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categorized as an environmental risk in 
2014 but as a societal risk in 2015. The 
World Economic Forum also reported that 
two-thirds of the world population will be 
experiencing water stress conditions by 
2025. [ 2 ]  

 Securing freshwater—to drink, to 
bathe in, to irrigate crops—is an impor-
tant issue as old as civilization. Fog, as 
an alternative source of freshwater, has 
attracted increasing attention arising from 
its large density of small water droplets. [ 3 ]  
In nature, some biological materials, such 
as desert beetles, namib grass, cactus, 
and  Cotula fallax  plants, have evolved 
optimized and smart structures to collect 
freshwater from fog-laden wind for their 
survival. [ 4 ]  Inspired by these biological 
materials, many different synthesis strat-
egies have been developed to construct 
bio-inspired materials with fog-collecting 
abilities. [ 5 ]  

 The fog-harvesting effi ciency not only depends on the fog 
droplet diameter and the fog-collecting surface nature, but also 
depends on the fog-laden wind speed. [ 6 ]  Fog-harvesting organ-
isms and bio-inspired fog collectors exhibited their effective-
ness under a natural fog-laden wind or an artifi cial fog fl ow 
with a certain speed, demonstrating passive fog-collecting. 
However, in some foggy regions, fog with low fl ow ability can 
halt on the ground and air, which will signifi cantly reduce the 
fog-harvesting effi ciency for the current fog collectors. [ 7 ]  There-
fore, harvesting fog water in an almost static atmosphere is still 
a challenge for the existing fog-collecting strategies. 

 Herein, through the integration of cactus spine-like struc-
tures and magnetically responsive fl exible conical arrays, 
we report magnetically induced fog harvesting in an airtight 
chamber fi lled with a quasistatic mist of water. Under the mag-
netic fi eld, static fog can be spontaneously and continuously 
captured accompanying durative vibrations of magnetic-driven 
conical needles. Furthermore, the shape gradient-induced 
Laplace pressure difference is benefi cial to the water droplets 
transportation. This work presents the advantage of harvesting 
fog water under windless conditions, which may serve as a 
source of inspiration for scientists and engineers to further 
improve the existing fog-collecting strategies. Learning from 
nature is a promising avenue for collecting fog water as an 
alternative and sustainable freshwater resource.  
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  1.     Introduction 

 All organisms, including human beings, require water for their 
survival. Although water is the most widespread resource to 
be found in the natural environment, freshwater, the essential 
substance for humans, constitutes only about 2.5% of the total 
volume of water on earth. [ 1 ]  Furthermore, in the next decade, 
freshwater shortages and scarcity may be one of the main 
global threats. In the Global Risks report, the water crisis was 
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  2.     Results and Discussion 

  Figure    1  a shows a schematic diagram for the fabrication of 
cactus-inspired ordered magnetically conical arrays. The prepa-
ration steps are explained in detail in the Experimental Section. 
Cactus spine-like magnetic arrays were fabricated using the 
polydimethylsiloxane (PDMS) prepolymer and cobalt magnetic 
particles (Co MPs) through a facile approach combining the 
mechanical punching and the template dissolving technology. [ 8 ]  
In comparison with the conventional template removal 
technology, [ 5e   ,   8 ]  the template dissolving method exhibited more 
versatility to achieve a well-defi ned magnetically conical array. 
The optical photograph and scanning electron microscope 
(SEM) image (Figure  1 b,c) clearly demonstrate that the mag-
netically conical arrays possess micro/nano multiscale surface 
structures (Figure  1 d). The height of the resultant regular mag-
netic cones is about 3 mm, the diameter of the cones at the base 
is about 770 µm, and the separation between the adjacent cones 
at the base is about 680 µm. During the fabrication process, 
a neodymium magnet was placed under the sample to make 
the embedded Co MPs arrange orderly, resulting in a subtle 
response to the magnetic fi eld. Due to the effect of the applied 
magnetic fi eld, Co MPs were more inclined to deposit on the 
tip of the cactus spine-like cone, resulting in the morphology 
difference on the magnetic cone surface (Figure S1, Supporting 
Information). The top site of the cone is much rougher than 
the bottom site, arising from the inhomogeneous distribution 
of Co MPs.  

