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Abstract
Unexpected ice accumulation tends to cause many problems or even disasters in our daily life. Based on the superior elec-
trothermal and photothermal function of the carbon nanotubes, we introduced a superhydrophobic/electrothermal/photo-
thermal synergistically anti-icing strategy. When a voltage of 15 V was applied to the superhydrophobic sample, the surface 
could rapidly melt the ice layer (~ 3 mm thickness) within 530 s at the environmental temperature of − 25 °C. When the 
near-infrared light (808 nm) irradiates on the superhydrophobic sample, the ice could be rapidly removed after 460 s. It was 
found that the superhydrophobicity helps the melted water to roll off immediately, and then solves the re-freeze problem the 
traditional surfaces facing. Moreover, the ice can be completely melted with 120 s when the superhydrophobic/electrothermal/
photothermal synergistically anti-icing strategy was utilized. To improve the mechanical robustness for practical application, 
both nanoscale carbon nanotubes and microscale carbon powders were utilized to construct hierarchical structure. Then 
these dual-scale fillers were sprinkled onto the semi-cured elastomer substrate to prepare partially embedded structure. Both 
hierarchical structure and partially embedded structure were obtained after completely curing the substrate, which imparts 
excellent abrasion resistance (12.50 kPa, 16.00 m) to the prepared sample. Moreover, self-healable poly(urea–urethane) 
elastomer was introduced as the substrate. Thus, the cutted superhydrophobic sample can be mended by simply contacting 
at room temperature.
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1 Introduction

The accumulation of ice tended to create life-threatening 
hazards in our daily life [1]. For instance, the ice accre-
tion will generate extra weight which increases the burden 
of aircraft [2]; the ice formation between umbrella skirts 

of the insulator in power line will generate new conduc-
tive path which tends to cause flashover [3]. Many meth-
ods have been introduced for anti-icing/de-icing, such as 
heating [4], releasing anti-icing agent [5], liquid-infused 
materials [6], and superhydrophobic surfaces [7]. Among 
these methods, the passive anti-icing method inspired 
by superhydrophobic surfaces has garnered considerable 
attention due to their advantages of energy-saving and high 
efficiency [8, 9].

A typical superhydrophobicity can be found in the lotus 
leaves in nature. The water droplets exhibit a nearly round 
shape on the surface of lotus leaves, and roll off easily 
under a tiny sliding angle [10]. The further studies reveal 
that the combination of low surface energy and suitable 
micro/nano-structure can capture air pockets between 
the interfaces, which lead to superhydrophobicity. Fur-
thermore, it is found that the air pockets underneath the 
water droplets or ice could effectively delay freezing time 
and decrease the adhesion force [11]. Nevertheless, the 
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superhydrophobic surface can only delay the formation of 
the ice. The accumulation of ice in the long-lasting terrible 
weather is still inevitable, such as the 2008 freezing rain 
accident in China [12].

To overcome this obstacle, the researches tried to combine 
the superhydrophobic materials with active de-icing technol-
ogy. One research direction is to integrate the superhydropho-
bicity with joule heating method. For instance, Chen et al. 
prepared superhydrophobic conductive paper based on ketjen 
black and polyethylene, which could remove the ice using 
the electrothermal and non-adhesive performance [13]. Jiao 
et al. fabricated superhydrophobic film using reduced gra-
phene oxide wrinkles, which demonstrated excellent de-icing 
property [14]. Another research direction is to integrate the 
superhydrophobicity with photothermal effect. For example, 
Jiang et al. fabricated SiC/carbon nanotube superhydrophobic 
coating, which demonstrated high light-to-heat conversion 
efficiency [15]. Therefore, A superhydrophobic/electrother-
mal/photothermal synergistically anti-icing strategy will fur-
ther improve the de-icing efficiency.

