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ABSTRACT

This research aims to further the understanding of the structure and mechanical properties
of the dermal armor of the boxfish (Lactoria cornuta). Structural differences between colla-
gen regions underlying the hexagonal scutes were observed with confocal microscopy and
microcomputed tomography (n-CT). u-CT revealed a tapering of the mineral plate from the
center of the scute to the interface between scutes, suggesting the structure allows for more
flexibility at the interface. High-resolution p-CT revealed, for the first time, a 3D image of
the dermal armor’s complex collagen structure. Helical interfibrillar gaps in the collagen
base were found that are similar to the Bouligand-type structure of the lobster, Homarus
americanus, thereby suggesting that the collagen in the boxfish is also of a Bouligand-type
structure. In situ scanning electron microscopy tests were performed in shear and ten-
sion between two connected scutes and suggest that the interfacial collagen is structurally
designed to preferentially absorb energy during deformation to protect the internal col-
lagen. Similarly, in situ small-angle x-ray scattering was performed in shear and tension
and further corroborated the complex collagen structure. Lastly, these experimental results
are coupled with finite element simulations that characterize the interfacial collagen and
corroborate the non-linear deformation response seen during in situ testing. Overall, these
findings further the understanding of the structure and mechanics of the dermal armor of
the boxfish which may help provide a basis to synthesize bioinspired composites for impact-
resistant materials, specifically with bioinspired Bouligand-type structures to create novel
fiber-reinforced composites.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Overlapping scale patterns are common amongst marine and
freshwater fish species. These overlapping structures have
developed as full coverage of the fish’s body which simulta-
neously provide protection from predators while maintaining
flexibility for swimming and other body motions [1]. There are,
however, a small number of fish species that employ more
rigid armor. Many of the species in the Ostraciidae family use
rigid armor in their defense [2,3]. Recent work by Yang et al.
[4] provided insight into the armor of the boxfish, but also pro-
vided for a number of additional questions into this alternative
armor style.

The scales and scutes of fish species are capable of pro-
viding effective protection from predation through a layered,
composite structure [5-8]. This structure tends to consist of
a highly mineralized surface plate (often made of bony or
enamel-like materials) and a less-mineralized, collagen base
[6,7,9-12]. The less mineralized collagen base is most often
formed in a twisted plywood, or Bouligand structure [13-15],
which consists of planes of aligned collagen fibrils stacked on
top of each other with each layer slightly rotated [1]. The Bouli-
gand structure also appears in several other impact resistant
biological materials including the exoskeletons of arthropods
and the dactyl club of the mantis shrimp [16-18]. The rea-
son for its universality within biopolymer composites in the
natural world is due to its optimization of several parameters
including (1) creating quasi-isotropic fiber reinforced materi-
als to avoid weakness in a given axis; (2) allowing for the fibers
to reorient along the loading axis to provide more resistance
[13]; (3) improving energy dissipation and stress relaxation
by influencing cracks to follow the helical fiber orientations
thereby maximizing crack surface area per unit volume [19].

When attacked by a predator, the layered structure of fish
scales and scutes provides both protection from the sharp
piercing action of a tooth (through the hardened surface plate)
and the powerful compressive and crushing force of the jaws
(through the tough collagen base) [7]. Beyond the functions
of an individual scale, the overlapping structure of scales can
provide protection. Vernerey and Barthelat [20-22] analytically
studied these structures in fish and showed that, by balanc-
ing the scale length and spacing between scales with the total
body length, many species are capable of large overall body
flexibility, while minimizing the rotation of individual scales,
thusresisting puncture when attacked. While this overall body
flexibility is important for motion, it also plays a significant
role in defense. In addition, the flexibility of the body itself
provides some energy absorbance as the piercing tooth of a
predator will cause the body to deform and the overlapping
scales to lock together before stress is directly applied to the
scale [22]. Due to this success, overlapping scale structures
are found in a variety of animals including most teleost fish
[7,9,11,12,23], pangolin [24], and chiton [25], and has led to a
number of bioinspired armor designs [8,26]. Given these bene-
fits of overlapping structures, a fish species that employs rigid
armor would be unwise to forsake all flexibility.

In this study, the dermal armor of the longhorn cowfish
(Lactoria cornuta, Fig. 1), a type of boxfish, is structurally and
mechanically characterized. Fig. 2 shows a diagram of the

Fig. 1 - Lateral view of the boxfish (Lactoria Cornuta),
commonly referred to as the longhorn cowfish. Image
taken from [33].

features of the boxfish’s armor, similar to those previously
reported [3,4]. The rigid armor consists of non-overlapping,
primarily hexagonal scutes (Fig. 2a) [4]. Similar to many other
fish scales, the scutes themselves are made of hydroxyapatite
mineral and type I collagen and are structured as a highly min-
eralized surface plate (1:0.33 mineral-to-collagen ratio) sitting
on a collagen base (1:12 mineral-to-collagen ratio) [4]. The min-
eralized surface plate features raised ridges that extend from
the center of the scute to the edges. The interface between
scutes is made of interlocking mineralized triangular sutures,
which are unlike many similar structures in nature as they
are devoid of any bridging Sharpey’s fibers or compliant phase
(Fig. 2b) [4]. Geometric analysis of triangular sutured struc-
tures by Li et al. [27-29] demonstrated that the teeth angles
of the boxfish’s sutures (26 =50.6°) were considerably differ-
ent from what would be expected to maximize the strength of
the interface (260 =23.6°). This contrast between the theoretical
optimized angle for strength in sutured interfaces and actual
angle of suture teeth in the boxfish is likely due to the former
being calculated while including a compliant phase junction
between sutured interfaces that is not found in the boxfish
sutures. Additionally, these results may also suggest that box-
fish suture’s geometry are not solely optimized for strength
[4].

