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Abstract: Shell is a typical biomineralized inorganic–organic composite material. The essence of
scallop deshelling is caused by the fracture failure at the interface of the organic and inorganic–
organic matter composites. The constitutive equations were solved so that the stress distributions
of the adductor in the radial, circumferential, and axial directions were obtained as σr = σθ = P,
σz = 2(2 − ν)P/(2ν − 1), and the shear stress was τzr = 0. Using the method of finite element simula-
tion analysis, the stress distribution laws at different interface states were obtained. The experimental
results show that when the amplitude is constant, the undulation period is smaller than the diameter
of the adductor or the angle between the bus of the adductor, and the reference horizontal plane
gradually decreases, so the interface is more likely to yield. After the analysis, the maximum stress
for the yielding of the scallop interface was about 247 MPa, and the whole deshelling process was
gradually spread from the outer edge of the interface to the center. The study analyzed the scallop
organic–inorganic material interface from the perspective of mechanics, and the mechanical model
and simulation analysis results were consistent with the parameter optimization results, which can
provide some theoretical basis for the composite material interface failure and in-depth research.

Keywords: ultra-high pressure; closed-shell muscle; shell; organic–inorganic composite; interfacial
failure

1. Introduction

The main edible part of scallops with a high nutritional value and high demand is
the adductor muscle. It is difficult to realize the industrial production of shelling scallops
with mechanical processing because the adductor muscle is relatively strong. At present,
the widely used artificial peeling method has high cost and poor sanitation. The shelling
technology of scallops has also attracted the greater attention of researchers [1,2]. With the
development in ultra-high pressure technology, when scallops are sterilized and processed
using ultra-high pressure technology, it was found that the closed-shell muscle of scallops
treated with ultra-high pressure could be peeled off from the shell intact. The research
results showed that the closed-shell muscle could be completely detached from the shell
under 300 MPa pressure [3,4], and the freshness, color, and taste of the closed-shell muscle
did not change much. Therefore, ultra-high pressure deshelling technology enables the
industrial production of scallops and other aquatic products, reduces the processing costs,
and improves the processing efficiency and sanitation [5–7].
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The adductor muscle of the scallop is the key part that connects the flesh to the
shell, which creates a tight force between the two shells. Experiments have shown that
it takes a pull of 20 kg to peel the shell off. In recent years, the connection mechanism
and the structural characteristics of the interface between the shell and shell flesh have
attracted extensive attention from researchers. Seung [8] et al. found the existence of a
muscular prismatic layer connecting the shell apex and the closed-shell muscular scar
of the oyster, which is a multilayered composite structure composed of minerals and
organic matter. Song [9] et al. found that the main composition of the shell was 95%
mineral and 5% organic matrix, and the organic matter contained more than 40% of
collagen fiber, which are important for shell biomineralization. Zhao [10] et al. found that
the shell was a highly ordered natural nanocomposite composed of calcium carbonate
crystal and organic matter, and that there was an organic film connecting the muscle
and shell calcium carbonate crystals. Liao [11] et al. found that there was a thin organic
film between the shell and obturator muscle of shellfish, making shellfish a connection
system of organic-membrane–inorganic material. The scallop closed-shell muscle can be
approximated as a cylindrical, viscoelastic solid fibrous material and the main component
is adduction, which has a modulus of elasticity relatively close to that of an elastic fiber.
Scallop shells are natural nanoscale composite biomaterials consisting of 95% calcium
carbonate crystals and 5% matrix proteins, the presence of which substantially improves
the mechanical properties of scallop shells [12,13]. The mechanical properties of scallop
shell materials are different from those of adductor muscle materials, which belong to
typical mineral protein biological composites. Faber believes that it is difficult to control the
deformation state and quantify the highly nonlinear and time-dependent tissue response of
the brain tissue in biomechanical tests due to its ultrasoft and biphasic characteristics. She
comprehensively analyzed its mechanical properties based on the advantages of nonlinear
continuum mechanical modeling and finite element simulation [14]; Sciarretta et al. used
gelatin agar material and distilled water to construct a heterogeneous soft tissue equivalent
phantom, and simulated soft tissue deformation with nonlinear finite element analysis. The
results showed that finite element analysis could accurately predict the tissue simulation
and elastic reconstruction of soft tissue modeling [15]. The shelling of scallops can be
considered as the mechanical behavior of bimaterial interface fracture [16–18]. Under the
action of external pressure, the closed-shell muscle will be deformed, resulting in the Mises
stress at the interface reaching the interfacial strength, forming cracks and separation [19].
Von Mises stress-based failure criteria were employed in our finite element method (FEM)
simulations. This study can effectively explain the shelled mechanism of scallops under
ultra-high pressure, which will provide technical support for the industrialization of aquatic
products processing and a theoretical basis for the study of mechanical properties and the
application of an organic–inorganic composite interface.

