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Abstract: Insect-proof screens are a physical method of crop protection against pests whose use
is widespread. The hole size must be optimized since too small holes give rise to poorly porous
textiles that cause a significant reduction in the permeability of the textiles to air. A common design
strategy is to use a rectangular-hole geometry with the aim of limiting the hole width to prevent
insect entry and increasing the hole length to increase the hole surface. However, the validity of this
approach has not been tested, and indications suggest that it may not be offering the expected results.
The results obtained discredit this widely accepted design criterion since they show that, while the
hole width is maintained, protective screens lose efficacy as the hole length increases at least in the
range of values considered. It is not possible to find an explanation for these results by considering
the hole geometry from a two-dimensional point of view. However, when considering the spatial
arrangement of the threads, it is understood that the passage surface for the insects is larger than that
considered in the orthogonal projection images and that as the hole length increases, the efficacy of
the textiles decreases.

Keywords: technical textiles; agrotextiles; physical barriers; insect-proof screens; protective screens;
hole geometry; Bemisia tabaci

1. Introduction

Textiles for agricultural purposes are an emerging market within the technical textiles
sector. Consumption of agrotextiles has grown considerably in recent decades. One of the
most booming fields is dedicated to crop protection against different species of pest insects.
Textiles used as physical textile barriers have become a highly effective preventive measure
for pest control in regions with high concentrations of intensive greenhouse crops [1].
Their use reduces or prevents insect access to the crop and thus reduces populations in
the crop environment [2–8]. The immediate consequence of this is that, in turn, they
reduce the number of treatments with plant protection products, which is an environmental
advantage [2,4,6,8–11].

Protective textiles are woven with monofilament threads and are technically defined
as plain weaves. Their structure consists of two sets of threads (warp and weft) interlaced
perpendicularly. There is a regularity of the interlacing, with each weft thread passing over
and under each warp thread successively (Figure 1). The warp threads are arranged parallel
in the longitudinal direction of the textile. The weft threads are arranged perpendicular
to the warp threads, and the distance between them is normally greater than the distance
between warp threads. The distance between the threads of both groups is equal when
square-hole geometries are intended. The spacing between the warp threads defines the
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width of the holes. The interlacing between the two sets of threads gives stability to
the textile.
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Figure 1. Representation of a protective screen with warp threads running horizontally.

The major limitation of the use of protective screens is related to the resistance they
offer to the passage of air through their holes. Textiles with low porosity cause significant
reductions in the ventilation rate of greenhouses, with all the problems that this entails [12].
This problem is aggravated by the use of very dense screens (with a high number of threads
per unit length), which are intended to combat small insect species such as Bemisia tabaci or
Frankliniella occidentalis. To mitigate this drawback, manufacturers have followed a design
strategy that consists of manufacturing fabrics with weft threads spaced further apart
to reduce the surface area occupied by the solid matrix and increase the porous surface
area. Technically, the limit of this design strategy lies in the stability of the textile. In this
way, the warp threads are configured like the bars of a cage to prevent the passage of
insects, and the weft threads are the ones that structurally stabilize the textile by keeping
the separation between the warp threads constant. We have called this design strategy
the “prison effect”. Therefore, from a design point of view, the spacing between the warp
threads (which defines the hole width Lpx) is given by the dimensions of the smallest pest
species whose presence inside the greenhouse is intended to be avoided. With this design
strategy, it is possible to alleviate the problem of very dense, low-porosity screens that
cause high resistance to airflow while theoretically achieving high efficacies against pests.
This approach is also based on the scientific literature since most papers provide a single
dimension to characterize the hole size [13–15].

The pest species chosen to evaluate the efficacy of the textile physical barriers selected
is the whitefly B. tabaci, which is one of the most important pests worldwide, responsible
for significant production and economic losses [16] in greenhouses and outdoor crops. It is
a very polyphagous insect [17] of small size that causes direct and indirect damage and is
an important vector of viral diseases [18,19].

