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Fog collection improvement using
harp structures formed from hairy
yarns
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With the increasing global problem of water scarcity, unconventional methods for water supply,

such as fog collection, are emerging as viable solutions in certain regions. This study proposes a harp
structure composed of hairy yarns, inspired by the Cotula fallax plant, to improve the fog collection
efficiency. The presence of hair fibers can greatly enhance fog collection efficiency. In the harp
structure, where yarns are widely spaced, thin hair fibers improve aerodynamic efficiency by increasing
the shade coefficient without substantially affecting the pressure drop coefficient of the fog collector.
Due to their extreme fineness, these fibers can increase droplet capture efficiency by approximately
2.5 times compare to the optimized Raschel mesh and reduce onset time. Harp structures formed by
hairy yarns, owing to the entanglement of their hair fibers, retain more water on their surfaces than
the optimized Raschel mesh, and the clogging of these structures is influenced by the arrangement
of the hair fibers. The parallel arrangement of the hair fibers forms channels that transfer the water
via capillary action, which reducing clogging. When the hair fibers are oriented downward, smaller
droplets separate directly from fibers, further decreasing onset time. These findings offer a deeper
understanding of the role of hair fibers in the fog collection process and propose an effective strategy
for designing an optimal fog collector. Specifically, this study experimentally evaluates the impact of
the fineness, arrangement, orientation, and density of hair fibers on fog collection efficiency.
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The water crisis is one of the most important challenges facing humanity in the 21st century. In addition to
environmental issues, it has adversely impacted food security and global health!; Consequently, various methods
for providing water to communities have been explored, including fog water harvesting®. This technique has been
implemented in several regions around the world where dense fog is prevalent and access to water is scarce>~.
Fog harvesting technology can be regarded as a viable solution for providing water to these populations.

Currently, the most common method of fog collection involves installing fibrous meshes in the perpendicular
path of fog flow. In this process, fog droplets pass through the mesh carried by the wind and are captured by the
collector mesh fibers. The collected droplets grow by accumulating additional droplets and merging with one
another. Once they reach a critical volume, the weight of the droplet overcomes the adhesion force between the
droplet and the fiber, causing them to detach and fall into a water container for storage. Raschel meshes, made
from polyethylene or polypropylene fibers with high UV resistance, are the most widely used fibrous structures
in fog collection projects®’.

Fibrous meshes have been extensively utilized in the fog collection process due to their simplicity, affordability,
availability, and low costs associated with installation, repair, and maintenance, as well as their lack of energy
requirements®. However, these meshes have certain limitations, including low efficiency®, a dependence of
efficiency on wind speed’, and a reduction in collection efficiency due to clogging'®. Researchers have sought
to address these limitations and optimize fog collector meshes by investigating the effects of various parameters
on fog collection efficiency. These parameters include fiber wettability, fiber cross-sectional shape, fiber fineness,
fiber arrangement, fiber spacing within the mesh, and the geometry of the mesh unit cell'!~!8.

Inhabitants of arid regions often utilize specific structures to secure their water supply'®. Various species of
plants and cacti?*~2?, Namib Desert beetles®>?*, and spider webs* exemplify organisms with unique biological
adaptations that enable them to harvest water and endure drought conditions. The remarkable capabilities of
these natural structures have inspired researchers to develop new designs, including nature-inspired fibrous
structures?~, that address the limitations of conventional fibrous meshes used for fog collection®'~*”. While
these innovative structures often demonstrate superior collection efficiency compared to traditional fog
collectors, several challenges, such as high production costs, low durability, and insufficient strength under
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environmental conditions, as well as limitations in large-scale production, have hindered their widespread
application in fog collection projects®*.

In addition, to improve fog collection efficiency and reduce clogging in the collector mesh, researchers have
proposed various methods, including replacing the fibrous mesh with a harp structure*®*-*! or hair brushes>%3,
as well as applying electrostatic forces*4~*.

In this article, inspired by the Cotula fallax plant**, we evaluate the impact of presence of hair fibers on fog
collection efficiency. For this purpose, Cotula fallax is a native plant of desert regions that possesses unique
characteristics for collecting fog droplets. The branches and leaves of this plant are covered with fine, long,
flexible, and hydrophobic hairs that form a three-dimensional structure. The hair presented in the structure of
Cotula fallax plant enhance droplet capture and can retain a large volume of fog droplets by wrapping around
them. Given that harp structures are more suitable than fibrous meshes for the fog collection process**41:47-49,
this paper experimentally evaluates the performance of harp structures composed of hairy yarns by inspiring
Cotula fallax plant. Unlike many other nature-inspired designs, these structures are affordable, can be produced
on a large scale, and can be widely utilized in fog collection processes.

t22

Fog collection efficiency

The optimization of fibrous fog collector structures requires a comprehensive understanding of the fog collection
process. The collection efficiency of a fog collector (1) is directly proportional to its aerodynamic efficiency
(n,.)> droplet capture efficiency (qcap), and drainage efficiency (n dm)so:

N =17 qace ca,pn dra (1)

The aerodynamic efficiency is defined as the ratio of the flow entering the collector structure to the total flow
passing through an equivalent surface area of the collector at a far field*":

U1
= =9
M ace Vo (2)

where v, v, and S are fog flow velocity of close to the fog collector, unperturbed velocity of fog flow and shade
coeflicient, respectively. As aerodynamic efficiency increases, the ratio of the flow passing through the collector
surface to the flow deviating from the collector structure also increases. The aerodynamic efficiency of a fog
collector depends not only on the overall shape of the collector but also on the shade coeflicient (cover factor)
and the pressure drop resulting from the flow passing through the mesh. Therefore, the aecrodynamic efficiency
of a fog collector is*:

S

N ace = 1+ /700/Cd (3)

Where, S represents the shade coefficient, C; denotes the pressure drop coefficient of the fog collector, and
C, signifies the drag coefficient of the collector, assuming it is impermeable. The shade coefficient (S) is a key
parameter in fog collector design. In some cases, this parameter can be calculated using a mathematical model
to facilitate the geometric design of the fog collector™'.

