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The paper aims to elucidate the physico-chemical characteristics of the shell
of mangrove horseshoe crabs (Carcinoscorpius rotundicauda) and determine the
compilation matrix for the first time. The shell composition matrix of C. rotundicauda
has never been studied in detail before, especially the shape of the foam, the chemical
composition, the functional groups and the mechanical-physical and thermal properties
of the shell. Based on this study, the shell structure of the mangrove horseshoe crab
has the potential to be used as the base structure for developing bio-foam insulator
material in the future. Therefore, the shell of mangrove horseshoe crabs has a unique
natural structure in the form of foam. Its robust and elastic structure has the potential
for further development for new marine biomaterials. The formation and composition of
horseshoe crab shells foam are also believed to be multifunctional in mobility, used for
defense mechanisms and thermal stability. The horseshoe crab samples were collected
from Pacitan coastal waters, East Java, Indonesia. The research was conducted using
physico-chemical and mechanical-physical analysis. The scanning electron microscopy
was used in order to clarify the physico-chemical characteristics. The measurements
of the mechanical-physical characteristics included density, unit cell size, and water
absorption. The tensile strength and compressive strength were analyzed based on the
American Society for Testing Material. Thermal resistance was measured by thermal
gravimetric analysis. The results showed that the horseshoe crab shells have a unique
structure, where chitin, protein and some minerals are the main chemical elements. The
combination and major constituents of the horseshoe crab shell material provide strong
and plastic mechanical properties with a maximum tensile strength of 60.46 kPa and
maximum compressive strength of 110.55 kPa, water absorption of 0.01195 ± 0.001%
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and a density value of 0.1545 ± 0.011 g/cm3 as well as the capability to withstand
thermal loads with peak decomposition values of 267.4–823.2◦C and thermal stability
of 60.59%. Using natural marine biomaterials in the future will be beneficial because
it leaves no harmful residues and therefore has environmental advantages and at the
same time, it is also more cost-effective.

Keywords: chitin, mechanical properties, shell structure, thermal stability, Chelicerata

INTRODUCTION

In the book ”Biological Materials of Marine Origin: Vertebrates“
Ehrlich (2010) states that the sea is a material source with
great potential for humans in future life. A wide variety and
uniqueness characterize marine materials due to marine life
diversity; they are conveyed through composition, structure and
chemical elements. The engineering of materials originating from
the universe evolution for millions of years makes a variety of
materials extremely complicated and unique (Jabbari et al., 2014).
Additionally, Wegst and Ashby (2004) and Meyers et al. (2008)
showed that biological materials are multifunctional because
they combine biology, mechanics, and several other functions.
Biological materials can even be categorized as polymers,
inorganic materials, concentrates, adhesives, and composites
(Meyers et al., 2008). The development of marine biological
materials is rapidly growing due to the application potential in
various life and medical sciences.

Horseshoe crabs are an ancient marine species with attractive
functional shapes and behavior. They have descended from
Trilobites (Subphylum Trilobitomorpha), which have lived for
445 million years (Chen et al., 2010). Genetically, this species
is quite close to Pycnogonida (sea spiders) and Arachnida
(spiders, scorpions, harvestmen, mites, etc.) (Edgecombe and
Legg, 2014; Giribet, 2018). Kassim et al. (2018) reported that
horseshoe crabs (Carcinoscorpius rotundicauda) have a body-
forming and protective shell with a strong elastic structure. It
is formed by the evolutionary process of the hardened material
(Joffe et al., 1975).

Indonesia is known to harbor three species of horseshoe
crabs, i.e., Tachypleus gigas (Müller, 1785), Tachypleus tridentatus
(Leach, 1819) and C. rotundicauda (Latreille, 1802) (Mashar
et al., 2017; John et al., 2018a,b). Usually, C. rotundicauda,
known as the mangrove horseshoe crab, lives in muddy mangrove
ecosystems and warm-soft sandy estuaries. In Indonesia, the
mangrove horseshoe crabs can be easily found along North
Java coastal waters, such as in Indramayu, Subang, Semarang,
Demak, Rembang, Sumenep, Bangkalan, Probolinggo, Gresik,
and Lamongan. However, the horseshoe crab is experiencing
pressure and conservation problems, so it needs research as a
baseline for future management (Wang et al., 2020). Current
studies on horseshoe crabs in Indonesia cover their biological
aspects, such as taxonomy and morphology (Meilana et al., 2016;
Sumarmin et al., 2017; Erwyansyah et al., 2018; Aini et al.,
2020), reproductive biology (Eidman et al., 1997), feeding habits
(Nuraisah et al., 2020), and habitat distribution (Mashar et al.,
2017; Erwyansyah et al., 2018; John et al., 2018a,b) solely.

