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The boxfish (Lactoria cornuta) has a carapace consisting of dermal scutes with a highly mineralized sur-
face plate and a compliant collagen base. This carapace must provide effective protection against preda-
tors as it comes at the high cost of reduced mobility and speed. The mineralized hydroxyapatite plates,
predominantly hexagonal in shape, are reinforced with raised struts that extend from the center toward
the edges of each scute. Below the mineralized plates are non-mineralized collagen fibers arranged in
through-the-thickness layers of ladder-like formations. At the interfaces between scutes, the mineralized
plates form suture-like teeth structures below which the collagen fibers bridge the gap between neigh-
boring scutes. These sutures are unlike most others as they have no bridging Sharpey’s fibers and appear
to add little mechanical strength to the overall carapace. It is proposed that the sutured interface either
allows for accommodation of the changing pressures of the boxfish’s ocean habitat or growth, which
occurs without molting or shedding. In both tension and punch testing the mineralized sutures remain
relatively intact while most failures occur within the collagen fibers, allowing for the individual scutes
to maintain their integrity. This complex structure allows for elevated strength of the carapace through
an increase in the stressed area when attacked by predators in both penetrating and crushing modes.

� 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Many fish, reptiles (e.g. turtle and alligators) [1–5] and mam-
mals (e.g. pangolin and armadillo [6]) have developed dermal
armor for the same purpose of defending against the crushing
and piercing attacks of predators. While almost all of these armors
have developed with similar structures, they are implemented in
different ways. One such example is the variety of connection
methods between armor plates. These include the overlapping
and articulating nature of fish scales [1–4], the non-mineralized
collagen fibers (Sharpey’s fibers) of armadillo osteoderms [6], the
interlocking joints of the bony plates in seahorse armor [5,7,8],
and the sutures of leatherback sea turtle scutes [2,3].

Within fish, the scales of the Senegal bichir [1] and alligator gar
[4] are prime examples of ganoid scales, which provide protection
through articulated arrays of tough bony plates covered by an
enamel-like layer. On the other hand, elasmoid scales, such as those
found in the arapaima [9,10], bass [11–13], carp [15], and sea bream
[14,16] are more flexible with a greater degree of imbrication (over-
lap). They are also thinner and more flexible than the ganoid scales.
Such scales contribute typically to less than 20% of the weight of
fish while retaining mobility. In the arapaima and sea bass [9–
12], the hardness decreases through the thickness of the scale
toward the inside surface [9]. In addition to the mechanical proper-
ties of the fish scale layers, there are specific design qualities that
dictate the ability of scales to provide protection while still allowing
mobility and minimizing weight. These include the amount of over-
lap or imbrication, the ratio of the scale length to thickness, and the
ratio of the scale length to the overall fish length. Fish scales from
modern teleost fish are high-performance materials made of
cross-plies of collagen type I fibrils reinforced with hydroxyapatite.

Recent studies on this material have demonstrated its remark-
able performance in tension and against sharp puncture. The effect
of tooth (or a tooth-like indenter) penetration on the scales was
recently investigated by Song et al. [17] (for Senegal bichir
(Polypterus senegalus)), Meyers et al. [9] (for arapaima (Arapaimas
gigas)), and Zhu et al. [12,13] (for striped sea bass (Morone
saxatilis)), who identified specific mechanisms. It was shown by
Yang et al. [18] that it is difficult for a crack to advance in arapaima
scales. A new fracture test setup where the scale is clamped
between two pairs of miniature steel plates was developed by
Dastjerdi and Barhtelat [19]. By preventing warping of the scales,
0.1016/

http://dx.doi.org/10.1016/j.actbio.2015.05.024
mailto:snaleway@eng.ucsd.edu
http://dx.doi.org/10.1016/j.actbio.2015.05.024
http://www.sciencedirect.com/science/journal/17427061
http://www.elsevier.com/locate/actabiomat
http://dx.doi.org/10.1016/j.actbio.2015.05.024
http://dx.doi.org/10.1016/j.actbio.2015.05.024


2 W. Yang et al. / Acta Biomaterialia xxx (2015) xxx–xxx
they ensured controlled crack propagation. The work of fracture
varied between 15 and 18 kJ/m2 making teleost fish scales one of
the toughest biological materials known.