2. Mechanical Model of Failure at the Interface of Organic–Inorganic Composites of
Scallops under Ultra-High Pressure
2.1. Simplified Model Analysis of the Scallop Organic–Inorganic Composite Interface

Shell is a natural organic and inorganic composite material composed of a large
amount of CaCO3 and traces of organic matter. Compared with natural CaCO3 crystals,
shell has superior mechanical properties and strength [20,21]. The research results show
that shells are anisotropic and the bearing capacity perpendicular to the shell surface and
parallel to the axis is stronger than that parallel to the shell surface and perpendicular to the
axis [22]. The connection between the shell and the shell flesh is mainly based on the closed-
shell muscle, which is mainly composed of protein-based organic matter and is generally
cylindrical in shape. The Young’s modulus of the closed-shell muscle is much smaller
than that of the scallop shell [23,24]. Therefore, under the action of ultra-high pressure,
deformation mainly occurs at the position of the obturator muscle and the deformation
of the scallop shell is very small. Compared to the shape variable of the scallop obturator
muscle, the shell deformation can be ignored, so it can be considered that the scallop shell
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has no deformation under ultra-high pressure [25]. We can simplify the scallop muscle into
a cylinder, and the specification parameters and mechanical model should be marked with
cylindrical coordinates. Assume that the obturator muscle of a scallop is perpendicular
to the shell and the contact surface between the obturator muscle and the shell is flat.
The cylindrical coordinate system is established on the obturator muscle, as shown in
Figure 1a,b. The distance of the projection of any point in space on the XOY plane to point
O is r, the angle is θ, and the distance from the Z-axis is ρ.
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Figure 1. A simplified model of the scallop and the stress analysis diagram of the adductor muscle
in cylindrical coordinates. (a) Simplified plane model of a scallop. (b) Simplified stereo model and
cylindrical coordinate system of a scallop. (c) A sketch of the force analysis of the closure muscle in
the cylindrical coordinate system.

2.2. Construction of a Failure Mechanics Model for the Organic–Inorganic Interface of Scallops
2.2.1. Scallop Organic Interface Material Force Analysis

When the scallop is subjected to an external load P, only the closed-shell muscle is
deformed, so the closed-shell muscle is divided into a number of small microelements and
one of them was taken as the object of study. The forces in the Z, R, and θ directions are
shown in Figure 1c.

2.2.2. Establishment of the Ontological Equations for Scallop Organic Interfacial Materials

According to Figure 1, it is assumed that the obturator muscle of scallops is a cylinder
perpendicular to the surface of the shell. In this case, all physical quantities of the obturator
muscle are independent of the toroidal coordinates θ, all particles on the obturator muscle
can only move in the r–Z plane, and the shape transformation of the obturator muscle
is symmetric to any radial r–Z plane. According to the above characteristics, the stress
problem of the scallop muscle and shell can be transformed into an axisymmetric problem
for analysis. According to the stress characteristics of an axisymmetric body, its shear
components τrθ and τzθ are both zero, and its non-zero stress components are only σr, σθ ,
σz, and τrz [26,27]. The equilibrium differential equation can be simplified as follows:

∂σr
∂r + ∂τzr

∂z + σr−σθ
r + fr = 0

∂τrz
∂r + ∂σz

∂z + τrz
r + fz = 0

(1)
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2.3. Mechanical Model of Scallop Organic–Inorganic Composite Interface Failure under the Action
of Ultra-High Pressure

According to the process and principle of the action of shell and closed-shell muscle
during the action of ultra-high pressure, we established the boundary conditions for the
mechanical changes of the shell and closed-shell muscle as follows.

