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Abstract 

With the recent threat of climate change and global warming, ensuring access to safe drinking 

water is a great challenge in many areas worldwide. Designing functional materials for capturing 

water from natural resources like fog and mist has become one of the key research areas to 

maximize the production of clean water. From this aspect, nature is a great source for designing 

bioinspired functional materials as some of the plant leaves and animal exoskeletons can harness 

water and then store it to save themselves from arid, xeric conditions. Inspired by the Steno Cara 

Beetle, we have designed a composite surface structure with periodic islands made of aluminum 

microparticles surrounded by poly(dimethylenesiloxane) (PDMS). An acoustic tweezer-based 

method was used to fabricate the bioinspired composite structures, where surface acoustic waves 

at specific frequencies and amplitudes are applied to align the microparticles as islands in the 

polymer matrix. An oxygen plasma etching step was applied to expose the microparticles on the 

PDMS surface. The average water harvesting efficiency for structures made with 120 KHz and 80 

KHz acoustic frequencies and one hour etching time were found to be 9.41 gcm-2h-1  and 8.84 gcm-

2h-1 respectively. The acoustically-patterned biomimetic composite surface showed higher water 

harvesting efficiency compared with completely hydrophobic PDMS and hydrophilic aluminum 

surfaces, demonstrating the advantages of the bioinspired composite material design and acoustic-

assisted manufacturing technique. The biomimetic fog water harvesting material is a promising 

avenue to fulfill the demand for a cost-effective, sustainable, and energy-efficient solution to safe 

drinking water. 
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1. Introduction 

Water is the most substantial liquid material on earth and blessings of nature. All the living beings 

on earth live on drinking water and lack of a certain amount of water in our body cause serious 

dehydration that can lead to death. The unavailability of water in desert and some drought regions 
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on earth all year round makes life extremely difficult for the inhabitants. Specially, scarcity of 

adequate drinking water causes serious consequences during summer1-2. A sustainable technology 

that can mitigate the shortage of fresh water is a prime concern for engineers. Apart from that, 

recent climate change and global warming that cause temperature increment and imbalance in 

weather have fueled up the issue to a great extent and added more concern3-7. Though there are 

some recent technologies such as desalination and filtration plants in market, more cost-effective 

and efficient methods are still needed for water security of our society. From this perspective, the 

focus of developing new technology has now shifted to the design and manufacturing of new 

materials, among which composite polymer surfaces show encouraging performances when 

utilized to harness water from the atmosphere8-11. 

Nowadays, bioinspired design of nanocomposites has drawn attention of researchers due to the 

ability to mimic the properties of the specific biological plants or animals. For instance, in nature, 

some animal exoskeletons and plant leaves have astonishing property of collecting water from the 

environmental mist and can store it for future use. Particularly, Nami Dessert beetle can harness 

water from the ambient humid weather. Their exoskeletons consist of an array of hydrophilic 

bumps on top surface and a hydrophobic background that is immediately beneath the bumps. The 

array of bumps facilitates the condensation of water as droplets from the mist or fog laden air and 

holds them on the surface due to the hydrophilic property. The hydrophobic background helps the 

coalesced droplets roll off the surface. Inspired by this property, many 2D wettable surfaces for 

water harvesting have been developed adopting different synthesis techniques. Nevertheless, there 

is still a need for water harvesting materials with high efficiency, low cost, low energy 

consumption, and facile manufacturing12-17. 

Zhu et. al. has summarized the four existing fabrication methods for the beetle-inspired composite 

surfaces: mixing method, responsive method, mask-based method and inkjet printing method18. 

‘Mixing method’ usually laminates the pre-patterned hydrophilic and hydrophobic layers using 

thermal pressing19. The materials used should sustain the thermal pressing temperature/stress and 

have similar thermal expansion coefficients to avoid delamination. Also, this method is not 

particularly viable for making composite surface with thermosets. In ‘responsive method’ the 

patterning process should be triggered by some stimuli such as light irradiation, temperature, 

electric potential, which limits the choice of materials to only those that are responsive to the 

stimuli. The ‘mask based method’ process is very complex and lengthy as it requires multiple steps 

such as mask preparation, mask transfer, mask alignment, etc. Moreover, the use of masks 

increases the manufacturing cost because the masks need to be replaced regularly to avoid cross 

contamination and loss of patterning accuracy.  In ‘inkjet printing method’, the printing inks are 

required to be jetable, which limits the use of viscous materials. In addition, to prevent clogging 

of the inkjet printing nozzle, the particles in the printing inks needs to be submicron sized and 

surfactants are usually added to the inks to prevent agglomeration of the particles. These 

surfactants will significantly affect the surface wettability of the printed structure and might play 

a negative role in creating a wettability gradient needed for the water vapor harvesting. 