 In order to investigate the magnetic 
response properties of the cactus-inspired 
cone arrays, a cylindrical NdFeB perma-
nent magnet (≈0.7 T) fi xed on a manipu-
lator was applied on the top of the arrays, 
and the response of the cones was recorded 
by a charge-coupled device (CCD) camera 
( Figure    2  ). When the magnet was applied nor-
mally over the sample, the cactus spine-like 
cones were totally upright. Accompanying the 
horizontal movement of the external magnet, 
the cone arrays responded to the magnetic 
fi eld by reversibly bending along the fi eld. 
This can be attributed to the fl exibility and 
magnetic response properties of the PDMS 
embedded in Co MPs. The bending intensity 
of the cactus spine-like cones was affected 
by the strength and movement speed of the 
applied magnetic fi eld (Figure S3, Supporting 
Information). Once the magnet is removed, 
the cones will recover their original vertical 
positions. The bending actuation should be 
suffi ciently powerful to harvest fog water 
or to transport macroscopic nonmagnetic 
objects placed over the cone arrays.  

 Although a series of bio-inspired fog col-
lectors has been developed during the last 
years as a sustainable water source on the 
premise of the fog-laden fl ow, the design of 
an effective fog collector is still a challenge 
for its practical application, especially in 

the foggy regions with little wind. In this work, magnetically 
responsive fl exible conical arrays with cactus spine-like struc-
tures were used to construct the fog collector under the qua-
sistatic foggy atmosphere. The magnetically responsive conical 
array was placed at the bottom of the closed poly-methyl-meth-
acrylate (PMMA) chamber at a temperature of 27 °C. The rela-
tive humidity inside the foggy chamber was carefully controlled 
at ≈80%. The cactus-inspired cone arrays vibrated regularly 
with a linear velocity of about 3.2 mm s −1  under the motion of 
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 Figure 1.    Schematic for the fabrication of cactus-inspired ordered magnetically conical arrays 
and the corresponding optical and SEM images. a) The fabrication procedure of the mag-
netically conical array. b) Optical photograph and c) SEM image of the orderly and squarely 
arranged magnetically conical array on a nonmagnetic backing layer. d) Magnifi ed SEM image 
of the middle part of a magnetic cone. The height of the regular magnetic cones, the diameter 
of the cones at base, and the separation between the adjacent cones at base are approximately 
3 mm, 770 µm, and 680 µm, respectively. Scale bars: b,c) 1 mm; d) 50 µm.

 Figure 2.    The magnetic responses of the cactus-inspired array under an 
external magnetic fi eld. a) Schematic of the magnetically induced conical 
array responses to the magnetic fi eld. When the magnet is applied directly 
over the sample, the cactus spine-like cones are totally upright. With the 
horizontal movement of the external magnet, the cone arrays respond to 
the magnetic fi eld by reversibly bending along the fi eld. b) The responses 
of the magnetically conical array under the magnetic fi eld were recorded 
by a high-speed CCD camera. Scale bar: 1 mm. 
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the applied external magnet. Although the mist in the closed 
chamber is on the condition of the quasistatic state, the period-
ical vibration of the fl exible conical arrays with cactus spine-like 
structures makes it possible to capture fog water. 

 The fog-harvesting ability of the fl exible conical arrays 
was investigated under the external magnetic fi eld. The size 
of the conical array is about 1 cm × 1 cm composed of 144 
well-defi ned cactus-like spines. A high-speed CCD camera 
was used to in situ record and visualize the detailed fog collec-
tion and droplet movement processes on the cactus-inspired 
magnetic cones. It was found that, under the integration of 
the magnetic fi eld-driven periodic vibration and the conical-
structure-induced Laplace pressure difference, the cactus-like 
spine can effectively harvest fog water in the closed chamber 
fi lled with quasistatic mist ( Figure    3  a,c). Similar to the fog col-
lection behavior of cactus spines found in nature, fog droplets 
prefer to be captured by the tip of the conical spine, resulting 
in the formation of a tiny water droplet on the tip. During 
the continuous fog-harvesting process, the fusion of the tiny 
droplets resulted in the release of their surface energy, which 
favored the motion of the water droplet. [ 9 ]  The overloaded 
water droplet will move toward the base of the conical spine, 
arising from the conical-shape-induced Laplace pressure 

