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Featured Application

The increasing use of plastic nets for crop protection requires in-depth research on their
mechanical properties and durability, since the limited durability of plastic nets may also
negatively affect agro-ecosystems. Experimental tests on anti-rain and anti-insect net
samples subjected to different cycles of artificial ageing indicated a progressive decline in
the mechanical properties.

Abstract

Agricultural nets are increasingly used for crop protection, although their long-term
outdoor mechanical durability remains poorly investigated. This study evaluates the
tensile behavior of five HDPE nets (anti-rain and anti-insect) subjected to accelerated
ageing in an artificial chamber for 2, 4, 8, and 12 weeks (approximately corresponding to
3-18 months of natural exposure). Unidirectional tensile tests were performed in both
weft (machine) and warp (transversal) directions to determine Maximum Strength (Fm),
Tensile Stress at Maximum Strength (Sm), and Elongation at Maximum Strength (A). The
results showed pronounced mechanical anisotropy, with differences in elongation
between test directions reaching up to 47%, depending on the net structure and thread
arrangement. Accelerated ageing caused a progressive reduction in both tensile strength
and ductility, with strength losses in some cases reaching 40-45% after 12 weeks of
exposure. Based on the nets analyzed in this study, anti-rain nets tended to exhibit higher
initial strength values but faster degradation rates, whereas anti-insect nets showed lower
initial strength values (1200-1500 N) and a comparatively more stable response over time.
These results suggest that the durability of agricultural nets is strongly influenced by
structural configuration and load direction. From an engineering perspective, mechanical
durability can be considered a key parameter when selecting crop-protection systems
intended for long-term field applications.
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1. Introduction

In recent years, the increasing frequency of extreme weather events associated with
climate change, including heavy rainfall and changes in pest pressure, has driven the
development of more effective crop protection strategies [1,2]. Among these, protective
nets are increasingly adopted thanks to their ability to mitigate weather-related damage
while regulating solar radiation and microclimate conditions [3-9]. The control of
precipitation and excess moisture is particularly relevant for sensitive crops such as
cherries, kiwis, pomegranates, and grapes, where humid conditions promote fungal
diseases and reduce product quality [10-13]. By selectively regulating air and rainwater
passage, agricultural nets could influence crop microclimate and potentially improve fruit
quality. However, the reduction in phytosanitary treatments is more consistently reported
for anti-rain covers based on plastic films or hybrid systems, which provide a more
effective barrier against rainfall and pathogen development [14-16]. In addition, these
systems can provide direct protection against pests, although insect nets may alter airflow,
potentially leading to increased temperature and suboptimal growing conditions, while
still maintaining product quality [17-20]. According to FAQ, the adoption of protective
nets is increasing worldwide [21,22]. Global production of agricultural nets is estimated
to be between 1.5 and 2.5 million tons, corresponding to an estimated economic value of
between $11.0 and $12.5 billion. Asia-Pacific (led by China and India) is the main producer
and consumer, with a market share of around 40%. Europe follows as the second largest
market, with a strong focus on sustainability and recycling of end-of-life nets [23-25].

However, the effectiveness of these systems strongly depends on the mechanical
performance of the materials and their ability to withstand environmental stresses over
time. Modern agricultural nets are complex systems, where materials engineering meets
agronomy. Nets used in agriculture can face various critical issues that can compromise
the crop and the investment, such as the sail effect, thermal relaxation, mechanical
abrasion, and porosity variation, etc. [26]. Advances in materials engineering and
structural design provide new strategies to overcome these limitations. Innovative
weaving techniques increase stability, while the use of additives and reinforced polymers,
new UV stabilizers, and the integration of nanocomposites allow for the production of
thinner monofilaments and superior tensile strength [27]. Structural engineering has
introduced dynamic tensioning systems with “controlled release” using quick-release plates
or spring tensioners [28]. Moreover, the use of Computational Fluid Dynamics (CFD)
software, capable of simulating airflow through the mesh, allows structures to be
designed with an optimized drag coefficient, reducing stress on the support poles during
storms [29]. Despite their widespread use, the long-term mechanical durability of
agricultural nets remains insufficiently characterized, particularly under photo-oxidative
degradation induced by prolonged solar exposure [30-32]. Although several studies have
investigated the influence of net geometric parameters on their mechanical and
radiometric properties and air permeability, the available results remain partial or not
fully systematized [7,33,34]. From a materials standpoint, most commercial agricultural
nets are manufactured in high-density polyethylene (HDPE), which undergoes UV-
induced photo-oxidation leading to chain scission and embrittlement, ultimately reducing
load-bearing capacity and ductility [30,35]. Another critical aspect is the intrinsic
anisotropy of woven structures. Although several studies have investigated the
mechanical behavior of agricultural nets and the influence of ageing on polymer-based
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covers, systematic comparative analyses among different commercial net architectures
remain limited. Mechanical tests are essential for evaluating the load-bearing capacity and
deformation behavior of agricultural nets subjected to uniaxial stress. These properties are
related to the stresses experienced during installation and service conditions—such as
pre-tensioning, wind action, etc. In addition, tensile tests allow for the evaluation of
directional anisotropy and mechanical degradation, facilitating the comparison and
assessment of the reliability of different agricultural net structures.

Nevertheless, the current literature has several limitations. Most studies focus either
on the functional performance of the nets (e.g., radiometric or aerodynamic properties) or
on the mechanical behavior of polymer films, while systematic investigations specifically
addressing the mechanical response of agricultural nets under controlled ageing
conditions remain limited. In particular, the interaction between structural parameters
(e.g., mesh geometry and filament arrangement) and time-dependent mechanical
degradation is not yet fully understood. In this context, this study aims to experimentally
evaluate the mechanical behavior of different commercial agricultural nets subjected to
accelerated ageing. Specifically, the study investigated the evolution of tensile properties
in both warp and weft directions as a function of exposure time, in order to quantify
degradation trends and identify the influence of structural parameters on mechanical
durability. The results provide useful insights for improving material selection and
supporting the design of more durable crop-protection systems.

