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Abstract: Aircraft icing has a significant impact on flight safety， as ice accumulation on airfoils and engines can cause 
aircraft stalls. Developing anti-icing technology that can adapt to harsh and cold environment presents a challenge. 
Here， we propose a new anti-icing skin with micro-nano structure inspired by the bamboo leaf called Fargesia 
qinlingensis. A multilayer non-uniform height （MNH） micro-nano structure is proposed based on the Fargesia 
qinlingensis surface structure. The anti-icing mechanism of the MNH micro-nano structure is revealed. The flexible 
large-area MNH micro-nano structure is fabricated based on hierarchical assembly method. Compared with the smooth 
surface， the ice adhesion strength of the prepared bio-inspired surface is reduced by 80%， indicating that the MNH 
micro-nano structure inspired by Fargesia qinlingensis has ice-phobic effect. Based on this， an anti-icing hybrid skin 
based on bionics and electric heating is developed. The anti-icing hybrid skin has successfully completed the anti-icing 
function flight test on the UAV. To realize the effective anti-icing function under super cold conditions， the anti-icing 
hybrid skin has been applied on a certain type of UAVs. The bio-inspired anti-icing skin has broad application 
prospects in large transport aircraft， helicopters， wind power generation， and high-speed trains.
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0 Introduction 

Aircraft icing has great impact on the flight 
safety， and the anti-icing technology for aircraft in 
harsh and cold environment is a challenge［1-2］. Ac‑
cording to the International Civil Aviation Organiza‑
tion’s “2020─ 2022 Global Aviation Safety Plan”， 
aircraft icing is still one of the important issues for 
the global aviation industry. However， the existing 
anti-icing technologies for aircraft such as liquid， 
pneumatic， gas-thermal， and electric-thermal meth‑
ods［3-6］ generally have the problems of large load and 
high energy consumption， so they cannot be used 
for aircraft with small load and low power， such as 
unmanned aerial vehicles （UAVs）［7- 8］.

The biomimetic micro-nano structure surface 

provides a promising direction for anti-icing re‑
search［9］. Since Barthlott et al.［10］ proposed the “lo‑
tus effect” in 1997， the anti-icing effect achieved by 
the superhydrophobic surface has become a popular 
research topic［11］. Superhydrophobicity generally re‑
fers to a surface where the three-phase contact angle 
is greater than 150°， and the contact angle hystere‑
sis is less than 10°. The water droplets on the super‑
hydrophobic surface are likely to bounce， which 
greatly shortens the solid-liquid contact time. More‑
over， because the superhydrophobic surface is usual‑
ly a regular array structure， it reduces the probabili‑
ty of ice nucleation and increases the delay time of 
ice formation［12］. Furthermore， researchers pro‑
posed anti-icing surfaces inspired by various animals 
and plants［13］ ， such as rose petals［14］ ， butterfly 
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wings［15］， rice leaves［16］. These studies are all based 
on the superhydrophobic phenomenon of living or‑
ganisms in nature， imitating their microstructure， 
and preparing the anti-icing surfaces through photoli‑
thography， mechanical processing， electrochemical 
deposition， femtosecond laser processing and other 
methods［17-21］. However， recent studies have pointed 
out the shortcomings of superhydrophobic surfaces 
in outdoor environments［22-23］. Under the impact of 
outdoor rainwater， wind load， etc.， some tiny wa‑
ter droplets will infiltrate the surface microstruc‑
ture， which will reduce the superhydrophobic perfor‑
mance and eventually lead to the failure of anti-icing.

Many unique phenomena in nature are the re‑
sults of thousands of years of evolution to adapt to 
the environment. Although the bionic superhydro‑
phobic surface has the anti-icing effect， these plants 
are not in direct contact with ice and snow after all. 
We find that there is a unique plant in Qinling Moun‑
tains ─ Fargesia qinlingensis， which has a surface 
that is not easily adhered to ice and snow， as shown 
in Fig.1. As the climate boundary， since 1980 ─
2016， there have been 114 regional alpine snow 
events in Qinling Mountains with an average time 
of 16 d each time. As an evergreen plant， Fargesia 
qinlingensis can keep its leaves basically free of 
ice and snow in Qinling Mountains at an altitude of 
1 500 m， showing excellent anti-icing effect.

