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Abstract

Marine plastic pollution from abandoned fishing gear has intensified the search for lower-
persistence netting materials that retain adequate mechanical performance. This study investigated
how yarn composition and twisting influence plant-based and polyester-containing two-ply yarns
across three structural scales: yarns, double-weaver knots, and nets. Six yarn systems were
produced at 200-500 TPM. Two-way ANOV A confirmed significant effects of composition, twist,
and their interaction, whereas Grey Relational Analysis identified 400 TPM as the most suitable
common twist condition. At the yarn scale, PALF/PALF showed the highest breaking force,
whereas PES/PES exhibited the greatest extensibility. At the knot scale, PALF/PALF achieved the
highest knot load and substantial geometric rearrangement, while PES/HF showed the greatest
proportional strength retention. At the net scale, PALF/PALF maintained the strongest overall
load-bearing response and was mechanically competitive with the PES/PES reference, although
the polyester retained advantage. The numerical comparison favored the 10 cm over the 5 cm
mesh-bar configuration under the adopted conditions. Seawater exposure caused greater surface
deterioration in PALF and hemp than polyester. Overall, the results demonstrate that material
ranking changes across structural scales and identify PALF-containing systems as promising

candidates for further lower-persistence fishing-net development
Keywords: Pineapple leaf fiber (PALF); hybrid yarn; knot mechanics; biodegradable fishing net.

1. Introduction



Marine plastic pollution is a persistent global environmental challenge, with approximately 11
million metric tons of plastic waste entering the ocean annually and substantially higher inputs
projected in the absence of additional intervention . Although most marine plastic originates
from land-based sources, lost, abandoned, or otherwise discarded fishing gear represents a
particularly damaging marine-derived component because it can continue capturing organisms
after being lost, a phenomenon known as ghost fishing **. Global estimates indicate annual loss
rates of approximately 5.7% for fishing nets, 8.6% for traps, and 29% for fishing lines °. In addition
to contributing persistent polymeric debris to marine ecosystems, abandoned fishing gear can
damage coral reefs and benthic habitats, entangle marine organisms, and generate ecological and

economic losses %’.

Early fishing nets were manufactured from natural fibers such as flax, hemp, cotton, and sisal, but
these materials were progressively replaced by synthetic polymers because of their susceptibility
to biological deterioration, variable mechanical performance, and maintenance requirements ®.
Polyamide, polyethylene, and polypropylene subsequently became widely used in fishing-net
construction owing to their favorable combination of mechanical strength, abrasion resistance,
water resistance, and service durability. However, the same environmental persistence that
supports their long service life becomes disadvantageous when fishing gear is lost or abandoned,
because synthetic netting may remain in marine environments for extended periods and continue

contributing to ghost fishing and plastic pollution °.

Recent advances in sustainable fishing gear have explored several material strategies, including
biodegradable polymers, recycled synthetic fibers, semi-biodegradable blends, bio-based
composites, and natural plant fibers. Biodegradable polymers such as polybutylene succinate
(PBS), polybutylene succinate adipate terephthalate (PBSAT), polybutylene adipate terephthalate
(PBAT), and polylactic acid (PLA) have been investigated as alternatives to conventional nylon
and polyethylene fishing gear because they can offer improved environmental performance while
maintaining acceptable mechanical properties under controlled service conditions **!'. However,
biodegradable fishing gear is still under development, and its environmental benefits must be
carefully balanced with mechanical performance, net durability, fishing efficiency, and long-term
stability in marine environments. In some cases, biodegradable gillnets have shown lower catch

efficiency or reduced tensile properties compared with conventional nylon nets, indicating that



material replacement alone is not sufficient for practical application®. Importantly, material
degradation should not be regarded automatically as environmental safety, because fragmentation,
degradation rate, degradation products, and the persistence of residual material must also be

considered when evaluating alternative fishing gear '.

Meanwhile, natural fibers including hemp and pineapple leaf fiber (PALF) have attracted
increasing attention because of their renewable origin, biodegradability, and relatively high
specific mechanical strength. Pineapple leaf fiber (PALF) has attracted considerable attention as a
sustainable lignocellulosic material because of its high cellulose content, relatively low cost,
renewable origin, and favorable mechanical properties, particularly its comparatively high tensile
strength and specific strength '3. PALF has been reported to exhibit a broad range of tensile
strength, approximately from 413 to 6127 MPa, together with a tensile modulus of about 60—82
GPa'*. Its comparatively high mechanical performance is generally attributed to its high o-
cellulose content, low microfibrillar angle, and the resulting efficient load transfer along the fiber
axis, which collectively contribute to its high stiffness and strength !°. Hemp fiber represents
another established lignocellulosic material with relatively high specific strength, low density,

renewable origin, and inherent biodegradability '!7

. Reported mechanical properties vary
substantially with cultivar, extraction method, fiber morphology, testing conditions, and moisture
content, as is typical of natural fibers. Although these characteristics make hemp attractive for
sustainable textile structures, its relatively limited extensibility and sensitivity to moisture may
influence yarn deformation, knot tightening, and stress redistribution within net structures. These
materials generally exhibit lower moisture resistance, greater variability in mechanical
performance, and reduced long-term durability compared with conventional synthetic polymers,

making further structural optimization necessary for practical fishing-net applications '8,

The successful implementation of sustainable materials in fishing nets depends not only on their
environmental advantages but also on their ability to satisfy the demanding mechanical
requirements of fishing operations. The load-bearing capacity of netting fabrics is an important
factor governing their ability to maintain structural integrity under operational loads. While
material strength is important, the overall performance of fishing nets is also strongly influenced
by net architecture, knot behavior, mesh geometry, and deformation mechanisms. Therefore,

understanding the mechanical response of netting materials before fracture is essential. Although



tensile breaking strength has traditionally been the main parameter considered for netting and ropes
in aquaculture and fishing applications, limited attention has been given to stiffness, deformation
behavior, and mechanical response prior to failure 2!,

Previous studies have provided important information on the tensile behavior of conventional
netting materials, the performance of biodegradable polymer-based fishing gear, knot-induced
reductions in mechanical performance, and the influence of net geometry on structural and

2223 However, these aspects have largely been investigated

hydrodynamic behavior
independently. In particular, limited information is available on how the mechanical characteristics
of plant derived yarns translate across successive structural scales from twist-dependent yarn
behavior to knot tightening and load retention, and subsequently to strain redistribution and load-
bearing capacity within a complete net panel. This gap is particularly important for natural fibers
because differences in fiber stiffness, extensibility, surface morphology, and friction may produce
responses at the knot and net scales that cannot be inferred directly from straight-yarn tensile

properties.

