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Abstract 

Access to clean water is one of the major global challenges due to the depletion of natural freshwater reserves, 

exacerbated by global warming and increasing world population. Reverse osmosis and desalination methods 

are commonly used for clean water production; however, these methods have high investment and energy costs, 

limiting their widespread application. In recent years, atmospheric water collection, using fog, has emerged as 

an energy-efficient, low-cost, and environmentally friendly alternative method. However, traditional fog 

harvesting nets have low efficiency, prompting increasing interest in developing materials that can collect fog 

at higher yields. In this study, 3D printing was used to create surfaces with various topographies, which were 

then coated with hydrophilic polyacrylic acid (PAA) and hydrophobic polyhexafluorobutyl acrylate (PHFBA) 

thin films in a single step, utilizing the environmentally friendly plasma enhanced chemical vapor deposition 

(PECVD) technique. Additionally, surfaces exhibiting both hydrophilic and hydrophobic properties were 

designed and fabricated. The chemical structure, topographical features, and wettability characteristics of the 

coated surfaces were thoroughly characterized. A total of 22 samples with different surface structures and 

wettability properties were produced. Fog harvesting experiments revealed that, compared to the control 

surface, the surface designs achieved up to a 270% increase in fog harvesting efficiency. The results demonstrate 

that surface topography and wettability are key factors influencing fog harvesting performance. 
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Fonksiyonel İnce Film Kaplı 3B Yüzeylerin Sis Toplama Performansının İncelenmesi 

Öz 

Temiz suya erişim, doğal tatlı su kaynaklarının tükenmesi, küresel ısınma ve artan dünya nüfusu gibi etkenler 

nedeniyle, günümüzde karşılaşılan en önemli küresel sorunlardan biridir. Temiz su üretimi için genellikle ters 

ozmoz ve tuzdan arındırma yöntemleri kullanılmaktadır; ancak bu yöntemler yüksek yatırım ve enerji 

maliyetlerine sahiptir ve bu durum yaygın kullanımını sınırlamaktadır. Son yıllarda, atmosferik su toplama 

yöntemi olarak sis kullanımı, enerji verimli, düşük maliyetli ve çevre dostu bir alternatif yöntem olarak öne 

çıkmaktadır. Ancak, geleneksel sis toplama ağlarının verimliliği düşüktür ve bu durum, daha yüksek verimle 

sis toplayabilen malzemelerin geliştirilmesine olan ilgiyi artırmıştır. Bu çalışmada, çeşitli topografik yapılara 

sahip yüzeyler 3D baskı ile üretilmiş ve çevre dostu bir yöntem olan plazma destekli kimyasal buhar biriktirme 

(PECVD) tekniği kullanılarak, tek adımda hidrofilik poliakrilik asit (PAA) ve hidrofobik poliheksaflorobütil 

akrilat (PHFBA) ince filmlerle kaplanmıştır. Ayrıca, hem hidrofilik hem de hidrofobik özellikler gösteren 

yüzeyler tasarlanıp üretilmiştir. Kaplanmış yüzeylerin kimyasal yapısı, topografik özellikleri ve ıslanabilirlik 

karakteristikleri kapsamlı bir şekilde karakterize edilmiştir. Farklı yüzey yapıları ve ıslanabilirlik özelliklerine 

sahip toplam 22 örnek üretilmiştir. Sis toplama deneyleri, kontrol yüzeyle karşılaştırıldığında, geliştirilen yüzey 

tasarımlarının sis toplama veriminde %270'e varan artış sağladığını ortaya koymuştur. Elde edilen sonuçlar, 

yüzey topografyası ve ıslanabilirliğin sis toplama performansını etkileyen temel faktörler olduğunu 

göstermektedir. 
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1. Introduction 

 

With the global water crisis becoming increasingly severe, the development of efficient and 

environmentally sustainable water production techniques has become a critical research 

priority. Conventional techniques such as reverse osmosis and desalination are widely used but 

come with significant drawbacks, including high energy demands and the generation of 

environmentally harmful by-products [1, 2]. These processes typically rely on fossil-fuel-based 

energy sources, contributing to an increased carbon footprint. As a result, there has been 

growing interest in alternative water production strategies that are cost-effective, energy-

independent, and environmentally sustainable, among which fog harvesting stands out as a 

promising passive method. Fog harvesting, in particular, offers a passive means of collecting 

water directly from atmospheric moisture without the need for external energy input. 

