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Anti-clogging and anti-tangling fog harvesting with
3D-printed mesh-harp hybridsT

Jimmy K. Kaindu,}? Lilly E. Olejnicki,i® Brook S. Kennedy®
and Jonathan B. Boreyko (&) *?

Fog harvesting is a promising method for freshwater collection in arid regions, but existing designs are
inefficient. Mesh harvesters clog easily, diverting the fog stream, while fog harps suffer from
elastocapillary wire tangling, creating large gaps for diminished performance. To practically bypass both
the clogging and tangling issues, we develop 3D-printed mesh-harp hybrids that increase the fog
harvesting efficiency by a factor of 2-8 compared to a pure mesh or fog harp. The optimal spacing of
dilute cross-support features to enable anti-tangling for an untensioned mesh-harp hybrid is rationalized

rsc.li/materials-a by an elastocapillary model.

1 Introduction

At least a third of the world's population is combating water
scarcity.' One promising approach to mitigate water shortages
in arid regions is to harvest microscopic fog droplets by inter-
cepting them from their streamlines.>® Large-scale fog har-
vesting structures can collect thousands of liters of water per
day when deployed in sufficient numbers.*® For example, large-
scale Raschel mesh nets, spanning 5000 m® successfully
collected an annually-averaged 15 000 L per day."®

Although mesh-based harvesters are lightweight and easy to
install, they suffer from a very low fog harvesting efficiency due
to their dual constraint problem.*"*"** Meshes with larger holes
(ex.: Raschel mesh) fail to intercept most of the microdroplets,
but meshes with smaller holes (ex.: square weave) suffer from
clogging.*® The latter clogging issue is due to aggressive droplet
pinning on the horizontally-oriented wires, causing the fog
stream to flow around the harvester (Fig. 1a). Applying non-
wetting coatings to a mesh can partially reduce the clogging
issue but have cost, durability, and contamination concerns.”**
Even when avoiding both extremes of the dual constraint by
selecting intermediate hole sizes, mesh harvesters exhibit very
low fog collection efficiencies of n = 2-6% in lab tests,”**'®
where 7 is the ratio of harvested water to the total present in the
fog stream.

Inspired by California redwoods, fog harps were developed to
bypass the clogging issue inherent to mesh harvesters.'
Redwoods collect approximately 35% of their annual water intake
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from fog dripping from parallel arrays of needle-like leaves." Fog
harps mimic redwood needles by fixing a vertical wire array
within a supporting frame.*'*** For both the redwood needles
and the fog harp, the lack of orthogonal features prevents
appreciable droplet pinning. This enables ultra-effective drainage
of ~0.1 pL droplets for anti-clogging functionality, even when the
features are close-packed to intercept as many droplets as
possible.”® The result is a superior fog harvesting efficiency of 7
=~ 16-17% under equivalent lab conditions.”*

However, when fog harps are scaled to the standard unit
harvester size of 1 m x 1 m, they are prone to substantial
elastocapillary wire tangling under foggy conditions (Fig. 1c).
Elastocapillary tangling is caused by droplets on adjacent wires
coalescing and pulling the wires together by surface tension.
The large gaps that form allow most fog droplets to pass
through, reducing their collection efficiency by as much as
a factor of three.*** The extent of tangling is governed by
a balance between surface tension and the bending energy of
the wires, the latter of which depends on both wire geometry
and how much pre-tension is applied by the frame. Recently,
anti-tangling and mass-manufacturable fog harps were devel-
oped that were nearly as large (0.6 m x 0.6 m) as the standard
unit size.”* However, this required imposing an ultra-high wire
tension within a reinforced frame, which is likely too heavy and
expensive for most practical real-world applications.

Here, we develop hybrid mesh-harp (MH) fog harvesters that
simultaneously exhibit anti-clogging and anti-tangling func-
tionalities (Fig. 1b). These hybrids were fabricated by 3D-
printing fog harps that additionally feature intermittent hori-
zontal interconnects, to combat tangling (without resorting to
tensioning). By widely varying the spacing between intercon-
nects for different harvesters, lab tests identified the optimal
hybrid design. We demonstrate that, by avoiding both clogging
and tangling, hybrid MH harvesters can increase the fog

J. Mater. Chem. A, 2025, 13, 22039-22046 | 22039


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ta02686e&domain=pdf&date_stamp=2025-07-04
http://orcid.org/0000-0003-0344-5868
https://doi.org/10.1039/d5ta02686e
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta02686e
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA013027

