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A B S T R A C T

The hierarchical tissue structure that can balance the lightweight and strength of organisms gives hints on the
development of biologically inspired materials. The exoskeleton of the coconut crab, Birgus latro, which is the
largest terrestrial crustacean, was systematically analyzed using a materials science approach. The tissue struc-
tures, chemical compositions, and mechanical properties of the claw, walking legs, cephalothorax, and abdomen
were compared. The local mechanical properties, hardness(H) and stiffness(E), were examined by nano-
indentation testing. The stacking height, Sh, of the twisted plywood structure observed only in the exocuticle, the
exoskeleton thickness, and the thickness and compositions at each layer differed significantly by body part. The
exocuticle is strongly mineralized regardless of body parts. The claw and walking legs were thicker than the
cephalothorax and abdomen, and their endocuticle was mineralized as compared to the endocuticle in the
cephalothorax and abdomen. The H and Sh had a correlation in the exocuticle layer, and the H increased with
decreasing the Sh. On the H�E map for abrasion resistance of materials, the results showed that the exocuticle
layer of the coconut crab was superior to that of other arthropods and all engineering polymers and competitive
with the hardest metallic alloys.
1. Introduction

Almost all organisms in the phylum Arthropod are covered by an
exoskeleton. The exoskeleton is hard and lightweight, helps protect itself
from dryness and enemies, and plays an important role in environmental
adaptation. In various fields such as biology, engineering, and medicine,
biomineralized tissues are a valuable source of design concepts for man-
made materials and form the most important library of information on
the evolution of life [1].

The exoskeleton in the arthropods is structurally heterogeneous, and
it has very complicated hierarchical tissue [2–4], as shown in Fig. S1 in
the supplementary material. This information has been revealed through
advanced analytical equipment and technology. Basically, the exoskel-
eton is composed of four layers: the epicuticle (wax layer of the outer-
most surface), the exocuticle, the endocuticle, and the membranous
(adjacent to cells) layers. Among these layers, the exocuticle and endo-
cuticle are very hard and mineralized, but the mechanical properties vary
significantly depending on the organism and the body part [5–8]. Fab-
ritius et al. [5] examined the relationships among structure, component,
and hardness in the exocuticle and the endocuticle of the exoskeleton
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forming the dorsal carapace of the edible crab Cancer pagurus and clari-
fied the existence of the complex structural organization and local gra-
dients in component/hardness. The claws and cephalothorax (carapaces)
of the American lobster, Homarus americanus, and the brown crab, Cancer
pagurus, were analyzed via thermogravimetry and X-ray powder
diffraction [6], which showed that the clawwas strongly mineralized and
very hard as compared with the cephalothorax, and the exoskeleton of
the lobster is less mineralized (and therefore lighter and less hard) than
that of the crab. It was concluded that these differences are related to the
mechanical requirements and biological escape behaviors of the animals.
During evolution, all parts of the exoskeleton in crustaceans are opti-
mized to fulfill different functions by adapting the chemical composition
and tissue structure under ambient conditions. The claws and carapaces
may have developed significantly in the body to protect themselves, but
there are very few studies on their differences from other body parts (legs
and abdomen). We succeeded in creating a three-dimensional visuali-
zation of the complex claw tissue of the coconut crab, Bistro latro, which
has a pinching force of more than 90 times its body weight and showed
the correlation between the microstructure, hardness, and composition
of the claw [9]. If only the claws had been strongly mineralized in their
t 2021
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body over the course of the coconut crabs evolution, the mechanical
properties, components, and tissues in other parts of the exoskeleton
likely would be significantly different from those of the claws. Besides,
coconut crabs are terrestrial crustaceans and are likely to have charac-
teristics that are different from those of the exoskeletons of underwater
crustaceans and other organisms.