The aim of this study was to investigate the early stage mechanical behavior of plant-derived and
polyester containing yarn systems as potential materials for sustainable fishing net development.
Specifically, the effects of yarn composition and twist level were examined across three structural
scales: straight yarn, double weaver’s knot, and complete net panel. Unlike previous studies that
have generally evaluated yarn tensile behavior, knot performance, or net mechanics separately, the
present work establishes a multiscale experimental framework linking twist dependent yarn
properties to knot load retention and deformation, and subsequently to load distribution and
mechanical response at the net scale. Preliminary seawater-induced surface changes in the plant
based fibers were also compared with those observed in polyester as a synthetic reference. Rather
than validating direct commercial application, this study was intended to provide a mechanistic
understanding of how material composition and structural scale influence the performance of
alternative fishing net materials and to support further development of biodegradable or lower-

persistence fishing net system

2. Results and Discussion



2.1.Yarn scale
Twisting

The effect of the twist level on the breaking force and breaking extension of the different yarn
combinations are presented in Table 1. The tested yarns included three hybrid systems, namely
PES/HF, PES/PALF, and PALF/HF, and three homogeneous reference systems, namely PES/PES,
PALF/PALF, and HF/HF. The twist level was varied from 200 to 500 turns per meter (TPM) to

evaluate its influence on yarn-scale mechanical behavior.

Table 1. Breaking force and breaking extension of the six two-ply yarn compositions at different

twist levels. The values are presented as mean + standard deviation (n=3).

Yarn Yarn Type Twist Mechanical Property

specimen level breaking force (N) | Breaking

No. (TPM) extension %
1. PES/HF 200 12.66 £ 1.49 4,16 £0.83
2. PES/HF 300 12.85 £2.27 5.51+1.52
3. PES/HF 400 11.12+1.93 9.71 £3.28
4. PES/HF 500 9.48 +1.27 7.21 £4.40
5. PES/PALF 200 18.48 £0.79 14.04 + 3.28
6. PES/PALF 300 18.84 £0.84 16.55+4.78
7. PES/PALF 400 19.41 £0.58 16.88 +2.83
8. PES/PALF 500 18.95 +1.87 17.66 £2.71
9. PALF/HF 200 16.48 +2.63 7.77 £2.09
10. PALF/HF 300 13.71 £2.31 8.46 +5.42
11. PALF/HF 400 12.96 +4.71 9.71 £3.27
12. PALF/HF 500 13.85+3.84 9.27+3.12
13. PALF/PALF 200 11.92 +0.78 9.96 +1.83
14. PALF/PALF 300 12.00 +£2.20 10.44 £2.03
15. PALF/PALF 400 2238 £ 1.61 20.44 +1.27




16. PALF/PALF 500 10.20 + 2.33 9.26 +£2.20
17. HF/HF 200 15.20 £ 0.98 5.66 +£0.98
18. HF/HF 300 16.16 = 0.44 5.12+£0.55
19. HF/HF 400 15.15+1.27 598 +£1.91
20. HF/HF 500 14.74 £ 0.44 5.18+0.82
21. PES/PES 200 16.30+ 1.20 15.88 £9.73
22. PES/PES 300 18.65+0.76 17.82 £3.08
23. PES/PES 400 19.10 £1.23 20.76 £ 5.93
24. PES/PES 500 18.85 +1.80 33.31+5.08

The tensile response varied substantially among the yarn compositions and twist levels. The
highest breaking force was recorded for PALF/PALF at 400 TPM, with a value of 22.38 + 1.61 N
and a breaking extension of 20.44 + 1.27%. This result indicates that PALF/PALF achieved
particularly favorable yarn strength and deformation capacity at this intermediate twist level. In
contrast, PES/PES exhibited the greatest breaking extension, reaching 33.31 + 5.08% at 500 TPM,
while maintaining a breaking force of 18.85 + 1.80 N.

The effect of twisting was strongly dependent on the yarn composition. PES/PALF maintained a
relatively stable breaking force of approximately 18.48—19.41 N across the investigated twist
range, with a gradual increase in breaking extension. HF/HF also exhibited limited variation in
breaking force, ranging from 14.74 to 16.16 N, but maintained comparatively low breaking
extension values of 5.12-5.98%. Conversely, PALF/PALF exhibited a pronounced increase in
both breaking force and breaking extension at 400 TPM, followed by a substantial reduction at
500 TPM. PES/PES showed a progressive increase in breaking extension with increasing twist,
whereas the breaking force of PES/HF decreased at the highest twist level. These composition
dependent trends indicate that a single general relationship between twist level and mechanical

performance cannot be applied to all yarn systems.



The effects of yarn type and twist level on the breaking force and breaking extension are evaluated

using two-way ANOVA which are summarized in Table 2.

Table 2. Two-way ANOVA results for the effects of yarn composition and twist level on
breaking force and breaking extension.

Response Variable Source df | Mean F-value P-value
Square
breaking force (N) Twisting level 3 16.924 | 4.500 0.007

Yarn composition 5 91.975 | 24.457 <0.001

Twisting level x Yarn | 15 | 19.410 | 5.161 <0.001

composition

Error 48 | 3.761 - -
Breaking extension (%) | Twisting level 3 | 84323 | 6307 0.001

Yarn composition 5 477.050 | 35.680 <0.001

Twisting level x Yarn | 15 | 42.308 | 3.164 0.001
composition
Error 48 [ 13.370 |- -

Two-way ANOVA showed that both yarn composition and twist level significantly influenced
yarn-scale mechanical performance. Yarn composition had a significant effect on breaking force
(F=24.457, p<0.001) and breaking extension (F=35.680, p<0.001). Twist level also significantly
affected breaking force (F=4.500, p=0.007) and breaking extension (F=6.307, p=0.001). These
results confirm that both the constituent fiber system and the applied twist contributed to the
mechanical response of the yarns. The observed differences may be related to variations in fiber
stiffness, extensibility, morphology, alignment, and inter-fiber friction. Overall, polyester-
containing yarns tended to exhibit greater breaking extension, whereas PALF-containing systems
achieved comparatively high breaking force and favorable strength-related performance under

selected twist conditions.



A significant interaction between yarn composition and twist level was also observed for breaking
force (F=5.161, p<0.001) and breaking extension (F=3.164, p=0.001). This interaction indicates
that the influence of twist depended on yarn composition and was therefore not uniform across the
six yarn systems. For example, PALF/PALF exhibited a pronounced increase in both breaking
force and breaking extension at 400 TPM, followed by a substantial reduction at 500 TPM,
whereas HF/HF showed comparatively limited variation over the investigated twist range.
PES/PES exhibited a progressive increase in breaking extension with increasing twist, while
PES/HF showed a reduction in breaking force at 500 TPM. These composition-dependent trends
indicate that no single twist—strength relationship can adequately describe all yarn systems.
Accordingly, the effects of yarn composition and twist level should be interpreted in conjunction

with their significant interaction rather than independently.

Although both yarn composition and twist level significantly affected the mechanical properties,
breaking force and breaking extension did not necessarily reach their highest values under the
same conditions. Grey Relational Analysis was therefore applied as a multi-response decision-
making method to integrate both properties into a single performance index. This approach enabled
selection of a common twist level that provided the optimal overall balance between breaking force
and breaking extension across the six yarn compositions for the subsequent knot- and net-scale

evaluations.

Grey Relational Analysis was applied to identify the twist level that provided the optimal
combined performance in breaking force and breaking extension (Table 3). Both responses were
treated as “larger-the-better” criteria and assigned equal weighting. The highest mean Grey
Relational Grade was obtained at 400 TPM (0.520), followed by 500 TPM (0.484), 300 TPM
(0.450), and 200 TPM (0.435). These results indicate that 400 TPM provided the optimal between

the two mechanical responses across the six yarn compositions.

Table 3. Mean tensile properties and average Grey Relational Grades for the investigated twist

levels.