The collagen base itself, imaged with scanning electron
microscopy (SEM), revealed two important features illustrated
in Fig. 2c [4]. First, the interior of the scute consists of periodic
patterns in the collagen structure, similar to the Bouligand
structure found in the scales of most fish species, but differ-
entin terms of the orientation of the periodic axis with respect
to the thickness of the dermis. Typically, Bouligand structures
found in nature align the periodic axis with the primary load-
ing directions, as seen in the collagen phase underneath the
mineral plates in teleost fish scales [13,18]. However, as shown
in Fig. 2c the direction of the periodic axis changes from being
orthogonal to the mineral plate near the distal and lateral
regions (where ‘distal’ refers to the anatomically outer regions
of boxfish dermis where the mineral plate is, and ‘lateral’
refers to the peripheral edges of the hexagonal scute) to being
parallel, like its teleost counterparts, near the proximal and
central regions. This unique structure has prompted us to fur-
ther investigate the local structure of the collagen fibrils in
this underlying network and determine if it is a ladder-like
structure, as previously claimed [4].
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Fig. 2 - Boxfish armor structure, as previously reported [4]. (a) The armor consists of predominately hexagonal scutes that
feature raised ridges extending from their center to edge; (b) The scutes do not overlap, but instead have interlocking suture
structures at their interfaces; (c) The scutes consist of a mineralized surface plate and a collagen base. The base is complex,
consisting of interlaid collagen frames that feature ladder-like collagen structures that are organized into an overall
nested-box structure. The nested-box structure contains two distinct regions (distal/lateral and proximal/central) where the

axes of periodicity are orthogonal to one another.

Tension

Fig. 3 - Schematic diagram of mechanical fixtures employed for in situ mechanical tests (with scanning electron microscopy
and small-angle x-ray scattering) in both tensile and shearing modes.

In this work we build upon previous knowledge and present
new evidence of the mechanisms that allow the boxfish to
maintain flexibility and protection despite its rigid armor.
The rigid dermal armor enables the boxfish to survive in its
natural environment despite the lack of speed and ability
to undulate like most other fish. Understanding the box-

fish’s dermal armor and specifically the complex collagen
network beneath the mineralized scutes, will aid in future
bioinspired engineering pursuits. For example, novel materi-
als have been synthesized inspired by the Bouligand structure
that range from additive manufacturing resilient ceramic-
polymer composites, self-assembling cellulose nanocrystals
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into a Bouligand structure to create a tough and strong pho-
tonic film, and also bio-templating a Bouligand structure from
crustacean shells to create a hydrogel that changes color based
on pH [30-32]. Essentially, utilizing this naturally ubiquitous
structure in bioinspired engineering endeavors is creating
novel fibrous composites with a combination of efficient
mechanical performance and photonic properties. Therefore,
further exploration and study of unique analogs of Bouligand-
type structures found in nature can add to the repertoire for
future bioinspired engineering.

2. Materials and methods

Two boxfish samples were obtained from the Scripps Insti-
tution of Oceanography at the University of California, San
Diego (Lactoria cornuta, catalog numbers SIO 14-20, SIO 95-125,
SIO 95-141). A representative image [33] is shown in Fig. 1.
Samples were preserved in a 1:1 isopropanol and water solu-
tion to induce a semi-dehydrated state. The two fish selected
measured ~50mm in length and ~100 mm in length.

2.1. Structural characterization

Scutes were cut from the mid-section of the boxfish sam-
ples using a scalpel such that each specimen consisted of
two neighboring, connected, hexagonal scutes. Imaging was
performed on 15 dehydrated specimens with the mineral-
ized plates carefully polished to reveal the underlying collagen
base. Polishing was carried out with 1700-grit SiC paper, using
water as a lubricant, prior to sonicating in water to remove
residuals. Scanning electron microscopy (SEM) was performed
on 14 of these pairs of scutes. Another pair was infiltrated
with OsOQq, critically point dried, fixed in epoxy, and polished
to a shine such that the collagen surfaces could be better
observed. This pair of polished and stained scutes was used
in both three-dimensional (3D) imaging with micro-computed
tomography (w-CT) and with confocal microscopy (Keyence
VH-Z100UR).

Both the low- and high-resolution w-CT was performed
using a Zeiss Versa 510 microscope with a voxel size of 9 pm
and 535 nm, respectively. The resulting u-CT images (2401 pro-
jections) were edited and stitched together using the Amira
software (Thermo Fisher Scientific, Waltham, Massachusetts)
to create a high-resolution 3D image.

2.2. In situ mechanical characterization

2.2.1. In-situ scanning electron microscopy

The scutes were mechanically analyzed using in situ tests
within the SEM. Prior to testing, all samples were rehydrated
in Hanks’ balanced salt solution for 24 h, then immediately
tested, to ensure that all tests were performed in a hydrated
state. To understand the rigid, non-overlapping interfaces of
the boxfish’s armor, the scute samples were tested in tension
and shearing loading modes (see Fig. 3a) with a focus on the
interface between scutes. To ensure this, the samples were
carefully sectioned with a scalpel from the boxfish to include
exactly two scutes with a single, unaltered interface between
them. In addition, samples were tested both in an intact form

and with the surface mineralized plate removed. The surface
plate was carefully polished off using same method men-
tioned in Section 2.1.

In situ SEM testing was performed under step-loading at a
displacement rate of 0.1 mm/min (slowest displacement rate
available to best observe deformation mechanisms of colla-
gen structures) using a Gatan Microtest 2kN bending stage
(Gatan, Abington, UK) in a S4300SE/N variable pressure SEM
(Hitachi America, Pleasanton, CA, USA) operated at a partial
pressure of 35 Pa. Five samples were tested with the mineral-
ized plate intact and seven were tested with the mineralized
plate removed.