The biggest drawback of superhydrophobic materials is 
the poor mechanical robustness, which prohibits the practi-
cal application. Most superhydrophobic materials are frag-
ile to sandpaper abrasion, or even finger contact [16, 17]. 
Kulinich et al. further found that the cyclic icing/de-icing 
process tended to damage the surface structure of super-
hydrophobic materials which led to lose of icephobicity 
[18]. To improve the mechanical robustness, Parkin et al. 
invented a “Paint + Adhesive” method [19]. By bonding 
the  TiO2 nanoparticles with the commercial adhesive, the 
superhydrophobic coating exhibited a maximum abrasion 
distance of 8.00 m under a 100 g load. Guo et al. utilized 
the inorganic adhesive to bond the  SiO2 nanoparticles, and 
the prepared surfaces maintained superhydrophobicity after 
being abraded for 10.00 m under a 200 g load [20]. In our 
previous work, we prepared abrasion-resistant superhydro-
phobic transparent coating by partially embedding the silica 
nanoparticles into the PDMS matrix [21]. Meanwhile, Ras 
et al. introduced hierarchical structure which attempted to 
use the relatively robust microstructure to guard the fragile 
nano-structure [22]. Nevertheless, the superhydrophobic 
materials prepared by the aforementioned methods could 
not withstand severe mechanical damage, such as wide and 
deep scratches.

When we accidentally broken our skin, the wound 
could be spontaneously repaired in our daily life. In fact, 
the capability to repair damaged organisms is a funda-
mental function for the living organisms. Inspired by 
this phenomenon, many kinds of self-healable materials 
have been prepared by the introduction of reversible or 
exchangeable bonds [23]. Recently, Sun et al. fabricated 
self-healable superhydrophobic film by drop-casting Ag 
nanowires onto the healable film [24]. In this research, 

we tried to partially embed micro-scale carbon powders 
and nanoscale carbon nanotubes into healable elastomer. 
The base elastomer endows this composite self-healable 
function, and the fluoroalkyl-silane modified dual-scale 
carbon materials endow the composite superhydrophobic/
electrothermal/photothermal properties simultaneously. 
The further anti-icing test demonstrated the superiority of 
this superhydrophobic/electrothermal/photothermal syner-
gistically anti-icing strategy. Furthermore, the as-prepared 
materials combined the partially embedded and hierarchi-
cal structure, which maintained superhydrophocity even 
after abraded for 16.00 m under a load of 500 g.

2  Materials and Methods

2.1  Materials

Trifunctional poly(propylene glycol) (PPG, Mn = 6000) was 
bought from Bayer Materials Science. The PPG with low 
molecular weight (330 N) was purchased from Jining Huakai 
Resin Co., Ltd., China. 1H, 1H, 2H, 2H-perfluorooctyltri-
ethoxysilane  (C8F13H4Si(OCH2CH3)3, FAS), 4-Aminophe-
nyl disulfide (APS, 98%), isophorone diisocyanate (IPDI, 
99%), tetrahydrofuran (THF, 99%), and carbon powder 
(≥ 200 mesh) were purchased from Aladdin Reagent Co., 
Ltd, Shanghai, China. The dibutyltin dilaurate (DBTDL, 
95%) was purchased from Sinopharm Chemical Reagent 
Co., Ltd., Shanghai, China. The multiwall carbon nanotubes 
(MWCNTs) with an average diameter of 30 nm – 50 nm 
(TNM7, ≥ 98% purity) were bought by Chengdu Organic 
Chemicals Co., Ltd., China. All chemicals were used as 
received.

2.2  The Synthesis of Prepolymer A

The prepolymer A was synthesized based on reference 
[25] with some modification. First, the PPG 6000 (39 g, 
65 mmol) was poured into a 500 mL four-necked flask 
equipped with a mechanical stirrer and a vacuum inlet. 
Then, the PPG 6000 was stirred under vacuum at 120 °C for 
1 h to remove residual moisture. After cooling the tempera-
ture to 70 °C, IPDI (4.545 g, 204.5 mmol) was added, and 
the mixture was stirred under vacuum at 70 °C for 10 min. 
Finally, DBTDL (2 mg) was added, and the mixture was 
further heated at 70 °C for 45 min under vacuum and stirring 
to obtain prepolymer A.

2.3  The Synthesis of Prepolymer B

First, PPG330N (25 g,125 mmol) was poured into a 500 mL 
four-necked flask, and heated at 120 °C under stirring and 
vacuum for 1  h to remove internal moisture. After the 
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temperature was cooled to 60 °C, IPDI (5.55 g, 250 mmol) 
was added. Then, the mixture was stirred under vacuum at 
60 °C for 10 min. In the next step, 1.5 mg of DBTDL was 
added. Finally, the mixture was further stirred under vacuum 
at 60 °C for 70 min to obtain prepolymer B.