2. Materials and Methods
2.1. Structural Characterization

Five agricultural nets were selected for the experimental analysis, including materials
specifically designed for rain protection and others intended for different agricultural
functions. Three nets were classified as “Anti-Rain” nets, characterized by relatively low
porosity and designed to partially reduce rainwater passage, while two nets were
classified as “Anti-Insect” nets. All nets were manufactured in HDPE. The functional
distinction between the materials was maintained throughout the study phase through a
coding system that assigned each net an acronym that reflected its primary intended use:
AR for Anti-Rain nets and Al for Anti-Insect nets (Table 1). This approach allowed for a
systematic comparison of the physical and mechanical behavior of the different
agrotextiles, highlighting the possible relationships between structural configuration and
performance under operating conditions. The analyzed nets are commercially available
products widely used in agricultural crop-protection systems. In accordance with good
scientific practice and to avoid commercial promotion of specific brands, the
manufacturers are not explicitly reported. The materials were therefore anonymized
through a coding system (AR and AlI), while their structural and physical characteristics
are fully described to ensure the reproducibility of the experimental procedures. Although
the exact formulation of UV stabilizers and additives is proprietary information not
disclosed by manufacturers, the investigated materials belong to the typical class of UV-
stabilized HDPE agricultural nets commonly used in crop-protection systems. In Figure
1, some samples of the selected nets for the experimental tests are shown (images, with
magnification, not to scale).

Table 1. Agrotextiles selected for experimental analysis.

Net ID Application Texture Type Color Fiber Type Polymer
AR-1 Anti-rain Flat woven Neutral Round monofilament warp and rhomboid weft HDPE
thread
AR Anti-rain Flat woven Neutral Round monofilament warp and weft in fibrillated HDPE

raffia tape

https://doi.org/10.3390/app16094318
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Anti-insects
Anti—-insects

Neutral (neutral and red) Round monofilament warp and weft in fibrillated HDPE

*
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Round monofilament warp and weft
Round monofilament warp and weft
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HDPE

HDPE
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* The net features alternating zones, some entirely neutral in color and others also containing red

Figure 1. Samples of the nets selected for experimental tests: (a) AR-1; (b) AR-2; (c) AR-3; (d) AI-1
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The geometric and structural parameters of these nets were determined as reported
by Mastronardi et al. 2025 [6], including the number of threads per centimeter in the warp
and weft directions, the thread diameters in the warp and weft directions, which may
differ depending on the specific net design and manufacturing process, the porosity (¢),
and the weight of the net (Table 2).

Table 2. Technical and structural characteristics of the tested agrotextiles.

Nwarp 2 Nweft P dwarp © Awert 4 £ ¢ Weight f
NetlD 11 [em] [mml  [mm] [%] g m~]
AR-1 32.00 7.00 0.280 0.490 ** 6.90* 250
AR-2 20.80 9.44 0.230 0.810 *** 18.00 192
AR-3 30.70 8.30 0.230 0.810 **** 13.20 229
Al-1 31.50 31.00 0.170 0.150 22.30 136
Al-2 31.00 31.00 0.145 0.145 27.00 120

2 Number of threads in the warp direction, per centimeter; ® Number of threads in the weft direction,
per centimeter; © Diameter of the thread in the warp direction; ¢ Diameter of the thread in the weft
direction; ¢ Porosity of the net; f Weight of the test sample. * Porosity obtained by analytical calcula-
tion; ** Estimated thickness of the weft thread (rhomboidal shaped) measured along the major di-
agonal; 0.220 mm along the minor diagonal; *** Thickness of the weft thread 0.15 mm; **** Thickness
of the weft thread 0.17 mm.

The thread thickness was measured using a digital micrometer (Mitutoyo, Kana-
gawa, Japan; model 293-240, Absolute Digimatic), with a resolution of 0.001 mm (range
0-25 mm) and an accuracy of 1 um.

The opening size of the nets was obtained through image-based measurements using
a digital microscope (model Dino-Lite AM3013T, Dino-Lite Europe, IDCP B.V., Almere,
The Netherlands) and Dino-Capture 2 software, with an accuracy of +0.04 mm at 200x
magnification (Figure 1).

The porosity of the nets (¢, %) was estimated through image analysis. The images
were acquired using a 2400 dpi flatbed scanner and processed with Adobe Photoshop
(2021, Adobe, San Jose, CA, USA).

The porosity analysis was carried out following a standardized image-processing
procedure:

1. image acquisition using a 2400 dpi flatbed scanner;

conversion to grayscale;

binarization by assigning the net structure to black pixels and voids to white pixels;
selection of a representative area (10 cm x 10 cm); and

AR

calculation of porosity as the ratio of white pixels to total pixels.

Measurements were performed on at least three representative areas for each net,
and the average value was reported [6,36] (Table 2).

For nets characterized by very small open areas, porosity could not be reliably as-
sessed through image analysis. In these cases, porosity was calculated analytically accord-
ing to Equation (1):

e = lwarp X lweft X 100 [%] (1)

" (warp + dwarp) X (wefe + dwefe)
where dq, and dyers (mm) are the diameters of the monofilaments oriented along the
warp and weft directions, respectively, while [, and [, (mm) represent the corre-
sponding nets opening lengths between adjacent filaments. This analytical approach was
applied only to the AR-1 net, since its high mesh density made image-based porosity es-
timation negligible or potentially unreliable [6,35].

https://doi.org/10.3390/app16094318
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All measurements were carried out under controlled laboratory conditions (20 + 1 °C
and relative humidity 60 + 5%) to ensure the repeatability of the experimental procedures.