In recent decades, the global importance of using this type of agrotextiles as a preven-
tive measure against the pressure of pests as harmful as B. tabaci has grown considerably.
However, there has been no previous work evaluating the prison effect as a design criterion,
and field observations have not provided the expected results since the efficacy of protective
screens has not been as high as theoretically expected [20]. For these reasons, we propose
this work to examine the prison effect approach and assess any overlooked variables. The
hypothesis we are trying to test is that the hole length Lpy (Figure 1) has no influence on
the efficacy of the textiles since the only variable that must be taken into account is the
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hole width Lpx defined by the separation between the warp threads that act as bars that
prevent or hinder the passage of insects. The practical applicability of the results obtained
in this work is of great importance because they will allow determining the suitability of the
prison effect or the limitations of its application. Today, most of the screens used to protect
against B. tabaci follow this design strategy, and their validity has not yet been tested.

2. Materials and Methods

2.1. Device to Measure the Efficacy of Textiles against Insects

Laboratory tests have been carried out to measure the efficacy of a selected group of
commercial insect-proof screens. Laboratory tests allow greater control of the variables
involved in the relationship between insects and the textile. To carry out the tests, a device
has been designed consisting of a transparent PVC tube, 11 cm in diameter, divided into two
compartments that are arranged horizontally. The union between the two compartments is
achieved by means of a set of flanges between which the textile sample is inserted. The
ends of the two connected compartments are closed by plugs. One of the compartments
has a small hole through which insects are released into the device. A thermometer (model
HD29V37TC12, Delta OHM) installed in the second compartment allows us to measure the
test temperature due to the importance of this variable in insect activity (Figure 2).

ff

ffi
ffi

ffi

ffi ε

Figure 2. Experimental device to measure the efficacy of protective screens.

Each test consists of three repetitions. Approximately 150 individuals are released
within the device in each repetition. After release, the release chamber is covered with a
black plastic film to prevent light passage. The other chamber contains a food stimulus
consisting of an eggplant leaf (Solanum melongena) whose petiole is inserted into an Eppen-
dorf tube filled with water to prevent the leaf from dehydrating. This second chamber is
illuminated with a fluorescent tube (Philips TL-D 36W/54-765) placed over the test device
(parallel and aligned with its axis) at a distance of 25 cm. The illumination of the chamber,
together with the food stimulus, encourages the insects to pass from the dark chamber in
which they were released to this second compartment through the textile if the size of the
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holes allows them to pass. The experimental setup is maintained for 24 h. After this time,
a watch glass with a few drops of chloroform is placed inside the device to anesthetize
the insects. Once the insects are immobile, the two compartments are separated, and the
number of insects in each one is counted. The efficacy ε of the screen is determined by
the ratio of the number of insects that do not pass through the physical barrier to the total
number of insects involved in the test:

ε(%) =
N1c

N1c + N2c
100

where N1C is the number of insects remaining in the release compartment, and N2C is the
number of insects in the second compartment after crossing the textile.

The mass rearing of B. tabaci was carried out in the laboratory on potted eggplants
(S. melongena). The initial sample of B. tabaci was collected in the greenhouse of the Uni-
versity of Almeria Campus (36◦49′36′′, −2◦24′36′′). The temperature in the laboratory
during rearing was around 22 ◦C, and the plants were grown at a photoperiod of 16:8 h
(light:dark). The insects were captured with an entomological aspirator and then intro-
duced into the described test device. The dimensions of the laboratory-reared B. tabaci
population were measured using digital images obtained under a microscope and generic
image editing software.

2.2. Selection and Geometric Characterization of the Protective Screens

Eight commercial insect-proof screens have been selected following the criterion that
the textiles have similar hole widths Lpx and differ in the length of the holes Lpy. In this
way, it is possible to evaluate the influence of this variable (Lpy) on the efficacy ε of the
textiles against B. tabaci. The selection of the textiles tested has consisted of considering
(according to our experience and the commercial offer) holes of dimensions that would
allow the passage of B. tabaci in calm conditions with the aim of obtaining efficacies of less
than 100% to compare between the textiles that were chosen for their similarity in hole
width and their variability in hole lengths. The threads used to make the fabrics are made
of high-density polyethylene (HDPE). The textiles have not been used in the field.

The geometrical characteristics of the fabrics have been obtained following the method-
ology described in [21], which uses software (Euclides v1.4) that analyses digital images
obtained under a microscope or stereo microscope and can obtain the coordinates of the
vertices that define the holes of the porous matrix analyzed. From these pairs of data, it
is possible to calculate all the parameters that characterize the textile from a geometric
point of view: the width Lpx and length Lpy of the holes, the number of threads per unit
length ρx × ρy (thread density), the thickness of the weft Dhx and warp threads Dhy, and
the porosity ϕ.