In this paper, we focus on differences in the mechanical properties of
the coconut crab exoskeleton: the claw, the first walking leg, the front
cephalothorax, the rear cephalothorax, and the abdomen. The local
hardness, H, and stiffness, E, were examined via a nanoindentation test.
The variations of tissue structures and chemical compositions related to
the H and the E are discussed. The results were plotted on an H�E map
with data for many engineering materials and other organisms.

2. Materials and methods

2.1. Specimen preparation

The coconut crab was obtained from a local market in Naha City,
Okinawa Island, in southwestern Japan. The coconut crab shown in Fig. 1
is male, and the body weight (BW) and the thoracic length (ThL) were
1,070 g and 62 mm, respectively. This crab is estimated to be a 20–23
years old adult from ThL [10]. Adult coconut crabs of the Okinawan
population molt only once per year, during the winter dry season [10].
The crab was obtained in the summer of July, past half a year since the
last molting. After euthanasia by deep freezing, the crab was moved to
our laboratory in Tsukuba; there it was thawed under running water, and
then each part, the left claw (CL), the first walking leg (1WL), the front
cephalothorax (FC), the rear cephalothorax (RC), and the abdomen (AM),
of the body shown in Fig. 1 was cut with a saw to fit within the di-
mensions of mounting cup used in the embedding process. Embedding
cups were filled with epoxy (Struers, EPOFIX resin), and the samples
were left to cure at room temperature for approximately 12 h. The
samples were placed under vacuum for 10 min immediately after the
addition of epoxy to further ensure penetration of epoxy into specimen
voids. Then they were ground with Grit320/600/800 grade SiC papers,
subsequently polished with 9, 3, and 1 μm diamond suspension, and
finally polished with 0.05 μm alumina suspension. In order to observe the
microstructure of each part, all samples were polished and coated with
about 2 nm of osmium. After they finished, the specimens were
re-polished and subjected to nanoindentation tests. The test piece for
observing the fracture surface was cut from each part with a saw, and
then it was broken by hitting the back of a chisel with a hammer. The
pieces were placed in the air for more than 48 h before SEM observation.

2.2. Microstructure observation

We applied osmium coating on the sample surface, which is a popular
method to add electron conductivity on a non-conductive sample to
Fig. 1. Photographs of the (a) front and (b) back of the coconut crab, Birgus latro
thoracic length.
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obtain a clear image by eliminating electron charge up. An osmium
coater apparatus made by Meiwafosis Co., Ltd., Japan, that the principle
of the coating was a plasma CVD was used. Since the thickness of the
coated osmium amorphous film is very thin, several nm, the effect on the
compositional analysis by EDS is negligible. The microstructure and
chemical composition on the polished surfaces were characterized using
an optical microscope (OM) and focused ion beam (FIB)–scanning elec-
tron microscope (SEM; Thermo Fisher Scientific Scios 2) with energy-
dispersive X-ray spectroscopy (EDS) using a large silicon-drift detector
(Oxford Instruments Ultim Max 170 EDS). Fig. 2 shows SEM cross-
sectional images of each part, CL, 1WL, FC, RC, and AM. The EDS
found calcium (Ca), magnesium (Mg), phosphorus (P), carbon (C), and
oxygen (O) to be the main components, and aluminum (Al), sodium (Na),
and chloride (Cl�) in minor amounts [9]. Al is residue from the alumina
used in the polishing. The other components may be due to the residual
NaCl in the soil near the coast. These minor components, sodium, chlo-
ride, and silicon, are found in the exoskeleton of the lobster and the
edible crab [6]. Quantitative analyses of the main components were
conducted in the three areas enclosed by red rectangles associated with
each layer, as shown in Fig. 2. The areas in the exocuticle and endocuticle
corresponded to mid-thickness in each layer, and the intermediate area
was positioned closer to the endocuticle than to the boundary line, where
the contrast changed significantly. The fracture surface was observed by
SEM (JEOL JSM-7900F; accelerating voltage: 2 kV; detector: ET-SE)
coating with about 2 nm of osmium. The thickness of each layer, exo-
cuticle, intermediate, and endocuticle, was determined through the SEM
images of the polishing surfaces.