2.2. Accelerated Ageing Protocol

After selection, the net samples were subjected to an accelerated ageing cycle lasting
2,4, 8, and 12 weeks, carried out at 20 °C, 60% relative humidity, and 1000 W m~2 of irra-
diance. The tests were performed in an artificial ageing chamber (CO.FO.ME.GRA S.r.l,
Milan, Italy, SolarBox model 3000e), installed at the Laboratory of Rural Construction and
Agro-Forestry Land Planning —Materials Testing Section— of the University of Basilicata
(Italy) (Figure 2). This equipment uses a 2500-Watt xenon lamp to reproduce the solar
spectrum (UV-VIS-IR). It achieves twice the irradiance of the sun (up to 1000 W m) in
the 290-800 nm band, simulating real conditions for accelerated testing [31]. Xenon lamps
are considered the most appropriate standard for solar simulation in accelerated ageing
tests. The adopted experimental approach is conceptually consistent with the principles
described in international weathering standards such as ISO 4892-1, which use xenon ra-
diation to simulate natural sunlight exposure. However, since these standards are primar-
ily developed for continuous polymeric films and coatings, their direct application to
open-structure agrotextiles is not always straightforward. For this reason, the exposure
conditions adopted in this study were defined to reproduce realistic outdoor solar radia-
tion conditions typical of Mediterranean agricultural environments. Unlike other light
sources, the xenon arc generates a spectrum that covers the entire range of sunlight: UV,
visible and infrared (IR). Therefore, while the sun changes intensity throughout the day
and seasons, the lamp can maintain a constant intensity, thus significantly accelerating
test times. The treatment duration was selected so as to reproduce, in an accelerated form,
natural outdoor exposure in Italy, on which an average annual solar irradiance of approx-
imately 4850 MJ m (116 kLy) was detected in 2021. Considering that the SolarBox light
source operates at a constant irradiance of 1000 W m2, the cumulative radiant exposure
received during the ageing tests can be expressed in MJ m= by integrating the irradiance
over time. Based on this equivalence, the annual solar energy dose corresponds approxi-
mately to eight weeks of artificial exposure, as shown by the following calculation:

8 weeks x 7 days week™! x 24 h day! x 3600 s h-! x 1000 W m2 =4838.4 MJ m2

Based on this equivalence, cycles of 2, 4, 8, and 12 weeks represent approximately 3,
6, 12, and 18 months of natural exposure to atmospheric agents, respectively. This conver-
sion should be interpreted as an approximate energetic equivalence, rather than a direct
field-time correspondence, since the spectral distribution of the radiation emitted by the
lamp (especially the UV fraction) is slightly different from natural sunlight. Indeed, while
an unfiltered xenon lamp emits too much short UV, which are not representative of ter-
restrial solar radiation, in this equipment some optical filters are used to remove wave-
lengths below approximately 290 and 300 nm, making the emitted spectrum comparable,
although not identical, to natural sunlight. These experimental conditions were specifi-
cally defined for this research, as there is currently no specific ISO/ASTM standard dedi-
cated to the accelerated ageing of nets. Available regulations provide general guidance for
plastic materials and degradation tests, but they would require non-trivial adaptations to
take into account the specific characteristics of nets and natural outdoor operating condi-
tions, including interaction with rain and agrochemicals [31].

https://doi.org/10.3390/app16094318
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Figure 2. CO.FO.ME.GRA SolarBox 3000e artificial ageing chamber.

2.3. Tensile Tests

The five nets, both unaged and subjected to different accelerated ageing durations,
were evaluated by uniaxial tensile tests, performed with a universal testing machine
equipped with a 10 kN load cell (Galdabini S.p.A., Cardano al Campo, Italy, Model
PMAT10). The measurements were conducted at the Laboratory of Rural Construction and
Agricultural-Forestry Land Planning of the University of Basilicata (Materials Testing Sec-
tion), maintaining controlled thermo-hygrometric conditions (20 °C; relative humidity 60
+5%) (Figure 3).

Figure 3. Tensile test with Galdabini PMA10 universal testing machine.

The test specimens were obtained by cutting directly from the net samples, with a
width of 50 mm, length of 300 mm, and gauge length of 200 mm, in accordance with UNI
9405/EN ISO 13934-1:2013 [37,38]. During the tensile tests, no breakage occurred at the
jaws. The method is particularly suitable for open-structured materials, as it evaluates the
entire width of the test piece, reducing the influence of any local irregularities in the net

https://doi.org/10.3390/app16094318
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structure. Tensile tests were conducted at a crosshead speed of 200 mm min-!, as required
for technical fabrics and materials with non-linear deformation behavior.

For each net, five independent specimens were tested in each direction (weft and
warp) (Table 3), resulting in n = 5 replicates per direction for unaged samples, in accord-
ance with UNI 9405/EN ISO 13934-1:2013 [37,38]. The mechanical parameters obtained for
the new nets are reported as mean + standard deviation, calculated from the five replicates
tested in each direction. For aged nets, due to the limited capacity of the artificial ageing
chamber, only one specimen per direction was tested for each ageing condition. Therefore,
the results for aged samples are presented as indicative trends rather than statistically
representative values. The analysis focused on the evolution of mechanical behavior over
time rather than on inferential statistical comparisons.

Table 3. Test plan for tensile tests on new and artificially aged nets.

Condition Ageing Time Test Direction Nufnber of
(Weeks) Specimens (n)
New Nets 0 Weft (machine direction) 5
(AR-1, AR-2, AR-3, Al-1, AI-2) 0 Warp (transversal direction) 5
Aged 2,4,8,12 Weft (machine direction) 1
(AR-1, AR-2, AR-3, Al-1, Al-2) 2,4,8,12 Warp (transversal direction) 1

The results were expressed as Maximum Strength (Fm) [N] and Elongation at Maxi-
mum Strength (A) [%]. In addition to Maximum Strength (Fm), the Tensile Stress at Max-
imum Strength (Sm) [N mm™] was calculated in order to normalize the load-bearing ca-
pacity with respect to the equivalent resistant cross-sectional area of the filaments within
the specimen width (50 mm). It is worth noting that the nets analyzed are comparable to
non-homogeneous and anisotropic materials. Sm was calculated as the ratio between the
Maximum Strength Fm and the resistant area (Ars), according to Equation (2):