Inspired by nature (bio-inspiration), further materials from
horseshoe crabs can be developed in the future, such as different
biomaterials like, marine medicines, antioxidants, antifouling
and antibacterial materials, etc. (Ismail et al., 2011; Pati
et al., 2020). But for this further use, the physico-chemical
characteristic informations of the horseshoe crab shells becomes
important in the creation of environmentally friendly advanced
materials. Mechanical studies on the hard shell (solid cuticle)
characteristics of arthropods have been of engineers and biologist
interest for five decades (Jensen and Weis-Fogh, 1962; Hepburn
and Ball, 1973; Hepburn and Joffe, 1974a,b; Joffe and Hepburn,
1974; Gadgey and Bahekar, 2017). Nevertheless, the compilation
matrix of the shell of horseshoe crabs has never been studied
before. Additionally, studies are developing regarding horseshoe
crab blood benefits and use as a modern pharmaceutical
ingredient (Krisfalusi-Gannon et al., 2018).

Chen et al. (2008a) described that a shell of horseshoe crabs
consists of 50–60 nm chitin fibers arranged in parallel and layers
(nanofibers of chitosan layers). Characteristics of functional
groups in the shells of horseshoe crabs show that the shells
consist of hydroxyl groups, secondary amides, asymmetric C–H,
C–H alkanes, C=O secondary amides and C-aliphatic ether
(Kassim et al., 2018). Briefly, the arthropods exoskeleton consists
mainly of chitin and is multifunctional, such as supporting the
body, resisting mechanical loads, protecting harsh environmental
conditions and resistance to desiccation (Neville, 1975; Vincent,
1991, 2002; Vincent and Wegst, 2004; Sanchez et al., 2005; Meyers
et al., 2008). Therefore, this study aimed to elucidate the physico-
chemical characteristics of the shell of mangrove horseshoe crabs
(C. rotundicauda) for the first time. The new information on
the shells composition matrix of C. rotundicauda has never been
studied in detail before, especially the shape of the foam, the
chemical composition, the functional groups and the mechanical-
physical and thermal properties of these shells are a novelty in
this baseline study. Based on this study, the shell structure of
the mangrove horseshoe crab has the potential to be used as the
base structure for developing bio-foam insulator material in the
future, such as insulation materials in buildings, vehicle interiors
and as blocking materials to block the flow of heat energy.

MATERIALS AND METHODS

Research Location and Examined Crabs
Horseshoe crab samples were taken from local fishermen
at coastal waters of Pacitan, north part of East Java –
Indonesia, in April and June 2018. Laboratory work was
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carried out in January–July 2019 in three laboratories, namely
Laboratory of Preservation and Diversification of Aquatic
Products, Department of Aquatic Products Technology – Faculty
of Fisheries and Marine Sciences, IPB University, Center
for Research and Development of Postharvest Agriculture in
Cimanggu in Bogor, and Physics Research Center, Indonesian
Institute of Sciences in Serpong, Indonesia.

The morphometric measurement of 20 examined
crabs C. rotundicauda consisted of a length profile of
the main body parts, namely prosoma = 65 ± 0.41 mm,
ophistoma = 51.15± 1.06 mm, and telson = 135± 4.32 mm. The
frontal margins of the C. rotundicauda have a rounded shape with
a flat front view and a length of 113.80± 1.06 mm. The pedipalps
show an identical shape to the pedipalp size = 5.36 ± 0.21 mm
and 5.37± 0.21 mm. The telson (cross-section) was of triangular
shape with obtuse angles, a width of 4.57± 0.38 mm and a height
of 5.45 ± 0.19 mm. The genital operculum had a round shape
with a V pattern and at the posterior end were marginal spines
have a uniform shape between the left and right side and size
that is marginal right spines have a length of 7.37 ± 0.18 mm to
11.33 ± 0.19 mm and left 7.38 ± 0.20 mm to 11.32 ± 0.18 mm.
The total length of C. rotundicauda was 259 ± 4.12 mm.
The specimens used were males (10) and females (10). The
morphometric data can be seen on Table 1.

Characterization of the Shell
The research was conducted with physico-chemical and
mechanical-physical analysis. The preparation of 20 horseshoe
crabs consisted of two main activities; separating the
shell/exoskeleton part from the non-shell part and cleaning
the shell part from dirt. Cleaning the shell was done using
distilled water followed by soaking it into acetone (ratio 1:2)
for 24 h to remove impurities. The characterization of 20
horseshoe crab shells began with visualization of the shell and
the microstructure analysis of the shell cross-section, referring to
the identification technique of Chen et al. (2008a) using scanning
electron microscopy (SEM).