The capture efficiency is defined as the ratio of the number of droplets collected by the fibers (N) to the total
number of droplets passing through the fog collector (N.):

4 @
M ecap = =
cap NT
The size of the fog droplets and the diameter of the fibers that constitute the fog collector determine that the
most important mechanism for fog droplet capture is inertial impaction, while the effects of other capture
mechanisms can be disregarded. In this mechanism, the efficiency of droplet capture is a function of the Stokes
number, which is defined as®%:

St =4pr’V/ud (5)

In this relation, p, 1, V, p, and d represent the density of water, radius of the fog droplets, velocity of the fog flow,
viscosity of air, and diameter of the fibers, respectively. An increase in the Stokes number enhances the capture
efficiency. Consequently, as stated in Eq. 5, increasing the velocity and diameter of the droplets, along with the
fineness of the fibers, raises the probability of droplets collision to the fiber.

The drainage efficiency of a fog collector is defined as the ratio of the collected droplets in the water container
to the total number of captured droplets. The fog collector must effectively transfer the captured droplets to
the water container to prevent re-entrainment of droplets back into the fog flow and to minimize clogging
phenomena. Retained droplets on the collector’s surface can not only alter the drainage efficiency but also
impact the aerodynamic and capture efficiency by obstructing the flow of fog through the collector structure.
The drainage efficiency of a fog collector is influenced by the wetting properties and cross-sectional shape of the
fibers, as well as the arrangement and spacing between the fibers.
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Hair specification Harp specification Yarn count
Final Sample Code | Code | Hair direction S (%) | Y.S. (cm) | Code | (Nm) Code | Sample Type
H1S1D1 D1 Upward
7845 |1 S1
H1S1D2 D2 Downward
85 H1
H1S3D1 D1 Upward
42.56 |3 S3
H1S3D2 D2 Downward
H2S1D1 D1 Upward
91.83 |1 S1
H2S81D2 D2 Downward Yarn
90 H2
H2S83D1 D1 Upward
49.79 |3 S3
H2S3D2 D2 Downward
H3S1R R Randomly oriented | 29.01 | 1 S1
125 H3
H3S3R R Randomly oriented | 14.66 | 3 S3
HA4S3D1 D1 Upward 23.71 |3 S3 109 H4

Table 1. Hairy yarns specifications. Y. S.: Yarn spacing S: Shade coefficient

Final Sample Code | Fabric direction S (%) | W.PC. | C.PC. | Code | Sample Type
R1 Knitting direction

21.11 | 14 51 R Raschel Mesh
R2 Perpendicular to the knitting direction

Table 2. Optimized Raschel mesh specifications. C.P.C.: Course per Centimeter W.P.C.: Wale per Centimeter
S: Shade coeflicient

Materials and methods

In this study, the effects of the presence of hair fibers on the fog collection process have been investigated,
inspired by Cotula fallax plant. For this purpose, four types of hairy yarns with distinct characteristics of hair
fibers were utilized to prepare various harp structures, along with a Raschel mesh, which is a commonly used fog
collector structure and was optimized in fiber fineness and spacing. Tables 1 and 2 provide the specifications of
these hairy yarns and the optimized Raschel mesh.

The images of all the samples are presented in Fig. 1 The hairy yarn samples vary in terms of their count
and length, density, fineness, and arrangement of hair fibers. In the H1 samples (Fig. 1 (a)), the hair fibers are
arranged into parallel groups at a specific angle to the core yarn. The H2 samples (Fig. 1 (b)) resemble the H1
samples; however, they exhibit a softer and denser appearance. This difference is attributed to the presence of
fine individual hair fibers in the H2 samples, in addition to the parallel groups of hair fibers. These fibers, which
are arranged at various angles and randomly, increase the density of hair fibers that led to the reduction in hair
spacing. In the H3 samples (Fig. 1 (c)), all hair fibers are arranged individually at random angles to the core yarn.
The density and average length of the hair fibers in this sample are lower than those in the H1 and H2 samples.
The H4 sample (Fig. 1 (d)) is relatively similar to the H1 sample, except that the average length of the hair fibers
is shorter. Figure 1(e) illustrates the R samples, which consist of a Raschel mesh optimized for fog collection.

Figure 2 presents a photograph and schematic representation of the setup utilized for the fog collection
experiments. The hairy fog collectors were designed in the form of a harp structure composed of hairy yarns
with varying yarn densities. Yarn density is inversely proportional to yarn spacing. The harp structures were
constructed with two different yarn densities: at a higher density (S1), the hairy yarns were spaced 1 cm apart
(samples H1S1, H2S1, and H3S1), while at a lower density (S3), the yarns were spaced 3 cm apart (samples
H1S3, H2S3, and H3S3). Additionally, since the hair fibers in samples H1 and H2 have a specific orientation,
both direction and density of the hairy yarns in the samples were altered. Samples were prepared with the hairy
yarns oriented in both upward and downward directions (D1 and D2, respectively). The hair fibers in samples
H1S1D1, H1S3D1, H2S1D1, and H2S3D1 are arranged upward, while in samples H1S1D2, H1S3D2, H2S1D2,
and H2S3D2, the hair fibers are oriented downward.

Fog collection experiments were conducted under fog conditions in a chamber maintained at 25 °C and
75% relative humidity (RH). Fog droplets were generated using an ultrasonic humidifier, the Konfor model
SPS-828 A, which has a droplet production capacity of 300 ml/h. All samples, measuring 30 cm x 30 cm, were
mounted on an experimental base and positioned 15 cm away from the humidifier to allow exposure to the fog
flow for 60 min. For each sample, the time required for the first droplet to fall and initiate the fog collection
process, referred to as the onset time, was recorded, along with the weight of the collected water in the gutter
every 5 min and the weight of the retained water on the samples.

All experiments were repeated three times on the samples to ensure the repeatability and validity of the
results. Statistical analysis was conducted at a 0.05 confidence level to compare the means between groups.

Results and discussion
In fibrous fog collector structures, enhancing collection efficiency is of paramount importance. This research
investigates, for the first time, the use of Cotula fallax-inspired harp structures composed of hairy yarns to
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Fig. 2. Experimental setup for fog collection (a) photograph and (b) schematic view.

improve collection efficiency. The study examines the effects of the arrangement and density of hair fibers on the
fog collection process. The results are compared with those obtained from the optimized Raschel mesh, which is
a commonly used structure for fog collection.

