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Multifunctional materials and devices found in nature serve as inspiration for advanced synthetic mate-
rials, structures and robotics. Here, we elucidate the architecture and unusual deformation mechanisms
of seahorse tails that provide prehension as well as protection against predators. The seahorse tail is com-
posed of subdermal bony plates arranged in articulating ring-like segments that overlap for controlled

ventral bending and twisting. The bony plates are highly deformable materials designed to slide past
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one another and buckle when compressed. This complex plate and segment motion, along with the
unique hardness distribution and structural hierarchy of each plate, provide seahorses with joint sexibil-
ity while shielding them against impact and crushing. Mimicking seahorse armor may lead to novel bio-
inspired technologies, such as sexible armor, fracture-resistant structures or prehensile robotics.

O 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Recent interest in biomimicry and bio-inspired design has led to
a renewed study of biological materials and devices [1,2]. Nature
offers a plethora of functional designs, ranging from spider silk to
insect «ight, that inspire materials scientists and engineers to de-
velop new, high-performance materials, structures and robotic de-
vices [2¢6] . In a quest to discover novel, multifunctional defense
mechanisms that exist in nature, we investigated the structures
propertysfunction relationships of the bony-plated armor in the
seahorse, Hippocampus kuda.

Seahorses, known for their equine pro€le and vertical swim-
ming posture, are remarkable €sh with a variety of characteristics
unique to the genus Hippocampus, family Syngnathidae. They have
a head like a horse, a long tubular snout like an anteater, eyes that
move independently like a chameleon, a brood pouch like a kanga-
roo, camoueage skin like a *ounder, and a <exible prehensile tail
like a monkey [7,8]. Unlike most €sh, seahorses have no caudal
€n and swim upright with a single dorsal €n for propulsion and
two pectoral €ns for maneuverability  [9,10]. This unique posture,
their cryptic appearance, and their ability to suction feed and grasp
objects allow these slow swimmers to thrive in obstacle-strewn
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sea grasses, mangroves and coral reefs [7,8]. Although seahorses
primarily rely on camoueage skin and dermal excrescences (e.g. €l-
amentous or polyp-like growths) to avoid predators [7,8], they
have evolved a segmented array of bony plates that functions as
a eexible, subdermal armor [11,12]. This armor serves as protec-
tion against compressive failure, as several of their natural preda-
tors, including larger €sh, crabs, rays, sea turtles and birds, capture
their prey by crushing [13].

Natural armor in most marine animals, such as bony €sh, crus-
taceans, and molluscs, often exists in the form of external scales,
exoskeletons and shells [14+16] . These natural materials are typi-
cally rigid, mineralized structures designed for body support and
environmental protection [14¢16] . Seahorses, in contrast to most
teleosts, have internal bony plates instead of scales, arranged in
articulating ring-like segments spanning the length of the €sh.
The bony plates not only provide seahorses with body support
and protection, but also give them the ability to bend their tails
to grasp and hold objects [11,12].

Most natural armor in €sh limits axial bending [17,18] b6a
necessary tradeoff for the protection it provides. However, Hale
[11] and Praet et al. [12] argue that the bony plates in seahorses
play an essential role in axial bending and the prehensility of their
tails. In fact, seahorses can precisely control body movements to
twist and bend ventrallydmotions usually disadvantageous in lat-
erally swimming €sh  [11] . The body plating provides a rigid struc-
ture for myomere muscles to pull on and transmit forces to the
vertebrae [11,12]. In the tail, the hypaxial muscles are oriented
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vertically, connecting the ventral plates to the horizontal septa of
the vertebrae, while the epaxial muscles are oriented concentri-
cally, connecting the dorsal plates to the vertebrae  [12] . This is very
different from most teleosts, whose muscles are all oriented con-
centrically and pull directly on the vertebrae, with thick collagen
€bers in the skin that limit body twisting and ventral bending
[11,17,19] . Beyond muscular force transmission and body mobility,
the bony plates play a defensive role as protective armor. The bony
armor must be mechanically hard and suf€ciently tough to resist
fracture from impact and crushing, yet elastic and +exible enough
for controlled axial bending and prehension.