2.3. Nanoindentation tests

The mechanical testing was performed via nanoindentation testing
using ELIONIX, ENT-NEXUS. It was performed at ambient temperature
after polishing. For each layer, the test was performed five times in three
areas marked by red rectangles, as seen in Fig. 2, and an area close to the
surface (distance from the surface, x � 20 μm) of the exocuticle. The
samples for the dehydrated condition were placed in the air for more
than 48 h before indentation. The tests were conducted under the dry
samples with a Berkovich-type diamond indenter with an angle of 115� at
a maximum force of 5 mN. The load function consisted of a 5-s loading to
5 mN, followed by a 5-s hold at that force, and then a 5-s unloading. The
hardness (H) and reduced modulus (Er) were analyzed from the
unloading curve using the Oliver-Pharr method. Here, as in pioneering
studies [11–14] on biological research, Er was employed as the stiffness.

2.4. Density measurement

The three samples for each body part were cut with a saw. The density
of the samples was measured by using a pycnometer method at tem-
peratures of 23~26 �C (SHIMAZU, AUW220D) on the basis of JIS Z 8807.
, used in the present study. Here, BW denotes body weight, and ThL denotes



Fig. 2. Scanning electron microscope (SEM) cross-sectional images of the (a) claw, (b) first walking leg, (c) front cephalothorax, (d) rear cephalothorax, and (e)
abdomen of the coconut crab used.
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Since it was not possible to measure separately for each layer, the density
of the exoskeleton of three samples for each body part is represented as
average values.

3. Results

3.1. Thickness and chemical composition of each layer

As shown in Fig. 2, the exocuticle layer and the endocuticle layer are
clearly observed in all samples. Since it was difficult to perfectly judge
the intermediate layer via only the SEM images shown in Fig. 2, its
thickness was obtained via the high-magnification SEM images (�3,500)
shown in Fig. 3. The thickness and EDS results of each layer are sum-
marized in Table 1.
Fig. 3. SEM micrographs near the intermediate layer on (a) claw, (b) first walking
coconut crab.
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The exoskeleton thickness depended on the measurement location.
The maximum thickness of the CL was 2,600 μm, of the 1WL was
1,400 μm at WL, of the FC was 800 μm, of the RC was 730 μm, and of the
AMwas 610 μm. In short, the claw is the thickest, and the abdomen is the
thinnest. The claw and legs are thicker than the cephalothorax and the
abdomen, and the AM is less than 1/4 as thick as the CL. The claw has the
thickest exocuticle; its thickness accounted for 10% of the exoskeleton
thickness [9]. Contrary to expectations, this rate is lower than the rate,
14~19%, of other parts. The exoskeleton of the coconut crab is much
thicker than that of the blue crab, Callinectes sapidus, and the green crab
Carcinus aestuarii [15]. For example, the exocuticle of the CL is more than
four times thicker than that of the blue crab's red claw (25 μm) and the
green crab's claw (47 μm), and the exoskeleton of the coconut crab is 10
times thicker than that of the green crab's claw (247 μm).
leg, (c) front cephalothorax, (d) rear cephalothorax, and (e) abdomen of the



Table 1
Thickness and EDS results of three layers for all samples. Here, EDS results show weight % of calcium (Ca), magnesium (Mg), phosphorus (P), oxygen (O), and carbon
(C). The compositions are the average values, including their standard deviation.