Twisting level | Mean  breaking | Mean  breaking | Grey

(TPM) force (N) extension (%) Relational
Grade (GRG)

200 15.17 9.58 0.435

300 15.37 10.65 0.450

400 16.69 13.91 0.520

500 14.35 13.65 0.484

The results showed that 400 TPM had the highest GRG, indicating the most balanced mechanical
performance among the tested twist levels. Although twist level significantly affected both
breaking force and breaking extension in the two-way ANOVA, the significant interaction with
yarn composition showed that its effect was not uniform among the yarn systems. Therefore, the
GRA result should be interpreted as identifying the most suitable common twist level rather than
the individual optimum for every composition. Based on its highest mean GRG, 400 TPM was

selected for the subsequent knot- and net-scale evaluations.

At lower twist levels (200-300 TPM), insufficient fiber consolidation reduces mechanical
efficiency, while at higher twist levels (500 TPM), excessive twisting introduces internal stress
and potential fiber damage, reducing the overall performance. The intermediate twist level (400
TPM) achieves a balanced structure, optimizing interfiber cohesion while maintaining adequate

flexibility.

Surface morphological changes after seawater immersion

Figure 1 shows the surface morphology of the yarns after immersion in natural seawater for one
and two months, as part of a preliminary seawater biodegradability assessment based on SEM-
observed surface degradation. As shown in Figure 1a, the polyester yarns exhibited limited visible
surface changes after seawater exposure. Their surfaces remained generally similar to those of the
unexposed specimens, although some deposited debris was observed. There is some surface debris,

probably residues from seawater 2°. For the hemp yarn samples (Figure 1b) degradation of the



fibers is clearly apparent, including areas where the primary cell wall has been degraded exposing
the cellulose microfibrils of the secondary cell layer. Cracks were visible after one month of

immersion and became wider and deeper after two months.

For the pineapple yarns (Figure 1¢) degradation of the fibers is clearly apparent with severe surface
damage. After two months in sea water, large cracks are visible on the surface of the yarn and a
strip looks as if it has been peeled off. There are also areas where the fibers are completely
separated. In addition, Particles were also observed on some fiber surfaces and may represent
microbial deposits, detached fiber fragments, or residues from the seawater ’. Irregular cracks
were observed on the surfaces. Some intact fibers are still visible even after two months of seawater
exposure, indicating that degradation of pineapple fibers is non-uniform. Overall, these results
support the biodegradation findings for both hemp and pineapple yarns, with the observed level of

degradation corresponding well to the extent of biodegradation.

Figure 1. Surface degradation of fibers a) polyester fibers, b) hemp fibers,and c) pineapple fibers.

2.2.Knot Scale

Morphological observations of the knot structure

The morphology of the double weaver's knots prepared from the twisted yarns was examined using
scanning electron microscopy, as shown in Figure 2. The knot-scale results are reported with
standard deviation based on n=3 independent specimens for each composition. The SEM images

were colored to distinguish the constituent fibers: yellow represents PALF, blue represents HF,



and purple represents PES. The double weaver’s knot functions as a mechanical interlocking
region between adjacent mesh bars; therefore, knot compactness, yarn arrangement, surface

roughness, and fiber protrusion are important factors affecting load transfer during tensile loading.

Yarn hairiness and surface irregularity can be related to fiber alignment, folded or hooked fibers,
and fiber migration within the yarn body. These structural features may influence yarn-to-yarn
contact, friction, slippage, and stress concentration within the knot 2%. As shown in Figure 2, clear
morphological differences were observed among the different yarn combinations. The PES/PES
knot exhibited the most compact and uniform structure, with tightly packed filaments and limited
surface hairiness. This morphology suggests stable yarn alignment and efficient load transfer,

which may explain its relatively stable deformation behavior during tensile loading.

In contrast, the PALF/PALF knot showed a less compact structure with more visible fiber
protrusions and surface irregularities. However, these irregularities should not be interpreted only
as defects, because the rough surface of pineapple leaf fibers may increase inter-fiber friction and
promote progressive knot tightening under load. These observations align with Rungruangkitkrai
et al. (2026), who reported that the coarse, stiff and irregular morphology of PALF resulted in
heterogeneous fiber distribution, surface migration, increased hairiness and non-uniform packing
in PALF-containing blended yarns ?. The HF/HF knot displayed an intermediate morphology,
characterized by a rougher surface and moderate fiber protrusion. The hybrid yarns showed mixed
structural features: the polyester component contributed to a more compact filament bundle, while

the plant-based component introduced surface roughness and irregular packing around the knot.



Figure 2. SEM morphology of double weaver’s knots produced from PALF, HF, PES, and their

hybrid yarn combinations. Yellow, blue, and purple indicate PALF, HF, and PES, respectively.
Colors were digitally assigned after SEM acquisition solely to facilitate visual differentiation of

the constituent yarn components.
Strength

The knot-scale mechanical response differed markedly among the six yarn compositions at 400
TPM. Maximum knot load, knot strength efficiency, and absolute knot area change are
summarized in Table 4 and Figure 3. The knot strength efficiency was calculated as described in
Section 2.3.2 and represents the proportion of the straight-yarn load-bearing capacity retained after
knot formation. Because only three independent knot specimens were tested for each composition,
the knot-scale results are interpreted primarily as comparative mechanical indicators rather than

through inferential statistical analysis.

Table 4. Maximum knot load, knot strength efficiency, and absolute knot area change of the double
weaver’s knot specimens at 400 TPM. The values are presented as mean + standard deviations

(n=3).



Knot Maximum knot load (N) | Knot strength | knot-area  change,
efficiency (%) AA (mm?)
PALF/PALF 17.01 +2.87 76.0 19.50 + 3.00
PES/PES 15.09 + 1.02 79.0 17.99 +1.01
PES/HF 9.12+1.34 82.0 11.1+£1.96
PALF/HF 926 +0.73 71.5 6.21 +1.53
HF/HF 6.79 + 1.12 44.8 2.08 +0.83
PES/PALF 13.78 + 1.04 71.0 4.77+0.01

The PALF/PALF exhibited the highest absolute maximum knot load, reaching 17.01+2.87 N,
followed by PES/PES at 15.09+£1.02 N and PES/PALF at 13.78+1.04 N. PALF/PALF also showed
the largest absolute knot-area change, 19.50+3.00 mm?, indicating substantial geometric
rearrangement and progressive tightening of the knot region before failure. Its knot strength
efficiency was approximately 76.0%, showing that a considerable proportion of the straight-yarn
load-bearing capacity was retained after knot formation. The relatively high knot load together
with the large area change suggests that PALF/PALF combined favorable knot strength with a

substantial capacity for structural rearrangement during loading.

PES/PES also exhibited comparatively high knot-scale performance, with a maximum knot load
of 15.09+1.02 N, a knot strength efficiency of approximately 79.0%, and an absolute knot-area
change of 17.9941.01 mm?. The combination of high load retention and substantial deformation
indicates that the polyester yarn was able to accommodate knot tightening while maintaining a
relatively large proportion of its straight-yarn strength. This behavior may be associated with the
flexibility and uniform filament arrangement of the polyester yarn, which can facilitate

redistribution of load within the knot.