The composition of the constituents was identified based on
the chemical composition, included analysis of Energy Dispersive
X-ray (EDX; Tanasi et al., 2017), water content (AOAC, 2005;
item 934.01), protein content (AOAC, 2005; item 955.04),
fat content (AOAC, 2005; item 972.28), ash content (AOAC,
2005; item 938.08) and functional groups using FT-IR (Fourier
Transform-Infrared) spectrophotometer (ASTM, 2013).

The number of replications for SEM and FT-IR was two for
each method used. SEM analysis observed a visual appearance of
a cross-sectional incision of a horseshoe crab shell opisthosoma
with a structure forming a foam unit cell size of ±70 µm consist
of an intermediate layer and an interior core. FT-IR analysis
was conducted to determine the sample’s chemical structure
and the possibilities of interaction between components. Sample
preparation by method KBr pellets was a mixture of solid samples
with KBr powder (5–10% of the sample KBr powder). The
homogeneous mixture was formed by KBr pellets (pills KBr) with
the Mini Hand Press. Once formed, the Pill was ready for analysis.
The sample was 2.5× 2.5 cm2 mounted on the IR card. Spectrum
infrared waves were fired through the sample placed in between

TABLE 1 | Morphometric measurements of mangrove horseshoe crab
(Carcinoscorpius rotundicauda).

Number Morphometric characteristics (mm)

1 Total length 259 ± 4.12

2 Telson length 135.8 ± 4.32

3 Body length 103.8 ± 1.92

4 Prosoma length 65.11 ± 0.41

5 Median ridge length 31.78 ± 0.56

6 Occeli length 30.67 ± 0.84

7 Opthistoma length 51.15 ± 1.06

8 Ventral messel thickness 27.81 ± 0.64

9 Maximum prosoma thickness 113.80 ± 4.02

10 Compoud eyes distance 50.68 ± 0.66

11 Telson’s middle high 5.45 ± 0.19

12 Telson mid width 4.57 ± 0.38

13 Length marginal spine I (right side) 11.33 ± 0.19

14 Length marginal spine I (left side) 11.32 ± 0.18

15 Length marginal spine II (right side) 12.51 ± 0.87

16 Length marginal spine II (left side) 12.51 ± 0.86

17 Length marginal spine III (right side) 13.37 ± 0.24

18 Length marginal spine III (left side) 13.41 ± 0.24

19 Length marginal spine IV (right side) 9.92 ± 0.23

20 Length marginal spine IV (right side) 10.00 ± 0.22

21 Length marginal spine V (right side) 7.92 ± 0.22

22 Length marginal spine V (left side) 7.88 ± 0.22

23 Length marginal spine VI (right side) 7.37 ± 0.18

24 Length marginal spine VI (left side) 7.38 ± 0.20

25 Right side chelicerae claw diameter 2.48 ± 0.33

26 Left side chelicerae claw diameter 2.46 ± 0.32

27 Right side pedipalp clamp diameter 5.36 ± 0.21

28 Left side pedipalp clamp diameter 5.37 ± 0.21

29 Right side foot clamp I diameter 5.48 ± 0.22

30 Diameter of the foot clamp I left side 5.47 ± 0.22

31 Diameter of right side foot II foot clamp 3.34 ± 0.17

32 Diameter of foot clamp II left side 3.36 ± 0.17

33 Diameter of foot clamp III right side 3.43 ± 0.28

34 Diameter of foot clamp III left side 3.43 ± 0.28

35 Diameter of IV foot clamp right side 4.52 ± 0.28

36 Diameter of IV foot clamp left side 4.50 ± 0.28

the spectrophotometer electrode and passed to the computer.
Data obtained as a percentage of the absorbance value, with the
spectrum’s measurement at wave number range 4000–400 cm−1.
The results obtained were in the form of a spectrum that appears
on the computer.

Scanning electron microscopy- energy dispersive X-ray
analysis of horseshoe crab shell was cut crosswise and then was
put in microscope slides. The shell structure was then observed
using a light polarizing microscope with a magnification of
40 × 10 and photographed using dino lite and saved in JPEG
format. XRD analysis, the type of phase and the crystallinity of
the petrol shell were analyzed using X-Ray Diffraction (XRD)
(PANalytical). Operational conditions equipment namely using
a Cu-Kα radiation beam with an angle of 2θ , 20◦ to 60◦ and
0.1◦ resolution, which was operated with an X-ray diffractometer
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FIGURE 1 | Visual appearance of the incision through the opisthosoma of the shell of mangrove horseshoe crabs (Carcinoscorpius rotundicauda) with a
foam-shaped structure of ±70 µm (A). The microstructure of the horseshoe crab shell using SEM 500× magnification at the top (B1) and bottom (B2). 100×
magnification of transverse incision (C1). 500× magnification of transverse incision (C2) showing intermediate layer (C2a) and interior core (C2b).

according to ASTM (2008). The sample was prepared and as
much as 2 mg were placed in a holder measuring 2× 2 cm2 on the
diffractometer. The voltages are used at 40 kV and the generator
current was 30 mA. The starting corner was taken at 5◦ and the
final angle at 80◦ with a 4◦ per minute reading speed. The result
was a graph of the identified phases based on the intensity and
angle of two thetas formed. Determination of the phase refers to
the Joint Committee on Powder Diffraction Standard (JCPDS)
and calculates the crystallinity degree.