Traditionally, fog harvesting has been carried out using mesh-based fog collectors, but their 

water yield remains relatively low. To overcome this limitation, researchers have focused on 

designing advanced materials with improved fog harvesting performance. Notably, many of the 

most promising fog-harvesting surfaces have drawn inspiration from nature. In nature, 

organisms such as the Namib Desert beetle, spider webs, and various arid-adapted plant species 

have evolved highly efficient fog-harvesting surfaces by integrating unique surface geometries 

and wettability patterns. These natural designs often incorporate hierarchical microstructures, 

directional grooves, and contrasting hydrophilic-hydrophobic regions to enhance fog harvesting 

and directional water transport [3–8]. 

 

Recent studies highlight the crucial roles of both surface topography and wettability in fog 

harvesting efficiency. The efficiency of fog harvesting is strongly dependent on surface 

topography and wettability [9–11]. While existing research has explored micro- and 

nanostructures, there is limited understanding of how millimeter-scale geometries 

systematically influence fog harvesting under controlled conditions. Moreover, most studies 

focus on uniformly hydrophilic or hydrophobic surfaces, overlooking the potential of hybrid 

wettability configurations. This study aims to address these gaps by presenting a comprehensive 

investigation of fog harvesting performance across various 3D surface designs. Unlike previous 

work, our approach integrates diverse geometric configurations including cones, pyramids, 

cylinders, domes, and cubes, while also exploring the impact of dual wettability, where the 

surface base and structures exhibit contrasting water affinities. This bilayer design mimics 

natural systems, where wetting gradients guide water transport from collection to storage 

regions [12, 13]. To investigate the effects of surface wettability, hydrophilic poly(acrylic acid) 

(PAA) and hydrophobic poly(hexafluorobutyl acrylate) (PHFBA) thin films were deposited 

onto the 3D-structured surfaces using plasma enhanced chemical vapor deposition (PECVD). 

The -OH groups in PAA interact strongly with water droplets, promoting their adsorption and 

spreading across the surface. In contrast, the fluorine-containing structure of PHFBA imparts 

low surface energy, leading water droplets to minimize contact, adopt a near-spherical shape, 

and roll off the surface more easily.  
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This study aims to evaluate how surface geometry and wettability distribution affect fog 

harvesting. In total, 22 different surfaces were fabricated, with 12 exhibiting uniform wettability 

and 10 featuring contrasting wettability between the features and base surfaces. After 

fabricating these surfaces, fog harvesting performance was systematically tested to assess the 

impact of surface geometry and wettability on fog harvesting efficiency. 

2. Materials and Methods 

 

2.1. Materials 

 

Six distinct surfaces were initially designed using SolidWorks software. The samples were then 

fabricated using an Artillery Sidewinder-X2 3D printer via fused deposition modeling (FDM), 

employing polylactic acid (PLA) filament. Each surface was produced with dimensions of 3 

cm × 3 cm, and the individual surface features were standardized to a base width and height of 

2.4 mm, with a fixed 2 mm spacing between adjacent features. Figure 1 a-f illustrates six surface 

morphologies: flat, dome shaped, conical, pyramidal, cylindrical and cube shaped, 

schematically representing the fabricated geometries used in this study. 

 

 

 

Figure 1. Schematic representation of different micro/nano surface morphologies: (a) flat, (b) 

dome-shaped, (c) conical, (d) pyramidal, (e) cylindrical, and (f) cube-shaped structures. 

 

To enable the fabrication of geometrically patterned materials exhibiting distinct wettability 

characteristics on their base and surface structures, additional perforated plates were fabricated. 

These plates featured openings precisely designed to fit over the surface microstructures 

without covering them. Functioning as masks, the perforated plates effectively shielded the base 

regions of the structured substrates, thereby temporarily replacing the original base surfaces 

during the deposition process. By combining the structured base plates with the perforated 

masking plates, materials with dual wettability characteristics were successfully produced. The 

base and surface structures were selectively coated using polymeric thin films with different 

wetting properties. The overall fabrication strategy involves the integration of distinct surface 
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features, as illustrated in Figure 2. Specifically, conical microstructures (Figure 2a) and a 

perforated masking plate (Figure 2b) were combined to form a hybrid structure (Figure 2c). 

