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As tiny fog contributes to ≈10% component 
for entire fresh water on the earth, fog har-
vesting has attracted great attentions due 
to the shortage of worldwide fresh water 
resource.[1–3] Various fog harvesting strat-
egies have been extensively studied via 
mimicking natural species, such as cactus 
and Namib desert beetle, etc.[4–12] For 
instance, Jiang et al. achieved continuous 
and efficient fog harvesting by preparing 
conical copper wires and conical microtips 
with the cooperation of Laplace pressure 
and wettability gradients.[13,14] Wang et al. 
fabricated a CuO-perfluorodecanethiol-
polystyrene (CuO-PFDT-PS) composite 
surface for fog harvesting by using alter-
nating hydrophobic (HB) and hydrophilic 
(HL) regions.[15] Dai et al. realized rapid 
droplet harvesting and mobility using a bio-
inspired slippery rough surface, which had 

combined the slippery interface of pitcher plants and the hierar-
chical micro/nanostructures of rice leaves.[16] As one of the novel 
functional materials, Janus membranes (JMs)[17] with porous 
structures have been fabricated and employed in the applications 
including oil/water separation,[18–20] unidirectional transport of 
gas bubbles,[21–23] and fog harvesting.[24–27] These facile HB/HL 
JMs showed noteworthy enhancement in fog harvesting com-
pared with previously reported studies.[25–27] In general, the above-
mentioned explorations can be classified into conventional rigid 
devices, which are limited to their nontunable collection rates.

Recently, smart materials are frequently used in both indus-
trial manufacturing and scientific research due to their abilities 
of sensing external stimulus from the environment and gener-
ating a useful response.[28–36] As a facile and effective method, 
stretch strategy is especially suitable for regulating flexible 
materials, which opens up enormous potential in plentiful 
applications, such as variable transparency, adaptive adhesion 
control, droplet manipulator, etc.[31–36] Specifically, Yao et al. 
reported a stretchable fluid-infused porous film with tun-
able transparency and wettability for reversibly controlling the 
sliding of oil droplets.[34] Lin et al. fabricated a multiscale self-
similar hierarchical wrinkled surface as a multifunctional smart 
window with simultaneously tunable transparency, structural 
color, and droplet transport.[35] Inspired by human skin struc-
tures, Wang et al. prepared a smart superhydrophobic (SHB) 
elastomer polydimethylsiloxane (PDMS) skin with controllable 
capture and release abilities of water droplet through bending 
or stretching.[36] Despite the up-to-date achievements for smart 
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flexible materials in various functions, it is still lacking relevant 
studies in the field of fog harvesting with tunable collection 
performances.

Herein, we report a smart JM with tunable fog collection 
rate (FCR) via stretching a flexible PDMS sheet fabricated by 
ultrafast laser drilling[20,22,23,25] for the first time to our best 
knowledge. Our experimental results show that FCR can be 
tuned arbitrarily and reversibly by uniaxially stretching the 
JM. Compared with its original profile, the maximum strain of 
200% shows up to 67% enhancement in FCR. Further calcula-
tion demonstrates that the increase of FCR is estimated to be 
≈79% for 200% strain sample, which is in well agreement with 
our experimental result. Meanwhile, several consecutive cycles 
of fog harvesting process show fine collection reproducibility. 
This study provides a new insight on flexible JMs with a tun-
able FCR, which would be beneficial for their practical applica-
tions not only in fog harvesting, but also in food engineering as 
dynamic fog-flux regulators, for which regulating initial mois-
ture content and moisture migration is of vital importance for 
maintaining quality and safety of foods.[37–39] In other words, 
one can gain any desirable collection rates through diverse 
stretching extents.