The measurements of the mechanical-physical characteristics
included density, unit cell size, and water absorption. It
was done following the protocol according to Schmidt and
Laurindo (2009), while the tensile strength and compressive
strength were analyzed based on ASTM (1991). Thermal
resistance was measured by thermal gravimetric analysis (TGA;
Klamczynski et al., 2007).

The number of replicates used for physico-chemical analyses
was two replicates per method. The testing machine clamped
tensile strength, the two ends of the sample. The “start” button
was turned on, and the tool pulled the sample to break and
note the tensile strength (F) and length after breaking up.
After the next sheet was tested, the material’s maximum stress
could withstand up to its breaking point. Compressive strength,
extrudates 2 cm long, was placed on a flat disk. Then, the
extrudate was pressed using another dish at a rate of 1 cm per
minute. The compression value divided the applied force (kN)
value distributed by the surface area sample tested. A high value
indicates that the sample was relatively hard, whereas a low value
indicates that the sample was soft and easy to compress. As much
as 1 g of starch was added to 10 g of distilled water and then stirred
for 30 s. Water absorption analysis, the mixture was allowed to
stand for 30 min and then centrifuged at a speed of 4,000 rpm
for 30 min. Density analysis, the sample was cut into 2 × 2 cm

sizes. The mass was known by weighting the pieces with analytical
balances. Calculating volume was done by multiplying the length,
width and thickness of the piece.

RESULTS

Visual Appearance and Structure of the
Horseshoe Crab Shell
The horseshoe crab shell cross-section shows that the cavity
structure with strut forming foam created the inside of the
horseshoe crab shell, and the strut seems to provide even
redistribution of pressure to all parts of the shell. Struts are hollow
walls that form open foam cells in the horseshoe crab shell. Struts
are described as steel poles that support a bridge but have a
stochastic or irregular shape. Cavity cell unit sizes range between
±70 µm (Figure 1). Struts on the inside of the shell form irregular
angles and has the function as a reinforcement system for the
horseshoe crab shell.

Based on the various microstructure views (shooting angle) of
the shells, see Figures 1A–C, it can be seen that the horseshoe
crab shell has a smooth appearance at the top and a rough texture
as a link to the foam buffer at the bottom. The transverse incision
of the horseshoe crabs shell shows two firm lines showing that
the shell is composed of three main layers, which are arranged
parallel to each shell, covering the exterior shell, intermediate
layer and interior core.

Chemical Composition of the Horseshoe
Crab Shell
The chemical composition shows that the shells’ main
components are protein and crude fiber, i.e., 68.02 and
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TABLE 2 | Chemical composition of mangrove horseshoe crab (Carcinoscorpius
rotundicauda) and some crustacean shells.

Parameters Horseshoe Snow Mud Crab

crab shella crab shellb crab shellc shelld

Moisture (%) 8.50 ± 0.25 72.00 ± 5.8 5.39 –

Protein (%) 68.02 ± 0.36 34.20 ± 2.8 14.11 13.20-20.70

Ash (%) 1.06 ± 0.13 28.50 ± 6.0 57.26 62.90-74.97

Lipid (%) 1.07 ± 0.04 17.10 ± 9.3 2.38 –

Fiber (%) 24.17 ± 0.87 – – –

Source: aPresent study, bYusty et al. (2011), cHumaira et al. (2017), dPires et al.
(2017).

24.17%, respectively (Table 2). This component may be formed
during the ecdysis or molting process. The composition of the
shell matrix through observations with EDX (Figure 2 and
Table 3) shows that the horseshoe crab shell is dominated by
carbon (53.54%), oxygen (31.13%), and nitrogen (14.49%).
Other constituent elements are chlorine (0.5%), sulfur (0.29%),
phosphorus (0.09%), calcium (0.06%), potassium (0.05%), and
silicon (0.03%).

The Horseshoe Crab Functional Shell
Groups
The absorbent spectrum of horseshoe crabs shell shows the
absorption of O–H stretching groups at 3475 cm−1, N–H
stretching groups at 3249–3236 cm−1, C–H groups at 2,908–
2,866 cm−1, amide II groups at 1564–1488 cm−1, groups
of amide III at 1328–1274 cm−1and C–O groups at 1081–
1029 cm−1 (Table 4). A comparison of different absorbent
spectra from studies on the shells performed on different

organisms showed insignificant values and still in the same
structure and functional groups (Table 4).

