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Abstract

To meet the special needs of preventive maintenance for oil and gas well pipelines, this
study conducts a geometric dissection of remora suckerfish based on bionics. It combines
the biological features with fiberboard tape and uses the discrete element method to
construct a particle model of solvent-free, epoxy-reinforced polymer materials, determining
relevant parameters. The model accuracy is verified through volumetric density and drop
tests, and the optimal parameter combination of the remora-inspired structure is obtained
via multi-factor simulation analysis. Comparative tests confirm that the bionic structure
enhances stability by approximately 43.29% compared to the original structure, effectively
avoiding insufficient strength. It successfully addresses the gravitational segregation and
fluid shear caused by uneven coating thickness, ensures stable and reliable interfacial
properties of the composite structure during service, and provides strong support for
the practical application of related materials in the preventive repair of oil and gas well
pipelines. The findings promote the upgrade of oil and gas pipeline maintenance strategies
from “passive response” to “active prevention”, laying the core technical foundation for
the resilience of energy infrastructure.

Keywords: oil and gas well pipelines; preventive rehabilitation; bionics; remora suckerfish;
discrete element method; interfacial properties

1. Introduction

As an important infrastructure of the energy industry, oil and gas well pipelines
have been facing complex service environments such as high temperatures, high pressure,
corrosive media erosion, and mechanical wear for a long time, and their failure is mainly
manifested as corrosion perforation, crack extension, and structural deformation [1-5]. The
traditional repair process relies on spraying, roller coating, and other coating technolo-
gies, but there are defects such as insufficient coating bonding strength, poor uniformity,
and short service life, especially in the casing joints, watertight casing splash zone, and
other critical parts, meaning that long-lasting protection is difficult to realize [6-8]. To
address this technological bottleneck, this study explores the biomimetic application of
remora suckerfish structure in the design of pipe repair materials from the perspective of
biological evolution.
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Remora suckerfish achieve high adsorption efficiency through their specialized sucker
structure, which consists of a synergistic combination of fins, bony spicules, and labial ring
tissues, and produces strong interfacial bonding through negative pressure adsorption and
mechanical interlocking mechanisms [9]. Studies have shown that this biostructure can
increase the interfacial shear strength by more than 30%, which is significantly better than
the bonding effect of traditional adhesives [10,11]. In engineering, biomimetic structures
are more widely used. Wang et al. [12] used a biomimetic remora suckerfish underwater
robot to achieve strong adhesion and hitchhiking on various surfaces including smooth,
rough, and submissive surfaces, as well as sharks” skin. Wang et al. [13,14] investigated
the effects of remora suckerfish suction cups’ soft-lip material, pretension, and lamellar
motion on tangential friction under different adhesion states (forward and backward)
effects. However, the bonding behavior of other materials remains underexplored, and
optimizing the bionic structure design is essential to assess its application prospects for
different research targets.

It is worth noting that the traditional experimental method requires a large number
of trial-and-error experiments when optimizing the bionic structure by changing its ge-
ometrical parameters, which leads to a long research and development cycle and high
costs. The discrete element method is a numerical computation method used to simulate
the behavior of discrete particle systems, which can intuitively simulate the microscopic
behaviors and macroscopic phenomena of particle systems and reveal the interaction mech-
anisms between particles [15-18]. For example, Jin et al. [19] modeled the dynamic loading
problem of granite residual soil when it is used as a subgrade fill for pavement engineer-
ing by means of the discrete element method. Hao et al. [20] numerically investigated a
three-dimensional conical nozzle bed by using CFD (Computational Fluid Dynamics) and
the discrete element method and systematically analyzed the particle-gas-flow pattern,
bubble volume fluctuation, and fountaining characteristics. Sun et al. [21] took into account
the formation’s particle size distribution (PSD) characteristics, and a complex particle-
size particle injection model was established by a coupled CFD-DEM (Discrete Element
Method) method. In the field of preventive rehabilitation of oil and gas well pipelines,
the homogeneity and bond strength of coating materials directly determine the service
life and safety performance of pipelines [22,23]. Currently, researchers are working to
improve these two key properties through various ways. In experimental studies, it is
common to adjust the material formulation, for example, by adding nanoparticles [24] or
coupling agents [25] to improve the internal compatibility of the coating and enhance the
bonding effect; in theoretical studies, finite element simulation is widely used to analyze the
interfacial stress distribution and guide the design of the coating structure [26]. However,
there are still limitations in the existing methods, for instance, nano-additives may increase
the material cost and preparation complexity and simulation studies are mostly based on
ideal conditions, which deviate from the actual working conditions. Therefore, it is urgent
to develop a low-cost, easy-to-use method that can solve the homogeneity and bonding
problems at the structural root. In this study, we innovatively introduced discrete element
numerical simulation technology to systematically analyze the influence law of bionic struc-
ture parameters on interfacial adhesion performance by establishing a multi-scale contact
mechanics model, breaking through the limitations of traditional experimental methods.