PDMS is one of the most frequently used materials in both 
commercial applications and scientific researches owing to its 
plenty of superiorities including stretchability, excellent oxida-
tion resistance, and easy preparation. The fabrication schematics 
of our PDMS-based JM are shown in Figure 1a, which can be 
divided into three steps. First, the homogeneous microhole 
arrays were manufactured after nanosecond laser microdrilling. 
The perforating space between two adjacent holes was set as 
200 µm. The drilled PDMS membrane was SHB and the water 
contact angle (WCA) was 154° (Figure S1a, Supporting Informa-
tion). To better distinguish two sides of the PDMS membrane, 

we defined the laser-irradiated surface as the top surface and 
the other side as the bottom surface. Second, after high sur-
face energy superhydrophilic (SHL) reagent modification, the 
laser-induced sample was turned into double-faced superhy-
drophilicity, and both the WCA decreased to 3° (Figure S1b, 
Supporting Information). Finally, the bottom surface was irra-
diated through line-by-line femtosecond laser scanning process 
to remove the previous SHL reagent, resulting in hydrophobic 
property. On the contrary, laser scanning would not damage the 
top surface and the inside of the holes, and thus the top surface 
remained its superhydrophilicity with a WCA of 5° (Figure S1c, 
Supporting Information). By tuning the force of applied strain 
on the JM, one can easily realize different fog collection effi-
ciency under variational stretching conditions. Here we define 
the strain value ε = (L–L0)/L0, where L and L0 are the tensile 
state and the original state, respectively.[36] The top and bottom 
optical images of the laser-prepared membrane are shown 
in Figure 1b,c. From the insets we can obviously observe that 
the top diameter (120 µm) is greater than the bottom diameter 
(54 µm). Furthermore, the profile morphology of single con-
ical hole is shown in Figure S2, Supporting Information, from 
which we can see that various micro- and nanomastoids are pro-
duced on the wall of the inner conical hole during laser ablation. 
The bottom optical images of the Janus membranes with four 
different strains (ε = 50%, 100%, 150%, and 200%) are shown in 
Figure 1d–g, and each inset represents the corresponding scan-
ning electron microscope (SEM) image. We define the long axis 
(along the stretching direction) and short axis (perpendicular to 
the stretching direction), respectively. For single microhole, it 
can be seen that the average length of long axis increases with 
the increase of the strain, but the short axis almost remains 
unchanged (Figure 1h). The repeated-stretching experiment (in 
200% strain, Figure 1i) demonstrates that the average lengths 
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Figure 1. a) Schematic diagrams of JM fabrication and stretching. b,c) Optical images of JM’s top and bottom surfaces. d–g) Bottom surfaces of JMs 
in four different strains (ε = 50%, 100%, 150%, and 200%). The insets of b–g) are SEM images of each magnified microhole. h) Average lengths of 
long and short axes of single microhole in different strains. i) Average lengths along the long and short axes directions for the processed macroscopic 
area during five stretching-recovering cycles.
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along the long and short axes directions for the processed mac-
roscopic area remain constant during five stretching-recovering 
cycles, which shows a favorable flexibility for our JM.

To investigate the performance of unidirectional self-trans-
port for water droplet on the JM, samples with three typical 
strains (ε = 0%, 100%, and 200%) were employed experi-
mentally. Stretching schematics of the PDMS-based JM and 
dynamic process of the droplet self-transport are shown in 
Figure 2 and Movie S1, Supporting Information. For original 
JM, the dynamic WCA of a 3 µL droplet on the bottom surface 
decreased from 105° to 0° with time, resulting in a complete 
permeation to the top. Besides, the original membrane showed 
a maximum WCA (Figure 2d) compared with those of 100% 
and 200% strain samples (Figure 2e,f) because the surface mor-
phology and shape of the JM played significant roles in regu-
lating WCA.[31–36] Furthermore, the penetration times of water 
droplet on the JM were measured as 1.92, 0.58, and 0.41 s, 
respectively, for the three samples, demonstrating that a 200% 
strain sample has the fastest droplet penetration capability.