Acoustic tweezer is a a noninvasive and contactless method to manipulate particles on any solid 

plate or dispersed inside the polymer matrix 20-22. In this paper, a facile method based on acoustic 

tweezer has been developed for the fabrication of the beetle-inspired composite surfaces. In our 

acsoutic tweezer, surface standing acoustic wave was generated by piezoelectric transducers, 

propagated along a Kapton polymer substrate as antisymmetric lamb wave, and finally leaked into 

the liquid media to assemble the particles into desired pattern. For our experiment, the liquid media 
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is PDMS in toluene solutioin and the particles are aluminum (Al) microparticles. The Al 

microparticles clustered at the acoustic pressure nodes as islands surrounded by PDMS. After the 

PDMS was cured, an oxygen plasma etching step was applied to futher expose the Al microparticle 

islands on the PDMS surface. The as-obtained composite film with hydrophilic Al bumps 

surrounded by hydrophobic PDMS valleys mimics the exoskeleton structure of the dessert beetle 

and demonstrates promising water vapor harvesting performance, compared with other water-

harvesting films fabricated by more complex methods18, 23-25. 

Compared with existing methods to fabricate the bio-inspired composite surface, the acoustic 

tweezer-based process puts fewer restrictions on the materials properties: it only requires there is 

density difference between the particles and their surrounding media (e.g. the polymer solution), 

which can be more easily satisfied than the requirement on material’s electrical, magnetic, optical, 

thermal properties 26-30. Further, acoustic patterning has been achieved in low-viscosity colloidal 

solution as well as highly viscous composite polymer solution 31-33. It can also precisely pattern 

particles with sizes ranging from nanometers to millimeters even without the need to suppress 

agglomeration with surfactant 31-35. In short, the most significant advantage of acoustic tweezer-

based method compared with other methods is the unbeatably wide range of materials it can work 

with. Moreover, the acoustic particle patterning is also highly scalable. Depending on the size and 

number of the acoustic actuators used, particle patterns have been achieved over areas ranging 

from several mm2 to hundreds of cm2 36-40.  

2. Working mechanisms of acoustic patterning of particles in liquid media 

Once the particles are stabilized in the stagnant liquid media, they can randomly move due to the 

Brownian motion or can be diffused due to the chemical potential. When a standing acoustic wave 

is established in the liquid, the acoustic radiation force (Fr) exerted on a spherical particle in the 

non-viscous liquid can be described by Equation 141. 

                                                                                                                                                

Where 𝑉𝑃 is the volume of the particle, 𝝀 is the wavelength, 𝒙 is the transverse particle path, Ф is 

the acoustic contrast factor,  𝐸𝑎𝑐 is the acoustic energy given in Equation 2:  

𝑬𝒂𝒄 =
𝒑𝒂

𝟐𝜷𝒇

𝟒
       (2) 

Where, 𝑝𝑎is the acoustic pressure and 𝛽𝑓  is the compressibility of the fluid. 

At the same time, while travelling in the liquid, the particles also experience Stokes drag force 

induced by acoustic streaming  which is given by Equation 3 42. 

𝑭𝒅 = 𝟔𝝅𝝁𝒓𝒗𝒑      (3) 

Where, 𝜇 is the dynamic viscosity of the liquid and 𝒗𝒑 and r are the velocity and radius of the 

particle respectively.  