The mechanisms of plate and segment motion, the structural
hierarchy and the mechanical properties of the bony-plated armor
that protect seahorses are revealed here through microcomputed
tomography (| CT), scanning electron microscopy (SEM) and
mechanical testing. The overlapping architectural arrangement of
the bony plates and segments are shown to allow signi€cant defor-
mations without fracture, protecting the spinal column from cata-
strophic failure. The material composition, microstructural
features and hardness of the bony plates are investigated and com-
pared to that of other natural materials, including €sh scales, crab
exoskeleton, abalone nacre and bovine femur bone. Mimicking the
multifunctional bony-plated armor of the seahorse tail may lead to
new bio-inspired technologies.

2. Materials and methods
2.1. Sample collection and preparation

Eight mature and three juvenile seahorse specimens of H. kuda
were donated by the Birch Aquarium at the Scripps Institute of
Oceanography, University of California, San Diego, on October
2011. The seahorses were con€scated alive in Bali, Indonesia on
October 2005 and died, due to stress, during transport to the
aquarium, where they were subsequently kept frozen. The speci-
mens were thawed and preserved by immersing them in 70% iso-
propanol at room temperature, rather than physiological solution,
to prevent degradation of the specimens during analysis.

2.2. Material composition

The water, mineral and organic fractions of the seahorse bones
were measured by weight. Six bony plates were excised from the
base (torsoetall intersection) of a mature seahorse tail. The bony
plates were thoroughly cleaned under an optical microscope using
tweezers to remove and scrape away any connective tissue and
skin. Any remaining organic material left on the bones was small
and considered negligible. To rehydrate the cleaned bones, the
samples were submerged in Hank's balanced saline solution for
24 h. The water content was determined by heating the bones in
an oven at 105 °C for 4 h to dehydrate them. The mineral (ash) con-
tent was determined by subsequent heating in an oven at 550 °C
for 24 h to eliminate the organic content. The weights of the indi-
vidual samples were measured before and after the heating pro-
cesses. The water, mineral and organic fractions of the bony
plates were calculated using the following equations:

m
Xoaer 1Y 100% 1t
wet
~ m
Xmineral ach 100% . 21—
wet
Mgy ¥ M
Xorganic B 7dr);ny ash 100%; .3t
wet

where x; is the wt.% of component idwater, mineral and organicé
and m; is the measured mass of component j6 hydrated (wet)

sample, dehydrated (dry) sample and mineral (ash) sample,
respectively.

2.3. Deproteinization

To visualize the overlapping sequence of the subdermal bony
plates, partial deproteinization was carried out to remove the skin.
Two mature seahorse tails were fully submerged in a 12.5% NaClO
solution for 30 min, then rinsed with deionized water and dried in
a desiccant at room temperature for 2¢3 days. The partial depro-
teinization process was effective in dissolving the outermost layer
of organic material (i.e. skin). With the skin removed, the architec-
ture and assembly of the overlapping bony plates could be more
easily visualized and studied.

2.4. Compression testing

Six tail sections cut from the base (torsoetail intersection) of
three mature seahorse tails, containing three bony segments per
tail section, were cut and loaded in compression with an Instron
materials testing machine (Instron 3367, Norwood, MA) with a
30 kN load cell at a cross-head velocity of 10 ¥*mmsY?*. The tail
sections were compressed to a displacement of  60% of the origi-
nal specimen height ( Xo) in one of three orthogonal directions: (i)
lateral; (ii) ventraledorsal; (iii) distaleproximal. Two tail sections
were compressed in each direction. Each tail section was placed
between the cross-heads freely, such that the edges were not re-
stricted and allowed to reorient under the compressive load.
Fig. Lillustrates the locations where the tail sections were cut from
the seahorse (Fig. 1a) and the positioning of the tail sections in the
Instron machine before compression ( Fig. 1bed). The specimens
were preserved in 70% isopropanol until tested; then they were re-
moved, immediately placed on the compression testing platform,
and compressed. To ensure the specimens remained saturated,
the samples were quenched every 12 min with 70% isopropanol
using a squirt bottle. The measured dimensions of the tail sections
were approximately 7 7 10mm?3. Representative forcee
displacement curves were plotted for comparison. The percent
displacement, analogous to the total body strain, was plotted to
account for differences in the initial heights of the different orien-
tations of the tail sections, calculated from the following equation:

