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A B S T R A C T

Few studies have simultaneously examined shell size and changes in the surface and interior of the exoskeleton 
across a wide range of body weights in mud crabs. This study first analyzed the relationship between the sex, 
weight, and shell size of 131 mud crabs caught in Okinawa, and compared the findings with data from seven 
regions. Next, using laser microscopy and nanoindentation, the study examined how surface morphology, in
ternal structure, exoskeleton thickness, hardness, and Young’s modulus change with body weight (BW) in 18 
male crabs, weighing 249 g to 1920 g. The growth coefficients of mud crabs in Okinawa were 3.52 for males and 
2.91 for females, and these values were the largest among those reported so far in various countries. The 
exoskeleton surface in mud crabs consisted of a bimodal bulge structure with a large bulge 264.5 μm in diameter 
and a small bulge 100 μm in diameter. Such surface morphology and thickness of the hard exocuticle of 150 μm 
were independent of BW. On the other hand, the endocuticle thickness increased with BW. Even if the 
exoskeleton feels hard, the endocuticle may be thin because it is not fully developed by the effect of molting.

1. Introduction

The emergence of new material-processing technologies, such as 3D 
printing, has enabled the fabrication of materials with complex hierar
chical structure as found in living organisms [1–4]. Consequently, un
derstanding the complex biological structures is becoming more 
important, and research is underway to elucidate the microstructure, 
morphology, and characteristics of various organisms, with the goal of 
enhancing the properties and functions of materials [3–8].

The exoskeleton of arthropods has a robust internal tissue structure 
based on a twisted plywood–pattern structure (TPS) [9] to protect the 
body from enemy attack and desiccation. The TPS, usually referred to as 
the Bouligand structure, is formed by a regular stacking of bundles of 
chitin fiber wrapped with protein [9–13]. The stacking height (Sh) of this 
pattern, exoskeleton thickness, and mechanical properties varies 
depending on the organism and body part [14–26]. The mud crab, Scylla 
serrata, classified as a crab of the genus Scylla in the family Portunidae, is 
a large crab found in the tropical and subtropical regions of the Indo- 
Pacific [27–32]. It is also an important edible species [33]. One of the 
characteristics of the mud crab is its robust exoskeleton and huge claws 
[13,24,32,34,35], as shown in Fig. S1 of the Supporting Materials. The 

carapace is disc-shaped, with six sharp saw-like teeth on the front and 
nine on each side of the carapace from the eye (Fig. S1(a)). The surface 
of the exoskeleton is a mottled deep blue to brown, clean and shiny. The 
shape of the abdomen is a thin triangular apron for males (Fig. S1(b)), 
while that of females is wider [30], as shown in Fig. S2 of the Supporting 
Materials. On the pinching side of the claws, there is a row of white 
tooth-like denticles, which are larger at the base of the claw finger and 
get smaller towards the tip (Fig. S1(a,c)) [24,32,34]. A previous study 
[36] has shown that the mud crab’s mottled, deep-blue exoskeleton 
surface has fine bulges, as shown in Fig. S1(d). Such a bulge in the 
exoskeleton surface of the crab has also been observed in the exoskel
eton surface of the brown crab [11], the snapping shrimp [22], the 
Atlantic blue crab [21], and the Mediterranean green crab [21]. The 
apex of the bulge is connected to a tube that bundles many pore canals 
that penetrate the exoskeleton. Most of the inside of the exoskeleton is 
occupied by the endocuticle with a TPS, and the exocuticle with a fish 
scale-like structure exists directly below the surface between the bulges.

In material research, the biggest problem when using living organ
isms is the quality and quantity of the specimen. Characterization of the 
microstructure and the mechanical property is often based on only one 
specimen. In some literature, the weight, size, and sex of the specimen 
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are not specified. However, if the tissue structure, elemental composi
tion, and hardness of the exoskeleton depend on the body size, sex, and 
individual sample (related to molting), such information is necessary for 
the outcome of the study. This oversight is likely due to lack of collab
oration with biological experts. In order for the results to be universal, 
multiple biological specimens must be used. However, even if multiple 
biological specimens are collected, it is difficult to obtain specimens of 
the same weight and size. In addition, crustaceans molt. After molting, 
the exoskeleton is obviously soft, as it is called a soft shell, and the tissue 
and properties of the exoskeleton change with time after molting [37]. 
However, it is very difficult for material researchers to accurately 
determine the molting stage of wild crustaceans. Therefore, it is neces
sary to have biological experts determine the molting stage and then 
analyze and compare crab exoskeletons of various sizes using a materials 
science approach. Few studies have simultaneously examined shell size 
and changes in the surface and interior of the exoskeleton across a wide 
range of body weights in mud crabs.

