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Abstract: The structure of fishnet knots has been simplified in previous studies to facilitate the
construction of numerical equations of the fishnet structure. This leads to errors in the dynamic
analysis of the trawl mesh structure with water flow. In this study, the finite element method was
used to analyze the interaction of the trawl mesh structure with the solid object in a dynamic explicit
environment. At the same time, design variables were optimized through impact assessment and the
displacement of grid cells. The results show that the polyamide (PA) material, a 0.4 mm cross-section,
and a 25 mm mesh size are the optimal choices. When the displacement speed of the solid body
increased, the displacement and collision values of the mesh structure tended to increase gradually
along the quadratic curve. Confirmation tests performed on the tensile tester machine showed a
good load-carrying capacity of up to 1280 MPa for trawl mesh structures using the PA material. The
characteristic curve for the stress of the trawl mesh structure is shown through the higher-order curve.

Keywords: trawl nets; net cage aquaculture; Taguchi method; finite element method; least mean
squares method

1. Introduction

In recent years, the fishing model using net cages has gradually become popular in
riparian and coastal areas in countries with typical key fisheries, such as Vietnam, Taiwan,
and China [1-4]. This option has many advantages over the method of fishing offshore
or keeping fish in ponds; typically, the water source is always renewed inside the cage,
reducing the risk of mass disease for fish [5], with a higher ease of exploitation and control
of fishery output than that of traditional fishing methods due to their vulnerability to
environmental impacts (storms, flash floods). The combination of net cage aquaculture
with offshore wind power generation areas is being applied in high wind power producing
countries such as Taiwan [6] to increase productivity and production efficiency. Currently,
fishermen still select net type, net size, or cage material randomly, based on trial and
error, which wastes money and effort. Therefore, it is necessary to optimize the design
variables used for mesh making. In recent years, a number of studies have been carried
out to numerically simulate the interaction process of water flow with a typical cage mesh
structure, such as that by Fabien et al. [7], who developed a numerical method based
on the Landweber model modified according to the Richtmyer formula related to the
friction between the water flow and the mesh cage structure. The numerical method gave
good results and the net cage volume decreased by 25% when the flow rate increased to
1 m/s. Zhijing Xu et al. [8] studied numerical and experimental implementation using
Morison’s equation for the interaction of water flow with net cages. According to the
results, the Morison equation underestimates the resistance on the mesh, leading to errors
compared with the experimental method. To minimize errors, additional conditions, such
as the interference of the fluid field and the influence of the Reynolds coefficient, must be
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considered. Cristian Cifuentes et al. [9] developed a Morison force model using OrcaFlex
software for the net cage and water flow interaction. They built a mathematical equation
showing the relationship between the drag coefficient with the multiplication of the density
ratio of the mesh and the Reynolds coefficient, which helps to correct the error of the
Morison equation. Hao Chen et al. [10] built a numerical model based on the aggregate
block structure model and the digital porous environment model to analyze the fluid—
structure interaction of the flow through and around the aquaculture net cage. The mesh
strain gave good results in the middle part, while the bottom part had a large displacement
compared to the experimental results. Biao Su et al. [11] integrated acoustic positioning
sensor data for real-time monitoring of mesh cage deformations. The proposed method was
found to be highly effective, but it is necessary to use additional depth sensors, an inertial
measurement unit (IMU), or a 3D interpolation algorithm for higher accuracy. Overall, the
studies have digitized the interaction of water flow on the net cage structure, making it
more efficient in controlling the capture and aquaculture process. However, in the mesh
structure survey, the knots of the grid have been simplified for easier calculation, which
more or less leads to errors for previous studies. It is necessary to study the net structure
with knots that are not minimized when there is the impact of water currents or fish causing
the net to tear [12].

This study focused on the structural analysis of the trawl mesh structure with 3D
knots. Here, we optimized three design variables (the plastic material, wire cross-section,
and mesh size) used for knitting trawl mesh using the Taguchi method. We also analyzed
the interaction process of solid objects on the grid cells of the trawl grid [13] by the finite
element method, simulated the process in a semi-static environment, and showed the curve
of mechanical work by the least mean squares method when changing the velocity. In
addition, the actual mesh structure experiment was performed using a tensile test, and the
higher-order curve was used to find out the stress curve at the position of the knots.