2.3. Three-Dimensional Characterization of Protective Screens

The perpendicular interlacing between warp and weft threads (Figure 3) implies that
both sets of threads undergo deformations that determine that the weave structure does
not conform to a plane. Considering the spatial arrangement of the threads is of great
importance when it comes to the exclusion of insects since the separation between the
threads is larger than the distance between the threads measured in the images taken under
a microscope (2D). The spacing between two consecutive warp threads is not constant
but varies from the center of the hole (considering the longitudinal direction) to the end
(defined by the weft thread closing the contour). The hole surface area A3D is also larger
than the one considered in the orthogonal projection measurements A2D. The first step in
the three-dimensional characterization of the protective screens is to measure the thickness
of the textiles. For this purpose, we used a digital micrometer (model 3050T, Baxlo) and
followed the protocol of the ISO 5084: 1996 standard [22].
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Figure 3. Representation of a protective screen in perspective and detail of a hole (created using
AutoCAD 2023).

The porous surface defined by the crossing of two weft threads and two consecutive
warp threads has been identified as a hyperbolic paraboloid region [23] (Figures 3 and 4).
It is a warped surface, that is, a ruled surface (doubly ruled in this case), which is not
developable since two consecutive positions of the generatrix are not coplanar. This means
that this type of surface cannot be extended on a plane as a cylindrical or conical surface
can. The length dy of any generatrix on this surface can be calculated by the following
expression [23,24]:

dy =

√

√

√

√

√L2
px +





(

tt − Dhy

)

(

Lpy − 2Ly

)

Lpy





2

(1)

where Lpx and Lpy are the width and length of the hole measured in orthogonal projection,
respectively; tt is the thickness of the textile; and Ly is the distance measured from a hole
vertex in the longitudinal direction (2D), which can take values between 0 and Lpy.

𝑑 = 𝐿 + 𝑡 𝐷 𝐿 2𝐿𝐿
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Figure 4. Hyperbolic paraboloid region describing the 3D porous surface area (left) and the “flatten-
ing” of this region for the approximate calculation approach (right) (created using AutoCAD 2023).

The approximate method [23,24] proposes to calculate the surface area of the three-
dimensional hole surface by “flattening” this warped surface (Figure 4). Since this surface
is not developable, it is an approximate method that slightly underestimates the values.
The approximate area of the surface defined by the spatial configuration of two consecutive
warp threads bounded by two consecutive weft threads is as follows:

A∼=3D = LpxLpy + 4AB (2)
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where AB is the area enclosed between the abscissa axis and the second-degree polynomial
that defines one of the branches shown in Figure 4.

AB =
∫

Lpy
2

0

(

kx2 + mx + n
)

dx =
kx3

3
+

mx2

2
+ nx

]

Lpy
2

0
=

kL3
py

24
+

mL2
py

8
+

nLpy

2
(3)

where k, m, and n are the parameters of the best polynomial fit that defines one of the
branches of the hyperbola (Figure 4). Finally, from Equations (2) and (3), we obtain the
expression that allows for the approximate calculation of the area of the porous surface:

A∼=3D = LpxLpy + 4AB = LpxLpy +
kL3

py

6
+

mL2
py

2
+ 2nLpy (4)

2.4. Determination of the Sample Size

To estimate the population means (tagma sizes), the following expression has been
used to determine the sample size n [25]:

n =
[

σzα/2

E

]2

where σ is the population standard deviation, E is the established error margin, and z
α/2

is the critical value based on the desired confidence level (z
α/2 = 1.96 for the normal

distribution, considering a confidence level of 95%). Allowing an error of 10 µm and
estimating the population standard deviation at 25 µm, the value of n would have to
be greater than 24 individuals. The differences between the sample sizes n of males
and females (Table 1) are justified considering the differences between the sex ratios of
this species.

Table 1. Morphometric characterization of the B. tabaci population reared in the laboratory. Minimum,
mean, and maximum values of thorax, abdomen, and length differentiated by males and females; n is
the sample size, and SD is the standard deviation.

