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Abstract

The growing threat posed by climate change and extreme weather events necessitates the
adoption of advanced solutions for crop protection, such as agrotextile nets. The use of
anti-rain (AR) and anti-insect (Al) nets is essential to safeguard production, but their effec-
tiveness varies significantly. AR nets offer rain protection but can compromise ventilation,
while Al nets ensure a better microclimate but offer poor resistance to precipitation. Given
the lack of a standardized index, this study aims to use the rainwater permeability index
(Prw) to provide an objective parameter for evaluating and comparing the performance of
different agrotextiles. Laboratory tests were conducted on eight different nets (three AR
and five Al) using a rainfall simulator. The &, index, defined as the ratio between the
mass of water passing through the net and the total mass of water applied, was evaluated
as a function of rainfall intensity (39, 80, and 170 mm/h), net inclination (10°, 20°, and 30°),
and the orientation of the warp relative to the slope. The results confirmed that AR nets are
most suitable in protecting crops from extreme rainfall, because it becomes clear that Al nets
are much more permeable than AR nets. In this sense, the plots show that Al nets usually
have a higher permeability than AR nets, between 15% and 25%, depending on rainfall
intensity and net inclination. In fact, the AR1 net showed the best performance, with &,
values stabilizing between 40% and 50% under the most common installation conditions.
Conversely, Al nets generally exceed 60% permeability, with the AIl net reaching @,

above 90%, confirming their inadequacy for rain protection alone. In general, AR nets show
D,y between 33% and 92%, while @, for Al nets ranges from 45% and 98%. The research
allowed for the comparison of eight agricultural nets with different characteristics and the
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1. Introduction

Crop protection nets are increasingly used around the world, particularly for orchards
in Mediterranean countries, because of climate change, which is placing ever greater stress
on fruit production [1-3]. In addition to preserving crops, their use helps to maintain the
quality and quantity of agricultural production by addressing the threats posed by rising
temperatures and extreme weather events, which compromise productivity and the ability
to meet global food needs [4-8]. Added to this is the increase in new species of harmful
insects, a phenomenon linked to globalization and climate change itself, which has pushed
the field into a new era in the use of agrotextiles. In fact, the use of agricultural nets is,
in many cases, replacing or integrating the use of traditional plant protection products,
especially in contexts such as organic farming, to improve production performance [9-11].
The market offers a wide range of nets, which, depending on their structural characteristics,
weight, porosity, etc., perform different functions and are used for different tasks [12,13].
Currently, these devices, used to prevent damage caused by insects or particularly intense
weather events, are playing a fundamental role in crop protection systems.

Anti-rain and anti-insect nets are essential tools in modern agriculture for safeguarding
crops from an increasingly hostile environment. Newly designed nets, which have recently
available on the market, are used to protect against heavy rainfall. Although essential
for preventing damage from extreme precipitation, these nets can reduce ventilation and
increase relative air humidity, creating ideal conditions for the development of plant dis-
eases [14-23]. Insect nets, which constitute a multifunctional and versatile defense system,
are capable of effectively blocking a wide range of pests and aphids, drastically reducing the
need for insecticide treatments. This approach not only minimizes environmental impact
but also promotes organic production and reduces chemical residues in fruit. Therefore,
the possible integration of insect nets with other technologies, such as rain nets, emerges as
a key strategy for comprehensively addressing climatic and pest challenges, optimizing
protection and ensuring long-term crop quality [24-26].

Currently, nets are used to cover greenhouses and screen houses, often limiting venti-
lation and solar radiation and failing to effectively prevent hail damage and the penetration
of rain precipitation. In the latter case, for open field crops, this can cause serious damage
to those that are most sensitive to moisture, such as thin-skinned fruits, leading to fruit rot
and compromising the microclimate essential for their growth. Recent advancements in
protected cultivation have addressed the optimization of insect-proof and shade nets to
improve crop microenvironments and resilience to climate change [2,27]. However, tradi-
tional solutions often present trade-offs: thinner fibers may weaken mechanical resistance,
while optical additives can lead to excessive shading [2,28]. A critical challenge remains the
protection of horticultural crops from high-intensity precipitation, which causes irreversible
damage such as fruit cracking and increased pathogen susceptibility [29]. While chemical
treatments and impermeable plastic films are common mitigation strategies, they often re-
sult in poor ventilation, increased relative humidity, and potential chemical residues [30,31].
Consequently, there is a growing need for innovative technical solutions that provide
effective rainfall protection while maintaining optimal gas exchange and fruit quality.
Multifunctional agricultural nets are increasingly recognized as essential instruments for
bolstering crop resilience. These systems provide superior ventilation rates compared to
conventional plastic films, thereby allowing growers to significantly reduce the application
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of phytosanitary products. Recently, the market introduction of innovative anti-rain nets
has catalyzed scientific interest in assessing their efficacy as a primary mitigation strategy
against rainfall-induced damage in agriculture. Such specialized netting systems offer a
promising solution for shielding crops from the adverse impacts of precipitation, with
particular potential for high-value fruit crops—including cherries, kiwis, grapevines, and
various berries—that exhibit high vulnerability to rain-related physiological disorders and
mechanical injuries [32].