2.2.2. Insitu small-angle x-ray scattering

Small-angle x-ray scattering (SAXS) patterns were collected
during in situ uniaxial tensile testing at beamline 7.3.3 at the
Advanced Light Source x-ray synchrotron at the Lawrence
Berkeley National Laboratory [34]. As each scute was put
under load, simultaneous measurements were made of the
deformation of the tissue on the macro scale, as well as the
deformation of the collagen fibrils within the tissue on the
nanoscale.

Scutes were prepared for such SAXS analysis, as described
above for in situ SEM testing. The scutes were clamped at their
extremities into the jaws of TST-350 tensile stage (Linkam Sci-
entific, Inc.) and subjected to a displacement rate of 5pum/s.
Five of the scutes were measured in tension, and three in
shear. During testing, each sample was exposed to x-rays of
10keV energy for 1s every 7.5s, with the changing x-ray scat-
tering patterns collected with a Pilatus3 2 M detector (Dectris,
Ltd.) at a distance of approximately 4 m. The cumulative irradi-
ation dose was kept underneath the limit of 30 kGy in order to
minimize irradiation damage to the tissue which could affect
its mechanical behavior [35]. Given these irradiation condi-
tions, the displacement rate was chosen to be quick enough
to prevent damaging irradiation of sample. Although hydra-
tion and drying of the sample in air was a concern, the power
of the beam was considered too weak (on the order of a mil-
liwatt) to cause significant heating. Therefore, hydration was
not monitored.

Scattering of the x-rays, specifically with the d-period of
the collagen fibrils, a 67 nm regular pattern of molecular gaps
and overlaps, acted to create Bragg peaks on the detector,
and as this molecular pattern was stretched by the applied
loads, the strain in the fibrils could be measured from the
resulting shifts in the Bragg peaks., i.e., the d-period of the col-
lagen fibrils was used an a nanoscale strain gauge. The SAXS
data were analyzed with custom software written in LabVIEW,
which subtracted out the background intensity with spline fits,
located the azimuthal center of each Bragg peak with a Gaus-
sian fit, and made a 5-degree radial integration around each
azimuthal center. The d-period of the collagen fibrils was mea-
sured by fitting this radial integration with an exponentially
modified Gaussian. The fibril strain was then derived from the
changes in d-period, as compared to the d-period at zero load.
The SAXS patterns also contained broader dot-shaped peaks
created by the interaction of the x-rays with the regular lateral
packing of the collagen fibrils; these were analyzed using the
same software.
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Fig. 4 - (a) Small-angle x-ray scattering diffraction pattern from analyzing a unidirectional network of packed collagen fibrils
that are orthogonal to the incident x-rays. The periodicity of the characteristic d-period in collagen fibril as well as the
packing of the fibrils are observed in the diffraction pattern which are represented by the arcs and dots, respectively. (b)
Diffraction pattern from analyzing a rotating network of packed collagen fibrils (i.e., Bouligand structure). When the incident
x-rays are transverse to the axis of rotation (i.e., Bouligand axis) a diffraction pattern that is nearly identical to the
unidirectional network of fibrils, (a), however, the ratio of the intensity of the d-period arcs and lateral packing dots should
be less due to the d-period of the fibrils becoming hidden to the incident x-rays as the lamellae rotate to become parallel
with x-ray path. The lateral packing of fibrils should be observed regardless of the angle of rotation of the lamellae. When
the Bouligand structure is analyzed parallel to the Bouligand axis, a concentric ring is observed if the angle of rotation
between lamellae is small enough due to overlap between d-period arcs and lateral packing dots that represent each lamella.

The tissue strain was obtained by collecting visible light
charge coupled device (CCD) images of the scutes in parallel
with the x-ray scattering data. The CCD images were pro-
cessed with digital image correlation methods to follow the
changes in spacing of patterns on the outside surface of the
scute.

Previous reports on the use of SAXS on the collagen struc-
tures in fish scales have shown a diffraction pattern with
distinct concentric arcs, corresponding to the d-period of the
collagen fibril and its harmonics [13]. Fig. 4a shows a diagram
of this, where the lateral packing distance between collagen
fibrils is displayed in the enlarged dots (horizontally aligned
dots) and d-period spacing within collagen fibrils orthogonal
to the x-ray beam are displayed in the smaller arcs (verti-

cally aligned arcs). These characteristic x-ray interactions with
complex collagen systems have also been well-documented
in research performed in the past few decades with SAXS
on human cornea collagen structures [36]. Fig. 4b illustrates
a simplified Bouligand structure (with only 0-45-90° oriented
lamellae) where the diffraction patterns are expected from
performing SAXS either transverse or parallel to the Bouli-
gand (or helical) axis. It is important to note that Bouligand
structures in biological materials typically have significantly
smaller rotations between lamellae which give rise to over-
lapping arcs/dots which form a continuous circle for the
diffraction pattern, as opposed to a few discrete arcs [11]. Fur-
thermore, by comparing Fig. 4a with b, the diffraction patterns
for a unidirectional system can be seen to have a similar pat-
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tern produced from the Bouligand structure transverse to its
helical axis. This occurs because collagen fibrils are orthogonal
(in red) to the incident x-rays (as in the unidirectional net-
work); however, as the lamellae rotate to become parallel with
x-ray (in orange) the d-period of these layers becomes effec-
tively hidden to the incident x-ray while the lateral packing
of the fibrils remains. Therefore, the key difference between
these two diffraction patterns is that the ratio of intensities
between the d-period arcs and lateral packing dots will be
less in the case of the Bouligand structure which allows for
a nuanced strategy to tell the two structures apart.