Interestingly, PES/HF exhibited the highest knot strength efficiency, approximately 82.0%, despite
having a lower absolute maximum knot load of 9.12+1.34 N. This distinction demonstrates that
absolute knot strength and knot strength efficiency represent different aspects of mechanical

performance. The high efficiency of PES/HF indicates that the knot retained a relatively large



fraction of the breaking force of the corresponding straight yarn, although its absolute load-bearing

capacity remained lower than those of PALF/PALF, PES/PES, and PES/PALF.

Among the remaining hybrid systems, PES/PALF reached a maximum knot load of 13.78+1.04 N
and retained approximately 71.0% of its straight-yarn load-bearing capacity. However, its absolute
knot area change was only 4.77+0.01 mm?, substantially lower than those of PALF/PALF and
PES/PES. PALF/HF exhibited a similar knot strength efficiency of approximately 71.5%, but its
lower maximum knot load 0 9.26+0.73 N and knot-area change of 6.2141.53 mm? indicate a lower

overall knot-scale mechanical response.

HF/HF exhibited the lowest maximum knot load, 6.79+1.12 N, and the smallest absolute knot-area
change, 2.08+0.83 mm?. Its knot strength efficiency was also the lowest among the six
compositions, at approximately 44.8%. Thus, although the straight HF/HF yarn exhibited a
breaking force of 15.15 N at 400 TPM, less than half of this load-bearing capacity was retained
after knot formation. The combination of low load retention and limited knot deformation suggests
that knot formation imposes a comparatively large mechanical penalty on the HF/HF system. Its
relatively low extensibility may result in limited progressive tightening and stress redistribution

within the knot, leading to earlier localized failure.

Overall, the knot scale results demonstrate that the mechanical ranking of the yarns based solely
on straight-yarn breaking force was not completely preserved after knot formation. PALF/PALF
showed the highest absolute knot strength, whereas PES/HF exhibited the highest proportional
strength retention. In contrast, HF/HF showed both the lowest maximum knot load and the lowest
knot strength efficiency. These findings indicate that the maximum knot load, strength retention,
and knot deformation describe complementary aspects of knot performance and should therefore

be considered together when evaluating yarn systems for knotted fishing-net structures.
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Figure 3. Initial and final configurations of double weaver’s knot specimens produced from the
six yarn compositions during tensile loading at 400 TPM. Blue dashed lines indicate the initial
knot configuration at 0 N, while red dashed lines indicate the configuration immediately before

failure. The displacement of the four tracked markers was used to calculate the absolute knot area

change, AA.
2.3. Net scale

Optimizing the mesh size

Fishing nets can also be described on the basis of their mesh size, which refers to the spacing
between adjacent knots or the length of the yarn segment connecting two knots, as illustrated in
Figure 8c. In addition to material composition, mesh geometry strongly influences the mechanical
response of netting structures because it affects the knot density, load distribution, deformation
behavior, hydrodynamic resistance, and stress concentration during loading. Other researchers
demonstrated that modifications in mesh size altered the spatial geometry, and sinking speed.
Similarly, experimental studies have shown that the net material, mesh shape, solidity ratio, current
velocity, and current direction significantly influence the hydrodynamic and dynamic loads acting

on net structures 233,



Table 5 compares the stress distributions of the numerical net models with mesh-bar lengths of 5
and 10 cm. In the simulation contours, in the equivalent von Mises stress contours, blue represents
lower stress and red represents higher stress. The 5 cm mesh structures generally showed more
localized high-stress regions around the knots and short mesh bars. This behavior can be attributed
to the higher knot density in the smaller mesh structure. Since knots act as stress-concentration
points, increasing the number of knots per unit area can limit mesh deformation and increase local

stress accumulation.

In contrast, the 10 cm mesh structures showed improved load distributions along the mesh bars
and lower restrictions on mesh deformation. This improvement can be attributed to the reduction
in the stress concentration around the knot regions and the more uniform distribution of the applied
load throughout the net structure. This finding agrees with previous research investigating the
relationship between mesh sizes and breaking strength. Sala et al. (2004) reported that increasing
the mesh size could improve the breaking strength of netting structures, which was attributed to

reduced knot interactions and improved load distribution within the net!°.

Table 5. Comparative numerical results for net structures with mesh bar lengths of 5 and 10 cm.

Yarn 10 cm S5cm
composition
PES/HF A W4
/
V4 \
ZN,
PES/PALF \N/
N\ Vg
7/ \
N\
PALF/HF N

AN




PALF/
PALF

HF/HF

PES/PES z: Z
; 'E \

Figure 4 compares the simulated maximum reaction force reached before failure for the 5 and 10

+5.000e+03
+4.583e+03
+4.167e+03
+1.250e+03
+8.333e+02
+4.167e+02
+0.000e+00

S, Mises (Avg: 75%)
= +3.750e+03
b +3.333€403
e 12.917€+03
= 12.500e+03
= 12.083e+03
et +1.667€+03

cm mesh-bar configurations observed between all the monitored nets. Bar charts of the samples
represent the maximum force of each net before failure. For PALF/PALF, the maximum load
increased from 29.64 N at 5 cm to 34.98 N at 10 cm. PES/PES increased from 25.50 N to 26.01
N, while PES/PALF increased from 24.61 N to 25.32 N. Similarly, HF/HF, PALF/HF, and PES/HF
increased slightly. Therefore, within the adopted numerical conditions, all six yarn systems
exhibited higher simulated maximum reaction forces for the 10 cm mesh-bar configuration than
for the corresponding 5 cm configuration. The numerical analysis therefore indicates a consistent

relative advantage of the 10 cm configuration within the comparative modelling framework.



Among all samples, the PALF/PALF net showed the highest load-bearing capacity, reaching 34.98
N at the 10 cm mesh length. This result agrees with the high yarn and knot strength of the
PALF/PALF system at 400 TPM. The superior performance of this net can be explained by the
strong microfibrils structure of pineapple leaf fiber, its high cellulose content, and its rough surface
morphology. The rougher PALF surface can increase frictional locking at the knot regions,
reducing yarn slippage and improving load transfer between adjacent mesh bars. As a result, the

PALF/PALF net was able to tolerate the highest load before failure.

The PES/PES and PES/PALF nets also showed relatively high maximum loads. PES/PES reached
26.01 N at 10 cm, while PES/PALF reached 25.32 N. The good performance of PES/PES is related
to the uniform, flexible, and compact structure of polyester filaments, which supports stable strain
distribution and efficient load transfer. PES/PALF also performed well because the polyester
component provides flexibility and dimensional stability, while the PALF component contributes

surface roughness and frictional resistance at the knots.

In contrast, the HF/HF and PES/HF nets showed the lowest load-bearing capacities. Although their
strength also improved when the mesh length increased from 5 cm to 10 cm, their final load values
remained lower than those of PALF/PALF, PES/PES, and PES/PALF. This may be related to the
lower extensibility and higher stiffness of hemp fibers, which can increase local stress
concentration around knots. In the PES/HF hybrid structure, the difference in stiffness and
elongation between polyester and hemp may also cause uneven load sharing during deformation,

leading to earlier failure.
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Figure 4. Simulated maximum reaction forces of the six yarn systems for the 5 and 10 cm mesh-

bar configurations.
Strength

The net scale represents the final structural level investigated in this study, following the yarn and
knot scales. At this level, the mechanical response is governed not only by the tensile behavior of
the constituent yarns and the local resistance of the knots, but also by the interaction among mesh
geometry, knot arrangement, and load transfer throughout the entire net structure. Fishing nets are
inherently complex assemblies in which knots connect adjacent yarn segments to form a repeated
mesh network. In a knotted net, each mesh bar is linked to neighboring bars through successive
rows of knots. To ensure structural stability and a balanced net architecture, the orientation of the
knots is alternated from one row to the next. As a result, the yarn segments maintain a consistent
positional relationship as they pass through successive knots, which contributes to the overall

geometric integrity of the net during loading.