In contrast to these flexible protective layers, the family of
Ostraciidae has a rigid carapace [20,21]. Ostraciidae are members
of the Tetraodontiformes order [22] that also includes pufferfish,
porcupinefish, triggerfish, trunkfish, and ocean sunfish (e.g. Mola
Mola) [23]. While the Tetraodontiformes employ many different
defensive mechanisms, Ostraciidae are characterized by their
boxy appearance (leading to their common name ‘‘boxfish’’) with
a carapace composed of rigid scutes (or plates). The boxy shape
and rigid carapace considerably restrict the movement of boxfish.
Of note, this structure has led to extensive fluid dynamics studies
as the unusual shape of the boxfish body and the placement of
its fins create a number of vortices around the body and result
in a sophisticated self-correcting swimming motion [24–29].
While a model for underwater locomotion, the boxfish is only
capable of relatively slow swimming speeds of just above five
body lengths per second [30]. Regardless, Ostraciidae have
thrived for over 35 million years with effectively the same
dermal armor [22].

As a characteristic example of the Ostraciidae armor, the
scutes of the boxfish form a biocomposite composed of two basic
constituents: mineral and protein. The mineralized component of
the scutes is hydroxyapatite (Ca10(PO4)6(OH)2) and the organic
constituent is mainly type I collagen, as found in other fish scales
[1,4,14,21,31]. The structure of these scutes has been previously
described by Besseau and Bouligand [21] who reported that the
boxfish primarily has rigid hexagonal scutes formed through
helical stacking (a Bouligand structure) of mineralized collagen
supporting a mineralized plate. However, there is a current lack
of literature related to the mechanical behavior of these scutes
and how they might protect the boxfish from predation. Given
the success of the boxfish in its natural environment, further
understanding of these critical protective mechanics provides
insight into bioinspired and materials research. Thus, the objec-
tive of this study is to correlate the structure, toughening mech-
anisms, and failure mechanics of the dermal armor of the
boxfish.
Fig. 1. The carapace of the boxfish, Lactoria cornuta: (a) Boxfish preserved in 1:1
isopropanol:water showing pentagonal, hexagonal, and heptagonal scutes with
sizes between 3–5 mm; (b) Boxfish acquired live; note larger scutes; (c) The flexible
and strong carapace under a minor simulated compression load. Scale bars: (a–c)
10 mm.
2. Materials and methods

2.1. Boxfish samples

Four boxfish from two sources were used in this study. Three
boxfish (Lactoria cornuta, catalog numbers SIO 14-20, SIO 95-125,
SIO 95-141) were obtained from the Scripps Institution of
Oceanography at the University of California (SIO), San Diego and
preserved in a semi-dehydrated state in a 1:1 isopropanol (IPA)
and water solution (Fig. 1(a)). These samples measured to be
�50 mm in length including the horns and tails (10–15 mm in
length). One boxfish was purchased from Live Aquaria (2253 Air
Park Road, WI, 54501, USA). This fish was shipped alive but died
within a few days and was subsequently stored by freezing for
two weeks (Fig. 1(b)). The external appearance of the fish from
the two sources is similar. The fresh fish has a length approxi-
mately double that of the SIO preserved fish (�100 mm). The
scutes are correspondingly larger for the ‘fresh’ fish: 8 mm vs.
5 mm (in diameter) for the preserved fish. The individual scutes
were counted and categorized by shape (e.g. square, pentagonal,
hexagonal, or heptagonal) and relative location on the body (e.g.
ventral, dorsal, or anterior surface). The flexibility and coherence
of the scales can be assessed as shown in Fig. 1(c), where half a fish
was sectioned, while its integrity was retained and the scales can
be flexed without apparent damage.
Please cite this article in press as: W. Yang et al., The armored carap
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2.2. Structural characterization

The scutes were observed to be composed of a hard plate on top
of a compliant base. Each of these components was evaluated to
determine the relative quantities of mineral, organic, and water.
Full individual scutes, separated collagen tissue (from the base of
the scutes, obtained by polishing away the scutes on the surface),
and highly mineralized tissue (taken from the horn [32] and
assumed to be similar to the mineralized plates on the scutes) were
rehydrated in saline solution for �24 h, and tested by thermogravi-
metric analysis (TGA) using a SDT Q600 TGA (TA Instruments, New
Castle, DE, USA) at a ramp rate of 10 �C/min and a range of 20–
800 �C. This procedure has previously been reported for the deter-
mination of water, mineral, and protein in biomaterials [33]. In all
cases, N = 5 samples were tested.