Previous study has shown that for acoustic radiation force to dominate over the acoustic streaming 

induced drag force, the size of the particle should be larger than 2 μm and the viscosity of the fluid 

needs to be low 43. The lower viscosity reduce the undesireable drag force which will help pattern 

the particles with  low acoustic power. For this reason, in our experiment we have to optimize the 

𝑭𝒓 =
𝟐𝝅𝑽𝑷𝑬𝒂𝒄

𝝀
 Ф𝐬𝐢𝐧(

𝟒𝝅𝒙

𝝀
) (1)   
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viscosity of the PDMS solution by adjusting the PDMS to toluene ratio and the best ratio was 

found to be 50% W/W. With the adjusted viscosity, we have achieved high-quality particle patterns 

even with low acoustic power input.                                                                                                                                                                                                                       

The acoustic radiation force will drive the particles towards the pressure nodes or antinodes 

depending on the acoustic contrast factor Ф given in Equation 4: 

Ф =
𝟓𝝆р−𝟐𝝆𝒇

𝟐𝝆р+𝝆𝒇
−

𝜷𝒑

𝜷𝒇
     (4) 

Where, 𝜌р  is the density of the particle and 𝜌𝑓  is the density of the fluid and 𝛽𝑝  is the 

compressibility of the particle. Acoustic contrast factor determines the equilibrium position of the 

particles: if Ф > 0 , the microparticles will aggregate at the pressure nodes, otherwise at the 

pressure antinodes.   

3. Materials and methods 

3.1 Preparation of PDMS and Al microparticle mixture 

To prepare the polymer solution, the PDMS (Sylgard 184, Dow Corning) part-A and part-B were 

first mixed with 10:1 v/v ratio. After that, 5g of toluene (Fisher Scientific) was added into the 5g 

of PDMS-curing agent mixture and stirred vigorously until the PDMS was completely solvated. 

Al particles (Alpha Chemicals) with 30 µm size were dispersed in the solution as 1 wt% of the 

total 10g solution and stirred vigorously until a homogeneous mixture was obtained. 

3.2. Acoustic tweezer-based particle manipulation 

Schematic of the acoustic tweezer-based particle manipulation platform is shown in Figure 1(a). 

For the acoustic tweezer, piezoelectric ceramic plates (Steminc Inc.) with the dimension of 

20x15x1.4 mm and resonant frequency of 1.5 MHz were used as the piezoelectric transducers 

(PZTs). The PZTs were coupled to a Kapton film (McMaster Carr) of dimension 80x80x0.075mm 

using vacuum grease (Dow Corning). Figure 1(a) also shows the wiring connection of the PZTs 

with the function generator and amplifier to adjust the frequencies and amplitudes of the acoustic 

waves. As shown in Figure 1(b), a 3D printed structure has been developed to hold the PZTs in a 

rectangular housing and the PZTs were placed along the diagonal lines of the square substrate. 

Another 3D printed squre structure (Figure 1(c)) was placed on top of the Kapton substrate and 

worked as vat to hold the PDMS/Al particle mixture. Object260 CONNEX 3D printer was used 

and Vero whiteplus photopolymer was chosen for the 3D printed structure as it does not react with 

the PDMS or toluene. SEM and EDS were performed using FEI Inspect 50 SEM.  

3.3. Acoustic tweezer assisted fabrication of the biomimetic composite surface structure 

The flow chart in Figure 1(d) has shown the step-by-step procedures to fabricate the biomimetic 

composite surface structure using acoustic tweezer based particle patterning. First, 10 g of the 

PDMS/Al mixture was pour into the vat. To generate islands of Al particles for the biomimetic 

design, two adjacent PZTs were connected to the amplifier without output voltage (peak-to-peak) 

and output frequencies of 80 KHz, 160V and 120 KHz, 80V respectively. The other two PZTs 

remained inactive and worked as uniform solid boundary layers to form stadnign acoustic wave. 

The whole setup was kept standstill to allow the Al particles to precipitate at the bottom and allow 

toluene to evaporate under room temperature. Then the patterned solution was transferred to an 

oven and thermally cured at 65 oC. The cured film was peered off from the Kapton substrate and 

the surface of the film that is adjacent to the Kapton substrate was treated with oxygen plasma 
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etching to expose the aluminum microparticles over the PDMS surface. The etched surface was 

further examined a confocal microscopy VK-X3000 series 3D surface profiler (Keyence).  