Fm
ATES

Sm = [N mm2] ()

where Ars [mm?] represents the equivalent resistant cross-sectional area of the net, calcu-
lated based on the number of load-bearing filaments within the specimen width and their
nominal cross-sectional area. For round monofilaments, the filament cross-sectional area
was calculated assuming a circular geometry. For AR-1 weft threads, characterized by an
approximately rhomboidal rounded section, the cross-sectional area was calculated as el-
liptical. For AR-2 and AR-3 weft threads, composed of fibrillated raffia tapes, the cross-
sectional area was calculated as tape width x tape thickness. Maximum Strength (Fm) rep-
resents the maximum force recorded when a test specimen is subjected to tensile loading
until rupture during a tensile test under the specified conditions [37]. It corresponds to
the peak of the load—elongation curve and indicates the load-bearing capacity of the ma-
terial that the sample is able to withstand during the tensile test, before reaching the point
of structural collapse. Fm is a key parameter for assessing the mechanical strength of the
mesh both during installation (tensioning) and during operation, when it is subjected to
loads from wind, rain accumulation, and mechanical stresses induced by the support
structure. Elongation at Maximum Strength (A) indicates the percentage elongation of the
sample at the point where the maximum load Fm is reached and measures the deforma-
bility of the material before collapse. This parameter describes the material’s ability to
deform under load. High values of (A) indicate more ductile and elastic behavior, while
low values indicate a more rigid or brittle material. Descriptive statistics (mean and stand-
ard deviation) were calculated for unaged samples. Linear regression analysis was ap-
plied to mean values to evaluate degradation trends over time. Statistical analysis was
performed using Excel’s Analysis ToolPak (Microsoft® Excel® for Microsoft 365 MSO,
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Version 2509, Redmond, WA, USA). A formal significance threshold was not applied due
to the limited number of replicates for aged samples.

2.4. Data Processing and Degradation Indicators

To evaluate the mechanical degradation of the investigated nets during artificial age-
ing, tensile strength values measured at each ageing stage were expressed as strength re-
tention (SR) relative to the unaged condition. The strength retention (SR) was calculated
according to Equation (3):

Fmg,

SRy, = m x 100 [%] 3)
where i is the number of ageing weeks in the range [0, 12], Fmy, is the maximum tensile
strength [N] after ageing time t;, and Fm;, is the maximum tensile strength [N] of the
unaged sample. In addition, the cumulative strength loss (%) at each ageing stage t; was
calculated as the percentage reduction of tensile strength with respect to the initial value,
according to Equation (4):

(Strength loss),, = 100 — SR, [%] 4)

3. Results
3.1. Mechanical Behavior of Unaged Nets

Table 4 reports the results of the tensile tests on the five different nets tested in
unaged conditions. The tensile response is clearly related to the intrinsic heterogeneity
and anisotropy of the tested net structures. In most cases, the warp direction showed no-
tably higher Fm values than the weft direction, particularly for AR-1 (3062.90 £20.12 N in
the warp, vs. 975.00 + 13.51 N in the weft direction), suggesting a reinforced load-bearing
structure along the warp thread system. A similar trend, although less pronounced, was
observed for Al-1 and AR-3, where the warp strength exceeded that of the weft, suggest-
ing that thread arrangement and thread density contribute substantially to the overall me-
chanical performance. On the other hand, Al-2 showed an opposite hierarchy, with a
higher Fm in the weft (1587.85 + 9.79 N) than in the warp (1120.02 + 3.13 N), indicating
that the predominance of the warp over the weft is product-specific and depends on the
net manufacturing design (thread geometry, density, and load distribution mechanism).
AR-2 showed an almost-isotropic strength behavior (1388.22 + 15.49 N in the weft vs.
1409.02 + 18.70 N in the warp), indicating a more balanced structural configuration be-
tween the two directions. The values of Sm provided additional insight into the mechani-
cal response of the nets by accounting for differences in filament cross-sectional area and
structural density, allowing a more consistent comparison among nets with different ar-
chitectures. The resulting Sm values, which are generally quite high for a plastic material,
can be attributed to stretching and stabilization processes through thermal treatments,
both during cooling and heating, which increase the tensile strength of the filaments. The
high Sm value for the AI-2 net in the weft direction could be attributed to repeated thermal
treatments of the filament, even at low stretching speeds. The minimum Sm values ob-
served for AR-2 and AR-3 are attributable to the different structure of the weft filament,
which consists of fibrillated raffia tape with a rectangular cross-section. The lower Sm val-
ues compared to other meshes are due to the cutting of the raffia strip during the pro-
cessing/fibrillation of the raffia (longitudinal cuts), which is an industrial process aimed
at producing a material that is easier to work with during weaving and installation phases.

Table 4. Maximum Strength (Fm, mean + SD) [N], Tensile Stress at Maximum Strength (Sm, mean +
SD) [N mm~?] and Elongation at Maximum Strength (A, mean + SD) [%] measured by unidirectional

tensile tests on unaged nets (n = 5) in weft (machine) and warp (transversal) directions.
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Name

N° Sample

Weft
Fm [N]

Weft
Sm [N mm-™?]

Weft
A [%]

Warp
Fm [N]

Warp
Sm [N mm~?]