Tagma
Minimum (µm) Mean ± SD (µm) Maximum (µm) n

♂ ♀ ♂ ♀ ♂ ♀ ♂ ♀

Thorax (Td) 190 181 242 ± 25 278 ± 36 314 387
120 229Abdomen 119 163 162 ± 29 292 ± 39 286 399

Length 587 629 804 ± 75 968 ± 88 1009 1246

3. Results

3.1. Morphometric Analysis of B. tabaci

Table 1 shows the mean, maximum, and minimum values of the thorax, abdomen, and
length of the sampled population of B. tabaci reared in the laboratory. All measurements
were made on the dorsal view of the insects and indicated that the females were larger than
the males. The largest tagma is the abdomen for females and the thorax for males. The
abdomen is the tagma that shows the greatest differences between males and females.

3.2. Geometric Characterization of the Selected Textiles

Table 2 summarizes the values of the geometrical variables that define the textiles
used in the tests (the textiles are arranged according to the hole length Lpy). The hole width
Lpx is defined by the thread density in the warp direction ρy and the thickness of the warp
threads Dhy. In the case of the selected textiles, the small differences between the thread
densities compensated by the small differences between the thread thicknesses result in
hole widths that are very close to each other, all of which lie in the range between 348 and
367 µm. On the other hand, the differences in weft thread densities ρx and, to a lesser extent,
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the differences in weft thread thickness Dhx offer a wide range of hole lengths Lpy (between
387 and 1018 µm) that will allow us to relate this variable to the efficacy of the textiles.

Table 2. Geometric characteristics of the protective textiles: thread color, average thread density in
weft and warp directions ρx× ρy, average hole width Lpx, average hole length Lpy, average thickness
of weft Dhx and warp Dhy threads, and porosity of the screens ϕ.

Textile Thread Color
ρx × ρy

(Threads cm−2)
Lpx ± SD (µm) Lpy ± SD (µm) Dhx ± σ (µm) Dhy ± σ (µm) ϕ (%)

5 crystal 15.9 × 16.1 363 ± 21 387 a
± 26 240 ± 13 258 ± 10 35.7

1 black 10.5 × 16.3 355 ± 25 686 b
± 57 263 ± 7 258 ± 9 42.0

7 crystal 9.7 × 16.7 355 ± 31 744 b
± 22 288 ± 10 244 ± 11 42.9

4 crystal 10.0 × 16.3 358 ± 25 749 b
± 22 251 ± 9 256 ± 10 43.8

8 crystal 9.5 × 15.9 367 ± 34 804 b
± 27 249 ± 7 263 ± 21 44.5

2 crystal 8.9 × 16.8 348 ± 30 871 b
± 26 247 ± 8 247 ± 8 45.7

6 white 8.7 × 16.8 361 ± 17 915 c
± 28 230 ± 10 233 ± 10 48.8

3 crystal 7.9 × 16.5 349 ± 38 1018 c
± 22 252 ± 6 257 ± 10 46.3

a, b, c superscripts indicate groups identified by the Student–Newman–Keuls test.

The porosity values shown in Table 2 have been measured on the digital images
following the method described in the Materials and Methods section. The porosity of
the textiles can be expressed as the ratio of the hole surface to the total surface, and its
calculation is influenced by both the hole dimensions (Lpx and Lpy) and the thickness of the
threads (Dhx and Dhy):

ϕ =
LpxLpy

(

Lpx + Dhy

)

(

Lpy + Dhx

)

This suggests that porosity increases with increasing hole width Lpx and hole length
Lpy and decreases with increasing thread thicknesses (Dhx and Dhy). Therefore, in Table 2,
the order of the fabrics with respect to the hole length Lpy does not correspond exactly to
increasing porosities due to the small differences in the hole widths Lpx and the thread
thicknesses (Dhx and Dhy).

3.3. Efficacy of Textile Physical Barriers

Figure 5 shows the results obtained in the efficacy tests against B. tabaci carried out
with the eight insect-proof screens selected under calm conditions (without simulating
the effect of the wind). The trend shows that the efficacy of the textiles decreases with
increasing hole length. For example, textile number 5 with a hole length of 363 µm gives
an efficacy against B. tabaci of 98.8%, while if the length value is increased to 1018 µm, the
efficacy values drop drastically to 17.8% (screen number 3). Textile numbers 2 and 6 show
an efficacy of over 60%, with higher performance than textile numbers 4, 7, and 8 with
smaller hole lengths.