In order to quantify the fog collection efficiency of our 
JM, a home-made fog harvesting measurement system was 
employed. As shown in Figure 3a, the measurement system 
consisted of a timer, a humidifier, and a harvesting device (i.e., 
a measuring cylinder with a JM fixed tightly on its mouth). 
The processes of harvesting volume change with time for the 
harvesting devices in three typical strains (ε = 0%, 100%, and 
200%) are shown in Figure 3b–d and Movie S2, Supporting 
Information. At the initial time of 0 min, 2 mL water dyed 
with methylene blue was poured into each measuring cylinder. 
It can be clearly observed that the cylinder with 200% strain 
sample has the maximum water volume compared with those 
of the other two cylinders after both 0.5 and 1 h. Specifically, 
the average collection rates for five different strains (ε = 0%, 
50%, 100%, 150%, and 200%) were calculated as 0.031, 0.035, 

0.038, 0.047, and 0.052 mL cm−2 min−1) respectively, which 
were positively related to the strain values, as the blue curve 
showed in Figure 4a. Meanwhile, we also performed the fog 
collection for SHL–SHL and SHB–SHB membranes in the 
same experimental parameters with the JM (Figure S3, Sup-
porting Information). As the red curve shows in Figure S3, 
Supporting Information, the collection rate of SHB–SHB mem-
brane was close to zero for each strain case, which could be 
attributed to its high threshold for penetration.[24–26] For SHL–
SHL membrane, the limited increase for FCR was far less than 
the corresponding increase for that of JM. This reveals that JM 
has the optimum fog harvesting configuration due to its unique 
combined action of hierarchical and complementary HB–HL 
structure from which the water droplet can automatically pen-
etrate the membrane from HB surface to HL surface owing to 
wetting driving force of the gradient surface face.[24–27] Besides, 
the HB and HL surfaces are also beneficial to fog harvesting 
and water preservation, respectively.

The schematic diagram of fog collection behaviors for JM 
with different strains (ε = 0% and 200%) is shown in Figure 4b. 
The water droplets could rapidly absorb into the HL side due 
to the cooperation of wetting driving force (Fwet) and Laplace 
pressure (ΔFLaplace) for JM.[2,4,12,25,40,41] Once the grown drop-
lets on the HB surface came into contact with the SHL area, it 
would be simultaneously absorbed and permeated. This rapid 
permeation process could regenerate a fresh dry surface for 
droplets easy adhering and condensing, which maintains the 
continuous process of fog harvesting. It is worth mentioning 
that water droplets tend to penetrate JM from the boundary 
between HB and HL areas on the inner conical hole rather than 
the central area of the hole,[24,25,27] which explains well the near-
zero FCR observed in our SHB–SHB membrane (Figure S3, 
Supporting Information). Further analysis shows that the FCR 
of JM has 67% enhancement for the sample in the maximum 
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Figure 2. a–c) Stretching schematics of JM for three typical strains (ε = 0%, 100%, and 200%) and corresponding dynamic processes of droplet self-
transport. d–f) Volume and WCA changes of the droplets with time on three JM surfaces.
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strain of 200% compared with that of the original membrane. 
Meanwhile, the porosity of the sample in its maximum strain 
reached up to 5.2 times the original sample porosity (from 5% 

to 26%), as the red curve showed in Figure 4a. In order to clarify 
the physical mechanism for enhanced FCR in elevated strains, 
we systematically calculated the dominant forces  participating 

Adv. Mater. Interfaces 2019, 1901465

Figure 4. a) Fog collection behaviors of JM with different strains (ε = 0% and 200%). b) FCR and porosity of JM in different strains (ε = 0%, 50%, 
100%, 150%, and 200%). c) FCR of JM under five consecutive stretching-recovering cycles.