3. Results and discussion
3.1. Confocal microscopy

Confocal microscopy provided a relatively quick and easy
approach to observe the underlying collagen structure within
aboxfish scute to provide a basis for further advanced imaging.
Fig. 5a reveals a cross-section of the scute collagen network
where it is clear that there is a periodic structure present that
changes its axis of periodicity throughout the scute, giving rise
to the nested-box structure previously observed [3]. Moreover,
Fig. 5a reveals that the pitch length (180° rotation of collagen
planes) of the proximal/central of the nested-box decreases (~
5 times smaller) compared to the distal/lateral regions.

Fig. 5b provides a closer look at the interface between two
scutes and reveals there seems to be a difference in contrast
between the inner collagen (nested-box) and the interfacial
collagen. This difference suggests there is a structural differ-
ence between the two types of collagen thatis further explored
using u-CT, SEM and subsequently SAXS. A top-down view of
a scute with its mineral plate carefully polished off, in Fig. 5c,
reveals that the periodic structure aligns itself with the scutes’
hexagonal edges. Artifacts of damage from polishing can also
be seen.

3.2 Micro-computed tomography

High-resolution u-CT was performed to determine the orga-
nization of collagen fibrils in the periodic regions. These 3D
images revealed the helical interfibrillar gaps (seen as blue
parallel lines in Fig. 6b) that are similar to those in the twisted
plywood, or Bouligand-type, structure of the exoskeleton of
the lobster Homarus americanus and cuticle of the weevil Cur-
culio longinasus [37-39]. This evidence corroborates research
done by Besseau and Bouligand [3] to characterize the twisted
plywood (Bouligand-type) structure in the collagen structure
of the boxfish. However, this structure is contradictory to the
most recent work by Yang et al. [4] that hypothesized the
collagen structure in the boxfish scute follows a ladder-like
structure rather than a Bouligand-type structure, i.e., that
the periodic structure seen on the top surface consists of
rows of collagen planes separated and connected by orthog-
onal planes acting as the rungs of the ‘ladder’. These claims,
although proven here to be incorrect, still demonstrate that
this structure consists of a unique type of Bouligand-type
arrangement that can be confused for a different structure
(ladder-like) when observing only the surface. Fig. 6 reveals,

using 3D imaging, the apparent rungs of the ladder-like struc-
ture are in-fact the tips of the helical interfibrillar gaps being
exposed. The helical gaps are exposed on the top face when
the long axis of the gaps are parallel to the thickness of the
dermis and on the front face when the width is orthogonal
to the thickness. Although the Bouligand-type structure was
revealed through the imaging of the helical interfibrillar gaps
in the distal/lateral regions of the nested-box structure (Fig. 6),
these gaps did not appear in the proximal/central regions
where the axis of periodicity changes to become parallel with
the dermis. The absence of observable gaps and a decrease in
pitch length previously suggested from confocal microscopy
suggests this region maintains less ductility and more stiff-
ness than the top/side regions.

The boxfish employs a complex and hierarchical network of
collagen beneath its unique hexagonal scutes that we are now
beginning to understand. The Bouligand structure, observed
in many impact resistant natural materials manifests itself in
varying materials (i.e., collagen and chitin) and length scales
(e.g., the pitch length can vary from ~220 nm in Cotinis mutabilis
exocuticle to 100 wm in the dactyl club of the mantis shrimp)
[17,18]. Moreover, the Bouligand structure found in the lobster
exoskeleton possesses a unique type of honeycomb structure
that is a variant of the Bouligand structure with interfibrillar
gaps dispersed throughout the helical collagen fibrils that are
proposed to act as microchannels for nutrient transport and
also resist fiber pullout [37,38]. In this study, using p-CT, it was
observed that the distal/lateral regions of the collagen layer of
the scute employs this honeycomb structure of helical inter-
fibrillar gaps. Although this type of honeycomb structure has
been observed before, the boxfish appears to uniquely utilize
an abrupt shift in the helical axis giving rise to the previously
described nested-box structure. Typically, for Bouligand struc-
tures found in natural materials, the helical axis aligns with
the loading/impact axis (e.g., fish scale’s helical axis aligns
with the thickness of the scale) [11]. Therefore, it is hypoth-
esized that the unique nested-box structure evolved to resist
bending forces that occur when the boxfish’s dermal armor
interlocks and recruits multiple scutes during a biting attack.
In other words, the axis of compression during concave bend-
ing of the dermal armor would align with the helical axis of
the Bouligand structure found in the distal/lateral region and
would help explain the unique macro-organization that the
boxfish employs in the collagen layer, although further investi-
gation is needed to confirm such a hypothesis. Future research
in designing bioinspired Bouligand structures to create novel
impact resistant fiber reinforced composites may benefit from
learning more about why the boxfish’s Bouligand-type struc-
ture utilizes the higher-order nested-box structure.

3.3.  In situ scanning electron microscopy

3.3.1. Localized failure

Samples were tested with an in situ micro-mechanical test-
ing system to further investigate failure between neighboring
scutes and investigate load-bearing capabilities of these
structures. Scutes tested in tension (Fig. 7a) showed failure
occurring entirely at the interface. The mineralized sutures
sustain no visible damage and, while some cracks form within
the mineralized plates, the collagen base below can be seen to
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Fig. 5 — Confocal microscopy images of boxfish scute with top mineral plate removed. (a) Cross-section of whole scute
revealing the nested-box structure. The pitch length in the distal/lateral regions (100 to 200 pm) is significantly larger than
the proximal/central regions (~50 pm). (scale bar, 500 pm); (b) Zoom in on the cross-section of the interface between
adjacent scute. The lack of texture to the surface is indicative of a less structured region as compared to inside the scute
(scale bar, 200 pm); (c) After careful removal of mineral plate, the periodic collagen structure can be seen. Bottom portion of
scute has been damaged through handling (Scale bar, 500 um).

