoin-
dentation. Considering the use of ultrasound, it is most promis-
ing for homogeneous materials and considered valid for heteroge-
neous materials, when the wavelength is large compared to any
characteristic length of the material [29]. While those hardships
can be overcome, the layered nature of the IE specimens and their
very small thickness («1 mm) reduces confidence in the mea-
surements. However, the primary limitation of the aforementioned
techniques is that they are not capable of quantifying many of
the properties of interest, namely strength, strain to fracture and
toughness. Therefore, they were not adopted for this investigation.

2.3. 2D-DIC

Optical methods, such as electronic speckle pattern interferom-
etry (ESPI) [30,31] and DIC [32,33] are attractive full-field measure-
ment techniques [34,35] for assisting in characterizing the struc-
tural behavior of materials over finite areas of evaluation. Due to

the relatively large strain to failure of the fish scales, DIC is the
only optical technique that enables characterization over the entire
gage-section and through the entire range of deformation. Two-
dimensional DIC (2D-DIC) was used to map the full-field strain
distribution in the samples during testing. Sequential images doc-
umenting the deformation process were acquired using an indus-
trial monochrome camera (CMOS, UI-3180CP-M-GL, IDS, Obersulm,
Germany) with resolution of 2592 x 2048 pixels. The camera was
equipped with a micro-inspection lens (Optem Zoom 70XL, Thales
Optem Inc., Fairport, NY, USA), as shown in Fig. 2c. The image ac-
quisition rate was 1 frame per second and the field of view (FOV)
was 8 mm x 6 mm, which covered the entire gage section. A cus-
tom water-proof cup was mounted on the lens to enable image
acquisition within the liquid bath and a standard dual gooseneck
microscope illuminator was used for enhancing illumination. To fa-
cilitate the application of DIC, a speckle distribution was deposited
on the viewing surface of the specimens using a multi-purpose air-
brush with a 0.2 mm needle/nozzle. The speckles were created us-
ing toner powder, which consisted of black particles. The powder
did not contain any solvents.

Calculation of the strain field within the gage section of the
specimens was performed with the acquired optical images using a
commercial software (PMLAB DIC-3D, Nanjing PMLAB Sensor Tech
Co., Ltd., Nanjing, China). Details regarding 2D-DIC and some rel-
evant applications are described elsewhere [36-38]. The evolution
in axial strain within the gage section of an IE specimen and over
the whole loading period is presented in Fig. 3a.

The axial and transverse strain distributions were determined
from the corresponding deformation fields. The apparent Poisson’s
ratio APR was determined from the strain maps and the ratio in
mean strains in the transverse ey, and axial direction eyx accord-
ing to APR = —exx/eyy. Note that for small strains and within the
elastic range, the APR is the Poisson’s ratio of the material. Beyond
the elastic range it was unclear if volume was conserved and over
what extent of strain. Thus, APR is a suitable manner to describe
the strain ratio. The evolution in APR with tensile loading was doc-
umented as a function of the axial strain to failure.

The tensile specimens were stamped from individual fish scales,
which can introduce challenges that are not encountered in char-
acterizing the properties of engineering materials. Special care was
taken during the specimen preparation and testing process to en-
sure that the specimens were flat and that the stress distribution
resulting from the tensile testing was uniaxial. The axial displace-
ment and strain maps obtained from DIC served as an effective
means of monitoring these important aspects of the specimens and
their quality. In particular, the deformation field was used to con-
firm that the specimens were aligned with the longitudinal axis
and the corresponding strain fields were used to confirm that there
was no curvature or deviation in specimen flatness.

2.4. Statistical analysis

All of the mechanical property measurements obtained from
the tensile tests involved replication, Specifically, five specimens
were obtained from five different scales that were obtained at each
location, which supported a determination of the mean + stan-
dard deviation of the properties. In comparing the experimental
values for the PC control with reported values, the error was es-
timated from the difference. The mechanical properties of the IE
specimens were compared in terms of location (head vs. tail) and
polar solvent polarity (Hoy’s solubility parameter) using a two-way
ANOVA with significant differences identified by p < 0.05. The data
was assessed prior to application of the ANOVA to confirm that
it met the assumptions of homoskedasticity and normality. The
statistical analysis was performed with OriginPro 2018 software
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Fig. 3. Determination of the engineering stress-strain responses using the full-field displacement maps obtained by 2D-DIC and the evaluation of mechanical properties.
(a) Displacement maps for an IE specimen for axial loading (y-direction). Shown are the initial positions (left), intermediate loading (middle) and near failure (right). The
distance between Points 0 and 1 of the gage section are used to calculate the axial strain. Scale bar = 1 mm. (b) The engineering stress-strain response for an IE specimen
exposed to acetone and definitions of the measured properties. (c) Stress—strain responses for multiple IE specimens exposed to three different solvents. Note the large

degree of consistency.