Mechanical-Physical and Thermal
Characteristics of Shells
The mechanical-physical characteristics of the shell of
mangrove horseshoe crabs (C. rotundicauda) have a density of
0.1545 ± 0.011 g/cm3, a water absorption of 0.01195 ± 0.001%,
the tensile strength of 0.06 mPa and a compressive strength
of 0.11 mPa (Table 5). As shown in Table 5, the value of the
mechanical-physical characteristics of the mangrove horseshoe
crab (C. rotundicauda) is smaller than in some other crustaceans
shells. Mechanical-physical has a correlation characteristic that
tends to be positive toward the elongation value (Figures 3A,B).
In contrast to the thermal characteristics, the mass negatively
correlates with temperature (Figure 3C).

DISCUSSION

The shell composition matrix of C. rotundicauda has never
been studied in detail before, especially the shape of the
foam, the chemical composition, the functional groups and
the mechanical-physical and thermal properties of the shells
give a unique insight which can be used in future. Each
species in nature appears in various forms; this form is
usually influenced by its unique surrounding environment
and evolutionary processes (Jabbari et al., 2014). The shell of
mangrove horseshoe crabs has a natural structure in arranging
of a very strong foam, especially the β-1, 4-glycosidic (chitin)
structure, which forms foam and provides resistance to structural
damage and thermal degradation is of high value for future
natural materials. Due to this very strong and plastic structure,

FIGURE 2 | Element compositions (EDX) of horseshoe crab (Carcinoscorpius rotundicauda) shells.
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TABLE 3 | Element levels of the shells in mangrove horseshoe crabs
(Carcinoscorpius rotundicauda) and some other crustaceans.

Parameters Horseshoe Crab shell Mud crab Crab shell Ammonia

crab shella waste from from from beccarii

Indiab Meraukec Cirebond shelle

Carbon (%) 53.54 – 19.78 24.19 16.36

Oxygen (%) 31.13 55.94 – 43.83 51.19

Nitrogen (%) 14.49 – – – –

Calcium (%) 0.06 30.18 71.42 27.97 7.94

Sulfur (%) 0.29 – – – 0.18

Phosphorous
(%)

0.09 9.59 3.98 – –

Titanium (%) – – – – 0.18

Chlorine (%) 0.50 1.85 – – 0.53

Natrium (%) – – – – 0.44

Magnesium
(%)

– 2.44 4.81 1.46 0.56

Potassium (%) 0.05 – – – 1.16

Ferric (%) – – – – 2.36

Aluminum (%) – – – – 6.22

Silicon (%) 0.03 – 1.16 – 12.88

Source: aPresent study, bBhattacharjee et al. (2019), cHaryati et al. (2019), dNazir
et al. (2019), eRositasari et al. (2018).

TABLE 4 | Identification of functional groups and bonds based on the peak FTIR
on horseshoe crab shell and other crab shells.

Wave-number Wave-number Structure Functional

(cm−1)a (cm−1) group

3475 3477b O–H Hydroxyl

3249–3236 3258–3101c N–H Amine

2908–2866 2929–2882b C–H Alkane

1564–1488 1552c (RCO)2NH Amide II

1328–1274 1375–1307c (RCO)3N Amide III

1081–1029 1028d C–O Carboxyl

852–846 895–890e β-1, 4-glycosidic Glucose

Source: aPresent study, bHajji et al. (2015), cPandharipande and Bhagat (2016),
dVarun et al. (2017), eKumirska et al. (2010).

it has the potential to be further developed for new marine
biomaterials. The combination of constituent elements, such as
polysaccharides and minerals in the shell of C. rotundicauda
needs to be studied through a biomimetic approach as a
reference for creating new materials with the same properties
from synthetic materials that do not explore excessively against
one particular species. The formation and composition of the
natural material from the horseshoe crab shell foam are believed
to be multifunctional in mobility, used for defense mechanisms
and thermal stability. In the future, materials that are strong
and able to withstand heat loads can be used as insulation
materials in buildings to play a role in reducing thermal loads
significantly and effectively to the energy needs of buildings
or vehicle interiors and even spacecrafts. Thermal insulation
as a building installation element can block the flow of heat
energy through energy-saving mechanisms by reducing heat
loss and recovery, controlling surface temperature, preventing

TABLE 5 | Mechanical-physical characteristics of the mangrove horseshoe crab
(Carcinoscorpius rotundicauda) and some other crustaceans shells.