Fig. 6 - (a) Scute model with highlighted region representing approximate location of the micro-computed tomography
(1-CT) 3D images; (b) A series of the same3D p-CT image is shown where a deeper cross section is taken with each image.
The cross sections demonstrate continuous, helical interfibrillar gaps (porosity shown in blue) which are representative of a
Bouligand-type structure. The aperture inset is representative of the direction the interfibrillar gaps have rotated to at this
given cross-section. The thin, dashed black lines provide a reference between images.3D model of collagen fibrils
represents the honeycomb-style Bouligand structure that these data reveal (scale bar, 100 pm).




13832

J MATER RES TECHNOL.2020;9(6):13825-13841

(b)

500 pm

Fig. 7 - In situ SEM images with the mineralized plate under: (a, b), tensile loading and (c, d), shear loading. (a) In tension
little damage to the mineralized plates is observed with the scutes splitting at the interface; (b) close observation of the
interface shows no damage to the mineralized sutures, with the collagen base failing underneath; (c) In shear, the
mineralized plate experiences more cracking at and near the sutures; however (d) failure occurs again predominantly in the

underlying collagen base.

separate and tear (Fig. 7b). When tested in a shearing mode
(Fig. 7c), more damage is visible to the mineralized plate,
including the sutures that, in many cases, lock together and
fracture. However, final failure still occurs predominantly in
the collagen base (Fig. 7d).

Given that the majority of failure occurred in the collagen
base which was obscured by the presence of the mineralized
plate, in situ SEM mechanical testing was performed with the
mineralized plate carefully removed. Despite the somewhat
weakened structure and the hence exacerbated deformation
of the collagen, failure was predominantly located at the inter-
face in both tensile (Fig. 8a) and shearing (Fig. 8b) loading
modes. Consistent failure modes both with and without the
presence of the mineralized plate suggest that the mineral-
ized plate’s primary purpose does not offer significant defense
against either tension or shear between the scutes. This is gen-
erally consistent with the scales of other fish species, where
the outer surface of an individual scale provides a rigid barrier
against sharp penetration [7,8], but the combined scale/scute
structure provides toughness and ductility [22]. Additionally,
the interlocking of the scute’s sutured interfaces, unique to the
boxfish, during shear modes allows for the force of a predator’s
attack to efficiently delocalize through the carapace thereby
circumventing the issue of lacking enough strength to locally
resist the attack [40].

The preferential failure of the scute interfaces may be due
to both a gain in flexibility/toughness for the overall dermal
armor and to also localize damage on the less structured areas
to save in energy costs for self-healing. For the failure to occur
preferentially in these interfaces, it is necessary that the inte-
rior resist failure and maintain a higher stiffness than the
interface. Both the interface and interior are made of the same
collagen constituents [4]. Therefore, as is the case of many bio-
logical materials [1], the microstructure of the scute’s interior
must be the source of this increased stiffness.

3.3.2. Nonlinear deformation response

When observed in the SEM, the previously observed ladder-
like structures of collagen within the scute interior can be seen
(Fig. 9a) [4]. However, during in situ SEM mechanical loading,
it can be seen that these collagen planes deform in a much
more complex way than would be expected from a ladder-like
structure consisting of bidirectional/orthogonal collagen fib-
rils; instead, they form a somewhat double-twisted S-shape
structure resulting from the applied shear-load (Fig. 9b). This
manner of behavior was observed throughout the interior
of the scute’s collagen base. It is proposed that this struc-
ture allows for the collagen planes to distort and realign with
an applied stress, providing some measure of isotropy of at
least some of its mechanical properties, thereby increasing the
deformation resistance of the scute interior, which is similar
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Prior to Loading

Failure

Fig. 8 - In situ SEM images with the mineralized plate removed, loaded in (a) tension and (b) shear. Regardless of the loading

mode, failure occurs almost entirely at the interface.

to previous conclusions reported for the deformation response
of Bouligand structures found in nature [11,18,19].

3.4.  In situ small-angle X-ray scattering

The SAXS data (Fig. 10a,d) displayed rings superimposed with
oriented arcs and broad dot-shaped peaks, which yielded
various levels of information that needed to be carefully con-
sidered with other data, such as a priori knowledge of a
Bouligand-type structure and the change in direction of the
Bouligand structure throughout the higher-order nested-box
structure of the boxfish scute. The dot-shaped peaks derive
from the regular spacing of closely packed and closely aligned
collagen fibrils; they are similar to patterns reported previ-
ously for other natural systems, such as human cornea [36].
Measurements of the distance between neighboring collagen
fibrils (roughly the collagen fibril diameter), made from these
dots, gave a fibril diameter value of 53+ 10 nm, which agrees
closely with corresponding measurements of collagen fibril
diameter in the SEM [4] of 55 £ 10 nm.

Samples were imaged through the thickness of the scutes
with different placements of the region of interest (ROI) that
helped deduce what attributes were representative of which
regions of the underlying nested-box structure (Fig. 10). As
shown in Fig. 10a-c, when the ROI is closer to the center of
one a scute, a pattern representative of the proximal/central
region of the nested-box is observed, where the Bouligand
structure is expected to align with the incident x-rays. As
shown in Fig. 10d-f, the ROI closer to the interface between

the two scutes garnered data that represents both the proxi-
mal/central region but also the distal/lateral region, which we
hypothesize, from the u-CT data, is where the Bouligand axis
is transverse to the incident x-rays.