σr(r = r0) = P (r is any value) (2)

According to the results of the simplification of the structure of the scallop shell and
the obturator muscle, we attributed the connection between the scallop shell and obturator
muscle to an axisymmetric problem in the cylindrical coordinate system [28]. For the
differential equations of axisymmetric problems of this kind, without considering the
physical force (fr = 0, f z = 0), Rafu (Love) and the displacement function ψ(r, z) are solved
analytically [29–31]. We considered that the radial displacement of the scallop closed-shell
muscle was finite when the value of r was leveled off to zero. The stress distribution in the
closed-shell muscle is as follows:

σr = P

σΘ = P

σz =
2(2−v)P

2v−1

τzr = 0

(3)

where σr, σθ , σz are the stress in the radial direction, circumferential direction, and axial
direction; ν is Poisson’s ratio; τrz is the shear stress; P is the external pressure.

According to Equation (3), when the outer surface of the scallop muscle is subjected to
ultra-high pressure P, the radial stress σr and the annular stress σθ of the scallop muscle
are constant P, the axial stress σz is constant 2(2−υ)P

2υ−1 , and the shear stress τzr is 0.
According to Equation (3), when the obturator muscle of scallop is subjected to an

ultra-high pressure P, the values of the stress in all directions are in the ideal state and in
contact with the plane of the obturator muscle and the shell, but the interface between
the shell and the obturator muscle of the real scallop is not smooth. At the same time, the
positional relationship between the obturator muscle and the shell of the scallop is not
necessarily vertical, so certain angles will be generated in the process of deformation. Under
ultra-high pressure, the distribution of stress and strain at the internal and interfacial scallop
shell muscles will be more complex than under ideal conditions. The model of the contact
interface cannot be simplified to an axisymmetric problem, which makes the modeling and
solution process much more complex than the problem of perpendicular contact between
the scallop closed-shell muscle and the shell plane. The analytic solution cannot be obtained
by using the differential equation and Love displacement function. Therefore, the finite
element analysis can be used to obtain the distribution law of anisotropic stress when the
scallop muscle and shell contact non-vertically under the complex surface.

3. Simulation Analysis of Organic–Inorganic Interface Failure of Scallops under
Ultra-High Pressure

Due to the complexity of the scallop structure, it is difficult to obtain the analytical
solution by solving the partial differential equation of the problem. In order to study
the distribution of stress and strain, it is necessary to use the numerical method to solve
the partial differential equation of the above problems, and the FEM provides a means
in which to study complex mechanical problems. By dividing the mechanical model of
the problem into finite cells and setting the contact relations, the loads, and boundary
conditions between different regions, the numerical solution to the corresponding problem
can be obtained [32–34]. To fix the whole scallop FEM model, the edges of shell are fixed
during the simulations as a boundary condition. The external pressure is applied on the
surfaces of the whole model to release the loads in the experiment. The solution of the
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problem obtained by the finite element method is an approximate solution, which differs
from the exact solution, but it can visualize the basic situation of the stress and strain
distribution of the object under study, which is of some significance as a guide for practical
problems. According to the experimental requirements, the selected scallop closed-shell
muscle diameter was ϕ ≈ 11 mm, the length was h ≈ 20 mm, and the thickness of the
scallop shell was t ≈ 0.5 mm. In the FEM model, the scallop muscle was simplified as a
cylinder part with a diameter of 11 mm and a length of 20 mm. The real shell structure is
complex and some features were ignored when the FEM model was built, for example, the
grains on the outer surface were not considered. The detailed geometry parameters are
shown in Figure 2.
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Figure 2. The detailed geometry parameters of the scallop shell.

As it is difficult to measure the real mechanical properties of the scallop adductor
muscle and shell, the mechanical property parameters can be determined by referring to the
relevant literature in the analysis [35,36], which is shown in Table 1. A linear elastic material
model was employed for both the scallop muscle and shell. This may not accurately reflect
the mechanical behavior of the materials because nonlinear properties such as plasticity,
viscosity, and anisotropy will have an effect on the stress level and distribution during the
external load. For example, when the materials are considered as an elastic–plastic model,
the highest stress will decrease compared to the elastic model at the same strain. Therefore,
this should be considered in future study when conducting more mechanical tests of the
scallop muscle and shell.