ffi

φ

− σ σ φ

𝜑 = 𝐿  𝐿𝐿 + 𝐷 𝐿 + 𝐷
ff

ffi
ffi

ff ffi
ffi
ffi

ffi

 

ffi εFigure 5. Efficacy ε against B. tabaci of the tested protective screens vs. mean hole length Lpy (the
number next to the points identifies each textile) (created using MS Excel v2304).
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Therefore, the results represented in Figure 5 show that the hypothesis we are trying
to prove, which states that the hole length does not influence the efficacy of protective
screens, is false. The one-way ANOVA test confirms this statement since it gives an F-value
of 15.183 and a p-value < 0.001 in the study relating the hole length values Lpy to the efficacy
achieved. The statistically different groups are indicated in Table 2 according to the results
obtained in the Student–Newman–Keuls test.

4. Discussion

4.1. Hole Dimensions vs. Insect Size

The hole dimensions of an effective protective textile against a given pest species
should be established according to the dimensions of the insects. In the case of B. tabaci,
taking into account the smaller size of the males and taking into account the mean values,
the reference is 242 µm which corresponds to the thorax width (Table 1). In the case of
females, the mean value for thorax width is 278 µm. Other authors [14] have given mean
values of 216 µm for males and 261 µm for females [14]. Although in females, the abdomen
is larger than the thorax, thorax measurements are usually considered a reference in the
design of the hole size due to the greater rigidity of this tagma [14].

The differences between the mean values provided in this work are normal compared
to other studies, given the influence that variables such as temperature have on the size
of the individuals [26]. However, this variation in the sizes of individuals forces the
particularization of the design of the textiles according to the geographical location and
even the annual period of greatest pest incidence.

Continuing with the measurements shown in Table 1 and using a simplistic analysis,
it would be necessary to have holes with a width of less than 242 µm to avoid insects
passing through the screen. Obviously, the problem is much more complex since this
reference measurement is an average value, and obviously, there are individuals of smaller
size (Table 1 and Figure 6). As can be seen in the frequency histogram in Figure 6, in the
sampled population, there is a representation of sizes below the average with high relative
frequencies. This might suggest that for design purposes, some percentile values should be
considered instead of the mean values.

ffi

ffi ff

ff

ff

  

ffi

ffi

ffi

Figure 6. Frequency histogram of the thorax width measured in dorsal view in males (a) and females
(b) of B. tabaci (created using SPSS v28.0).

On the other hand, it is also necessary to consider the presence of wings in this species
and to take into account that these organs make it difficult for insects to pass through the
holes. Other variables known to influence the textile-insect relationship are temperature
and air velocity [27]. In summary, it is very difficult to predict a reference value for the
hole width to ensure the exclusion of B. tabaci or any other species, given all the factors
involved [14], but it is clear that average values are not a good option. In any case, it is
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essential to support theoretical predictions with laboratory tests to assess the efficacy of
protective screens.

4.2. Prison Effect Assessment

The null hypothesis that hole length does not influence the efficacy of the textiles
has been rejected in view of the results and the statistical analysis carried out (Table 2
and Section 3.3). Therefore, the design strategy followed by manufacturers to improve the
porosity values of textiles results in a reduction in the efficacy of physical barriers, achieving
just the opposite effect to the one desired from the point of view of crop protection. In
other words, as the hole length increases (at the same width), the efficacy of the textiles
decreases (at least in the range of values tested). Therefore, these screens will have a higher
permeability to airflow (due to their higher porosity) but will be less restrictive in terms of
insect exclusion.

In order to find the reasons that contraindicate the prison effect as a design strategy,
it is necessary to take into account that, in this approach, the woven structure of insect
screens is considered to conform to a plane, that is, the woven structure can be explained in
two dimensions from a macroscopic point of view. However, from an insect perspective,
the region defined by the crossing of threads that make up a hole cannot be explained from
the two-dimensional perspective, and it is necessary to resort to the third dimension to
explain it [23,24,28] (Figure 3).