The remainder of this paper is organized as follows. Section 2 presents the interaction
process of the solid on the trawl mesh structure after the introduction. Section 3 describes
the simulation process and simulation experiment carried out in a semi-static environment.
Section 4 discusses the obtained results. Finally, Section 5 offers the conclusion.

2. The Interaction of the Fishnet Structure

Cage nets can be of several types, such as the Raschel [14], hexagon [15], square [16], or
trawl type, with different advantages and disadvantages. Many countries are now focusing
on the reduction of small high-density microplastics [16] in environmental ecosystems
and marine life [17]. Unlike the nets already mentioned, trawl nets consist of isotropic
braids that do not maintain a fixed shape, the yarns used for netting are usually dense, and
the intermediate joints are considered to be rotational links in the grid model. Applying
Theret’s assumption [18], when the flexible lattice structure is in equilibrium in a steady
stream of water, the knots do not transfer any momentum to the edges of the grid cell.
These edges can be categorized into multiple stiffeners with interlocking knots (Figure 1).
However, the knots of trawl nets have a more complex three-dimensional (3D) structure
than Raschel nets or hexagon nets, so they were modeled in 3D in this study.

The interaction of objects was evaluated by a 3D solid representing fish acts on the
structure of the trawl nets. Complex 3D knots were modeled to increase the accuracy of the
study compared to previous studies. These knots shape the grid cells but do not directly
participate in the contact process between the two objects under consideration. Therefore,
we assumed that the contact between the object and the mesh structure is either point or
line contact, based on a study by Baranowski et al. [19] for one-dimensional Raschel nets
exposed to 3D flying objects in the opposite direction. The contact process of the object on
the trawl net structure is non-linear, while the continuum occurs as a linear elastic material.
In Figure 1, the contact of the trawl net with the solid is assumed by the b node projected
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onto the surface l/)c(l). The total relative displacement, according to the linear and tangential
methods, is determined as follows:

Qn = (b"~b).7 M

Qr= /t: \ 010201241 ()

bc—g(ﬁl,ﬁz) o
2 g (51,T,) = 0 ®)
|b¢ —B(T1,T2)|
au?z = [bc — b] Ay (4)

where 7 is the normal vector of the tangent surface, 71 is the time derivative of (3) and (4),
a,(71,77) is the tangent covariant base vector, and a1, = a;-a is the metric tensor of the b¢

point projected onto the surface llJc(l).
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Figure 1. Decomposition of rigid elements of diamond mesh nettings.
The study hypothesizes that the contact stress tensor needs to be satisfied as follows:
t=ItN+IiT 5)

where t is the normal stress, and ¢t is the tangential stress.
When two bodies are in contact at time ¢, applying the finite element method, the

contact work of the node b° projected onto the surface lpﬁ” is determined by the following
formula:
Wi = Acd(Quty + Qrtr) = SUPDiAw; (6)

where A, is the contact area of the element, ¢ UZ-Q is the displacement of the element, and
D; is the contact stiffness matrix of the element. Because the meshes in 3D space are
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isotropic [20,21], the study determines D; by applying Hooke’s law, and at the same time,
determines the strain stress of the mesh structure by the following formulas:

1—vo v v 0
1—v v 0
E 1—-v 0

Di= — — _x N
T (140)(1-20) L

0
0
0
0 @)
0
symmetry ’22

where E is the modulus of elasticity and v is the Poisson’s ratio of materials.

3. Method

To evaluate the interaction of objects, the design variables were designed to affect the
mechanical work of the trawl mesh structure. The purpose of this optimization process
was also to show the level of impact of the factor so that fishermen have the option to select
the type of netting best suited to the specific conditions of their aquaculture operations.
The experimental procedure is shown in Figure 2. The study tested the tensile strength
of cables from common mesh materials to obtain their stress curve. Together with other
material parameters, these are used as input parameters for simulations in semi-static
environments. The Taguchi method was used to optimize the design variables affecting
the trawl grid structure. After determining the optimal set of parameters, simulations and
experiments were conducted at different speed levels to determine the displacement trend
and the mechanical work of the mesh structure. Simultaneously, the characteristic stress
curve of the trawl mesh structure was built based on the higher-order curve [22].