(OriginLab Corp., MA, USA) at a confidence level of 95%, which is
typical in structural evaluations.

3. Results

A representative stress-strain curve obtained from tensile test-
ing of an IE specimen to failure within acetone is shown in Fig. 3b.
The mechanical properties obtained from these responses are high-
lighted in this figure for clarity. A comparison of stress-strain
curves for specimens obtained from multiple scales of the head
region and treated using HBSS, ethanol, and acetone is shown
in Fig. 3c. As evident from the distribution of the curves, the
solvent treatments imposed substantial effects on the tensile re-
sponses. The elastic modulus and strength within acetone reach
values nearly 30x and 4x greater, respectively than those proper-
ties within in HBSS. Also evident in Fig. 3c, the stress-strain curves
for the family of specimens evaluated in each condition are quite
consistent. Nevertheless, there is some variability that is important
to consider in quantifying the responses and in assessing the sta-
tistical differences in the responses.

Fig. 4 presents comparisons of the stress—strain responses for
the IE specimens across all of the five different treatments. These
are stochastic representations describing the moving average and
standard deviation of responses from the five tensile specimens of
each group. Results for specimens obtained from scales of the head
and tail regions are shown in Fig. 4a and b, respectively. As evident
from these curves, the stress-strain responses for specimens from
the head and tail regions are almost identical. The relative stiffness
and strengths of those specimens exposed to solvents are inversely
distributed with respect to the polarity (i.e., solubility parameters).
The solvent polarity is ordered from highest to lowest from HBSS,
methanol, ethanol and acetone. As such, there is a decrease in the
elastic modulus and strength with increasing polarity of the aque-
ous environment. Apart from the partial overlap of responses for
the ethanol and methanol treatments, results for the other treat-
ments are significantly different (p < 0.05).

The stress—strain curves in Fig. 4 for the specimens exposed to
ethanol, methanol and HBSS are nearly linear to failure. In compar-
ison, the acetone-treated and air-dried specimens exhibit bi-linear
distributions with distinct linear elastic portion, followed by a sec-
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the moving average and standard deviation of the responses obtained from all scales evaluated for that condition (n = 5). (a) Head scales and (b) tail scales.

Table 1

List of p-values for the repeated measures ANOVA performed to evaluate the differences in mechanical properties of the Internal Elasmodine (IE) specimens as a function of
polar solvent conditioning. The responses are presented separately for results of the head and tail region. The symbols Ac, Ar, E, H and M represent the acetone, air, ethanol,
HBSS and methanol conditions, respectively. Those boxes that are highlighted in bold are comparisons with no significant difference (p > 0.05).

Parameters Region p-values
Hvs. M Hvs. E H vs. Ac H vs. Ar Mvs. E M vs.Ac M vs. Ar E vs. Ac E vs. Ar Ac vs. Ar
Strength Head <0.05 <0.05 <0.05 <0.05 0.64146 <0.05 <0.05 <0.05 <0.05 <0.05
Tail <0.05 <0.05 <0.05 <0.05 0.33362 <0.05 <0.05 <0.05 <0.05 0.07374
Elastic modulus Head <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
Tail <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
Modulus of toughness Head <0.05 <0.05 <0.05 <0.05 0.53792 <0.05 <0.05 <0.05 <0.05 0.7168
Tail <0.05 <0.05 <0.05 <0.05 0.60184 <0.05 <0.05 <0.05 <0.05 0.1313
Failure strain Head <0.05 <0.05 <0.05 0.21834 0.16458 0.13536 <0.05 0.55304 <0.05 <0.05
Tail <0.05 <0.05 <0.05 0.43007 0.11163 0.07599 <0.05 0.73298 <0.05 <0.05

ondary region of linear strain hardening behavior. Note that this
description implies mechanical behavior but not the mechanisms
responsible. There is no connection to the process of dislocation
pileup in metals; further description of the contributing mecha-
nisms in fish scales is discussed later. The responses obtained from
these two treatments exhibit very similar shape, with proportional
limit/yield strains associated with the transition to strain harden-
ing at approximately 1.5%. The mean yield strengths of the IE spec-
imens from the head region evaluated in acetone and air are ap-
proximately 25 MPa and 40 MPa, respectively. These values are
only slightly higher than those from the tail region, with values
of 22 MPa and 35 MPa, respectively.