2.4  Preparation of Hydrophobic CNT Powders

First, 0.3 g of FAS was dissolved in 25 g of THF, and the 
solution was magnetically stirred for 2 h. Then, 1 g of 
MWCNTs were added to the solution. To ensure the dis-
persion of MWCNTs, the mixture was ultrasonic treated 
for 1 h and then magnetically stirred for 6 h. Finally, 
the mixture was placed in a vacuum drying box. After 
vacuum drying, the hydrophobic MWCNT powders were 
collected.

2.5  Preparation of Hydrophobic CNT Solution

First, 0.4 g of FAS was dissolved in 30 g of THF, and the 
solution was magnetically stirred for 2 h. In the next step, 
1 g of carbon powders was added to the solution. Then, the 
mixture was magnetically stirred at room temperature for 6 h 
to obtain uniform hydrophobic CNT solution.

2.6  Preparation of Self‑healing Superhydrophobic 
Coating

First, the prepolymer (A) and the prepolymer (B) were 
mixed in a 100 mL glass container. Then, a solution of 
4-Aminophenyl disulfide (20.6 mmol) in THF (3 mL) was 
added, and the mixture was mechanically stirred to obtain 
self-healing polymer C. In the next step, the mixture was 
poured into a tetrafluoroethylene mold and degassed for 
20 min in a vacuum environment to remove bubbles. Then, 
hydrophobic carbon powders were uniformly sprinkled on 
the surface of polymer C with the help of a copper mesh 
(200 mesh). After further heating the sample at 70 °C for 
3 h, the polymer C was semi-cured. Then, the hydrophobic 
CNT solution was sprayed onto the sample to improve the 
conductivity. Finally, the self-healing superhydrophobic 
sample was fabricated by removing the sample from the 
mold after 24 h.

2.7  Characterization

The Scanning Electron Microscope (SEM, TESCAN Vega3) 
was utilized to measure the surface morphology. X-ray Pho-
toelectron Spectroscopy (XPS, Thermo ESCALAB 250XI, 
USA) was adapted to detect the samples’ chemical composi-
tion. We further measured the water Contact Angles (CAs) 

and Sliding Angles (SAs) in term of JC2000D (Shanghai 
Zhongchen, China) apparatus. At least five positions were 
measured for each sample, and the average values were cal-
culated. The dynamic bouncing test was investigated by the 
means of high-speed camera (Revealer 2F04).

2.8  Icing/De‑icing Test

The icing/de-icing tests are based on references [15, 26] 
with some minor modifications. During all the icing/de-
icing process, a digital microscope (Andonstar-A1, China) 
was adopted to observe the freezing process and then 
determine the freezing time. Moreover, an infrared imager 
(FLIR-C2, FLIR Ltd., USA) was used to measure the surface 
temperature.

For the freezing test of a droplet, the samples were put 
into the climate chamber (temperature: − 25 °C, relative 
humidity: 30%). Then, a 5 μL water droplet was carefully 
put onto the sample surface using a syringe.

For the glaze ice test, the samples were put into the cli-
mate chamber at the temperature of − 25 °C and the relative 
humidity of 80%. A commercial moisturizer was also put 
onto the climate chamber and served as the generator of 
water droplets. Then, 1 L of supercool water (~ 0 °C) was put 
into a commercial moisturizer. With the help of moisturizer, 
a large amount of microscale water droplets could be gener-
ated and fell onto the surface of samples.

For the electrothermal (ET) de-icing test, the moisturizer 
stopped work and a Direct Current (DC) voltage of 15 V 
was applied to generate Joule heating. For the photothermal 
(PT) de-icing test, the near-infrared laser (808 nm, Model 
NO. LSR808H-FC-1 W, Lasever Inc., Ningbo, China) was 
utilized to irradiate the surface of sample. For the ET/PT 
synergistically de-icing test, both DC resource (15 V) and 
near-infrared laser worked to accelerate the melt of the ice.

3  Results and Discussion

3.1  The Morphology and Chemical Composition

Here, the keypoint is to achieve self-healing function and 
mechanical robustness simultaneously, which was achieved 
by partially embedding hierarchical structure into a self-
healing substrate (Fig.  1a). Both microscale filler (car-
bon powder, 10 μm –100 μm size) and nanoscale filler 
(MWCNT, 30 nm –50 nm diameters) were utilized in this 
research. Because of the dual-scale nature of the fillers, the 
hierarchical structure would be constructed by sparsing the 
fillers onto the substrate. By further sparsing the filler onto 
the semi-cured substrate, the partially embedded structure 
could be obtained which has been confirmed by our previous 
research [21]. Here, the poly(urea–urethane) elastomer was 
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chosen due to its excellent self-healing function. Therefore, 
the hierarchical structures together with partially embedded 
structure lead to mechanical robustness, and the self-healing 
substrate endows the sample healable function.