Preparation of Taguchi method for | No Yes | Dynamic explicit
the materials factors of Trawl nets experiments
Tensile tester Dynamic explicit Optimum process .
) > ) ) > Conclusion
machine simulations | parameter

Figure 2. An algorithm flowchart of the current study.

3.1. Preparation of the Materials

Three types of materials commonly used for fishing nets include: polyamide (PA),
polyethylene (PE), and polypropylene (PP) [23-25], with each having different structural
characteristics. Polyamide, also known as nylon, is a monolithic and transparent PA yarn.
PE yarn is combined from 6 to 8 thinner fibers with the addition of polyester yarn, and PP
yarn is pure but synthesized from many small fibers, about 40 to 60 fibers or more. Based
on the standard ISO-527 [26], in this study, we conducted the tensile test on a tensile tester
machine (FT plus, Ametek Inc., East Hampshire, UK) to determine the stress curve of these
three wires. The fibers had a length of 1 in, a cross-section of 0.4 mm, and were pulled at a
speed of 20 mm/min. The stress curve plots for the three materials are shown in Figure 3.
Parameters, such as density, Young’s modulus, Poisson’s ratio, the elastic value 7, plastic

value 7(t), and ductile damage z" ! of the three fibers were also determined to increase the

reliability of the simulation input [27] in Equations (8)—(11) and Table 1. The failure criteria
for the polymer fibers are described in terms of the yield stress value, tangent modulus, and
plastic strain shown by the stress characteristic curves in Figure 3c. The stress characteristic
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curves of the three materials are almost linear until they break. The elongation at break of
PE was 5.7%, while for PA it was 10% and for PP it was 22.5%.

296.26 —— Polyamide
= Polyethylene

250 4 ~—Polypropylene

200 4 177.14 178.23

Stress [MPa]

\

0 0.05 0.1 015 0.2 0.25
Strain

(c)

Figure 3. Experiments on the tensile behavior of polymer materials: (a) preparation of polymer
materials; (b) experiments of polymer filaments on the tensile tester machine; and (c) the tensile
strength of polymer materials, presented as follows:

Iy —1
g1 = 105 100% (8)
lo
1
7= rP_ 53(o11 + 022 +033) )
q Omises
. dr 14t o(t
dt Iy dt Iy
_pl 2M f
Omax
Table 1. Specification of polymer isotactic materials [28-31].
Properties Units Polymer Materials
ABS Polyamide Polyethylene Polypropylene
Yarn type - Solid Filament Multifilament ~ Multifilament
Density g/mm? 1050 1130 960 940
Breaking force N - 22.14 37.2 21.6
Tensile strength MPa 438 177.14 296.26 178.23

Elongation at break Y% 72 10.0 5.7 22.5

Poisson’s ratio - 0.30 0.40 0.46 0.42

Young’s modulus MPa 1470 2540 1090 1600

In Equation (8), I; is determined as the end length (cm) and I is the initial length (cm).
In Equation (9), g is the von Mises equivalent stress and 011 /022 /033 is the triaxial stress;
they are used to determine the failure state during plastic deformation. The tensile test is
on only one axis; therefore, the stresses at the horizontal and vertical axes are equal to 0
and p is the hydrostatic pressure stress. In Equation (10), v(t) is the strain rate and is the
change in strain of a material with respect to time. In Equation (11), 4y is the maximum
stress value and My is the energy damage evolution.

3.2. Modeling the Objects for Simulations

In most cases, the perimeter of the grid is 0.75 times the size of the fish sample
circumference depicted in Figure 4 [32]. The solid referenced from the study by Bara-
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nowski [31] represents the exposure of the fish to the net structure and does not rep-
resent an average fish size. Here, the circumference of the bottom edge diameter was
determined to be 4/3 times the circumference of the grid cell. In this investigation, grid
cells having sides of 20, 25, and 30 mm and cross-sections of 0.2, 0.3, and 0.4 mm were
employed. Instead of the fish, a frustum made of the frustum of a cone ABS solid was used
to simulate the process and the bottom edge radius was calculated using Equation (11) and
is presented in Figure 5.