This approach was consistently applied across all surface designs, with the conical geometry 

serving as a representative example. 

 

 

 

Figure 2. (a) Surface with microstructures, (b) perforated plate, and (c) combined surface 

incorporating both features. (The same strategy was applied for all surface types; the conical 

structure is shown as a representative example.) 

Including the control sample, a total of 12 samples with uniform wettability, either hydrophobic 

or hydrophilic, were prepared by coating all surface designs with thin films of a single type. In 

addition, 10 more samples were fabricated in which the base and surface structures were coated 

with contrasting wettability properties, such as hydrophilic on the base and hydrophobic on the 

features, or vice versa. In total, 22 distinct geometrically patterned surface designs were 

produced by combining various surface structures with different wettability configurations 

2.2. PECVD Polymerization 

 

Acrylic acid (AA, 99%, Sigma-Aldrich) monomer was used for hydrophilic coatings, while 

2,2,3,4,4,4-hexafluorobutyl acrylate (HFBA, 95%, Sigma-Aldrich) monomer was used for 

hydrophobic coatings. The chemical structures of both monomers are schematically shown in 

Figures 3a and 3b, respectively. 

 

Figure 3. The chemical structures of (a) AA and (b) HFBA 

Polymeric thin films were deposited using a custom-built PECVD system. The stainless-steel 

reactor (15 cm in length and 16 cm in diameter) was equipped with a bottom-mounted heat 

exchanger connected to a recirculating water bath to control substrate temperature. Detailed 

specifications of this system have been reported elsewhere [14]. The reactor featured a 

transparent glass lid, enabling visual monitoring during deposition. Film thickness was 
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measured in real time using an interferometric system composed of a 632.8 nm laser and a 

photodetector. A vacuum environment was established with an Edwards XDS-10 vacuum 

pump, and pressure was monitored using a capacitance manometer. A PID-controlled butterfly 

valve between the pump and reactor maintained stable operating pressure. Monomers were 

placed in stainless steel jars and introduced into the reactor via needle valves to control vapor 

flow rate. A copper antenna positioned above the reactor lid was connected to a 13.56 MHz 

radio frequency (RF) power supply to initiate plasma polymerization. A matching network was 

used to ensure efficient power transfer without reflection. Details of the PECVD of PAA and 

PHFBA deposition experimental conditions were summarized in Table 1. 

Table 1. Experimental conditions used for PECVD processes in this study 
 

PECVD parameters PHFBA PAA 

Plasma power (W) 20 20 

Reactor pressure (mTorr) 100 100 

Monomer flowrate (sccm) 0,8 1,0 

Substrat temperature (°C) 15 15 

 

2.3. Characterizations  

 

The deposition rates were measured during the experiments using a laser interferometer, and 

after the experiments, with a refractometer. In the laser interferometer measurement, the 

reflected laser light from the silicon wafer was collected using a detector mounted next to the 

laser beam. The light intensity was measured with a multimeter connected to the detector. 

Instantaneous thickness measurements were made using Equation 1, based on the Fresnel 

Equation and Snell's Law. 

     
𝒅

𝒇𝒓𝒊𝒏𝒈𝒆
=

𝝀

𝟐𝜼𝒑𝒐𝒍𝒚𝒎𝒆𝒓
         (Equation 1) 

In Equation 1, npolymer, λ and d/fringed represent the refractive index of the polymer, the 

wavelength of the laser light, and the data from the interferogram graph, respectively. The 

wavelength of the used laser is 632.8 nm. Assuming a refractive index of 1.5 for the polymeric 

thin film, each d/fringe value in Equation 1 was approximately found to be 211 nm. After 

completing the experiments, the deposition rates were further confirmed using a refractometer. 