Effects of hair fibers on aerodynamic characteristics of fog collectors

The aerodynamic characteristics of a fog collector significantly influence the volume of fog flow that passes
through its structure. Therefore, enhancing aerodynamic efficiency greatly impacts the amount of water collected.
The presence of hair fibers in a fog collector affects aerodynamic efficiency in various ways, depending on the

Scientific Reports|  (2025) 15:44710 | https://doi.org/10.1038/s41598-025-28497-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Normalized collected water

density, arrangement, and physical properties of the hair fibers. When the spacing between the hairy yarns in the
harp structure is large or the hair fibers are sparse, the fog flow passing through the collector causes these fibers
to deform. As a result, the presence of hair fibers has a negligible effect on the pressure drop coefficient of the fog
collector™. The flexibility and fineness of the hair fibers mean that their presence on the collector structure does
not significantly affect aerodynamic efficiency and shade coefficient is small enough that can be assumedn_ , = 1.

As the density of hairy yarns in the harp structures increases, the entanglement of hair fibers in adjacent
yarns due to the motion of fog flow also increases, resulting in an increase in shade coefficient and a decrease in
the permeability of the collector structure. In this scenario, the presence of hair fibers elevates the pressure drop
coefficient®* and diminishes aerodynamic efficiency.

Previous research has studied aerodynamic efficiency using analytical and numerical methods®*>>%,
while experimental methods have been less commonly employed®. In this paper, the impact of hair fibers on
aerodynamic efficiency has not been studied quantitatively and a theoretical analysis based on Egs. 1 and 3,
combined with experimental results, is applied to evaluate the effects of hair fibers on aerodynamic efficiency.
Each harp sample was prepared using similar hairy yarns at two spacing distances: 1 cm and 3 cm. The shade
coefficients of these samples, along with an optimized Raschel mesh in the absence of fog flow, were calculated
using image processing techniques with the Fiji application. The results are presented in Tables 1 and 2.

Figure 3 shows the amount of water collected from these samples. The experimental data indicate that, with
the exception of the H3S1R and H3S3R samples, a greater volume of water is collected at lower yarn densities.
This phenomenon occurs because, at low yarn and hair densities, the shed coefficient of the collector structure is
small, resulting in =1, and Eq. (1) changes to:

n=n capn dra (6)

According to Eq. (2), as yarn density increases and the shade coeflicient exceeds its optimal range (between 0.5
and 0.6), the volume of fog flow passing through the collector decreases. Consequently, a larger portion of the
flow is diverted away from the collector, following a peripheral path.

Statistical analyses were conducted to examine the effects of the yarns distance on the ration of collected water
to each sample weight (normalize collected water) in H1, H2, H3 samples. The effect of the yarn spacing was
significant for H1 and H2 (p <0.05). In contrast, the effect of the yarn spacing was not statistically significant for
H3 (p=0.12). The average of normalized collected water for H1S3 (5.72+0.14) to H1S1 (3.80+0.06) and H2S3
(7.14£0.15) to H2S1 (2.40£0.09) are 1.5 and 2.98, respectively. In sample H2, the hair fibers exhibit a higher
density compared to those in samples H1. Consequently, reducing the yarn spacing from 3 cm to 1 cm causes
the shade coeflicient of H1 and H2 to exceed the optimal range and increases the pressure drop coeflicient. This
results in a decrease in Nace from its maximum value and reduces the total amount of collected water. In contrast,
in sample H3, where the hair fibers are sparser and shorter, decreasing the yarn spacing has no significant effect
on the aerodynamic efficiency, and the normalized collected water remains the same in both samples.

The aerodynamic properties of fog collectors significantly influence the overall fog collection process and
are considered a limiting factor in enhancing collection efficiency. Therefore, understanding the impact of hair
fibers within the fog collector structure on aerodynamic efficiency is crucial. Future studies should investigate in
greater detail the effects of hair fiber characteristics—such as length, fineness, cross-sectional shape, flexibility,
and orientation—on aerodynamic efficiency.
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Fig. 3. Effect of yarn spacing on total collected water.
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Effects of hair fibers on capture efficiency

The presence of hair fibers in the fog collector structure, due to their high fineness, increases the Stokes number
(Eq. 4) and the droplet capture efficiency. Additionally, it enhances the effective collection surface, thereby
increasing the probability of droplet collisions with the fibers and improving capture efficiency.

When the entire fog flow passes through the fog collector structure without any deviation, i.e., n,_, = 100%,
the amount of water collected by a fog collector can be considered a measure of its fog capture efficiency. Figure 4
illustrates the weight of captured droplets to the weight (normalized captured water) of each sample per unit area,
in a scenario where the yarn spacing is sufficiently large to achieve n_ = 100%. According to this figure, all harp
samples composed of hairy yarns exhibited higher capture efficiency than the optimized Rachel meshes, due to
the presence of fine hair fibers. Among these, the H3S3R sample demonstrated the highest droplet capture, with
83.87 m™>, which is approximately 1.77 times greater than the droplets captured by R1 and 2.43 times greater
than those captured by R2.

To determine the effect of direction of H1S3, H2S3 and R on normalized captured water, statistical analyses
were performed. The results indicate that sample direction has no significant influence on normalized captured
water of H1S3 and H2S3. However, the difference between R1 and R2 was significant (p<0.05) and can be
attributed to the clogging phenomenon.

The normalized captured water of the H1S3 samples is, on average, 22.44% and 29.42% lower than that of the
H2S3 and H3S3R samples, respectively. In the H1S3 samples, droplet capture results in the formation of bundles
of hair fibers with a larger diameter than that of a single hair fiber, which reduces the droplet capture efficiency.

In the H4S3D1 sample, the formation of hair fiber bundles, combined with the shorter length of its hair fibers
and a lower shade coefficient compared to the H1S3 samples, results in the lowest capture efficiency observed
among the samples.

In the H2S3 samples, a similar reduction in capture efficiency occurs due to the formation of fiber bundles;
however, the presence of individual hair fibers alongside these bundles increases the average droplet capture
efficiency by approximately 25% compared to the H1S3 samples.

This trend in capture efficiency is also observed at shorter distances between hair yarns in harp structures,
where the aerodynamic efficiency is less than 100%. However, because the density and arrangement of the hair
fibers in various samples differ from one another, the ratio of fog flow through the collector structure and the
variations in their aerodynamic efficiency also differ. Consequently, the weight of the collected water will not
correspond to the fog capture efficiency.

Effects of hair fibers on drainage efficiency

The droplet transport phenomenon in fog collector structures is a critical issue. These structures must efficiently
transport droplets to prevent clogging and to detach captured droplets from the collector in the shortest possible
time, thereby avoiding re-entrainment. Consequently, when evaluating drainage efficiency, three factors should
be considered: the volume of retained water on the collector surface, the onset time and collection rate.