The mechanical properties obtained from the tensile tests
on the IE specimens are summarized in Fig. 5. Specifically, the
strength, elastic modulus, modulus of toughness and strain to fail-
ure are shown in Fig. 5a through 5d, respectively. Separate re-
sponses are shown for specimens from the head and tail scales
for each condition. There is a significant increase (p < 0.05) in the
strength, elastic modulus and modulus of toughness with decreas-
ing polarity of the solvents, except for the methanol and ethanol
whose polarities are similar. The strain to failure values in Fig. 5d
exhibit an increase with decreasing polarity, with exception of the
response for the HBSS treatment, which exhibits the lowest strain
to failure of all conditions. The specimens evaluated in methanol
achieved the largest strain to failure for scales from both the head
and tail regions.

The mechanical properties of the IE specimens obtained from
the head and tail regions are very similar overall (p > 0.05), but
there are a few exceptions. Most noteworthy is the significantly
larger (p < 0.05) elastic modulus of the IE specimens from the
head region in acetone and air. The strain to failure of the head and
tail scales have the opposite order, with larger values exhibited by

the specimens of the tail for the methanol, ethanol and acetone
solvents; the differences are nearing significance. A detailed de-
scription of the differences in mechanical properties between the
treatments is presented in Table 1. There are significant differences
in the properties of specimens between the majority of the polar
solvents. However, significant differences between the methanol-
soaked and ethanol-soaked samples are limited to the elastic mod-
ulus. Of all the mechanical properties evaluated, the lowest extent
of significant differences caused by the polar solvent treatments is
the strain to failure, which is also apparent in Fig. 5d.

The apparent Poisson’s ratio (APR) of the IE specimens was es-
timated from the ratio of average transverse and axial strains mea-
sured within a central window of the gage section as shown in
Fig. 6a. The history in APR as a function of the axial strain is shown
for specimens of the head and tail regions in Fig. 6b and c, re-
spectively. Similar to Fig. 4, the APR distributions are presented
in terms of the moving average and standard deviation of all the
specimens evaluated for that specific polar solvent treatment. An
APR response for a polycarbonate (PC) specimen is also shown as
a reference (control) in Fig. 6¢; the evaluation was conducted in air
and using the same loading conditions applied to the scales. Note
that within the elastic range the Poisson’s ratio for the PC control
was 0.3, which is in very close agreement with that reported in
the literature for this material [55-58]. After the onset of inelastic
deformation, the APR value for the PC control ranges from roughly
0.3 to 0.45. The values obtained for the PC in both the elastic and
inelastic range provide confidence in the estimated APR values for
the IEs. The APR distributions for the head and tail regions are very
similar with values range from O to nearly 2.5. That far exceeds
the range in Poisson’s ratio for isotropic materials that behave ac-
cording to a continuum (0 < PR < 0.5). The APR increases with
strain and exceeds 0.5 for all scale specimens maintained in a po-
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(p < 0.05), as indicated with a star.

lar solvent (HBSS, methanol, ethanol and acetone). The values for
the acetone condition are the lowest of all solvents. Although the
specimens evaluated in air as well as the PC specimens undergo an
increase in APR with strain, they remain at APR < 0.5, indicating
that both behave as an isotropic continuum.

The distribution in APR curves with respect to the solvent po-
larity contrasts the order of the stress-strain responses obtained
from the tensile tests. For instance, the APR values for the HBSS
condition are the largest, whereas the stress-strain responses ex-
hibit the lowest modulus and strength. Similarly, the acetone-
treated and air-dried samples exhibit the lowest APR, remaining
less than 0.6 overall, whereas the stress-strain responses in ace-
tone and air exhibited the largest elastic modulus and strength.
The APR responses for the specimens evaluated in HBSS, ethanol
and methanol exhibit very similar characteristics, including a steep
rise with increasing strain until reaching a plateau and/or failure in
the case of ethanol. The APR responses of the specimens in HBSS
and methanol decrease with further strain in both Fig. 6a and b.
These differences are expected to be attributed to the contribu-
tions of interpeptide bonding and lubrication to the mechanisms
of deformation, which require further discussion.