% displacement ~ xi 100%; At

0

where Xq is the initial height of the tail sectionand  xis the measured
displacement of the tail section, which was measured with an Epsi-
lon desectometer (Epsilon 3540, Jackson, WY). After compression of
each tail section in one of the three orthogonal directions, each
compressed specimen was removed from the Instron machine and
dried in a desiccant at room temperature for 2¢3 days for imaging
and further analysis.

2.5. Microhardness testing

The microhardness of the bony plates was measured using a
LECO M-400-H1 hardness testing machine equipped with a Vickers
hardness indenter. Four dorsal plates excised from two tail seg-
ments cut from the base (torsostail intersection) of a mature sea-
horse tail were cleaned, dried in a desiccant at room temperature
for 2¢3 days, embedded in epoxy resin and polished until the sur-
faces of the samples were exposed. The embedded bony plates
were positioned such that four different locations of each plate
could be tested to determine the overall hardness distribution
across a single bony plate. Hardness values at the four different
locations were averaged from 16 microindentations each. The sur-
face hardness of several bony plates along the length of the tail was
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Fig. 1. (a) Image of a mature seahorse ( Hippocampus kuda) showing the locations where tail sections, composed of three bony segments each, were cut (dotted lines) for
compression testing. (bed) Images of the positioning of the tail sections in the Instron machine before compression: (b) ventraledorsal loading, distal view; (c) ventraledorsal

loading, lateral view; (d) distaleproximal loading, lateral view.
height (cross-head distance) is denoted as xo. Scale bars: 5 mm.

also measured to con€rm that the hardness remained constant
along the length. The hardness of the interior and exterior of sev-
eral bony plate cross-sections (10 indentations each) were also
measured. A load of 0.981 N was used to indent the exposed sur-
faces. The Vickers hardness of the bony plates was evaluated using
the following equation:

HV "~ 1:854d£2 .8t

where HV is the Vickers hardness number (MPa), F is the applied
load (N) and d is the arithmetic mean of the two measured diago-
nals (mm).

For comparison, the microhardness of dry Arapaima gigas €sh
scales, a crab exoskeleton, abalone nacre and cortical bovine femur
bone were also measured and compared to values reported in the
literature [14¢16,20,21] . The microhardnesses of the different
samples was averaged from 10 to 20 indentations each at a load
of 0.981 N. Table 1 compares the measured hardness values with
those reported in the literature.

2.6. Microcomputed tomography

The following samples were scanned on a Skyscan 1076 | CT
scanner (Kontich, Belgium): (i) a juvenile seahorse, 6 months
old, immersed in 70% isopropanol to prevent shrinkage due to

Note: Positioning of the tail sections for lateral loading is similar to ventraledorsal loading. The initial specimen

Table 1

Comparison of the measured microhardness with the hardness reported in the
literature for mature seahorse bony plates, Arapaima gigas €sh scales, crab exoskel-
eton, abalone nacre and bovine femur bone.

Hardness (MPa) Indent load (N) References
Seahorse bony plates
Measured 80320 0.981 This work
Arapaima gigas €sh scales
Measured 270p 20 0.981 This work
Literature 100+600 0.245 [14]
Crab exoskeleton
Measured 250p 70 0.981 This work
Literature 250950 0.245 [15]
Abalone nacre
Measured 3080 p 440 0.981 This work
Literature # 500+3000 0.1+1.6 mN [16]
Bovine femur bone
Measured 680 p 70 0.981 This work
Literature 550+700 0.491 [20,21]

2 Hardness values of abalone nacre reported in the literature were measured via
nanoindentation experiments.

dehydration; (ii) a dried tail section composed of three bony-plated
segments; (iii) three different tail sections (three segments each)
compressed in different orthogonal directions (refer to Fig. 1 and
Section 2.4) and dried; and (iv) a dried bony plate excised from
the left dorsal side of a mature seahorse tail. A juvenile seahorse

http://dx.doi.org/10.1016/j.actbio.2013.02.045
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Fig. 2. | CT scan of a juvenile seahorse skeleton ( Hippocampus kuda) illustrating the cross-sections of several different segments along the length of the €sh: (asc) heptagonal
segments at different locations of the torso; (d) hexagonal segment at the dorsal €n (torsoetail intersection); (e) square-like segment of the prehensile tail.