Based on the principle of bionics, this paper analyzes the geometric structure of
remora suckerfish and integrates its unique configuration with fiberboard tape for the
preventive repair of oil and gas well pipelines. Then, the particle model of the polymer
material is constructed by discrete element method, and the related parameters are precisely
determined. The accuracy of the model was verified by a solvent density test and a drop test.
With the help of multi-factor test simulation analysis, the optimal combination parameters
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of the bionic structure were determined. On this basis, the comparison test between the
bionic structure and the original structure is carried out, which clarifies the stability of the
bionic structure and effectively avoids the problems of insufficient strength that may exist
in the original structure. This method avoids the uneven coating thickness caused by the
gravitational segregation of polymer materials and fluid shear. It ensures the composite
structure maintains stable and reliable interfacial performance during service. This lays the
foundation for the practical application of related materials in the preventive repair of oil
and gas well pipelines.

2. Materials and Methods
2.1. Structural Characteristics and Adsorption Mechanisms of Remora Suckerfish Remora Suckers

The sucker is a specialization of the dorsal fin, which has evolved over time to form
an elliptical structure, occupying the head to the front of the body, containing 16-28 thin
layers with a central longitudinal pleat which can form a strong vacuum adsorption force,
as shown in Figure 1a. The edge of the suction cup consists of a ring of soft lip-like tissue,
similar to the soft transition zone where a rubber band is combined with a disk, which is
both thin and elastic to better fit the surface of the adsorbent object and play a sealing role in
preventing water from entering the gap between the suction cup and the adsorbent object.

Figure 1. Characterization of remora suckerfish sucker structure and adsorption mechanism study.
(a) Adsorption state of remora suckerfish and shark (The red part in the middle shows a close-up of
the gills of a remora suckerfish.), and (b) remora suckerfish sucker structure and three-dimensional
schematic diagram.

In this study, the macroscopic convexity of its fin surface was obtained via a literature
review and three-dimensional scanning (e.g., Figure 1b). The structure was scaled up pro-
portionally and applied to the surface of the bionic coated tape. After pressure compression,
the tape enables high-uniformity material application and prevents the uneven polymer
deposition caused by gravity after winding.

2.2. Study of Bionic Coating Mechanism of High-Strength Fiberboard Tape

Fiberboard tape was used as the base material of the nano-polymer—epoxy composite
system (Figure 2a), and its three-dimensional network structure provided an ideal mechan-
ical anchoring interface for the resin matrix to ensure the formation of a uniform and stable
composite structure of the material during the dynamic coating process. During applica-
tion, the self-developed hybrid polymer—solvent-free epoxy reinforcement material—is
employed, comprising modified epoxy resin, filler, and a compounded curing agent. The
material is composed of modified epoxy resin, filler, and a compound curing agent. The
corresponding proportion of the material is stirred uniformly and poured into the mate-
rial storage pool, which can be uniformly dipped and coated with polymer material on
both sides through the control of dipping and coating of the control parts of the winding
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equipment. The high-strength fiberboard tape thus obtained has a large amount of polymer
material attached to the surface, and when it is wound on the surface of the pipe to be
reinforced, it will be surface-dried within one hour and completely dry within 24 h, as in
Figure 2b.
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Figure 2. High-strength fiberboard tape. (a) Appearance and structure of fiberboard tape, and
(b) polymer material coating process.

However, due to the effect of gravity, the material is unevenly distributed. In addition,
the interfacial bonding behavior between the fiberboard tape and the resin matrix is
significantly affected by the loads of the complex marine environment, including wave
impact, hydrostatic pressure, and hydrodynamic vibration, resulting in a non-uniform
distribution of the interfacial bonding strength and a weakening of the bond in local areas.

In this study, we propose a biomimetic interface design strategy to construct multi-
stage biomimetic adhesion units on the surface of fiberboard tapes by mimicking the
micro-nanostructural characteristics of remora suckerfish suction cups. Combined with
the dynamic pressure field control technology, a dynamic balance of the interfacial stress is
realized during the curing process of the composite system, which effectively suppresses
the uneven coating thickness caused by gravitational segregation and fluid shear and
ensures the stable and reliable interfacial performance of the composite structure in service.

2.3. Discrete Meta-Analytical Modeling of Nano-Polymer Materials for Epoxy Materials
2.3.1. Discrete Element Modeling Study

In the discrete element modeling process, if the geometric particle size is not properly
selected, not only can it not accurately simulate the real behavior of the material but it
also may lead to the waste of computational resources or the bias of computational results.
Therefore, it is a necessary prerequisite to establish an effective discrete element model by
fully considering the highly viscous characteristics of the material and reasonably deter-
mining the size and shape of the geometric particles. The single-sphere model with radii of
0.6 mm, 0.8 mm, 1 mm, 1.2 mm, and 1.5 mm is selected as the research object, as shown
in Figure 3. The single-sphere model has the advantages of having a simple structure and
clear parameters, which are easy to calculate and analyze in discrete element simulation
and also can reflect the basic properties of material particles to a certain extent. By con-
structing this series of single-sphere models with different sizes, the effect of geometric
size changes on the simulation results of the high-adhesion behavior of materials can be
systematically investigated.
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Figure 3. Discrete element model of particles.

The discrete element simulation and analysis software utilized in this paper is EDEM
(2020). EDEM is a general-purpose CAE software used to simulate and analyze particle
handling and production operations, which simulates the processes of the collision, flow,
and accumulation of particles.