Imaging of the boxfish scutes was performed by optical micro-
scopy (OM) using a VHX-1000 digital microscope system equipped
with a CCD camera (Keyence Corporation, Osaka, Japan) and by
ace of the boxfish, Acta Biomater. (2015), http://dx.doi.org/10.1016/
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scanning electron microscopy (SEM) using an ultra-high resolution
SEM (FEI, Hillsboro, OR, USA). Additionally, energy dispersive X-ray
analysis (EDX) was performed in order to observe the chemical
composition of the scutes using a Phillips XL30 environmental
scanning electron microscope (ESEM) (Phillips, Portland, OR,
USA). To prepare the scutes for SEM analysis, several large samples
were sectioned from the carapace and immersed in a 2.5 vol.% glu-
taraldehyde solution for three hours in order to fix the structure,
then aspirated and submerged in a graded series of ethanol solu-
tions (30, 50, 75, 80, 95, and 100 vol.% ethanol) to further dehy-
drate the samples while avoiding structural damage (e.g.
shrinkage or cracking of the collagen during dehydration).
Finally, the samples were fractured by freezing them in liquid
nitrogen, then dried using an Autosamdri-851 critical point dryer
(Tousimis, Rockville, MD, USA) to remove the excess ethanol. All
samples were sputter coated with iridium (Quorum Technologies
Ltd., West Sussex, UK) prior to SEM observation.

Samples for micro-computed tomography (l-CT) were prepared
by wrapping the boxfish in tissues moistened with a saline solution
to hydrate the structure. Macroscopic imaging of the entire boxfish
body was performed by l-CT scanning using a Skyscan 1076 l-CT
scanner (Bruker, Kontich, Belgium) with a 0.5 mm aluminum filter
and scanning conditions of an isotropic voxel size of 9 lm, an elec-
tric potential of 70 peak kV (kVp), and a current of 200 lA.
Microscopic imaging of the boxfish scutes was also performed by
high resolution l-CT (HR l-CT) scanning using a Skyscan 1272
micro-CT scanner (Bruker, Kontich, Belgium) with a 0.5 mm alu-
minum filter and scanning conditions of an isotropic voxel size of
2 lm, an electric potential of 50 (kVp), and a current of 200 lA. In
each case a post-scan beam hardening correction algorithm was
applied during image reconstruction. Images and 3-D rendered
models were developed using Skyscan’s Dataviewer and CTVox
software (Bruker, Kontich, Belgium).
2.3. Mechanical characterization

Mechanical tension, shearing and punch tests were performed
on both IPA/water-preserved and fresh specimens. The
IPA/water-preserved samples were partially dehydrated and had
Fig. 2. Micro-computed tomography images of the boxfish: (a) Perspective view;

Please cite this article in press as: W. Yang et al., The armored carap
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a lower water content. Before testing, these specimens remained
in the IPA/water solution, while the fresh specimen samples were
kept in water �24 h prior to testing and were wrapped with a
moistened tissue during preparation work of mechanical testing
to retain a hydrated state during testing. These tests were per-
formed using an Instron 3367 mechanical testing machine
(Instron Corporation, Norwood, MA, USA). The tension and shear
specimens were measured to be �0.7 mm in thickness and
�2.4 mm in width at the junction between scutes. Non-active
areas of the samples were glued to aluminum foil with folded
edges to diminish local stress concentrations; the length of the ten-
sion samples and the width of the shear samples were measured
according to the distance on the two adjacent scutes between
the aluminum foil ends. Punch (penetration) test samples con-
sisted of one active scute (surrounded by �6–8 non-active scutes);
the non-active scutes were glued to a hollow ring using a
cyanoacrylate adhesive. Force was then applied with a hexagonal
punch slightly smaller than the size of the active scute
(area = �3.2 mm2) to push the scute through the orifice, placing
the underlying collagen in shear and tension. All samples were
imaged with SEM after mechanical testing using the sample prepa-
ration procedure described above.
3. Results and discussion

3.1. Macrostructural characterization

The entire boxfish, macroscopically imaged through l-CT, is
shown in Fig. 2 from various viewing perspectives. The carapace
of the boxfish consists of numerous interlocking scutes, 3–5 mm
in diameter, with the majority (�78%) of scutes being hexagonal
in shape and the minority being square (�4%), pentagonal
(�15%), and heptagonal (�3%). Each scute has a highly mineralized
external layer and a protein base. In general, the thickness of the
external mineralized layer (60–100 lm) is about 10–20% of the
thickness of the whole scute. The shape and orientation of the
scutes are symmetric about a centerline traced through the abdo-
men of the fish (Fig. 2(b)). The ventral side of the boxfish has the
highest relative percentage of hexagonal scutes (85% hexagonal
(b) Ventral view; (c) Sinister view; (d) Anterior view. Scale bars: (a–d) 5 mm.

ace of the boxfish, Acta Biomater. (2015), http://dx.doi.org/10.1016/
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compared to �75% elsewhere) resulting in the flattest surface on
the carapace. The scutes at the edges of the fish body between
the ventral and lateral sides (corners of the boxy shape) have the
greatest curvature. On the abdomen of the fish, a low plate curva-
ture and small suture thickness allow adjacent scutes to abut in a
flattened linear fashion, while on the edges of the fish, the plates
have a greater curvature, in addition to the distinctive shape
changes (from hexagons to pentagons and heptagons) that allow
the tessellating scutes to accommodate the overall curved, yet
boxy body shape. The relative amounts of each shape of scutes
are similar to previously reported results [21].