.88 000y

Fig. 3. Images of mature seahorse tails illustrating: (a) the random lateral overlap sequence of the dorsal plates along the length of the tailored asterisks indicate the top
overlapping plates of each segment; (b) the ventraledorsal and distaleproximal overlaps of the plates; (c) a superimposed logarithmic spiral. (a,b) Tails were partially
deproteinated with 12.5% NaClO for 30 min to remove the skin. Scale bars: 5 mm.
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Fig. 4. (a) Schematic of a seahorse tail cross-section (distal view), denoting each bony plate and vertebra components; (b) | CT image of a mature seahorse tail section (three
bony segments) illustrating the four different joints: (c) lateral plate overlaps and gliding joints; (d) distaleproximal plate insertions and gliding joints; (e) vertebrae
connections and pivoting joints; (f) platesvertebra junctions and pivoting joints. Arrows indicate the directions of translational (gliding) (c and d) and rotational (pivoting) (e

and f) degrees of freedom. All | CT images were colored for clarity with Jasc Paint Shop Pro.

was imaged instead of a mature seahorse to reduce the scan and was scanned with an isotropic voxel size of 36 | m, a rotation step
image reconstruction time. For sample preparation, the seahorse of 0.7° and an exposure time of 80 ms. The four tail sections were
was wrapped in a Kimwipe tissue moistened with a phosphate buf- scanned with an isotropic voxel size of 9 | m, a rotation step of 0.8 °
fer saline solution and placed in a sealed tube to prevent the spec- and an exposure time of 1650 ms. The bony plate was scanned
imen from drying out during scanning. The four tail sections and with an isotropic voxel size of 9 | m, a rotation step of 0.7 ° and
the bony plate were scanned inside dry plastic tubes. The seahorse an exposure time of 1650 ms. An electric potential of 70 kV and a
Fig. 5. (a) Forceedisplacement curves of three different mature seahorse tail sections (three bony segments each) compressed to 60% displacement: (i) laterally (dextrale
sinistrally), (ii) ventraledorsally and (iii) distaleproximally. | CT images: (b) distal view of tail cross-section before compression; (c) dorsal view of tail section before

compression; (i) distal view of tail cross-section compressed laterally; (ii) distal view of tail cross-section compressed ventraledorsally; (iii) dorsal view of tail section
compressed distaleproximally; (iv) magni€ed cutaway of image (iii) showing vertebrae bending due to distaleproximal loading. All samples were compressed to a
displacement  60% of the original sample height. All | CT images were colored for clarity with Jasc Paint Shop Pro.

Please cite this article in press as: Porter MM et al. Highly deformable bones: Unusual deformation mechanisms of seahorse armor. Acta Biomater (2013),
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current of 200 | A were applied using a 0.5 mm aluminum €lter
during all scans. A beam-hardening correction algorithm was ap-
plied during image reconstruction of all samples. Images and
three-dimensional rendered models were developed using Sky-
scan's Dataviewer and CTVox software.

2.7. Scanning electron microscopy

Prior to imaging the bones were cleaned under an optical
microscope, washed with deionized water, then dried in a desic-
cant for 48 h and sputter-coated with iridium using an Emitech
K575X sputter coater (Quorum Technologies Ltd., West Sussex,
UK). Both fully intact and fracture surfaces of the specimens were
imaged at 5 kV with a Philips XL30 €eld emission environmental
scanning electron microscope (ESEM) (FEI-XL30, FEI Company,
Hillsboro, OR). Energy-dispersive X-ray spectroscopy (EDX) was
performed with the ESEM on uncoated specimens using an Oxford
EDX attachment and Inca software for elemental analysis.