 

Figure 1: Schematic of the step-by-step procedure to develop the patterned particle composite 

film fabrication for water vapor harvesting (a) Wiring of the PZTs, (b)3D printed chamber with 

the kapton substrate (c)Pattern formation after the PZTs are turned on (d) Flow chart showing the 

method.   

3.4. Numerical analysis of standing surface acoustic wave in acoustic tweezer 

The PZT transducer can vibrate at large range of frequencies from KHz to MHz (10 KHz-1.5 MHz 

used in the experiment) but not all frequencies can produce pressure distribution that would 

generate the islands of microparticles inside the viscoelastic liquid domain. For this purpose, we 

have conducted numerical simulation of the standing surface acoustic wave with a wide range of 

frequencies from 40 KHz to 180 KHz to determine the input frequencies for the generation of 

particle islands. COMSOL Multiphysics was used to run the simulation. The physical domain 

consists of four PZT plates placed on the two diagonal lines of a square Kapton substrate, as well 

as the liquid suspension containing Al microparticles as shown in Figure 2(a). The Kapton film 

dimension was kept 77x77 mm with the thickness of 0.075 mm. The dimension of the each PZT 

plate was kept as same obtained from the manufacturer with 15x20 mm.  Here in the simulation, 

two adjacent PZTs were utilized to generate the incident acoustic waves and the other two opposite 

adjacent PZTs were kept as solid uniform boundary wall to form the standing acoustic wave inside 

the fluid domain. To solve this Multiphysics problem, solid mechanics, pressure acoustic 

frequency domain and electrostatics module were used, and Multiphysics coupling was adopted to 

solve the study in two steps. At first, the Piezoelectric Effect Multiphysics solved the interfaces 

for electrostatics and solid mechanics. Second, the acoustic-structure interaction solved for the 
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solid mechanics and pressure acoustic interfaces which simulated the leaky wave propagating from 

the Kapton surface to the PDMS fluid domain. For the pressure acoustics analysis, the boundary 

conditions for the edges of the Kapton were considered as the ‘Prescribed displacement’ and the 

two inactive PZTs were considered as ‘Solid hard boundary wall’. To simulate the vibration of the 

PZT plate, voltage of 80 V was applied to the bottom of the two PZTs and the top parts were set 

to ground. The ‘charge conservation, piezoelectricity’ physics converts the applied voltage to the 

thickness-mode vibration working along Z-axis. ‘Frequency domain’ analysis was carried out to 

simulate the acoustic pressure distribution.  

4. Result and discussions 

4.1 Multiphysics simulation results of the acoustic tweezer  

Figure 2(b-f) show the acoustic pressure distribution inside the PDMS under input frequency of 

80 KHz, 110 KHz, 120 KHz, 150 KHz and 160 KHz respectively. The bright regions are the 

pressure nodes and the dark regions are the pressure antinodes. With a positive acoustic contrast 

factor (Ф > 0), the Al particles always try to aggregate and remain as cluster in the nodal regions. 

As a result, to form islands of particles, pressure nodes surrounded by four pressure antinodes need 

to be generated inside the PDMS. As shown in the simulation results, desirable acoustic pressure 

distribution with high pressure gradients (i.e. higher contrast) between nodes and antinodes are 

achieved at the center of the Kapton substrate at 80 and 120 KHz. High acoustic pressure gradient 

means large difference in pressure levels between the pressure node and antinode, which results in 

better particle pattern quality. Based on the simulation results and analysis, it is conspicuous that, 

80 KHz and 120 KHz will generate better pattern quality compared with other frequencies, which 

supports the choice of these two frequencies for the fabrication of biomimetic composite surface 

structures with hydrophilic islands surrounded by hydrophobic valleys. 
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Figure 2: COMSOL Multiphysics simulation of acoustic tweezer for design of input frequency 

(a) Domain of the physics; Acoustic pressure distribution inside PDMS when input frequency of 

(b) 80 KHz (c) 110 KHz (d) 120 KHz (e) 150 KHz (f) 160 KHz. 