In this study, we first systematically investigated the relationship 
between sex, weight, and shell size of the mud crab, which lives in 
Okinawa, weighs 199 to 2200 g, and has exoskeleton that has suffi
ciently hardened after molting. The results were compared with those 
obtained in other habitats (Indonesia, Bangladesh, Mozambique, India, 
and the northern Persian Gulf). We then used a laser microscope and 
nanoindentation to clarify the changes in shell surface morphology, 
internal structure, exoskeleton thickness, hardness, and Young’s 
modulus against body weight (BW) in 18 male crabs, including the ef
fects of molting.

2. Materials and methods

All 131 mud crabs were collected from the Okinawa Islands of Japan. 
When the sample is a wild mud crab, the exoskeleton has become suf
ficiently hard can be estimated based on the color of the carapace (from 
whitish to deep blue). According to the Fisheries fact sheet [33], the mud 
crab reaches sexual maturity at 18 to 24 months and matures with a 
carapace width (CW) of approximately 110 mm. It is said that the width 
of a mud crab’s carapace reaches 100 mm in about a year. In another 
paper [31], crabs with CW over 100 mm were described as adult crabs. 
The growth of crabs is influenced by their habitat and staple food [30], 
but the mud crabs of CW ≥ 100 mm can be considered adults. For 
example, since the crab shown in Fig. S1 is 169.6 mm in CW and 1442 g 

in BW, the crab sample is an adult crab estimated to be over 1.5 years 
old.

As illustrated in Fig. 1, this study proceeded in four steps. As step 1, 
the BW and carapace size (CW and a carapace length, CL) of all crabs 
were measured live. The size was precisely recorded using a digital 
caliper. In addition, male and female were judged based on the shape of 
the abdomen, as shown in Fig. S2. Only 18 male crabs of different 
weights (that we were able to obtain) were frozen and transported to 
Tsukuba for step 2. Before freezing the crabs, general anesthesia was 
applied by dipping the crab into cold ice water (approximately 0–4 ◦C) 
to minimize its suffering. The 18 test pieces were cut from the carapace 
using a microgrinder (Minimo ONE SERIES ver.3, MINITOR Co., LTD., 
Tokyo). At that time, the test pieces were extracted from a location that 
avoided the H-shaped depression in the center of the carapace seen in 
Fig. S1(a). As step 2, the diameters of the bulges on the exoskeleton 
surface were quantitaively measured using a 3D laser scanning micro
scope (VK-X200/210, Keyence Corporation, Osaka, Japan). Interest
ingly, the exoskeleton surface had a bimodal bulge structure with large 
and small bulges. In the images of each site, the diameters of 10 large 
bulges and 10 small bulges were measured and they were recorded as 
(average values ± standard deviation). Subsequently, all pieces were cut 
in half with a microgrinder. After drying the samples for more than 48 h, 
the 30 mm diameter mounting cup in which the samples were set was 
filled with epoxy (HERZOG Epo, Herzog Japan Co., LTD., Tokyo, Japan) 
and left to cure at 23 ◦C for 12 h. After that, each sample was ground 
with Grit400/600 grade SiC papers, polished with a 9, 3, and 1 μm 
diamond suspension, and finally polished with a 0.02 μm colloidal silica 
suspension. After polishing, cross-sectional images of the samples were 
taken with an OM to measure the exoskeleton thickness (step 3). In the 
images of each sample, the thicknesses of exocuticle and endocuticle 
layers at 10 locations were measured and summarized as (average 
values ± standard deviation). Finally, nanoindentation tests were con
ducted to obtain hardness and elastic modulus (step 4). The testing was 
conducted at 23 ◦C using a dynamic ultra-micro hardness tester, DUH- 
211S (SHIMADZU, Kyoto, Japan) with a Berkovich diamond indenter. 
The loading curve consisted of a loading rate of 1.4632 mN/s, holding 
for 5 s at the maximum load of 5 mN, and then a 5 s unloading time. 
Since the apex of the surface bulge is connected to a thick bundle that 
penetrates the exoskeleton, these areas were avoided as measurement 
sites. That is, tests were done from the exocuticle in the valley part of the 
surface through the endocuticle. The tests were performed on two 