Open Access Article. Published on 12 June 2025. Downloaded on 11/28/2025 8:19:54 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

a) Mesh b)
Clogging problem

1
1

n A ) 1 59 ) 6§

Mesh-Harp Hybrid C)
Anti-clogging & Anti-tangling

View Article Online

Paper

Harp
Tangling problem
|

TW”W

7

Fig. 1 Visual overview of how the performance of fog harvesters is impacted by the density of horizontal supports. (a) A conventional mesh net,
featuring as many horizontal fibers as vertical ones, suffers from extensive clogging that redirects the foggy wind flow. (b) Here, we introduce
a mesh-harp hybrid, comprised of close-packed vertical fibers supported by sparse horizontal inter-connects. It is designed to avoid the issues
that occur on either extreme of the spectrum. (c) A fog harp is solely comprised of vertical fibers, making it prone to tangling when adjacent fog
droplets coalesce together. This bundling effect opens up large holes for the fog stream to escape through.

harvesting efficiency by a factor of 2-8 compared to meshes or
untensioned fog harps. Finally, a refined -elastocapillary
tangling model is developed to rationalize the optimal design
geometry of untensioned hybrid MH harvesters for ultra-
practical water harvesting.

2 Experimental section
2.1 Fabrication of mesh-harp hybrid harvesters

All fog harvesters were manufactured using 3D-printing tech-
nology (Creality, Ender-3) using polylactic acid (PLA) filaments
(Hatchbox, 3D PLA-1KG1.75-BLK). PLA is composed of long
chains of nonpolar lactic acid molecules, resulting in the
features being weakly hydrophobic. Fig. 2 depicts the seven
different scale-model fog harvesters that were 3D-printed, all of
which were comprised of d = 0.40 mm diameter wires
embedded within a square cross-section frame that was
308.5 mm tall and 54.5 mm wide. The two control cases were
a harvester comprised of uniformly distributed vertical and
horizontal wires with square-shaped holes (mesh) and one with
only a vertical wire array (harp). The five hybrid harvesters are
denoted by the number of horizontal interconnects that were
evenly distributed along the vertical wire array (MH-131, MH-10,
MH-5, MH-3, MH-1). Note that the MH-131 has exactly half the
number of horizontal interconnects as the control mesh, such
that the pitch between horizontal wires is twice that of the pitch
between vertical wires. While the CAD designs featured wires of
circular cross-section, in reality the printed wires were oval-like
in cross-section due to the material expanding, with an aspect
ratio of 3:2 (width : height). The CAD model consistently used
a center-to-center pitch to wire diameter ratio (p/d) of 3.5 for the
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vertical wires. However, in reality, this produced wires with an
actual ratio of approximately p/d = 2.

2.2 Experimental setup

Two ultrasonic humidifiers (Pure Guardian, H940AR) were
distributed vertically along the center-line of a given fog
harvester. The population of microscopic water droplets
generated from an ultrasonic humidifier are analogous to those
found in natural fog (see Fig. S1 in the ESI}). Two intensity
settings were alternately used, arbitrarily termed ‘moderate fog’
and ‘heavy fog’ for this report. Using mass balances, the
respective mass flow rates of the water droplet populations were
measured as 1.26 g min~ " (top humidifier) and 1.17 g min™"
(bottom) for the moderate fog setting and 4.52 ¢ min™" (top)
and 3.96 ¢ min~" (bottom) for the heavy fog setting. Using
a cloud particle spectrometer (Droplet Measurement Technol-
ogies, FM-120), the liquid water content was calculated to be
0.18 g m* for the moderate fog and 1.713 g m~* for the heavy
fog. 80% of the droplets were between 6-20 pm for the moderate
fog setting and 7-35 pum for the heavy setting.

Each humidifier was equipped with vinyl tubing, 2.5 cm
inner diameter, to direct the fog streams horizontally toward
the harvester. The centers of the tubes were vertically positioned
50.8 mm and 152.4 mm from the top frame of the harvester,
respectively, and each tube outlet was 50.8 mm from the front
face of the harvester. A collection container was placed beneath
the fog harvester being tested. Experiments were conducted in
intervals of five trials for each harvester type and fog setting,
with each trial spanning 10 min. To ensure steady-state har-
vesting conditions, all trials initiated only after
a minimum of 30 min of continuous fog streams impacting the
harvester.

were

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Photographs of the seven 3D-printed fog harvesters characterized here, with overlying labels and measured shade coefficients (SC). The

shade coefficient is defined as a ratio of projected areas: the solid fea

tures (measured using ImageJ) normalized by the overall size of the

harvester. Insets are zoomed-in to better visualize individual features for the mesh, MH-131, MH-1, and harp.