Retained water

The volume of trapped water on the fog collector can be considered an indicator of its clogging issues. Figure 5
illustrates the amount of retained water in each sample per square meter of mesh surface area. According to this
figure, the harp structures, composed of hairy yarns, despite their favorable aerodynamic and capture efficiency,
retain a larger volume of water on their surface compared to the Rachel mesh in the knitting direction (R1),
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Fig. 5. Retained water on a unit area of the sample.

generally. Specifically, the amount of retained water on the harp samples varied between 19.67 g/m?* and 126.00 g/
m?, while the Rachel meshes retained between 24.67 g/m? and 103.67 g/m?. In other words, R1 demonstrated
superior performance in droplet transfer compared to the harp structures made of hairy yarns.

A statistical analysis of retained water in different samples indicates that both the direction and yarn distance
have significant effects on the amount of retained water (p <0.05). A droplet transport examination of various
samples shows that the length, density, arrangement, and orientation of hair fibers are the most significant factors
influencing the drainage behavior. Generally, in all harp samples, as the yarn spacing decreases, the amount of
retained water in the samples increases. This is attributed to the fact that an increase in the density of hairy yarns
enhances the entanglement of pile fibers and the intersection points of hair fibers, which can hold a greater
volume of droplets.; in H2S1D2, it is about 1.40 times that of H2S3D2; and in H3S1R, it is roughly 4.00 times that
of H3S3R. Furthermore, altering the orientation of samples H1 and H2, affected the amount of retained water.

In H1 samples, parallel groups of hair fibers upon contact with fog droplets, connect to one another and
form distinct bundles of fibers. Within the inter-fiber spaces of these bundles, small channels are created that
facilitate the transport of droplets. The captured droplets penetrate these channels through capillary action. As
droplets penetrate the fiber bundles, they become less visible on the surface of the fibers, and the change in shade
coefficient and permeability of the H1 samples resulting from droplet capture is expected to be negligible.

Figure 6 shows the H1 samples during the fog collection process. In these samples, the orientation of the
hair fibers, in addition to the inter-fiber water transfer channels, significantly influences droplet transfer. In
H1S1D1 and H1S3D1, where the hair fibers are oriented upward, most of the captured droplets are directed
toward the core yarn via the inter-fiber channels (Fig. 6 (a) and (c)). Conversely, in H1S1D2 and H1S3D2, where
the fibers are oriented downward, the droplets are transferred to the ends of the fiber bundles without reaching
the core yarn, resulting in their separation from the hair fiber bundles (Fig. 6 (b) and (d)). The finer and fewer
fibers in the fiber bundles of the H1 samples, compared to the core yarn, lead to the detached droplets from
H1S1D2 and H1S3D2 being smaller in size than those from H1S1D1 and H1S3D1, as depicted in Fig. 6 (e) and
(). Furthermore, the average amount of retained water in the H1 sample in the upward direction of the hair
fibers (H1S1D1 (90.33+1.53) and H1S3D1 (50.67 +0.66)) is approximately 1.41 times greater than that in the
downward direction (H1S1D2 (76.00 + 1.20) and H1S3D2 (23.67 £ 0.34)). The effect of yarn distance on retained
water is statistically significant (p <0.05), with the average retained water in H1S1 being approximately 2.24
times that of H1S3.

H4 sample exhibited water transfer behavior similar to that of the H1 samples; however, its shorter fiber
length resulted in amount of retained water retention to be minimum.

In the H2 samples, the droplet transport behavior through the fiber bundles resembles that of the H1 samples;
however, the individual hair fibers create a network on the yarn surface that can retain a significant volume of
droplets. As shown in Fig. 7, the formation of this fibrous network in the H2 samples results in a greater volume
of retained water and an increased clogging phenomenon compared to the H1 samples.

Statistical analysis shows that changes in the direction of the H2 samples and yarn spacing have a significant
effect on the amount of retained water (p <0.05). When the sample direction changes from downward (H2S1D2
(96.00+1.76) and H2S3D2 (68.67 +1.20)) to upward (H2S1D1 (118.00 + 1.46) and H2S3D1 (104.33 +£1.60)), the
average amount of retained water increases by 1.35 times. Additionally, decreasing the yarn spacing from 3 cm
to 1 cm increases the average amount of retained water by 1.24 times.

Figure 8 illustrates the H3 samples during the fog collection process. The droplet transport in the H3 samples,
because of the single arrangement and random orientation of the hair fibers, differs from that in the other
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Fig. 6. Fog collection process in H1 samples (a) H1S1D1 (b) H1S1D2 (c) H1S3D1 (d) H1S3D2 (e) detached
droplets from core yarn (f) detached droplets from hair fibers.

%)

Fig. 7. Fog collection process in H2 samples (a) H2S1D1 (b) H2S1D2 (c) H2S3D1 (d) H2S3D2.

samples. In the H3 samples, the growth of captured droplets due to merging with other droplets occurs in areas
of the yarn where hair fibers are closely spaced or where the droplet size is large. In these regions, droplets are
held by two or more hair fibers until they reach their critical volume. Conversely, in areas with low hair fiber
density or smaller droplets, individual droplets adhere to a single fiber. As the droplets enlarge, their weight
displaces the hair fibers, bringing the droplets into contact with additional fibers. This process continues until
the droplets reach their critical volume, at which point they detach from the hair fibers and are transferred to the
water container. This droplet transfer behavior in H3 samples results in the amount of retained water in H3S1R
(126.00£1.30) being 3.98 times greater than that in H3S3R (31.67 +£0.35).

Furthermore, the angle of each individual hair fiber relative to the core yarn determines the droplet transfer
path. In hair fibers oriented nearly vertically, the enlargement of droplets causes them to flow over the hair fibers
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Fig. 9. Fog collection process in Raschel meshes (a) R1 (b) R2.

toward the core yarn, from which they are subsequently transferred to the water container. In other hair fibers,
the growth of the droplets moves them toward their tips, and droplets are directly separated from the hair fibers.

The analysis of samples H1, H2, and H3 reveals that the harp structures composed of hairy yarns exhibit
distinct characteristics regarding droplet transport and clogging phenomena. These variations depend on the
density, arrangement, and orientation of the hair fibers. In Raschel meshes knitted from monofilament fibers,
these characteristics are influenced by the density, angles, and orientation of the monofilaments!®!!.

