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A B S T R A C T

A pinching simulation of the coconut crab, Birgus latro, which has a pinching force 80 times its body mass, was 
performed to quantify the stress imposed on the claw fingers when such a large force is applied. Data on the 
three-dimensional (3D) shape and internal information (hard exocuticle layer and soft endocuticle layer) in the 
claw exoskeleton were obtained using microfocus X-ray computed tomography. From these data, a 3D model of 
the claw was reconstructed using image analysis software, and a pinching simulation was performed using finite 
element analysis. The pinching force (Rf) was calculated as the sum of the node reaction forces in the area that 
came into contact with the stainless rod while the movable finger rotated within the claw, and the von Mises 
stress, σmises, in the fixed and movable fingers during the rotation were shown. The results showed that the stress 
increased with the angle of rotation, and at an angle of rotation of 2.8◦ and a reaction force of 957 N, stresses of 
1.8 GPa were generated in the fixed finger, 588 MPa in the movable finger, and 674 MPa in the rod. This sci
entific pinching simulation confirmed the exceptional strength of the coconut crab’s claw.

1. Introduction

Interest in the study of biological materials is growing because the 
understanding of biological mechanisms and their application leads to 
the development of new materials and technologies, driving innovation 
in various industries [1–6].

In general, the maximum force (F) exerted by animals flying, 
swimming, running, jumping, biting, or pinching has a positive corre
lation with their body mass (BW). Simply put, the biting force of a large- 
bodied lion or crocodile is greater than the pinching force of a small- 
bodied crab. However, when we divide this force by body mass and 
organize it into the force per unit mass (F/BW), the F/BW has a negative 
correlation with body mass. It has been suggested that most animals 
range between 0.5 BW–1/3 and 20 BW–1/3, but decapod crustaceans 
exceed that range [7,8]. Fig. 1 plots data from Huber et al. [9] and Oka 
et al. [10]. The pinching force relative to their body mass exerted by 
decapod crustaceans is stronger than that of other animals [8]. Against 
this backdrop, the previous studies mainly focused on the exoskeletons 
of the powerful crab claw, while the tissue structure [11–14], elemental 
composition [12,14,15], mechanical properties [13,15–19], and surface 
morphology [20,21] were clarified using advanced analytical 

approaches, such as scanning electron microscopy (SEM), 
energy-dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), 
laser microscopy, and nanoindentation. Among crustaceans, the pinch
ing force of the coconut crab, Birgus latro, which is the largest terrestrial 
crustacean, exceeds 80 times its BW [10,14]. However, little is known 
about the stress imposed on the claw fingers when such a strong force is 
applied.

The exoskeleton of the coconut crab is composed of the epicuticle 
(outermost surface wax layer), the exocuticle (hardest layer), the 
endocuticle (thickest layer), and the membranous layers (adjacent to the 
soft tissues) [14,15]. Two layers of the mineralized exocuticle and 
endocuticle are mineralized with calcite [22]; however, the mechanical 
properties vary significantly depending on the microstructure and cal
cium (Ca) concentration [16]. The exocuticle was five times harder than 
the endocuticle. The hard exocuticle—with a 28–33wt % Ca—has a 
twisted plywood structure stacked parallel to the surface, and the soft 
endocuticle—with a 20–25wt % Ca—has a porous structure with many 
regularly arranged pores normal to the surface [14–16]. By utilizing 
micro X-ray computed tomography (CT) scanning technology, we can 
obtain this internal information, including the external shape, without 
physically destroying the claw. From these data, a 3D model of the claws 
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can be reconstructed using image analysis software, and a pinching 
simulation using the finite element method should be possible. Yang 
et al. [23] investigated the mechanism of cavitation generated by 
snapping shrimps and the characteristics of the snapper claw motion 
through fluid dynamic simulation. To achieve this, a model equivalent 
to the snapper claw was constructed by CT scanning technology, and the 
production of cavitation bubbles by snapping shrimp was simulated. 
Sayekti et al. [24] studied the relationship between von Mises stress and 
crab carapace morphologies in relation to their impact properties using 
3D scanning technology and finite element analysis. Neither study ac
counts for the internal information of the exoskeleton such as the exo- 
and endocuticle layers; however, by combining CT scanning technology 
and numerical analysis, simulations have been carried out that reflect 
the 3D shape of the crab in the model.

In this paper, we focused on the force acting on the robust claws of 
the coconut crab, which has a pinching force of 80 times its body mass. 
First, data on the three-dimensional (3D) shape and internal information 
(hard and soft layers) in the exoskeleton of the claw of the coconut crab 
were obtained using microfocus X-ray computed tomography (X-CT). A 
3D model of the coconut crab’s claw was then reconstructed and a 
pinching simulation was performed using finite element analysis (FEA). 
We attempted to quantify the stress generated at the contact area of the 
claw fingers when a coconut crab pinches a stainless steel rod, as was 
done in the pinching experiment shown in the previous paper [10].