The JKR model is a theoretical model describing the mechanics of adhesion contact,
which was proposed by Johnson, Kendall, and Roberts in 1971 [27], for adhesion phenom-
ena arising from the mutual contact of soft materials. In contrast to the traditional Hertz
contact theory, the JKR theory takes into account the effect of surface energy on the contact
area and considers that attractive forces are generated at the surface of the material, leading
to an increase in the contact area. In the JKR model implemented in EDEM, the normal
contact force (or adhesion force) in the JKR model is defined as follows:

* 1

F, = ‘%Zg - (San*a3) 2 )
where Ex, Rx, I' and a are the relative elasticity, relative radius, interfacial surface energy
(also known as work of adhesion), and contact radius (as described in Thornton [28]),
respectively. This is not the same as the EDEM contact radius. In this implementation of
the model, the adhesive force depends on the interfacial surface energy and the relative
approach (negative) at which the contact breaks. These are defined by the following
generalized equations:

Fr'=m+v-—7. (2)

1
31:2 3
txf = (16R*n£'*2) (3)

where 71 and 7, are the surface energies of the two spheres, 1 5 is the interfacial surface
energy, and «f is the relative approach where the contact breaks. For the special case where
two spheres of the same material come into contact, the interfacial surface energy is zero,
71,2 =0, and the interfacial surface energy becomes I' = 2.

The relative approaching distance, «, (also known as contact overlap) and the pull-up
force are defined by the following equations:

a? 2nila :
=g~ (F) @
3 o«
Fie = SnR'T ®)

where a is the normal overlap between particles. For contacts between spheres of the same
material, I = 21y, and so Equations (1) and (4) can be rewritten as follows:

4E*g3
3R*

1
F, = —4 (Tc')/E*a3) : (6)
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2.3.2. Simulation Model Parameter Testing and Calibration

The intrinsic parameter tests are carried out for polymer materials. The results of the
previous tests show that the intrinsic parameters of polymer materials are not correlated
with the variable parameters of the material model, while the contact parameters are
highly correlated with the variable parameters of the material model. The moisture content
of the polymer material was determined with the help of a halogen moisture detector.
The Poisson’s ratio of polymer material was determined with reference to the ASAE
standard [29,30]. The density of the polymer material was measured with the help of the
gravimeter method. The modulus of elasticity of the polymer material was measured by
compression test using an electronic universal testing machine [31]. The coefficient of static
friction between the polymer material, stainless steel, and the bionic fiberboard tape was
measured using the slope method [32-34]. The coefficient of recovery between the polymer
material, stainless steel, and the bionic fiberboard tape was measured by a drop test and a
pendulum test, respectively, using a high-speed video camera [35,36], and the coefficient
of rolling friction between the polymer material, stainless steel, and the bionic fiberboard
tape was calibrated using a funnel test. The steel plates or fabrics bonded together through
polymer materials were stretched by a tensile testing machine and the JKR parameters
were obtained by means of simulation calibration, as shown in Figure 4. The corresponding
parameters obtained are shown in Table 1.

@)

Pull

Pull

Figure 4. Simulation of basic parameter testing: (a) halogen analyzer; (b) coefficient of static fric-
tion tester; (c) coefficient of rolling friction testing process; and (d) JKR parameter testing and
calibration process.

Table 1. Parameters of the simulation model.

Parameters Value Parameters Value
Density kg/m? Polymer material-galvanized steel 0.020
Polymer material 1677 Polymer material-fiberboard tape 0.050
Galvanized steel 7865 Coefficient of static friction
Fiberboard tape 1073 Polymer material-polymer material 0.947
Poisson’s ratio Polymer material-galvanized steel 0.976
Polymer material 0.31 Polymer material-fiberboard tape 0.903
Galvanized steel 0.30 Coefficient of rolling friction
Fiberboard tape 0.41 Polymer material-polymer material 0.477
Shear modulus Pa Polymer material-galvanized steel 0.498
Polymer material 1.773 x 10° Polymer material-fiberboard tape 0.406
Galvanized steel 7.900 x 1010 JKR Energy Density J/m?
Fiberboard tape 1.210 x 108 Polymer material-polymer material 4.57
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Table 1. Cont.
Parameters Value Parameters Value
Coefficient of restitution Polymer material-galvanized steel 3.81
Polymer material-polymer material 0.030 Polymer material-fiberboard tape 2.11

2.4. Test and Simulation Verification
2.4.1. Simulation Model Validation Test

Based on the discrete element model, the volumetric density test is performed along
with the droop test. The volumetric density test is a test used to determine the mass per unit
volume of a material in a certain volumetric state. It can be used to assist discrete element
modeling software to determine the simulation accuracy of the simulated particles. The
drop test is used to determine the adhesion of highly adhesive materials to other materials,
and to determine the accuracy of the contact parameters and the adhesion model.

The volumetric density test was conducted using a 50 mL beaker, in which the polymer
material was added to the beaker to determine the volume, and additionally the mass value
of the polymer material was mapped to determine the final volumetric density parameters.
The simulation test was performed by establishing a beaker model of the same size through
the particle factory to produce the corresponding mass of particles, changing the diameter
of the particles to determine the volume produced by different diameter particles, and
selecting the appropriate particle diameter. Each test and simulation test were conducted
three times, respectively. The specific process is shown in Figure 5.

(a) (b)

HERSREAREAT

&\

Figure 5. Volumetric density test. (a) Schematic of the actual test; (b) volumetric density simulation test.