Figure 9 shows the Raschel meshes during the water collection process. The orientation of the fog collector
significantly impacts droplet transport and clogging within the Raschel meshes; for instance, the volume of
retained water on the Raschel mesh aligned with the knitting direction (R1) is approximately 76% less than
that on the Raschel mesh, oriented perpendicular to the knitting direction (R2). Consequently, the geometric
arrangement of the fibers in Raschel meshes plays a crucial role in their interactions with water droplets,
specifically in terms of droplet transfer and the retention of water on the fibers. This factor should be taken into
account when studying drainage efficiency of the collector meshes.

Onset time and fog collection rate

One of the most important features of fog collector structures is their ability to efficiently and rapidly transport
collected droplets. This capability not only enhances droplet transfer efficiency by preventing droplets from re-
entering the fog flow but also facilitates fog extraction in situations where fog duration is short. Additionally,
prolonged droplet retention on the surface of the collector can lead to clogging, which adversely affects both
aerodynamic and capture efficiency®®.

Figure 10 illustrates the time required for the first drop to fall from the fog collector structure across the
various samples. This duration is regarded as the onset time for the fog collection process. The results indicate
that the average time for the first drop to fall is 257 s for the harp composed of hairy yarns and 212 s for the
Rachel meshes. The maximum onset time recorded is 475 s, associated with sample R2 (Raschel meshes oriented
perpendicular to the knitting direction). This suggests that harp structures with hairy yarns are more effective
than Raschel meshes regarding the onset time of the fog collection process.
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According to Fig. 10, the density and arrangement of hair fibers, along with the orientation of the samples,
are the key factors influencing the onset time in all harp structures. Statistical analyses reveal that the effect of
hair density on onset time is significant (p<0.05). An increase in hair density results in a longer onset time;
as hair density increases, the entanglement of fibers and the number of intersecting points where fog droplets
accumulate also rise.

Furthermore, the results of the statistical analysis indicate that changes in the direction of the samples have
a significant effect on the onset time (p <0.05). The changes in the direction of hair fibers in the H1 and H2
samples result in variations in the forces acting on the droplets and the size of the detached droplets, which affect
the onset time.

According to the graph, among the harp samples composed of hairy yarns, H3S3R exhibited the shortest
onset time at 101 s, followed by H3SIR at 182 s. Both H2S3D2 and H1S3D1 shared the third position with an
onset time of 190 s. The average onset time increased in the H3, H1, and H2 samples, respectively. In the H3
samples, the presence of individual hair fibers within the yarn contributed to the shortest onset time. This is
attributed to the fineness of these fibers, which enhances collection efficiency and droplet growth rate while
reducing the critical volume of droplets detached from the fibers. The synergistic effect of increased capture
efficiency and decreased critical volume of droplet ultimately leads to a reduction in onset time.

In H1 samples, the formation of fiber bundles creates water transfer channels, which reduces capture efficiency.
Additionally, the captured droplets can detach from the fog collector after filling the empty spaces between the
fiber channels. These parameters result in a longer separation time for the first droplet in H1 samples compared
to H3 samples. These factors maximized the onset time of H4S3D1.

In the H2 samples, the increased density of hair fibers, resulting from the presence of individual fibers
adjacent to parallel groups, leads to the higher number of crossing points and a longer onset time compared to
the H1 samples.

In R samples (Raschel meshes), the onset time is highly dependent on the direction of mesh installation.
Consequently, sample R1 exhibits the best performance in terms of droplet fall speed, following sample H3S3R,
while sample R2 has the longest onset time among all samples.

In addition to onset time, the fog collection rate is another important factor affecting the performance of
the fog collection process. The fog collection rate represents the discharge rate of the droplets captured by the
collector structure and corresponds to the slope of the volume of collected water over time after reaching steady-
state conditions. From the start of the collection process until steady state is achieved, the fog collection rate is
not constant and varies over time. Unlike onset time, which is significantly influenced by both yarn density and
sample orientation, yarn spacing is the sole factor affecting the fog collection rate under steady-state conditions.

Figure 11 shows the fog collection rate of different examined samples and indicates that samples with lower
hair fiber densities have higher collection rates compared to those with higher densities. The H3 sample exhibits
the highest fog collection rate, while the H2S1D2 sample has the lowest rate among all samples. This variation in
collection rate can be attributed to the density and arrangement of the hair fibers.

Conclusion

In this paper, the effects of hair fibers on fog collection efficiency, inspired by Cotula fallax plant, were
investigated. Generally, the presence of hair fibers in fog collector structures can significantly enhance fog
collection efficiency, depending on the density and arrangement of the hair fibers, compared to optimized
Raschel mesh. Research indicates that when the yarn density in the harp structure is low, the presence of hair
fibers improves aerodynamic collection efficiency by increasing the cover factor. Furthermore, due to their high
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Fig. 11. Fog collection rate.

fineness, presence of hair fibers in the harp structure can boost capture efficiency by approximately 2.5 times
that of optimized Raschel mesh. In harp structures, the critical volume of droplets that detach directly from the
hair fibers is smaller than that of other droplets, and these droplets remain on the hair fibers for a shorter period.
However, as the density of hair fibers increase or they become closer, droplets are held by two or more fibers,
resulting in an increased volume of retained droplets. This phenomenon causes optimized Raschel mesh to
exhibit better drainage characteristics compared to harp structures composed of dense hairy yarns. Additionally,
hair fibers arranged in parallel bundles can hold a smaller volume of droplets and experience less clogging due
to the transfer of collected water through liquid channels formed between the fibers. In contrast, a random
arrangement of hair fibers and a reduction in their spacing can decrease drainage efficiency and exacerbate
clogging. Moreover, the angle of the hair fibers relative to the yarn axis affects droplet transfer and onset time.
When the hair fibers are oriented downwards, the critical volume of droplets is reduced, allowing droplets to be
transferred to the container faster without passing through the central yarn. A change in the direction of the hair
fibers from downward to upward can increase the amount of retained water by more than twofold and decrease
the onset time by at least 80 s.
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The research data and material are available from the corresponding author on reasonable request.