4.2 Structural characterization of the biomimetic composite surface structure 

Figures 3(a-b) show the island patterns obtained experimentally from the 120 KHz and 80 Khz 

input frequencies. To validate the simulation results, we have compared the average distance of 

four adjacent islands forming the quadrilateral (Figure 3(c-d)) obtained from both simulation and 

experimental results. For 80 KHz sample, the average distance from the experiment and simulation 

is 1.496 mm and 1.364 mm respectively. On the other hand, for 120 KHz sample, the average 

distance from the experiment and simulation is 1.217 mm and 1.186 mm respectively. The results 

also indicates that, with higher input frequencies, the distance between each island will decrease 

and number of island patterns per unit area will increase, which has a potential influence in water 

vapor harvesting efficiency as discussed in next section. 

Figure 3: The island patterns formed in experiment with (a) 80 KHz and (b)120 KHz input 

frequencies and comparison of the distances among the islands forming quadrilateral for (c) 80 

KHz sample, (d) 120 KHz sample (the distances shown is in μm) 

The confocal microscopy characterization of the composite surface structure was performed to 

confirm that the Al microparticles were exposed on the top surface of PDMS film after the oxygen 

plasma etching step. Oxygen plasma is a chemically reactive process whereas oxygen gas reacts 
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with hydrocarbon monolayer to form gaseous products and ashes that are swept away as the 

chamber is always under vacuum pumping process. The heights of the exposed islands from the 

flat surface were analyzed for different etching time. For this purpose, we have chosen a 80 KHz 

sample as shown in figure 4(a) and have taken the data for etching time of 40 minutes, 1 hour, 1.5 

hours, 2 hours and 2.5 hours. The data were observed by analyzing the six islands over different 

region to get the average height. Figure 4(b-c) show the confocal imaging of one island and the 

corresponding 3D surface profile respectively. Finally, to understand how etching time affect the 

surface profile of the film we have calculated the arithmetical mean height for the island patterns 

exposed on surface of samples subjected to different etching time. The arithmetical mean height 

for six islands is summarized in Figure 4(d) and tabulated in Table S1 (Supporting information). 

For one hour etching time, the average height of the islands is the highest at 0.863 µm, which 

means there is the maximum exposure of Al particles on the top of PDMS. It is hypothesized that 

when excessive etching time is used, Al particles might be removed from the PDMS matrix leaving 

behind dents, which is not helpful for water harvesting. The decreasing water harvesting efficiency 

from samples subjected to 2.5 hours of oxygen plasma etching supporeted this hypothesis as 

discussed further in the Section 4.3. Based on this analysis, the optimized etching time was 

considered to be 1 hour. 

 

Figure 4: Confocal microscopy characterization of samples subjected to different etching time. 

(a) Representative samples used for characterization fabricated with input frequency of 80 KHz 

(the average distance between islands is ~1.5 mm for reference of dimensions); (b) Laser confocal 
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image of one representative island with the cluster of Al microparticles (c) Height profile of the 

island using 30% laser confocal (d) Comparison of the arithmetical mean height of the island 

patterns for samples subjected to different etching time. 

4.3. Characterization of water vapor harvesting efficiency 

Films with the dimension of 1.2cm x 2cm were used to characterize their water harvesting 

efficiency. The films were obtained from the middle portion of the PDMS@Al composite films 

where the island patterns were generated by the acoustic tweezer as shown previously in Figure 

3(a-b). Each sample was subjected to etching time of 40 minutes, 60 minutes, 90 minutes and 120 

minutes respectively. The water harvesting efficiencies of these samples were measured using a 

setup built in house (Figure 5(a-b)). Specifically, a fog generator was set at the maximum distance 

such that beyond this distance the vapor does not reach the surface. The composite film was set 

vertically with the help of a chemical stand. The whole experiment was conducted inside the fume 

hood to reduce the omnidirectional air flow. The temperature was kept 72 oF throughout the 

experiment. The local relative humidity was initially about 16% and after the experiment began, 

reached the highest level of 32%. A petri dish was placed under the composite film to collect the 

water droplets rolling down the film and the volume of the collected water was measured for the 

calculation of water harvesting efficiencies. To demonstrate the benefits of biomimetic design, the 

water harvesting efficiencies of the hydrophilic Al foil surface and the hydrophoblic PDMS surface 

were also measured using the same setup. 

The water harvesting efficiency is calculated based on the equation below:   

𝜼 = 𝑽/𝑺𝒕 

where V is the volume of the collected water, S is the vapor capture area or the area of the sample 

and t is the collection time. 