Based on the previous simulation results, the 10 cm mesh length was selected for the experimental
net-scale test. The distribution of the strain of the 10 cm net specimens was recorded using a high-
speed camera and analyzed by tracking characteristic points during tensile loading, as shown in

Figure 5.



As shown in Figure 5, a distinct difference was observed between nets manufactured from
homogeneous yarn combinations and those manufactured from hybrid yarn combinations. The
PES/PES, PALF/PALF, and HF/HF nets generally exhibited more continuous and spatially
uniform strain distributions than the PES/PALF, PES/HF, and PALF/HF nets. The mechanical
compatibility of identical yarn components, including comparable stiffness, extensibility, surface
characteristics, and knot response, promoted more uniform load sharing among adjacent mesh
bars. By contrast, differences in the mechanical and interfacial properties of the constituent fibers

in hybrid yarns resulted in non-uniform strain, and localized strain concentrations.

The PES/PES net exhibited a relatively balanced strain distribution pattern, suggesting stable load
transfer and structural regularity during extension. The PES/PALF and PALF/PALF nets showed
more pronounced strain in selected vertical mesh bars, indicating that these structures underwent
greater local extension before failure. In particular, the PALF/PALF net displayed a wider
distribution of highly deformed mesh bars, which is consistent with its superior load-bearing
capacity and suggests that the structure was able redistribute more mechanical energy before
rupture. This behavior may be attributed to the relatively high yarn strength of PALF/PALF and
the frictional resistance provided by the rougher pineapple-fiber surface, which can improve load

transfer through the knot and mesh system.

In contrast, The PES/HF and PALF/HF nets exhibited pronounced strain localization. In both
structures, high strain was confined to a limited number of mesh bars, while large portions of the
net remained at relatively low strain. The lower extensibility of the hemp-containing yarns,
combined with the mechanical mismatch between hemp and the second fiber component, reduced
the uniformity of load redistribution. Consequently, strain was concentrated along specific mesh
paths and around selected knots. The PES/HF net demonstrated particularly severe localization,
whereas the PALF/HF net exhibited a slightly broader distribution of intermediate strain around

the principal high-strain regions.
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Figure 5. Spatial strain distributions of the six 10 cm mesh net structures immediately before

failure during tensile loading.

The HF/HF net showed the most regular and symmetric strain distribution, with strain increasing
gradually from the lateral regions toward the center. However, the overall strain magnitude
remained comparatively low, consistent with the limited breaking extension of the HF/HF yarn.
The mechanical similarity of the two hemp components promoted relatively uniform load transfer,
whereas their limited extensibility restricted the total deformation sustained before failure.
Therefore, a uniform strain field does not necessarily correspond to high strain capacity or high

load-bearing performance.

Figure 6 presents the mean force—time responses obtained from three independent net-panel tests
for each yarn composition. Among the homogeneous net structures, PALF/PALF exhibited the
highest maximum force, reaching approximately 115 N after nearly 295 s of loading, which was
consistent with its broad distribution of elevated strain and substantial deformation before failure.

PES/PES reached a comparable maximum force of approximately 110—-112 N at a shorter loading



time of about 155 s, corresponding to its relatively balanced strain distribution but more rapid
development of tensile resistance. In contrast, HF/HF exhibited the lowest maximum force,

approximately 27-30 N, despite its regular strain field.
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Figure 6. Mean force—time responses of 10 cm mesh net specimens produced from the six yarn

compositions during tensile loading to failure (n = 3).

2.4. Multiscale comparison of mechanical performance

To provide an integrated comparison of mechanical performance across structural scales, the yarn,
knot, and net scale results were normalized and summarized using radar plots (Figure 7). Five
parameters were considered: yarn breaking force, yarn breaking extension, maximum knot load,
knot strength efficiency, and maximum experimental net-panel load. For each parameter, the
highest value observed among all six yarn compositions was assigned a normalized value of 100%,
and the remaining values were expressed relative to this maximum. The radar plots therefore
provide a comparative visualization of the mechanical performance profiles of the different yarn

systems despite differences in the units and magnitudes of the measured parameters.

Among the homogeneous systems, PALF/PALF showed consistently high normalized values for
yarn breaking force, maximum knot load, and experimental net panel load. PES/PES also
maintained comparatively high performance across the investigated scales, particularly in yarn

extensibility, knot strength retention, and net panel load. In contrast, HF/HF exhibited a moderate



yarn scale breaking force but markedly lower maximum knot load, knot strength efficiency, and

net panel load. These differences indicate that the relative ranking of the materials at the yarn scale

was not fully preserved after knot formation and integration into the net structure.

Among the hybrid systems, PES/PALF exhibited comparatively high yarn breaking force,

breaking extension, and maximum knot load, giving it the most balanced mechanical behavior

among the three hybrid combinations. PES/HF exhibited the highest knot strength efficiency,

indicating that a relatively large proportion of its yarn load bearing capacity was retained after knot

formation, although its absolute yarn and knot scale loads remained lower than those of

PES/PALF. PALF/HF showed lower overall values across several of the evaluated parameters.

These results show that absolute load bearing capacity and proportional strength retention

represent different and complementary aspects of knot and net performance.
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Figure 7. Normalized multiscale mechanical performance of the investigated yarn systems at 400

TPM. Radar plots compare yarn breaking force, yarn breaking extension, maximum knot load,

knot strength efficiency, and maximum experimental net-panel load. For each parameter, values

were normalized to the highest value observed among the six yarn compositions, which was

assigned a value of 100%. (a) Hybrid yarns and (b) Homogeneous yarns.



3. Discussion

The present study examined how composition yarn and twist influence mechanical behavior as the
material is progressively transformed from straight yarns into double weaver’s knots and complete
net structures. The results demonstrate that this transition between structural scales substantially
alters the relative performance of the investigated yarn systems. In particular, the ranking observed
from straight-yarn properties was not consistently maintained after knot formation and integration
into the net structure, indicating that yarn scale mechanical properties alone cannot adequately

describe the performance of knotted fishing net materials.

At the yarn scale, yarn composition, twist level, and their interaction significantly influenced both
breaking force and breaking extension, demonstrating that the effect of twist was composition
dependent. PALF/PALF exhibited the most pronounced response to twist. Its breaking force
increased from approximately 12 N at 300 TPM to 22.38 N at 400 TPM, corresponding to an
increase of about 1.9-fold, before decreasing to 10.20 N at 500 TPM. A similar response was
observed for extension, which approximately doubled at 400 TPM relative to the neighboring twist
conditions. By contrast, PES/PES responded primarily through increased extensibility, with
breaking extension rising from 20.76% at 400 TPM to 33.31% at 500 TPM, representing an
increase of approximately 60%. These contrasting trends confirm that no universal relationship

between twist and mechanical performance can be applied across all fiber systems.