2. Materials and methods

2.1. Sample preparation

A wild male coconut crab was captured at Motobu Town on northern 
Okinawa, Japan. The BW of the crab was 1290 g, and the thoracic length 
(ThL) was 56.1 mm. Based on ThL, this crab was estimated to be an adult 
17–19 years old [25]. The pinching force (Pf) of the crab was estimated 
to be 957 N from the correlation between the Pf and BW [10]. In order to 
protect the wild coconut crabs inhabiting this area, we collected only the 
left claw for the sample. The crab was then released to the capture point. 
The claw length and height were 91 mm and 56 mm, respectively, as 
shown in Fig. 2(a,b). The sample was stored frozen at − 18 ◦C to prevent 
the natural decay processes.

2.2. Microfocus X-ray CT scanning

The claw was thawed under running water, its movable finger was 
fixed in an open position, and the whole claw was scanned using a 
microfocus X-ray CT (XT H 320; Nikon Solutions Co., Ltd., Tokyo, 
Japan). A resolution scan with a pixel size of 48 µm was carried out at 
120 kV and 130 µA, and 1800 projections were acquired over an angular 
range of 360◦ 3D and cross-sectional images were obtained with 
VGSTUDIO MAX ver. 2024.1 software (Volume Graphics Co., Ltd., 
Nagoya, Japan), as shown in Fig. 2(c–f). In a tomographic image of the 
exoskeleton, the regions of the exocuticle and denticle are shown in 
white, reflecting a high Ca concentration; gray indicates the endocuticle 
with a lower Ca concentration. The non-calcified small, black pro
trusions on the exoskeleton surface [22,26]; the soft tissues inside the 
claw; and the pore canal tube (pct) ⊥ surface [14,26] are shown in black, 
including the air.

2.3. Creation of a finite element model

Inside the crab exoskeleton, the mechanical properties change 
gradually or abruptly due to differences in the degree of mineralization 
and microstructure [12–17,20–22,26]. In addition, there are relatively 
thick tubules perpendicular to the surface (pct ⊥ surface) and many 
pores. On the exoskeleton surface, there are small non-calcified pro
trusions and setae. Their presence is clearly shown as the black areas in 
Fig. 2. Furthermore, in the joint-like area where the movable finger 
connects with the claw, there is a gel-like substance with excellent 
contractility. This is the arthrodial membrane, which consists of 
non-mineralized cuticle. It is extremely difficult to reflect all of this in
formation in current finite element model. Therefore, in order to 
simplify the FE model, the CT scan data was largely classified into 
exocuticle and endocuticle using VGSTUDIO MAX and then outputted as 
STL data. The .stl file was post-processed using HyperMesh ver.2022.1 
(Altair Engineering, Inc., Tokyo, Japan) to generate meshes suitable for 
FEA. At that time, small protrusions on the surface were removed, and 
internal pores and pct ⊥ surface were changed to exocuticle for the 
surface layer and endocuticle for the interior. The thickness of the 
exocuticle, which corresponds to the surface layer of the claw that is 
strongly affected by the pinching force, was kept constant at 0.3 mm. 
The FE mesh for the exocuticle area was divided into four elements in 
the thickness direction, i.e., the mesh size in the thickness direction is 
constant, 0.075 mm. The hexahedral element was used for the exocuticle 

Fig. 1. The maximum force per unit body mass vs. body mass of several animal groups, including coconut crabs.
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Fig. 2. (a) Top and (b) bottom of the left claw of the coconut crab. (c) Tomographic reconstruction of its claw; ortho-slice views of (d) the x–y plane, (e) the x–z 
plane, and (f) the y–z plane shown in (c). The X-ray CT images shown in (d–f) show that the calcium concentration increases as the color becomes whiter. Here, pct 
denotes pore canal tubules, exoC denotes endocuticle, and endoC denotes endocuticle.

Fig. 3. Initial conditions of the finite element model in the claw; (a) top, (b) bottom, (c) cross section, and (d) rotation axis defined in the contact area between the 
movable finger and the claw palm and the direction of rotation.
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and the tetrahedral element was used for the endocuticle. First, a model 
of the entire claw using AutoMesh (element type: tetrahedral elements) 
was created and FEA was performed. However, there was a problem 
with low stress in the contact area and the stress distribution not being 
smooth, so we changed only the 0.3 mm part on the outer surface to 
hexahedral elements. The mesh in the exocuticle included 162,620 
nodes and 129,100 elements, and the mesh in the endocuticle included 
70,500 nodes and 287,923 elements. The Young’s modulus was deter
mined based on the nanoindentation results: 60 GPa for the exocuticle 
and 18 GPa for the endocuticle [15]. A Poisson ratio of 0.3 was used for 
both.

