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As a novel class of metallic materials, bulk metallic glasses (BMGs) have attracted a great deal of attention owing to their 
technological promise for practical engineering applications. In nature, biological materials exhibit inherent multifunctional 
integration, which provides some inspiration for scientists and engineers to construct multifunctional artificial materials. In this 
contribution, inspired by superhydrophobic self-cleaning lotus leaves, multifunctional bulk metallic glasses (BMG) materials 
have been fabricated through the thermoplastic forming-based process followed by the SiO2/soot deposition. To mimic the mi-
croscale papillae of the lotus leaf, the BMG micropillar with a hemispherical top was first fabricated using micro-patterned sil-
icon templates based on thermoplastic forming. The deposited randomly distributed SiO2/soot nanostructures covered on BMG 
micropillars are similar to the branch-like nanostructures on papillae of the lotus leaf. Micro-nanoscale hierarchical structures 
endow BMG replica with superhydrophobicity, a low adhesion towards water, and self-cleaning, similar to the natural lotus 
leaf. Furthermore, on the basis of the observation of the morphology of BMG replica in the Si mould, the formation mecha-
nism of BMG replica was proposed in this work. The BMG materials with multifunction integration would extend their practi-
cal engineering applications and we expect this method could be widely adopted for the fabrication of other multifunctional 
BMG surfaces. 
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1  Introduction 

Bulk metallic glasses (BMGs), a novel class of metallic 
materials, are regarded as one of the most important 
potential engineering materials. Since the first report of 
metallic glass by Klement et al. [1] in 1960, a large number 
of BMGs with excellent glass-forming ability have been 
fabricated using different synthesis strategies. These BMGs 

exhibit unique thermal, mechanical, magnetic, and other 
properties. In recent years, BMGs have attracted much 
attention because of their scientific importance and 
technological promise in fundamental research and practical 
applications [2–6]. One of unique featurs of BMGs is the 
temperature-dependent mechanical behavior. Recently, a 
number of processing methods have been developed to 
process BMGs like plastics for the generation of complex 
surface structures with well-defined geometry and shape on 
length scales ranging from nano, micro, to macro [7–10]. 
The creation of special surface structures provides an 
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avenue to construct multifunctional BMGs through the 
surface modification, which could significantly extend their 
practical applications. 

After millions of years of evolution, biological materials 
are typically multifunctional [11–16]. Creating multi-  
functional materials is an eternal goal for scientists. The 
progress in advanced materials often relies on the biological 
solutions provided by the nature around us. Optimized 
biological solutions provide inspiration for scientists and 
engineers to design and fabricate multifunctional materials. 
Surface wettability of a solid material by a liquid is a 
classical and important aspect of surface science, which is 
governed by the surface chemical composition and surface 
geometrical structures. In nature, a wide variety of 
biological materials exhibit excellent surface wettability, 
such as lotus leaves, mosquito eyes, water strider legs, 
insect wings, gecko feet, desert beetle, and spider silks 
[17–24]. Inspired by nature, a great number of multi- 
functional materials with special wettability have been 
fabricated through increasing the surface roughness and 
lowering the surface energy [25–32]. Among the variety of 
biomaterials with special wettability, the lotus leaf (Nelum-
bo nucifera), better known as the water lily, is one of most 
promising. It has been demonstrated that the lotus leaf 
surfaces possess micro-nanoscale hierarchical structures in 
the form of micro-papillae covered by branch-like nano- 
structures. The cooperation of surface multiscale structures 
and hydrophobic epicuticular waxes confers a high water 
contact angle and a small sliding angle. Water droplets on 
the lotus leaf surface are almost spherical and can roll freely 
in all directions and then pick up dirt particles, exhibiting 
superhydrophobic, low-adhesion, and self-cleaning proper-
ties. A very high static water contact angle and a very low 
sliding angle are essential for the final formation super- 
hydrophobicity-induced self-cleaning. 

Here, inspired by the superhydrophobic self-cleaning 
lotus leaf, multifunctional BMGs were fabricated by 
combining the thermoplastic forming-based micro-fabri- 
cation method with the post-deposition. The resultant BMG 
surfaces possessed microscale pillars with a hemispherical 
top covered by post-deposited randomly distributed nano- 
structures, which is similar to the lotus leaf with micro-
papillae covered by branch-like nanostructures. Multiscale 
surface structures endow the BMG replica with lotus 
leaf-like low adhesive superhydrophobicity and self- 
cleaning. Wettability is a fundamental property of a solid 
surface, which plays an important role in determining the 
performance of the bulk material. The bio-inspired con- 
struction of multifunctional BMGs with special wettability 
is important for both basic research and for extending the 
application of BMGs. In combination with low adhesive 
superhydrophobicity, self-cleaning, high strength and 
elasticity, good corrosion resistance, and biocompatibility, 
BMGs could have prospective applications in nano- 
fabrication, catalysis, electrochemical reactor, small-scale 

devices, medical implants, and other potential fields. 