The described methodology based on the geometrical characterization of fabrics from
digital images obtained under a microscope only allows measurements of the orthogonal
projection of the textiles. However, the spatial arrangement of the threads that make up
the fabric determines that the three-dimensional structure of the fabric is important from
the point of view of insect exclusion. During the textile design phase, the density and
thickness of the textile threads can be defined, and from these variables, the rest of the
parameters that characterize the 2D screen can be obtained. Going a step further and trying
to characterize the textile three-dimensionally in this design phase implies knowing the
value of the thickness tt that the fabric will have. If the threads would not undergo any
deformation or if it would be negligible, the thickness of the mesh would be the sum of
the thicknesses of the warp and weft threads (Dhx + Dhy). However, as can be seen in
Table 3, the thickness tt of the textiles is less than the sum of the thicknesses (the ratio
(Dhx + Dhy)/tt offers values lower than unity), and with these variables, no relationship
can be established that allows us to predict the thickness tt. Therefore, in addition to the
variables that define the textile, such as the density and thickness of the threads, other
variables related to the loom adjustments during the making process finally determine the
thickness tt of the protective screen.

Table 3. Textile thickness tt, ratio between the sum of thread thicknesses and textile thickness (Dhx +
Dhy/tt), shape factor Lpx/Lpy, generatrix related to the mean male thorax value dTd♂, 3D diagonal of
half a hole DPQ, 2D and 3D hole surface areas (A2D and A∼=3D), percentage variation in hole surface,
and efficacy ε values against B. tabaci.

Textile
tt ± SD

(µm)
(Dhx + Dhy)/tt

(µm µm−1)
Lpx/Lpy

(µm µm−1)
dTd♂

(µm)
DPQ

(µm)
Lpy/2
(µm)

A2D ± SD
(mm2)

A∼=3D

(mm2)
(A∼=3D−A2D)

A2D
(%) ε (%)

5 454 ± 5 0.91 0.938 370 423 194 0.140 ± 0.013 0.153 8.3 98.8
1 474 ± 5 0.91 0.517 382 505 343 0.244 ± 0.027 0.262 6.7 71.6
7 486 ± 5 0.91 0.477 391 528 372 0.264 ± 0.024 0.288 8.2 54.5
4 404 ± 5 0.80 0.478 372 523 375 0.267 ± 0.022 0.277 3.7 52.2
8 472 ± 4 0.92 0.456 395 554 402 0.295 ± 0.029 0.313 5.9 43.6
2 444 ± 5 0.90 0.400 376 566 436 0.303 ± 0.027 0.321 5.6 62.8
6 464 ± 5 1.00 0.395 399 594 458 0.330 ± 0.018 0.355 7.0 65.3
3 418 ± 4 0.82 0.343 370 622 509 0.355 ± 0.040 0.369 3.8 17.8

To quantify the shape of the holes, a shape ratio can be obtained from the ratio between
the width and length of the holes (Lpx/Lpy) (Table 3). As the shape ratio approaches unity,
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we have hole geometries in which the difference between the width Lpx and the length
Lpy is small, and therefore, the holes are close to a square. On the other hand, as the
shape ratio decreases in value, the difference between width and length is marked, and
we are dealing with holes in which the weft threads are further apart in relation to the
warp threads. Table 3 also shows the distance DPQ between points P and Q (Figure 7).
Considering half of the hole, this is the largest distance left by the threads. In this case, it
does not offer any additional information because the hole width is not a variable, but it
can be a very interesting parameter when comparing protective screens with different hole
widths and lengths.

♂

≅

ffi ε

− −
♂ ≅ 𝑨≅𝟑𝑫 𝑨𝟐𝑫𝑨𝟐𝑫 ε

♂

♂ ♂ ⇒ ♂

♂ ffi
ffi

ff

ffi

Figure 7. Representation of a male B. tabaci (left); half of a hole and reference measurements to
theoretically assess the efficacy of the hole (right) (created using AutoCAD 2023).

As expected, the three-dimensional porous surface area A∼=3D calculated with Equation
(4) gives higher values than the surface area A2D measured in the images obtained under
the microscope (Table 3). The increase in the porous surface area obtained by considering
the spatial arrangement of the threads is variable depending on the textile considered
since it depends on the thickness of the screens and the thickness of the threads (Table 3).
Therefore, using finer threads in the manufacturing process will allow us to obtain fabrics
of lesser thickness with smaller differences between the 2D and 3D porous surface areas,
which can have a positive effect on the exclusion of insects (and in the porosity).

