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A B S T R A C T

The local and global mechanical properties of a mineralized biological material using the mud crab as a model 
material were investigated and compared. The stress–strain (s–s) curves for wet and dry conditions of the 
endocuticle were exactly examined by performing tensile tests with strain gauges. The local properties were 
examined through nanoindentation testing (NI) in a dry condition. The global Young’s modulus, E, evaluated 
from the slope of the linear part of the s–s curve, did not vary with wet or dry specimen conditions; however, the 
stress and strain required to fracture depended on the conditions. The E was compared with the results of 
property mapping obtained from NI. Due to local differences in the grade of mineralization in the exoskeleton, 
the mapping indicated that nanoindentation tests should be performed for an extensive region of the cuticle. The 
results will provide useful information for future material development based on biomimetics.

1. Introduction

Research into the complex tissue structures of organisms is often 
carried out as a technique for breaking through the characteristic limits 
of materials [1–4]．For example, a twisted–plywood pattern structure 
(TPS) is observed in the robust exoskeleton of arthropods, and the su
perior properties of the TPS and its mechanism have been studied [5–8]. 
However, the exoskeleton of organisms is wholly gently curved [9] and 
is thin and small compared to the sample size for the mechanical testing 
of ordinary metallic materials; furthermore, the mechanical properties 
of the exoskeleton strongly depend on the sample condition—wet or dry 
[10–14]. In most studies, the local mechanical properties of the 
exoskeleton in a dry condition have been evaluated by a nano
indentation (NI) test or Vickers hardness test, and the relationship be
tween the microstructure and local properties (hardness, stiffness, wear 
resistance) is examined [7,8,10,15]. In particular, there has been 
remarkable progress in recent research into NI [16–18]. On the other 
hand, in some studies, to investigate the properties of the exoskeleton as 
a bulk sample, a small sample was extracted from the exoskeleton, and 
tensile or bending tests were performed under wet and dry conditions 
[10–14]. However, there are few studies that have used strain gauges to 
accurately investigate the stress–strain response, which is directly linked 
to the Young’s modulus. Since the exoskeleton is a composite structure 
composed of the epi-, exo-, and endocuticles and membranous [5,7,

10–12,14,15,19,20], the sample must be extract from each layer by 
machining. Furthermore, inside the exoskeleton, there are thick pore 
canal tubes (pcts) perpendicular to the surface, thin pcts in two di
rections normal to it, and numerous pore canals (pcs) in the mineralized 
matrix [4,7,10,12,19,20]. Their tubes and pores should act as initial 
defects in the test sample and significantly affect the stiffness in the 
mechanical properties. In biomaterials, the properties of the sample 
change with elapsed time. NI tests are usually performed under dry 
conditions after 48 h or more of sample preparation, including the 
curing time of the embedded resin. In biological materials, there is a 
high possibility that the local properties obtained from the NI test under 
this condition will not always agree with the data of the organism’s bulk 
properties.

In this paper, the claw of the mud crab, Scylla serrata, which has a 
relatively large body among crustaceans, was selected for the exoskel
eton sample. We attempted to compare the NI test with a highly reliable 
tensile test method using a strain gauge for Young’s modulus.

2. Materials and methods

Two very large mud crabs in the intermolt stage were obtained live 
from a local market in Naha, Okinawa, Japan. These crabs were the 
largest crabs in the market. The body weight (BW) of the sample male 
crabs was 2138 g (right claw: samples A; left claw: sample B) and 2038 g 
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(left claw: sample C).
After deep-freezing, the mud crab was transported to NIMS in Tsu

kuba. After thawing under running water (Fig. 1(a)), the size of each 
part was measured with vernier calipers. After that, specimens for ten
sile testing were immediately cut from each claw with a high- 
performance precision micro grinder (MINITOR Co.,Ltd., Minimo ONE 
SERIES Ver.2, Tokyo, Japan) with diamond cutting discs (Fig. 1(b)). 
Since the crab claws are gently curved as a whole, tensile specimens 
were taken from relatively parallel region of the claws. On the mud crab 
of 2138 g, 16 rectangular specimens approximately 23–25 mm in length 
by 9–11 mm in width were cut from the right (sample A) and left claws 
(sample B), and 10 rectangular specimens on the mud crab of 2038 g 
shown in Fig. 1(a and b) were cut from the left claw (sample C). Details 
of the specimen preparation procedure are shown in Fig. S1 of the 
supplementary material. First, the test specimens were processed into 
22 × 8 mm rectangles using a micro grinder (Step 1). The top and bottom 
of the specimen were ground with a grit 320 grade silicon carbide (SiC) 
paper to obtain a specimen consisting only of the endocuticle layer, 
which is thickest in the exoskeleton (Step 2). Subsequently, to make a 
dumbbell specimen, rectangular specimens were ground into a roughly 
dumbbell shape with a micro grinder with abrasive rubber points (Step 
3). Next, these specimens were finished as a dumbbell specimen to a size 
of 6 mm in gauge length (GL) and 2 mm in width using SiC paper. 
Finally, they were ground with grit 320/600/800/1200 grade SiC pa
pers to minimize the effect of the specimen edges on tensile testing 
(Fig. 1(c), Step 4). The surface variation of the width edges of the 
specimen against a grade of SiC paper is shown in Fig. S2 of the sup
plementary material. For each sample, after the rectangular specimens 
were cut out, all specimens were kept in pure water to prevent desic
cation during preparation, except during polishing and grinding. For 
each sample A, B, and C, specimen preparation began at 9:00 a.m. and 
ended at 3:00 p.m. All specimens were then taken to the laboratory for 
tensile testing while kept in pure water.