Fig. 1. Outline of this study.
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parallel lines 100 μm apart for each sample and at an interval of 25 or 50 
μm from an outer surface to an inner surface. The hardness (HIT) and 
reduced elastic modulus (Er) were analyzed by the Oliver–Pharr method 
employed in biological studies.

3. Results

3.1. Carapace size and body weight

Fig. 2 shows the relationship between CL and CW and CW and BW for 
males (79 crabs) and females (52 crabs). Three large mud crabs (2038 g, 
2138 g, and 2200 g) in the 2 kg class were caught in Okinawa—all 
males—and the maximum shell size was 210 mm CW and 145 mm CL 
[35]. The CW–CL relationship shown in Fig. 2(a) is shown as CW = 1.49 
× CL (R2 = 0.987) for males and CW = 1.48 × CL (R2 = 0.958) for fe
males. In other words, the slope, c, is almost the same and there is no 
difference in carapace size between the sexes. This result is consistent 

with that of 165 mud crabs examined in the Persian Gulf (c = 1.45 for 
males and c = 1.46 for females) [28]. The CW–BW relationship is esti
mated as BW = a CW b, where a is the condition factor, and the exponent 
b is the growth coefficient [28,30]. The BW–CW relationship seen in 
Fig. 2(b) shows that males are heavier than females, even with the same 
carapace size.

3.2. Morphology of the exoskeleton surface

Fig. 3 shows the result of surface analysis of the carapace exoskeleton 
for a 410 g mud crab. The exoskeleton surface consists of large bulge, 
small bulge, and pore with setae, as shown in Fig. 3(a,b,d,e). The 3D 
maps shown in Fig. 3(c,f) clearly show that there is unevenness on the 
exoskeleton surface. From the merged images in Fig. 3(b,e) and obser
vation results, the proportion of large bulges was higher than that of 
small bulges. The diameters of the large and small bulges were 269.6 ±
11.0 μm and 95.1 ± 14.9 μm for the upper site, and they were 251.3 ±

Fig. 2. Relationship between (a) carapace length (CL) and carapace width (CW) and (b) CW and body weight (BW) for 79 male mud crabs and 52 female mud crabs.

Fig. 3. The surface morphology of the (a–c) upper site and (d–f) lower site of the carapace of a 410 g mud crab. (a,d) Laser scanning microscope image, (b,e) merged 
scanning microscope image, and (c,f) 3D color map showing bulges.
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7.1 μm and 110.7 ± 11.4 μm for the lower site, respectively (see Fig. S3
of the Supporting Materials for details). Some black areas seen in Fig. 3
(b,e) are the pores with setae, which are displayed as large concave areas 
(blue to green) on the 3D maps in Fig. 3(c,f). Fig. 4 shows the results for a 
985 g mud crab, which has more than twice the body weight of the crab 
shown in Fig. 3. The exoskeleton surface is a bimodal bulge structure, 
with the diameters of the large and small bulges being 254.7 ± 12.2 μm 
and 124.9 ± 13.5 μm for the upper site, respectively (Fig. S4 of the 
Supporting Materials). The setae were more clearly visible (Fig. 4(a,b,d, 
g,h)), and ultrafine pores and tubes corresponding to pore canals can be 

observed on the exoskeleton surface (Fig. 4(d–g)). A comparison of the 
exoskeleton surfaces of mud crabs weighing from 249 g to 1790 g is 
shown in Figs. S5 and S6 of the Supporting Materials, including quan
titative analyses of the diameters of the large and small bulges. Since the 
samples are wild crabs and they were frozen, transported, thawed, and 
dried, individual differences in surface texture were seen. For example, 
an 820 g crab has relatively small scratches (Fig. S5(e)), while a 1790 g 
crab has large, deep scratches (Fig. S5(k)). Ultrafine pores (black) cor
responding to pore canals are clearly observed on the surface of the 
bulges of 249 g, 680 g, 1170 g, 1292 g, and 1790 g crabs, but not on the 

Fig. 4. The surface morphology of the upper site on the carapace of a 985 g mud crab. (a) Laser scanning microscope image, (b) enlarged view of (a), and (c) its 3D 
color map. (d) Enlarged view of (a), enlarged views of (e) small bulge and (f) large bulge in (d), (g) enlarged view of pore with setae in (d), and (h) its 3D color map.