The domain of agricultural nets has a considerable body of work, predominantly
focused on their mechanical behavior under stress and their influence on the radiative and
aerodynamic microclimate. However, while the mechanical properties and shading effects
are well-documented, the hydraulic response—specifically how these textures interact with
rainfall—remains less explored. This study positions its contribution by transitioning from
purely structural or climatic analysis to a functional hydraulic evaluation, addressing the
gap between the known porosity of nets and their actual water-shielding efficiency.

Despite their importance, there is no universally recognized index for classifying nets
according to their rain protection performance. Current evaluation methods for water—
material interaction are primarily standardized for the textile and civil engineering sectors.
For instance, tests for hydrostatic head or water vapor permeability focus on waterproof
or semi-permeable membranes. However, these methods fail to capture the complexity of
agricultural net performance, where the interaction between falling raindrops and the mesh
structure is influenced by the kinetic energy of the rain and the mechanical installation of
the net (e.g., slope and tension). Previous studies on agricultural nets have often reported
qualitative observations or fragmented data on water retention, lacking a unified and
comparable metric. The introduction of the rainwater permeability index (@) represents
an innovation in this field, as it offers a standardized, dimensionless quantitative measure.
This index allows for a direct comparison of different net technologies (AR vs. Al) and
provides a practical tool for growers and engineers to predict water-shielding efficiency
under diverse climatic scenarios.

Therefore, this study aims to evaluate the @, index, which can be used to compare
the performance of the tested nets, thus providing a standard for comparing agrotextiles.
Furthermore, the characterization of &, is crucial in enabling farmers to make more
informed choices when selecting the most suitable material for crop protection, whether
the net is used alone or in combination with other types of nets.

For this purpose, tests were carried out at the Polytechnic University of Bari to evaluate
the @, of eight agricultural nets, three classified as anti-rain and five with an anti-insect
function, to compare their ability to protect crops from the adverse effects of exposure
to precipitation.

Based on the results obtained, this study stresses the need to develop hybrid solutions
geared towards using the most suitable net for the specific needs of the various crops.
The challenge for future research is to develop multifunctional nets that combine the
best properties of anti-rain and anti-insect nets, ensuring effective protection against both
risks without compromising plant health [33,34]. This will make it possible to create
more efficient nets that protect crops from adverse weather conditions and help maintain
an optimal microclimate. Scientific research in this field is therefore crucial to enable
agriculture to adapt to new environmental challenges and ensure food security.

In conclusion, this research focuses on advancing the understanding of the structural
and functional properties of agrotextiles, specifically examining their rain-sheltering effi-
ciency to facilitate the implementation of superior and sustainable cultivation techniques.
The primary goals include assessing the water permeability of nets designed for rainfall
management and pest control, exploring their efficiency across diverse operational sce-
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narios, and identifying how geometric configurations impact their overall performance.
Special attention was given to evaluating how the inclination angle relative to the hor-
izontal plane affects the hydraulic response of these materials. Such analysis seeks to
establish a framework for designing next-generation agricultural covering systems tailored
to specific agronomic needs and climatic variables. Ultimately, this experimental work
provides a scientific foundation for the development of technical guidelines, promoting
the use of specialized agrotextiles as a strategic response to the challenges posed by global
climate change.

2. Materials and Methods
2.1. Nets’ Features

For the aims of this research, eight different types of nets (Figure 1) were tested, three
anti-rain (AR) nets and five anti-insect (AI) nets. Rain protection nets are designed to limit
the impact of heavy rain and hail on crops by reducing water percolation and increasing
surface runoff [14-16]. The structural characteristics, weave and weight, which facilitate
the deflection of water flow, are key elements in limiting rainfall permeability [23], thanks
to a denser mesh than that of anti-insect nets. Insect nets are designed to prevent insects
from damaging crops [35-37]. Their meshes come in different sizes depending on the
type of insect to be controlled, with smaller meshes for aphids and thrips (0.2-0.4 mm
nominal openings) and larger meshes for beetles and Lepidoptera (0.8-7.0 mm nominal
openings) [38]. Unlike anti-rain nets, their main feature is their high porosity, which ensures
better ventilation compared to anti-rain nets, minimizing microclimate alteration [9].

Table 1 lists the main characteristics of the eight nets tested made of HDPE and neutral
in color. The technical specifications and structural parameters of the nets were retrieved
from the research of Mastronardi et al., 2025 [39] to ensure consistency with previously
validated measurements.
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Figure 1. Tested nets (magnification 40 x): (a) AR1; (b) AR2; (c) AR3; (d) AIl; (e) Al2; (f) AI3; (g) Al4;
(h) AI5.

Table 1. Characteristics of tested nets.