Sample Layer Thickness (μm) Ca (wt%) Mg (wt%) P (wt%) O (wt%) C (wt%)

Claw (CL) Exocuticle 200–250 30.6 � 0.2 2.0 � 0.1 0.4 � 0.0 52.5 � 0.3 13.9 � 0.3
Intermediate 40 22.4 � 0.2 1.5 � 0.1 2.1 � 0.1 51.1 � 0.3 21.3 � 0.3
Endocuticle 1900–2300 23.8 � 0.2 1.6 � 0.1 0.5 � 0.0 49.5 � 0.3 23.3 � 0.3

First walking leg (1WL) Exocuticle 180–190 31.0 � 0.1 1.8 � 0.0 0.4 � 0.0 51.4 � 0.1 14.7 � 0.1
Intermediate 50 19.9 � 0.1 1.3 � 0.0 2.6 � 0.0 49.7 � 0.1 24.9 � 0.1
Endocuticle 1100–1150 25.3 � 0.1 1.6 � 0.0 1.0 � 0.0 49.2 � 0.1 21.8 � 0.1

Front cephalothorax (FC) Exocuticle 115–125 26.7 � 0.1 1.8 � 0.0 0.7 � 0.0 50.8 � 0.2 19.3 � 0.1
Intermediate 15 20.5 � 0.1 1.2 � 0.0 2.6 � 0.0 49.2 � 0.2 24.7 � 0.2
Endocuticle 600–650 12.6 � 0.1 0.6 � 0.0 0.8 � 0.0 46.9 � 0.2 34.8 � 0.2

Rear cephalothorax (RC) Exocuticle 75–90 25 � 0.1 1.6 � 0.0 0.7 � 0.0 49.5 � 0.2 22.6 � 0.2
Intermediate 15 15.7 � 0.1 1.0 � 0.0 2.2 � 0.0 48.8 � 0.2 29.8 � 0.2
Endocuticle 615 9.1 � 0.1 0.4 � 0.0 0.4 � 0.0 46.7 � 0.2 38.1 � 0.2

Abdomen (AM) Exocuticle 95–105 24.2 � 0.1 1.5 � 0.0 0.6 � 0.0 49.3 � 0.2 23.7 � 0.2
Intermediate 20 15.9 � 0.1 0.9 � 0.0 3.1 � 0.0 45.8 � 0.2 31.4 � 0.3
Endocuticle 430–480 14.8 � 0.1 0.6 � 0.0 0.5 � 0.0 46.7 � 0.2 33.6 � 0.2
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In all parts, the Ca concentrations and the Mg concentrations are
highest at the exocuticle, while the C concentrations are lowest there.
The Ca concentrations of the CL and 1WL are higher than those of other
parts. Curiously, the P concentrations are highest at the intermediate
layer. O concentrations are highest in the exocuticle, but there were no
significant differences between layers and parts.

3.2. Fracture surface

Fig. 4 shows SEM micrographs of a fracture surface and a polished
surface at two layers in the 1WL. Here, Fig. 4(b, e) shows enlarged mi-
crographs at mid-thickness of the exocuticle layer. Two layers of exo-
cuticle and endocuticle are clearly observed from the fracture surface
(Fig. 4(a)). In the exocuticle (Fig. 4(b)), the twisted plywood pattern
structure rotated 180� around an axis normal to the surface, which is
characteristic of the cuticle of crustaceans [9,12]. It was formed by a
certain stacking of the chitin–protein layers; its stacking height, Sh, was
1.6 μm. This corresponds to the lamella thickness observed in Fig. 4(e).
The fracture surface changes drastically in the intermediate (Fig. 4(c)). In
the endocuticle (Fig. 4(d)), the pore canal tubules (pct) along deep
Fig. 4. SEM micrograph of the (a) fracture surface of the first walking leg. Enlarged SE
(c) intermediate layer, and (d) endocuticle layer. In (b), superimposed planes rota
exocuticle layer and (f) endocuticle layer on a polished surface. Here, pct denotes p
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grooves parallel to the x-direction exist toward the surface from the inner
layer, and relatively thin pct parallel to the z-directions from the regu-
larly arranged pore canals (pc) at a spacing of 0.6 μm are observed. In the
polished surface at the same position (Fig. 4(f)), the inorganic layer
covering the entire surface has a line parallel to the y-direction, and the
spacing of the concave line is constant at 0.6 μm. The streaks that extend
in the x-direction are the pct//x seen in Fig. 4(d). These observed results
are consistent with the results for the coconut crab's claw, CL [9]. Figs. 5
and 6 show SEM micrographs in the rear cephalothorax (RC) and the
thinnest abdomen (AM). SEM micrographs in the front cephalothorax
(FC) are shown in Fig. S2. As shown in Figs. 4–6 and Fig. S2, the tissue
structure of the FC, RC, and AM observed from the fracture surface is
almost the same as that of the 1WL and CL [9]. However, the Sh in the
exocuticle and the microstructure observed from the polishing surface in
the endocuticle are sufficiently different from those of the 1WL and CL
[9]. The Sh in the cephalothorax and abdomen is greater than that in the
1WL, and it appears to decrease as it approaches the surface (Figs. 5(e)
and 6(e) and Fig. S2(e)). The results indicate that the microstructures of
the FC, RC, and AM, are characterized by a much coarser structure than
that of the 1WL, shown in Fig. 4(e). In the endocuticle (Figs. 5(f) and 6(f)
Mmicrographs of the area enclosed by the rectangles in (a); (b) exocuticle layer,
te around the normal axis (nd) of the exocuticle. SEM micrographs of the (e)
ore canal tubules, and pc denotes pore canals.