In the three dimensions, the only generatrix of the hole surface area that coincides
with Lpx (hole width measured in the two dimensions) is the hole axis (central part of the
distance between the warp threads, Figures 3 and 4). This is the most restrictive place for
the passage of insects because it coincides with the minimum separation between the warp
threads. Taking into account the thorax of males Td♂ (the smaller one), the generatrix of the
3D porous surface area that is at a distance 242/2 µm (half the average thorax dimension)
taken from the outline of the weft thread that closes the hole in the warp direction is dTd♂

(Ly = Td♂/2 ⇒ dy = dTd♂) (Table 3, Equation (1) and Figure 7). This value can serve as an
indicator of whether the distance of the warp threads considered in space is small enough
to prevent the passage of insects. In addition, it should be checked that the middle of the
hole (Lpy/2) has a value lower than the mean value of the considered thorax measurement
Td♂. Therefore, screen number 5 is the only one with an efficacy close to 100%. These
parameters do not perfectly order the screens according to their efficacy, which may be due
to the variability in the sizes of the insects captured for each test and the small differences
between the textiles in terms of thread densities, thread thicknesses, and thickness. The
hole uniformity of the meshes should also be considered, and the screen color (crystal,
black, and white) can also be a factor of variability.

According to the above, a limit on hole length Lpy must be defined to separate the
weft threads Lpx based on the reference measurement chosen according to the pest species
considered. To set this limit, previous theoretical considerations can be made to allow
textile prototype designs; however, given the complexity of the three-dimensional problem,
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together with the variability of sizes in insect populations and their ability to pass through
the holes, it must be the experimentation that allows obtaining definitive solutions.

Given the size distributions of insect populations, the consideration of mean values of
their body measurements is not a good indicator when designing screen holes. For design
proposals, it might be interesting to choose some percentile (<50) instead of mean values.

From a macroscopic point of view, considering that the textile conforms to a plane,
bringing the warp threads closer together would be sufficient to guarantee greater efficacy
of the textile regardless of the distance between the weft threads. However, from the
microscopic perspective, the weave structure is three-dimensional and is defined by the
alternating crossing of warp and weft threads in space. When considering the warp threads
in the context of a single hole, the minimum distance between them coincides with the
middle of the hole, and this separation coincides with the distance Lpx measured in digital
images taken under a microscope. However, the spatial separation between the threads
increases as we move towards the weft thread that closes the contour, and therefore, the
insect has more space to pass through. Therefore, we can say that this minimum distance
Lpx divides the hole into two parts in such a way that results in the following:

• If the hole is long enough, one of the halves will offer a porous surface large enough
for the insect to pass through. Additionally, that is what happens in holes as their
length increases: the spatial separation of the warp threads increases from the segment
defining the axis of the hole, and the insects find a larger free surface to pass through
the textile.

• However, if the hole, although rectangular, is not long enough, the insect will not be
able to pass through any of the halves defined by the central axis, and in these cases,
the spacing between the weft threads according to the design criterion will improve
the porosity without loss of efficacy, considering that the hole width is well defined
according to the target pest species.

Given a sufficiently restrictive hole width for the passage of B. tabaci, the limit that
establishes that an increase in hole length does not imply a loss of efficacy in the screen is
difficult to determine and will depend on the species under consideration. In the case of
B. tabaci, it can be said that the length of each hole half may be at most equal to the thorax
width of the flies or the chosen percentile, but it will be the experimentation that will define
the optimal dimensions more accurately.

5. Conclusions

The population size distribution of the target pest species should be considered to
improve the design of protection screens. In this respect, the average values of the body of
the insects are not a good reference in the design of these textiles.

The design strategy (prison effect) followed by manufacturers to achieve insect-proof
screens effective against B. tabaci, but at the same time to avoid high thread densities
resulting in low porosity and low air-permeability textiles, causes drops in efficacy as the
hole length increases due to the arrangement of the threads in the space (at least in the
case of the B. tabaci species and for the range of values considered in this work). Therefore,
another aspect of improving protection screen design is to take into account the three-
dimensional reality of the holes. For this, it is necessary to know the thickness of the textiles,
but although it can be estimated, it cannot be predicted with accuracy because variables
related to the loom settings are involved.

Future research could assess how the efficacy of textiles designed under the effect
prison criterion evolves considering smaller hole widths than those considered in this
work. Another line of work would involve the evaluation of the prison effect with other
pest species.
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