3. Results and discussion
3.1. Seahorse anatomy

Fig. 2 shows | CT images of a juvenile seahorse skeleton ( H.
kuda), illustrating the morphology of several ring-like segments,
each composed of plates surrounding a single vertebra, at different
locations along the €sh. The torso is supported by a scaffold of 11
heptagonal segments ( Fig. 2asc). At the dorsal €n (torsoetail inter-
section) the segments become hexagonal ( Fig. 2d), and then square
(Fig. 2e). The prehensile tail has 36 square-like segments ( Fig. 2e),
each composed of four corner plates that decrease linearly in size
along the length of the tail as seen in Fig. 3a. The plates and verte-
brae are joined by thick, subdermal collagen layers of connective
tissue and free to glide or pivot depending on the particular design
of each joint. Praet et al. [12] identi€ed eight gliding joints and €ve
pivoting (ball-and-socket) joints per tail segment. Gliding joints
are composed of bones that can slide past one another with one de-
gree of translational freedom, while pivoting joints allow rotation,
much like a ball-and-socket joint, with three degrees of rotational
freedom [12].

Fig. 4 shows the architectural arrangement of the different
bones (Fig. 4a) and joints ( Fig. 4b) in the tail. Adjacent bony plates
in each tail segment overlap at the dorsal, ventral and lateral mid-
lines (Fig. 4c) [11,12]. There are four gliding joints per segment
with this con€guration. On both the dextral and sinistral sides of
the tail, the ventral plates always overlap the dorsal plates as seen
in Fig. 3b [12] . Conversely, the dextralssinistral or sinistraledextral
overlaps on the dorsal and ventral sides of the tail are randomly se-
guenced from segment to segment as shown in  Fig. 3a, and may be
distinct to each individual seahorse, much like the uniqueness of
their cranial coronets [7]. Each ring of bony plates overlaps its
anterior neighbor to permit axial bending (see  Fig. 3b). Neighbor-
ing segments are connected by four gliding joints where the distal
spines of the anterior plates insert into the proximal grooves of the
posterior plates ( Fig. 4d) [11,12] . Even though the soft connective
tissue provides these joints with some rotational and translational
freedom, the gliding motion of the plates is predominantly re-
stricted to one translational degree of freedom (see arrows in
Fig. 4c and d). Successive vertebrae, on the other hand, are con-
nected by pivoting joints with three rotational degrees of freedom
(Fig. 4e) [12] . Each vertebra is joined to the bony plates by connec-
tive tissue attached to the vertebral struts at the dorsal, ventral and
lateral midlines ( Fig. 4f) [12] . The platesvertebra junctions are ex-
tremely eexible joints with nearly six degrees of freedom: three
rotational (pivoting) and three translational (gliding)dalthough

translational motion is fairly limited [12]. This complex mecha-
nism of plate and segment motion, regulated by collagenous con-
nective tissue, allows seahorses to bend their tails ventrally in a
logarithmic spiral ( Fig. 3c) [22]. Slight lateral bending can occur
concurrently with ventral bending; however, the regular ventrale
dorsal overlaps and random lateral overlaps seem to prevent sig-
ni€cant lateral bending [11].

3.2. Tail deformation mechanisms

Fig. 5 contains results from compression tests on seahorse tail
sections, composed of three bony segments each (refer to Fig. 1).
The tail sections were compressed to a displacement of 60% of
the original specimen height in one of three orthogonal directions:

(i) lateral (dextralesinistral), (ii) ventraledorsal and (iii) distale
proximal. As seen in the loadedisplacement plot ( Fig. 5a), the tail
exhibits an anisotropic response to compressive loading, suggest-
ing that the three-dimensional geometry and architecture of the
tail ineuences the directionally dependent responses to compres-
sive loading.