Fig. 5. SEM micrograph of (a) a fracture surface of the abdomen. Enlarged SEM micrographs of the area enclosed by the rectangles in (a); (b) exocuticle layer, (c)
intermediate layer, and (d) endocuticle layer. SEM micrographs of (e) the exocuticle layer and (f) endocuticle layer on a polished surface.

Fig. 6. SEM micrograph of the (a) fracture surface of the abdomen. Enlarged SEM micrographs of the area enclosed by the rectangles in (a); (b) exocuticle layer, (c)
intermediate layer, and (d) endocuticle layer. SEM micrographs of the (e) exocuticle layer and (f) endocuticle layer on a polished surface.
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and Fig. S2(f)), almost no inorganic layer was observed, and the surface
was covered by pct.

3.3. Hardness and stiffness

Table 2 shows the nanoindentation test results. The load
P�displacement u curves of each area on all parts are shown in Fig. S3 in
the supplementary material. Under Pmax¼ 5 mN, the u is small (i.e. hard)
in the exocuticle and large (i.e. soft) in the intermediate or the endocu-
ticle. In all parts, the H is hardest (1.40~4.01 GPa) in the exocuticle and
harder at near the surface than at the mid-thickness. The H of the exo-
cuticle in the CL was 4–6 times that of the endocuticle, which is consis-
tent with the results of the hardness obtained via Vickers hardness testing
[9]. In the CL and the 1WL, the H was the lowest (0.41 GPa in the CL and
5

0.47 GPa in the 1WL) in the intermediate, but the softest layer in the FC,
RC, and AD was in the endocuticle. In particular, the H of these layers
showed very small values between 0.15 and 0.25 GPa. These differences
in H are related to mineralization. Fig. 7 shows variations of H with Ca
concentrations. Here, Ca concentrations in an area close to the surface
(distance from the surface, x � 20 μm) in the exocuticle were added as
EDS results, and those in the CL, 1WL, FC, RC, and AM were 30.9, 31.0,
28.2, 27.2, and 26.5 (wt%), respectively.

4. Discussion

The results indicate that the exoskeleton of the coconut crab is mainly
composed of a hard exocuticle and a soft endocuticle, and each part has
essentially the same tissue structure. The exocuticle has a very dense



Table 2
Nanoindentation results of three layers for all samples. Here, the properties are the average values, including their standard deviation.