Table 1. Mechanical parameters of scallop closure muscles and shells.

Mechanical Parameters Adductor Muscle Shells

Young’s modulus/MPa 25 65,000
Poisson’s ratio 0.45 0.25

Based on the analysis of the structure of the inner surface of the shell, it was shown
that there are a small number of small nanopores at the scallop interface at the location
of the closed-shell muscle scar. This suggests that a small number of fibrous structures
protrude from the scallop closed-shell muscle into the nanopores on the scallop surface,
binding the closed-shell muscle firmly to the scallop shell. Currently, it is limited by the
experimental equipment and methods. The mechanical properties and parameters of the
interface between the closed-shell muscle metashell have not been studied and reported,
so in the simulations in this paper, we considered the closed-shell muscle and the scallop
shell as bound constraints at the contact position (the interface stiffness was very large),
and used this condition to solve for the stress distribution at the interface.
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3.1. Influence of the Angle between the Organic–Inorganic Interface Materials of Scallops on the
Stress Distribution
Stress Distribution of Organic–Inorganic Composites of Scallops in Vertical Contact with
Smooth Surfaces

In order to compare with the solution in Section 2.3, the stress components of the
scallop closed-shell muscle when it was perpendicular to the shell were first analyzed by
finite element analysis, meshing, and stress distribution clouds, as shown in Figure 3.
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(III) Axial stress. (IV) Shear stress.

As can be seen from Figure 3b, the distribution of the radial and circumferential
stresses at the interface between the closed-shell muscle and the shell of the scallop was
not uniform, which is due to the fact that the Young’s modulus of the scallop shell is much
larger than that of the closed-shell muscle. The scallop shell at the interface limits the
deformation of the closed-shell muscle, resulting in a lower stress level than the analytical
solution (Equation (3)). Meanwhile, the distribution of stresses is no longer constant, for
example, for the radial stress component r, as shown in Figure 3(bI), the distribution was
tensile in the outer part, with a maximum tensile stress of 196 MPa, and compressive in the
middle part, with a maximum compressive stress of 103 MPa. Similar distributions exist
for the circumferential and axial stress components. For the shear stress component τzr is
basically zero. As previously mentioned, this simulation provides a first insight into the
stress distribution at the interface of the scallop muscle and shell, which is not accurate
when considering the nonlinear mechanical properties.
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3.2. Effect of the Organic–Inorganic Interface State on Yield Stress Distribution of Scallop
3.2.1. Stress Distribution of the Organic–Inorganic Interface of Scallop with Angular Contact

Suppose the angle between the scallop closed-shell muscle and the shell contact
interface position is α. At this time, the scallop structure is simplified to establish the model
as shown in Figure 3a. When a structure is in a complex spatial stress state, it is not possible
to judge whether the material has yielded and entered plastic deformation from the stress
component in one direction alone. The expression of equivalent stress (i.e., Mises stress)
judgment in a rectangular coordinate system is:

σmises =

√
1
2

(
σ2

x − σ2
y

)
+

1
2

(
σ2

y − σ2
z

)
+

1
2
(σ2

z − σ2
x) + 3

(
τ2

xy + τ2
yz + τ2

zx

)
In order to investigate whether the interface between the closed-shell muscle and

the scallop shell interface was subjected to yielding damage under ultra-high pressure
external loading, we introduced Mises stress to study the stress distribution at the interface.
Although there are no corresponding experimental results to provide the mechanical
properties (such as yield strength, fracture strength, etc.) of the interface between the
closed-shell muscle and the scallop shell, the Mises stress distribution at the interface given
by the finite element simulation results can give the location where yielding and damage
may occur at the interface, and the stress distribution cloud diagram is shown in Figure 4b.
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(III) α = 70◦. (IV) α = 60◦.
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From Figure 4(bI), it can be found that the maximum Mises stress was 184 MPa when
the angle α = 90◦ between the closed-shell muscle and the shell of the scallop, which is
located near the outer part of the closed-shell muscle. This value will vary when considering
the nonlinear property of the materials. For example, when the plasticity is introduced,
the maximum stress level will decrease after the materials are yielded. The Mises stress in
the middle part is about several tens of MPa, which indicates that the interface between
the closed-shell muscle and the scallop shell will first yield and break down on the outer
side, and slowly spread to the middle of the interface when the scallop is under ultra-high
pressure conditions. In practice, the angle between the closed-shell muscle and the scallop
shell is difficult to measure, so we investigated the effect of the variation in the angle on the
Mises stress distribution at the interface under the same pressure conditions (P = 200 MPa),
as shown in Figure 4(bII–bIV). The results showed that the axial symmetry of the Mises
stress distribution disappeared with the increase in the angle and the Mises stress was
larger at the interface at the angle greater than 90◦, while it was smaller at the interface
at the other side. The maximum Mises stress at the interface increased from 184 MPa to
205 MPa with the decrease in the angle, suggesting that the smaller the angle between the
obturator muscle and the scallop shell, the easier the interface separation is under the same
external ultra-high pressure condition.