3 Results and discussion
3.1 Fog harvesting efficiency

Fig. 3 shows the average fog harvesting efficiency of the various
harvesters, for both moderate and heavy fog conditions. For the
moderate fog setting, the mesh exhibited the lowest efficiency
(Mmesh = 0.67%), the harp's performance was better but still
quite poor (Nyarp =~ 1.5%), while the MH-5 hybrid exhibited the
highest efficiency (-5 = 5.7%). Put another way: the fog harp
was three times more effective than the mesh by avoiding the
clogging issue, but the hybrid was ten times better than the
mesh by avoiding both clogging and tangling. Switching to
a heavy fog, the harp was now the worst-performing due to
extreme elastocapillary wire tangling (i, = 4.8%) being even
more problematic than the clogging issue of the mesh (7yesh =
6.0%). The MH-3 hybrid exhibited the highest collection effi-
ciency (num-3 = 12.7%), but the MH-5 was nearly as effective
(Mmu3 = 12.5%), making it the best all-around performer
across multiple fog settings. In general, non-monotonic bell
curves were obtained when plotting n against the harvester
types, showing that hybrids are generally superior to both pure
meshes and pure (untensioned) fog harps.

The fog harvesting efficiencies shown in Fig. 3 are non-
dimensional ratios; Fig. S2f replots the same curves to

This journal is © The Royal Society of Chemistry 2025

quantify in terms of the water harvesting mass flux. For the
moderate fog setting, the MH-5 exhibited the highest mass flux
of Jmus = 1.18 kg m~> h™. For the heavy fog setting, the MH-3
exhibited the highest mass flux of Jyu.3 = 9.26 kg m>2hh

Fig. 4 shows corresponding images during fog harvesting on
each harvester type. The pictures confirm the hypothesis that
the mesh (and MH-131) exhibit extensive clogging, while the
harp (and MH-1) are plagued by heavy tangling. The best-
performing hybrid from Fig. 3, MH-5, was visually confirmed
to minimize both clogging and tangling. Photographs reveal
that MH-3 still exhibits minor tangling. This explains why 7 for
MH-3 is slightly less than MH-5 for the moderate fog setting,
where 7 is known to be especially sensitive to the tangling
problem.” Images also highlight that the greater the number of
interconnects, the more large droplets are pinned to the
harvester. This in turn rationalizes why MH-3 is the best-
performing for the heavy fog setting despite the minor
tangling, because the greater number of pinned droplets on
MH-5 and especially MH-10 (analogous to minor “clogging”)
outweighs the benefit of avoiding minor tangling.

3.2 Clogging and tangling histograms

Fig. 5a shows a histogram to quantify how the extent of clogging
varies with the harvester type. To evaluate clogging percentages,
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Fig.3 Collection efficiency of each harvester type under moderate and heavy fog conditions. The red regimes indicate the undesirable extremes
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functionalities. Total mass flow rates from both humidifiers were 2.43 g min~* for moderate fog (diamonds) and 8.48 g min~* for heavy fog
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10 rows were randomly selected from the central region of the
fog harvester, ensuring accurate representation by avoiding the
first row adjacent to each frame edge, where boundary effects
may influence droplet accumulation. The clogging percentage
for each wire was calculated by assessing the proportion of wire
surface area covered by coalesced droplets relative to the total

MH-10

Mesh MH-131 MH

il

H[HNHI

Wl

Extreme Clogging

5 MH-3

wire surface area. For the heavy fog setting, over 80% of the
holes were fully clogged for the mesh. In contrast, only about
25% of the holes of the half-mesh (MH-131) were fully clogged,
although another 25% exhibited partial clogging. This further
validates the performance results from Fig. 3, where the MH-
131 always outperformed the mesh. The other harvesters did
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Fig. 4 Photographs of all harvesters during fog harvesting, with red dotted regions highlighting elastocapillary tangling. See Movies S1-S3 in the
ESIt for fog droplets collecting on the mesh, MH-10, and harp harvesters, respectively.
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(a) Histogram quantifying the extent of clogging for the mesh and MH-131. Holes that remain completely open are binned into the ‘No

clogging’ category, holes at least partially blocked with a water film are ‘partial clogging,” and holes completely closed with water are ‘full
clogging.’ (b) Histogram quantifying the extent of elastocapillary wire tangling for the MH-5, MH-3, MH-1, and harp harvesters. Note thatn =1
(i.e., non-tangled single wires) are omitted, such that the total percentage for a given harvester corresponds to the fraction of wires that are

tangled to any extent.

not demonstrate appreciable clogging, aside from the afore-
mentioned secondary issue of pinned droplets along the
interconnects.