. Warp Weft Yarn Warp Yarn . .
NetID  NetType Texture Type Fiber Type Weft Dens_llty Density Diameter Diameter POI‘:) sity Welg_lzlt
[Yarns ecm™] 1 [%] [g m™]
[Yarns cm™] [mm] [mm]

ARl Antirain Flat Monofilament 7.00 32.00 0.28 0.49 7 () 250
net woven warp and weft
Monofilament

ARz~ Antirain Flat warp and weft 9.44 20.80 0.81 0.23 18 192

net woven in fibrillated
raffia tape

Monofilament

ARz~ Antiain Flat warp and weft 8.30 30.70 0.81 0.23 13 229

net woven in fibrillated
raffia tape

An, Ant Flat Monofilament 31.00 31.50 0.15 0.17 2 136
insect net woven warp and weft

AR Ant Flat Monofilament 31.00 31.00 0.15 0.15 27 120
insect net woven warp and weft

A Ant Flat Monofilament 25.00 31.00 0.17 0.15 28 120
insect net woven warp and weft

Al Ante Flat Monofilament 21.00 31.50 0.17 0.17 30 130
insect net woven warp and weft

A5 Ant- Flat Monofilament 9.80 20.40 0.27 0.20 41 130
insect net woven warp and weft

* Analytical calculation, only used for the AR1 net due to its excessively narrow mesh size.

Conversely, Table 2 contains the methodologies used to determine the characteristics
of the nets tested.

The porosity of the nets was determined using an image analysis approach [39-41].
Samples were acquired with a flatbed scanner at a resolution of 2400 dpi, which was
previously calibrated using a precision grid (mm) to ensure dimensional accuracy. Image
processing was performed via Adobe Photoshop (v. 2021), employing a binarization
protocol with a neutral gray threshold (value 128) to differentiate the net structure (black)
from the voids (white). Porosity was calculated as the percentage of white pixels relative
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to the total area within representative cm regions. The final value was calculated as the
means of at least three measurements per sample. Observed parameters, including pore
size and fiber thickness, showed high correlation with the manufacturers’ specifications
and established reference data.

Table 2. Methods for determining the characteristics of the tested nets.

Measurc.ad. Device/Method Technical Details Aim/Exception
Characteristic
Micrometer
Net wire thickness (Mitutoyo, Kanagawa, Japan; model Accuracy +0.01 mm Standard measurement

Void Size

Porosity (e [%])

(*) Porosity (e [%])

Image analysis (Software: Adobe

293-240, Absolute Digimatic)

Image analysis

(Digital Microscope Dino-Lite
AM3013T. Magnification: 200, Accuracy: £0.04 mm. Acquisition and measurement

Dino-Lite Europe, IDCP B.V, Software: Dino-Capture 2 of void sizes

Manuscriptstraat 12-14, 1321 NN

Almere, The Netherlands)

Calculated as the percentage of
white (empty) pixels in the
selected area after binarization.
Average of >3 areas

Resolution: 2400 dpi.
Analyzed Area:

Photoshop v. 2021) 10 cm x 10 cm

Based on monofilament
diameters analysis
(warp/weft) and gap lengths
(warp/weft)

Analytical Calculation

* Only used for the AR1 net due to its excessively narrow mesh size.

The thickness and/or diameter of the threads was measured in Mastronardi et al.,
2025 [39] using a digital micrometer (Mitutoyo, Kanagawa, Japan; model 293-240, Absolute
Digimatic), with a resolution of 0.001 mm (range 0-25 mm). A ratchet clamp was used to
ensure repeatable measurements by applying constant contact pressure (measuring force
5-10 N, according to the manufacturer’s specifications). For each material, five measure-
ments were taken at different points on the sample, avoiding edges and deformed areas.
The device was checked and zeroed before use.

The ARI1 net is a multi-purpose shield capable of protecting crops from rain, hail,
wind, and insects. It is a flat, extremely dense mesh net with very low porosity. The weft
yarn has a rhomboidal shape, with a major diagonal of 0.49 mm and a minor diagonal of
0.28 mm.

The AR2 and AR3 nets represent the evolution of rain and insect nets. They feature
a flat weave, using round HDPE monofilaments and fibrillated raffia tape in a neutral
color. They are not waterproof, but are capable of blocking smaller raindrops. These nets
are mainly used to protect the most delicate fruits, which are prone to cracking due to
excessive wetness, as well as providing protection against hail, frost, and wind. Both nets
have a dense mesh; its greater water resistance and the presence of red and neutral bands
measuring 3.8 cm every 24.2 cm (a mix of 4.7 fibrillated bands/cm alternating with 4.7 red
weft threads) distinguish the AR3 net.

The Al nets are designed to offer targeted protection against pests while ensuring the
best possible airflow.

The AIl and Al4 nets are flat fabric barriers specifically designed to protect against
thrips. Because of their design, they have extremely small holes and are highly efficient
due to their very thin, high-tenacity yarn. As a result, more holes per square meter can be
created while maintaining the standard pore size, determining greater porosity. In addition,
the use of a greater number of yarns gives the nets a more stable, uniform, and robust

https:/ /doi.org/10.3390/agriculture16030340


https://doi.org/10.3390/agriculture16030340

Agriculture 2026, 16, 340

7 of 19

structure. Of the two nets, the AIl net is the narrower of the two, with smaller meshes and
holes than the AI4.

The AI2 and AI3 nets are also insect nets characterized by a flat weave. They are
made with small diameter fibers to exclude even the smallest insects. These nets help to
maintain a cooler and less humid climate inside greenhouses. They are produced with
round monofilaments for warp and weft.

The AI5 net is a model widely used in agriculture to protect crops from the small-
est categories of insects, such as aphids. It is a net with a standard flat weave and
round monofilaments, characterized by about 20 weft threads and about 10 weft threads
per centimeter.