Fig. 5. Relationship between body weight (BW) and bulge diameter (Bd) in mud crabs. Here, error bars represent standard deviations.
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surfaces of the 410 g (Fig. 3(a,d)) and 820 g crabs.
Fig. 5 shows the relationship between BW and bulge diameters. The 

diameter of the larger bulge, Bd(L), was 227–302 μm (average 264.5 μm), 
and that of the smaller bulge, Bd(S), was 61–139 μm (average 100.0 μm), 
indicating that these diameters remain constant as BW increases.

3.3. Exoskeleton thickness

Fig. 6 shows the optical micrographs near the surface in the 
exoskeleton cross section of 1270 g and 1920 g crabs. For the 1270 g 
crab, a 3D color map near the cross section of a clearly observed pore 
canal tube was also presented. As shown in Fig. 6 and Fig. S7 of the 
Supporting Materials, observed in detail by SEM, the hard exocuticle of 
the mud crab consists of a fish scale–like structure and exists directly 
below the surface between the bulges [36]. The endocuticle is adjacent 
to the exocuticle and consists of a TPS. The intermediate layer, which is 
the boundary between two layers, can be seen clearly by cracking due to 
drying during SEM observation for several hours under vacuum (Fig. S7) 
and can be identified simply on the polished surface by an OM (Fig. 6(a, 
c)). Fig. S8(a,b) of the Supporting Materials shows OMs of the x–y cross 
section of 410 g and 1790 g mud crabs, the thickness measurement data 

at 10 locations, and the thickness results of each layer. For comparison, 
the results of two crabs (985 g and 1694 g), which had extremely thin 
exoskeletons, are also shown in Fig. S8(c,d). The exocuticle thickness 
(Texo) was 142.8 ± 4.5 μm for the 410 g crab and 134.9 ± 10.2 μm for 
the 1790 g crab. The endocuticle thickness (Tendo) was 739.3 ± 15.0 μm 
for the 410 g crab and 1282.4 ± 10.6 μm for the 1790 g crab. That is, the 
Texo is almost the same, but the Tendo was significantly different. In 
Figs. S8(c,d), the Texo was 109.9 ± 3.4 μm for the 985 g crab and 167.4 
± 8.6 μm for the 1694 g crab; considering the previous two crabs, only 
the exocuticle of the 985 g crab seems to be slightly thinner. The Tendo 
was 521.3 ± 6.3 μm for the 985 g crab and 655.4 ± 5.1 μm for the 1694 
g crab, and the Tendo differs with BW.

Fig. 7 shows variations of Texo, Tendo, and exoskeleton thickness (TC) 
against BW, where TC = Texo + Tendo. Although only the 985 g crab was 
low at Texo ≈ 110 μm, the exocuticle layers in the other crabs were 
constant at Texo ≈ 150 μm regardless of BW. On the other hand, the 
thickness of the endocuticle layer varied considerably with BW. The 
Tendo was approximately 750 μm when BW was 600 g or less and then 
increased with BW. When the BW exceeds 1000 g, the Tendo becomes 
1200 μm, but there is large variability. In all data, the Tendo of the 985 g 
and 1694 g crabs was clearly lower than that of the other crabs.

3.4. Mechanical properties

Fig. 8(a,b) shows the distribution of the HIT and Er at distance x from 
the outer surface for the 410 g and 1790 g crabs. For comparison, the 
results of two crabs (985 g and 1694 g) that had thin endocuticles are 
shown in Fig. 8(c,d). The results for all specimens are shown in Fig. S9 of 
the Supporting Materials. In Fig. 8 (a,b), the HIT and Er decrease from the 
outer surface to the inside, showing a minimum value in the interme
diate layer, and then becoming almost constant when x exceeds 200 μm. 
Since the region from the outer surface, which corresponds to the exo
cuticle, to 150 μm deep from Fig. 7, is a fish scale–like structure con
sisting of dense (hard) and coarse (soft) areas [36], the variation in 
mechanical properties in this region is large. In addition, the properties 
drop sharply from the surface to the intermediate layer. Although there 
is some variability in the endocuticle of a TPS, the values are relatively 
constant at HIT = 0.25–0.45 GPa and Er = 10–15 GPa. The properties of 
the two crabs with thin endocuticles shown in Fig. 8(c,d) also show 
similar results. However, the properties near the outer surface of the 
exocuticle are obviously lower than those shown in Fig. 8(a,b), while the 