4. Discussion

Previous research concerning fish armors and their bioinspired
derivatives has involved evaluations of the scales as well as the
scales and underlying skin as a system [26,39-41]. These contri-
butions have established that the scales act as the stiff protective
phase, and they are partially embedded in a soft tissue, which
renders flexibility. The combination of soft tissue and mineral-
ized scale provides both flexibility and protection. However, elas-
moid scales are thin and very flexible on their own, which is
much different than ganoid scale structures. Thus, the elasmoid
scales exhibit both of the important qualities reflected in “protecto-
flexibility”, independent of the backing skin.

Previous studies concerning fish scales have established that the
less mineralized plies of the elasmodine (i.e., the IE) are essential
to various aspects of their mechanical behavior. Indeed, the capac-
ity for inelastic deformation and large toughness of scales are a
product of a combination of mechanisms that operate within this
layer, including fibril sliding, fibril reorientation, and fibril stretch-
ing [15,20]. The individual plies (or lamellae) of the Bouligand
structure adjust their orientation in response to the loading di-
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rection, and as a function of the stacking sequence of the lay-
ers of collagen fibrils. Specifically, lamellae with fibril orientations
close to the loading axis rotate towards the tensile direction, which
is accompanied by stretching of the fibrils and interfacial sliding
to adapt to this reorientation. The interplay between stretching
and sliding is a function of intermolecular bonding and lubrication
within and about the collagen fibrils. These factors regulate the re-
sistance to molecular movements, which are also dependent on the
degree of hydration and the contribution of the “water sheath”.
Indeed, the stiffness, strength and toughness of scales have been

shown to depend on the level of hydration and water content
[7,18,27,42].

Previous evaluations concerning the mechanical behavior of
elasmoid scales obtained from different anatomical regions of carp
identified that the properties varied from the head to the tail of
the fish [27]. These spatial variations were interpreted to arise
from differences in the degree of mineralization. The apatite is
primarily limited to the LL in scales from the middle and tail
regions, whereas in scales from the head region the mineral
reinforcement extends to within the EE. After being subjected to
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an ethanol treatment, scales from the head region exhibited the
maximum strength, toughness and elastic modulus of all regions
evaluated, which was attributed to a combination of interfibril
hydrogen bonding and the comparatively larger volume fraction
of mineral reinforcement [27]. Notably, the largest change in
mechanical properties with ethanol exposure occurred to scales of
the tail, which was due to the lower interference of mineral to the
interpeptide bonding in the presence of ethanol. That observation
suggested that the mechanical behavior of these flexible armors
could be tuned by modulating the interpeptide bonds and their
effects on peptide and fibril interactions.

The mechanistic aspects of fibril reorientations in elasmoid
scales and their contribution to the deformation behavior have be-
come a topic of interest. Recently reported studies [2,27,43] de-
scribing the mechanical property changes in scales under dehydra-
tion provide some insight, but covered a limited range in solvent
polarity. The large number of polar solvents used to treat the IE
specimens in the present study is the key to advancing this knowl-
edge.

Hoy’s solubility parameter for hydrogen bonding (&) is fre-
quently used for describing the effectiveness of polar solvents to
develop hydrogen-bonds within collagen fibrils. The H-bonds form
preferentially between the collagen peptides, except within the
presence of polar solvents that have higher affinity for hydrogen
bonding, i.e. with &, values higher than that of the interpeptide
bonds. Water (and HBSS) has a 8, equal to 40.4 MPa!/2, which
is one of the solvents with the highest reported polarity. The &
for methanol, ethanol, and acetone are lower, with values of 24.0,
20.0, and 11.0 MPa!/2, respectively. For relatively dry demineralized
collagen of dentin, the 8, value is postulated to be 14.8 MPa!/2
[28]. Thus, when collagen fibrils are exposed to solvents with a
8, < 14.8 MPa!? (e.g., acetone) interpeptide H-bonds develop.
However, when exposed to solvents with §,> 14.8 MPa'2 (ie.,
HBSS, ethanol and methanol) hydrogen bonds develop preferen-
tially between the interpeptide sites of the proteins and the sol-
vent molecules that penetrate within the fibrils. These bonds in-
terfere with the interpeptide hydrogen bonds between the protein
molecules of the triple helix.