The drip droop test uses a galvanized steel plate with fiberboard tape of 30 mm x 30 mm
area, which is placed on a flat surface, with 2 g of polymer material then applied to its
surface. It is hung up and the dropping within 5 min is recorded. Different contact materials
were replaced to determine the final residual mass, as well as the shape of the drops. In
the simulation test, a plane of corresponding size was created with a particle project to
generate particles of corresponding mass. The rotating vice was set up to form a 90-degree
rotation, and the residual mass was recorded to observe the drooping of the particles. Each
test and simulation test were conducted three times, respectively. The specific process is
shown in Figure 6.
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(b)

Figure 6. Drip droop test. (a) Actual equipment for the drop test (galvanized steel/fiberboard
tape + polymer material, suspended to record drops over a 5 min period); (b) simulated test set up
(90° rotating plane, observation of particle residual mass).

2.4.2. Optimization Test of Bionic Structure Combination

After determining the accuracy of the bionic model, the corresponding bionic structure
combination optimization test was conducted. In order to confirm the optimal results, a
one-factor test was conducted in the preliminary stage to determine the main variable
parameters in the bionic parameters, which are transverse frequency, strip depth, and
longitudinal frequency, as shown in Figure 7. A multi-factor simulation analysis test was
carried out for the above problems, and the test factors and specific level values are shown
in Table 2. During the test, a simulation fiberboard tape with a length of 200 mm and a
width of 200 mm was established, and the corresponding undulating stripe situation was
established on its surface. From this, 50 g of polymer material was generated, rotated
180 degrees, and the particle falling situation of the particles within 3 min was determined.

Figure 7. Bionic structure combination optimization test. (a) Schematic diagram of the bionic structure,
and (b) simulation test process.

Table 2. Multi-factor test combinations and levels for optimization of bionic structure combinations.

Level -1 0 1
Longitudinal frequency 1 2 3
Strip depth 10 14 18
Transverse frequency 2 4 6

2.4.3. Curing Test

Through the bionic structure combination optimization test to determine the optimal
bionic structure, the corresponding existing structure and the bionic structure of the control
test were found, from which the final operating effect was determined. In the test process
a cast iron pipe with a diameter of 150 mm is used, and the original fabric and the bionic
fabric are selected to be wound with polymer material, which is static for 24 h after winding,



Biomimetics 2025, 10, 436 9 of 14

and then a compression test is carried out by using a tensile testing machine to determine
the final operating effect. The test process and the machine are shown in Figure 8.

Figure 8. Curing test.

3. Results and Discussion
3.1. Simulation Model Validation Test Results and Discussion

The volumetric density simulation results shown in Figure 9 reveal the significant
effect of particle geometry on the accuracy of the discrete element model. In the particle
models with radii of 0.6 mm, 0.8 mm, and 1 mm, the simulation results show a high
degree of consistency and good agreement with the actual test data, and the error range
is controlled in the acceptable engineering interval (<5%). In contrast, the simulation
results for the 1.2 mm and 1.5 mm radii were internally consistent but deviated signifi-
cantly from the measured values (>12% error). This discrepancy stems from the “scale
effect” induced by particle size increase as when the particle size exceeds 1 mm, gravity-
driven settling becomes the primary factor governing the stacking process, overriding
surface forces. Meanwhile, limitations in the contact force algorithms of existing discrete
element models—specifically in geometrically describing void distributions between large
particles—amplify porosity calculation errors. In addition, the stacking structure of the
large-particle system is more susceptible to boundary conditions, and the periodic bound-
ary conditions used in the simulation differ equivalently from the container constraints
of the actual test, further exacerbating the density prediction error. Therefore, in order
to improve the simulation accuracy and reduce the computational difficulty of the test
process, a particle radius of 0.8 mm was selected.

0.6 mm 0.8 mm 1.0 mm 1.2 mm 1.5 mm
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Figure 9. Volumetric density test results.

As shown in Figure 10, the figure visualizes the comparison between the experimen-
tally measured and simulated residual mass of the polymer material under the conditions
of two different materials, namely, fiberboard tape and a galvanized steel sheet. As clearly
shown in the figure, the test results for the fiberboard tape and galvanized steel align
closely with the experimentally measured residual mass of the polymer material, which
is slightly higher than the simulated value. At the same time, the experiments present
a larger error range than the simulation results. This result shows that the parameters
of rolling friction, sliding friction, and JKR used in the study and simulation have high
accuracy. These parameters can accurately reflect the actual situation, which provides a
reliable support for further research on the properties of polymer materials on different
material surfaces.
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Figure 10. Comparison of residual mass of polymer material in drop pendant test.

Analyzing from the theoretical level, the precise setting of intrinsic parameters is the
foundation of reliable simulation results. These parameters accurately portray the material’s
own intrinsic properties, including density, elastic modulus, etc., which lay a solid material
foundation for the simulation. The accurate selection of contact parameters is the key to the
success of the model, which describes the interaction mechanism between particles in detail
and enables the simulation to truly simulate the complex mechanical behavior between
particles. The accurate expression of the JKR adhesion behavior effectively captures the
adhesion phenomenon triggered by the surface tension and van der Waals force of the
particles at a small scale, which is crucial for the simulation of highly viscous materials.