The hierarchical structure can be confirmed by the SEM 
observation. Many microscale bulges could be found in 
Fig. 1b, c. We attributed these to the carbon powders. 
Moreover, it was found that some CNTs were on top and 
between the microscale bulges (Fig. 1c). The CNTs play 
a vital role in the sample, which not only favors the con-
struction of the hierarchical structure, but also favors the 
formation of conductive network [27, 28].

The low surface energy is another indispensable fac-
tor for preparing superhydrophobic materials. Here, we 
analyzed the surface chemical composition using the XPS 
test. From Fig. 2a, Si 2p, C 1s, O 1s, and F 1s peaks were 
detected. From the F 1s core-level spectra (Fig. 2b), a 
dominant peak at 689.2 eV was measured. We ascribed 
this to the fluorine bond as  CFx, which indicates that F is 
present in same bonding environment as that of FAS [29, 
30]. In the case of Si 2p spectrum (Fig. 2c), the raw data 
could be further fitted to two peaks, which are ascribed to 
–Si–OH or Si–Fx species at 104.5 eV and  SiO2-based net-
work at 103.4 eV [31]. Moreover, the C 1s (Fig. 2d) spec-
trum can be deconvoluted into five peaks at 284.80 eV, 
285.90 eV, 286.86 eV, 292.11eV, and 294.16 eV, which 
can be assigned to the –CH, C–O, C–CF, –CF2, and –CF3, 
respectively [32, 33]. In this research, the C–CF, –CF2, 
and –CF3 groups offer low surface energy, which is cru-
cial for the formation of superhydrophobicity [34]. Then, 
this superhydrophobic sample demonstrates outstanding 
self-cleaning function. The EDS mapping analysis was 
further performed to confirm the element distribution. As 
shown in Fig. S1, this superhydrophobic sample contains 
Si, F, C, and O element uniformly (Fig. S1). As shown in 

Movie S1, the surface of the superhydrophobic sample 
was clean and dry, because the water droplets could leave 
the surface completely and carry the contaminants away. 
On the other hand, the water droplets could not leave the 
surface of bare glass and RTV (room-temperature vulcan-
ized silicone rubber) coated glass, which led to dirty and 
wet surfaces (Movie S2–S3).

3.2  The Self‑healing Ability

This superhydrophobic sample has advantages in restoring 
the loss of superhydrophobicity caused by cutting, as shown 
in Movie S4. Here, the original sample with a contact angle 
of 162.5° and a sliding angle of 4.3° was cut in half using 
scissors (Fig. 3b). Then, we mended the sample by simply 
contacting the cutted parts at room temperature (Movie S4 
and Fig. 3d). After 1 h of contact, the water droplets rapidly 
roll off from mended sample (Movie S4). The CA and SA 
of the mended sample were measured to be 158.7° and 6.3° 
respectively, which indicates that the superhydrophobicity 
was retained. Moreover, the mended sample demonstrates 
excellent mechanical properties, which could withstand the 
weight of 500 g (Movie S4). The further SEM observation 
confirmed that the cutted polymers contact with each other 
again (Fig. 4). Therefore, the self-healing mechanism can 
be ascribed to the covalent bonds caused by the aromatic 
disulfide metathesis.

3.3  The Anti‑icing Ability

In this research, both microscale carbon powders and 
nanoscale CNTs were utilized as the fillers. All of them 
have been widely studied as thermal heater for efficiently 
transforming electrical energy into Joule heating energy. 
To investigate the electrothermal property, a hybrid carbon 
coating (25 mm × 16 mm size) was connected to a source of 
direct current (DC). Then, we detected the time-dependent 
temperature profile under different DC voltage using an 
infrared imager (Fig. 5a). It could be found that the hybrid 
carbon coating could attain a saturation temperature of 
14.9 °C from subzero temperature (− 5.0 °C) after apply-
ing 9 V voltage. Moreover, the surface temperature could 
increase rapidly from − 5.0 to 74.6 °C under a voltage of 
15 V (Fig. 5b).