Parameters Horseshoe Sheep crab Mussel Coconut

crab claw shellc shelld

shella shellb

Density (g/cm3) 0.15 ± 0.011 – 1.52 ± 0.04 –

Water
Absorption (%)

0.01 ± 0.001 – 0.37–10 0.43–0.52

Tensile Strength
(mPa)

0.06 9.40 ± 2.60 1.71–2.92 –

Compressive
Strength (mPa)

0.11 57.00 ± 10 18.03–41.70 59.33–60.66

Source: aPresent study, bChen et al. (2008b), cSainudin et al. (2019), dSingh and
Bhaskar (2013).

steam flow, preventing water condensation on cold surfaces
and increasing the efficiency of heating-cooling operations. To
use natural marine biomaterials will be beneficial because it
leaves no harmful residues and therefore has environmental
advantages (Silva et al., 2012) and is also more cost-effective
(Pati et al., 2020).

Extensive information about this species is published on
population structure and morphometry (Koichi Sekiguchi
and Shuster, 2009), genetic diversity (Meilana et al., 2016),
reproductive system (Brockmann and Smith, 2009), medical
applications (Krisfalusi-Gannon et al., 2018), and distribution
(Mashar et al., 2017). Horseshoe crabs have a body like a
coconut shell, brownish, long spines on the back and hard
carapace texture. The shells cover and protect the internal
organs of the body (Pratiwi, 1993). The shell hardness seems
to be due to naturally occurring constituent elements formed
several times during molting (Cousteau, 1975) or through
sclerotization. According to Sugumaran (2010), sclerotization
is a hardening process of a new cuticle exoskeleton when
molting. It involves reactive catecholamine derivatives, which are
produced endogenously with structural proteins and chitin fibers.
Sclerotization is also known to stabilize the cuticle matrix protein
to make it stiffer, harder, more insoluble and more resistant to
degradation (Klowden, 2008).

Foam on the horseshoe crabs shell is only found in certain
parts, namely the posterior corner of the operculum and all
opisthosoma parts. It is concentrated in the marginal spines
growth area. The shell structure of horseshoe crabs, which is
strengthened by the strut to distribute the pressure evenly to the
whole carapace, is believed to have a function as a component for
mobility and defense of the horseshoe crab.

The exterior shell forms a Bouligand structure that provides
rigidity to the outer side of the shell. The structure is commonly
found in arthropod shells (Gadgey and Bahekar, 2017). The
structure was proved to repeat, forming the exocuticle and
endocuticle (Bouligand, 1972; Giraud-Guille, 1984, 1990; Roer
and Dillaman, 1984; Weiner and Addadi, 1997). The intermediate
layer consists of a vertical laminate with a thickness of 2–3 µm,
which produces elastic characteristics and connects the exterior
shell to the interior core. The interior core has a supporting foam
structure and a porous shape with a stochastic-patterned strut.
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FIGURE 3 | Some mechanical-physical characteristics [Tensile Strength (A), Compressive Strength (B)] and Thermal Resistance (C) of the shell of mangrove
horseshoe crabs (Carcinoscorpius rotundicauda).

Forming elements and the foam structure shape are thought to
function to provide mechanical strength and thermal stability to
the shell. Theoretically, porous structures with strut nuclei are
at least seven times stronger than similar open-cell porous; the
width of the cavity in the struts further reduces the weight of the
shell (Sullivan et al., 2017). In addition to the layer structure of the
horseshoe crabs shell, the shell’s elasticity and thermal stability
are believed to be due to the constituent material presence, i.e.,
chitin or minerals. Horseshoe crab shells (C. rotundicauda) in
dry powder have high protein levels, while crude fiber, water,
ash and fat are deficient. Generally, the percentage of protein
on horseshoe crab shells is 1.99-5.15 times higher than in
snow crab shells (34.20%), mud crab shells (14.11%), and crab
shells (13.20%) (Table 2). This component affects the element
composition of carbon in the shell. The carbon content of
C. rotundicauda is also 2.21–3.27 times higher than in some
other crustaceans, such as crab shell waste from India (0%)
(Bhattacharjee et al., 2019), mud crab from Merauke (19.78%)
(Haryati et al., 2019), crab shell from Cirebon (24.19%) (Nazir
et al., 2019), and Ammonia beccarii shell (16.36%) (Rositasari
et al., 2018; Table 3). According to Cardenas et al. (2003),
carbon, oxygen and nitrogen atoms in arthropod shells are
generally formed from organic chitin compounds and proteins
or inorganic salts such as CaCO3. Existing phosphorus is in the
form of phosphate ions (PO43−), associated with Ca2+ ions to
form calcium phosphate, which functions to control the physico-
chemical properties of the shell (Bentov et al., 2016).

Sclerotization studies have shown that the marine arthropod
shell mineral elements act as nuclei to produce cross-bonds
between chitin and protein forming composites. A study

conducted by Andersen (2010) has shown that sclerotization
produces diverse characteristics with varying thickness, stiffness,
elasticity and color specifications. The sclerotization results in the
shell are used as protection against environmental changes, like
pressure and temperature variations (Cardenas et al., 2003).