The aforementioned description provides a basis for under-
standing the effects of the polar solvents on the scale IE from a
mechanistic perspective. In essence, the presence of water estab-
lishes a “sheath” that prevents the fibrils from forming interpep-
tide H-bonds. The solvent molecules serve to lubricate the peptide
chains of the triple helix, which reduces the resistance to molec-
ular movements and sliding between the collagen fibrils. This lu-
brication contributes at the fibril and lamellae level. On the other
hand, the treatments consisting of acetone and air-drying enable
the formation of interpeptide bonds between the collagen peptides
in the plies of the elasmodine. Although the §; values for the air
and acetone treatments are similar (14.8 and 11.0, respectively),
the critical difference is the lubrication participating in those ex-
posed to acetone via the solvent molecules that undergo hydrogen
bonding with the proteins. This microstructural difference is the
key to the differences in deformation behavior between the air and
acetone treatment responses, in comparison to all others (ethanol,
methanol and HBSS), which is distinctly evident in Figs. 4 and 6.

The term “strain-hardening” was applied to describe the sec-
ondary linear portion of the stress-strain curves for the acetone
and air conditions and the prominent increase in resistance to de-
formation with increasing inelastic strain. While this term is often
applied to characterize the response of metals, and is generally as-
sociated with dislocation pileup at grain boundaries and other ob-
stacles, the terminology used for the scales certainly does not im-
ply the same mechanisms. The secondary linear portion of these
two treatments with 8, < 14.8 MPa'/2 is associated with the in-
creased resistance to fibril sliding and ply reorientation, which re-

sults from the increasing extent of interpeptide bonding. The APR
distributions in Fig. 6 show that the degree of ply and fibril re-
orientation is substantially decreased in these two conditions, par-
ticularly in air, which is also due to the absence of a liquid lubri-
cant and larger extent of molecular and fibril friction. That further
reduces the interfacial sliding, which is active in the presence of
higher polarity solvents. As such, the axial elongation in the scales
subjected to air and acetone is attributed to elongation of the fib-
rils themselves. While that process renders an increase in strength
it does not suffer the common penalty, which is a decrease in duc-
tility. The strain to failure of scales in the acetone and air condi-
tions is comparable to that in HBSS. That appears to be another
benefit of the increase in the extent of interfibril bonding, which
resists the development and progression of interfacial damage as-
sociated with sliding between fibrils and plies, which are the pre-
ludes to fracture. The slightly lower ductility in air appears to re-
sult from the absence of the water sheath and its contribution to
a reduction in the permissible fibril elongations to failure.

Reviewing the stress-strain responses in Fig. 4, the strength and
elastic modulus of the scales increases with decrease in §;, value
of the solvent they were exposed to. When the IE specimens are
placed within a solvent with a weaker bonding ability than wa-
ter, the water molecules in and between collagen proteins are dis-
placed, which allows the formation of direct bonding between ad-
jacent peptide chains. Furthermore, the extent of interpeptide bond
formation depends on the magnitude of §;; the lower the value of
dp, the greater propensity for their formation, which suggests that
there are more interpeptide bonds formed in the IEs exposed to
a solvent with lower 8, value. Hence, when the IEs are exposed
to ethanol and methanol, a portion of interpeptide H-bonds are
formed as well as some bonds between the ethanol (methanol)
and collagen chains. The §, value for these solvents is close to
14.8 MPa'/2, which allows the coexistence of these two H-bonds.
However, in the presence of acetone with lower §;, value, a greater
number of interpeptide bonds develop, thereby increasing the re-
sistance to interfibrillar sliding, which fosters an increase in resis-
tance to both elastic and inelastic deformation at the macroscopic
level [27].