Fig. 5b and ¢ show | CT images of the distal and dorsal views of a
seahorse tail section before compression. When compressed later-
ally ( Fig. 5i), the tail undergoes large deformations caused by rela-
tively small forces, with the connective tissue and muscles bearing
the load. At 60% displacement, the lateral struts deform by local
buckling, allowing the bony plates to slide past each other with rel-
ative ease. Once the plates reach the terminal corner of its lateral
neighbor, they too begin to buckle (see dextraleventral plate
(red) in Fig. 5i). When compressed ventraledorsally, the compres-
sive loading rise rate is slightly greater than in lateral compression
(see Fig. 5a). In this direction ( Fig. 5ii), the vertical struts buckle
and the lateral struts bend downward in the direction of the sliding
dorsal plates. The ventral plates slide over the dorsal plates and fan
out, while the dorsal plates slide under the ventral plates and
buckle-in upon ventraledorsal loading (see Fig. 5ii). There are
two mechanisms that may add strength to the tail in the ven-
traledorsal direction: (i) the vertical struts of the vertebrae are lar-
ger and more robust than the lateral struts; and (ii) the vertical
orientation of the hypaxial muscles may resist deformation when
loaded parallel to the myomere orientation. Compression of the
seahorse tail in the lateral and ventraledorsal directions does not
result in brittle fracture, unlike many bony structures. Rather, the
sliding motion of the bony plates, with most of the deformation
being accommodated by the extension of connective collagen €-
bers, protects the spinal column from permanent damage.

Fig. 5iii and iv show the dorsal view of the bony plates and ver-
tebrae of a tail section compressed distaleproximally. The strength
of the tail section at  60% displacement in this direction is nearly
three times the strength in the ventraledorsal direction (see
Fig. 5a). Fig. 5iii shows the anterior plates sliding into the posterior
plates. When compressed distaleproximally, the distal spines of
the anterior plates do not deform, but slide beyond the proximal
grooves of the posterior plates (refer to  Fig. 4d). Instead, the verte-
brae seem to bear the majority of the load and bend in response to
the distaleproximal loading. As seenin  Fig. 5iv, the lateral vertebral
struts detach from the bony plates on one side of the tail and
buckle on the opposing side.

3.3. Bony plate material properties

In addition to the multicomponent tail structure detailed in
Figs. 3¢5, the bony plates themselves are highly deformable mate-
rials. The bony plates are inorganic/organic composites composed
of approximately 40p5wt.% mineral (calcium phosphate),
27 b 4 wt.% organic (including proteins and <3 wt.% lipids [23]),
and 33p5wt% water, with an average microhardness of

http://dx.doi.org/10.1016/j.actbio.2013.02.045
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Table 2
Comparison of the mineral, organic and water content in mature seahorse bony plates
and bovine femur bone.

Mineral Organic Water References
(wt.%) (wt.%) (wt.%)
Seahorse bony plates 40p5 27p4 33p5 This work
Bovine femur bone 65 25 10 [20,21]

230 p 80 MPa, which is constant along the length of the tail. Com-
pared to bovine femur bone, composed of 65 wt.% mineral
[20,21] and a hardness ranging from 550 to 700 MPa [20,21], sea-
horse bones have a lower mineral content and hardness. This re-
sults in highly deformable bones that can withstand large
deformations without fracture.  Table 2 compares the mineral, or-
ganic and water content of the bony plates with that of bovine fe-
mur bone.

To withstand failure from impact, the bony-plated armor must
be suf€ciently hard. For comparison, the hardness of the armored
€sh A. gigas€sh scales, crab exoskeleton and abalone nacre are
100600 MPa [14], 250950 MPa [15] and 5003000 MPa [16],
respectively (see Table 1). Fig. 6 (center) shows the Vickers hard-
ness distribution across different structural features of a single
bony plate. The proximal groove (160 p 50 MPa) is nearly 40% soft-
er than the distal spine (260 p 40 MPa), enabling it to absorb the
stresses associated with joint movement. Accordingly, the micro-
graphs in Fig. 6a and b show that the proximal groove is porous,
which may help dampen joint movement during prehensile

Fig. 6. Structural hierarchy and microhardness distribution of a mature bony plate. (Center)

activities. The ridge nodules on the outer tip of the bony plates
are the hardest region of the bone (320 p 30 MPa) and may func-
tion as a hard, protective shield against high impact. The plate
wings have an average hardness of 230 p 50 MPa. The surface mor-
phologies of the plate wings vary depending on whether the plate
is on the outer or inner side of the plateeplate overlap (refer to
Figs.3a,b and 4c). The outer plate wing is supported by a single so-
lid rod-like strut ( Fig. 6¢). The strut on the inner plate wing be-
comes branched into two or more smaller struts at the tip to
provide structural reinforcement and a wider surface area for
platesplate attachment ( Fig. 6d).