Received: 22 September 2025; Accepted: 11 November 2025
Published online: 29 December 2025

References
1. Programme, U. W. W. A (UNESCO, 2023).
2. Tashtoush, B. & Alshoubaki, A. Atmospheric water harvesting: A review of techniques, performance, renewable energy solutions,
and feasibility. Energy 280, 128186. https://doi.org/10.1016/j.energy.2023.128186 (2023).
3. Verbrugghe, N. & Khan, A. Z. Water harvesting through fog collectors: a review of conceptual, experimental and operational
aspects. Int. J. Low-Carbon Technol. 18, 392-403. https://doi.org/10.1093/ijlct/ctac129 (2023).
4. Qadir, M., Jiménez, G. C.,, Farnum, R. L. & Trautwein, P. Research history and functional systems of fog water harvesting. Front.
Water. 3, 37. https://doi.org/10.3389/frwa.2021.675269 (2021).
5. Jarimi, H., Powell, R. & Riffat, S. Review of sustainable methods for atmospheric water harvesting. Int. . Low-Carbon Technol. 15,
253-276. https://doi.org/10.1093/ijlct/ctz072 (2020).
6. Domen, J. K,, Stringfellow, W. T., Camarillo, M. K. & Gulati, S. Fog water as an alternative and sustainable water resource. Clean
Technol. Environ. Policy. 16, 235-249. https://doi.org/10.1007/s10098-013-0645-z (2014).
7. Schemenauer, R. S. & Cereceda, P. A proposed standard fog collector for use in high-elevation regions. J. Appl. Meteorol. 33,
1313-1322. https://doi.org/10.1175/1520-0450(1994)033%3C1313:APSFCF%3E2.0.CO;2 (1994).
8. Montecinos, S., Carvajal, D., Cereceda, P. & Concha, M. Collection efficiency of fog events. Atmos. Res. 209, 163-169. https://doi.
org/10.1016/j.atmosres.2018.04.004 (2018).
9. Schemenauer, R. S. & Cereceda, P. The role of wind in rainwater catchment and fog collection. Water Int. 19, 70-76. https://doi.or
¢/10.1080/02508069408686203 (1994).
10. Park, J. et al. Clogged water bridges for fog harvesting. Soft Matter. 17, 136-144. https://doi.org/10.1039/DOSM01133A (2021).
11. Zefrehei, A. A., Sheikhzadeh, M. & Pishevar, A. R. Evaluation of the geometrical parameters of collector mesh on the fog collection
efficiency. J. Ind. Text. 51, 3466S-3492S. https://doi.org/10.1177/15280837221074067 (2022).
12. Regalado, C. M. & Ritter, A. The design of an optimal fog water collector: A theoretical analysis. Atmos. Res. 178-179, 45-54.
https://doi.org/10.1016/j.atmosres.2016.03.006 (2016).
13. Rajaram, M., Heng, X., Oza, M. & Luo, C. Enhancement of fog-collection efficiency of a Raschel mesh using surface coatings and
local geometric changes. Colloids Surf., A. 508, 218-229. https://doi.org/10.1016/j.colsurfa.2016.08.034 (2016).

Scientific Reports |

(2025) 15:44710 | https://doi.org/10.1038/s41598-025-28497-2 nature portfolio


https://doi.org/10.1016/j.energy.2023.128186
https://doi.org/10.1093/ijlct/ctac129
https://doi.org/10.3389/frwa.2021.675269
https://doi.org/10.1093/ijlct/ctz072
https://doi.org/10.1007/s10098-013-0645-z
https://doi.org/10.1175/1520-0450(1994)033%3C1313:APSFCF%3E2.0.CO;2
https://doi.org/10.1016/j.atmosres.2018.04.004
https://doi.org/10.1016/j.atmosres.2018.04.004
https://doi.org/10.1080/02508069408686203
https://doi.org/10.1080/02508069408686203
https://doi.org/10.1039/D0SM01133A
https://doi.org/10.1177/15280837221074067
https://doi.org/10.1016/j.atmosres.2016.03.006
https://doi.org/10.1016/j.colsurfa.2016.08.034
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

14.

15.

16.
17.
18.
19.
20.
21.
22.

23.
. Hamilton, W. J. & Seely, M. K. Fog basking by the Namib desert beetle, Onymacris unguicularis. Nature 262, 284-285. https://doi

25.
26.
27.
28.

29.

30.

31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.

42.
43.

44.
45.
46.
47.
48.
49.
50.
51.

52.
. Ando, S., Nishikawa, M., Kaneda, M. & Suga, K. Numerical simulation of filtration processes in the flow-induced deformation of

Park, K. C., Chhatre, S. S, Srinivasan, S., Cohen, R. E. & McKinley, G. H. Optimal design of permeable fiber network structures for
fog harvesting. Langmuir 29, 13269-13277. https://doi.org/10.1021/1a402409f (2013).

Elshennawy, A. A., Abdelaal, M. Y., Hamed, A. M. & Awad, M. M. Fog collection rate investigation for a hydrophobic surface and
different inclinations of rectangular meshes. Euro-Mediterranean J. Environ. Integr. 9, 2057-2064. https://doi.org/10.1007/s41207-0
24-00519-x (2024).

Kang, J. H. et al. Effect of mesh wettability modification on atmospheric and industrial fog harvesting. Front. Phys. 9, 680641.
https://doi.org/10.3389/fphy.2021.680641 (2021).

Weyer, E, Duchesne, A. & Vandewalle, N. Switching behavior of droplets crossing nodes on a fiber network. Sci. Rep. 7, 13309.
https://doi.org/10.1038/541598-017-13009-8 (2017).

Azad, M. A. K. et al. Fog collection on polyethylene terephthalate (PET) fibers: influence of cross section and surface structure.
Langmuir 33, 5555-5564. https://doi.org/10.1021/acs.langmuir.7b00478 (2017).

Gurera, D. & Bhushan, B. Passive water harvesting by desert plants and animals: lessons from nature. Philosophical Trans. Royal
Soc. A: Math. Phys. Eng. Sci. 378, 20190444 https://doi.org/10.1098/rsta.2019.0444 (2020).

Roth-Nebelsick, A. et al. Leaf surface structures enable the endemic Namib desert grass stipagrostis Sabulicola to irrigate itself with
fog water. J. Royal Soc. Interface. 9, 1965-1974. https://doi.org/10.1098/rsif.2011.0847 (2012).

Ju, J. et al. A multi-structural and multi-functional integrated fog collection system in cactus. Nat. Commun. 3, 1247. https://doi.o
rg/10.1038/ncomms2253 (2012).