After exposure to the polar solvents, the mechanical properties
of the IE specimens underwent significant changes (Table 1 and
Fig. 5). Moreover, the extent of change with respect to water is
directly related to the solvent polarity (8j). Those specimens ex-
posed to acetone with lowest §; exhibited the highest elastic mod-
ulus, as well as the largest strength and modulus of toughness,
which is a result of the direct interpeptide bonding. Conversely, in
HBSS the specimens exhibited the lowest elastic modulus, strength
and MOT due to contributions of the “water sheath” as a lubricant
that facilitates interfibrillar sliding. The difference in these proper-
ties between the IE specimens of the head and tail regions result
from the larger degree of residual mineralization in scales from
the head region [8,27]. In the solvent treatments with low polarity
(8, < 14.8 MPa'/2), the IEs of the head are significantly stiffer than
those from the tail region (Fig. 5c). We believe that the increase
in interpeptide hydrogen bonds restricts the contribution of inter-
fibrillar sliding, which magnifies the effect of mineral crystals on
the elastic modulus of the IEs. This occurs from the dimensional
shrinkage of the tissue, which locks the mineral crystals embod-
ied within the collagen, and the transition to continuum behavior.
The elastic modulus of the mineral phase is more than an order
of magnitude higher than that of collagen. Adding nanoscopic hy-
droxyapatite platelets is critical to increase the stiffness of colla-
gen fibrils [44]. The greater physical coupling between the mineral
platelets and fibrils increases their contribution to stiffening.

Contrary to the reduction in strain to failure of bone with de-
hydration [45], the IE of the scales retained its ductility with dehy-
dration (Fig. 5d), which is consistent with the responses of other
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biological tissues such as skin [46,47]| and tendons [48]. In bone,
the interfibrillar spaces are largely occupied by mineral crystals
[12], which interferes with the formation of interpeptide bonds
during dehydration. That is a key difference between the scales
and bone. Owing to the negligible mineral content of the IEs, more
interpeptide H-bonds develop at the interfaces of the fibrils during
dehydration, which increases interfacial strength. The strong inter-
facial adhesion increases the proportion of fibril elongation in the
deformation, which primarily consists of interfibrillar/interlamellar
sliding and fibril elongation, during stretching, preserving or even
improving the ductility of the dehydrated IEs. Akin to bone [49,50],
even slight variations in mineral content of the IEs can contribute
to the strain to fracture. The slightly larger mineral content of the
IE in scales from the head region [27] results in lower strain to
failure as shown in Fig. 5d. Although skin and tendon have quite
different microstructure from that of the scales, it appears that the
absence of mineral is responsible for the retention of ductility with
dehydration, and that it arises from the increase in interfibrillar
bonding.

The changes in mechanical behavior characterized by the ten-
sion tests are not sufficient to fully understand the relative con-
tributions of fibril sliding and reorientations to the scale mechan-
ics. Here is the important value of the APR distributions (Fig. 6)
in understanding the mechanisms contributing to deformation. A
schematic description for deformation within an isolated circu-
lar element of the elasmodine is shown in Fig. 7a, which was
motivated by in situ small-angle X-ray diffraction measurements
[15,20,51]. The collagen fibrils within each lamella undergo a com-
bination of elongation and reorientation to angles more coinci-
dent with the tensile axis. Disregarding elongation, fibril rotation
towards the tensile axis involves interfibrillar sliding, as shown
schematically in Fig. 7b. This rotation depends on the extent of
lubrication provided by the “water-sheath” established by the po-
lar solvent, as well as the resistance from intermolecular hydrogen
bonding. Decoupling the fibril elongation and rotation, a fibril re-
orientation of ¢ is accompanied with a relative longitudinal elon-
gation from Sy to S;. The fibril reorientation is superposed with
local axial elongation as shown in Fig. 7c. This model can be used
to develop a simple analytical expression for the APR as a function
of fibril reorientations. At the level of the lamellae, the axial strain
associated with the change in projected length of the fibrils when
it rotates from some initial angle ®, to ®; can be expressed as

_ (L+AL) -sin®; —L-sin®g
v L-sin @
where L denotes the initial length of the fibril and AL is the elon-
gation. The corresponding transverse strain (in the x-direction) is
given by
_ (L+AL)Acos®; —L-cosPg
= L-cos @
Combining Eqs. (1) and (2), the apparent Poisson’s ratio associ-
ated with this rotation (APRyo) can be described by
_lw _ tan @, - L-cos &g —‘(L+ AL)-cpsdh
eyy (L+AL)-sin®y —L-sin®g

(1)

(2)

APRro[ = (3)