Warp
A [%]

AR-1
AR-2
AR-3
Al-1
Al-2

Q1 01 U1 G U1

975.00 £13.51

1388.22 £ 15.49

1754.22 + 35.34

1068.02 +2.96
1587.85 +9.79

329.19 +4.56
242.07 £2.70
306.97 +6.18
389.92 +1.08
620.37 + 3.82

18.58 +0.49
16.62 £ 0.79
18.88 +0.41
26.94+0.59
2491 +0.52

3062.90 +20.12
1409.02 £ 18.70
2409.24 + 39.73
1545.41 £12.93
1120.02 +3.13

310.89 = 2.04
326.09 £4.33
377.77 £ 6.23
432.29 +3.62
437.59 +1.22

24.77 £ 0.56
31.60 +£0.95
35.46 £0.77
29.42 +0.69
36.52 £0.77

3.2. Effect of Accelerated Ageing on Mechanical Properties

Tables 5-9 show the evolution of the mechanical parameters, namely, Maximum
Strength, Fm [N], Sm [N mm™], and Elongation at Maximum Strength, A [%], of the five
nets subjected to artificial ageing. Overall, all nets showed a progressive reduction in me-
chanical performance with increasing ageing time, although with different degradation
rates depending on the structure and the material configuration. It can be deduced that
the anti-ageing treatments applied to the raw material used in the production of the nets’
threads are generally comparable across the various nets analyzed, which were manufac-
tured by different companies. AR-1 (Table 5) exhibited marked mechanical anisotropy,
with significantly higher strength in the warp direction than in the weft direction. Artifi-
cial ageing induced a progressive reduction in maximum strength in both directions, with
a more pronounced decrease in the warp direction. Elongation at maximum strength de-
creased in the weft direction, indicating a loss of ductility, whereas a slight increase is
observed in the warp direction, which may suggest a redistribution of stresses within the
filament network. Due to the high density of the warp threads (32 cm™), the warp direc-
tion shows the highest initial strength, but also more pronounced degradation (-42% after
12 weeks). While the weft direction showed a progressive loss of ductility, the warp di-
rection showed an increase in elongation at maximum strength, which may be associated
with a reduction in stiffness and a redistribution of stresses within the load-bearing
threads. Overall, the data suggest that the AR-1 net, while providing high mechanical per-
formance in its initial state, shows relatively rapid degradation under artificial ageing.

Table 5. (Fm) Maximum Strength [N], Tensile Stress at Maximum Strength (Sm) [N mm], and (A)
Elongation at Maximum Strength [%], in weft/machine direction and warp/transversal direction of
AR-1 nets.

Test

Name

Weft
Fm [N]

Weft
Sm [N mm2]

Weft
A [%]

Warp
Fm [N]

Warp
Sm [N mm=2]

Warp
A [%]

Aged 2w
Aged 4w
Aged 8w
Aged 12 w

AR-1
AR-1
AR-1
AR-1

905.02
802.45
688.21
613.66

305.56
270.93
232.36
207.19

17.41
17.46
17.72
15.91

2721.02
2502.61
2075.35
1773.11

276.19
254.02
210.65
179.97

20.85
21.57
23.24
24.88

AR-2 (Table 6) exhibited a more balanced mechanical behavior between the warp and
weft directions compared with AR-1. Artificial ageing produces a gradual and monotonic
reduction in maximum strength in both directions. Elongation at maximum strength also
decreases progressively, indicating a general loss of ductility and structural integrity over
time. Overall, the AR-2 net showed intermediate behavior between AR-1 and insect nets,
with marked but more regular mechanical degradation over time. This response suggests
that, while guaranteeing good initial performance, AR-2 may require careful evaluation
of mechanical durability in applications characterized by prolonged exposure to severe
environmental conditions.
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Table 6. (Fm) Maximum Strength [N], Tensile Stress at Maximum Strength (Sm) [N mm], and (A)
Elongation at Maximum Strength [%], in weft/machine direction and warp/transversal direction of
AR-2 nets.

Test Name Weft Weft Weft Warp Warp Warp
Fm [N] Sm [N mm-?] A [%] Fm [N] Sm [N mm?] A [%]
Aged 2w AR-2 1251.31 218.20 16.32 1270.61 294.06 30.66
Aged 4w AR-2 1058.30 184.54 14.61 1094.01 253.19 28.75
Aged 8w AR-2 894.21 155.93 14.38 915.65 21191 2691
Aged 12 w AR-2 739.25 128.91 12.41 790.97 183.05 24.41
AR-3 (Table 7) showed high initial mechanical strength, particularly in the warp di-
rection. Artificial ageing causes a progressive reduction in maximum strength in both di-
rections, indicating marked sensitivity to degradation processes. Elongation at maximum
strength also decreases with ageing, confirming a progressive loss of ductility associated
with the reduction in load-bearing capacity of the threads. Overall, the AR-3 net combined
high initial mechanical performance with rapid degradation over time, suggesting a
higher sensitivity to ageing compared to AR-1 and AR-2.
Table 7. (Fm) Maximum Strength [N], Tensile Stress at Maximum Strength (Sm) [N mm], and (A)
Elongation at Maximum Strength [%], in weft/machine direction and warp/transversal direction of
AR-3 nets.
Weft Weft Weft Warp Warp Warp
Test Name FmIN]  Sm[Nmm?  A[% FmIN]  SmINmm?  A[%
Aged 2w AR-3 1503.51 263.10 15.71 2053.52 321.99 31.25
Aged 4w AR-3 1347.72 235.84 14.63 1859.61 291.59 32.18
Aged 8w AR-3 1086.84 190.19 13.91 1452.02 227.68 2791
Aged 12 w AR-3 917.01 160.47 13.26 1210.41 189.79 27.56
Al-1 (Table 8) showed a progressive decline in mechanical performance with increas-
ing ageing time. Both maximum strength and elongation at maximum strength decreased
in the weft and warp directions, suggesting gradual embrittlement of the material. Despite
the degradation, the warp direction consistently maintained higher strength and defor-
mation capacity than the weft direction.
Table 8. (Fm) Maximum Strength [N], Tensile Stress at Maximum Strength (Sm) [N mm], and (A)
Elongation at Maximum Strength [%], in weft/machine direction and warp/transversal direction of
Al-1 nets.
Weft Weft Weft War War War
Test Name FmIN]  Sm[Nmm?  A[% FwINI  SmINmmdl A%
Aged 2w Al-1 882.82 322.31 24.46 1344.45 376.08 26.13
Aged 4w Al 818.91 298.97 24.37 1204.73 336.99 25.06
Aged 8w Al 703.44 256.82 22.93 1035.37 289.62 24.43
Aged 12 w Al-1 617.32 225.38 21.91 862.12 241.16 22.87

AI-2 (Table 9) showed a more stable mechanical behavior compared to Al-1. Maxi-
mum strength decreased progressively with ageing in both directions, although the weft
direction initially exhibited higher resistance than the warp direction. Elongation at max-
imum strength showed a less regular trend, particularly in the weft direction, which may
reflect complex structural responses of the net during degradation.
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Table 9. (Fm) Maximum Strength [N], Tensile Stress at Maximum Strength (Sm) [N mm], and (A)
Elongation at Maximum Strength [%], in weft/machine direction and warp/transversal direction of
AI-2 nets.