Sample Layer Distance from surface, x (μm) Hardness, H (GPa) Stiffness, Er (GPa)

Claw (CL) Exocuticle (near the surface) 20 3.87 � 0.14 56.0 � 1.06
Exocuticle(1/2t) 125 2.4 � 0.13 47.3 � 2.11
Intermediate 280 0.41 � 0.06 13.6 � 1.05
Endocuticle(1/2t) 1500 0.61 � 0.04 18.1 � 0.88

First walking leg (1WL) Exocuticle (near the surface) 20 3.60 � 0.15 61.3 � 0.44
Exocuticle(1/2t) 110 2.91 � 0.21 61.6 � 1.62
Intermediate 255 0.47 � 0.03 16.5 � 0.74
Endocuticle(1/2t) 600 0.70 � 0.09 22.9 � 1.57

Front cephalothorax (FC) Exocuticle (near the surface) 18 4.01 � 0.24 68.1 � 3.21
Exocuticle(1/2t) 50 2.60 � 0.26 46.1 � 2.20
Intermediate 125 0.47 � 0.09 15.3 � 1.34
Endocuticle(1/2t) 350 0.25 � 0.04 9.19 � 0.86

Rear cephalothorax (RC) Exocuticle (near the surface) 18 2.86 � 0.33 56.3 � 3.72
Exocuticle(1/2t) 50 1.40 � 0.07 33.3 � 1.38
Intermediate 80 0.25 � 0.04 12.4 � 1.25
Endocuticle(1/2t) 350 0.19 � 0.02 8.81 � 0.70

Abdomen (AM) Exocuticle (near surface) 18 3.50 � 0.19 65.0 � 2.73
Exocuticle(1/2t) 50 1.61 � 0.31 33.1 � 3.80
Intermediate 100 0.40 � 0.04 14.16 � 1.08
Endocuticle(1/2t) 250 0.15 � 0.03 9.42 � 1.16

Fig. 7. Variations of hardness, H, with calcium concentrations.
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twisted plywood structure with high Ca concentrations and high stiffness
in the range of 33.1~68.1 GPa. The endocuticle showed a coarser
structure without a twisted plywood pattern and a small stiffness of
8.81~22.9 GPa. The high H of the exocuticle is the result of stronger
calcification as compared to that of the two layers, and the Ca concen-
trations ranging from 24.2 to 31.0 (wt%) in the exocuticle are consistent
with those in the exocuticle of the other crabs [15]. The Sh of the twisted
plywood structure, the exoskeleton thickness, and the thickness at each
layer are significantly different by body part.
4.1. Effect of the stacking height of the twisted plywood pattern structure

As shown in Figs. 4–6 and Fig. S2, the Sh ¼ 1.6 μm in the 1WL was
smaller than the Sh ¼ 1.9 μm in the FC, the Sh ¼ 2.6 μm in the RC, the
Sh ¼ 2.7 μm in the AM, and the Sh ¼ 2.3 μm at mid-thickness of the
exocuticle in the CL [9]. In Table 2, the H in the exocuticle was different
near the surface and mid-thickness, although there was no significant
difference in Ca concentrations, as shown in Fig. 7. If the stacking height
of the twisted plywood structure is related to the hardness or stiffness, the
6

Sh, H, and Er may have some correlation. Fig. 8 shows relationships be-
tween H, Er, and Sh in the exocuticle for all parts. The Sh near the surface
and at mid-thickness in the exocuticle was analyzed via SEMmicrographs
on the polished surface. The analytical results in the CL and 1WL are
shown in Fig. S4 and these in the FC, RC, and AM are shown in Fig. S5.
From Fig. 8, we find that H increases with decreasing Sh, and the H�Sh
has a clear correlation as compared to Er�Sh. This result suggests that the
Sh observed via an SEM from a fractured surface or a polished surface is
one index for estimating hardness under the same Ca concentrations. In
the exoskeleton of the American lobster, Homarus americanus [12]; the
edible crab, Cancer pagurus [6]; the sheep crab, Loxorhynchun grandis; and
the Dungeness crab, Cancer magister [16]; a twisted plywood structure
and a stacking height of its pattern were clearly observed on a fracture
surface. This was the same for coconut crabs, as shown in the 1WL
(Fig. 4(b)), the RC (Fig. 5(b)), the FC (Fig. S2(b)), and the AM (Fig. 6(b)),
and the CL (Fig. 3(b) in Inoue et al. [9]). Curiously, a twisted plywood
structure could not be observed in the coconut club's endocuticle.
Furthermore, some fracture surfaces consisted of terrace//z and step//x
in the exocuticle (Fig. S6). Such a fracture surface provides mechanical
resistance to avoid catastrophic failure [17,18]. Surprisingly, these step
sizes corresponded to the Sh. In the future, we plan to examine the
relationship between fracture characteristics and Sh through fracture
tests.
4.2. Differences in endocuticle of body parts