A multilayer non-uniform height （MNH） mi‑
cro-nano structure is proposed based on the Fargesia 
qinlingensis surface structure. The anti-icing mecha‑
nism of the MNH micro-nano structure is elucidat‑
ed， and a fabrication method based on hierarchical 
assembly is provided for preparing flexible， large-ar‑

ea MNH micro-nano structures. An anti-icing skin 
based on bionics and electric heating is developed. 
The anti-icing skin has successfully completed the 
anti-icing function flight test on small-to-medium-

sized UAVs， and it has been applied on a certain 
type of UAVs.

1 Anti‑icing Mechanism of Farge‑
sia Qinlingensis 

The surface structure and chemicals of the Far‑
gesia qinlingensis leaves are analyzed. The leaves 
are from the watershed at Fengyu valley in Qinling 
Mountains. Plants in good growth condition are se‑
lected， and 5 leaves with the length of no less than 
4 cm are selected from each plant. Leaf samples are 
washed with ethanol immediately after harvest， and 
sealed in test tubes filled with deionized water. The 
time from harvest to experiment is less than 6 h to 
ensure freshness. Scanning electron microscopy 
（VEGA3， SBH， TESCAN Company Ltd） is used 
to observe the morphology of leaf samples， and the 
results are shown in Fig.2. The leaf surface of Far‑
gesia qinlingensis has a multilayer structure with the 
scale covering a range from 100 μm to 100 nm. Its 
multiscale structure is composed of four layers： The 
first layer is columnar structures arranged with regu‑
lar spacing， with a height of about 50 μm； the sec‑
ond layer is a drop-like structure arranged along the 
leaf growth direction， with a height of 20 μm and 

Fig.1　Anti‑icing performance of Fargesia qinlingensis leaves

Fig.2　SEM images of MNH micro-nano structure of Farge‑
sia qinlingensis
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spacing of 100 μm； the third layer is composed of 
densely arranged papillae structures with a diameter 
of 5 μm； the fourth layer is nanoscale three-dimen‑
sional sheet structure.

The unique MNH micro-nano structure of Far‑
gesia qinlingensis is the key to its ability to repel ice. 
For common regular array microstructures， super‑
cooled microscopic water droplets will infiltrate into 
the gaps of the structure， which will weaken the su‑
perhydrophobicity and lead to surface icing. At the 
same time， the ice embedded in the structure will al‑
so produce the mechanical interlocking， increasing 
the ice adhesion strength. However， the MNH mi‑
cro-nano structure of Fargesia qinlingensis is condu‑

cive to the bouncing of supercooled water droplets， 
and enhances the anti-wetting ability. Even if some 
water droplets fail to leave the surface in time and 
freeze eventually because of the high liquid water 
content and strong airflow， the ice adhesion 
strength is relatively low. This is because the multi‑
layer and multiscale micro-nano structure forms 
more cavities， and the ice on top is more likely to 
generate local stress concentration. Therefore， the 
ice-solid interface tends to produce micro-cracks， 
which effectively reduces the adhesion strength. 
The schematic diagram of anti-icing mechanism of 
Fargesia qinlingensis is shown in Fig.3.

2 Fabrication of Anti‑icing Skin In‑
spired by Fargesia Qinlingensis

The fabrication of large-scale and complex top‑
ographical structures has always been a challenge 
for micro-nano processing technology. The topogra‑
phy of Fargesia qinlingensis involves structures at 
different scales. Using a single mask etching meth‑
od cannot produce multilayer micro-nano struc‑
tures， and adding masks to achieve structures with 

different heights is also difficult. Here， we propose 
a fabrication method based on hierarchical assembly 
to realize a flexible large-area MNH micro-nano 
structure. First， large-area single-layer structure 
surfaces are prepared. Then， the layers are com ‑
bined by adjusting the interfacial adhesion force， 
and a large-area flexible multi-layer structure is ob‑
tained. The schematic diagram of the fabrication 
process for the MNH micro-nano structure is shown 
in Fig.4.