Fig. 10a, which targeted the proximal/central region of the
nested-box structure, most noticeably demonstrates a uni-
directional fibril system from the bold horizontal dots and
vertical arcs representative of the periodicities of the lateral
packings of collagen fibrils and d-period spacing within the
fibrils, respectively (Fig. 10b). The direction of these fibrils is
orthogonal to the edges of the hexagonal shape of the scute.
Additionally, there appears to be a faint concentric ring that
suggests the expected Bouligand-structure with its axis par-
allel to the thickness of the scute and the incident x-rays.
Therefore, we corroborate previous results [3] that reveal a
combination of both a unidirectional and Bouligand structure
network in the proximal/central region.

Fig. 10d, which encapsulates both regions of the nested-
box structure, contains nearly identical information to Fig. 10a
but also appears to include an orthogonal direction of uni-
directional fibrils. However, due to previous reports on the
presence of a Bouligand structure [3] and the findings in this
work with p-CT, we hypothesize that these attributes are
likely due to the SAXS beam interacting with the Bouligand
structure transverse to its helical axis rather than due to addi-
tional unidirectional fibrils. It is worth noting that Besseau
and Bouligand [3] also found unidirectional fibrils running
transverse (aligned with the thickness of the scute) to the
Bouligand structure in the distal/lateral region. However, we
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Fig. 9 - (a) The ladder-like structures within the interior of
the scute’s collagen base consist of collagen planes (dashed
lines) that bridge the gap between dense collagen bands
(solid lines); (b) When a shearing load is applied to this
structure, the collagen planes deform into a complex,
sinusoidal shape.

do not expect these fibrils to contribute much to the resultant
diffraction patterns as the fibrils are aligned with the incident
x-rays and, therefore, their d-periods are effectively hidden.

Overall, we observed three main characteristics resulting
from the SAXS patterns, utilizing previous research on the
boxfish collagen structure, evidence from data acquired in this
work, and the fundamental knowledge of the interaction of
SAXS in collagen systems. These three main characteristics,
shown in Fig. 11 are:

e A Bouligand structure in the proximal/central region of
nested-box structure.

e A unidirectional network of radial collagen fibrils that
transversely intersect the Bouligand structure in the proxi-
mal/central region.

e ABouligand structure in the outer/top region with its helical
axis transverse to the thickness of the scute and aligned
normal to the hexagonal edges of the scute.

When mechanically tested in situ, the scutes showed sur-
prising ductility, especially in shear (Fig. 12). The stiffness
during tensile tests is likely due to the alignment of the

unidirectional collagen fibrils in the proximal/central region
of the scutes with the tensile axis. Conversely, the ductility
observed in shear tests is likely due the non-linear defor-
mation responses previously observed with in situ SEM. The
dotted lines in Fig. 12c,d represent a theoretical maximum
where all tissue strains are due to the tensile deformation of
the constituent collagen fibrils. The data demonstrate a con-
siderable portion of the tissue strain is not from the fibrils
being tracked through SAXS. This is expected, as the colla-
gen in the scute is organized into a complex network that
cannot be simply explained through the fibril strains of only
the underlying unidirectional system. Moreover, in Fig. 12d,
a tissue strain of over 40% is observed, while only reaching
a fibril strain of ~3%. This corroborates the hypothesis that
the system of collagen being observed in the SAXS diffraction
patterns is normal to the hexagonal edges of the scutes; there-
fore, they are perpendicular to the shearing axis explaining
why modest fibril tensile strain is observed.

3.5.  Finite element modeling of bouligand structure in
shear

To understand the reason why the S-shape developed in colla-
gen after a shear test, a 3D finite element (FE) model of material
element cell was developed by an arrangement of N (N=20)
stacked layers of continuum shell elements of thickness | and
a pitch distance of L as presented in Fig. 13a. This material ele-
ment cell represents the behavior of the Bouligand structure
inside the collagen scutes, showing the material element cell
in the forms of N helicoidally stacked layers with different ori-
entations. The unit cell contains layers of linear elastic layers
with the pitch angle of 9°.The orthotropic elastic properties
that are used for this study are the following [41]:

E1 = 144 GPa, vyp = 0.44, Gy, = 47.2GPa

Ey =76GPa, vi3 = 0.06, G13 = 25.6 GPa

E3 = 82GPa, vp3 = 0.18, Gy3 = 41.3GPa

The layers are completely bonded together, and shear
displacement-controlled load is applied to the top and bot-
tom surface of the model. The horizontal displacement ( ux)
of the Bouligand unit cell under shear loading is presented
in Fig. 13b. The comparison between normalized horizontal
displacement of both a homogenized material and the Bouli-
gand microstructure are presented in Fig. 13c. Results present
a S-shape response for the Bouligand unit cell although
the material assigned to the layers is linear elastic. This
nonuniform displacement distribution can be related to the
Bouligand orientation of the unit cell and thus, one can
conclude that the Bouligand orientation inside the unit cell
induces a non-homogeneous displacement across an entire
pitch.
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Fig. 10 - (a, d) Small angle x-ray scattering diffraction (SAXS) patterns from boxfish scutes. (b, €) Representation of two
neighbored boxfish scutes anchored vertically to apply a tensile load. Red and green rectangles represent the regions of
interest (ROI); (c, f) Confocal microscopy cross-section view of nested-box collagen structure. Dotted lines represent the
width of ROI to reveal which sections of the structure were analyzed with SAXS. (scale bar: 0.5 mm) (a) Displays a pair of
vertical arcs and horizontal dots that represent the d-period of collagen and the lateral packing of collagen fibrils,
respectively. (d) Displays two pairs of dots and arcs orthogonal to each other which is proposed to be representative of both
the proximal/central region and distal/lateral regions.