Results of the TGA experiments are shown in Table 1. The rela-
tive weight ratios of mineral to protein within the horn (�1:0.30)
and collagen base (�1:12) emphasize that the scutes are designed
with a rigid outer surface and very small amounts of mineral
within the collagen base, indicating that the surface is similar to
bone while the base is formed from lightly mineralized collagen
fibrils (for comparison, the mineral/collagen weight ratio in mam-
malian skeletal bone is �1:0.38 [34]).

3.2. Microstructural and material characterization

l-CT images of an individual scute and suture connections are
shown in Fig. 3, focusing on the mineralized layer. As seen in the
images, a central hexagonal scute is connected to the surrounding
scutes through interlocking suture interfaces (Fig. 3(a)). The raised
struts on the mineralized scute face are clearly shown to be
Table 1
Water, protein, and mineral constituents of the entire scute, the protein component
(collagen), and the mineralized tissue (the horn of the boxfish). Additionally the ratio
of mineral to collagen is reported for each component. Results are weight percent
(wt.%) reported as the average ± one standard deviation of N = 5 tests.

Entire
scute (%)

Collagen base
tissue (%)

Mineralized tissue
(Horn) (%)

Water 57.4 ± 3.3 67.3 ± 3.9 20.9 ± 1.7
Collagen 28.3 ± 2.2 30.2 ± 5.6 21.6 ± 0.5
Mineral 14.3 ± 3.5 2.5 ± 2.3 57.5 ± 2.0
Mineral:

collagen ratio
1:2.0 1:12.2 1:0.33

Fig. 3. High-resolution micro-computed tomography images of the boxfish scute:
(a) Top view showing the interlocking hexagonal scutes and complex features of the
scute body. The sutured interface is magnified; (b) Profile view showing the six
raised struts (highlighted) extending from the center to the edges of the scute. Scale
bars: (a–b) 500 lm.

Please cite this article in press as: W. Yang et al., The armored carap
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protruding from a central node (highlighted with dashed lines in
Fig. 3(b)). The suture interface (shown in Fig. 3(a)) consists of
‘‘teeth’’ that are roughly triangular in nature and remarkably sim-
ilar. If analyzed as a regular triangular wave, the suture interface
has a wavelength, k, of 65.9 ± 14.9 lm and an angle, 2h, of
50.6 ± 9.2� (measured for all, unbroken suture teeth in Fig. 3(a),
N = 86). Further analysis is provided in Section 4.

A SEM image of a partially polished scute along with EDX anal-
ysis is shown in Fig. 4. The scute was partially polished to expose
both the external mineralized plate as well as the internal collagen
base (outlined in Fig. 4(a)). Fig. 4(b)–(d) shows the distribution of
carbon, calcium, and phosphorus (respectively) on the surface of
the scute. The high concentration of calcium and phosphorous sug-
gests that the external plate and the struts are mineralized. The
interior structure of the scute contains collagen (high concentra-
tion of carbon) but minimal mineral (low concentration of calcium
and phosphorous). These results are supported by TGA data that
shows very little mineral within the collagen base.

In Fig. 5(a), the external mineralized plate was imaged with OM,
then the mineralized plate was polished off and the collagen base
was imaged with SEM. The inner layer of the scute is made up of
two perpendicular orientations of collagen fibers that form a
ladder-like structure (Fig. 5(b)) showing collagen fibers spaced at
�100 lm that are connected by numerous perpendicular collagen
fibers (highlighted in Fig. 5(b)). While complex, this is not a
Bouligand structure as has been previously reported for boxfish
[21]. The perpendicular interface of these collagen fibers is shown
at high magnification in Fig. 5(c).