In the endocuticle shown in Figs. 4(d,f), 5(d), 6(d) and Fig. S2(d),
the spacing of the pore canal parallel to z (pc//z) was 0.75 μm for the
CL [9], 0.60 μm for the 1WL, 0.80 μm for the FC, 0.70 μm for the RC,
and 0.75 μm for the AM. As a result, this spacing was in the range of
0.6–0.8 μm, and there was no significant difference between the
parts. However, the inorganic layer (Fig. 4(f)), seen on the polished
surface of the 1WL and the CL [9], was hardly observed in the FC, RC,
and AM, and the surface was covered by chitin protein of pct
(Figs. 5(f), 6(f) and 2(f)). In the exoskeleton of the FC, RC, and AM,
shown in Table 1, the Ca concentrations were lower than those in the
CL and the 1WL; furthermore, the Ca concentrations in the endocu-
ticle were extremely low as compared with those in the exocuticle.
That is, the endocuticle in the cephalothorax and the abdomen is not
strongly mineralized as compared to that in the claw and the walking
legs. Fig. 9 shows the differences in the density of each part. The
density of the exoskeleton was smaller than that, 2.71 g/cm3 [19], of
general calcium carbonate (CaCO3) because many pores existed, and
chitin fibers in the protein matrix are included in the exoskeleton.



Fig. 8. Variations of (a) hardness, H, and (b) reduced stiffness, Er, against the stacking height, Sh, of the twisted plywood pattern structure of the exocuticle layer.

Fig. 9. True density of the exoskeleton of each part as measured by a pyc-
nometer method.
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The density of the CL was the highest, and that of the AM was the
lowest. As shown in Figs. 5(f) and 6(f), due to a higher volume
fraction of chitin protein, the inorganic layer was peeled off during
polishing. Hence, the H and Er at the endocuticle in the FC, RC, and
AM showed very small values as compared with those in the CL and
the 1WL. The Er between 8.8 and 9.4 GPa shown in Table 2 is
consistent with Young's modulus, 8.6–10 GPa, obtained from the
tensile test of chitin fiber extracted from shrimp shells using ionic
liquids [20].
4.3. Hardness–stiffness balance

As shown in Table 2, for all parts, the hardness and stiffness of the
exoskeleton of the coconut crab decreased steeply at the intermediate
layer. In order to compare the coconut crab with other organisms in terms
of mechanical properties, we attempted to plot the results obtained in the
present study on a map of hardness and stiffness, which is one index of
the abrasion resistance of materials. The results described in Table 2 are
shown on the H�E map in Fig. 10, including data for engineering ma-
terials families (metals, ceramics, and polymers) and other organisms
7

(the claw of the American lobster [12]; the carapace of the European
edible crab [5]; the fang of the spider, Cupiennius salei [14]; the hammer
of the stomatopod dactyl club of Odontodactylus scyllarus [13]; the scor-
pion's pincer [21]; and the jaw of the bloodworm, Glycera dibranchiata
[11]). Based on Hertzian contact mechanics, the material property group
that characterizes resistance to plastic deformation during contact with
an abrasive can be ascertained. In the absence of a tangential load, the
normal load, P0y , for yielding is given by