R— 8a

- = (12)

where a is the edge of the nets and R is the radius of the base section of the frustum of a
cone.

Ceridcen = 1 Csection of fish

Figure 4. Determine the size of the grid cell.
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Figure 5. The solids and grid cells utilized in the simulation and their form.

3.3. Using the Finite Element Method (FEM) to Simulate the Grid Cells

The fundamental premise of the finite element approach is that analytical accuracy
increases with element size. The simulation model becomes even more perfect if the tiny
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mesh size gets close to infinity [33]. However, when the meshing technique uses too
many elements, the model becomes complex, with a large number of nodes and degrees of
freedom. Unlike in an implicit environment, a longer time is needed to perform simulations
of mesh structures made of non-linear materials such as polymers in the dynamic problem,
or worse, errors are introduced. Therefore, the experiment entailed L9 simulations carried
out in the dynamic explicit environment of the Abaqus program, with the three components
and three levels, as shown in Table 2. As shown in Figure 6, the correct material model was
selected by default as isotropic. Here, the solid was divided into a tetrahedral shape with
C3D4 elements and a size of 1.5 mm, and the grid cell in the simulation environment was
divided into a hexahedral shape with C3D8R elements and a size of 0.1 mm. In addition to
establishing the contact mechanism as sliding, as it is not possible to assign a coefficient of
friction to a liquid such as water, the study only considered the interaction between the
wires (homopolymer) together at the positions of the wires of the knot, and the contact
of the ropes on the solid with 0.2 as a coefficient of friction [33]. The simulation was
run at 2 m/s due to the semi-static nature of the setting. In the mesh, the most strained
position when subjected to external pressures is also considered because of the non-linear
string structures [34], such as the knot of grid cells. These sites are challenging to estimate
using conventional calculating techniques. Even though the wire is tubular, meshing the
FEM can be relatively simple. However, the string structure is unnaturally altered and
isotropic at the location of knots. Consequently, the hexagonal pieces at these places may
appear somewhat deformed and rough, but the accuracy of the stress values remains
unaffected.

Table 2. Operation control variables and their concentrations.

Design Variables Level 1 Level 2 Level 3
Material Polyamide Polyethylene Polypropylene
Section of line (mm) 0.2 0.3 04
Size of grid cell (mm) 20 25 30

Figure 6. The simulation experiments with the Abaqus program.

The influence of mesh design variables on the ability to do mechanical work when
there are objects acting on the mesh structure was studied. The Taguchi method with
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an orthogonal design [35] was used to determine the signal-to-noise (S/N) using the
larger-the-better (Equation (12)) in this case.

% — _10In lli (”iz)] (13)

*ia
where x is the number of observations and 7 is the observed data.

3.4. Confirmation Experiments

After the optimal set of parameters was determined, the validation experiments
were performed in a semi-static environment. For this, the experiments were carried out
at four-speed levels of 0.5, 1.0, 1.5, and 2.0 m/s on the tensile tester machine and in a
simulated environment to evaluate the mechanical workability when the speed changes.
Determination of the stress curve at the position of maximum stress of the mesh structure
based on the higher-order curve is shown in Equation (13) and the mechanical work curve
prepared by the least squares method [36,37] is shown in Equation (14).

0y = AHStBH (14)

(Cx; 4 D)? (15)

|
=

Y;
i—1

where 07 is the stress value (MPa), ¢; is the strain value, and Ag, By, C, D are the constants.

4. Results and Discussion
4.1. The Taguchi Method

The researchers used the Taguchi approach to optimize the design variables of the mesh
structure while using finite element method models in the dynamic explicit environment of
the Abaqus software. The mechanical work capacity of the grid cells was measured when
stretched by the solid at a speed of 2 m/s. The stronger the displacement capacity of the
grid cells, the better their load-carrying ability due to the non-linear features and excellent
plastic deformation. With the movement of the impediment, the remaining portions are
distorted and displaced. Table 3 displays the response table for the S/N ratio based on the
larger-the-better quality attributes, demonstrating that: the test specimen made of PA with
a cross-section of 0.4 mm and a length of 30 mm rendered the best mechanical work value
when the blockage first contacted the mesh. However, the test piece made of PE, with a
cross-section of 0.3 mm and a length of 20 mm, yielded the lowest result. These findings
demonstrate that the capacity to produce mechanical work is significantly affected by the
contact stiffness matrix.