The flat weave structure, particularly when combined with high mesh density as seen
in the AR1 net (porosity of 7%), acts as a continuous physical barrier that facilitates the
coalescence of raindrops into a surface water film. This geometry promotes surface runoff
rather than individual droplet percolation, a mechanism that is significantly more effective
at reducing rainwater permeability compared to the typically open and irregular gaps
found in knitted or leno weave structures.

2.2. Test Protocol

To assess the water permeability of the nets, laboratory tests were carried out at the Hy-
draulic Models Laboratory of the Department of Civil, Environmental, Land, Construction
and Chemistry (DICATECh) at the Polytechnic University of Bari, using a rainfall simulator
capable of reproducing field conditions with an appropriate scale factor. The rain simula-
tor is a tower structure approximately 5 m high, with a base measuring 1.20 m x 1.00 m,
built with iron angle profiles to ensure stability. The net samples, measuring 1.00 m x 1.00 m,
are assembled in metal frames and installed 1.25 m above the floor with variable incli-
nations of 10°, 20°, and 30°, chosen to simulate typical field conditions, based on the
manufacturers’ recommendations, and with the consideration of the preferred installation
methods [13]. To minimize edge effects at the frame-net interface, the water collection
system was positioned centrally beneath the net samples, leaving a safety margin from the
metal frame. The nets were firmly tensioned on the frame to prevent any sagging or water
pooling that could artificially alter the flow paths. Furthermore, the frame design ensured
that runoff water could flow freely into the collection gutter without being obstructed or
redirected by the metal supports, thus ensuring that the measured @, reflects only the
intrinsic permeability of the mesh. At the top of the tower, approximately 3.75 m from
the net, there are 24 dynamic 360° micro-sprinklers with a maximum flow rate of 130 L/h
and a radius of 4.50 m, hydraulically powered by a tank to ensure constant flow without
pressure fluctuations. The device is completed by a pressure gauge (Spriano, Milan, Italy)
with a scale between 0 and 4 kg/cm?, installed on the supply pipe, to vary the pressure
and thus simulate different rainfall intensities [42].

The objective was to measure the precipitation passing through the net and that
flowing over the surface of the net. The permeated water is collected in a tank measuring
1.00 m x 1.00 m; the runoff water is collected in a smaller separate tank, measuring
0.20 m x 1.00 m, positioned in a cantilevered position. The spatial uniformity of the
simulated rainfall over the 1.00 m x 1.00 m test area was achieved by optimizing the
pressure at the nozzles and ensuring adequate overlap of the spray patterns at the specific
working height, thus minimizing spatial bias in the permeation measurements.

The laboratory test conditions were strictly controlled using a rain simulator with
predefined rainfall intensity to separate and measure a specific technical index (®,,) for
water permeability. In contrast, the real-world (open field) test environment exposes the
nets to dynamic and unpredictable climatic variables, such as strong winds and extreme
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rainfall, which were not considered in this study except for in the variations in rainfall
intensity, where typical values for the Mediterranean area were assumed with the final
aim of verifying the agronomic effectiveness in protecting crops and mitigating physiologi-
cal disorders.

The main objective of the experiment was to evaluate the @,,, parameter [42], taken as a
reference to describe the reaction of each net under simulated precipitation and to compare
the different types of agrotextiles tested. The tests were carried out under controlled
environmental conditions:

e  Absence of direct solar radiation;
e Ambient temperature between 26 °C and 28 °C;
e  Ambient relative humidity varying between 50% and 70%.

According to Martellotta et al. (2025) [42], to ensure the reliability of the results, each
test was repeated three times for each rainfall intensity value, always with reference to a du-
ration of 10 min, to ensure reproducibility. After the three repetitions of the measurements
with varying rainfall intensity and with fixed net inclination and installation direction,
the tested nets were replaced with new pieces of the same dimensions as indicated above.
The final value of the &, parameter was calculated as the average of the results, consid-
ering only steady-state conditions, i.e., discarding the first five minutes of rainfall, using
Equation (1). Conversely, using Equation (2), it was also possible to evaluate the quantity
of water R that flows over the network.

Mpp — M

®,, = 7PBTM Bl % 100[%) 1)
_ Mgp — Mp, .

R = == < 100[%] )

where

D, is the rainwater permeability index [%];

Mppg is the mass of the bin containing the total mass of water passing through the
net [kg];

Mp; is the mass of the empty bin collecting the permeated water [kg];

TM is the total water mass [kg];

R is the net runoff water [%];

Mpgp is the mass of the bin containing the total runoff water mass [kg];

Mp; is the mass of the empty bin collecting the runoff water [kg].