difference. After the droplet moved away 
from the tip, a fresh conical surface was 
released and a new cycle of water deposi-
tion and directional collection began. The 
continuous and magnetically induced fog 
harvesting was achieved through the suc-
cessive “fusion” and “directional move-
ment” processes (Figure S5, Supporting 
Information). For a single conical spine, the 
average fog-harvesting effi ciency was about 
1.41 µL h −1 , calculated by the modifi ed equa-
tion of the ellipsoidal volume (Figure S6, 
Supporting Information). [ 5e ]  For the conical 
spine without the external magnetic fi eld 
under the same relative humidity inside 
the foggy chamber, fog water was hardly 
captured by the spine arising from the low 
mist speed and the fog-harvesting effi ciency 
was negligible (Figure  3 b,c). This dem-
onstrates that our proposed magnetically 
induced fog-harvesting strategy is an effec-
tive approach to collect static fog water as an 
alternative freshwater resource in the foggy 
regions. According to the World Health 
Organization, for a person, the minimum 
water requirement to sustain life is about 
2.5 L per day under moderate climatic con-
ditions. [ 10 ]  In this work, the fl exible conical 
array containing 144 spines cm −2  can col-
lect about 0.2 mL h −1  under the quasistatic 
foggy environment. This indicated that basic 
water requirement for a person can be effec-
tively solved by using a fog collector with 
1 m 2  conical arrays to harvest fog water for 
only 1.25 h. Furthermore, the present mag-
netically induced fog collector can be fabri-

cated in larger scale, which will improve the fog-harvesting 
effi ciency. The present magnetically induced fog-harvesting 
approach may serve as a source of inspiration to optimize the 
existing fog collection system.  

  Figure    4  a shows schematic representation of the mecha-
nism for the magnetically induced fog harvesting. Generally, 
water harvesting was realized by the collision between the 
fog droplets and water collectors. Under the external mag-
netic fi eld, the collision probability between fog droplets and 
the cone was increased and the effective fog-harvesting area 
was enlarged arising from the periodic vibration of the fl ex-
ible conical spine. When the spine vibrates from point A to 
point B, it can collide with fog water in the scanning area. 
This is benefi cial to the deposition of tiny water droplets on 
the spine, especially on the tip, and the improvement of fog-
harvesting effi ciency. According to the previous work, the 
conical-shape structure provided an obvious Laplace pres-
sure difference arising from its curvature. [ 4f   ,   5a ]  Fog water 
preferred to be captured by the tip site of the conical spine, 
which is similar to the cactus in nature. A droplet on a con-
ical-shape surface is often driven to the side with the larger 
radius arising from the gradient of the Laplace pressure. [ 11 ]  
Therefore, the directional movement of the water droplet 
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 Figure 3.    In situ CCD camera observation of the water collection of a magnetic cone with and 
without the external magnetic fi eld in the same chamber. The deposited water drop on a) a 
magnetically driven cone and b) a static cone placed in the same fog chamber at different time 
periods. c) Relationship between the volume of the water drop on a single cone and the time of 
fog harvesting. Circles and squares correspond to the magnetically actuated cone and the static 
cone, respectively. The average effi ciency of water harvesting of a magnetically driven cone is 
higher than that of a static one. The error bars were obtained from fi ve repeated measurements.
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from the tip to the base side of the spine can be attributed to 
the Laplace pressure difference (Δ P ) within the water droplet 
explained below, 

     ∫
γ αΔ = −
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 where  r  is the local radius of the magnetic cone,  R  0  is the drop 
radius, and  γ  is the surface tension of water,  α  is the half-apex 
angle of the magnetic cone, and d z  is the incremental radius of 
the cone. The gravitational force of the water droplet has little 
effect on the directional water collection performance. [ 4f   ,   5a ]  As 
the radius of the tip ( r  1 ) is much smaller than that of the bottom 
( r  2 ), the Laplace pressure on the spine tip is larger than that on 
the base. Therefore, the difference of Laplace pressure within 
a water droplet will serve as a driving force to push the direc-
tional movement from the tip to the base of the conical spine.  