Fig. 6. (a) Optical micrograph (OM) near the outer surface in the x-y cross section of a 1270 g mud crab and (b) 3D color near the pore canal tube, and (c) OM of a 
1920 g mud crab. In (a) and (c), the white arrows denote the traces of pore canal tubes observed on the polished surface.

Fig. 7. Variations of exocuticle thickness (Texo), endocuticle thickness (Tendo), 
and exoskeleton thickness (TC) with BW in mud crabs. Here, error bars repre
sent standard deviations.
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properties of the endocuticle appear to be slightly lower. In particular, 
the properties of the 985 g crab are low. In all crab data shown in Fig. S9, 
the mechanical properties showed a trend similar to the results shown in 
Fig. 8. Fig. 9 shows the variations of the HIT(endo) and Er(endo) with BW in 
the endocuticle layer. Here, the HIT(endo) and Er(endo) denote the average 
values of the HIT and Er, including their standard deviation in the region 
over x  = 225 μm. It can be seen that the HIT(endo) and Er(endo) are inde
pendent of BW, HIT(endo) ≈ 0.3 GPa and Er(endo) ≈ 12.0 GPa.

4. Discussion

4.1. Growth

As seen in Fig. 2, males and females have similar shell sizes, but their 
growth rates differed. One reason for this is that, as in other brachyuran 
crab species [38], the claws of adult male mud crabs are larger than 
those of the same-sized female [27]. As can be seen from Fig. S2, 
although they do not have exactly the same BW, the claws of the males 
are larger and thicker than those of the females. The growth coefficients 
(the b-values) of mud crabs collected in Okinawa, Japan, were 3.52 for 
males and 2.91 for females, as shown in Fig. 2(b). These values are the 
largest among those collected, investigated, and reported so far in 

Fig. 8. Distributions of (a) hardness (HIT) and (b) elastic modulus (Er) with distance from the outer surface, x, on Line L1 and L2 in the carapace cross sections of 410 
g and 1790 g crabs. The results of (c) HIT and (d) Er for 985 and 1694 g crabs with thin exoskeletons. Here, HIT(epo) and Er(epo) denote the hardness and elastic modulus, 
respectively, of the cold epoxy resin used as the embedded resin.

Fig. 9. Relationship between (a) HIT(endo) and BW and (b) Er (endo) and BW for the endocuticle layer (over x = 225 μm) in mud crab carapaces.
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various countries. Table 1 summarizes the results of the b-values 
investigated at various locations. The difference in the b-values with 
respect to the length–weight relationships in mud crab might be due to 
changes in aquatic physiology, the amount and quality of food available 
in the environmental conditions, the time of sampling, and also in 
relation to the area under investigation [28]. Even for crabs living in the 
same place, the b-value is likely to change due to changes in the natural 
environment. The growth of crabs varies greatly depending on the 
habitat (water, food, etc.), and the current habitat of the Okinawa 
Islands is considered to be favorable for mud crab growth.

4.2. Surface morphology

As shown in Fig. 5, the exoskeleton surface consisted of a bimodal 
bulge structure with a large bulge 264.5 μm in diameter and a small 
bulge 100 μm in diameter. The diameter of these bulges remained 
constant as BW increased. This means that the bulge size on the 
exoskeleton surface is independent of body size. Usually, the scales that 
cover a fish’s surface grow larger as its body grows [43,44]. For 
example, in goldfish, Carassius auratus, it is known that there is a linear 
relationship between the length of the scale radius and body length [43]. 
Based on the proportional relationship between fish length and the 
radius of the scales, it has been shown that the growth history, age, and 
body length of an individual fish can be estimated from the scale annuli 
[44–49]. On the other hand, in cartilaginous fishes such as sharks and 
rays, since new scales, known as “placoid scales”, are added to the skin 
to adapt to the increased size of the body, the size of scales does not 
increase with the growth. In other words, the size of the scales and the 
density of the scales on the body surface remain constant regardless of 
body size. That is, the presence of the bulge on the exoskeleton surface of 
the mud crab is the same as that of the placoid scales. The fine bulges 
seen only on the mottled, deep-blue surface of the mud crab’s exoskel
eton allow it to mechanically disperse force, functionally disperse light, 
and achieve low adhesion [36]. For mud crabs, the fine bulges on the 
surface and the presence of the many pore canal tubes that penetrate 