Test

Name

Weft Weft Weft Warp Warp Warp
Fm [N] Sm [N mm-?] A [%] Fm [N] Sm [N mm-?] A [%]

Aged 2w
Aged 4w
Aged 8w
Aged 12w

Al-2
Al-2
Al-2
Al-2

1410.61 551.12 19.06 1007.62 393.68 31.26
1373.73 536.72 19.93 934.85 365.25 33.81
1221.25 477.14 18.26 809.81 316.39 29.61
1225.51 478.81 17.91 738.15 288.39 28.36

1200

1000

800

600

Load [N]

400

200

5

- -New Nets —Aged 2w

Note: for aged nets, one specimen per direction was tested for each ageing stage.

3.3. Load—Elongation Behavior During Ageing

Figures 4-8 show the load—elongation curves obtained from tensile tests on AR-1,
AR-2, AR-3, Al-1, and AI-2 nets, in the weft/machine and warp/transversal directions, for
different time durations of artificial ageing. These curves provide a complete representa-
tion of the evolution of the mechanical behavior of the nets, allowing simultaneous anal-
ysis of initial stiffness, load-bearing capacity, deformability, and failure mode. In all the
analyzed configurations, artificial ageing causes a progressive reduction in the maximum
sustainable force, accompanied by an earlier onset of failure, as evidenced by the shift of
the curves towards lower load and elongation values. This effect is particularly marked at
8 and 12 weeks, suggesting an advanced state of degradation of the polymeric material.
The reduction in the area under the curves also suggests a decrease in the energy absorbed
up to failure, indicating a progressively more brittle behavior of the material as ageing
time increased. AR-1 nets showed not only higher initial curves, particularly in the warp
direction, but also a more rapid loss of performance with ageing, as evidenced by the
marked reduction in maximum strength and the shortening of the post-elastic phase. In
contrast, AR-2 nets showed closer curves among the different ageing stages, suggesting a
more regular and gradual mechanical degradation. This behavior is consistent with a
more balanced net structure, as already highlighted by the tabular results, and indicates
greater stability of mechanical behavior over time.

AR-1 - WEFT AR-1 - WARP

10

3500
30 o emmmeel
2500
Z. 2000
el
8 1500
1000
500

leebodes boaloa day

15 20 25 30 35 0 5 10 15 20 25

W
=)

35

Elongation [%] Elongation [%]

Aged 4w —Aged 8w —Aged 12w - -New Nets —Aged 2w Aged 4w —Aged 8w —Aged 12w

(a) (b)

Figure 4. Load—elongation curves of AR-1 net in weft direction (a) and warp direction (b) at different

artificial ageing times.
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Figure 5. Load—elongation curves of AR-2 net in weft direction (a) and warp direction (b) at different
artificial ageing times.

The comparison between the two different test directions highlights clear mechanical
anisotropy. In the warp direction, the curves show higher initial slopes, indicating greater
stiffness and higher maximum strength, consistent with the primary structural role of the
longitudinal threads. However, ageing causes a more pronounced reduction in maximum
strength in the warp direction, especially for AR-1 nets, which may suggest that the load-
bearing threads are more susceptible to photo-oxidation and structural degradation. In
the weft direction, the curves are generally lower and characterized by lower load-bearing
capacity, although in some cases they show a more gradual reduction in elongation, indi-
cating a more progressive response to degradation.

AR-3 - WEFT AR-3 - WARP

0 5 10 15 20 0 5 10 15 20 25 30 35 40
Elongation [%] Elongation [%]
- -New Nets —Aged 2w Aged 4w —Aged 8w —Aged 12w - -New Nets —Aged 2w Aged 4w —Aged 8w —Aged 12w
(a) (b)

Figure 6. Load—elongation curves of AR-3 net in weft direction (a) and warp direction (b) at different
artificial ageing times.
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Figure 7. Load—elongation curves of Al-1 net in weft direction (a) and warp direction (b) at different

artificial ageing times.
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Figure 8. Load—elongation curves of AI-2 net in weft direction (a) and warp direction (b) at different

artificial ageing times.

Figure 9 compares the Maximum Strength (Fm) of the different nets in the weft and
warp directions under unaged conditions and after 12 weeks of ageing, corresponding to
approximately 18 months of natural outdoor exposure. In all cases, a reduction in strength
was observed after accelerated exposure, with particularly marked decreases for AR-1,
AR-3, and AI-1. The AR-1 net in the warp direction showed the highest values both in the
unaged condition and after ageing, compared with all other tested nets, whereas AR-2
showed a more moderate decrease and a more balanced behavior between the two direc-

tions.
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Figure 9. Comparison of Maximum Strength (Frm) measured in unidirectional tensile tests for the
analyzed nets in the weft (machine) and warp (transversal) directions, under unaged conditions and

after 12 weeks of accelerated ageing.