Tensile tests, with a crosshead speed of 1 mm/min, were conducted 
at 23 ◦C [21,22] on 15 specimens (wet condition) immediately after 
specimen preparation and on 11 specimens (dry condition) 24 h after 
specimen preparation (Fig. 1(d)). Strain gauges 0.84 mm in width and 2 
mm in length (KFGS-2N-120-C1-11 L50C2R, KYOWA Co., Ltd., Tokyo, 
Japan) were attached to both the top and bottom of each specimen. The 
nominal strain, ε, was presented as the average of the data measured 
with two strain gages. The Young’s modulus, E, was evaluated from the 
slope of the linear part of the stress(σ)‒ε curve. The fracture surface after 
testing was observed through a 3D laser scanning microscope 
(VK-X200/210, Keyence Corporation, Osaka, Japan).

NI testing was performed using nanoindentation equipment with a 
Berkovich-type diamond indenter with an angle of 115◦ (ENT-NEXUS, 
ELIONIX, Tokyo, Japan). To perform it, the sample was taken from the 
GL region of the BT9 dry specimen after a tensile test on sample C (Fig. 1
(e)), and it was embedded in epoxy and polished. Details of the pro
cedures for the treatment of the specimen surfaces were given earlier [7,
23,24]. First, the cross-sectional tissue before the NI test was observed 
with a 3D laser scanning microscope. In the NI test, the loading curve 
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 first indentation made in the cross section 
was placed at least 10 μm away from the edge, and successive in
dentations were made every 50 μm until the end was reached. The 
hardness (HIT) and reduced elastic modulus (Er) were analyzed from the 
unloading curve by using the Oliver–Pharr method employed in bio
logical studies [7,8,15,25,26]. The Young’s modulus (ES) of the sample 
was described by 

ES =
1 − νS

2

(1/Er) − (1 − νI
2)/EI

, (1) 

where νs and νI are Poisson’s ratios of the sample and indenter tip, 
respectively. In the nanoindentation tests, EI = 1140 GPa and νI = 0.07 

Fig. 1. (a) The mud crab with a body weight (BW) of 2038 g and the left claw used as sample C, (b) procedure for preparing tensile test pieces from the claw (sample 
C), (c) dumbbell specimens, (d) measurement system of the tensile test used, and (e) sample of nanoindentation test and fracture surfaces after tensile testing. The 
table represents the relationship between test conditions and number of pieces for each sample.
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were used for the diamond tip, and νs = 0.30 for sample [27]. The 
contour maps of HIT and ES were created using SigmaPlot 14.5 
(HULINKS Inc., Tokyo, Japan). After NI testing, to verify the distribution 
of mineralization in the sample, energy-dispersive X-ray spectroscopy 
(EDS) attached to a focused ion beam –a scanning electron microscope 
dual-beam instrument (Scios 2, Thermo Fisher Scientific, Waltham, 
Massachusetts, USA) was used at an accelerating voltage of 15 kV. 
Before analysis, the sample was coated with about 2 nm of osmium (Neo 
Osmium Coater, Meiwafosis Co., Ltd., Tokyo, Japan) [7,19,21,24,26].