 Figure  4 b clearly shows that during the regular vibrations of 
the fl exible conical spine under the external magnetic fi eld, fog 
water is captured and transported toward the base of the cone 
driven by the Laplace pressure difference.  

  3.     Conclusion 

 In conclusion, magnetically induced fog harvesting under 
windless conditions was achieved through the integration of 
cactus-inspired spine structures and magnetically responsive 
fl exible conical arrays. Static fog water can be spontaneously 
and continuously captured and directionally transported from 
the tip to the base of the spine through periodic vibration of 

the fl exible conical spine driven by the external magnetic fi eld 
and the Laplace pressure difference arising from the conical 
shape of the spine. Furthermore, the present magnetically 
induced fog collector can be fabricated in larger scale and can 
therefore meet the demand for the basic water requirement of 
a person in a short period of time. The magnetically induced 
fog-harvesting system should have promising applications 
in windless and foggy regions, and could serve as a source of 
inspiration to further optimizations of oil mist purifi cation and 
fog-water-harvesting strategies.  

  4.     Experimental Section 
  Fabrication of Magnetically Conical Array : A series of organized 

conical holes were constructed on the polyvinyl chloride (PVC) polymer 
sheet through a mechanically punched approach. To obtain a regular 
magnetically conical array, a commercial sewing needle was attached to 
a jet dispensing system to prick conical holes in a piece of PVC (with a 
thickness of 5 mm) fi rst. Then, 200 mg Co MPs in microscale (purchased 
from Sigma-Aldrich; average diameter of 2 µm) was dispersed uniformly 
into each hole of the array. The PDMS prepolymer (contained 0.1 
equivalent curing agents; purchased from Dow Corning, SYLGARD 184) 
was cast on the template fi lled with Co MPs with assistance of vacuum 
pumping. For making the Co MPs in vertical arrangement in the holes, 
the sample was placed on the top of a permanent magnet (60 mm 
in diameter, 50 mm in thickness) with a superfi cial magnetic fi eld 
intensity of about 0.9 T in the process of degassing and curing. After 
curing, the PVC template was dissolved in a prepared tetrahydrofuran 
(THF) solution for 24 h. The dissolving process was carried out at room 
temperature to minimize the probable swelling of PDMS matrix. After 
dissolving, the magnetically conical array with the size of about 3 mm 
height, 770 µm diameter at the base, and 680 µm separation between 
the adjacent cones was obtained. 
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 Figure 4.    The water droplet was collected and transported directionally toward the base of the cone utilizing vibration and the Laplace force gradient. 
a) The constant vibrations of a magnetic cone signifi cantly increases the probability of collision with fog droplets. The conically shaped surface gener-
ates a gradient of Laplace pressure from high curvature site ( r  1 ) to low curvature site ( r  2 ), which is the main driving force for the directional movement 
of droplets. b) Fog water was captured and transported toward the base of the fl exible cone utilizing magnetic-induced vibrations and the Laplace 
pressure difference.
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  Experiments on the Water-Collecting Ability of Magnetically Conical 
Array : The magnetically conical array was carefully fi xed upward in the 
closed PMMA chamber with a size of 30 cm (length) × 30 cm (width) × 
30 cm (height). The static foggy atmosphere was provided previously 
by an ultrasonic humidifi er (YC-E350, Beijing YADU Science and 
Technology Co., Ltd) and the relative humidity inside the foggy chamber 
was carefully controlled at about 80%. The whole process was recorded 
by the optical microscope and CCD components of the OCA40 system 
(Data-Physics, Germany) at room temperature. 

  Characterization of Magnetically Conical Array : SEM images of the 
samples were obtained with a fi eld-emission SEM(JSM-6700F, Japan). 
The optical images of the magnetically conical array were recorded by a 
digital camera (Canon Powershot A1100IS).  
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