3.4. Strength Retention and Cumulative Strength Loss During Artificial Ageing

To facilitate a comparison of the investigated nets, the evolution of maximum tensile
strength during artificial ageing was also expressed in terms of strength retention (%),
calculated relative to the unaged condition. Figures 10 and 11 show the strength retention
trends of the investigated nets as a function of ageing time. A progressive reduction in
tensile strength was observed for all the nets, confirming the mechanical degradation in-
duced by prolonged UV exposure. To highlight the general degradation behavior, the av-
erage strength retention values were calculated separately for the warp and weft direc-
tions. Linear regression analysis was applied to the mean strength retention values calcu-
lated separately for the weft and warp directions as a function of ageing time. The result-
ing coefficients of determination (R? ranging from 0.89 to 0.97) indicate that, within the
investigated ageing interval, the reduction in tensile strength follows an approximately
linear decay trend. Individual markers in Figures 10 and 11 represent the experimental
values measured for each net type, while the dotted lines correspond to the linear regres-
sion calculated from the directional mean values. The red dotted line refers to the linear
regression of the mean values in the weft direction, whereas the blue one refers to the
linear regression of the mean values in the warp direction. Overall, the results suggest that
the mechanical degradation of agricultural nets under accelerated ageing follows a time-
dependent decrease in tensile strength, with similar degradation trends observed for AR
nets in both warp and weft directions (regression slopes ranging from -3.61 to —-3.71 per-
centage points per week). In contrast, Al nets exhibited a slightly lower degradation rate
compared to AR nets (regression slopes ranging from -2.52 to —3.14 percentage points per
week).
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Figure 10. Strength retention (%) of anti-rain nets (AR-1, AR-2 and AR-3) during artificial ageing in
the warp and weft directions.
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Figure 11. Strength retention (%) of anti-insect nets (AI-1 and AI-2) during artificial ageing in the

warp and weft directions.

To provide a clearer representation of the degradation process, the evolution of ten-
sile strength was also expressed as cumulative strength loss (%) relative to the unaged
condition. This parameter represents the progressive reduction in mechanical perfor-
mance during artificial ageing and allows a direct comparison among the investigated
nets. Figure 12 shows the cumulative strength loss of the analyzed nets as a function of
ageing time. A progressive increase in strength loss was observed for all the nets, indicat-
ing a continuous degradation of the polymeric structure during exposure. The mean val-
ues calculated for the warp and weft directions show a nearly linear increase in strength
loss over time, as confirmed by the high coefficients of determination obtained from linear
regression analysis (R?=0.98-0.99). These regressions should be interpreted as descriptive
trend indicators rather than predictive degradation models, due to the limited number of
ageing levels and the absence of replicate specimens for aged conditions.
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Figure 12. Cumulative tensile strength loss (%) of the investigated agricultural nets during artificial
ageing. Markers represent mean values for the weft and warp directions of anti-rain (AR) and anti-

insect (AI) nets, while dotted lines indicate linear regression trends.

3.5. Relationship Between Geometrical Porosity (&) and Mean Maximum Strength (Fiimean) of the
Investigated Nets

Geometrical porosity (¢) represents an important structural parameter of nets, de-
scribing the ratio between the open area of the mesh and the total surface of the net. Po-
rosity is typically associated with functional properties of agricultural nets, such as air
permeability, light transmission, and rainwater passage. However, the geometrical con-
figuration of the textile structure may also influence the mechanical behavior of the mate-
rial. To explore this aspect, the relationship between geometrical porosity and the mean
tensile strength (Fimmen) of the investigated nets was analyzed. The mean tensile strength
(Fmmean) was calculated as the average of the maximum tensile strength values measured
in the warp and weft directions. Figure 13 shows the correlation between porosity and the
corresponding mean tensile strength values obtained through linear regression analysis.
The results suggest that the mechanical behavior of agricultural nets is influenced by the
combined effect of porosity and the structural characteristics of the textile architecture. In
general, nets with larger open areas may exhibit lower tensile strength because the load is
distributed over a smaller number of load-bearing filaments. However, this relationship
is not strictly proportional. In some cases, such as insect-proof nets, high porosity can co-
exist with a high number of filaments per unit length combined with a reduced filament
diameter. In these configurations, load transfer within the textile structure depends not
only on the open area, but also on the thread density, filament diameter, and mesh archi-
tecture. Therefore, the mechanical strength of agricultural nets results from the interaction
between multiple structural parameters rather than porosity alone.

A moderate relationship between the two parameters was observed (R? = 0.74), indi-
cating that porosity alone does not fully explain the variability in mechanical strength.
Nevertheless, this relationship should be interpreted with caution, as the mechanical be-
havior of agrotextiles is influenced by multiple structural and material parameters, in-
cluding filament diameter, thread arrangement, weaving pattern, and polymer character-
istics. Consequently, porosity can be considered one of the structural factors potentially
affecting the mechanical response of agricultural nets, although it does not represent the
sole parameter governing their tensile performance.
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Figure 13. Relationship between geometrical porosity (¢) and mean tensile strength (Frmen) of the

investigated nets.

4. Discussion

The mechanical behavior and durability of different agricultural nets subjected to ac-
celerated artificial ageing were analyzed to investigate the relationships between net type,
structural configuration, load direction, and degradation trends. The results provide an
overall assessment of how rain nets (AR) and insect nets (Al) respond to prolonged expo-
sure to simulated environmental conditions, representative of agricultural contexts in
southern Italy. Our findings are in line with previous studies, which showed that agricul-
tural nets exhibit strong directional anisotropy and that ageing can significantly reduce
tensile performance depending not only on polymer type (HDPE) but also on thread ge-
ometry and weave architecture, suggesting that mechanical durability depends strongly
on net-specific structural characteristics [1,39].

The mechanical trends observed in this study are consistent with previous evidence
showing that agricultural nets behave as orthotropic structures, with a strong dependence
of the tensile response on the test direction and mesh architecture. Picuno et al. [40] re-
ported that the mechanical performance of HDPE nets is influenced by the number, diam-
eter, and arrangement of threads in the warp and weft directions, and that the ratio be-
tween maximum strength and elongation at maximum strength can vary considerably
depending on weaving technology and thread density.