Table 3. Results of the simulation.

Ex. Material Cross-Section Size of Grid Cell (SuiQ D; W;
1 PA 0.2 20 10.04 0.0102 0.102
2 PA 0.3 25 14.47 0.0102 0.147
3 PA 0.4 30 20.44 0.0102 0.208
4 PE 0.3 20 11.99 0.0008 0.009
5 PE 0.4 25 11.67 0.0008 0.009
6 PE 0.2 30 21.00 0.0008 0.016
7 PP 04 20 11.97 0.0029 0.035
8 PP 0.2 25 18.21 0.0029 0.053
9 PP 0.3 30 25.05 0.0029 0.073

The process control variables impacting S/N ratios are presented in Figure 7. PA has
the highest rating of —16.7 when material variables are taken into account. Following that
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is the PP material, with a value of —25.78, and a small decrease in the value to —39.25
for the PE material. The cross-section factor graph exhibits a strong increasing trend,
demonstrating that the influence on signal-to-noise increases with cross-section size. The
chart typically peaks at level 2 at —26.77, drops to level 1 at —27.09, and reaches level 3
at —27.89 when the last component (the edge length of the grid cell) is considered. These
findings demonstrate that the ideal net length is 25 mm. The rank of the design variables is
shown in Table 4, with the best being the material variable; next is the cross-section and the
size variable.

Main Effects Plot for SN ratios
Data Means

Material Cross-section Size

-204

-254

-304

Mean of SN ratios

-354

PA PE PP 02 03 04 20 25 30

Signal-to-noise: Larger is better

Figure 7. Effects of process control on the signal—to—noise (S/N) ratios.

Table 4. Response table for signal-to-noise (5/N) ratios with larger-the-better.

Level Material Cross-Section Size
1 —16.71 —29.95 —27.09
2 —39.25 —27.69 —26.77
3 —25.79 —24.1 —27.89

Delta 22.54 5.86 1.12

Rank 1 2 3

As shown in Table 5, the value of p was used to determine the significance and relative
importance of each factor through the estimated regression coefficient table. For the S/N
ratio, the elements of material, cross-section, and size have p values of less than 0.05,
at 0.003, 0.036, and 0.491, respectively (statistically significant at 0.05). These results indicate
that the material has the greatest impact on the mesh structure, with a mean square of 385.9,
accounting for 93% of the variance. The next most impactful element assessed was the
cross-section, with a mean square of 26.2, contributing to 6% of the total, and the final
element was the size, contributing 1%.

Table 5. The analysis of variance table.

Design Variables L1 L2 L3 SS DF MS p %
A Material —16.71 —39.25 —25.79 771.8 2 385.9 0.003 93
B Section —29.95 —27.69 —24.1 52.4 2 26.2 0.036 6
C Size —27.09 —26.77 —27.89 2.0 2 1.0 0.491 1
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4.2. Interactions of the Fishnet Structure

The real mesh structure was assessed for tensile strength using the optimal parameter
set of the PA material, 0.4 mm cross-section, and 25 mm length on the tensile tester machine
at four speeds of 0.5, 1.0, 1.5, and 2.0 m/s, as shown in Figure 8.

1400
0.5 m/s 1280
1200 - 1.0m/s 1088
1.5 m/fs
1000 927
2.0 936
m/s //I‘
800 - / \‘
600 ) !\
\
400 5
200 - -
e
. =
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75
S, . Strain
(a) (b) ()

Figure 8. Experiments of the optimized grid cell when the tensile tester machine speed rate is
changed: (a) experimental set-up; (b) the result of experiments; and (c) the tensile strength graph
grid cells when the speed rate changes.