SEM images of the cross section of a scute and suture are shown
in Fig. 6. The observed curvature is due to differential shrinkage
between and mineral and organic in the high vacuum of the SEM
(The collagen shrinks, whereas the mineral dimensions remain
unchanged). The two components of the scute (the highly mineral-
ized exterior and protein base) are highlighted in Fig. 6(a). It can be
seen that the collagen fibers in the base form a laminated rectan-
gular frame (outlined as a white dashed line in Fig. 6(a)). For refer-
ence, throughout Fig. 6, this rectangular frame is highlighted. The
sutured interface is magnified in Fig. 6(b) and the frame (within
the bulk of the scute) is magnified in Fig. 6(c). As observed, the bulk
of the collagen base is formed with the same lamellar ladder-like
Fig. 4. Energy dispersive X-ray spectroscopy (EDX) results of a polished scute: (a)
SEM micrograph of a single hexagonal scute after the external surface was partially
polished to reveal the collagen base (outlined); (b–d) EDX elemental map of the
same area: (b) carbon; (c) calcium; (d) phosphorus. Results show that the exterior
of the scute is mineralized with calcium and phosphorous while the interior is
highly non-mineralized, showing carbon. Scale bars: 1 mm.
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Fig. 5. Structural characterization of the scutes from the top view using SEM and optical microscopy (OM): (a) Top view of the external mineralized surface (OM) and the
inner layer, with the mineralized plate removed by polishing (SEM) of the scutes and the suture interface; (b) The collagen fibers within the body of the scute showing two
perpendicular orientations, giving a ladder-like appearance with steps of fibers evenly spaced; (c) High magnification view of the interface within the ladder-like collagen
fiber orientations showing the perpendicular interface. Scale bars: (a) 500 lm; (b) 100 lm; (c) 5 lm.

Fig. 6. Structural characterization of the cross-section of one central scute using SEM: (a) Low magnification of the scute showing the layered collagen structure in a
rectangular frame orientation and highlighting the external mineralized plate and collagen base. The region is curved because of the shrinkage of collagen in the high vacuum
of the SEM. The rectangular frame is examined with increasing magnification in (b–d): (b) The interface of two scutes showing the rectangular frames from each scute; (c)
Corner feature of the rectangular frame layers showing the steps of the ladder-like structure changing from a perpendicular interface (90�) to a 45� interface as the frame
changes orientation; (d) Collagen fibrils in the structure displaying the characteristic 67 nm spacing (in insert), note that thermogravimetric analysis demonstrated that there
is little-to-no mineral within these fibers. Scale bars: (a) 500 lm; (b) 100 lm; (c) 100 lm; (d) 500 nm.
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collagen fiber structure as previously shown in Fig. 5(b). The steps
within the ladder-like structure are unable to maintain their per-
pendicular interface (90�) with the sub-frame as the ladder-like
structure changes abruptly, instead rotating to approximately 45�
(highlighted in Fig. 6(c)). Thus, the collagen at the boundaries
between scutes has a different configuration from the lamellar
structure under the scute. Finally, at high magnification, the fibrils
in Fig. 6(d) show the characteristic type I collagen fibril d-spacing
of 67 nm. A separate SEM micrograph, shown as an insert, enables
the determination of d = 67 nm. To further illustrate the unique
internal structure of the boxfish scutes, the complex dermal armor
is diagramed in Fig. 7. The rectangular frame seen in the cross sec-
tion (Fig. 6(a)) has been previously observed by polarized optical
microscopy by Besseau and Bouligand [21]. However, the SEM
Please cite this article in press as: W. Yang et al., The armored carap
j.actbio.2015.05.024
appears to be considerably superior for observing the complex
structural features of the organic layer.
3.3. Mechanical characterization

Representative stress–strain curves for the tension tests are
shown in Fig. 8. More samples were tested but these are the most
characteristic, since sliding at the grips and other spurious events
limit the number of successful tests. Two conditions of the boxfish,
described in Section 2, were tested in tension: partially dehydrated
(preserved in 50% isopropanol) and wet. The tensile stress–strain
response is characterized by a linear elastic region followed by a
pseudo-plastic regime with decreasing slope. The failure is
ace of the boxfish, Acta Biomater. (2015), http://dx.doi.org/10.1016/
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Fig. 7. Schematic diagram of the scute: (a) Top view displaying the sutured interfaces between the scutes as well as the raised struts extending from the center of the scute;
(b) Cut away view displaying the top mineralized plate (gold) and collagen base (pink). The collagen base displays the distinctive rectangular frame; (c) the corner of the
rectangular frame displaying a transition from the perpendicular interface to a 45� interface of the fibers within the ladder-like structure. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Tensile stress–strain curves for dehydrated and wet conditions. Response
has a linear region followed by a pseudo-plastic regime. A ‘fresh’ scute has lower
elastic modulus, higher strength than the one preserved in isopropanol/water.