A key finding from the current dataset is the different sensitivity of the nets to ageing,
despite belonging to the same polymer family. While AR-1 and AR-3 showed substantial
losses in maximum strength after 12 weeks (reducing their initial strength by about half
in several configurations), AR-2 exhibited a more gradual decay and a more balanced re-
sponse between directions. This behavior suggests that mechanical durability is influ-
enced not only by polymer type, but also by the stabilizer formulation, thread geometry
(monofilament vs. tape), weave compactness, and stress distribution within the net struc-
ture. Similar trends were reported by Giannoulis et al., [7], where improvements in func-
tional properties such as ventilation or radiometric performance were associated with re-
ductions in mechanical durability, highlighting a trade-off between functional efficiency
and structural resistance.
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A slight increase in elongation at maximum strength was observed in some cases
during the early stages of ageing (e.g., AR-1, AR-3 and AI-2). This behavior may be asso-
ciated with structural rearrangements within the net, including geometric reconfiguration
of the mesh and possible relaxation effects in the polymer filaments. However, no direct
physico-chemical analyses were performed in this study, and therefore these mechanisms
should be regarded as possible interpretations rather than confirmed processes [31].

For several analyzed nets, although not in all cases, the artificial ageing resulted in a
progressive reduction in Maximum Strength (Fm) and Elongation at Maximum Strength
(A), both in the weft and warp directions. This behavior is consistent with the known ef-
fects of photo-oxidative degradation of polyethylene-based polymeric materials, which
involve macromolecular chain scission, a reduction in molecular weight, and progressive
embrittlement. A comparison between anti-insect (Al) and anti-rain (AR) nets highlighted
substantial differences in mechanical behavior. The Sm values suggest that the differences
in the absolute strength values (Fm) among the warp and weft directions and between
different nets are largely governed by structural parameters such as filament diameter
and thread density, rather than by intrinsic material strength alone.

Insect nets exhibited lower initial strength values but a more stable response over
time, with less pronounced degradation trends. In contrast, rain nets showed not only
higher initial mechanical performance, particularly in the warp direction, but also greater
sensitivity to degradation processes, with strength losses reaching approximately 45-50%
after 12 weeks.

This behavior can be reasonably attributed to the structural characteristics of rain
nets, including higher thread density and lower porosity, which could promote stress con-
centration phenomena and potentially enhance the effects of UV-induced degradation.
The comparison between test directions confirmed the presence of marked mechanical
anisotropy. The warp direction generally exhibited higher maximum strength and stiff-
ness, consistent with the primary load-bearing role of the longitudinal threads. However,
this trend was not observed in Al-2, where the weft direction showed higher strength
values, reflecting a more balanced structural configuration.

Load-elongation curves further indicated that ageing affects not only the ultimate
strength but also failure mechanisms. In particular, the reduction in the area under the
curves suggests a decrease in the energy observed at failure, indicating a transition toward
more brittle behavior. From an engineering perspective, this progressive embrittlement
may influence the service life of agricultural nets under field conditions. Reduced ductility
may increase the likelihood of local filament rupture under dynamic loads such as wind,
rainfall, and mechanical stresses from the supporting structures.

When analyzing load—elongation curves, it should be noted that agricultural nets do
not exhibit a well-defined linear elastic region comparable to that of homogeneous poly-
mer films. The initial portion of the curve is strongly influenced by the geometric reorgan-
ization of the mesh, including the rotation and alignment of the threads under tensile
loading. Although elastic modulus values have been reported for several agricultural nets
in the literature [4,7], their determination may strongly depend on the strain interval con-
sidered and on the structural reconfiguration of the mesh during the initial loading stage.
Therefore, the mechanical response of nets results from the combined effect of filament
elasticity and structural deformation of the mesh, leading to progressive load transfer
among threads until failure.

A comparison between agricultural nets and plastic films can further clarify the ob-
served mechanical behavior. Although both materials are typically polyethylene-based,
their structural configuration leads to fundamentally different responses under tensile
loading. Plastic films behave as continuous materials, where stress distribution is uniform
and failure is typically characterized by rapid crack propagation once a defect is present.
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In contrast, agricultural nets are discontinuous structures composed of interconnected fil-
aments, where the load is distributed among multiple threads. This structural configura-
tion allows for progressive failure mechanisms and local damage without immediate
global collapse. Furthermore, the mechanical response of nets is strongly influenced by
geometric deformation of the mesh prior to filament stretching, resulting in an apparently
higher deformability compared to films. These differences highlight the importance of
considering structural architecture when evaluating the mechanical durability of agrotex-
tiles.

Some limitations of this study should be acknowledged. First, due to the limited ca-
pacity of the ageing chamber, only one specimen per direction was tested for aged condi-
tions, which limits the possibility of performing a statistical evaluation of variability at
each ageing stage. Second, although the accelerated ageing protocol provides an energetic
equivalence to natural exposure, it does not fully reproduce real environmental condi-
tions, such as fluctuating temperature, humidity, and combined mechanical stresses. Fi-
nally, no physico-chemical analyses (e.g., FTIR, DSC or SEM) were performed to directly
investigate polymer degradation mechanisms. Therefore, the interpretation of degrada-
tion processes is based on mechanical evidence and should be considered as indicative
rather than definitive. Future studies integrating mechanical, chemical, and microstruc-
tural analyses are recommended to provide a more comprehensive understanding of deg-
radation mechanisms.

5. Conclusions

This study investigated the mechanical behavior and durability of different agricul-
tural nets subjected to accelerated ageing, focusing on the influence of structural configu-
ration and load direction on tensile performance. The results indicate that mechanical deg-
radation occurs progressively over time and is strongly dependent on the specific net ar-
chitecture, including thread arrangement and mesh structure. The findings suggest that
mechanical durability represents an important parameter to be considered alongside
functional performance, such as protection against rain and insects, in the selection and
design of crop-protection systems. In this context, the combined analysis of tensile prop-
erties and degradation indicators provides valuable insights into the long-term behavior
of agrotextiles. Future research should focus on the investigation of combined ageing fac-
tors (e.g., UV radiation, agrochemical exposure, and cyclic mechanical loading), as well as
the integration of mechanical, chemical, and microstructural analyses. Moreover, compar-
isons between accelerated ageing and real field conditions would contribute to improving
the reliability of durability assessments and supporting the development of more efficient
and resilient agricultural nets.
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