At a speed of 1 m/s, the tensile mesh structure made of the PA material exhibits a good
tensile strength of up to 1280 MPa and an elongation of break of 157%, greater than 7.2
and 15.7 times, respectively, the strength of each individual PA fiber. Concurrently, the
knots near the impact region of the object are where the trawl net structure is most strained.
Figure 9 depicts the process of a state shift. When the speed is set to 1 m/s, the solid takes
1.84 s to breach the mesh in a dynamic explicit environment. The end of the mesh cell
closest to the item is where it makes contact with the passive wire part and the greatest
amount of stress is focused.

S, Mises
(Avg: 75%)

- fEE +1262
°\\\\ & +1157
Position +1052
+947

+741

+736

+631

+526

+421

+316

+210

+105

+0

point

Figure 9. The process for altering the stress condition at the knot of grid cells.

Figure 10a depicts the stress curve of the grid cell structure after using the higher-order
curve. Figure 8b shows that the actual mesh structure is not uniform in the shape of the
grid cells as in the 3D model (Figure 5); the knots can be slightly loose, resulting in slight
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Stress [MPa]

distortion in shape. Hence, in the early stages of the experimental process, before the mesh
structure is stretched, there is not much increase in the stress value compared to the strain
value, and hence the growth curve looks like a metamaterial.

Fitted Line Plot Fitted Line Plot
Stress [MPa] = 357.134 * Strain A 3.08081 Mechanical Work = 0.1887 - 0.005209 Speed + 0.01058 Speed”2
1400 0.225 -
0.220878
s 0.0010920
1200 02201 R.sq 99.8%
= R-Sq(adj) 99.4%
1000+ X 02151
<)
800 = 0.2101
©
6004 2 0205 0.203989
©
-
4004 S 0.200
S 0.194833
200 0.1951
0.188525
0l 0.190
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6 0.50 0.75 1.00 1.25 1.50 175 2.00
Strain Speed [m/s]
(a) (b)

Figure 10. The construction of the grid cells’ characteristic curve: (a) tensile strength and (b) mechan-
ical work.

A follow-up investigation assessed how mechanical work is performed at various
speeds. Figure 10b displays the mechanical work curve with varied speeds after using the
least squares approach.

g = 357.134¢, 308081 (16)

W;¢ = 0.1887 — 0.005209v + 0.010587> (17)

5. Conclusions

In this study, the finite element method was used to assess the interaction of the object
with the trawl mesh structure. The design variables (material, cross-section, and mesh size)
were optimized using the Taguchi technique in a dynamic-explicit environment to forecast
and improve the process of completing work on the mesh structure. The findings of the
study are as follows:

- The use of the Taguchi approach improved the research on the technological aspects
of the trawl grid structure. The findings indicate that the material has a significant
impact on the mesh structure of up to 93%. Polyamide (PA) is the suggested material
because it has a higher contact stiffness matrix D; than the other two materials. The
next most impactful element is the cross-section (0.4 mm), which impacts 6% of the
trawl mesh structure. This level of influence can be increased if the angler selects a
wider cross-section because the graph tends to rise gradually. The size of the grid just
depends on the size of the type of fish and has a relatively minimal impact. This study
advises fishermen to use Equation (11) to choose the grid size.

- When a trawl mesh structure is struck by an object, the knots immediately surrounding
the impact area experience the highest concentration of stress (Figure 9) and the
active rope is simultaneously pulled to affect the object. Breakage is brought on by
tension on the passive wire when an object is traveling at 1 m/s, since the maximum
stress can reach 1280 MPa. As the object moves away, the stress gradually decreases.
Application of the higher-order curve reveals that the stress characteristic curve of the
mesh structure is highly reliable, as depicted in Figure 10a.

- In a semi-static environment, the mechanical effort exerted on the mesh structure
tends to progressively rise with the increase in the speed of the item exerting the force.
Figure 10b depicts the characteristic curve of this factor after the application of the
least squares approach, with a confidence level of up to 99.8%.
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- Research has significantly improved the reference data for semi-static trawl mesh
structures or other forms of grids with comparable structures and features. In the fu-
ture, the use of more flow factors, water viscosity, and Reynolds coefficient evaluations
may lead to more research development.
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