The water vapor harvesting process can be divided into three basic steps: ‘Capturing’, ‘Collection’ 

and then ‘Transportation’. During ‘Capture’, water droplets that are propelled by the wind, come 

into direct contact with the solid surface. The capturing efficiency is dependent on direction of 

wind flow, wettability gradient [5], the morphological structures of the surfaces. Even though the 

tiny water droplets are captured on the surface, there is a possibility the droplet can be evaporated 

due to wind. So, ‘Collection’ step is crucial for efficient water vapor harvesting. During collection, 

the droplet dynamics on the hydrophilic-hydrophobic patterned surface depends on the contrast of 

the droplet wettability whereas an imbalance force is produced to drive the water droplet from the 

more hydrophobic to the more hydrophilic region 44- 46. The driving force can be written as:   

 𝐹1 = 𝛾(𝑐𝑜𝑠𝜃1 − 𝑐𝑜𝑠𝜃2)                             (5) 

Where, 𝛾 is the surface tension of water and 𝜃1 and 𝜃2 are the water contact angles (CAs) on the 

hydrophilic pattern and hydrophobic substrate respectively. As 𝜃1 <𝜃2, F1>0 , which means F1  

will drive the water droplet to the hydrophilic pattern.  

Hydrophilic area generates large pinning force (F2) due to the capillary force, which is detrimental 

to water transportation and can be expressed as: 

𝐹2 = 𝛾𝐿1(𝑐𝑜𝑠𝜃3 − 𝑐𝑜𝑠𝜃4)                          (6) 



11 
 

Where, 𝐿1 is the length of the contact line of a water drop on the hydrophilic area and 𝜃3 and 𝜃4 

are the receding and advancing CAs respectively. 

Meanwhile, as the droplet volume becomes larger after coalescence, the droplet rolls off from the 

surface when the gravitational force (F3) grows larger than the pinning force F2. 

𝐹3 = 𝑚𝑔𝑠𝑖𝑛 ∝ −𝐹2                                     (7) 

Here in equation 7, the roll off of droplet occurs when the weight component mgsin∝ is greater 

than the pinning force F2. ∝ is the tilt angle of the surface from vertical Z axis. For our case, ∝
=900, as the surface stands vertically.  

From surface characterization it is found that the advancing and receding contact angle on the 

patterned composite surface (120 KHz and 1 hour etching) are 104° and 82° respectively, which 

means a positive F2 is developed to pin the water droplets on the surface based on equation 6 until 

the gravity of the droplet overcomes the pinning force and the droplet rolls off the surface based 

on equation 7. 

Figure 5(c) shows the water harvesting efficiency of the biomimetic composite surfaces made with 

different etching time. To analyze the data, we have chosen samples subjected to four durations of 

etching time for both 80 KHz and 120 Khz frequiencies. For each of the sample, five measurements 

of water harvesting efficiency were taken over more than three weeks to check the consistency and 

stability of the sample for long term water harvesting. The same results are also tabulated in Table 

S2-3 in the Supporting Information. Among the composite surfaces, samples made with 120 KHz 

input frequency show consistently higher performance than those made with 80 KHz when 

subjecting to the same etching time ((Table S2 & S3). From table S2 and S3, it is also found that, 

with one hour etching time the efficiency of water harvesting  are higher than other etched samples 

at same frequency. With 120 KHZ input frequency, the average distance between Al islands is 

smaller than that at 80 KHZ, hence the number of islands per unit area increases. The observed 

increase of water harvesting efficiency as the number of islands in the specific area increases is 

consistent with previous studies 23. With decreased distance between the hydrophilic islands, it 

takes less time for the droplets that condense at the hydrophobic region to move to the hydrophilic 

region. Consequently, the droplets on the Al islands can grow faster to the critical size for rolling 

off and the water harvesting efficiency is improved. From table S2 and S3, it is also noted that, 

each of the sample shows gradual decrease of water harvesting efficiency over three weeks. Since 

the samples did not operate in a clean room, the possible reason for the reduced efficiency is the 

accumulation of airborne particles on the entire composite surface, which will reduce the 

wettability gradient critical and thus the water harvesting efficiency. In future work, water 

harvesting surface with self-cleaning capability needs to be investigated to slowdown the aging of 

efficiency. 