I_ 100 pm
pitch

unidirectional
reinforcement

Fig. 11 - Summary of structural characterizations within the collagen beneath a scute. The scute is comprised of a
hexagonal nested-box structure that contains rotating lamellae of collagen fibrils that either have its axis of rotation
(Bouligand axis) parallel or transverse to the thickness of the scute. The Bouligand structures parallel to thickness dominate
the inner and lower regions (green) of the scute, whereas the Bouligand structure transverse dominate the top and outer
regions (red), giving rise to the overall nested-box appearance. These Bouligand structures in both regions are reinforced by
a separate unidirectional network of collagen fibrils that run transverse the Bouligand axis. p-CT revealed that the
distal/lateral regions contained spiraling interfibrillar gaps that are like those found the exoskeleton of the lobster Homarus
americanus and exocuticle of the weevil Curculio longinasus [36-38].
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Fig. 12 - Mechanical data produced from in situ small-angle x-ray scattering (SAXS) on neighboring scutes with their
mineral plates removed; (a),(c) and (b),(d) are the averaged data from the tensile and shear experiments, respectively. Tissue
strain was obtained using digital image correlation to track the relative movements of the surface texture of the collagen
network. Fibril strains were taken from the d-period arcs produced from the unidirectional fibrils in the proximal/central
regions of the scutes. Dotted lines represent a 1:1 relationship between the tissue and fibril strains that would be produced
if all strain occurring on the tissue level was due to the stretching or compressing of the constituent collagen fibrils; Results
demonstrate the scutes are designed to be stiffer and stronger in a tensile mode, while more ductile in a shear mode.

3.6.  Finite element modeling of collagen interface
between scutes

3.6.1. Collagen scute geometry

FE models of the collagen scutes without mineralized plates
(similar to those examined in the in situ SEM tests) were
developed to characterize both the collagen and its interface
connection. Testing a single coupon sample of scutes was
too difficult due to their small size; as a result, the in situ
SEM tensile experiments were performed between two scutes
without mineralized plates. Such in situ SEM tests generated
a variety of stress-strain curves. The upper and lower load-
displacement curves from experimental tests are termed as
the upper and lower bounds, respectively. The dimensions of
the scutes related to the upper and lower bounds are pre-

Table 1 - The initial geometry of the collagen scutes
used for the tensile test.

Test numbers Average Average Initial length Lo
width (mm) thickness (mm) (mm)

Lower bound 3.76 0.54 2.68

Upper bound  3.38 0.64 2.94

sented in Table 1. In the modeling, the effect of the Bouligand
microstructure was ignored inside the collagen and an inter-
face between the hexagonal collagen base was modeled with
zero thickness cohesive elements, as shown in Fig. 14a.
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3.6.2. Typel collagen and interface characterization

The mechanical properties of pure collagen are not available in
the literature. Previous studies on collagen of different species
do not necessarily represent collagen materials that are perti-
nent to boxfish scutes, but instead present a wide spectrum of
collagen with varying fibril densities and orientations [42-47].
Type I collagen is found in body of many animals in nature;
for example, rat tail, rabbit skin, human skin, human ten-
dons, bone [42-47]. In all the cases, the collagen has shown
a hyperelastic behavior. Thereby, in this section a paramet-
ric and systematic study was run to develop the stress-strain
curves for collagen in boxfish scute using the experimental
data from our in situ SEM tensile tests. Since the in situ test
was not a pure uniaxial test, the stress-strain curve for colla-
gen cannot be obtained directly. As such, several FE analyses
were needed to fit the correct behavior of both the collagen
and interface. The process of separation between two scutes
under tensile loading, based on SEM observation [4], confirmed
that separation between two scutes occurs along the interface
between two scutes in the underlying collagen base.

The initial stiffnesses from the stress-strain curves in the
in situ experiments are related to the hexagonal collagen
base material while, the interface is mainly responsible for
the values of peak stress and failure strain obtained from
the stress-strain curves. Several FE simulations with various
hyperelastic ranges, including the geometry of the upper and
lower bounds, were developed to estimate the initial stiffness
of the collagen base. In the FE models, once the correct ini-
tial stiffness of the collagen was determined, the next step
was to develop an accurate model for the cohesive interface.
The bilinear separation law in ABAQUS [48] can be defined by
two parameters, the maximum normal strength (omax), and
fracture energy (Gic).

To validate the uniqueness of the result for the cohesive
interface, two sets of parametric analyses were conducted. For
the first case study, the maximum strength was kept constant,
and the fracture energy was changed, while for the second
case study, the fracture energy was kept constant, and the
value of maximum stress was varied. The results were found
to produce a good match of the simulations and these para-
metric studies and are presented in Table 2 and Fig. 14.
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Fig. 14 - FE model for two collagen scute, (a) boundary condition and geometry of the two collagen along with the zero
thickness cohesive interface, (b) the maximum principal strain distribution along two collagen scute under tensile loading
in the middle of loading and after separation, (c) a comparison between the load-displacement curves from the FE models
for the upper and lower bounds and SEM tests of two collagen scute, (d) a comparison between the stress-strain curve of

collagen in boxfish and various animal in nature [42-47].

Table 2 - Cohesive interface characterization using
ABAQUS for the lower and upper bounds.