Fig. 9. SEM images of tensile sample failure in the: (a) fully fractured and (b–c)
partially fractured states: (a) Low magnification of the scute after catastrophic
failure showing significant collagen fiber pull-out and failure; (b) Low magnifica-
tion showing the separated mineral sutures; (c) High magnification showing
minimal damage to the mineralized suture teeth with significant plastic deforma-
tion and some failure to the collagen fibers. Scale bars: (a–b) 500 lm; (c) 20 lm.
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accompanied by the drop in nominal stress presumably due to
excessive damage accumulation.

There are definite differences between the samples preserved in
IPA/water and the fresh specimens, as shown in Fig. 8. The fresh
samples have a lower elastic modulus (�60 vs. 100 MPa) and a
slightly higher strength (20 vs. 15 MPa) than the ones preserved
in IPA/water. This is consistent with the greater presence of water
in the collagen in the fresh samples, which may increase the sepa-
ration between fibrils and provide additional lubrication. The min-
eralized scutes do not fracture; rather, failure occurs in the
collagen base. As the specimens are extended, the adjacent scutes
separate and the gap between them increases (shown by the
sketch in Fig. 8).

After failure, the mineralized exterior plate of the scute
remained relatively intact, with only minor cracking observed
(highlighted in Fig. 9(a)) growing specifically from the corners of
the scute. However, significant pullout is observed from the colla-
gen base of the scute demonstrating that the majority of deforma-
tion occurs before failure in the internal collagen layers. When
observing the scutes just after suture separation, low magnification
(Fig. 9(b)) and high magnification (Fig. 9(c)) both show that only
minor damage has occurred in the rigid suture teeth, while the col-
lagen fibers within the suture have stretched significantly and, in
some cases, began to rupture. It can be seen from Fig. 9(c) that
Please cite this article in press as: W. Yang et al., The armored carap
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there are no Sharpey’s fibers spanning between the mineralized
teeth. Sharpey’s fibers are frequently observed bridging hard
plates, such as in the armadillo osteoderm [6], turtle carapace
[42] and cranial plates [44].

The shear tests did not provide consistent results because the
response is dependent on the sequence of fracture events of the
suture elements (teeth). Fig. 10 shows two separate tests on the
wet specimens and two on the dehydrated ones. The shape of
the curves is determined by the interaction between the teeth.
Post deformation characterization of the shear specimens reveals
broken teeth (Fig. 11). If the teeth slide past each other, different
behaviors could also result, in addition to the formation of cracks
through the teeth. In Fig. 11(b), two cracked and rotated teeth
are shown. Each fracture event results in a load drop. The integrity
of specimens is retained because the collagen between adjacent
scutes can stretch when shear stresses are applied. The specimen
will fracture only after the collagen fibers are stretched to their
maximum. In contrast to tensile failure, significant deformation
and fracture occurs to the mineralized suture teeth subject to
shear. After suture separation (Fig. 11(a)) the suture surface is par-
tially fractured. Even before the sutures have fully separated, sig-
nificant damage to the suture teeth is apparent (Fig. 11(c); the
high magnification of the box in Fig. 11(b)). Some of the collagen
fibers in the fresh samples have a curled configuration, which is
ace of the boxfish, Acta Biomater. (2015), http://dx.doi.org/10.1016/
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Fig. 10. Shear stress-shear strain curves for dehydrated and wet conditions.
Response varies considerably from specimen to specimen because of differences in
the processes of tooth fracture and collagen stretching.
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assumed to be the result of pullback after failure when the stress is
released (Fig. 11(d)). However, the possibility that they initially
have curled configurations cannot be excluded.

The punch tests measure the resistance of the dermal layer to
penetration. The punch was chosen to be flat and hexagonal such
that its cross-sectional area is slightly smaller than the target
punched scute. Measurements were made for the two conditions:
IPA/water-preserved and fresh. The actual shape of predator teeth
varies according to the species, but this flat punch satisfactorily
determines the resistance of the structure to penetration. The load
vs. penetration results are shown in Fig. 12. The maximum force is
slightly larger for the IPA/water-preserved (85 N) than for the fresh
Fig. 11. SEM images of shear sample failure: (a) One side of suture with broken teeth. (b)
fibers under the scute. Scale bars: (a) 200 lm; (b) 50 lm; (c) 10 lm; (d) 1 lm.
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condition (65–85 N). However, it is noted that the
IPA/water-preserved scutes have smaller diameters than the fresh
ones, so the IPA/water-preserved samples eventually provided a
higher strength than the fresh ones. Greater flexibility of the fresh
samples manifests itself by a slightly larger penetration extension
at maximum load.