2.4. Finite element simulation

A 3D static FEA was applied using an explicit FE code Radioss ver. 
2022.1 (Altair Engineering, Inc., Tokyo, Japan). In a pinching experi
ment [10], the force exerted by the crab while pinching a stainless steel 
stick-shaped sensor was measured. Similarly, a simulation was per
formed in which a stainless steel rod was pinched by the crab claw, as 
shown in Fig. 3(a). The rod diameter of 11.5 mm measured using cali
pers and the material data (Young’s modulus of 210 GPa, Poisson’s ratio 
of 0.3, and yield stress of 2000 GPa) of general martensitic stainless steel 
were used in the FEA. The hexahedral element was used for the bar, and 
the mesh included 52,569 nodes and 48,960 elements. As shown in 
Fig. 3(b), the end of the claw was completely fixed. The claw was 
divided into hard exocuticle (0.3 mm thick) and soft endocuticle, as 
shown in Fig. 3(c). The rod was placed on the fixed finger and left free. 
An axis passing through the contact area (CA and CB) between the 
movable finger and the claw palm was defined, as shown in Fig. 3(d), 
and a pinching simulation was performed in which the movable fingers 
rotated in the θ6 direction to pinch the rod. All directions (1, 2, 3, θ4, θ5) 
other than the rotation direction θ6 on this axis were fixed. The pinching 
force (Rf) was calculated as the sum of the node reaction forces in the 
area that came into contact with the rod during the rotation. A Coulomb 
condition, with a friction coefficient (μ) in a range between 0.1 and 0.5, 
was used as the friction condition between the claw and the rod. The FE 
results were outputted using HyperView ver.2022.1 (Altair Engineering, 
Inc., Tokyo, Japan).

3. Results and discussion

3.1. Validity of analysis conditions

Fig. 4 shows the relationship between the reaction force (= the 
pinching force Rf) and the rotation angle of the movable finger, θ6, 
against the friction coefficient, μ, during pinching. It also shows contour 

maps of the nodal reaction force. The Rf of the movable finger side was 
slightly larger than that of the fixed finger side; however, when μ = 0.5, 
they were almost the same. This means that, although the 3D shapes of 
the fingers of a crab claw are not the same on the fixed side as on the 
movable side, the forces are balanced during pinching. In other words, 
the rod is stably pinched, and the present analytical conditions are 
reasonable. The Rf increases with increasing θ6; however, when the μ is 
0.1 or 0.3, the Rf peaks at θ6=0.3–0.5◦, then decreases and increases 
again. This is thought to be the effect of slip in the contact area between 
the rod and the claw fingers. After the rod is completely stuck between 
the two fingers, the Rf increases significantly and linearly with θ6, 
reaching 957 N at θ6 ≈2.8◦ regardless of μ.

3.2. Magnitude of von Mises stress during pinching

Fig. 5 shows contour maps of the von Mises stress, σmises, on the cross 
section in the contact areas between the rod and fingers under μ = 0.3 
and of σmises on the movable and fixed fingers at θ6 =0.4◦, 1.62◦, 1.93◦, 
and 2.8◦ Here, the values displayed on the rod, movable finger, and fixed 
finger are the maximum Mises stress, σmises(max), in each region. When θ6 
is 0.4◦, the σmises occurs in one area on the movable finger side (called 
area A) and one area on the fixed finger side. When θ6 = 1.62, it can be 
seen that the σmises occurs in one additional area on the movable finger 
side (called area B), i.e., σmises(max) = 67 MPa in area A and σmises(max) =

52 MPa in area B. When θ6 = 1.93◦, where the Rf begins to increase 
significantly, as shown in Fig. 4(b), the stress in area A disappears, the 
σmises in area B increases to 288 MPa, and σmises = 18 MPa occurs in a new 
area (called area C). At the final angle of 2.8◦, the σmises(max) in area C is 
588 MPa, and the σmises(max) in area B is 361 MPa. On the fixed finger 
side, the stress occurs in only one area regardless of the θ6. As the θ6 
increases, the region where stress occurs becomes wider, and the 
σmises(max) increases with θ6 after the rod is completely stuck between the 
two fingers. At θ6 =2.8◦, an extremely large stress of 1777 MPa occurs. 
The areas where stress occurs in these claw fingers are the denticles on 
the pinching side. In the coconut crab’s claws, relatively large denticles 
are arranged in a line on the top side, and small denticles are randomly 
arranged on the inside [16,26]. The presence of these denticles allows 
the omnivorous coconut crab to capture prey of various shapes and 
hardness, and it does not let go easily once it has pinched something. In 
this analysis, the rod was unstable until there was a small rotation angle 
(~1.62◦); however, when the Rf began to increase to θ6 =1.93, it became 
stable by being sandwiched between two denticles on the movable 
finger and one denticle on the fixed finger, and the stress generated in 
these denticles increased with θ6. The σmises(max) generated in the surface 
layer of the rod in contact with the fixed denticle was 110 MPa for θ6 
=0.4◦, 170 MPa for θ6 =1.62◦, 413 MPa for θ6 =1.93◦, and 674 MPa for 