Patterned photoresist structures on the nickel 
substrate are obtained through photolithography， 
and then the nickel mold master with fine micro‑
structure is obtained through electroforming. Multi‑
ple nickel molds of the same size are obtained by 
secondary electroforming. An aligner is used to real‑

ize the preparation of large-area negative templates 
（Step A）. Furthermore， large-area single-layer mi‑
crostructures are obtained on the polyimide sub‑
strate by imprinting and photocuring （Step B）. 
Here， the drop-like structure （Structure A） is fabri‑
cated differently from the papillae structure （Struc‑

Fig.3　Schematic diagram of the anti-icing mechanism of Fargesia qinlingensis

Fig.4　Fabrication process of MNH micro-nano structures
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ture B）. More specifically， for the drop-like struc‑
ture， a pre-prepared smooth and thin ultraviolet-
cured polymer （UV-cured polymer） is placed in 
1H， 1H， 2H， 2H-perfluorooctyltriethoxysilane so‑
lution for 2 h， and is dried in the oven with 60 ℃ ， 
30 min. The adhesion of the silaneized surface is re‑
duced due to the formation of CF3 groups. The si‑
lanized UV polymer， used as a transfer layer， is 
covered on the nickel template that has been coated 
with UV-cured prepolymer， and is irradiated with 
the UV curing machine for 10 s with the irradiation 
energy of 12 950 mJ/cm2. Then Structure A is ob‑
tained after the UV-cured polymer is peeled off. For 
the papillae structure， UV-cured polymer is applied 
to the nickel template and covered with a PI film. 
Structure B is also fabricated after photocuring and 
peeling. Referring to the wafer bonder， a set of mul‑
tilayer microstructure alignment device is designed. 
The single-layer Structure A is attached upside 
down to the upper glass platform. The image of 
Structure A is transferred to a display screen by a 
charge-coupled device， and calibration lines are 
drawn along the feature edges of Structure A on the 
screen. Structure B is placed on the lower platform， 
with the three-axis turntable and microscope， the 
alignment of the multi-layer structure is realized by 
adjusting Structure B according to the calibration 
line. The aligned structure is treated by corona dis‑
charge for 1 min， so that the structural layers are ful‑
ly bonded （Step C）. Since the adhesion force be‑
tween the interface of Structures A and B is greater 
than that between the interface of the transfer layer 
and Structure A， Structure A can be successfully 
peeled off and the large-area MNH micro-nano 
structure is finally obtained （Step D）.

The SEM image of the simplified structure in‑
spired by Fargesia qinlingensis is shown in Fig. 5. 
The MNH micro-nano structure has a staggered ar‑
rangement of drop-like and papillae structures， in 
which the length of the drop-liked structure is 45 μm， 
the width is 20 μm， the height is 20 μm， and the lat‑
eral spacing is 50 μm. The papillae structure is 5 μm 
in diameter and 5 μm in height. The static contact 
angle of the surface is 140.9°， and the sliding angle 

is 10.2°， demonstrating a fine hydrophobic property.
The ice adhesion strength of the prepared 

MNH micro-nano structure is measured by a self-
made adhesion force measuring equipment with the 
ambient temperature -10 ℃， and the water droplet 
is 15 μL. After the water drop freezing on the sur‑
face， the force probe is driven by the motor to re‑
move the ice， and the force curve is recorded. Ac‑
cording to the image method， the contact area be‑
tween the ice drop and the surface is obtained， and 
the ice adhesion strength is calculated. Fig. 6 shows 
the results of ice adhesion strength of the MNH mi‑
cro-nano structure and the smooth surface. The re‑
sults indicate that the MNH micro-nano structure re‑
duces the ice adhesion strength by 80% compared 
with the smooth surface.

Fig.6　Results of ice adhesion strength of MNH micro-nano 
structure and smooth surface

Fig.5　SEM image of the prepared MNH micro-nano struc‑
ture
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3 Ice Wind Tunnel Test of Anti‑icing 
Skin

Previous research has proved that under the im ‑
pact of high-speed cold airflow， it is difficult to 
achieve long-term and efficient anti-icing effect only 
by passive anti-icing technology. The consensus is 
that a combination of active and passive anti-icing 
technologies is currently the most reliable solution 
to aircraft icing problems. Therefore， we propose 
an anti-icing scheme， adding a surface insulation lay‑
er， a metal heating layer and a bottom insulation lay‑
er under the bionic anti-icing structure layer to ob‑
tain an anti-icing hybrid skin. The bionic anti-icing 
structure layer can prevent the accumulation of su‑
percooled water droplet， and the electric heating lay‑
er ensures the efficient anti-icing process in extreme‑
ly harsh environments. The upper and lower insula‑
tion layers are both PI films. The metal heating lay‑
er is made from constantan and fabricated by photoli‑
thography and etching. Constantan has high resistivi‑
ty and thermal conductivity （4.8×10-7 Ω·m and 
118 W/m·K， respectively）. At the same time， the 
good ductility and bending resistance of constantan 
guarantee the integrity when attaching to the airfoil.