Uptake at the wave number 3475 cm−1 indicated O–H
functional groups. The hydroxy group (O–H) indicates the
presence of hydrogen bonds in the sample. Hydrogen bonds
produce bands with significant widening. The hydroxy group is
one of the most dominant and essential groups for the actual
characterization of compounds. The hydroxy group, which is at
wave-number 3,400–3,200 cm−1, is a normal polymeric O–H
group in the form of stretching (Coates, 2006). The absorption
band at the wave-number 3141–3080 cm−1 indicates the N–H
stretching functional group.

Furthermore, Coates (2006) added that the N–H group
indicated amine components in the sample. The absorption band
at wave-numbers of 2,908–2,866 cm−1 indicated the existence
of C–H functional groups. Coates (2006) explained that the
C–H group located in the absorption band 2,900–2,880 cm−1

belonged to the methylated saturated aliphatic compound. This
compound was derived from methane compounds. Also, this
compound has four single bonds and one of them is a hydrogen
compound. Absorption at wave-numbers 1,564–1,488 cm−1 and
1,328–1,274 cm−1 indicated the presence of amide II and amide
III functional groups. Prabu and Natarajan (2012) explained that
the amide group’s presence was related to protein compounds
in the sample. Absorption of amide groups II and III is
ascribed to the N-acetyl or N-methyl groups. Carbohydrates
are thought to be the main constituent of the shell acetyl
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polymer group. The absorption band at wave-number 1,081–
1,029 cm−1 indicates the presence of C–O functional groups.
Coates (2006) explains that the C–O group indicates a primary
alcohol component in the shell.

The shell of horseshoe crabs has its main constituent in chitin
polysaccharides with DD% 5.83. Natural chitin is formed mainly
as α-chitin and β-chitin (Brunner et al., 2009). The chitin infrared
spectrum displays a series of narrow absorption bands, typical
of polysaccharide crystal samples. Aung et al. (2018) found a
functional group in the FT-IR analysis of crab shells in the form
of amide, carbonyl and hydroxyl groups. Pandharipande and
Bhagat (2016) stated that the peak of chitin in crab shells from
the Nagpur fish market, India was at 3,431–3,430 cm−1 (O–H),
3,258–3,101 cm−1 (N–H stretching), 1,552 cm−1 (amide II), and
1,375–1,307 cm−1 (amide III). While the peak of chitin on crab
shells in the Sfax market, Tunisia was shown at 3447 cm−1 (O–
H), 3,267–3,104 cm−1 (N–H stretching) and 2,929–2,882 cm−1

(asymmetrical and symmetrical C–H) (Hajji et al., 2015). The
peak of chitin in crab shell samples from the Russel fish market,
India was at 3,443 cm−1 (O–H stretching), 3,107 cm−1 (N–
H stretching), 1,558 cm−1 (amide II), 1,314 cm−1 (amide III),
1,028 cm−1 (C–O stretching) (Varun et al., 2017). Another sign
that the compound contains chitin are bending vibrations in
the absorption of wave number 852–846 cm−1, which indicates
the presence of β-14-glycosidic bonds. Kumirska et al. (2010)
explained that the C-H deformation of the β-1.4-glycosidic bond
causes a shift in the β-chitin band. Demir et al. (2016) also
explained that the wavelength value of 894.91 cm−1 represented
the stretching of the bonding ring for the β-1.4-glycosidic bond
on chitin of the shell of blue crabs (Callinectes sapidus).

Referring to the previous visual appearance, the unit size
of the shell cells was around 70 µm. Low densities can be
caused by the proportion of empty spaces (Yunita and Mahyudin,
2017). Hussein et al. (2011) stated that low-density values were
seen from the porous shape of the shell of horseshoe crabs
support, which is not uniform due to the agglomeration of the
constituent material.

Space on the composite allows water flow to enter
capillarization, which results in high water absorption strength
(Yunita and Mahyudin, 2017). However, the constituent material
in chitin polysaccharides influenced the low water absorption
capacity of horseshoe crab shells. Kumar et al. (2016) explained
that the main components of the shells are chitin. Chitin chains
between one and another are bound by a powerful hydrogen
bond between the N-H group of one chain and the C=O group
of another adjacent chain. This hydrogen bonding causes chitin
to not dissolve in water and to form fibers (fibrils).