Andrews, H. G., Eccles, E. A, Schofield, W. C. E. & Badyal, J. P. S. Three-Dimensional hierarchical structures for fog harvesting.
Langmuir 27, 3798-3802. https://doi.org/10.1021/1a2000014 (2011).

Parker, A. R. & Lawrence, C. R. Water capture by a desert beetle. Nature 414, 33-34. https://doi.org/10.1038/35102108 (2001).

.org/10.1038/262284a0 (1976).

Zheng, Y. et al. Directional water collection on wetted spider silk. Nature 463, 640-643. https://doi.org/10.1038/nature08729
(2010).

Yu, Z. et al. A dual-biomimetic knitted fabric with a manipulable structure and wettability for highly efficient fog harvesting. J.
Mater. Chem. A. 10, 304-312. https://doi.org/10.1039/D1TA08295G (2022).

Nguyen, L. T. et al. Elastic textile threads for fog harvesting. Langmuir 38,9136-9147. https://doi.org/10.1021/acs.langmuir.2c00634
(2022).

Nguyen, L. T. et al. Enhancing fog harvest efficiency by 3D filament tree and elastic space fabric. ACS Sustain. Chem. Eng. 10,
11176-11190. https://doi.org/10.1021/acssuschemeng.2c02765 (2022).

Gao, Y., Wang, J., Xia, W., Mou, X. & Cai, Z. Reusable Hydrophilic-Superhydrophobic patterned weft backed woven fabric for High-
Efficiency Water-Harvesting application. ACS Sustain. Chem. Eng. 6, 7216-7220. https://doi.org/10.1021/acssuschemeng.8b01387
(2018).

Shigezawa, N., Ito, F, Murakami, Y., Yamanaka, S. & Morikawa, H. Development of combination textile of thin and Thick fiber for
fog collection bioinspired by Burkheya purpurea. J. Text. Inst. 107, 1014-1021. https://doi.org/10.1080/00405000.2015.1082740
(2016).

Yang, X,, Li, S., Wang, X., Qian, X. & Zhang, S. Bio-inspired fog harvesting fabric materials: Principle, fabrication, engineering
applications and challenges. J. Bionic Eng. 22, 1014-1038. https://doi.org/10.1007/s42235-025-00667-y (2025).

Wang, X. et al. Bioinspired 1D structures for water harvesting: Theory, design and application. Chem. Eng. J. 506, 159917. https://
doi.org/10.1016/j.cej.2025.159917 (2025).

Uvarani, A. & Behura, A. K. Fog harvesting efficiency analysis of biomimicking surfaces: A review. Proc. Institution Mech. Eng.
Part. E: ]. Process. Mech. Eng. 0, 09544089241230162. https://doi.org/10.1177/09544089241230162 (2024).

Kennedy, B. S. & Boreyko, J. B. Bio-Inspired fog harvesting meshes: A review. Adv. Funct. Mater. 34, 2306162. https://doi.org/10.1
002/adfm.202306162 (2024).

Ding, L., Dong, S., Yu, Y., Li, X. & An, L. Bionic surfaces for fog collection: A comprehensive review of natural organisms and
bioinspired strategies. ACS Appl. Bio Mater. 6, 5193-5209. https://doi.org/10.1021/acsabm.3c00859 (2023).

Zhang, Y. et al. Multi-bioinspired and multistructural integrated patterned nanofibrous surface for spontaneous and efficient fog
collection. Nano Lett. 21, 7806-7814. https://doi.org/10.1021/acs.nanolett.1c02788 (2021).

Zhang, Y. et al. Lizard-Skin-Inspired nanofibrous capillary network combined with a slippery surface for efficient fog collection.
ACS Appl. Mater. Interfaces. 13, 36587-36594. https://doi.org/10.1021/acsami.1c10067 (2021).

Goswami, S., Sidhpuria, R. M. & Khandekar, S. Effect of Droplet-Laden fibers on aerodynamics of fog collection on vertical fiber
arrays. Langmuir 39, 18238-18251. https://doi.org/10.1021/acs.langmuir.3¢02022 (2023).

Kowalski, N. G., Shi, W,, Kennedy, B. S. & Boreyko, J. B. Optimizing fog harps. ACS Appl. Mater. Interfaces. 13, 38826-38834.
https://doi.org/10.1021/acsami.1c08995 (2021).

Shi, W, van der Sloot, T. W,, Hart, B. J., Kennedy, B. S. & Boreyko, J. B. Harps enable water harvesting under light fog conditions.
Adv. Sustainable Syst. 4, 2000040. https://doi.org/10.1002/adsu.202000040 (2020).

Shi, W,, Anderson, M. J., Tulkoff, J. B., Kennedy, B. S. & Boreyko, J. B. Fog harvesting with harps. ACS Appl. Mater. Interfaces. 10,
11979-11986. https://doi.org/10.1021/acsami.7b17488 (2018).

Feng, L., Choi, W. & Park, K. C. Fog collection with hairy wires. Droplet 4, e166. https://doi.org/10.1002/dro2.166 (2025).
Kanooni, A. & Kohan, M. R. Fog water harvesting with cylindrical brush. Sci. Rep. 14, 19679. https://doi.org/10.1038/541598-02
4-70637-7 (2024).

Jiang, Y., Xu, R,, Liu, S., Liu, G. & Yan, X. Electrostatic fog collection mechanism and design of an electrostatic fog collector with
nearly perfect fog collection efficiency. Chem. Eng. Sci. 247, 117034 https://doi.org/10.1016/j.ces.2021.117034 (2022).

Damak, M. & Varanasi, K. K. Electrostatically driven fog collection using space charge injection. Sci. Adv. 4, eaa05323. https://doi
.org/10.1126/sciadv.aa05323 (2018).

Cruzat, D. & Jerez-Hanckes, C. Electrostatic fog water collection. J. Electrostat. 96, 128-133. https://doi.org/10.1016/j.elstat.2018.1
0.009 (2018).

Regalado, C. M. et al. A bioinspired ladder-like harp fog water collector. II. Construction, simulations and field testing. J. Water
Process. Eng. 75, 107902. https://doi.org/10.1016/j.jwpe.2025.107902 (2025).

Regalado, C. M., Carballo, C. F. & Arencibia, M. T. A bioinspired ladder-like harp fog water Collector. I. Model design, simulations
and laboratory testing. J. Water Process. Eng. 75, 107884. https://doi.org/10.1016/j.jwpe.2025.107884 (2025).