The superior electrothermal (ET) property together 
with superhydrophobicity endows a unique anti-icing abil-
ity to the hybrid carbon coating. We first investigated the 
removing ability of the frozen droplet. A droplet (~ 5 μL) 
was carefully placed on the sample, and gradually frozen 
under − 25 °C temperature (Movie S5). Then, a voltage of 
15 V was applied. From Fig. 6a and Movie S6, the frozen 
water droplet can be melted after ~ 148 s, and then rolled 
off completely without any residue. It is worth noting that 

Fig. 1  a The schematic of the self-healing superhydrophobic sample. 
SEM images of superhydrophobic sample at b low and c high magni-
fications, respectively



1151A Superhydrophobic/Electrothermal/Photothermal Synergistically Anti‑icing Strategy…

1 3

the environment temperature of de-icing test was set to be 
− 25 °C. Thus, the time required to melt the ice is relatively 
long. Besides the electrothermal effect, the photothermal 

(PT) performance of the carbon-based materials was also 
attracting more and more attention. Recently, He et al. 
prepared superhydrophobic surfaces based on candle soot, 
which can rapidly melt the accumulated frost and ice in 
300 s under 1 kW·m−2 [35]. Here, we tried to investigate 
the photothermal effect of the hybrid carbon coating using 
the near-infrared laser (1 W). Within 265 s of illumina-
tion, the frozen droplet on the hybrid carbon coating melted 
(Fig. 6b). The detailed de-icing process could also be found 
in Movie S7.
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Fig. 3  The self-healing process of the superhydrophobic sample
Fig. 4  The SEM image of a cutted superhydrophobic sample and b 
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Nevertheless, the de-icing process of frozen droplet 
cannot completely reflect the actual freezing weather. 
Recently, Jiang et al. systematically analyzed the surface 
icing accidents and found that the glaze ice is the most 
dangerous situation [36]. In this research, we prepared 
the glaze ice in the artificial climate chamber following 
the methods shown in reference [15, 26] with some small 
modifications. As shown in Fig. S2, an ice layer (~ 3 mm 
thick) was frozen on the surface of the hybrid carbon 
coating.

It is worth noting that CNTs are a kind of fascinat-
ing material which demonstrates excellent electrothermal 
(ET) and photothermal (PT) properties simultaneously. 
Here, the ET, PT, and ET/PT de-icing tests were all inves-
tigated and compared. We first applied a voltage of 15 V 
onto the hybrid carbon coatings. The ET effect led to 
the fast rise of the surface temperature, which further 
melted the ice (Fig. 7a). As shown in Movie S8, it takes 
530 s for the ice layer to be completely melted. In the 
next step, a near-infrared laser was utilized to irradiate 
the surface. The carbon-based materials would absorb the 
near-infrared light, and the heat was generated. As shown 
in Movie S9, all of the ice on the hybrid carbon coating 
melted, and the water droplets rolled off, leaving a dry 
and clean surface after 460 s (Fig. 7b). Finally, the ET/
PT synergistically de-icing strategy was investigated. We 
let the DC current resource and the near-infrared laser 
worked at the same time. The heat generated from ET 
and PT could be accumulated, which would effectively 
speed up the de-icing time (120 s), as shown in Fig. 7c 
and Movie S10.

3.4  The Mechanical Robustness

Although superhydrophobic materials demonstrated 
exciting performance in self-cleaning, anti-icing, 
oil–water separation, and so on, most of them can be eas-
ily destroyed by a slight scratch, rubbing, and even finger 
contact [37–41]. Thus, the poor mechanical robustness 
has been regarded as Achilles’ heel which prohibited the 
practical applications of the superhydrophobic materi-
als. With the development of mechanical robust super-
hydrophobic materials, the sandpaper-abrasion test has 
been regarded as the most widely used method. Ras et al. 
further pointed out that the abrasion distance and applied 
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Fig. 6  a The image of electrothermal de-icing process; b the image of 
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Fig. 7  a The electrothermal (ET) de-icing process; b the photother-
mal (PT) de-icing process; c the ET/PT synergistically de-icing pro-
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normal pressure were two crucial indicators for the con-
venience of comparison [42]. Furthermore, Kulinich 
et al. found that repetitive icing/de-icing would gradually 
destroy the micro/nano-structure of the superhydropho-
bic surfaces, and then led to the loss of ice-repellence 
[18]. Therefore, sandpaper-abrasion test and cyclic icing/
de-icing test of the hybrid carbon coating were investi-
gated in the research.