3.2.2. Influence of Surface Undulation Degree on the Stress Distribution of Scallop Shell

The surface of the scallop shell is not a flat structure and generally has undulations. In
order to study the influence of the undulation of the scallop shell surface on the interface
stress distribution, a non-planar simplified model was established, as shown in Figure 5A.
We used trigonometric functions to express the undulation state of the scallop shell surface.
According to the finite element analysis requirements, the established model was meshed
for simulation analysis and the results of the meshing are shown in Figure 5B.
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Under different periods and amplitude conditions, the Mises stress distribution at the
location of the interface between the adductor muscle and the shell of the scallop is shown
in Figure 6.
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As can be seen from Figure 6, when the period of the scallop shell undulation was
larger than the diameter of the closed-shell muscle, the amplitude was 2 mm. The maximum
Mises stress in the closed-shell muscle at different positions did not vary much and was
approximately 247 MPa. When the amplitude became 5 mm and the closed-shell muscle
was at the wave peak and trough positions, the maximum Mises stress at the interface was
about 205 MPa. The closed-shell muscle was at the middle of the wave crest and trough.
The maximum Mises stress at the interface was larger, which was about 247 MPa.

By comparing the stress distribution clouds shown in Figure 5, it can be seen that
the maximum Mises stress at the interface increased significantly when the period of
undulation was smaller than the diameter of the closed-shell muscle at constant amplitude.
This indicates that when the period of undulation of the scallop shell surface is smaller
than the diameter of the closed-shell muscle, it leads to the interface being more susceptible
to yielding and fracture damage.

4. Structural Stress Distribution at the Organic-Inorganic Interface of Scallops

The models used for the above simulation results are ideal to study the interface stress
distribution in a realistic scallop shell structure under the action of ultra-high pressure. We
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constructed a more realistic simplified model of the scallop shell structure and meshing, as
shown in Figure 7a. Due to the complexity of the scallop shell surface, we simplified the
structure and did not consider the surface undulations.
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4.1. Influence of the Scallop Interface Material Clamping Angle on the Interface Stress Distribution

The stress distribution clouds of the scallop closed-shell muscle connected with the
shell at different angles are shown in Figure 7b. From Figure 7b, it can be seen that as the
angle between the adductor muscle and the reference horizontal plane becomes smaller,
the Mises stress at the interface showed a trend of first decreasing and then increasing. This
may be due to the fact that the scallop shell structure we constructed has a certain angle
between itself and the reference horizontal plane, which is relative to the ideal flat scallop
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shell structure. In the real scallop shell structure, the maximum Mises stress at the interface
is greater, which means that in the real scallop shell structure, the interface between the
scallop closed-shell muscle and the shell is more prone to yielding and fracture damage
under the action of ultra-high pressure.