those bulge peaks are important for maintaining a clean and strong 
carapace. A bimodal bulge structure with two diameters may be bio
logically, mechanically, and functionally superior to a uniform bulge 
structure. The two diameters (260.5 μm and 100.0 μm) may be the most 
suitable sizes for the carapace of adult mud crabs. Interestingly, these 
bimodal bulges were not seen on the tips of the sharp protrusions on the 
front and both sides of the disc-shaped carapace (see Fig. S10 of the 
Supporting Materials). The bulges disappeared as they approached the 
tip of the sharp protrusion, leaving only ultrafine pores and pores with 
setae. For mud crabs, the sharp protrusions of the carapace edge are a 
specialized defensive function to protect the body from attacks by 
predators, and the bimodal bulge structure is not necessary in this area.

4.3. Selecting crab samples

Crustaceans grow by molting, so care must be taken when using 
exoskeletons as research specimens. It is necessary to simultaneously 
examine not only changes in shell size, which can be observed visually, 
but also changes in the surface and interior of the hard exoskeleton. It is 
well known that the exoskeleton of crustaceans such as crabs and shrimp 
become larger, harder, and thicker through biomineralization over time 
after molting [50–52]. However, because it is necessary to kill the or
ganism in order to accurately measure the thickness of each layer in the 
exoskeleton, it is not possible to quantitatively examine the relationship 
between the time after molting and their thicknesses for one crab. In 
fact, the results of the exoskeleton thickness shown in Fig. 7 and of the 
mechanical properties shown in Fig. 8 suggested that the two samples 
(985 g and 1694 g) did not have a fully formed exoskeleton after 
molting. Since recently molted crabs contain mostly liquid or a jelly 
mass with little edible flesh, the method of evaluating hard-shelled crabs 
is very important for determining the quality of edible crabs. Hence, in 
addition to carapace color and hardening, there are also methods for 
evaluating the hardening state of crabs from the sternum of the thoracic 
appendages [53–55]. These methods can be used as a reference when 
collecting crab samples.

In Fig. 7, the inner cuticle thickens with growth at BW = 600–1000 g. 
In Okinawa, the crab molts frequently (once every few months) to grow 
its body until it reaches BW 750 g or less. However, when it exceeds 1 kg, 
it molts once a year. Okinawa crabs hardly molt during the four months 
of winter, from November to February. During this period, males are 
thin and mate. Female crabs migrate to the sea to spawn from March to 
June. Zoea drift in the sea, and crabs that settle in brackish waters 
(megaloba: May to June) molt repeatedly and become juvenile crabs 
with CW = 40 mm (June to July). After that, they grow larger by molting 
repeatedly, and they become adult crabs. The area where the endocu
ticle thickens with BW, as shown in Fig. 7, is thought to be strongly 
related to the molting cycle.

In Fig. 5 and7, the size of the surface bulge and the Texo of the 985 g 
and 1694 g crabs with thin endocuticles were not significantly different 
from those of the other crabs. This means that, when the crabs molted, 
the hard exocuticle forms faster than the soft endocuticle and soon 
achieves a surface morphology and a steady-state thickness of 150 μm. 
However, it should be noted that, even if the exocuticle layer is at a 
steady-state thickness, its mechanical properties are still low because 
mineralization is not sufficient (Fig. 8). On the other hand, as shown in 
Fig. 9, unlike the exocuticle, the mechanical properties of the endocu
ticle were almost the same as those of other crabs. This means that the 
endocuticle layer adjacent to the cells is thickened by the supply of fully 
mineralized TPS from the inner surface. In other words, in the 
exoskeleton after molting, the surface morphology and exocuticle 
thickness essential for survival are formed first, and then the endocuticle 
is formed. The endocuticle is thickened by laminating a twisted 
plywood-pattern layer that is created from the inside surface. While the 
endocuticle is forming to a thickness corresponding to the body size, the 
exocuticle is completely hardened by supplying necessary ions and nu
trients from inner cells through the pore canal tubules. Yano and 

Table 1 
Comparison of the growth coefficient of the mud crab in different locations.