First, commercial sandpaper (Starcke 200#, Germany) 
was utilized in the sandpaper-abrasion test. The hybrid car-
bon coating was coated onto an Al substrate as the sam-
ple. Then, the sample was placed on the sandpaper under a 
weight of 500 g and moved for 20 cm as one cycle (Fig. 8a, 
b). A gradual decrease in the contact angles and increase 
in sliding angles could be observed with the increase of 
abrasion cycles (Movie S11 and Fig. 8c). We attributed this 
to two factors: (1) some micro/nano-fillers on the surface 
were abraded, which might change the surface morphology; 
(2) the destruction of surface chemistry during the abra-
sion process. Nevertheless, the contact angles and sliding 
angles were still in the range of superhydrophobicity after 
80 abrasion cycles, indicating the relatively strong mechani-
cal robustness (abrasion distance: 16.00 m, applied pres-
sure: 12.50 kPa). We attribute the aforementioned abrasion-
resistant superhydrophobicity to our collaborative strategy 
of hierarchical structure and partially embedded structure. 

As shown in Fig. 9a, some microscale bulges still exists 
after sandpapaer abrasion. Then, it can be concluded that 
the microscale bulges in the research were relatively strong 
which could protect the nano-fillers from being abraded. 
Furthermore, the scratch can be found on the surface of the 
sample. From the high-magnification SEM image (Fig. 9c), 
the micro/nano-structure made of CNT and microscale par-
ticle can be found. In this research, the nano-fillers were 
fully embedded or partially embedded into the substrate. 
Even though the exposed part was abraded, the new exposed 
part still has similar surface structure and then retained 
superhydrophobicity.

As a second mechanical robustness test, the repetitive icing/
de-icing test was further investigated. Here, a layer of glaze ice 
(~ 3 mm thickness) was formed on the surface of the hybrid 
carbon coating. We first applied a voltage of 15 V for elec-
trothermal de-icing. Then, the time required to completely 
melt the ice was recorded (Fig. 10a). After fully removing 
the ice, the surface temperature, contact angles, and sliding 
angles were measured (Fig. 10a, b). As shown in Fig. 10a, 
the deicing time gradually increased from 530 s to 554 s, and 
the surface temperature gradually decreased from 69.0 °C  
to 65.9 °C. Furthermore, 30 icing–de-icing cycles led to a 
gradual drop in contact angle from 163° to 152°, and a tiny 
increase of sliding angle from 4° to 7°. However, the hybrid 
carbon coating maintained superhydrophobicity even after 30 

Fig. 8  a, b Image of sandpaper-
abrasion process; c plot of CAs 
and SAs after each abrasion 
cycle
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icing–de-icing cycles, indicating excellent mechanical robust-
ness. Furthermore, the icing–de-icing cycles of the sample 
under the photothermal condition as well as under electro-
thermal/photothermal synergistically strategy was tested. As 
shown in Fig. 10c–f, the samples retained superhydrophobicity 
under these two strategies.

4  Conclusion

In summary, we reported a superhydrophobic/electrother-
mal/photothermal synergistically anti-icing strategy. The 
superhydrophobicity was achieved based on the addition of 
hydrophobic fillers. The electrothermal and photothermal 
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Fig. 10  The plot of heating temperature and de-icing time as a func-
tion of icing–de-icing cycles when a electrothermal, c photothermal, 
and e eletrothermal/photothermal method were utilized. The plot 

of contact angles and sliding angles as a function of icing–de-icing 
cycles when b electrothermal, d photothermal, and f eletrothermal/
photothermal methods were utilized
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function were achieved based on the carbon nanotubes. Both 
electrothermal and photothermal effect could effectively 
melt a thick layer of ice, and the superhydrophobic surface 
helps the melted droplets roll off without residue. Moreover, 
the mechanical robustness was achieved by partially embed-
ding the dual-scale carbon fillers into the elastomer. Thus, 
the prepared sample maintained superhydrophobicity after 
being abraded for 16.00 m under a 12.50 kPa load. Further-
more, the self-healing ability was achieved using the self-
healable poly(urea–urethane) elastomer. Thus, the prepared 
sample can be mended by simply contacting even after being 
cutted into many parts.
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