When an aircraft passes through a supercooled 
cloud， the impact of supercooled water droplets in 
different areas of the airfoil is various. Adopting a 
single electrothermal power density cannot achieve 
a reasonable distribution of energy and may even 
cause shortage for aircraft energy supply. There‑
fore， it is necessary to perform chordwise power 
density partitioning on the electric heating of the 
skin to reduce anti-icing energy consumption and en‑
sure a longer endurance time. A low energy con‑
sumption bionic anti-icing system based on power 
density partition is proposed. The numerical calcula‑
tion method is used to analyze the anti-icing power 
density distribution regularity of the airfoil surface 
under specific working conditions， and the anti-icing 
hybrid skin is designed according to the calculated 
power density distribution.

Considering the actual flight requirements， the 
energy consumption requirements for the UAV anti-
icing system are the most stringent among other air‑

craft. Here， a certain type of the UAV is selected as 
the experimental object for research. According to 
the flight altitude， speed， attack angle of the UAV， 
and the meteorological design standards under typi‑
cal conditions in Appendix C of CCAR-25［24］， the 
specific working conditions are determined as： wind 
speed 40 m/s， temperature -10 ℃ ， attack angle 
2°， LWC 0.503 g/m3， MVD 20 μm （LWC refers 
to the supercooled water content and MVD the aver‑
age diameter of supercooled water droplets）. In this 
experiment， an airfoil model scaled down by a fac‑
tor of 0.5 is used， and the airfoil profile at approxi‑
mately 7.7 m away from the aircraft centerline is ex‑
tracted from the original wing as the scaled object. 
The coupled algorithm is used to calculate the exter‑
nal flow field of the airfoil， and the water droplet 
phase control equation is solved to obtain the local 
water droplet collection coefficient on the surface， 
as shown in Fig. 7（a）. The icing protection range 
determined by the droplet collection is S：-40 ─
30 mm. S represents chordwise distance along the 
airfoil surface， with negative values indicating dis‑
tance along the lower surface and positive values in‑
dicating distance along the upper surface. The theo‑
retical anti-icing power density distribution regulari‑
ty is obtained by calculating the anti-icing heat load 
in different areas of the airfoil.

Considering the anti-icing effect of the MNH 
micro-nano structure，the accumulation of water 
droplets is decreased， leading to the reduction of the 
heat flow related to water droplets. Therefore， the 
correction coefficient is used here to characterize the 
influence of the MNH micro-nano structure surface 
on the calculation of the anti-icing heat flow. Experi‑
ments on the capture rate of supercooled water drop‑
lets are carried out on the surface of MNH micro-na‑
no structure in a low temperature environment. The 
experimental results show that under the working 
conditions mentioned above， the MNH micro-nano 
structure surface can reduce the water collection by 
about 90% compared with the ordinary surface. The 
corrected theoretical anti-icing thermal load is 
shown in Fig.7（b）， in which the line is the calculat‑
ed theoretical anti-icing power density distribution 
regularity and the histogram is the partition power 
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density value （the maximum theoretical anti-icing 
thermal load in each area）. A handheld thermal cam ‑
era （Fluke， TiS60+ ， Shanghai， measurement ac‑
curacy within ±2 ℃ or within 2%， thermal sensitiv‑
ity ≤0.045 ℃）is used to test the thermal distribu‑
tion characteristics at -10 ℃， and the results reveal 

that the thermal distribution of the anti-icing hybrid 
skin has good uniformity under low temperature con‑
ditions， as shown in Figs. 7（c， d）， where A ─ F 
represent different areas of airfoil and L1,L2,L3 the 
temperature test line selected in Fig.7(c).

The anti-icing performance of the anti-icing hy‑
brid skin is verified in the ice wind tunnel. The anti-
icing hybrid skin is attached to the surface of the air‑
foil， and the test conditions are shown in Table 1. 
The test results are displayed in Fig. 8. There is no 
obvious icing on the leading edge and the upper and 
lower airfoil parts， which is obviously distinct from 
the part without the skin. Therefore， it is verified 
that the anti-icing hybrid skin has good anti-icing ice 
performance.