The chemical analyses of the polymeric thin films were carried out using FTIR and XPS. FTIR 

was used to identify the functional groups of the polymers, while XPS was employed to 

determine the elemental composition of the polymers. The FTIR spectra of the polymeric thin 

films were recorded in the 600-4000 cm⁻¹ wavelength range using an FTIR instrument (Thermo 

Scientific Nicolet iS 10). XPS analysis was performed with a monochromated Al Kα x-ray 

source (hν = 1486.68 eV) on an XPS (Thermoscientific, K-Alpha, USA) device, using an energy 

step size of 1 eV at 200 eV, with a 50-second waiting time for the analyses. 

The wettability of the polymeric thin films was assessed using a goniometer-type contact angle 
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measurement device (Kruss Easy Drop). Measurements were performed at room temperature 

using 2 μL of distilled water, with a pH value of around 7. 

The surface roughness was measured in a 5 x 5 μm² area using an AFM (TT-2 AFM Workshop) 

in semi-contact mode. The control surface was analyzed using SEM (Model LS-10, Zeiss) 

before and after coating with PAA and PHFBA. Prior to SEM analysis, samples were attached 

to holders using double-sided tape and then coated with approximately 5 nm of gold using a 

sputter coater (Model 108, Cressington Scientific Instruments Ltd). The fog harvesting 

performances of the 22 designed samples were tested by exposing them to artificial fog created 

under controlled laboratory conditions, resembling meteorological fog. The fog harvesting 

experiments lasted for at least 60 minutes. A custom-built fog generation and collection setup 

was used for the experiments. Artificial fog was generated using an ultrasonic nebulizer 

(Pulsemed, Model: GL-2205). The samples were mounted on a beaker placed on an electronic 

balance and exposed to the fog. Water droplets with diameters between 0.5 and 6.0 μm were 

delivered to the samples at a flow rate of 300 mL/hour. The distance between the nebulizer and 

the samples was kept constant throughout all experiments. 

3. Results and Discussion 

 

To better understand the interaction between surface morphology and fog harvesting, the 

geometric parameters of each particle type were quantified. Table 2 presents the total surface 

area of a single feature, base area of a single feature, fog-exposed surface area of a single 

feature, total fog-exposed surface area of all features, and the substrate area not occupied by 

features. 

Table 2. Summary of surface area characteristics of the fabricated 3D materials 

Samples Total surface 

area of a single 

feature (mm²) 

Base area 

of a single 

feature 

(mm²) 

Fog-exposed 

surface area of a 

single feature 

(mm²) 

Total fog-

exposed surface 

area of all 

features (mm²) 

Substrate area 

not occupied by 

features (mm²) 

Flat - - - - 900.00 

Cylindrical 27.14 4.52 22.62 1108.38 678.52 

Cube-shaped 34.56 5.76  28.80 1411.20 617.76 

Pyramidal 18.64 5.76 12.88 631.12 617.76 

Conical 14.64 4.52 10.12 495.88 678.52 

Dome-shaped 27.16 5.76 21.40 1048.6 617.76 

 

The deposition rates of the polymeric thin films were calculated by dividing the film thickness 

by the deposition time. The deposition rates of the PAA and PHFBA thin films were determined 

to be 23 and 15 nm/min, respectively, based on the laser interferometer results. These values 

were found to be consistent with the results obtained from the reflectometer measurements. 

FTIR analyses were performed for both thin films. The FTIR spectra of PAA and PHFBA thin 

films are presented in Figures 4 and 5, respectively. In Figure 4, the main peaks observed in the 

FTIR spectrum of the PAA thin film are as follows: between 3600-2500 cm⁻¹ (COOH 
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functional group), around 1700 cm⁻¹ (C=O stretching), between 1500-1350 cm⁻¹ (C-H 

bending), and between 1300-1100 cm⁻¹ (C-O stretching) [15, 16]. 

 

 
Figure 4. FTIR spectrum of PAA thin film deposited using PECVD 

 

In Figure 5, the main peaks observed in the FTIR spectrum of the PHFBA thin film are as 

follows: between 3000-2800 cm⁻¹ (C-H stretching), around 1740 cm⁻¹ (C=O stretching), around 

1450 cm⁻¹ (CH₂ bending), around 1395 cm⁻¹ (CF₃ stretching), around 1290 cm⁻¹ (CF₂ 

vibration), around 1110 cm⁻¹ (CFH-CF₃), and around 960 cm⁻¹ (CF stretching) [15, 17, 18]. 