3. Results and discussion

Fig. 2 show the σ‒ε curves for all samples. The σ‒ε curves for 6 
specimens (BL3, CL3, CL4, CL6, BT7, BT7′) of 14 specimens in the wet 
condition were a non-linear, while all specimens in the dry condition 
broke in a linear relationship. Table 1 summarizes the mechanical 
properties (Young’s modulus, E; fracture stress, σf; strain to fracture, εf) 
of 26 tests of samples taken from three claws. There was no clear dif
ference in the specimen positions in claws and direction (longitudinal 
(CL, BL) and transverse (BT)), but there was a difference in the specimen 
conditions. The wet specimen σf ranges from 22.7 to 50.5 MPa, and the 
average σf—including their standard deviation—is 35.0 ± 9.37 MPa at 
an average εf of 0.28 ± 0.08%. The dry specimens have 12.3 ≤ σf ≤ 38.1 
MPa and break at σf = 28.9 ± 7.62 MPa at an average εf of 0.22 ±
0.06%. Therefore, the average σf and εf for the wet condition were 
higher than those for the dry condition. This is consistent with the 
previous results reported in tensile testing of the mud crab [13], the 
American lobster, Homarus americanus [12], and the sheep crab, Loxo
rhynchus grandis [10]. On the other hand, the E, for the wet specimens 
ranged from 10.2 to 17.4 GPa, with an average value of E = 13.2 ± 1.71 
GPa, whereas it was 11.8 ≤ E ≤ 16.2 GPa and E = 13.3 ± 1.17 GPa for 

the dry specimens. That is, the E did not depend on the specimen con
dition. In tensile and bend tests of the endocuticle and the exocuticle of 
crustaceans reported so far, the E was larger under the dry condition 
than under the wet condition [10–14]. In general, the E depends on the 
major components of the material and the texture of the microstructure. 
That is, the E should be different from the mechanical properties of pcts 
and chitin–protein bundles that change with the presence of water, such 
as σf and εf. Rather, this result—that the E of organisms does not depend 
on the specimen condition—is reasonable. In past studies [10–13], 
strain gauges were not used in tension testing, so the E is one order of 
magnitude smaller than that in the present results, despite using the 
exoskeleton of the same crustacean, and their strains to fracture are also 
much larger than the present εf.

Fig. 3 shows four specimens after tensile tests and fracture surfaces. 
Striation patterns originating from the TPS consisting of the endocuticle 
[12,20,23,24] were observed on all fracture surfaces. In the wet con
dition, the trace of pct//x (red arrows) observed on the fracture surfaces 
of BL7 was not observed on the fracture surface of CL6, which showed 
nonlinear behavior in the σ‒ε curves (Fig. 2(e)). Such a trace of pct//x 
was observed in BL9 for the dry specimen fractured at low stress, but not 
in the BT9 dry specimen. In the previous paper on mud crabs [24], we 
reported that there was a large tube that bundled many pcts that 
penetrated the exoskeleton, and that this tube was thick (62–66 μm) 
near the inner side and narrowed (12–22 μm) toward the outer surface. 
Longitudinal streaks observed on the BL9 fracture surface correspond to 
these large tubes. In the 24 tensile tests conducted in the present study, 
GL fracture occurred in 10 specimens, and outside GL fracture occurred 
in 14 specimens. This is due to the presence of pct//x and the distri
bution of mineralization in the endocuticle sample rather than the ac
curacy of test specimen preparation. Natural defects, such as a thick tube 
penetrating the exoskeleton, are large enough to affect the fracture 

Fig. 2. Nominal stress – nominal strain curves of wet and dry conditions for samples A, B, and C: (a) sample A(wet); (b) sample A(dry); (c) sample B(wet); (d) sample 
B(dry); (e) sample C(wet); and (f) sample C(dry).
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stress, strain to fracture, and fracture position.
Fig. 4 shows contour maps of HIT and ES obtained from NI testing of 

the BT9 dray specimen and EDS maps. Representative indentation re
sponses were shown in Fig. S3 of the supplementary material. In addi
tion, for comparison, the σ‒ε curve of this specimen is shown in Fig. S4
in the supplementary material. The number of indentations was 920 
points on the cross-sectional plane. The distribution of properties was 
visible (Fig. 4(b and c)), and the regions of high properties corresponded 
to the streaks with different contrasts seen in the thickness direction on 
the cross section (Fig. 4(a)). This is associated with local differences in 
the grade of mineralization in the crab endocuticle material, as shown in 

Fig. 4(d). For the BT9, the average HIT and ES—including their standard 
deviation—were 0.28 ± 0.16 (GPa) and 11.11 ± 3.56 (GPa), respec
tively. The average ES was in close agreement with E = 12.6 GPa, as 
evaluated from the σ–ε curves shown in Fig. 2(f) and S4.

4. Conclusion

In summary, in the endocuticle sample of the mud crab, the fracture 
stress and the strain to fracture in the wet condition were higher than 
those for the dry condition. The σ‒ε curves of 6 specimens in the wet 
condition showed nonlinear behavior. However, there were variations 

Table 1 
Specimen conditions (wet/dry) and results of tensile testing. Here, t and w are thickness and width in gauge length of the dumbbell specimens measured before test, 
respectively. The Young’s modulus, E, was evaluated from the slope of the linear part of the stress-strain curve.