Each test involved a preliminary 5 min stabilization period, which was excluded from
data collection. This interval was established during the calibration phase to ensure that
the hydraulic system reached a constant operating pressure and flow rate and that the
net reached full saturation, overcoming the initial transient phase of water retention due
to surface tension. Following this stabilization, the permeated and runoff water were
collected for a continuous 10 min period, representing the steady-state performance of
the net. The tests were performed on a unit area by varying the inclination of the net
(10°, 20°, and 30°), the orientation of the warp in relation to the slope (perpendicular and
parallel), and the pressure applied (0.04 MPa, 0.08 MPa, and 0.11 MPa), corresponding
to three different rainfall intensity values: the minimum pressure corresponds to the
maximum rainfall intensity of approximately 170 mm/h, the average pressure corresponds
to the minimum rainfall intensity of approximately 39 mm/h, and finally, the maximum
pressure corresponds to an average rainfall intensity of approximately 80 mm/h. It should
be noted that the rainfall intensity was determined based on the actual water volume
collected within the 1 x 1 m collection tank during each test. Although higher nozzle
pressures generally correspond to higher flow rates, the observed rainfall intensity values
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(39, 80, and 170 mm /h) were influenced by the spray pattern and the effective fraction of
water intercepting the test area. Consequently, the relationship between nominal nozzle
pressure and the calculated rainfall intensity reflects the specific experimental setup and
the spatial distribution of the simulated rainfall rather than a direct hydraulic correlation.
The choice of these pressure values is based on the rainfall values identified, which range
from 10 mm to 23 mm for a rainfall duration of 10 min; this range includes the rainfall
value that characterizes the area of southern Italy for the same duration of 10 min, equal to
approximately 16 mm [43].

To assess the statistical significance of the differences in &, values under different
nets and conditions, Student’s t-test was performed [44]. The statistical analysis was carried
out using R studio software v. 4.3.1 (Copyright (C) 2023 The R Foundation for Statistical
Computing, Vienna, Austria).

The inclination angle affects @, by modifying the effective opening area of the mesh
relative to the vertical trajectory of the raindrops. As the inclination increases, the projected
geometry of the pores changes, and the gravitational component promoting runoff along
the net surface increases. In this study, @, is calculated specifically for each combination
of rainfall intensity and inclination angle, thereby inherently incorporating the dynamic
interaction between the net’s orientation and the partitioning of water between permeation
and runoff.

The observed variability between replicates was consistently low, with standard devia-
tions generally remaining below 5% of the mean values. To further account for experimental
uncertainty and to strengthen the reliability of the results, a bootstrap resampling tech-
nique with 1000 iterations was applied to the collected data, as detailed in the statistical
analysis section.

The laboratory protocol and the measurement window were defined to align with
established principles of polymer and textile characterization, ensuring the reliability
and repeatability of the &, index. Following classical approaches in material testing,
each test was conducted over a 10 min duration, discharging the first 5 min of rainfall to
ensure steady-state conditions. This 5 min induction period is essential to overcome initial
transient phenomena, such as the surface wettability of HDPE fibers and the stabilization
of the water film across the net’s porous matrix, which could otherwise introduce noise
in the permeability measurements. This methodological choice reflects the rigor found in
specialized literature for porous polymers [45,46], which emphasizes the importance of
thermal and hygrometric stability—strictly maintained here between 26 and 28 °C and
50-70% relative humidity—to prevent structural alterations in the extruded monofilaments
during testing. The use of three repetitions for each condition further ensures that the
results are statistically robust and representative of the material’s physical behavior.

The @, parameter is an essential analytical tool used to study the interaction between
agricultural nets and the rainfall that impacts them, thus quantifying the ability of an
agrotextile to prevent rain from passing through its structure and reaching the crops and
the soil below. Therefore, for the purposes of this research, the ®,,, parameter is defined
as a simple and direct ratio between the total amount of water falling on the net and the
amount of water penetrating it, acting as an indicator of permeability: a higher value
means that a greater percentage of precipitation reaches the ground, whereas a lower value
indicates that the net retains or deflects most of the water. In this sense, this parameter is
fundamental for evaluating the protective (or permeative) effectiveness of each net tested.

The introduction of &, aims to provide a standardized metric for evaluating the hy-
draulic performance of agricultural nets, a field currently lacking a universally recognized
classification system. Unlike qualitative assessments or producer-specific data, it offers an
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objective and quantifiable parameter that enables a direct comparison between different
agrotextiles (e.g., anti-rain vs. anti-insect nets) under identical experimental conditions.
Furthermore, the index is preferable to static alternatives as it accounts for dynamic
operational variables, such as rainfall intensity, net inclination, and textile orientation.
However, some inherent limitations must be acknowledged. First, the index is derived from
controlled laboratory simulations, which, while highly reproducible, may not fully capture
the stochastic nature of open-field environmental factors. In addition, the current definition
focuses strictly on water permeability; while this is a primary factor for crop protection, it
does not account for the potential microclimatic trade-offs, such as variations in hygrometric
levels or air exchange rates, which remain subjects for future multi-parametric integration.

3. Results and Discussion
Comparison Among Tested Nets Based on the Rainwater Permeability Index

The @, values were determined for each of the eight nets tested using the rainfall
simulator and in accordance with the procedure described in the ‘Materials and Methods’
section. For each net, once the inclination and orientation of the warp relative to the
slope had been set and the rainfall intensity varied, three &, values were determined,
corresponding, respectively, to the minimum, average, and maximum rainfall intensity
values (approximately 39 mm/h, 80 mm/h, and 170 mm/h). Therefore, the &, values
were plotted as a function of the corresponding rainfall intensity, both with reference to the
anti-rain nets (Figure 2) and with reference to the anti-insect nets (Figure 3).