 

 
Figure 5. FTIR spectrum of PHFBA thin film deposited using PECVD 
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In the FTIR spectra of both polymeric thin films, the characteristic C=C double bond peaks 

typically observed around 1630 cm⁻¹ in the spectra of their respective monomers were not 

detected. The absence of C=C bonds in both polymers indicates that the unsaturated double 

bonds were successfully reacted during polymerization, confirming the complete conversion of 

monomers and the absence of residual monomer in the resulting polymer structures. 

 

In addition to FTIR analysis, elemental compositions of the thin films were determined by XPS. 

As expected, the PAA thin film contained only C and O, while the PHFBA thin film contained 

only C, O, and F. Elemental analysis revealed that the PAA thin film consisted of 66.1% C and 

34.9% O, closely matching the theoretical atomic composition of acrylic acid (60.0% C and 

40.0% O). Similarly, the PHFBA thin film was composed of 51.7% C, 11.8% O, and 36.5% F, 

which is in reasonable agreement with the theoretical atomic composition of HFBA monomer 

(46.7% C, 13.3% O, and 40% F). 

 

Chemical analyses of the polymeric thin films revealed several noteworthy findings. In the 

FTIR spectra of both polymers, spectral broadening and increased peak intensities were 

observed. These features are not considered surprising; in fact, they are commonly encountered 

in PECVD processes operating in continuous plasma mode, as employed in this study. In such 

processes, the loss of functional groups and structural alterations may occur due to ion, electron, 

or neutral species bombardment, or through random recombination of radical groups [19–23]. 

These effects may also account for the differences between the theoretical and experimentally 

measured elemental compositions observed in the XPS analysis. Nevertheless, overall, the 

FTIR results indicate that the functional groups of the monomers were largely preserved, 

suggesting that the structural integrity of the polymer was maintained throughout the PECVD 

process. 

 

Contact angle measurements were conducted on uncoated and coated flat 3D surfaces to 

evaluate the wettability of the films. The images of the water droplets on the uncoated surface, 

PAA coated surface, and PHFBA coated surface are presented in Figures 6 a, b, and c, 

respectively. The contact angle of the uncoated sample was measured to be 37.8°, while the 

PAA coated sample, as expected, exhibited a more hydrophilic nature with a contact angle of 

8.1°. In contrast, the PHFBA coated surface demonstrated hydrophobic behavior, with a contact 

angle of 98.1°, consistent with the nature of the fluorinated polymer. AFM analyses were 

conducted on the PAA (Figure 6 d) and PHFBA (Figure 6 e) coated silicon wafers to evaluate 

the roughness of the thin films. For both polymeric coatings, average roughness (Ra) and root 

mean square roughness (Rq) values were measured. The Ra values were found to be 4.01 nm 

for the PAA film and 5.70 nm for the PHFBA film, while the corresponding Rq values were 

4.95 nm and 6.43 nm, respectively. The findings align with the literature, where smooth 

polymeric thin films synthesized via CVD methods have been extensively reported [24, 25]. 



Coplan et al.                                                                                                              EJSAT 2026, 19(1) 253-267 

 

 

261 

 

Figure 6. The contact angle images of (a) uncoated, (b) PAA coated, (c) PHFBA coated flat 

3D surface. The AFM images of (d) PAA and (e) PHFBA thin film. 

The visual appearance of all samples remained unchanged to the naked eye both before and 

after the coating processes. To enable a more detailed assessment, flat 3D surfaces were 

examined using SEM. Figure 7 a, b and c presents the SEM images of the uncoated, PAA 

coated, and PHFBA coated flat 3D surfaces, respectively. No significant differences were 

observed among the surface morphologies based on the SEM images, indicating that the 

PECVD coatings did not alter the macroscopic or microstructural appearance of the surfaces.  
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Figure 7. The SEM images of (a) uncoated, (b) PAA coated, (c) PHFBA coated flat 3D surface  

The amount of fog harvested by each of the 22 samples over one hour was calculated and is 

shown in Figure 8.  
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Figure 8. Comparison of fog harvesting performance based on the amount collected per sample 