The load-penetration curve from the punch tests exhibits a
characteristic J-curve, similar to that for collagen tested in tension
(Fig. 8) [35]. The mechanical properties of the boxfish carapace are
relatively similar to those of other collagen structures such as
aligned human tendon tested in tension in vivo (modulus =
50 MPa, strength = 25 MPa [36,37]), which further suggests that
the majority of the deformation is occurring within the collagen
base of the scute and not the mineralized plate.

The surrounding (non-active) scutes after punch test failure are
shown in Fig. 13(a). Similar to tensile testing, it can be seen that
the suture teeth have remained relatively intact with a number
of cracks forming in the surrounding scutes away from the inter-
face. These observations suggest that, when penetrated, while
there is some stress absorbed by the bulk of the scutes, the inter-
face is significantly weaker than the mineralized plates and the
majority of stress is transferred into the collagen base. The active
(extracted scute) with the imprint of the punch (highlighted with
a dashed line) is shown in Fig. 13(b). The ruptured fibers at the
edge of the scute are shown in Fig. 13(c), demonstrating again that
the fibers sheared and absorbed the majority of the plastic defor-
mation, but the mineralized sutures remained intact. It is interest-
ing to note that although the punch places the scute interface in
shear, the stress–strain curve is not the same as the shear curve,
indicating that the contributions of the mineral plates in the two
testing configurations are different.

Given that in all mechanical tests the collagen fibers failed and
the mineralized plates did not, the plates must be relatively frac-
ture resistant. In brittle materials fracture toughness is increased
by requiring a crack to propagate through a highly tortuous path
[38,39]. Crack bridging, observed in Fig. 13(d), leaves mineral
Details of the fractured teeth; (c) collagen fibers under the scute; (d) curly collagen
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Fig. 12. Penetration tests on IPA/water-preserved and fresh (fully hydrated)
specimens. Maximum loads were found to be in the range of 65–90 N. Failure is
more abrupt in IPA/water-preserved specimens because of the lack of water
lubrication between the collagen fibrils. In fresh specimens, failure process is
gradual. Note the specimen with central scute punched out at left and outline of
scute at right.

Fig. 13. SEM images of punch test failure: (a) The surrounding plates after the
center active plate was punched out. The suture boundaries show a relatively clean
punch out of the active scute; (b) Low magnification of the entire punched scute
with the imprint of the punch highlighted; (c) Collagen fibers close to the external
mineral suture showing relatively clean shearing of the fibers. Fracture mechanisms
present in the mineralized plate: (d) Crack bridging; (e) Crack deflection around
grains. Scale bars: (a) 1 mm; (b) 500 lm; (c) 50 lm; (d) 100 lm; (e) 50 lm.

Fig. 14. Proposed mechanical advantage of sutured interface: (a) Straight interface
with penetration by sharp tooth separating neighboring scutes; (b) Sutured
interface with force F having tangential and normal components; (c) Tangential
component of force, Fy, pushing opposite sides of teeth against each other in a
locking-in mechanism.
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bridges in the wake of the crack, shielding and reducing the stress
at the crack tip [40]. Crack deflection, observed in Fig. 13(e), causes
the crack to meander in the mineralized scute, seeking weaker
interfaces and thus creating a longer and more tortuous crack path
that requires more surface area to be created and higher energy for
Please cite this article in press as: W. Yang et al., The armored carap
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propagation. Each of these mechanisms serves to retard fracture of
the mineralized plate of the scute and enable failure of the bridging
collagen fibers at the interface.
4. Comparison to other dermal armors

Comparing the dermal armor of the boxfish to that in other fish
highlights the unique adaptations of the boxfish carapace. The
more common formation of dermal armor within fish species
involves mineralized scales, which overlap and articulate in order
to provide both flexibility and protection. Examples of this include
ganoid scales of the alligator gar [4], longnose gar [41], and Senegal
bichir [1], as well as elasmoid scales of the arapaima [10], bass [11–
13], and seahorse [5], all of which have a unique configuration. In
contrast, the mineralized scutes of the boxfish do not overlap and,
as shown in Fig. 9(b) and (c), have little physical connectivity
beyond the interdigitation of the mineralized suture interface.