Fig. 4. Reaction force Rf – rotation angle θ6 curves against the friction coefficient, μ, of (a) 0.1, (b) 0.3, and (c) 0.5 on the movable finger side and the fixed finger 
side. Contour maps of the nodal reaction force at θ6 ≈2.8◦ under μ of (d) 0.1, (e) 0.3, and (f) 0.5.
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θ6 =1.62. These magnitudes were below the yield stress of the stainless 
steel rod.

The maximum stress in the denticles on the claw fingers was located 
internally, rather than on the surface. Fig. 6 shows contour maps of σmises 
on the cross section in the area where σmises(max) occurs on the fixed 
finger side, which corresponds to Fig. 5(l), including the FE mesh. The 
location of σmises(max)=1.8 GPa was the center of the 0.3 mm thickness of 
the exocuticle at the surface layer, and the σmises rapidly decreased 
within the endocuticle. Based on the well-known Hertzian solutions 
[27], it is reasonable that the maximum stress occurs inside the 

contacting area, and it is natural that the stress decreases in the soft 
endocuticle. The pinching simulation revealed that the maximum stress 
generated inside the exocuticle was 1.8 GPa. In contract, the maximum 
stress generated inside the endocuticle was 690 MPa. The pinching side 
of the claw finger has many denticles, and the exoskeleton has a soft 
endocuticle, which helps distribute the force during pinching. The size, 
shape, and arrangement of the denticles on the pinching side of the crab 
claw vary from crab to crab. In the case of coconut crabs, the pinching 
side of the claw has many large and small denticles arranged irregularly 
[26]. The front side of the claw has a row of relatively large denticles, 

Fig. 5. Contour maps of von Mises stress, σmises, of (a,d,g,j) the cross section, (b,e,h,k) movable finger (MF), and (c,f,i,l) fixed finger (FF) with θ6, under μ = 0.3: (a–c) 
θ6 =0.4◦, (d–f) θ6 =1.62◦, (g–i) θ6 =1.93◦, and (j-l) θ6 =2.8◦ Here, Rf denotes a reaction force of the movable finger side.

Fig. 6. (a) Contour map of σmises of fixed finger cross section under μ = 0.3 and (b) enlarged view. Here, the values in (b) denote a magnitude of σmises at each node.
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while the back side has small denticles arranged randomly. The function 
of the claw (pinching, crushing, cutting) varies depending on the crab 
species and habitat. The pinching simulation presented in this study will 
help elucidate the functions of various crab claws.

Strictly speaking, the coconut crab’s exoskeleton is a functionally 
graded material, with hardness and Young’s modulus gradually 
decreasing from the surface [15,16], and it consists of mineralized and 
non-mineralized regions [22]. The gel-like substance in the indirect area 
is very soft, so it may have the effect of reducing the pinching force. In 
addition, a coconut crab pinches prey at high strain rates, and the 
pinched state is maintained. Therefore, the effect of speed must be taken 
into account; mechanical properties that depend on the strain rate are 
required for the exoC, endoC, and denticles that make up the exoskel
eton. In order to get closer to reality and improve the accuracy of the 
analysis, pinching simulations that account for these effects will be 
necessary in the future. We believe that such simulations can be used to 
develop designs for the 3D geometry and internal structure needed to 
create tips of robot arms [28] that never let go once they have pinched or 
tips of medical forceps that are not easily broken.

4. Conclusion

A pinching simulation was performed that took into account the 
three-dimensional shape of the coconut crab claw, as well as its internal 
hard and soft layers. This was achieved through the use of microfocus X- 
ray computed tomography, image analysis software and finite element 
analysis. When a coconut crab pinched a stainless steel rod, the Mises 
stress generated at the contact surface of the claw fingers was quantified. 
The pinching force and stress increased with the rotation angle of the 
movable finger, regardless of the friction coefficient of the contact area 
between the rod and the claw fingers. The results showed that maximum 
stresses of 1.8 GPa in the fixed finger, 588 MPa in the movable finger, 
and 674 MPa in the stainless rod were generated. This analysis scien
tifically confirms the exceptional strength of the coconut crab’s claw.
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