Figure 3. a) Schematic illustration of fog harvesting measurement system. b–d) Snapshots of dynamic collection volumes at t = 0 min, 30 min, and  
1 h for JMs in three typical strains (ε = 0%, 100%, and 200%).
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in fog harvesting process. The wetting driving force Fwet is 
described as follows[2,4,25,40]

cos
2

sin dwet
bottom

top

∫
α γ θ θ= − × ×

θ

θ
F L  (1)

where α, γ, L, θbottom, and θtop are the tip angle of conical 
micropore, water surface tension (7.2 × 10−2 N m−1), the 
micropore perimeter for bottom side and the WCAs on the 
bottom and top of conical micropores, respectively. For the sam-
ples of ε = 0% and ε = 200%, the values of θbottom versus θtop 
were estimated to be 105° versus 5º and 95° versus 5º, respec-
tively. Hence, Fwet were roughly estimated to be 1.46 × 10−5 and 
7.69 × 10−5 N for the two samples when the conical micropore 
was filled with water. The Laplace pressure is described as 
follows[2,4,12,41]
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where ΔS, R1, and R2 are the micropore area for bottom side, 
radii of curvature for arbitrary two orthogonal directions on the 
droplet surface in the bottom area of the inner conical pore. 
Specifically, ΔS could be regarded as a circle with radius of 
≈2.7 × 10−5 m for ε = 0% sample, and R1 (equal to R2) was esti-
mated to be ≈4.86 × 10−5 m. In contrast, for the stretched sample 
in ε = 200% strain, ΔS was approximate to an ellipse with long 
and short axes of ≈2.3 × 10−4 and ≈3.0 × 10−5 m, respectively. 
In this case, R1 and R2 were estimated to be ≈4.5 × 10−3 and 
≈1.1 × 10−4 m, respectively. As a result, ΔFLaplace were calculated 
as ≈6.78 × 10−6 and ≈1.52 × 10−5 N, respectively, and the self-
driving force Fself-drive (equal to Fwet + ΔFLaplace) were obtained 
near ≈2.14 × 10−5 and ≈9.21 × 10−5 N, respectively, for the two 
samples. To compare the FCR differences for the two samples, 
the calculated Fself-drive should be divided by the increased ratio 
of ≈2.4 that stems from the stretched laser- processed area. The 
theoretical increase rate of ≈179% is slightly larger than the 
experimental result of 167% in FCR, which is probably due to 
the rational deviation in our mechanical model. Finally, stretch 
limit and repeatability are also crucial parameters for evaluating 
smart flexible materials. The stretch limit was evaluated through 
a tensiometer in different strains and schematically shown 
in Figure S4 and Movie S3 (Supporting Information). Experi-
mental results show that when an external force that imposes 
on the JM exceeds 4.6 N (≈250% in its strain), the membrane 
would break. Accordingly, the fog harvesting repeatability was 
also evaluated for the JM under consecutive stretching-recov-
ering cycles. Figure 4c shows five representative cyclic for our 
JM device. Notably, the device shows a similar collection rate 
in each stretching-recovering cycle, which suggests its favorable 
repeatability. It is worth noting that mechanical fatigue was not 
the main factor that accounts for function failure in our Janus 
membrane without exceeding the stretch limit (Figure S4, Sup-
porting Information). Essentially, the durability is determined 
by SHL reagent due to the consumption (i.e., mass loss) during 
fog collection process, in which water may take the reagent 
away through dissolution. The dissolution speed for different 
SHL product may vary distinctly. For the SHL agent employed 
in this paper (MesoBioSys. Co., Ltd., Wuhan, China), our Janus 
device could function well up to 10 cycles, whereas the exact  
lifetime might vary in each independent case. Though the 

moderate  stability of this SHL agent hinders this Janus mem-
brane toward its practical applications, we convince that people 
would solve this engineering issue with the fast development 
of commercial SHL solvents inspired by the current work. For 
emphasis, our current work is focusing on the demonstration 
for the proof-of-concept regulating FCR by utilizing this dynam-
ically responsive Janus membrane, which provides a widely 
adaptive approach for people fabricating smart devices in terms 
of fog harvester, and further bloom the researchers in micro/
nano fabrications, microfluidics, and fog-involved regulators.