The @,,, values for rain protection nets shown in Figure 2 highlight that, on average,
the AR1 net performs best in terms of resistance to rainfall, with @,,, values for this net
generally lower than those for the AR2 and AR3 nets. When the AR1 net is installed with
the warp perpendicular to the slope, which is the most common installation method, the
D,y values are, with a slope of 10°, between 50% and 60% for minimum and average
rainfall intensity, exceeding 70% when the rainfall intensity is approximately 170 mm/h.
In this sense, the combined effect of a reduced inclination of the net with respect to the
horizontal and the maximum rainfall intensity results in a greater passage of water through
the mesh that makes up the AR1 net, thus correspondingly detecting a higher &, value.
Similarly, with reference to a 20° and 30° inclination of the AR1 net with respect to the
horizontal, @, assumes almost uniform values regardless of the rainfall intensity applied,
always remaining between 40% and just above 50%, with an average tendency to increase
as the rainfall intensity increases.

If the AR1 net is installed with the weft parallel to the slope, the @, values are always
above 50%. With a slope of 10° from the horizontal, ®,,, achieves between about 60% and
70%, with a low point at average rainfall and a high point when rainfall is at its strongest.
With an installation characterized by a slope of 20° to the horizontal, @, is lowest for
minimum rainfall intensity and highest when rainfall intensity is around 170 mm/h. An
interesting non-linear trend was observed for the AR1 net at a 30° angle with the warp
parallel. The decrease in @, at the intermediate intensity of 80 mm/h, compared to the
values at 39 and 170 mm/h, suggests a transition in the hydraulic mechanism. This could be
explained by the formation of a stable water film over the net at medium intensities, which
enhances the runoff capacity of the net due to surface tension. As the intensity increases
to 170 mm/h, the higher kinetic energy of the raindrops likely disrupts this film, forcing
more water through the pores and thus increasing the permeability index. This threshold
effect demonstrates that the protective efficiency of AR1 nets is not only a function of the
mesh geometry but also of the dynamic conditions of the rainfall event. In addition, the
anisotropic behavior of the AR1 net, where higher &, values were observed with the weft
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parallel to the slope, can be attributed to the specific mesh geometry. The orientation of the
monofilaments influences the hydraulic resistance and the path of the water droplets.

The @,,, trends for the AR2 and AR3 nets, instead, show that their resistance to rainfall
is lower than that of the AR1 net under most of the analyzed conditions, depending on
the slope at which they are installed in relation to the horizontal and the direction of the
warp with respect to the slope. The values measured are generally above 60%, with some
exceptions generally corresponding to the average value of the applied rainfall intensity for
both the AR2 and AR3 nets, in particular for the AR3 net, when the latter is installed with a
slope of 20° and 30, respectively, and the warp parallel to the slope. The ®,, values are
lower than those of the AR1 net when AR3 is installed at 20° and the rainfall intensity is at
a medium level, and at 30° with a maximum rainfall intensity, with the warp parallel to the
slope. However, in all other cases, when compared with the AR1 net, the @, values for
the AR2 and AR3 nets are always higher, with differences up to about 60%; therefore, the
performance of the AR2 and AR3 nets does not guarantee good protection against rainfall
for the crops underneath.
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Figure 2. Means =+ standard errors (whiskers) of the @, values for AR1 (blue), AR2 (orange), and AR3
(green) anti-rain nets as a function of precipitation intensity: (a) 10° slope and warp perpendicular to
the slope; (b) 10° slope and warp parallel to the slope; (c) 20° slope and warp perpendicular to the
slope; (d) 20° slope and warp parallel to the slope; (e) 30° slope and warp perpendicular to the slope;
(f) 30° slope and warp parallel to the slope.

The consistently lower @, values of AR1 compared to AR2 and AR3 are primarily
due to its higher mesh density and lower porosity, as detailed in Table 1. Statistical analysis
(Student’s t-test) confirmed that these differences are significant (p < 0.05) under most
experimental conditions. However, the observed convergence in performance between AR1
and AR3 at 20-30° slopes with warp-parallel orientation can be explained by the projected
geometry of the filaments, highlighting how installation parameters can sometimes equalize
the performance of structurally different nets.

100 100
80 80
70 70
= 60 =
g §.60
2 :
g 50 Q50
40 40
30 30

All All

20 —o—Al2 20 —o—Al2

——AI3 —o—AI3

10 ——Al4 10 ——Al4

—e—Al5 —e—AI5
0 0

0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200

Rainfall intensity [mm/h] Rainfall intensity [mm/h]
(a) (b)

Figure 3. Cont.

https:/ /doi.org/10.3390/agriculture16030340


https://doi.org/10.3390/agriculture16030340

Agriculture 2026, 16, 340

13 of 19
100 100
. - % .__/
1
80 .j ) \/
70 70
T 60 gso
2 H
9 50 9 50
40 40
30 30
All All
20 —o—AI2 20 —o—AI2
—e—AI3 —o—Al3
10 10
—o—Al4 —o—Al4
o —o—Al5 0 —e—Al5
0 20 40 60 8 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
Rainfall intensity [mm/h] Rainfall intensity [mm/h]
(c) (d)
100 100
90 90
80 80
1
70 70
< 60 — 60 \
2 § g
8 50 g 50
40 40
30 30
All All
20 —o—AI2 20 —=Al2
——AI3 =o—AI3
10
10 ——Al4 ——Al4
0 —o—Al5 0 —o—Al5
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
Rainfall intensity [mm/h] Rainfall intensity [mm/h]
(e) ®

Figure 3. Means + standard errors (whiskers) of the @, values for anti-insect nets AIl (yellow),
Al2 (orange), AI3 (green), Al4 (red), and AI5 (blue) as a function of rainfall intensity: (a) 10° slope
and warp perpendicular to the slope; (b) 10° slope and warp parallel to the slope; (c) 20° slope and
warp perpendicular to the slope; (d) 20° slope and warp parallel to the slope; (e) 30° slope and warp
perpendicular to the slope; (f) 30° slope and warp parallel to the slope.