While sutured interfaces are found in other organisms, the
sutures of the boxfish take on a different form. The dimensions
of these sutures (k = 65.9 lm and 2h = 50.6�) are significantly dif-
ferent from those reported for the triangular sutures of the
red-eared slider turtle (k = 230–400 lm, 2h = 9.4–22�) [42], three
spine stickleback fish (k = 85–360 lm, 2h = 6–20�) [43], and white
tailed deer cranial sutures (k = 640–2500 lm, 2h = 9–25�) [44]; all
of which have larger wavelengths and much smaller angles. In
addition, these latter organisms have Sharpey’s fibers that bridge
the gap directly between the mineralized sutures. Li et al. [44–
46] reported extensively on a mathematical model to determine
the stress and failure modes of suture structures in biological sys-
tems. According to this model, the strength-optimized angle for tri-
angular sutures made of bone- and collagen-like constituents is
2h = �24� where the failure mode shifts from the compliant inter-
face (for lower angles) to the suture teeth (for higher angles) thus
producing the highest fracture strength [45]. The suture angles of
the red-eared slider, stickleback, and white tailed deer are very
similar to this effective suture angle and, conversely, the sutures
of the boxfish are significantly larger and thus likely to create a
weaker interface. In combining this with the observation that there
are no Sharpey’s fibers bridging between the boxfish scute sutures
(Fig. 9(c)), it appears that the sutures of the boxfish are not
designed for the same function as other sutures observed in nature.
ace of the boxfish, Acta Biomater. (2015), http://dx.doi.org/10.1016/
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Further separating the boxfish from other dermal armors, the ratio
of mineral to protein in the scutes (1:2) is much lower than that of
the seahorse (�1:0.5) [5], red seabream (1:1.2) [16], sea bass
(1:1.5) [47], armadillo (�1:0.33) [6], alligator (�1:0.5) [48], and
conch shell (1:0.05) [49]. This further suggests that the boxfish
employs the stiff mineral component of its dermal armor in a dif-
ferent way from most armored organisms.

The sutures of the mineralized plates participate much more
actively in the shearing mode through the sliding and fracture of
teeth. However, it is also suggested that the suture configuration
can also increase the bite resistance. This is shown in the schematic
in Fig. 14. If a sharp tooth enters a flat interface, it will exert a force
F that will separate neighboring scutes (Fig. 14(a)). On the other
hand, if a suture is penetrated, the force, being normal to the sur-
face, will have both tangential (Fy) and normal (Fx) components
(Fig. 14(b)). The tangential component Fy will push the segments
apart but will cause the opposing sides to decrease their gap and,
if sufficient, close the gap (Fig. 14(c)). This can lead to locking-in
of the scutes. Thus, this configuration is better designed to resist
inter-scute penetration than a straight interface.
5. Conclusions

The carapace of the boxfish is composed of scutes with the
majority (�72%) hexagonal and the minority square (�9%), pentag-
onal (�16%), and heptagonal (�3%) in shape. These scutes have a
mineral to collagen ratio of 1:2, setting them apart from many
other armored organisms where the mineral phase outweighs
the collagen. The scute consists of a mineralized external surface
(plate) with raised struts extending from the center toward the
edges of the scute. Under this plate, collagen fibers are arranged
in ladder-like structures with fibers oriented at �90�. The
cross-section of a scute reveals that these collagen structures are
further oriented in a lamellar rectangular frame. While the obser-
vation of the cross-sectional rectangular frame agrees with the pre-
vious observations of Besseau and Bouligand [21], the current work
demonstrates that, within this frame, the collagen structure is
ladder-like, not a helicoidal, twisted-plywood configuration. The
interfaces between the scutes consist of mineralized
triangularly-shaped sutures arranged above bridging collagen
fibers. In contrast to previously observed examples of sutures,
there are no Sharpey’s fibers or compliant phase bridging directly
between the mineralized sutures.

Mechanical testing of the scute interface subjected to tension
reveals that it is three times higher in strength and about six times
higher in stiffness than in shear. In tension and penetration testing,
failure occurs predominantly by stretching and failure of the colla-
gen fibers at suture interfaces, with only minor failure within the
mineralized scute. In shear, the mineralized sutures sustain more
damage with extensive tooth fracture, and the final testing results
depend on how many mineralized sutures fractured while they
contact each other. The failure mechanism of the boxfish carapace
involves inter-scute separation, shearing, and eventually, crack
propagation in the scutes. This combination of damage accumula-
tion mechanisms is effective in resisting the penetration and
crushing forces by predator teeth.
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Appendix A. Figures with essential color discrimination

Certain figures in this article, particularly Figs. 1–14, are diffi-
cult to interpret in black and white. The full color images can be
found in the on-line version, at http://dx.doi.org/10.1016/j.actbio.
2015.05.024.
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