4 Applications

The flight test of the developed anti-icing hy‑
brid skin demonstrates that the tested UAV success‑
fully completes the flight mission at an altitude of 
1 ─ 4 km ， a maximum flight altitude of 8 km ， a 
cruising speed of 40 m/s and a temperature of 
-10 ─-3 ℃. At present， the anti-icing hybrid skin 
has been successfully applied on a certain type of 
UAVs， becoming the world’s first mid-airway long-

endurance UAV with anti-icing function. Fig. 9 is 
the photo of the flight test of the anti-icing hybrid 
skin. Moreover， the anti-icing skin inspired by Far‑
gesia qinlingensis has broad application prospects in 
the fields of large transport aircraft， helicopters， 

Fig.7　Design of anti-icing hybrid skin

Table 1　Experimental conditions for anti‑icing perfor‑
mance test of anti‑icing skin

Wind speed/
(m · s-1)

40

Tempera‑
ture/℃

-10.1

MVD/
(g · m-3)

18.3

LWC/
(g · m-3)

0.503

Pres‑
sure/
MPa
0.15

Water 
pressure/

MPa
0.1

Fig.8　Ice wind tunnel test results for anti-icing hybrid skin
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wind power generation， and high-speed trains.

5 Conclusions 

Aircraft icing poses a great threat to flight safe‑
ty， and the bionic micro-nano structured surface pro‑
vides a new direction for anti-icing technology. A 
unique plant in Qinling Mountains with excellent an‑
ti-icing effect called Fargesia qinlingensis is found. 
The MNH micro-nano structure inspired by Farge‑
sia qinlingensis is proposed， and the anti-icing mech‑
anism of the multilayer structure is discussed. The 
multilayer and multiscale structure enhances the 
bouncing behavior of supercooled water droplets， 
and the large number of cavities reduce ice adhesion 
by facilitating formation of micro-cracks on the inter‑
face. A method for the preparation of flexible large-

area micro-nano structures based on hierarchical as‑
sembly is proposed. The monolayer is fabricated 
through imprinting and photocuring， and surface 
modification by fluorosilanes and corona discharge is 
applied to realize the combination of the layers. The 
ice adhesion strength of the obtained anti-icing 
MNH micro-nano structure surface is reduced by 
80%， comparing with the smooth surface. Consider‑
ing the actual flight environment， a low energy con‑
sumption bionic anti-icing system based on power 
density partition is proposed. The UAV flight test 
demonstrates that the developed anti-icing hybrid 
skin has great anti-icing performance at an altitude 
of 1 ─ 4 km ， a maximum flight altitude of 8 km ， 
a cruising speed of 40 m/s， and a temperature of 
-10─ -3 ℃ . The developed anti-icing hybrid skin 
has been applied on a certain type of UAVs. The 
bio-inspired anti-icing skin has broad application 
prospects in large transport aircraft， helicopters， 

wind power generation， and high-speed trains.
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仿秦岭箭竹叶微纳结构疏冰蒙皮

燕则翔 1，2， 何  洋 1，2， 苑伟政 1，2

(1. 西北工业大学空天微纳系统教育部重点实验室, 西安  710072, 中国；

2.西北工业大学陕西省微/纳米系统重点实验室，西安 710072, 中国)

摘要：飞机结冰极大威胁飞行安全，严重时导致机毁人亡。适应恶劣寒冷环境的飞机防除冰技术是国际难题，也

是中国多型飞机研制必须突破的重大技术瓶颈。本文首次提出一种仿生疏冰雪对象——秦岭箭竹，建立仿秦岭

箭竹叶多层不等高微纳结构，揭示了这种独特结构对过冷微小水滴形成弹跳，滚动成冰及滑落的疏冰机制；提出

一种基于分层组装的柔性大幅面微纳结构制备方法，实现仿秦岭箭竹叶疏冰结构制备；获得的仿秦岭箭竹叶疏

冰表面相较于同材料光滑表面冰粘附强度降低 80%，表明秦岭箭竹叶微纳结构具有优异的疏冰效果。结合实际

工程应用，研制基于功率密度分区的仿生与电热相结合的疏冰复合蒙皮，据此获得的疏冰复合蒙皮成功完成中

小型无人机防除冰功能飞行，并且已成功列装某型号高原型无人机，满足了高寒条件下的有效防除冰飞行要求。

仿秦岭箭竹叶疏冰蒙皮也在大型运输机、直升机，以及风力发电、高速列车等领域具有广阔的应用前景。

关键词：飞机结冰；仿生表面；微纳结构；飞机蒙皮
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