Figure 3 shows the @,,, values identified for the anti-insect nets as a function of rainfall
intensity. In the analyzed cases, the ®,,, values are almost uniform for all nets and in most
cases tend to be above 60%, regardless of the precipitation intensity applied, the inclination
of the net with respect to the horizontal, and the orientation of the warp with respect to
the slope.

When seeking to identify the anti-insect net with the best performance in terms of
rainfall resistance, Figure 3 clearly shows that the AI2 net has the lowest @,,, values, except
when installed with the warp parallel to the slope and at an angle of 10° to the horizontal.
In the latter condition, the AI5 net performs best, although all &, values exceed 80%.
Again, with reference to the AI2 net, the best performance is achieved with an inclination
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of 20° with the warp perpendicular to the slope and an average rainfall intensity, where a
&, value of 45% is recorded.

The worst performance in terms of rainfall resistance was found in the AIl net, which
on average showed ®,,, values higher than all the other anti-insect nets examined, largely
exceeding 90% and demonstrating that almost all rainfall passes through this net, meaning
that it is therefore unable to offer adequate protection to crops in this regard.

Figure 2 shows that, for rain protection nets, the @, curves exhibit more pronounced
variations with rainfall intensity and installation configuration, whereas Figure 3 highlights
that, for anti-insect nets, the @, trends are overall more uniform across the analyzed
rainfall intensity range, although differences related to the installation configuration are
still observed. The balance between runoff and permeation is strongly dependent on
the installation slope: for AR nets, increasing the angle from 10° to 30° systematically
promotes runoff by reducing the effective pore area. Among anti-insect nets, AI2 showed
the lowest ®,,, due to the favorable combination of its 0.17 mm filament diameter and
higher mesh density, which increases droplet interception compared to AI3 or AI5. The
optimal performance of the AI2 net at a 20° slope and 80 mm /h intensity can be attributed
to a hydro-dynamic equilibrium. The 20° inclination provides a sufficient gravitational
component to promote laminar runoff, whereas at lower angles, water tends to accumulate
and eventually drip through due to gravity overcoming surface tension. Conversely, the
high permeability of AIl (>90%) is explained by its high porosity, which allows the majority
of rainfall to permeate regardless of the intensity or slope.

The superiority of the perpendicular warp orientation is attributed to the increased hy-
draulic resistance provided by the larger diameter filaments (0.49 mm) acting as transverse
barriers, which promote film stability and runoff. Conversely, at inclinations below 20°, the
reduced gravitational drainage fails to evacuate high-intensity rainfall (170 mm/h) effec-
tively. This leads to a localized water surcharge on the mesh surface, where the hydrostatic
pressure overcomes the capillary forces of the pores, significantly increasing ®.

e  Analysis of the variation in @,,, between anti-rain and anti-insect nets was carried out
by aggregating all the data collected since rainfall intensity, net slope, and installation
direction varied; this analysis shows that Al nets have, on average, a permeability that
is approximately 15 percentage points higher than AR nets. To verify whether this
15% difference is statistically significant, a Student’s t-test for independent samples
was applied.

The p-value from the test was lower than 0.0001, which was significantly low compared
to the critical threshold of 0.05, so it is possible to state with a strong confidence level that
the difference is statistically very significant (Figure 4).

Therefore, the analysis demonstrates that the net type has a decisive impact on
drainage or filtering capacity, with Al nets being systematically more water permeable.
The internal variability within the groups (standard deviation) is low, which makes the test
result very stable, and this difference stays the same no matter what the slope (10°, 20°,
30°) or installation direction (parallel or perpendicular) is.

Benchmarking our results against existing literature, the ranges identified (33% to 92%
for AR nets and 45% to 98% for Al nets) reflect the functional diversity of these materials.
Specifically, the AR1 net’s stabilization between 40% and 50% aligns with the operational
requirements for protecting high-value crops like sweet cherries, where a drastic reduction
in direct water impact is crucial. Our data suggests that the installation angle acts as a
mechanical multiplier of this effect: as the inclination increases from 10° to 30°, the gravity-
driven runoff speed overcomes the capillary forces that would otherwise pull droplets
through the pores. This confirms that the hydraulic efficiency of a net is not an intrinsic
property alone but a result of its interaction with the installation geometry, which optimizes
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the dissipation of the raindrops’ kinetic energy. The structural stability of the tested AR

and Al nets under repeated wetting and drying cycles is primarily guaranteed by the

hydrophobic nature of HDPE. Unlike natural fibers, HDPE does not exhibit significant

hygroscopic swelling, ensuring that the mesh geometry and the resulting @,, index remain
stable over short-to-medium term exposure.