Fig. 5b quantifies the elastocapillary tangling issue. The pure
harp exhibited up to seven-wire bundles, highlighting the
severity of the tangling problem in the absence of impractical
tensioning. With more interconnects, this issue gradually
improves: the worst-case scenario improves to six-wire bundles
for MH-1, three-wire bundles for MH-3, and only two-wire
bundles for MH-5. The fact that MH-5 exhibits the highest
possible n suggests that two-wire tangling states do not open up
large-enough holes in the harvester to compromise the depo-
sition efficiency of droplets. Previous reports have also shown
that droplets can slide very effectively between two adjacent
wires.'® Indeed, even the very minor increase of pinned droplets
on the MH-10 is clearly a net detriment to n despite the
complete lack of even two-wire tangling states. Therefore, it
seems that tangling is only a problem for three-wire bundles
and beyond.

3.3 Elastocapillary tangling model

Here, we develop an elastocapillary tangling model that
improves on those developed in previous reports. Py et al. and
Duprat et al. modeled the critical length of two parallel, canti-
levered wires where capillarity overcomes the elastic energy
required to bend them together.”»*® Shi et al. contextualized this
model for fog harps by assuming the wires were pinned at both
ends (effectively doubling the critical length) and allowing for
a pre-tension in the wires to modify the overall bending energy.®
The existing theory on elastocapillary tangling in tensioned fog
harps can be summarized by the following equation:”

2’\/(7.t - 2)RwireLdry,n4 -
(TLary” + 9EDI(1 = D’(p12 = Ryir1 = 0 (1)

This journal is © The Royal Society of Chemistry 2025

where v represents the surface tension of water, Ry is the
radius of each wire, and Ly, denotes the minimum vertical
length required for n wires to bundle together from either end
of the frame, T is the applied pretension in the wires, p is the
center-to-center pitch between wires, E is the Young's modulus,
and I is the area moment of inertia for a wire (assuming
a circular cross section).

This previous model had the harp wires under pre-tension to
prevent tangling. In contrast, the 3D-printed harvesters fabri-
cated here do not exhibit appreciable pre-tension. In the
absence of pre-tension, we can no longer neglect the axial
tension resulting from the elongation of the wires as they bend.
Further, the original model assumed a simply supported beam
(pinned-pinned), where both ends are supported but free to
rotate. This assumption was reasonable for the context of
threading a wire along a series of holes® or comb teeth,*” but
not for the present case of 3D-printed fibers held within
a continuous frame. We therefore change the model here to give
the fibers a fixed-fixed (clamped-clamped) support. These
updates collectively result in the following expression:

27(7: - 2)RwireLdry,n4 -
(TaxiaiLary” + 24ED[(n = 1(p)2 — Ruire)'1 =0 (2)

where the first (unchanged) term represents the energy gained
from coalescing wetted fibers together, the second term accounts
for axial tension from elongation, and the third term captures the
bending energy of the fibers with fixed—fixed supports. The axial
tension variable due to elongation is in turn defined as:

EA ALalxiall
—_— 3
Lwire ' ( )

axial =

where A is the cross-sectional area of each fiber, Ly;.. is the total
length of a given vertical fiber (prior to elongation), and AL,y;a; is
the axial elongation of the fiber due to bending. A critical fiber
length, beyond which a bundle of  fibers is possible for the first
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time, is expressed as Lyjire,c = 2Lary,»- Fiber elongation can be
approximated using the Pythagorean theorem (Fig. S37):
Ldiagona12 = ALhorizontal2 + Ldry,nzy where by definition ALyl =
Lgiagonal — Lary,» and the lateral extent of the bending for the
outermost fibers is given by:
n p—D
G-1)e-0)+5 5=

if n is even
ALhorizonz\] (n7p7 D) =

(”; 1)(p—D) if 7 is odd
(4)