Location Sex b-value Reference

Okinawa Island, Japan male 3.52 Present study
female 2.91

Northern Presian Gulf, Iran male 3.43 [28] H.Khaksari et al. 
(2023)female 2.97

Chilika Lagoon, India male 3.22 [29] A.Mohapatra et al. 
(2010)female 2.75

Bulungan District, Indonesia male 3.10 [30] B.Widigdo et al. 
(2017)female 2.40

Kabupaten Subang, Indonesia male 3.16–3.20 [39] A.A.Kumalah et al. 
(2017)female 2.26–2.52

Inhace Island, Mozambique male 3.02 [31] S.Toivio (2015)
female 2.43

Khulna region, Bangladesh male 3.06 [40] M.Y.Ali et al. 
(2004)female 1.89

Northwestern Gulf, Oman male 3.48 [41] R.Savari et al. 
(2013)female 2.52

Cochin Estuary, Southwest 
coast of India

male 3.27 [42] K.A.Aneesa et al. 
(2025)female 2.86
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Kobayashi [56] investigated the relationship between the number of 
lamellae in the endocuticle (NLa) and the carapace width (CW) of 100 
shore crabs, Gaetice depressus, in the intermolt stage, that live in Hok
kaido, Japan. The NLa and the total thickness of the endocuticle (Tendo) 
showed a positive correlation, and the NLa and Tendo increased with the 
growth of the carapace, irrespective of sex. In this relationship, when the 
CW was small (6–10 mm), the Tendo was almost constant (80 μm), and 
then as the CW increased, the NLa and Tendo increased, and the variation 
increased. This feature is consistent with the change of Tendo against BW 
shown in Fig. 7. The cuticle formation of the hard shell after molting can 
be summarized as shown in Fig. 10.

As a future issue, it will be necessary to study the relationship be
tween the surface morphology, internal structure, thickness of the exo
cuticle and endocuticle, and mechanical properties of the robust 
exoskeleton, including more in-depth modeling and numerical simula
tion [10,57–59]. In the case of the Bouligand structure parallel to the 
surface shown in Fig. 6, S7 and S8, even if a crack occurs on the surface 
or inside the exoskeleton, the crack is unlikely to propagate inward. In 
addition, the exoskeleton has a composite structure consisting of an 
exocuticle layer with a hardness gradient and a soft endocuticle layer. 
This type of tissue structure may provide hints for the development of 
high-performance materials that will never break. New 3D printing 
technology enables the production of complex hierarchical structures, 
replicating the functional and mechanical properties of organisms.

5. Conclusions

This study simultaneously examined shell size and surface 
morphology and internal changes in the exoskeleton over a wide range 
of adult mud crab body weights, including the effects of molting. The 
main results are as follows: 

(1) The growth coefficient of mud crabs collected in Okinawa, Japan, 
were 3.52 for males and 2.91 for females. These values were the 

largest of those reported so far in Iran, Indonesia, Mozambique, 
Bangladesh, Oman, and India.

(2) The carapace surface is composed of a bimodal bulge structure, 
with the diameters of the large and small bulges being 264.5 μm 
and 100.0 μm, respectively. These bulge sizes are independent of 
body weight (BW).

(3) The exocuticle thickness was constant at approximately 150 μm 
regardless of BW, whereas the endocuticle thickness was 
approximately 750 μm when BW < 600 g, increasing with BW in 
the range of 600 < BW < 1000 g, and reaching 1200 μm when BW 
> 1000 g.

(4) The hardness (0.3 GPa) and elastic modulus (12.0 GPa) in 
endocuticle layer are independent of BW.

(5) When using crab exoskeletons as research specimens, care must 
be taken because some specimens do not have a fully formed 
exoskeleton and their exocuticles are less hard and their endo
cuticles are thinner than those of normal crab specimens.
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