100 -
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Figure 4. Comparison between the range of ®,, values + standard errors of AR and Al nets.
* significance at the 0.0001 probability level (p-value < 0.05).

Regarding practical applications, the varying levels of the &, serve as a decision-
support tool for selecting the most appropriate netting based on site-specific environmental
conditions. A @, value approaching 100% characterizes highly permeable nets, suitable
for scenarios where only moderate protection is required—such as mitigating the kinetic
impact of light rainfall—while maintaining high ventilation. Conversely, lower ®,,, values
(e.g., 0.5) indicate nets with superior shielding capacity, ideal for regions prone to intense
or prolonged precipitation where preventing fruit cracking and fungal diseases is a priority.
Furthermore, the observed correlation between @, and the installation angle suggests that
in wind-exposed sites, the structural inclination of the netting must be carefully designed
to optimize water runoff and ensure the intended level of crop protection.

4. Conclusions

The need to objectively evaluate the performance of agrotextiles in terms of rainfall
protection led to the development and characterization of the @,,, parameter, which was
assessed through laboratory tests carried out on eight different nets (three AR and five Al)
using a rain simulator. The results provided a comparative and quantitative picture of the
protective capacity of the nets under a wide range of operating conditions.

The results of the tests, carried out by varying rainfall intensity, net inclination (10°,
20°, 30°), and warp orientation, led to the conclusions illustrated below.

AR nets confirmed their clear superiority in terms of protection from rainfall compared
to the Al nets. In particular, the AR1 net consistently showed the best performance in
terms of rain resistance, with average ®,, values around 60% for a 10° inclination and
warp perpendicular to the slope, and values stabilizing between 40% and 50% in the most
common installation conditions (20° and 30°, warp perpendicular to the slope). In contrast,
Al nets showed average @, values generally above 60%, with the AIl net allowing more
than 90% of rainfall to pass through, confirming the inadequacy of the latter for rain
protection alone.

https:/ /doi.org/10.3390/agriculture16030340


https://doi.org/10.3390/agriculture16030340

Agriculture 2026, 16, 340

16 of 19

The orientation of the weave and the inclination of the net tend to play a crucial role in
determining the impact that rainfall intensity has on the &, value. In general, installation
with a weave perpendicular to the slope provided better performance for AR nets; on the
contrary, increased rainfall intensity and reduced inclination (10°) led to an increase in @,
for the AR1 net, highlighting structural limitations under extreme water stress.

In addition, the data show that in areas subject to heavy rainfall, an inclination of no
less than 20° is recommended, especially when Al nets are used for simultaneous protection
against insects and rain.

The adoption of the @, index allows for a standardized comparison of net performance
across varying rainfall intensities, inclination angles, and mesh orientations, representing
the functional response of the material to different installation and climatic scenarios.

The introduction of the @, parameter, therefore, represents a significant contribution
to scientific research on crop protection from precipitation and, above all, from extreme
events, as it provides a quantifiable and objective index for the selection of agrotextiles, so
that farmers and producers can base their choices on a verified performance standard, opti-
mizing greenhouse and screen house coverings according to climate risk and specific crops.

Despite the relevant findings, some limitations of this study should be acknowledged.
First, the experimental tests were conducted under controlled laboratory conditions, which
may not fully replicate the complexity of natural environments, particularly regarding
wind effect and sudden changes in gust direction. Second, this research focused on new
net samples; therefore, the effects of long-term environmental degradation, such as UV
exposure, dust accumulation, and mechanical wear, on @;,, were not evaluated. In addition,
while a wide range of rainfall intensities was simulated, future studies should incorporate
varying drop size distributions to better mimic specific extreme weather events. Finally,
while this study focuses exclusively on the &, index of Al and AR nets, it is important
to acknowledge that the selection of an agricultural net involves a trade-off between
multiple functional requirements. For Al nets, specifically, reducing pore size to enhance
rain shielding may potentially impact air ventilation and pest exclusion efficiency. This
study does not aim to provide a comprehensive agronomic evaluation but rather a specific
hydraulic characterization. Future studies should integrate these hydraulic findings with
aerodynamic and biological data to optimize net design for multifunctional crop protection.

The data obtained underscore the need to develop hybrid and multifunctional solu-
tions that combine the high rain resistance of AR nets with the excellent ventilation and
insect protection of Al nets. The challenge for future research is to create a new generation
of agrotextiles that can balance low water permeability (low @, value) with high air
permeability to ensure an optimal microclimate for the plant, prevent plant diseases, and
minimize the use of chemicals. In any case, as part of the research carried out, further tests
were conducted to evaluate the open-field rainfall permeability, the UV aging, and the
durability of agricultural nets. This data will be implemented and compared with labora-
tory data for future scientific developments. In this regard, future research should focus on
the development of next generation agrotextiles featuring asymmetric mesh geometries
and hydrophobic coatings, specifically designed to enhance water runoff even at low in-
stallation angles. Regarding testing methodologies, a transition from controlled laboratory
environments to open field monitoring via Internet of Things-based sensor networks is
essential. This approach would enable the real-time assessment of net performance against
natural rainfall, providing a robust field validation of the laboratory-derived rainwater
permeability index.
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