In summary, we put forward a smart JM for fog harvesting 
using a flexible PDMS sheet fabricated though ultrafast laser 
drilling and subsequent selective surface modification. Dif-
ferent from traditional rigid fog collection devices that suffer 
from the shortage of nontunable collection rate, our flexible JM 
shows a tunable FCR via uniaxially stretching method. Com-
pared with original JM, the maximum strain of 200% in length 
shows up to 67% enhancement in its FCR. Further study dem-
onstrates that the theoretical increase of FCR is estimated to be 
≈79% for 200% strain sample, which is in well agreement with 
our experimental result. It is worth mentioning that the mor-
phology and performance of the smart JM can be easily tuned 
using other flexible materials under different laser-ablating 
conditions, which means that one can get any desirable collec-
tion rates for different applications through stretching strategy. 
We believe that this smart JM would operate not only in the 
field of fog harvesting, but also in other specific scenarios such 
as dynamic fog-flux regulators in food engineering, for which 
moisture control within a certain range is crucial for producing 
safe products with optimum shelf-life.

Experimental Section
Materials: The average thickness of the black commercially available 

PDMS sheets were ≈100 µm for laser processing, and were purchased 
from HangZhou BALD Advanced Materials Tech. Co., Ltd., Hangzhou, 
China. The SHL reagent (MesoBioSys. Co., Ltd., Wuhan, China) were 
used to increase the surface energy of samples. The distilled water 
(H2O, 1 g cm−3 density) and NPT (normal pressure and temperature) air 
(20 °C, 1 atm, 1.205 × 10−3 g cm−3 density) were served as test material 
in the contact angle and fog harvesting measurement.

Microstructure Fabrication: The microhole-arrayed SHB membranes 
were prepared by repeatedly drilling through a nanosecond laser, and 
the processing area was 5 × 5 mm. The laser beam (10 ns, 10 Hz, 
355 nm) from a neodymium dope yttrium aluminum garnet nanosecond 
laser system (Spectra-Physics) was employed for ablation. The SHB 
membranes were initially modified by the SHL reagent and then ablated 
to remove the SHL reagent for the bottom surface using a line-by-line 
femtosecond laser scanning process, resulting in the JM. The laser 
beam (400 fs) with a repetition rate of 1 MHz at a central wavelength 
of 1030 nm was supplied by a commercial high repetition femtosecond 
laser system (Menlosystems). The laser power, scanning spacing, and 
scanning speed were 100 mW, 20 µm, and 100 mm s−1.

Instruments and Characterizations: The WCAs were measured by using 
a contact angle system (CA100D, Innuo, China) with 5 µL water droplets 
on the as-prepared samples at different locations under 10% relative 
humidity and 20 °C temperature, respectively. Surface micro- and 
nanostructures of the JM were characterized by a secondary scanning 
electron microscope (Zeiss EVO18, Germany) with an accelerating 
voltage at 10 keV. The dynamic process that the water droplet (3 µL) 
penetrated through the JM was recorded using a high-speed video 
camera (Photron Fastcam SA6, USA) at a typical rate of 500 fps.

Adv. Mater. Interfaces 2019, 1901465
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Tunable Fog Harvesting Strategy: The as-prepared sample membranes 
with a hole distance of 200 µm were fixed at 6 cm below the nozzle of a 
home-made measurement system in which simulated fog was generated 
with a flow velocity of about 70 cm s−1. For comparing collection 
efficiency of the membranes, three PDMS samples with different 
wettability gradients including HB–SHL (JM), SHB–SHB, and SHL–SHL 
membranes were fabricated. For each membrane, five independent 
experiments in different strains (ε = 0%, 50%, 100%, 150%, and 200%) 
were operated for fog harvesting, and 2 mL water dyed with methylene 
blue was poured into each measuring cylinder beforehand. Finally, the 
consecutive cycling experiments between strains of ε = 0% and 200% 
were performed to investigate the fog collection reproducibility.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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