On the other hand, the water harvesting performance slightly varies for samples made with the 

same frequency but subjected to different etching time. This is possibly due to two reasons. First, 

plasma etching helps exposed more Al particles to the surface, which enhances the water 

harvesting efficiency by increasing the contrast of the droplet wettability between the Al islands 

and PDMS substrate. We have performed SEM and EDS characterization on the samples before 

and after etching. The Al particles can be observed in the SEM image (Figure S1) EDS elemental 

mapping (Figure S2) shows that more Al contents can be detected from the sample after plasma 

etching. Second, prolonged plasma etching will generate cracks on the composite surface, which 
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will disrupt the water condensation and the droplet transport and hence reduce water harvesting 

performance. SEM images of the composite surfaces without etching and with prolong 2-hour 

etching are shown in Figure S3. Without etching the surface is smooth and crack-free, while with 

prolonged etching, many cracks can be observed on the surface. This crack formation due to 

plasma etching has also been reported in literature 47. In summary, plasma etching is a double-

sided sword for the water harvesting performance of the composite surface and there exist an 

optimal etching time for achieving the best water harvesting efficiency. Among the etching time 

used in our experiments, 1 hour etching is found to produce samples with the highest water 

harvesting efficiency as shown in Figure 5(c). 

As shown in Figure 5(d), the water harvesting efficiencies of the hydrophilic Al foil surface and 

the hydrophobic PDMS surface are much lower than those of the composite surfaces. Such stark 

differences in water harvesting performance demonstrate the advantages of the biomimetic 

composite surfaces and can be explained by the mechanism of water vapor harvesting on the 

composite surfaces and the droplet dynamics during the process. If the whole sample is hydrophilic 

(such as Al foil), the water droplets form a film that covers the whole surface and adheres to it due 

to the strong adhesion force. This phenomenon would hinder the process of collecting additional 

water droplet and thus deteriorating the condensation on the surface as there is no dry area left. On 

the other hand, for the PDMS surface with no Al particles, the hydrophobic surface allows the 

formation of water droplets but lacks the hydrophilic properties that facilitate the droplet 

coalescence. Without coalescence, the water vapor harvesting is also limited, because the size of 

the water droplets formed on the PDMS surface remain small, which means droplet roll-off due to 

gravity is relatively difficult and water evaporation is relatively fast compared with larger droplets 

formed by coalescence. The PDMS@Al patterned composite film surfaces provide heterogeneous 

wettability that promotes droplet collection as well as droplet roll-off, hence it has higher water 

collection rate compared with uniformly hydrophilic or hydrophobic surfaces.  
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Figure 5: (a) Schematic of the setup for water vapor harvesting efficiency measurement. (b) 

Experimental setup showing the 120 KHz sample with one hour etching in front of the humidifier 

in the fume hood. (c) Water vapor harvesting efficiency comparison for both 80 KHz and 120 KHz 

samples under different etching time. (d)Comparison of the water vapor harvesting efficiency of 

the patterned samples with the hydrophilic Al foil and the hydrophobic pristine PDMS with one 

hour etching time. 

The complete process of water harvesting on the composite surface was captured by a CCD camera 

and shown in Figure 6 and Supporting video S1-S3. In these figures and videos, the bright spots 

are the Al islands and the regions surrounding them are the PDMS. When the humidifier is 

activated, tiny droplets nucleated either on the PDMS valleys or on the island patterns and grew in 

sizes (Figure 6 (i-ii) and Supporting video S1). Then, as shown in Figure 6 (iii-iv) and Supporting 

video S2, the droplets, which condense at the regions surrounding the Al islands, move to the Al 

islands and merge into large droplets. The yellow arrows in Figure 6 (iii) indicate the directions 

the droplets move and Figure 6(iv) shows the large droplets after the merging. The force that drives 

the nucleated water droplets to the Al islands is related to the water wettability difference between 
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the Al islands and the PDMS as described by equation 5. According to equation 5, it can be inferred 

that the water wettability of the Al islands should be better than that of the PDMS, in order for the 

droplets to move in the observed direction. This serves as an evidence that wettability contrast on 

the composite surface has been achieved by the fabrication method. After the droplets moved to 

the Al island, the hydrophobic PDMS returned to a dry surface to capture the new incoming water 

vapor and the water harvesting process becomes continuous. Once the coalesced droplets that yet 

pinned on the Al islands become large enough such that its gravitational force overcomes the 

adhesion force, they roll off from the surface into the collector (Figure 6 (v) and Supporting video 

S3). It is also found that, falling droplet also captures the other droplets on its pathway and the 

surface becomes ready for another capture-collection-transportation cycle (Figure 6 (vi)).   