The relative effects of fibril rotations on the APR distributions
of the IE specimens can be interpreted with help of Eq. (3), as well
as contributions from the various solvents to these distributions. In
adopting this model, it is necessary to choose an initial fibril ori-
entation (dg) relative to the direction of axial loading. For the case
where the fibril undergoes rotation/reorientation from &gy = 45°
towards the tensile axis (®¢ = 90°) and the contribution of elon-
gation is negligible (AL = 0), APR = APR;,; and the distribution in
APR as a function of axial strain is shown in Fig. 7d. If a simple
functional relationship is assumed that couples the rotation and

the axial elongation over an increasing extent of elongation, the
APR evolves with axial elongation as shown in Fig. 7d. Admittedly,
these curves are not in perfect agreement with the shape of the
APR distributions in Fig. 6b and c and it easy to understand why.
The treatment in Fig. 7d applies to a single uniform fibril offset
angle, whereas the IE specimens consist of an array of orientations
through the thickness (0 < 3 < 90°). In addition, the contribu-
tion of axial elongation is dependent on the relative stiffness and
strength of the “interfibrillar-linkers”, as described by Ahmadzadeh
et al. [52], which controls the onset of sliding. There is a point
where the fibrils begin to unravel and axial elongation takes over,
which is a third mechanism of deformation.

The simple analytical treatment of ply rotations provides one
aspect of justification for the large APR value of the IE for HBSS,
methanol and ethanol. Previous experimental investigations on soft
tissues have reported APR values in the same range as those re-
ceived for the IE of the scales, including that reported for the lig-
ament of human hip joints (1.65 + 0.35) [53] and for the sheep
flexor tendon (2.98 + 2.59) [54]. As fibril elongation becomes a
greater part of the deformation response (increasing AL) of the
IE, the APR distributions become more shallow with axial strain.
Clearly the interfibrillar-sliding associated with fibril reorientation
is the primary contribution to the variation in APR within the HBSS
environment. This is attributed to the “lubrication” provided by the
water sheath and the limited interpeptide bonding within the fib-
rils. Conversely, the APR curves of the acetone-soaked IEs is the
lowest in both Fig. 6a and b (ignoring the PC control). That be-
havior implies that interfibrillar sliding is restrained, which agrees
with the explanation of the interpeptide H-bond formation elicited
by the absence of water.

There is an additional consideration of fibril reorientations that
occur within extracted tensile specimens, the measured mechan-
ical properties, and how well they reflect the “true” mechanical
properties of the whole scale. The reorientation of fibrils within
the off-axis plies could depend on two factors, namely the length
of the fibrils and its contributions to the frictional resistance to
interfacial sliding, as well as the uniformity of the fibril orienta-
tion over the entire scale width. Narrow tensile specimens will
have less resistance to reorientation and more uniform ply orien-
tations across the specimen width than those that are wider. That
may pose some difficulty in comparing the mechanical properties
of scales from investigations that have used different tensile spec-
imen dimensions. Nevertheless, the objective of the present study
was to understand the role of water to interfibrillar lubrication and
sliding, and the specimen dimensions were consistent for all of the
specimens and polar solvent treatments. It may be worthwhile in
future evaluations of fibril reorientation to consider the importance
of specimen width.

The APR curves for the HBSS and methanol conditions in Fig. 6b
and c exhibit a plateau, followed by a reduction in the APR with
further axial strain. That behavior is hypothesized to result from
a transition from the fibril reorientation to the stretching mecha-
nisms. For these high polarity solvents, the more prominent lig-
uid sheath facilitates interfibrillar sliding preferentially, and to the
greatest extent for the HBSS. The plateau in the APR curves reflects
a saturation in the reorientation mechanism, after which elonga-
tion of the fibrils ensues. A reduction in the transverse deforma-
tion with axial strain follows and results in a decrease in the APR.
Of course, this is coupled with fibril pullout and failure, which
also play an increasingly important role in the deformation pro-
cess at large strains. Responses for the acetone and air condition
in Fig. 6 exhibit a single trend, reflecting that fibril reorientation
assisted by interfibrillar sliding was restrained by the higher de-
gree of interpeptide hydrogen bonding.