2  Experimental  

2.1  Materials 

Silicon wafer (Grinm Semiconductor Materials Co. Ltd, 
China), tetraethoxysilane (TEOS, Sigma-Aldrich, USA), 
ammonia (Xilong Chemical Co. Ltd., China), and ethanol 
(Xilong Chemical Co. Ltd., China) were used as received. 
The Ce65Al10Cu20Co5 BMG was prepared by sucking the 
melt into copper mold [33]. Micro-patterned silicon wafers 
were prepared by photolithography and an inductively cou-
pled plasma deep-etching technique. Contact lithographic 
masks were constructed by Microelectronics R&D Center, 
the Chinese Academy of Sciences. A Karl Suss MA6 (Ger-
many) instrument was used to transfer the patterns of masks 
onto silicon wafers by a photolithographic method. A 
deep-etching process was completed using an STS ICP ASE 
(UK) instrument. The size of the square silicon micro-pit is 
20 m (length)×20 m (width)× 28–30 m (depth). The 
spacing between the nearest micro-pits is 9 m. 

2.2  Preparation of multifunctional BMGs 

Si moulds were positioned on the platform of the setup and 
were heated to 110–130 °C. A piece of BMG was placed on 
the heated Si mould for 20 s to reach the equilibrium tem-
perature. In order to fill the cavity of Si moulds, the com-
pressive pressure was applied on the BMG using a universal 
testing machine with the moving rate of 0.180 mm/min. The 
applied pressure was precisely kept constant at 30 MPa. An 
ordered array of BMG micro-pillars could be formed after 
dissolving the Si mould in a KOH solution by further heat-
ing. The resultant BMG replica was ultrasonically cleaned 
for several minutes in ethanol solution to eliminate the oil 
stains on its surface. In order to fabricate lotus leaves-like 
low adhesive superhydrophobic surfaces, the BMG replica 
with micro-pillars was placed in the vacuum desiccator to-
gether with two open glass vessels containing TEOS and 
aqueous ammonia solution, respectively. Silica can be 
formed on the BMG replica surface through the hydrolysis 
and condensation of TEOS catalysed by ammonia [34]. Fi-
nally, the samples were placed above the flame of a paraffin 
candle in a slowly reciprocating motion (one time of come- 
and-go per second) to form the target films. 

2.3  Characterization 

The surface morphologies of the obtained samples were 
observed by environmental scanning electronic microscopy 
(ESEM, FEI Quanta 250, USA). Water contact angles and 
sliding angles were measured on a contact angle system 
(Data Physics OCA20) at room temperature. 
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3  Results and discussion 

Figure 1 shows the representative ESEM images of the 
surface morphology of the silicon mold and the corres- 
ponding BMG replica. For the silicon mold (Figure 1(a, b)), 
ESEM images clearly show ordered and square micro-pit 
patterns. The length and width of the micro-pit are about 20 
and 20 m, respectively. The spacing between the neigh- 
boring micro-pits is about 9 m. The cross-sectional ESEM 
image clearly demonstrates the depth of the micro-pit is 
about 28–30 m. Utilizing the silicon micro-pit pattern as a 
mold, the BMG replica was successfully fabricated, 
exhibiting a regular array of square micro-convexes. ESEM 
images shown in Figure 1(c) indicate the resultant BMG 
displays a negative pattern of the silicon mould features.  

The length, width, and spacing of the micro-pillars are 
about 20, 20, and 9 m respectively. The cross-sectional 
ESEM image indicates that the cavity of silicon moulds was 
partly filled by the metallic glass after the thermoplastic 
forming procession (Figure 1(d)). The filling depth of the 
glassy pillars is less than half of the depth of the Si 
micro-pit stamp. The height of the micro-pillars is 12–13 
m. These results demonstrated the ability of BMGs to 
precisely replicate mould features through the direct 
micro-patterning of metallic glasses by the thermoplastic 
forming-based processing techniques. The construction of 
BMG surfaces with ordered micro-arrays makes it possible 
to fabricate multifunctional BMG materials through the 
further modification. Alternatively, owing to its high strength 
and durability, the resultant BMG pattern can even be used  

 