 

Figure 6: Demonstration of different steps of water harvesting process on the biomimetic 

composite surface. The average distance between the Al islands (bright spots in figure) is ~1.2mm 

for reference of diemensions. 

Using a test rig built in house (Figure S4), sliding angles were measured for samples made with 

both 120 KHz and 80 KHz and subjected to 1 hour of plasma etching. Microliter pipette was used 

to dispense the droplet of 40 uL and 50 uL respectively on both samples and the corresponding 

sliding angle measurements are shown in Table S4. For both volumes of water droplets, the 120 

KHz sample has higher sliding angle than the 80 KHz one. With 120 KHZ input frequency, the 

average distance between Al islands is smaller than that at 80 KHZ, hence the number of islands 

per unit area increases as well as hydrophilicity and the sliding angle. 

Finally, in order to test the performance of the biomimetic composite surface under highly humid 

environment, we have also measure their water harvesting efficiencies in a closed chamber where 

the maximum humidity was maintained at 92~94%. Figure S5 shows the etching time vs. water 

harvesting efficiency for both 80 KHz and 120 Khz samples in the closed environment. For 120 
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KHz samples the average efficiencies are 6.56, 7.025, 7.28 and 6.485 gcm-2h-1 corresponding to 

etching time of 40, 60, 90 and 120 minutes respectively. On the other hand, for 80 KHz samples, 

the average values are 6.25, 6.49, 6.67 and 7.195 gcm-2h-1. From the trend of data, it is observed 

that 120 KHz sample with 1.5 hour etching time shows improved performance compared with all 

other samples. The water harvesting efficiency is lower in environment with ultra-high humidity 

level than that in environment with low humidity level. As at above 90% humidity level, the fog 

from the humidifier is collected on the surface so rapidly that a thin water film rather than large 

droplets is quickly formed on the surface, which hinders the removal of the nucleated water and 

thus the refreshing of the surface for starting a new water harvesting cycle.     

Conclusion 

In this paper, Namib dessert beetle inspired compsite film with hydrophilic Al particle islands 

exposed on the surface of hydrophoblic PDMS substrate was fabricated by a facile two-step 

method consisting of acoustic patterning of the Al particles into islands in the PDMS matrix and 

then oxygen plasma etching to expose the Al islands on the surface. The resultant composite films 

have shown much higher water harvesting efficiency than purely hydrophobic or hydrophilic ones. 

Both the average height of the Al islands, as controlled by the oxygen plasma etching time,  and 

the number of island per unit area, controlled by the excitation frequency of the acoustic actuators, 

affect the water harvesting efficiency. The as-developed film can be a versatile and energy-

efficient solution to relieve the global water crisis. 

Supporting Information 

Heights (in µm ) for different etching time of six islands to obtain the average height and determine 

the optimized the etching time (Table S1) 

Water vapor harvesting efficiency for 80 KHz sample subjected to different etching time (Table 

S2) 

Water vapor harvesting efficiency for 120 KHz sample subjected to different etching time (Table 

S3) 

Sliding angles for samples made with 80 and 120 KHz and 1 hour etching (Table S4) 

Representative SEM image of Al particles partially exposed at the surface of the PDMS-Al 

composite structure (Figure S1) 

EDS mapping of the samples with etching and without etching (Figure S2) 

SEM images of without plasma etching and excessive plama etching of the PDMS-Al composite 

surfaces (Figure S3) 

Measurement method of the sliding angle using the protractor and ruler (Figure S4) 

Water vapor harvesting efficiency comparison for both 80 KHz and 120 KHz samples under 

different etching time in highly humid environment (Figure S5) 

Supporting video S1: Capture 

Supporting video S2: Coalescence 

Supporting video S3: Roll off  
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