To complement the experimental results for the APR of the
fish scales, the deformation response of a fibrous laminated ultra-
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3).

high molecular weight polyethylene (UHMWPE; DSM Dyneema™
HB26) was evaluated in uniaxial tension. The material has a mi-
crostructure similar to the IE of the scales. The sheet consists
of four orthogonal plies of UHMWPE fibers with interface matrix
of low stiffness polyurethane (PUR) elastomer. Tensile specimens

were sectioned from the laminate with an angle of 45° between
the orientation of the fibers in each ply and the longitudinal axis
(Fig. 8a). The fibers are large enough (~17um) to be observed by an
industrial camera with a microscope lens. The axial and transverse
strains resulting from uniaxial tension were obtained by DIC and
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used to evaluate the APR response over the range of axial strain to
failure. The APR response with axial strain is shown in Fig. 8b and
is very consistent with that for the IEs exposed to ethanol shown
in Fig. 6b and c. Strain maps within a sample corresponding to
the longitudinal, transverse and shear components are shown in
Fig. 8c. The evolution in the exx and eyy maps and the exy, maps
show the fiber reorientation with increasing axial strain as enabled
by interfibrillar sliding. These responses emphasize that the unique
mechanical properties of the IEs are a function of the fibril ar-
rangement, as well as the mechanistic contribution of the water
environment to the interfibrillar lubrication. Although these syn-
thetic materials can be prepared with any lamination pattern de-
sired, the remaining challenge is identifying how to actively control
the interbrillar bonding and lubrication.

The dramatic change in deformation characteristics of the scales
activated by the solvents and the interplay between interpeptide

bonding and molecular lubrication is remarkable. It is arguably one
of the most interesting aspects of these natural armor materials.
Despite the novelty of the findings, there are some limitations to
this investigation. For example, the strength of the hydrogen bonds
contributing to the changes in the scale mechanics were not mea-
sured. As previously highlighted, the relative contributions of inter-
fibrillar sliding and fibril rotation may depend on the free length
of the fibers (i.e., the width of the specimens) and that was not
considered in the present investigation. Another limitation is that
the scale properties were evaluated at a single strain rate and the
relative contribution of interpeptide bonds is a function of strain
rate [2]. Future studies could address the changes in contributing
mechanisms as a function of strain rate. Another limitation relates
to the relative importance of the scale lamination patterns to the
deformation responses. The lamination patterns and other aspects
of the morphology are unique among different fish species [17] and
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are undoubtedly important to the interplay between interfibrillar
sliding (assisting reorientation) and fibril elongation. That topic is
reserved for future studies. Nevertheless, the findings of this in-
vestigation make a unique contribution - they provide a detailed
mechanistic description of the role of intermolecular bonding and
lubrication on the unique mechanical behavior of fish scales. Fu-
ture efforts to develop next-generation flexible materials for pro-
tection could benefit from harnessing this unique capability.

5. Conclusion

An experimental investigation of contributions from intermolec-
ular lubrication and intermolecular bonds to the mechanisms of
deformation in scales obtained from the head and tail regions of
the Black Carp was performed. Specimens consisting of the inter-
nal elasmodine were subjected to tensile loading to failure within
selected polar solvents ranging from HBSS to acetone. According to
results of this investigation, the following conclusions are drawn:

(i) The elastic modulus, strength and toughness of the IE of the
scales increased significantly with decreasing Hoy’s solubil-
ity parameter of the solvent treatments. The elastic modulus
increased up to 30x, with regards to that value in HBSS, and
the strength and modulus of toughness increased up to 4x
and 5x, respectively.

(ii) There were no significant differences in the mechanical
properties between head and tail scales in regards to the ef-
fects of the polar solvents on the strength, toughness and
strain to failure. However, in both the acetone and air envi-
ronments the elastic modulus was significantly larger in the
scales of the head region. This difference is expected to re-
sult from a greater degree of mineralization and its contri-
bution to the elastic responses.

(iii) In HBSS, the apparent Poisson’s ratio increased with axial
loading from 0.2 to a maximum of nearly 2.4. The large
value corresponds to the extent of fibril rotation and slid-
ing that accompanies the deformation process. The range in
apparent Poisson’s ratio with axial strain was reduced with
exposure to the polar solvents and decreased with decreas-
ing polarity of the solvent.

(iv) Dehydration in air, which results in more extensive interpep-
tide bonding and removes the intermolecular lubricant re-
sulted in the highest elastic modulus and strength, but lower
strain to failure than that of the polar solvents.
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