Utilizing this updated model, Fig. 6a shows a phase map
predicting the maximum tangling state for any given value of p
and Lgy. A reminder that Ly, can be conceptualized as the
critical half-length of a fiber, Ly /2, beyond which bundles of
n fibers becomes possible. For the harp, Ly is given by the
vertical span of each fiber within the overall frame, whereas for
the hybrid harvesters, it represents the span between two
adjacent inter-connects. The wire lengths for harvesters that
exhibited tangling are as follows: harp harvester Lyi.. = 300
mm, MH-1 Ly = 150 mm, MH-3 L. = 77 mm, and MH-5
harvester Lyie = 55 mm. No bundling should be possible
beneath the n = 2 phase line, only two-wire bundling should be
possible between the n = 2 and n = 3 phase lines, both two-wire
and three-wire bundling are possible between the n =3 and n =
4 phase lines, etc. Experimental data points are overlaid using
the harp, MH-1, MH-3, and MH-5 harvesters where elastoca-
pillary tangling occurred. There is excellent agreement between
the maximal value of n observed for each harvester and the
theoretical prediction of n.

200
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175 | < n =3 (exp)
< n =6 (exp)
150 { @ ®n=7(exp)
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25 No Tangling
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Fig. 6 Theoretical phase map predicting tangling onset as a function

of wire length and pitch. Above each phase boundary, tangling is

possible for two (green), three (purple), four (brown), five (blue), and six

(orange) wires. Experimental data points for a 0.8 mm pitch follow the

same color scheme, with the chosen value for Ly, , corresponding to
Lwire/z-
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One final nuance of this updated analytical model is
accounting for an upper limit to n that we term the coalescence
limit. This accounts for the practical reality that, for increas-
ingly large bundles to stick together, adhered fog droplets must
be able to span the gap between existing bundles to trigger
further coalescence and bundling. The critical droplet size,
beyond which sliding occurs, can be estimated by balancing the
gravitational and pinning forces. Kawasaki, Furmidge, and
others demonstrated that the pinning force arises from contact
angle hysteresis and is dominant along the receding contact
line.>*** Shi et al. applied this model to calculate the theoretical
critical volume for a droplet to slide down a harp wire.'® Here,
we develop the coalescence limit using the simplest possible
scenario of two hemi-spherical and same-sized droplets that are
facing each other as they grow from two neighboring and same-
sized bundles (Fig. S41). Assuming the receding contact line of
either droplet wets a half-perimeter of an outer-most fiber
within its bundle, the pinning force is estimated by Fpinning =
TRyireY(COS 6, — cos 0,), where cos 6, = 50° + 2° and
cos 0, = 120° + 4° are the advancing and receding apparent
contact angles, respectively, on the PLA fibers. See Movie S47 for
a sample trial of a droplet sliding down a PLA fiber to measure 6,
and 6,, where the uncertainty reported above represents one
standard deviation across three trials. For approximately hemi-
spherical droplets the gravitational force is F, = (27/3)R%pg,
where R is the droplet radius. Coalescence and further bundling
should occur at Reoatesce = ALnorizontal + (P — D)/2), where the n
used to calculate ALyorizontal cOrresponds to that of either sub-
bundle. Finally, the coalescence limit is found for the smallest
value of n where R.qalesce > Re:

_ . _ 1/3
p—D - 3Ryjirey(cos 6, — cos 8,) ’ 5)
2 4pwalerg

ALhorizonwll +

where n is twice that used to calculate Lygrizonai €ach sub-
bundle. Beyond the coalescence limit, droplet sliding always
occurs before the sub-bundles can merge together.

Fig. 7 calculates the coalescence limit for our case of p =
0.80 mm, D = 0.40 mm, cos f, = 50°, and cos §, = 120°. For
simplicity, we only found Rcaiesce/Re for even values of n, in
keeping with our simplifying assumption of same-sized sub-
bundles (i.e., n/2) and ALnorizontal Values. The critical value of
Reoalesce/Rc = 1 was reached at n = 6. This suggests that adjacent
fog droplets can barely manage to coalesce before sliding when
they are on opposing three-fiber sub-bundles, but that no coa-
lescence should be possible for four-fiber sub-bundles or larger.
Using imaging to verify: a characteristic gap between two
neighboring four-wire bundles was about 4 mm, while even the
largest adhered fog droplets exhibited had a radius of R =
2.0 mm (Fig. S47). This is in good agreement with our experi-
mental observations of the harp, where n = 6 had multiple
occurrences but never n = 8 or greater (Fig. 5b). There was
a single instance of n = 7 for the harp, which we attribute to
sliding droplets accumulating multiple daughter droplets to
enable a rare coalescence event that extends just beyond the
quasi-static coalescence limit. For the hybrid harvesters, note
that the much shorter values of L. resulted in the bending