The horseshoe crab shell tensile strength produces a robust
and plastic pattern with a maximum stress of 60.46 kPa,
indicated by the tensile stress and long elongation (Figure 3A).
Hepburn et al. (1975) elucidated that shell tensile strength is
influenced by the polymer of its constituent elements, namely
chitin. Chitin is able to form the horseshoe crab shell layer’s
entire structure, namely Bouligand, laminate and support system
(strut), which provides tensile and compressive strength. As the
horseshoe crab shells are composed primarily of chitin and also
protein, so chitin affords a tensile strength that is useful in
curvature. In contrast, proteins may exist as reinforcement for the

inorganic phase and might give rise to prestressed material types
(Gadgey and Bahekar, 2017). Prestressed material is concrete that
is given internal compressive stress such that it can eliminate the
tensile stress caused by external loads to a certain extent. The shell
water content also influences tensile strength; dry shells show a
lower value of flexibility, strength and toughness than the wet
shells (Gadgey and Bahekar, 2017).

Horseshoe crab shells produce a rigid pattern with a
maximum compressive strength of 110.55 kPa, indicated by
gentle compressive stress with short elongation (Figure 3B). This
value is lower than the compressive strength of sheep or spider
crab shells. According to Lombardi et al. (2013), the compressive
strength value is influenced by the shell density and thickness
and the method used. The density and compressive strength of
the shell is directly proportional. The shape of the shell also
affects the compressive strength value. The sample curvature can
distribute the load throughout the structure resulting in a hard
and rigid structure. The compressive strength is also influenced
by water content and material density. Materials with high water
content will reduce the fragile effect (Gadgey and Bahekar, 2017).
However, high density can increase strength due to material
density (Lombardi et al., 2013).

Thermal stability is produced by horseshoe crab shells of
60.59% in this study. Their decomposition forms a multi-
stage decomposition curve, which means it has undergone
three decomposition processes. The first decomposition occurred
at a temperature range of 254.7–275.6◦C with a peak of
decomposition at 267.4◦C, the second decomposition occurred
at a temperature range of 428.6–448.1◦C with a peak of
decomposition at 435.9◦C and the third decomposition occurred
at 811.4–835.8◦C with a peak of decomposition at 823.2◦C. The
first and second decomposition peaks (Figure 3C) indicated the
degradation of organic compounds in the horseshoe crab shells,
such as chitin and protein. Stawski et al. (2008) explained that
the temperature of 300–460◦C is the temperature range of the
occurrence of thermal degradation of chitin polysaccharides from
shrimp, crab, krill and squid. The mass loss at temperatures
between 200 and 550◦C is the temperature range for the
degradation of organic and amine groups (Loganathan et al.,
2017). Though, the third peak was due to the mineral content in
the shell. He et al. (2014) stated the thermal decomposition of
calcium carbonate occurs at temperatures around 700◦C, with a
very large mass reduction approaching 44%, which corresponded
to the theoretical decomposition of calcium carbonate. From
a thermal point of view, Gbenebor et al. (2016) experimented
on the decomposition of crab and shrimp shells according to
temperature, and they found the decomposition occurred in three
stages. The first decrease occurred at a temperature of 60–110◦C
due to eliminating water with other volatile components. The
second decrease occurred at 316–397◦C due to chitin compounds
in crab shells and at 321–397◦C in shrimp shells. The third
reduction of 30.93% in crab shells at 682–729◦C and 18.85% in
shrimp shells at 665–713◦C was caused by the decomposition
of CaCO3 to CaO and CO2. The thermal stability of chitin
from crabs was 244% and from shrimp 112.5%. The percentage
of CaCO3 elimination can increase thermal stability. These
results show that the higher CaCO3 content in the crustacean
exoskeleton will reduce the thermal stability of chitin. A shell
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with a lower CaCO3 content will produce more stable chitin.
Acetyl (CH3CO) in the acetamide group (CH3CONH2) of the
chitin structure provides resistance to structural damage and
thermal degradation.

CONCLUSION

We herewith determined for the first time the compilation
matrix and further physico-chemical characteristics of the shell
of mangrove horseshoe crabs (C. rotundicauda). The formation
and composition of the natural material from the horseshoe crab
shell foam are believed to be multifunctional in mobility, used
for natural defense mechanisms and thermal stability. The shell
of mangrove horseshoe crabs has a hollow structure (foam) with
the main chemical elements of chitin, thus providing mechanical-
physical properties tensile and compressive strength of the
ramps and long elongation. By combining with water absorption
strength, density and thermal resistance, the shell structure of
the mangrove horseshoe crab has the potential to be used as
the base structure to develop bio-foam insulator material (i.e.,
as thermal insulators), especially the β-1, 4-glycosidic (chitin)
structure which forms foam and provides resistance to structural
damage and thermal degradation. This is of high value for future
materials, for example, as a strong and heat resistant bio-foam
insulation material, such as insulation materials in buildings,
vehicle interiors, and as blocking material, to block the flow of
heat energy against heat loss. Furthermore, biomaterials have a
smaller environmental impact than synthetic materials, and here,
we expect an improved cost-efficiency. Also, the presented study

results can be used as basic information for bio-foam insulator
material development, as suggested in the future.
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