The micrographs shown in Fig. 6eeg reveal the structural hier-
archy of a bony plate. The plates have hollow microchannels
(100+500 | m in diameter) running the length of each plate wing
and the distal spine that connect to a central hollow chamber be-
neath the ridge nodules (see Fig. 6e). External layers of harder min-
eralized tissue (160320 MPa) encase a softer interior (80
200 MPa) that surrounds the hollow core. This type of structural
gradient is similarly observed in other mineralized biological com-
posites, such as €sh bones, mammalian bones, teeth and antlers
[24,25] . Local collapse of the hollow interior due to compressive
loading may help protect the overall tail structure from damage.
Additionally, the hollowness reduces weight while maintaining
bending resistance. Examination of several different cross-sections
of the bony plates revealed that the bones are acellular, showing no
evidence of osteocyte lacunae in the internal structure  [25] . A frac-
ture surface of the distal spine ( Fig. 6f) shows the orientation of
structural €bers that surround microtubules (15 | m in diameter)

| CT image of a single bony plate, showing the Vickers microhardness at four

different locations: proximal groove (160 p 50 MPa), ridge nodules (320 p 30 MPa), plate wings (230 p 50 MPa), and distal spine (260 p 40 MPa). SEM micrographs: (a)
rounded architecture of the proximal groove; (b) surface pores on the proximal groove; (c) reinforcing rod-like strut on the outer plate wing; (d) reinforcing branched struts
on the inner plate wing; (e) cross-section of distal spine showing a hollow microchannel; (f) fracture surface of distal spine showing microtubules containing bundles of

mineralized organic €bers; (g) mineralized collagen €ber bundle exhibiting characteristic periodicity (

(e) 250 | m; () 10 | m; (g) 200 nm.

67 nm). Scale bars: (a) 250 | m; (b) 10 | m; (c) 200 | m; (d) 200 | m;
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containing bundles of mineralized collagen €bers with a character-
istic periodicity of 67 nm (Fig. 6g) [26]. Akin to other natural
structural materials such as mammalian bones, teeth, antlers,
horns and hooves, the directional alignment of structural €bers
and the presence of microtubules cause the bony plates to be
highly anisotropic, energy-absorbent materials  [24]. Collapse of
the microtubules under certain loading conditions prevents the
buckling of structural €bers and arrests crack propagation. This
type of localized failure is an extrinsic toughening mechanism
commonly found in bone that protects the integrity of the overall
structure [27].

4. Conclusions

The bony-plated armor in the tail of seahorses is a multifunc-
tional device that provides structural support, protection and pre-
hension. Upon compression, the overlapping bony plates slide past
each other, allowing the tail to be compressed to nearly 50% its ori-
ginal length before any permanent damage is observed. Even after
permanent deformation occurs (>50% deformation), the tail does
not exhibit brittle fracture. Instead, it exhibits a plastic response,
which is accompanied by local buckling and bending of the bony
plates and vertebral struts. This unusual deformation behavior pro-
tects the tail segments and central vertebrae from fracture, as the
majority of seahorse predators capture their prey by crushing6
crabs using claws; rays using crushing plates; sea turtles and birds
using beaks [13] . In addition to the impressive structural mechan-
ics of the prehensile appendage, microhardness tests showed a dis-
tribution of hardness across a single bony plate that is tailored to
speci€c functionsdharder on the outer surface for protection and
softer at the overlapping joints for mobility. The unique hierarchi-
cal structureepropertysfunction relationships revealed by the sea-
horse tail may serve as inspiration for future biomimetic devices,
such as steerable catheters [12], earthquake-resistant structures,
eexible armor, controlled anchoring mechanisms or prehensile
robotics.
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Appendix A. Figures with essential colour discrimination

All €gures in this article are dif€cult to interpret in black and
white. The full colour images can be found in the on-line version,
at doi: 10.1016/j.actbio.2013.02.045 .
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