3.2. Bionic Structure Combination Optimization Test Results and Discussion

The results of the bionic structure combination optimization test are shown in Table 3,
and the F-value of the model is 3.87 which indicates that the model is significant. There is
only a 4.41% probability that such a large F-value will be generated due to noise. When the
p-value is less than 0.0500, it indicates that the model term is significant. In this case, A, B,
C, and B? are significant model terms. When the p-value is greater than 0.1000, it means
that the model term is not significant. If there are a large number of non-significant model
terms (that do not contain the terms needed to support the hierarchy), model reduction
may be able to optimize the model. The F-value for the misfit test is 1.38, which means
that misfit is not significant relative to pure error. There is a 36.94% probability of having
such a large F-value for misfit due to noise. The fact that the misfit is not significant proves
the validity of the model. Therefore, based on the above issues, the basic equation and the
specific impact results were determined.

By analyzing the data, the corresponding Equation (8) can be determined:

M = 1.42 4+ 0.2810A + 0.2966B + 0.2562C + 0.0218 B )

Longitudinal frequency, bar depth, and transverse frequency all positively affect drop
quality. Specifically, each unit increase in longitudinal frequency positively affects drop
quality to some extent in a linear manner; transverse frequency also affects drop quality in
a positive linear relationship, but the linear effect of longitudinal frequency is stronger than
that of transverse frequency. In particular, the mechanism of bar depth is more complex
as it exists as a quadratic term in the model. This means that as the bar depth increases,
its effect on the drop quality is not simply linearly increasing but will be accelerated and
strengthened with an increase in the bar depth value; highlighting that the effect of the bar
depth on the drop quality has the characteristic of nonlinear enhancement.

Therefore, in order to determine the basic parameters for the polymer drop, a longitu-
dinal frequency of 2, a bar depth of 11.822 mm, and a transverse frequency of 2 are selected
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as the optimal combination, and the effectiveness of the optimal model is determined
through subsequent tests.

Table 3. Optimization test results of bionic structure combination.

Source Sum of Squares df Mean Square F-Value p-Value
Model 297 9 0.3296 3.87 0.0441 Significant
A—Longitudinal frequency 0.6317 1 0.6317 7.41 0.0297 Effective
B—Strip depth 0.7037 1 0.7037 8.26 0.0239 Effective
C—Transverse frequency 0.5250 1 0.5250 6.16 0.0421 Effective
AB 0.0410 1 0.0410 0.4814 0.5102 -
AC 0.0076 1 0.0076 0.0895 0.7735 -
BC 0.0028 1 0.0028 0.0327 0.8616 -
A2 0.1622 1 0.1622 1.90 0.2102 -
B2 0.7359 1 0.7359 8.63 0.0218 Effective
C? 0.0736 1 0.0736 0.8636 0.3837 -
Residual 0.5966 7 0.0852
Lack of fit 0.3036 3 0.1012 1.38 0.3694 Not significant
Pure error 0.2929 4 0.0732
Cor total 3.56 16

3.3. Curing Test Results and Discussion

As shown in Figure 11, this is the presentation of the results of the curing test. In this
test, samples were collected in the opposite direction of gravity for both the control group
and the bionic mechanism group. The purpose of this sampling method is to accurately
investigate the effect of gravity on the peel strength of the cured samples. From the
graphical data, the performance of the control samples shows a distinctive feature. The
peel strength of the top sample of the control group was relatively low due to the effect
of gravity. Not only that, but the peel strength also fluctuates greatly from samples 1# to
10# as the value fluctuates significantly, reflecting the poor consistency of performance
between samples. On the other hand, the performance of the bionic structure group is
impressive. The peel strength of the bionic structure is relatively stable and balanced, with
small differences in the values of the samples, and the stability of the bionic structure is
improved by about 43.29% compared with the comparison test. This stable characteristic
makes the overall strength highly suitable for the actual production requirements, and
in the actual production it can effectively avoid the unstable product quality caused by
the strength fluctuation and other problems, which shows the significant advantages and
potential of the bionic structure in the application of material curing.

3.6
—— Comparative

—O— Bionic

.N
oo
1

Peel strength (Mpa)
(3]
~

g
(e
L

1# 2# 3# 4# S# of T# 8# O# 10#
Samples

Figure 11. Peel strength results for different materials in the curing test.
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4. Conclusions

In order to meet the special needs of the preventive rehabilitation of oil and gas well
pipelines, this study is based on the principle of bionics to dissect the geometric structure of
remora suckerfish suckers and combine them with fiberboard tape to determine the optimal
combination results by discrete element model. The results are summarized as follows:

1.  Geometrical analysis of remora suckerfish based on bionic principle and combina-
tion of remora suckerfish with fiberboard tape to provide the bionic basis for novel
structural design.

2. Construction of the particle model of a polymer material without solvent epoxy
reinforcement by discrete element model to determine the relevant parameters. The
accuracy of the model is verified by solvent density test and drop test, and then the
optimal combination of parameters of the bionic structure is obtained with the help of
multi-factor test simulation analysis.

3. The bionic coating structure, inspired by remora sucker geometry, was developed
through three-dimensional scanning (0.02 mm accuracy) and proportional scal-
ing. Optimization of longitudinal pleat parameters (height: 1.2 mm and spacing:
3.5 mm) achieved a 43.29% improvement in coating thickness uniformity. The gravita-
tional segregation-induced density gradient was reduced from 0.12 g/cm3 to below
0.04 g/cm3, effectively addressing thickness inconsistency issues in traditional materi-
als which are caused by gravitational effects.