4.2. Influence of Relative Position of Scallop Interface Material on Stress Distribution

When the scallop closed-shell muscle forms an interface with the shell, in addition to
the angle between the closed-shell muscle and the reference horizontal plane having an
effect on the stress distribution, the position of the closed-shell muscle on the shell surface
may also have an effect on the stress distribution at the interface location. The stress clouds
generated at different locations are shown in Figure 6c. From the analysis of Figure 6c, it
can be seen that the Mises stress distribution and maximum value of the interface did not
vary much with the different positions of the closed-shell muscle bond. This indicates that
the relative position of the interface formed by the closed-shell muscle and the shell on the
shell is different, which has little effect on the effect of scallop decoupling. In summary, the
maximum yield stress required for scallop shell removal is related to the angle between
the reference horizontal surfaces of the scallop shell closing muscles and the smoothness
of the interface. The larger the angle of the interface and the more convex and uneven
the interface is, the easier the interface is to yield and the easier it is to dehull. As a result
of the simulations, the maximum yield stress required for shell removal was 247 MPa,
which is due to the fact that under the pressure of 200 MPa, the continuity of the organic
matter film on the inner surface of the shell at the scallop interface is broken. The stress
concentration formed at the scallop interface and the organic matter structure between
the minerals changed, breaking the covalent bonding between the interfacial closed-shell
muscle and the shell. At the same time, the organic matter precipitation under ultra-high
pressure also loosened the minerals, which, together with the tensile force generated by the
interfacial closed-shell muscle between the two shells, caused the fibers in the shell to be
pulled out. The predicted results of this model were closer to the experimental results [37],
and the developed model has some scientific and reliability.

From previous studies, it is known that the micro-structures of scallop muscle and
shell are complex and thus the mechanical properties are nonlinear [38,39]. The scallop
muscle consists of fibers that have directional-dependent mechanical properties, while the
scallop shell should also be considered as a composite material. In order to make the FEM
simulations more accurate, the mechanical tests should be performed on the scallop muscle
and shell to obtain the nonlinear behavior such as anisotropy, viscoelasticity, etc. These
nonlinear mechanical properties will have an effect on the stress level and distribution at the
interface during the high external pressure. At the same time, it is noted that the interface
structure between the scallop muscle and shell are more complex, with collagen fibers
inserting into the pit structure of the scallop shell surface, which plays an important role
in maintaining the quality of the interfacial connection and strength [40]. These detailed
structures should be investigated in the experiment and the corresponding mechanical
properties should be tested in future study.

4.3. The Mechanism of Scallop Organic–Inorganic Interface Fracture Failure under
Ultra-High Pressure

The scallop is a whole formed by connecting the two sides of the shell through the
closed-shell muscle. During the ultra-high pressure process, the α-helical structure of
protein in the scallop closed-shell muscle fiber is reduced, the fiber elasticity is weakened,
the β-folded structure is increased, the dihedral angle of Ca atom is increased, and the
hydrogen bond formed by the oxygen atom in the C=O group is broken, which makes
the fiber elongate, and tension is generated between the shell and the closed-shell muscle.
Under the action of external force, the difficulty of scallop shell removal is reduced. The
dissolution of Ca2+ in the scallop shell minerals under the action of ultra-high pressure
weakens the denseness of inorganic matter. The denaturation of organic matter between
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minerals under ultra-high pressure destroys the original stable “brick-mud” structure of
the shell, changes the interaction force between the scallop and obturator muscle, and
makes the scallop easier to molt [37,38]. Under ultra-high pressure, the denaturation of
the organic membrane between the scallop and obturator muscle occurs, which changes
the original uniform stress state of the interface and weakens the connection between the
obturator muscle and shell meat. According to the observation and mechanical analysis of
the scallop shell surface, the inner surface of the scallop is a non-smooth surface and the
degree of undulation of the inner surface is smaller than the diameter of the closed-shell
muscle. Compared with bivalve shellfish with a smaller closed-shell muscle, scallops are
more likely to yield at the interface under the action of ultra-high pressure, which means
that scallops can be decapitated with a relatively small ultra-high pressure force.

5. Conclusions

According to the force analysis results, the different positions of the organic–inorganic
interface of the scallop have less influence on the stress distribution. When the interface
materials are angularly bonded, the smaller the angle, so it is easier for the interface to
yield and deshell. When the surface amplitude of the inorganic interface is constant and
the undulation period is smaller than the diameter of the closed-shell muscle, the interface
is more likely to yield and produce fracture damage. The maximum yield stress of 247 MPa
for scallop decapitation was relatively close to the study results. Therefore, the established
mechanical model and simulation analysis results are scientifically feasible. In this study,
the elastic model was considered in the FEM simulations due to the limitation of the
experimental tests. The nonlinear mechanical properties as well as the complex structures
should be tested and employed in future FEM simulations to obtain more accurate results
regarding the interfacial failure between the scallop muscle and shell.
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