Azeem, M. et al. Optimal design of multilayer fog collectors. ACS Appl. Mater. Interfaces. 12, 7736-7743. https://doi.org/10.1021/
acsami.9b19727 (2020).

Rivera, J. d. D. Aerodynamic collection efficiency of fog water collectors. Atmos. Res. 102, 335-342. https://doi.org/10.1016/j.atmo
sres.2011.08.005 (2011).

Elshennawy, A. A., Abdelaal, M. Y., Hamed, A. M. & Awad, M. M. Evaluating mesh geometry and shade coefficient for fog
harvesting collectors. Water Resour. Manage. 37, 6107-6126. https://doi.org/10.1007/s11269-023-03644-4 (2023).

Hinds, W. C. Aerosol Technology: Properties, Behavior, and Measurement of Airborne Particles (Wiley, 1999).

fibrous porous media by a three-dimensional two-way fluid-structure interaction scheme. Chem. Eng. Sci. 252, 117500. https://do
i.0rg/10.1016/j.ces.2022.117500 (2022).

Scientific Reports |

(2025) 15:44710 | https://doi.org/10.1038/s41598-025-28497-2 nature portfolio


https://doi.org/10.1021/la402409f
https://doi.org/10.1007/s41207-024-00519-x
https://doi.org/10.1007/s41207-024-00519-x
https://doi.org/10.3389/fphy.2021.680641
https://doi.org/10.1038/s41598-017-13009-8
https://doi.org/10.1021/acs.langmuir.7b00478
https://doi.org/10.1098/rsta.2019.0444
https://doi.org/10.1098/rsif.2011.0847
https://doi.org/10.1038/ncomms2253
https://doi.org/10.1038/ncomms2253
https://doi.org/10.1021/la2000014
https://doi.org/10.1038/35102108
https://doi.org/10.1038/262284a0
https://doi.org/10.1038/262284a0
https://doi.org/10.1038/nature08729
https://doi.org/10.1039/D1TA08295G
https://doi.org/10.1021/acs.langmuir.2c00634
https://doi.org/10.1021/acssuschemeng.2c02765
https://doi.org/10.1021/acssuschemeng.8b01387
https://doi.org/10.1080/00405000.2015.1082740
https://doi.org/10.1007/s42235-025-00667-y
https://doi.org/10.1016/j.cej.2025.159917
https://doi.org/10.1016/j.cej.2025.159917
https://doi.org/10.1177/09544089241230162
https://doi.org/10.1002/adfm.202306162
https://doi.org/10.1002/adfm.202306162
https://doi.org/10.1021/acsabm.3c00859
https://doi.org/10.1021/acs.nanolett.1c02788
https://doi.org/10.1021/acsami.1c10067
https://doi.org/10.1021/acs.langmuir.3c02022
https://doi.org/10.1021/acsami.1c08995
https://doi.org/10.1002/adsu.202000040
https://doi.org/10.1021/acsami.7b17488
https://doi.org/10.1002/dro2.166
https://doi.org/10.1038/s41598-024-70637-7
https://doi.org/10.1038/s41598-024-70637-7
https://doi.org/10.1016/j.ces.2021.117034
https://doi.org/10.1126/sciadv.aao5323
https://doi.org/10.1126/sciadv.aao5323
https://doi.org/10.1016/j.elstat.2018.10.009
https://doi.org/10.1016/j.elstat.2018.10.009
https://doi.org/10.1016/j.jwpe.2025.107902
https://doi.org/10.1016/j.jwpe.2025.107884
https://doi.org/10.1021/acsami.9b19727
https://doi.org/10.1021/acsami.9b19727
https://doi.org/10.1016/j.atmosres.2011.08.005
https://doi.org/10.1016/j.atmosres.2011.08.005
https://doi.org/10.1007/s11269-023-03644-4
https://doi.org/10.1016/j.ces.2022.117500
https://doi.org/10.1016/j.ces.2022.117500
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

54. Bardal, L. M., Oggiano, L., Troynikov, O. & Konopov, I. Influence of fabric structural attributes on their aerodynamic behavior. J.
Eng. Fibers Fabr. 8, 155892501300800314. https://doi.org/10.1177/155892501300800314 (2013).

55. Silva-Llanca, L., Carvajal, D., Larraguibel, D. & Gonzélez, B. A CFD study of the aerodynamic efficiency of V-shaped fog water
collectors. Int. J. Heat Fluid Flow. 107, 109382. https://doi.org/10.1016/j.ijheatfluidflow.2024.109382 (2024).

56. Carvajal, D,, Silva-Llanca, L., Larraguibel, D. & Gonzalez, B. On the aerodynamic fog collection efficiency of fog water collectors
via three-dimensional numerical simulations. Atmos. Res. 245, 105123. https://doi.org/10.1016/j.atmosres.2020.105123 (2020).

57. Nikbakht, S. & Heyhat, M. M. Experimental study of folded metal mesh for efficient fog harvesting. Sci. Rep. 15, 19367. https://do
i.0org/10.1038/s41598-025-04345-1 (2025).

58. Jiang, Y., Machado, C., Savarirayan, S., Patankar, N. A. & Park, K. C. Onset time of fog collection. Soft Matter. 15, 6779-6783.
https://doi.org/10.1039/C9SMO1105F (2019).

Author contributions
All authors have contributed equally to this manuscript and approved the final version.

Funding

The authors received no financial support for the research, authorship, and/or publication of this article.
Declarations

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.A.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:44710 | https://doi.org/10.1038/s41598-025-28497-2 nature portfolio


https://doi.org/10.1177/155892501300800314
https://doi.org/10.1016/j.ijheatfluidflow.2024.109382
https://doi.org/10.1016/j.atmosres.2020.105123
https://doi.org/10.1038/s41598-025-04345-1
https://doi.org/10.1038/s41598-025-04345-1
https://doi.org/10.1039/C9SM01105F
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Fog collection improvement using harp structures formed from hairy yarns
	﻿Fog collection efficiency
	﻿Materials and methods
	﻿Results and discussion
	﻿Effects of hair fibers on aerodynamic characteristics of fog collectors
	﻿Effects of hair fibers on capture efficiency
	﻿Effects of hair fibers on drainage efficiency
	﻿Retained water
	﻿Onset time and fog collection rate


	﻿Conclusion
	﻿References