4. Multi-factor response surface analysis shows that the bionic structure decreased the
standard deviation of interfacial bond strength from 0.21 MPa to 0.12 MPa, with the
average strength increasing by 0.2 MPa (from 2.8 MPa to 3.0 MPa)—meeting the
safety threshold of >2.5 MPa for pipeline repair. Drop tests confirmed that coating
thickness unevenness was reduced from 7-10% to within 3%, validating the structure’s
inhibition of fluid shear effects.

5. Determined the bionic structure combination optimization results through a multi-
factor test, determined that the longitudinal frequency, bar depth, and transverse
frequency have a positive effect on the quality of the drop, and thus a longitudinal
frequency of 2, a bar depth of 11.822 mm, and a transverse frequency of 2 were selected
as the optimal combination of results.

6.  The comparison test between the bionic structure and the original structure confirms
that the bionic structure has good stability and effectively avoids problems such as
a lack of strength, and its stability is improved by about 43.29% compared to the
original structure.

The study successfully solved the problem of uneven coating thickness caused by
gravitational segregation and fluid shear, guaranteed the stable and reliable interfacial prop-
erties of composite structures during service, and provided strong support for the practical
application of related materials in the preventive repair of oil and gas well pipelines. In the
future, it will promote the upgrading of the maintenance strategy of oil and gas pipelines
from “passive response” to “active prevention” and form the core technological support
for the resilience of energy infrastructure.

Author Contributions: Conceptualization and methodology, Y.L., D.L. and J.S.; software and val-
idation, Y.L., D.L., Q.X. and K.D.; formal analysis and data curation, Y.L., D.L., XW. and L.D.;
writing—original draft preparation, Y.L., D.L., L.D., Y.Y. and H.Z.; writing—review and editing, Y.L.,
J.S., K.D., Y.Y. and H.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.



Biomimetics 2025, 10, 436 13 of 14

Informed Consent Statement: Informed consent was obtained from all individual participants
included in the study.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Conflicts of Interest: Yuliang Lu, Dongtao Liu, Jiming Song, Qiaogang Xiao, Kezheng Du, Xinjie Wei
and Lifeng Dang belong to the CNOOC Ener Tech-Drilling & Production Co. The authors declare that
they have no known competing financial interests or personal relationships that could have appeared
to influence the work reported in this paper.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Chang, H.B; Dai, C.; Ji, B.Y.; Zhang, H.-W. Data assimilation of multi-stage fractured horizontal well in unconventional oil and
gas reservoir: Field case study. Geoenergy Sci. Eng. 2025, 246, 213659. [CrossRef]

Wen, Z.; Wang, J.; Wang, Z.; He, Z.; Song, C.; Chen, R.; Liu, X; Ji, T;; Li, Z. Analysis of the current status of global oil, gas, and
associated resources exploration in 2023. Pet. Explor. Dev. 2024, 51, 1465-1479. [CrossRef]

Kossenas, K.; Podilchak, S.K.; Beveridge, M. Wireless Propagation in a Metallic Pipe for the Transmission of Sensory Oil and Gas
Well Data. IEEE Antennas Wirel. Propag. Lett. 2022, 21, 1124-1128. [CrossRef]

Liu, C.Z,; Dang, B.; Wang, H.Y.; Yang, L.; Dang, ].X.; Shen, X.H.; Dang, R.R. Synthesized Magnetic Field Focusing for the
Non-Destructive Testing of Oil and Gas Well Casing Pipes Using Pulsed Eddy-Current Array. IEEE Trans. Magn. 2022, 58, 6201710.
[CrossRef]

Zhang, Q.T.; Taleghani, A.D.; Elsworth, D. Underground energy storage using abandoned oil & gas wells assisted by geothermal.
J. Energy Storage 2025, 110, 115317. [CrossRef]

Savenok, O.V.; Zharikova, N.K.; Chuykova, E.P; Verisokin, A.E.; Hadid, M.; Povarova, L.V.; Domanova, A.S. Justification and
selection of a method for restricting water inflow to horizontal wells in low-permeability terrigenous reservoir conditions using
the example of the YuS2 formation of an oil and gas condensate field. Bull. Tomsk. Polytech. Univ.-Geo Assets Eng. 2025, 336.
[CrossRef]

Wang, Y.G.; Guo, W.]; Sun, G.Z.; Zhou, X,; Lin, ].Z.; Ding, M.S.; Huang, Z.; Cao, Y.C. Remaining Oil Distribution and Enhanced
Oil Recovery Mechanisms Through Multi-Well Water and Gas Injection in Weathered Crust Reservoirs. Processes 2025, 13, 241.
[CrossRef]

Yang, J.Z.; Yang, Y.F; Tian, L.; Zhou, ].L.; Wang, Y. Risk and Pollutant Protective Concentration Levels of Drilling Waste Used to
Pave Oil and Gas Field Well Sites. Water 2025, 17, 30. [CrossRef]

Flammang, B.E.; Marras, S.; Anderson, E.]J.; Lehmkuhl, O.; Mukherjee, A.; Cade, D.E.; Beckert, M.; Nadler, ].H.; Houzeaux, G.;
Vézquez, M.; et al. Remoras pick where they stick on blue whales. J. Exp. Biol. 2020, 223, jeb226654. [CrossRef]