In general, for samples with the same surface geometry, the amount of fog harvested increased 

in the following order: hydrophilic < uncoated < hydrophobic/hydrophilic < hydrophobic < 

hydrophilic/hydrophobic. On hydrophilic surfaces, hydrogen bonding occurs between water 

droplets in the fog and the –OH groups present in the structure of the PAA thin film [26]. These 

hydrogen bonds promote the adsorption of water droplets onto the PAA coated surface. Due to 

the strong interaction between water and polar functional groups, the water spreads on the 

surface. However, the same hydrogen bonding that facilitates adsorption also hinders the 

detachment of droplets from the surface. Water droplets that cannot detach may either re-

evaporate [27] or be carried away by incoming fog vapor, thereby decreasing the number of 

droplets contributing to downward flow. These mechanisms may decrease the frequency of 

droplet transport and, consequently, reduce the fog harvesting efficiency of hydrophilic 

surfaces. In contrast, the relatively more hydrophobic uncoated surfaces may have mitigated 

the adverse effects associated with hydrophilicity, thereby exhibiting enhanced fog harvesting 

performance. When fog droplets come into contact with the low-surface-energy PHFBA thin 

film, they minimize surface interaction due to thermodynamic constraints, adopting near-

spherical shapes that promote detachment. This reduces droplet residence time, thereby 

minimizing re-evaporation and water loss. Consequently, PHFBA coated samples demonstrated 

superior fog harvesting performance compared to uncoated and hydrophilic samples. Among 

dual-wettability designs, surfaces with hydrophobic/hydrophilic configurations exhibited 

slightly lower efficiency than fully hydrophobic ones, likely because droplets detached from 

the hydrophobic regions before growing large enough to reach the base and be collected. This 

finding aligns with previous studies reporting that hydrophilic structures combined with a 

hydrophobic background enhance fog harvesting by facilitating droplet transport and 

minimizing re-evaporation [28, 29]. This study shows that the combination of hydrophilic 
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protrusions with a hydrophobic base surface plays a crucial role in enhancing fog harvesting 

efficiency. Another noteworthy finding regarding fog harvesting performance is the influence 

of surface geometry. For samples exhibiting identical wettability characteristics, the amount of 

collected fog increased in the following order: flat < cone < pyramid < dome < cylinder < cube. 

As anticipated, the presence of surface features significantly enhanced fog harvesting 

efficiency. A positive correlation was observed between the total surface area contributed by 

these geometric structures and the collected fog volume. This suggests that increased surface 

area provides more active sites for droplet nucleation and growth, ultimately improving fog 

harvesting efficiency. Figure 9 presents the relative improvement in fog harvesting performance 

for all samples compared to the control sample, i.e., the uncoated flat surface. 

Figure 9. Relative improvement (%) in fog collection efficiency with respect to the control 

sample 

 

According to the World Health Organization, an individual living under average climatic 

conditions requires approximately 2.5 liters of clean water per day [30]. In this study, the fog 

droplets generated by the nebulizer during fog collection experiments were in the range of 0.5–

6.0 μm, which closely resembles the droplet sizes typically observed in natural meteorological 

fog. Among all tested surfaces, the cubic structure with hydrophilic/hydrophobic wettability 

exhibited the highest fog harvesting efficiency, achieving a 270% increase in collected water 

compared to the control sample. Based on this result, it can be estimated that a 1 m² surface 

featuring this design, when exposed to a fog-rich environment for 3 hours, could potentially 

yield enough water to meet the daily clean water needs of an individual. 
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4. Conclusions 

This study systematically demonstrates that the interplay between surface geometry and 

wettability distribution significantly influences fog harvesting performance. Among the 22 

fabricated surfaces, those combining millimeter-scale 3D structures with dual 

(hydrophilic/hydrophobic) wettability exhibited the highest collection efficiencies. Notably, 

cube-patterned surfaces with bilayer coatings outperformed all others, highlighting the 

synergistic effect of directional droplet transport. These findings provide valuable design 

principles for the development of efficient, passive water collection systems tailored for arid 

and fog-prone regions. 
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