The Grey Relational Analysis nevertheless identified 400 TPM as the most suitable common twist
level for subsequent knot and net scale evaluation. This result should not be interpreted as the
individual optimum for every composition, particularly because the significant yarn composition
x twist interaction demonstrated that the response to twisting differed among the six systems.
Instead, 400 TPM represented the condition that provided the most balanced combination of

breaking force and extension across the investigated yarns.

At the knot scale, the differences among the materials became more pronounced. PALF/PALF
exhibited the highest maximum knot load, 17.01 N, approximately 2.5 times that of HF/HF. Its
absolute knot area change was also approximately 9.4 times greater than that of HF/HF, indicating

a much greater capacity for geometric rearrangement and knot tightening before failure. PES/PES



also maintained comparatively high knot scale resistance and substantial deformation. These
observations suggest that maintaining load-bearing capacity after knot formation requires not only

high straight yarn performance but also sufficient structural rearrangement within the knot.

An important distinction was observed between absolute knot load and knot strength efficiency.
PES/HF exhibited the highest knot strength efficiency, approximately 82%, despite having a
substantially lower absolute knot load than PALF/PALF and PES/PES. In contrast, HF/HF
retained less than half of its straight yarn load bearing capacity after knot formation. This
demonstrates that absolute knot resistance and proportional strength retention represent
complementary aspects of mechanical behavior and should therefore be considered together when

evaluating yarns for knotted structures.

The observed differences in knot behavior may also be associated with yarn morphology. SEM
images showed greater surface irregularity and fiber protrusion in PALF containing yarns, whereas
PES/PES exhibited a more compact filament arrangement. Such differences may influence yarn to
yarn contact, local slippage, and progressive tightening. However, because inter-yarn friction was
not quantified directly, the SEM observations should be interpreted as supporting morphological

evidence rather than as proof of the mechanisms governing knot performance.

At the net scale, the numerical comparison showed that all six yarn systems developed higher
maximum reaction forces in the 10 cm configuration than in the corresponding 5 cm configuration.
For PALF/PALF, the simulated maximum reaction force increased from 29.64 to 34.98 N,
corresponding to an increase of approximately 18%. In comparison, PES/PES and PES/PALF
exhibited only modest increases. These results indicate that the mechanical response to changes in
mesh bar length was also material dependent. However, because changing the mesh-bar length
simultaneously changed the overall dimensions of the numerical panel, the results should be
interpreted as a comparative assessment of two geometrically different configurations rather than

as evidence of an isolated mesh size effect.

The experimental net scale results further emphasized the importance of structural scale.
PALF/PALF sustained approximately four times the maximum force of HF/HF, while PES/PES
also retained a high net scale load bearing capacity. Nevertheless, HF/HF exhibited the most



regular and symmetric strain pattern despite its comparatively low maximum force. This contrast
demonstrates that spatial regularity of strain does not necessarily indicate superior load bearing
capacity. Rather, the final response of the net reflects the combined influence of yarn extensibility,
knot deformation, load retention, mesh geometry, and redistribution of forces throughout the

structure.

The difference between homogeneous and hybrid systems was also evident from the strain maps.
Homogeneous nets generally exhibited more spatially continuous strain distributions, whereas
hybrid structures showed greater localization along selected mesh paths. This response may arise
from differences in stiffness and extensibility between dissimilar constituent fibers. Nevertheless,
hybridization did not produce a single consistent mechanical response. PES/PALF exhibited the
most balanced profile among the hybrid systems, whereas PES/HF was distinguished by its high
proportional knot strength retention. These findings indicate that the influence of hybridization
depends on how the mechanical characteristics of the constituent fibers interact at different

structural scales.

The preliminary seawater exposure results provided an environmental complement to the
mechanical analysis. Hemp and PALF developed substantially greater visible surface alteration
than polyester, including cracking, peeling, and fiber separation, whereas polyester remained
comparatively unchanged. These observations indicate greater susceptibility of the plant derived
fibers to seawater induced surface deterioration. However, SEM observations alone cannot
quantify degradation rate, mass loss, mineralization, or complete biodegradation. Consequently,
further quantitative and long-term investigations are required before the environmental persistence

of the investigated systems can be established.

Overall, the multiscale analysis demonstrates that material performance evolves as structural
complexity increases from yarn to knot and net. PALF/PALF maintained comparatively high
performance across all three levels, whereas HF/HF showed a pronounced loss of load bearing
capacity after knot formation and integration into the net. The results therefore support the use of
multiscale evaluation rather than yarn testing alone when screening plant based and hybrid

materials for fishing nets.



Several limitations should be considered when interpreting the present findings. The knot and net
scale experiments were based on a limited number of independent specimens, and all mechanical
tests were conducted under dry laboratory conditions. In addition, only two mesh-bar
configurations were evaluated numerically, and the numerical model was intended primarily for
comparative rather than predictive analysis. The seawater exposure assessment was based on SEM
observed surface morphology and therefore does not provide quantitative evidence of
biodegradation rate, mass loss, or mineralization. Although the fully plant based PALF/PALF
system showed mechanical performance comparable to, and in several load-bearing measures
greater than, the PES/PES reference during the initial laboratory evaluation, polyester remained
superior in extensibility and represents a more established benchmark for fishing net applications.
Future studies should focus on three main directions: (i) evaluating long term mechanical
durability under realistic marine conditions, (ii) quantitatively assessing biodegradation and
environmental persistence, and (iii) validating net performance through hydrodynamic and field-
scale testing. Larger sample sizes and further calibration of the numerical model would also

improve the statistical reliability and predictive capability of the multiscale framework.
4. Conclusions

This study demonstrated that the mechanical performance of plant-based and polyester-containing
fishing-net yarns is strongly dependent on both material composition and structural scale. Polyester
remained an important reference material because of its high extensibility and comparatively stable
mechanical behavior. However, the initial dry-state tests showed that the fully plant-based
PALF/PALF system was comparable to, and in several load-bearing measures exceeded, the
PES/PES reference at the yarn, knot, and net scales. This suggests that plant-based systems may
provide mechanically competitive alternatives for future lower-persistence fishing-net structures,
although their suitability cannot yet be considered equivalent to that of established synthetic
netting materials. The numerical analysis further indicated a relative advantage of the larger
investigated mesh-bar configuration under the adopted modelling conditions, while seawater

exposure produced greater surface deterioration in PALF and hemp than in polyester.

5. Materials and methods

5.1.Materials and preparation of two-ply yarns



In this investigation, three types of yarns were used: polyester multifilament yarn, pineapple leaf
fiber yarn, and hemp yarn. The polyester multifilament yarn, with a linear density of 33 tex, was
purchased from Zhejiang Guxiandao Polyester Dope Dyed Yarn Co., Ltd., China. The pineapple
leaf fiber yarn, with a linear density of 33 tex, was supplied by CTA High-tech Fiber Co., Ltd.,
China. The hemp yarn, with a count of 30 Nm, equivalent to approximately 33.3 tex, was
purchased from Tianjin Glory Tang New Material Co., Ltd., China. The hemp yarn count was
selected to provide a linear density comparable to the polyester and pineapple yarns, allowing the
comparison to focus mainly on the effect of fiber composition rather than large differences in yarn

fineness.