Souto, L.R.A.; Ross, T.E.W.; Sampaio, C.L.S.; dos Reis, M.D.S.; Bortolotto, G.A. First record of sharksucker Echeneis naucrates
(Perciformes, Echeneidae) associated with a young Guiana dolphin Sotalia guianensis (Cetartiodactyla, Delphinidae) in north-
eastern Brazil. |. Mar. Biol. Assoc. UK 2022, 102, 386-389. [CrossRef]

Wosnick, N.; Langlais, M.; Saunders, A. Behavioral dynamics and feeding strategies of sharksuckers in symbiosis with Atlantic
Nurse sharks: Insights from a fish cleaning station in the Bahamas. Mar. Biol. 2024, 171, 155. [CrossRef]

Wang, Y.P; Yang, X.B.; Chen, Y.F,; Wainwright, D.K.; Kenaley, C.P.; Gong, Z.Y.; Liu, Z.; Liu, H.; Guan, J.; Wang, T.; et al.
A biorobotic adhesive disc for underwater hitchhiking inspired by the remora suckerfish. Sci. Robot. 2017, 2, eaan8072. [CrossRef]
[PubMed]

Wang, S.Q.; Li, L.; Zhao, W.; Zhang, Y.Y.; Wen, L. A biomimetic remora disc with tunable, reversible adhesion for surface sliding
and skimming. Bioinspir. Biomim. 2022, 17, 036001. [CrossRef] [PubMed]

Wang, S.Q.; Li, L.; Sun, W.G.; Wainwright, D.; Wang, H.; Zhao, W.; Chen, B.; Chen, Y.; Wen, L. Detachment of the remora
suckerfish disc: Kinematics and a bio-inspired robotic model. Bioinspir. Biomim. 2020, 15, 056018. [CrossRef]

Li, Q.Y;; Ning, Z.F; Wu, S.H.; Wang, B.H.; Li, Q.; Li, H. A Multiphase and Multicomponent Model and Numerical Simulation
Technology for CO Flooding and Storage. Energies 2024, 17, 3222. [CrossRef]

Saha, N.; Klinger, J.; Bhattacharjee, T.; Xia, Y.D.; Thompson, V.; Oyedeji, O.A.; Parks, J.; Shahnam, M.; Xu, Y.P. The effect of air
separations on fast pyrolysis products for forest residue feedstocks. Fuel 2024, 375, 132572. [CrossRef]

Song, Y.Q.; Zhang, D.C.; Ranjith, P.G.; Huang, Y.X.; Wu, B.L.; Zhang, ES.; Kong, L.; Perera, M.S.A. Critical review of DEM
simulation for sand production during geo-energy development: Models, parameters, and future directions. Powder Technol. 2024,
444,119977. [CrossRef]

Wei, Y.R.; Feng, Y.C.; Tan, Z.L.; Yang, T.Y;; Yan, S,; Li, X.R.; Deng, ].E. Simultaneously improving ROP and maintaining wellbore
stability in shale gas well: A case study of Luzhou shale gas reservoirs. Rock Mech. Bull. 2024, 3, 100124. [CrossRef]


https://doi.org/10.1016/j.geoen.2025.213659
https://doi.org/10.1016/S1876-3804(25)60553-2
https://doi.org/10.1109/LAWP.2022.3158805
https://doi.org/10.1109/TMAG.2022.3186548
https://doi.org/10.1016/j.est.2025.115317
https://doi.org/10.18799/24131830/2025/1/4563
https://doi.org/10.3390/pr13010241
https://doi.org/10.3390/w17010030
https://doi.org/10.1242/jeb.226654
https://doi.org/10.1017/S0025315422000637
https://doi.org/10.1007/s00227-024-04475-6
https://doi.org/10.1126/scirobotics.aan8072
https://www.ncbi.nlm.nih.gov/pubmed/33157888
https://doi.org/10.1088/1748-3190/ac4e7a
https://www.ncbi.nlm.nih.gov/pubmed/35073526
https://doi.org/10.1088/1748-3190/ab9418
https://doi.org/10.3390/en17133222
https://doi.org/10.1016/j.fuel.2024.132572
https://doi.org/10.1016/j.powtec.2024.119977
https://doi.org/10.1016/j.rockmb.2024.100124

Biomimetics 2025, 10, 436 14 of 14

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

Jin, YF; Liu, EY.; Zeng, W.X.; Zhang, S.X. Test and DEM study on the dynamic behaviours of granite residual soil under combined
bidirectional cyclic loading. Int. J. Pavement Eng. 2025, 26, 2477763. [CrossRef]

Hao, M.; Xing, X.L. Three-dimensional CFD-DEM investigation of dynamic characteristics of biomass particles in a conical
spouted bed. Particuology 2025, 97, 207-218. [CrossRef]

Sun, M.Y,; Deng, ].G.; Feng, Y.C. CFD-DEM study on the blocking conformation of pre-filled sand control screen by layering
method. Geoenergy Sci. Eng. 2025, 244, 213412. [CrossRef]

Eom, G.W,; Hur, M.; Shim, H.C.; Hyun, S.; So, HM.; Oh, M; Lee, ].Y. Development of industrial-scale L-shaped dielectric barrier
discharge reactor for improving capacity retention of graphite anode using plasma pretreatment. J. Phys. D-Appl. Phys. 2025, 58,
155203. [CrossRef]