Maximum normal Fracture energy Gic
strength omex (MPa)

Lower bound 12 5

Upper bound 15 8

3.6.3. Finite element results and discussion

The Lagrangian strain contour of the FE model for two-
collagen bases during tensile loading and after separation
is presented in Fig. 14b. The FE results state that the strain
concentration occurs along the interface area. A comparison
between the finite element model and SEM tensile tests of
two collagen scutes without the mineralized plate is presented
in Fig. 14c. The displacement-controlled load was applied on
the boundary condition for the FE models. As the displace-
ment increases in the boundaries, the value of reaction force

increases up to the peak load. The comparison between FE
simulation and experiments confirmed similar initial stiffness
for both upper and lower bounds. As previously discussed, the
nominal strength of the interface is responsible for the peak
load in the force-displacement curve. After reaching the peak
load, the interface starts stretching until the separation occurs
between two hexagonal collagen scutes. In the modeling, the
cohesive elements of the interface are removed as they reach
the final fracture energy and a complete separation can be
observed in simulations after all the cohesive elements were
removed (Fig. 14b). For the purpose of comparison, the stress-
strain curves of type I collagen of various animals with the type
I collagen in boxfish (results from the characterization) are pre-
sented in Fig. 14d [42-47]. These curves offer enormous variety
in the stress-strain curves of collagen because the collagen fib-
ril’s hierarchical organization varies among different species
and tissues. Finally, there is excellent agreement between the
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load-displacement curves for simulation and experimental
results.

4, Conclusions

While other fish species ensure flexibility of both their
armor and bodies through overlapping scales, the rigid-bodied
boxfish utilizes unique adaptations to delocalize compres-
sive stress from predator bites, thereby providing itself a
higher level of defense than its counterparts. The results
described here point to numerous mechanisms that the box-
fish employs to ensure its defense. Confocal microscopy and
micro-computed tomography (u-CT) revealed that underneath
the mineralized plate is a complex system of collagen fibrils
in a Bouligand-type structure organized into a higher-order
nested-box structure. As observed through in situ scanning
electron microscopy (SEM) mechanical testing and confirmed
through finite element analysis, the Bouligand structure will
deform and align with loading, allowing for some manner of
mechanical property isotropy. In situ small-angle x-ray scatter-
ing further reveals the complex network of collagen and shows
how individual collagen fibrils get stretched and compressed
to accommodate the whole-scute’s change of shape and defor-
mation. This complex organization of stretched/compressed
fibrils allows for relatively large levels of tissue strain to occur
without inducing scute fracture, providing enhanced ductility
and toughness. Furthermore, the collagen interface between
scutes is less dense and complex in structure than the orga-
nized interior of the scute. In addition, the mineralized sutures
account for only ~4% of the thickness of the interface and
provide little or no mechanical advantage there. Failure both
with the mineralized plate and without occurs at the interface
with little or no damage to the scute interior. All of this results
in a structure that ensures failure occurs predominantly at
the interface between scutes where greater flexibility can be
achieved while maintaining the complex interior of the scute
intact.

Based upon this study’s results on the structure and in-situ
failure mechanisms of the boxfish’s rigid armor, the following
conclusions can be made:

e The boxfish employs a novel Bouligand-type structure
(nested-box) that employs abrupt 90° shifts in its orientation
that is unlike any other Bouligand-type structures found in
nature.

o A rare analog of the Bouligand-structure is observed in the
distal/lateral regions referred to as a honeycomb structure
previously seen in the exoskeleton of the Homaris americanus
lobster and the exocuticle of the Curculio longinasus weevil.

o The interfaces of the boxfish’s scutes are less dense and
complex than the interior and feature very little mechani-
cal reinforcement from the mineralized surface plate and
interlocking sutures. This structure provides flexibility at
the interface and ensures that failure occurs at specific loca-
tions when mechanically stressed in tension or shear. The
combination of a compliant interface and stiff interior to
the boxfish’s scutes allows for it to maintain some flex-
ibility for both motion and defense despite its rigid and
non-overlapping armor.

e The interior of the boxfish’s scutes consist of a complex
collagen-based structure that combines a unidirectional
network of collagen fibrils intersecting with Bouligand-type
structures. When mechanically stressed, these structures
are capable of deforming to align with the applied force and
provide damage resistance. These adaptations allow for the
interior of the boxfish’s scutes to resist damage and provide
defense.

e The 3D finite element results of the unit cell with the
Bouligand microstructure confirm the S-shape shear defor-
mation response seen in experimental results with in situ
SEM and suggest this unique response is due to the Bouli-
gand orientation of the unit cell.

Further studies on the complex and novel collagen struc-
ture of the boxfish will aid in the field of bioinspired fiber
reinforced materials, and more specifically in understand-
ing the different tropes and utility of a Bouligand, or twisted
plywood, structure. These novelties that are worth further
exploration for use in lightweight reinforced materials are the
following:

1 Utilization of abrupt 90° changes in the orientation of
Bouligand structures, overall referred to as the nested-
box structure. We hypothesize this is used in response to
converting compressive biting forces into a delocalized con-
cave bending that both interlocks the mineral scutes and
also applies in-plane compressive forces which align with
the distal/lateral Bouligand axis. Exploring the nested-box
Bouligand structure under bending may further elaborate
on the utility of this novel structure.

2 Employing the honey-comb structure, also seen in the lob-
ster Homarus americanus and the weevil Curculio longinasus
[37-39]. This structure is previously proposed to both sup-
ply microchannels for nutrients supply and also to provide
a high density of interfaces to avoid fiber pullout. Exploring
bio-inspired fiber composites that can utilize the channels
of a honey-comb derivative of a Bouligand structure for
transport of a self-healing matrix or to help tune the bulk
density are likely worth exploring.

3 The boxfish applies a combination of Bouligand structures
with unidirectional fibrous networks of collagen, and fur-
ther exploring this strategy may reveal how to further
control the mechanical properties of Bouligand structures
in specified directions under various loading conditions.
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