P0
y

R2
¼C1

�
H3

E
2

��
1þ E

E
0

�2

(1)

with C1 ¼ 0.8. Here, R and E
0
is the mean curvature and the plane strain

modulus of the abrasive, respectively, and E is the plane strain modulus

of the plate material. In many cases, E
0
≫ E, so that an elastic mismatch

parameter, ð1þE =E
0 Þ, is close to unity and thus Eq. (1) can be re-written

in the simple form:

P0
y

R2
� C1

�
H3

E
2

�
(2)

Here, the failure load, characterized by P0
y=R

2, is proportional to the
material property group. Abrasion damage by localized plastic defor-
mation corresponding to this guideline is illustrated in Fig. 10. As
shown in Fig. S3, since nanoindentation load gradually increases with
displacement in all layers, Eq. (2) is applicable. Data lying on a straight
line of H3/E2 shown in Fig. 10 indicate materials with equivalent per-
formances on the resistance of abrasion [22]. Interestingly, data of the
endocuticle layer and the intermediate layer of the coconut crab are
comparable to those of all polymers and some metals, and data of the
exocuticle layer are higher than those of all polymers and are compa-
rable to hard metallic alloys and soft ceramics. The map reveals that the
values of H3/E2 in the exocuticle layer of the coconut crab are vastly
superior and are similar to those of the stomatopod's hammer and the
bloodworm's jaws positioned as top-class among organisms. Besides, the
H�E balance of the exocuticle layer of coconut crab is the best. In the
stomatopod and the bloodworm, the superior properties have only very
thin/very small areas near the surface of their important parts (ham-
mers and jaws) for eating. The body of the coconut crab is larger, and
the exocuticle layer is thicker as compared to the area of these organ-
isms. In particular, the size of the claw was 79.2 mm (CL) � 39.8 mm
(CH) [9] in the present crab, and the thickness of the exocuticle was
250 μm. The exocuticle of the coconut crab is a very important layer for
deterring predators and consuming a wide variety of relatively rigid
food.



Fig. 10. Property maps for abrasion resistance,
including data of various organisms and engi-
neering materials. Body parts of the coconut crab
(CL: claw; 1WL: first walking leg; FC: front ceph-
alothorax; RC: rear cephalothorax; AM:
abdomen). Exoskeleton (exoC: exocuticle layer;
endoC: endocuticle layer; inter: intermediate
layer). Compared arthropods (American lobster's
claw [12]; European edible crab's carapace [5];
Spider's fang [14]; Stomatopod's hammer [13];
Scorpion's pincer [21]; Bloodworm's jaw [11]).

T. Inoue et al. Materials Today Bio 12 (2021) 100132
5. Conclusion

The tissue structures, chemical compositions, and mechanical prop-
erties of the exoskeleton of the claw, the first walking leg, the cephalo-
thorax, and the abdomen of the coconut crab were compared. The main
results are as follows:

(1) The exoskeleton composed of a hard exocuticle and a soft endo-
cuticle has essentially the same tissue structure regardless of the
body part. The exocuticle has a very dense twisted plywood
structure with a high Ca concentration and high stiffness. The
endocuticle showed a coarser structure without a twisted plywood
pattern and low stiffness.

(2) The stacking height, Sh, of the twisted plywood structure in the
exocuticle, the exoskeleton thickness, and the thickness of each
layer were significantly different by body part. The claw and legs
were thicker than the cephalothorax and abdomen.

(3) The Sh decreases and the hardness (H) increases as it approaches
the surface. The hardness (H) and Sh had a relation of
H ¼ 4.29 � 0.97 Sh. The Sh observed in the exocuticle of coconut
crabs may be one index for estimating hardness.

(4) The exocuticle is strongly mineralized regardless of body parts.
The endocuticle in the cephalothorax and the abdomen was not
strongly mineralized as compared to that in the claw and the
walking legs.

(5) The exocuticle layer of the coconut crab has an excellent hard-
ness�stiffness balance and has the highest abrasion resistance in
the phylum arthropod.
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