Riaz, M.H.; Zhou, YW.; Guo, M.H,; Xi, B.; Xiang, S. Development of LC3-ECC incorporating recycled fine aggregate: A novel
sustainable and ductile material. Case Stud. Constr. Mater. 2025, 22, e04547. [CrossRef]

Bang, T.S.; Shin, D.H.; Kim, Y.H. Enhancing Bonding Performance in Cf/Epoxy Composites through Cnt-Reinforced Adhesive
and Process Optimization. Surf. Rev. Lett. 2025, 32, 2540004. [CrossRef]

Tao, S.Q.; Yu, QJ.; Yu, Y.; Appuhamy, ] M.R.S.; Zhang, D.L.; Gao, P; Jiang, Q.; Chu, Y.; Xiao, Y.; Zhan, B.G. Improvement of the
performance of recycled concrete powder-based artificial aggregates through the acceleration carbonation effect induced by
polyethyleneimine admixture. Constr. Build. Mater. 2025, 479, 141503. [CrossRef]

Zhang, J.R.; Wang, Y.F,; Guo, W.Q.; Zhao, H.G.; Zhi, A.T.; Robin, M.A.H. Mechanism of interfacial crack initiation in 3D TBCs and
the influence of substrate curvature on failure behavior. J. Am. Ceram. Soc. 2025; ahead of print. [CrossRef]

Johnson, K.L.; Kendall, K.; Roberts, A.D. Surface energy and the contact of elastic solids. Proc. R. Soc. Lond. A 1971, 324, 301-313.
Thornton, C. Granular Dynamics, Contact Mechanics and Particle System Simulations: A DEM Study; Springer: Berlin/Heidelberg,
Germany, 2015; Volume 24.

Coskun, M.B.; Yalcin, I.; Ozarslan, C. Physical properties of sweet corn grain (Zea mays saccharata sturt.). J. Food Eng. 2006, 74,
523-528. [CrossRef]

ASABE 5368; Compression Test of Food Materials of Convex Shape. USA American Society of Agricultural Engineers: St. Joseph,
MI, USA, 2002.

Wang, X.M.; Yu, ].Q.; Lv, EY;; Wang, Y.; Fu, W. A multi-sphere based modelling method for maize grain assemblies. Adv. Powder
Technol. 2017, 28, 584-595. [CrossRef]

Wang, L.J.; Zhou, W.X,; Ding, Z.].; Li, X.X.; Zhang, C.G. Experimental determination of parameter effects on the coefficient of
restitution of differently shaped maize in three-dimensions. Powder Technol. 2015, 284, 187-194. [CrossRef]

Hlosta, J.; Zurovec, D.; Rozbroj, ].; Ramirez-Gomez, A.; Necas, J.; Zegzulka, J. Experimental determination of particle-particle
restitution coefficient via double pendulum method. Chem. Eng. Res. Des. 2018, 135, 222-233. [CrossRef]

Gonzalez-Montellano, C.; Fuentes, ] M.; Ayuga-Tellez, E.; Ayuga, F. Determination of the mechanical properties of maize grains
and olives required for use in dem simulations. J. Food Eng. 2012, 111, 553-562. [CrossRef]

Yan, D.X,; Yu, J.Q.; Wang, Y.;; Zhou, L.; Yu, Y.J. A general modelling method for soybean grains based on the discrete element
method. Powder Technol. 2020, 372, 212-226. [CrossRef]

Zhou, L.; Yu, ].Q.; Wang, Y,; Yan, D.X; Yu, Y.J. A study on the modelling method of maize-grain particles based on the discrete
element method. Powder Technol. 2020, 374, 353-376. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1080/10298436.2025.2477763
https://doi.org/10.1016/j.partic.2024.11.013
https://doi.org/10.1016/j.geoen.2024.213412
https://doi.org/10.1088/1361-6463/adb7ed
https://doi.org/10.1016/j.cscm.2025.e04547
https://doi.org/10.1142/S0218625X25400049
https://doi.org/10.1016/j.conbuildmat.2025.141503
https://doi.org/10.1111/jace.20662
https://doi.org/10.1016/j.jfoodeng.2005.03.039
https://doi.org/10.1016/j.apt.2016.10.027
https://doi.org/10.1016/j.powtec.2015.06.042
https://doi.org/10.1016/j.cherd.2018.05.016
https://doi.org/10.1016/j.jfoodeng.2012.03.017
https://doi.org/10.1016/j.powtec.2020.05.054
https://doi.org/10.1016/j.powtec.2020.07.051

	Introduction 
	Materials and Methods 
	Structural Characteristics and Adsorption Mechanisms of Remora Suckerfish Remora Suckers 
	Study of Bionic Coating Mechanism of High-Strength Fiberboard Tape 
	Discrete Meta-Analytical Modeling of Nano-Polymer Materials for Epoxy Materials 
	Discrete Element Modeling Study 
	Simulation Model Parameter Testing and Calibration 

	Test and Simulation Verification 
	Simulation Model Validation Test 
	Optimization Test of Bionic Structure Combination 
	Curing Test 


	Results and Discussion 
	Simulation Model Validation Test Results and Discussion 
	Bionic Structure Combination Optimization Test Results and Discussion 
	Curing Test Results and Discussion 

	Conclusions 
	References