To evaluate the effects of yarn composition and twist level on mechanical performance, the yarns
were combined to produce two-ply yarn structures. The plying process was carried out using a ring
twisting machine (Amsler, 12 spindles) operated at a constant spindle speed of 11,000 rpm. Six
yarn combinations were prepared: polyester/hemp (PES/HF), polyester/pineapple (PES/PALF),
pineapple/hemp (PALF/HF), pineapple/pineapple (PALF/PALF), polyester/polyester (PES/PES),
and hemp/hemp (HF/HF). The homogeneous yarns (PALF/PALF, PES/PES, and HF/HF) were

used as reference systems for comparison with the hybrid yarns.

For each yarn combination, nominal plying twist levels of 200, 300, 400 and 500 turns per meter
(TPM) were applied. A total of 24 experimental conditions were investigated, comprising six yarn
compositions and four twist levels. Three specimens were tested for each yarn composition—twist

condition, resulting in a total of 72 yarn specimens.

Because the component yarns had an S-twist, the final plying twist was applied in the Z-direction
to produce a balanced yarn structure and minimize snarling during net fabrication (Figure 8a).
Before testing, all specimens were conditioned for at least 24 h at 20+2°C and 65+2% relative
humidity. Mechanical testing was subsequently performed at 21° and approximately 50% relative

humidity.
5.2.Net fabrication and specimen preparation

Following yarn scale optimization, yarns prepared at 400 TPM were used to fabricate the knot and
net specimens. Net panels were produced using double weaver’s knots with a nominal mesh-bar

length of 10 cm. Successive knot rows were arranged in alternating orientations to maintain the



repeated diamond-mesh geometry. Net panel specimens consisted of five staggered rows
containing 5—4—-5-4-5 knots, corresponding to 23 knots per specimen. Three net panel specimens
were prepared for each yarn composition. The double weaver’s knot specimens used for the knot

scale testing were obtained from the corresponding fabricated panels.

5.3.Mechanical characterization
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Figure 8. (a) S-twist direction of the component yarns and Z-direction of the plying twist; (b)
schematic representation of the yarn-, knot-, and net-scale specimens; and (c) boundary conditions

applied in the numerical net model.
5.3.1. Yarn-scale tensile testing

Yarn-scale tensile tests were performed using an Instron Universal Testing Machine (Model 5969,

Instron Corporation) equipped with a 5 kN load cell. The initial gauge length was 100 mm. Each



yarn specimen was clamped at both ends and extended at a displacement rate of 10 mm min" until
rupture. The load at break (N) and breaking extension (%) were obtained from the tensile test.
Three specimens were tested for each yarn composition—twist condition. The breaking extension

was calculated as Equation (1):

eb = 70 100 (1)
Lo
Where &b is the breaking extension (%), Lo is the initial gauge length (mm), and Ly is the specimen

length at break (mm).

2.3.2. Knot-scale mechanical testing

Following the yarn-scale evaluation, yarns prepared at 400 TPM were selected for the knot-scale
tests. Double weaver’s knot specimens were obtained from the fabricated net panels, with each
specimen consisting of a central knot region and four free yarn ends. The free ends were attached

to the loading beams to preserve the knot configuration and enable controlled tensile loading.

Tensile loading was applied at a displacement rate of 10 mm min " until failure. The highest load
recorded during the test was defined as the maximum knot load (N). Three independent knot

specimens were tested for each yarn composition.

To assess the extent to which yarn-scale load-bearing capacity was retained after knot formation,
knot strength efficiency was calculated by normalizing the mean maximum knot load to the mean

breaking force of the corresponding straight yarn tested at 400 TPM:
M= E—‘y‘ x 100

Where nk is the knot strength efficiency (%), Fk is the maximum knot load (N), and Fy is the
breaking force (N) of the corresponding straight yarn at 400 TPM. Higher values of nk indicate

greater retention of the yarn-scale strength after knot formation.

During tensile loading, knot deformation was recorded using a high-speed camera (Fastec, HiSpec

Series Cameras) positioned normal to the specimen plane. Four characteristic markers surrounding



the knot region were tracked throughout the loading process. The coordinates of these markers

were subsequently used to quantify changes in knot geometry, as described in Section 2.4.

2.3.3. Net-panel mechanical testing

Net-panel specimens fabricated from yarns prepared at 400 TPM were used for the net-scale
evaluation. Each panel consisted of five staggered rows containing 5-4-5-4-5 knots,
corresponding to a total of 23 knots. The upper and lower edges of each specimen were attached

to 10 cm mounting beams to distribute the applied load across the net width.

Net deformation was simultaneously recorded using the same high-speed camera system employed
for the knot-scale tests. The displacement of selected knot positions and the strain developed along

the mesh bars were subsequently determined through image processing, as described in Section

2.4.

2.3.4. Testing conditions

All yarn, knot, and net specimens were tested in the dry state. Before mechanical testing, the yarn
specimens were conditioned for at least 24 h at 20 °C and 65+2% relative humidity. Mechanical
testing was performed under laboratory conditions of approximately 21 °C and 50% relative
humidity. Figure 8b summarizes the experimental setup used for the yarn scale, knot scale, and net
scale tensile tests, with the yellow crosses indicating the knot positions used for deformation

tracking.

5.4. Image processing

The deformation of the knot specimens and the strain distribution of the net-panel specimens were
recorded using a high-speed camera (Figure 9). A total of 36 videos were analyzed, comprising
three replicates for each of the six yarn compositions at both the knot and net scales. From each
video, image frames were extracted at a rate of 60 frames per second to track the deformation

process during loading.

For the knot specimens, four markers surrounding the knot region were tracked throughout

loading. The change in the enclosed quadrilateral area was used as a geometric indicator of knot



deformation, because tightening, rearrangement, and movement of the yarn segments altered the
spatial positions of the four tracked markers. Knot deformation was quantified as the absolute

knot-area change, defined as Equation (2):
AA=|ArAol 2)

Where Ay is the initial area enclosed by the four markers, Aris the area at the selected final frame
before failure, and AA is the absolute knot-area change (mm?). The extracted images were then
processed using Python to identify and record the coordinates of selected characteristic points on
the knot and net structures within a two-dimensional coordinate system. These coordinates were
used to calculate the displacement, deformation, and strain evolution during tensile loading. This

image-processing approach was adapted from the procedure reported by Le Gué et al. 2+,
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Figure 9. Experimental setup and image-processing workflow for deformation and strain analysis

of the fishing-net specimen.

5.5.Grey Relational Analysis (GRA)



Grey Relational Analysis (GRA) was applied as a multi-response optimization method to identify
the twist level that provided the best balance between load at break and breaking extension. Since
both strength and elongation are important for fishing-net yarn performance, GRA was used to
convert these two responses into a single performance index, known as the Grey Relational Grade

(GRG) .

Normalization of Data

The first step in GRA is data normalization, which converts the experimental values into
dimensionless values between 0 and 1. In this study, both load at break and breaking extension
were considered as “larger-the-better” responses. Therefore, the normalized value was calculated
using Equation (3):

xi (k)— minxi (k)

maxxi (k)— minxi (k)

x(k) =

3)

Where x (k) is the normalized value of the k-th response for the ii-th experimental condition, (k)
is the original experimental value, and maxxi (k) and minxi (k) are the maximum and minimum
values of the k-th response, respectively. The index i represents the experimental trial, while &

represents the response variable.