Mud crabs
Specimen positions 
in claws

No. Gauge length (GL) specimen 
conditions

Young’s 
modulus 
E (GPa)

Fracture 
stress 
σf (MPa)

Strain to 
fracture 
εf (%)

Fracture 
position

Thickness in GL t 
(mm)

Width in GL w 
(mm)

Sample A 
(BW:2138 g, right 
claw)

Under the fixed 
finger

CL1 1.94 2.67 wet 17.4 22.7 0.137 within 
GL

Under the fixed 
finger

CL2 1.33 1.97 wet 13.7 46.7 0.340 outside 
of GL

Palm BL1 1.32 2.00 24 h dry 13.5 12.3 0.093 outside 
of GL

Palm BL2 1.35 2.00 wet – – – ’afailure
Palm BL3 1.54 2.00 wet 12.1 30.0 0.278 outside 

of GL
Palm BT1 1.29 1.85 24 h dry 11.8 20.2 0.169 within 

GL
Palm BT2 1.22 2.00 wet 10.2 26.6 0.276 outside 

of GL
Palm BT3 1.44 1.85 wet 12.0 25.3 0.218 outside 

of GL
Sample B 

(BW:2138 g, left 
claw)

Palm CL3 1.16 1.94 wet 11.0 25.5 0.244 within 
GL

Palm CL4 1.23 1.90 wet 12.7 50.3 0.433 outside 
of GL

Palm BL4 1.16 1.92 wet 12.7 34.8 0.276 outside 
of GL

Palm BL5 1.42 2.00 24 h dry 12.8 29.9 0.235 within 
GL

Palm BL6 – – 24 h dry – – – ’*failure
Palm BT4 1.43 1.92 wet 13.6 34.6 0.255 outside 

of GL
Palm BT5 1.09 1.90 24 h dry 13.1 35.0 0.270 outside 

of GL
Palm BT6 1.13 1.90 24 h dry 12.8 34.9 0.275 outside 

of GL

Sample C 
(BW:2038 g, left 
claw)

Under the fixed 
finger

CL5 1.18 1.98 wet 14.5 37.4 0.264 within 
GL

Under the fixed 
finger

CL6 1.18 2.13 wet 12.6 45.7 0.438 within 
GL

Under the fixed 
finger

CL7 1.14 1.96 24 h dry 16.2 31.3 0.200 within 
GL

Palm BL7 1.16 1.99 wet 14.1 27.1 0.195 outside 
of GL

Palm BL8 1.12 1.93 24 h dry 13.9 24.3 0.176 outside 
of GL

Palm BL9 1.13 1.95 24 h dry 12.2 27.2 0.214 outside 
of GL

Palm BT7 1.19 2.05 wet 13.0 32.8 0.261 within 
GL

Palm BT7′ 1.08 1.97 wet 15.0 50.5 0.360 within 
GL

Palm BT8 1.11 1.95 24 h dry 14.0 38.1 0.268 outside 
of GL

Palm BT9 1.13 1.94 24 h dry 12.6 35.3 0.280 within 
GL

wet 13.2 ± 1.71 35.0 ± 9.4 0.28 ± 0.08
dry 13.3 ± 1.17 28.9 ± 7.6 0.22 ± 0.06

Mud crab shell [13] wet 0.48 ± 0.075 30.1 ± 5.0 6.2
dry 0.64 ± 0.089 23.0 ± 3.8 3.9

Sheep crab leg [10] wet 0.52 ± 0.075 31.5 ± 5.4 6.4 ± 1.0 ​ ​
dry 0.76 ± 0.083 12.9 ± 1.7 1.8 ± 0.3 ​ ​

a failure indicates a specimen broken during installation.
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in these mechanical properties regardless of whether the specimen 
condition was dry or wet. This is associated with local differences in the 
grade of mineralization and the relatively thick pore canal tube pene
trating the exoskeleton. The Young’s modulus was independent of wet or 
dry specimen conditions. The average Young’s modulus obtained from 

NI testing performed under the dry condition agreed with the Young’s 
modulus obtained from the σ‒ε curve. Since the exoskeletons have local 
differences in the grade of mineralization, NI testing in extensive regions 
of the target layer is required to determine exact Young’s modulus of its 
layer.

Fig. 3. (a) Appearance of specimens after tensile testing and (b) fracture surfaces.

Fig. 4. (a) BT9 dry specimen after tensile testing, polishing surface before nanoindentation testing, and contour maps of (b) hardness, HIT, and (c) Young’s modulus, 
ES, obtained from nanoindentation testing. Here, the NI test cross section is the position away from the fracture site after tensile testing. (d) EDS maps showing the 
distribution of calcium (Ca), phosphorus (P), and magnesium (Mg).
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