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta02686e

Open Access Article. Published on 12 June 2025. Downloaded on 11/28/2025 8:19:54 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

2.0
1.8
1.6
1.4
1.2
10 p-=-------=----mmoo-
0.8
0.6
0.4
Al
0.0

2 4 6 8 10
n

Tangling possible Tangling not possible

Rcoalesce/ Rc

Fig. 7 The histogram displays the ratio Rcoaiescence/Re (droplet radius
to the radius required for coalescence) against the number of fibers in
a bundle, illustrating the transition between successful coalescence
(Reoalescence/ Re < 1) and failure (Reoalescence/Re > 1). The coalescence
limit was reached at n = 6, beyond which droplets slide before
merging. This model assumes only even-numbered bundle pairings
(eg.,1+1 2+ 2 4+ 4), simplifying real-world bundling behavior by
neglecting asymmetric interactions. Experimentally, coalescence was
observed up to n = 6 but not at n = 8, supporting analytical
predictions.

limit (ie., eqn (2)) superseding the coalescence limit to
prescribe the maximal n value, such that the latter was only
testable for the pure harp.

As an alternative to the analytical tangling model, it may be
desirable to utilize a recursive tangling model especially for
larger n values. This is because for n > 2, only the bending
energy of the outermost wires was considered for the analytical
model, as they experience the greatest displacement. However,
the cumulative bending energy of all wires becomes more
appreciable as n increases. Additionally, the analytical model
only accounted for the surface energy change of wetted fibers
coming together on either end of a bundle, but this would
ignore coalescence events occurring in the middle for n = 4.
These limitations were solved by Kaindu et al. by developing
a recursive tangling model that incorporated the cumulative
effects of bending and surface energy for any value of n for
tensioned harp wires.>* Here, we adapted the recursive model to
the present context of zero pre-tension, axial tension via fiber
elongation, and fixed-fixed fiber support. Interestingly,
numerical solutions of this updated recursive modeled over-
predicted the maximal extent of tangling more so than the
simpler analytical model, such that the latter is both more
accurate and easier to solve. For this reason, the full derivation
and graphical representation of the recursive model is not
shown here but can be seen in full in the ESI (Fig. S5).1

The long-term sustainability of PLA in 3D-printed coatings or
fibers warrants consideration, given that PLA is known to
degrade under natural outdoor conditions.”® This raises
concerns about the long-term harvester durability and envi-
ronmental impact of using PLA in large-scale fog harvesting
systems. However, the core innovation of this work lies not in

This journal is © The Royal Society of Chemistry 2025
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the material choice, but in the design functionality: we
demonstrate that introducing intermittent cross-supports is an
effective, scalable solution to the wire tangling problem—one
that does not depend on fiber tensioning. For commercial
implementation, the cross-support design could be fabricated
using alternative approaches such as metal 3D printing or more
sustainable plastics like polyhydroxyalkanoates (PHAs)*” and
polybutylene succinate (PBS).*® Moreover, non-additive
manufacturing routes are also viable. Industrial-scale produc-
tion might exploit roll-to-roll stamping,* adapt existing harp
screen processes,> or even reprogram textile looms to incor-
porate the support geometry.’® Regardless of the chosen
manufacturing method, the design principle we establish—
intermittent horizontal interconnects to suppress tangling—
remains the key contribution and can be adapted to diverse
materials and production strategies.

4 Conclusion

We have demonstrated that 3D-printed mesh-harp (MH) hybrid
fog harvesters effectively combine the anti-clogging function-
ality of fog harps with the anti-tangling functionality of mesh
nets, overcoming the limitations of both traditional systems.
Hybrid fog harvesters increased the water collection efficiency
by as much as a factor of 8.5 compared to equivalent mesh nets
and 3.8 compared to equivalent fog harps. We developed an
improved model for predicting the extent of wire tangling that
accounted for bending-induced axial tension to more accurately
quantify the competition between elasticity and capillarity. We
also revealed a coalescence limit, beyond which, droplet coa-
lescence and fiber bundling are impossible even when hypo-
thetically favored by elastocapillary considerations alone. These
findings show that hybrid harvesters can effectively collect
water without suffering from clogging (unlike nets) or requiring
an impractical pre-tension to avoid tangling (unlike harps).
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