In the present study, k=1, and corresponded to load at break, whereas k=2, corresponded to

breaking extension.

Deviation of Data
After normalization, the deviation sequence, which measures the absolute difference between the
normalized values and the reference sequence (ideal value), is calculated. The deviation

sequence AO; (k) is defined by Equation (4):
AO; (k) = |xo (k) — xi (k)| Q)]
Here, AO: (k) is the deviation sequence for the i-th trial at the k-th response variable, x0 (k) is the

ideal reference value for the k-th response, and x;i (k) is the normalized value for the k -th trial

and k-th response variable.



The minimum and maximum deviations among all experimental conditions and responses were

subsequently determined as Equation (5):
Amin = mini, k Aoi(k) (5)
And

Amax= maxi, k Aoi(k)
Grey Relational Coefficient

The Grey Relational Coefficient (GRC) quantifies the relationship between the reference and
comparability sequences. The GRC is calculated using Equation (6):

. __ Amin+{Amax
5 (k) = A0i (K)+ {Amax (6)
In this equation, & (k) is the GRC for the i-th response at the k-th condition, Amin and Amax are
the minimum and maximum deviation sequences, and ¢ is the distinguishing coefficient, typically

set to 0.5.

Grey Relational Grade
The Grey Relational Grade (GRG) provides a single value representing the overall performance

of each experimental condition. The GRG is calculated using Equation (7):
yi=1/nyk=- (7)

Where yi is the GRG for the i-th experiment and n is the number of responses. In the present study,
normalization and Grey Relational Coefficient calculations were first performed separately for
each of the 24 yarn composition—twist conditions. The Grey Relational Grade for each condition
was obtained by averaging the coefficients corresponding to load at break and breaking extension,
with both responses assigned equal weighting. The resulting condition-level GRGs were
subsequently averaged across the six yarn compositions at each twist level to obtain the twist-level
GRGs reported in Table 3. The twist level with the highest mean GRG was considered to provide

the optimal overall balance between the load at break and breaking extension.

5.6. Simulation



The numerical model was developed as a comparative framework rather than as a predictive model
for reproducing the absolute experimental failure loads. Its purpose was to evaluate the relative
influence of mesh-bar length on the mechanical response of the net structures under identical
modelling assumptions and boundary conditions. Therefore, the simulated reaction forces were
used to compare the 5 and 10 cm mesh configurations within each yarn system and should not be

interpreted as direct predictions of the experimentally measured net-panel loads.

5.6.1. Governing equations

Finite element simulation was used to evaluate the break at load response and failure behavior of
the net panels at break. The model considers large deformation, contact interactions between yarns,
surface friction, elastic—plastic deformation, and progressive failure. An explicit dynamic solver
was selected because it is suitable for nonlinear problems involving large deformation, contact,

material damage, and fracture.
The mechanical response of the model was governed by the dynamic equilibrium Equation (8):
M.U=P-1 (®)

Where, M is the mass matrix of the structure, iiis the acceleration vector of the structure, P is the
external force vector applied, / is the internal force of the structure (determined jointly by the

deformation and motion of the structure).

The strain during tensile deformation was calculated from the change in length. Since large

deformation may occur during stretching, logarithmic strain was used Equation (9):
N

Elog =1In (LO) )

Here, L represents the deformed length, and Lo represents the initial length.

In the elastic region, the stress—strain relationship was described using Hooke’s law (Equation 10):

c=C:¢ (10)

Where o is stress, C is the Young’s modulus, and ¢ is strain. Plastic yielding was described using

the von Mises yield criterion (Equation 11):



— 2 _ 2 _ 2
()= \/(01 62)2 + (02 203) + (03—04) L 6y<0 (11

Among them, o1 > o2 > o3 are the principal stresses, and oy represents the yield strength of the

material.

Yielding occurs when the equivalent stress reaches the yield stress of the material (Equation 12):
Oeq > Oy (12)

Contact between yarn surfaces was represented using Coulomb’s friction model (Equation 13):
f=uN (13)

Where, f'is the friction force, u is the friction coefficient, N is the normal pressure between the

contact surfaces

Progressive failure was described using a ductile damage approach. The damage variable was

defined as Equation (14):

P (14)

ep crit

Where D is the damage variable, € is the equivalent plastic strain, and €Peit is the critical
equivalent plastic strain. The damage variable ranges from 0 to 1, where D=0 represents the
undamaged state and D=1lindicates complete failure. Element removal was applied when the

following condition was reached (Equation 15):
D=1 (15)
5.6.2. Mesh geometry and boundary conditions

Two net configurations with nominal mesh-bar lengths of 5 and 10 cm were developed for the
comparative numerical analysis. Both models had the same network topology, including the same
number and arrangement of knots and mesh bars. The principal geometric difference between the

two configurations was therefore the length of the individual mesh bars. Consequently, the overall



dimensions of the net panels differed between the two models, with the 10 cm mesh bar

configuration occupying a larger overall area than the corresponding 5 cm configuration.

The 5 cm mesh-bar model was discretized using 8,923 tetrahedral elements, whereas the 10 cm
model was discretized using 14,261 tetrahedral elements. The difference in element number
resulted from the different geometric dimensions of the two configurations. The same material
definitions, contact formulation, and numerical modeling approach were applied to both

configurations to provide a consistent basis for comparison.

The numerical models were developed primarily for comparative rather than predictive purposes.
Specifically, the analysis was used to examine differences in stress distribution, deformation
behavior, and maximum reaction force between the 5 and 10 cm mesh bar configurations under a
consistent modeling framework. Because changing the mesh bar length also changed the overall
dimensions of the net panel, the numerical results should be interpreted as a comparison between
two geometrically different net configurations rather than as an isolated quantitative assessment of
mesh bar length alone. Accordingly, the simulated force values were used to identify relative
differences between the two configurations and were not intended to reproduce the absolute failure

loads measured in the experimental net-panel tests.

5.7.Scanning electron microscopy observations

Scanning electron microscopy (SEM) was used to examine the surface morphology of the yarns
before and after seawater immersion and to characterize the morphology of the double weaver’s
knot structures. The observations were performed at accelerating voltages of 10-20 kV and at
magnifications appropriate for the feature scale. The exact accelerating voltage, magnification, and
scale bar are provided in each micrograph. The samples were sputter-coated with gold to improve
the electrical conductivity and image quality. For the knot micrographs, the SEM images were
digitally false-colored after acquisition solely to facilitate visual differentiation of the constituent
yarn components. The colors therefore represent the assigned fiber types and do not correspond to
elemental, chemical, or spectroscopic mapping. SEM images were used to evaluate fiber surface
morphology, structural arrangement within the knots, and surface changes following seawater

exposure.



5.8.

Statistical analysis and visualization.

The results were analyzed using two-way analysis of variance at a significance level of a=0.05.

The statistical analyses were performed using SPSS 27, while Minitab 22 was used for

supplementary calculations. Image processing and image-correlation analysis were carried out

using Python 3.9.18. Matplotlib was used for data visualization and graphical presentation of the

results.
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