Figure 1  ESEM images of the silicon mould surface and the resultant bulk metallic glass replica surface at different magnification. (a) A top view of the 
silicon stamp, exhibiting ordered and square micro-pit patterns with about 20 m (length)×20 m (width)×9 m (spacing); (b) cross-sectional ESEM image 
of the silicon mould, showing the depth of the micro-pit is about 28–30 m; (c) a top view of the bulk metallic glass replica, showing a regular array of 
square micro-pillars with 20 m (length)×20 m (width)×9 m (spacing); (d) cross-sectional ESEM image of the bulk metallic glass replica with 12–13 m 
in height; (e, f) ESEM images of the bulk metallic glass replica after the SiO2/soot deposit at different magnification. Randomly distributed nanostructures 
covered on the BMG micro-pillars, resulting in the micro-nanoscale hierarchical structures. The scale bars are 10 m (a–d), 3 m (e), and 500 nm (f). (color 
online) 
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as a mould for thermoplastic polymers or other metallic 
glasses with lower softening temperatures, which over-                                    
comes the limitations of silicon-based and metal moulds. In 
order to construct lotus leaf-like micro-nanoscale hierarchical 
structures, SiO2 and soot were successively deposited on the 
BMG replica. ESEM images demonstrate a fractal-like 
network composed of randomly distributed nanostructures 
on BMG micro-pillar surfaces (Figure 1(e, f)). The surface 
structure of the resultant BMG replica in the form of 
microscale pillars covered by random nano-structures is 
quite similar to that of the natural lotus leaf with micro-                                   
papillae covered by branch-like nanostructures. 

In its supercooled liquid region, the BMG exists as a high 
viscous liquid and the flow of the BMG is assumed as 
creeping flow characteristics [35]. Under these conditions, 
the formability of a BMG in the supercooled liquid region 
obeying Newtonian flow can be quantified using the 
Hagen-Poiseuille Equation:  

 P=32Lv/d2  (1) 

where P is the required pressure to move a liquid with 
viscosity (), at a velocity (v), through a channel of 
thickness d and length L [3,36,37]. Hagen-Poiseuille 
Equation is a physical law for cylindrical molds, which 
presumes that the flow is fully developed in the mould. 
However, this law does not consider the change in pressures 
during the extrusion process [37]. Furthermore, in our case 
the shape of the mould is square (Figure 2). Therefore, 
further fundamental research is still necessary to investigate 
the quantitative relationship and to propose an effective 
equation to accurately describe the process using different 
shaped moulds. 

Figure 3(a) shows an image of a water droplet on the 
surface of the original flat Ce-based BMG. The water 
contact angle is about 40°, exhibiting the intrinsic hydro- 
philicity of original Ce-based BMGs [38]. Even after 
modification with low surface energy fluoroalkylsilane, the  

 

Figure 2  Schematic diagram for the formation of the BMG micropillar 
with a hemispherical top in the Si mould at the temperature range between 
Tg<T<Tx. A square mold cavity was filled with a BMG viscous liquid, 
where the BMG was processed under the pressures from the external and 
internal. (color online) 

water contact angle on the flat BMG surface is increased to 
about 110° (Figure 3(b)). This can be attributed to the 
introduction of low surface energy fluoroalkylsilane coating 
on the original flat BMG substrate, which increases its 
water repellent property. In this case, superhydrophobicity 
cannot be reached due to the insufficient surface roughness 
on the flat BMG surface. After the micro-imprinting process 
using the silicon mould, the resultant BMG replica with a 
regular array of square micro-pillars exhibited superhydro-          
philicity, where the water contact angle approaches 0° 
(Figure 3(c)). After the deposition of SiO2 and soot, the case 
is just contrary. The water droplet with spherical shape 
locates on the BMG replica. The water contact angle is 
larger than 155°, demonstrating superhydrophobicity as 
observed on the lotus leaf (Figure 3(d)). It indicated that 
both surface roughness and surface chemical composition 
play an important role in the formation of superhydro-          
phobicity. 

Recently, superhydrophobic metallic glass surfaces with 
honeycomb micro-structures were fabricated through hot- 
embossing [39–41]. The resultant BMG surfaces exhibited 
high adhesion to water, which may be undesired for their 
applications in the field of self-cleaning. It has been demon-
strated that micropillars with a hemispherical top were the 
most appropriate for the fabrication of low adhesive super-
hydrophobic surfaces [42,43]. In our case, in addition to 
hemi-spherically topped micropillars, randomly distributed 
nanostructures located on the BMG micro-pillars. It was 
found the resultant BMG replica possessed not only super- 
hydrophobicity but a low adhesion property towards water, 
similar to the lotus effect found in nature. The water droplet 
is hardly able to stick on the BMG surface, allowing water 
droplets to roll off quite easily. This can be directly confirmed 
by the evolving contact process of a water droplet on the  

 

Figure 3  (a, b) Water contact angle images of original smooth BMGs 
before (a) and after (b) low surface energy fluoroalkylsilane modification. 
After modification, the wettability of the original BMG was transformed 
from hydrophilicity (about 40°) to hydrophobicity (about 110°). (c, d) 
Water contact angle images of BMG replica with micro-pillars arrays 
before (c) and after (d) the deposition of SiO2 and soot. After the 
deposition, the wettability of the BMG replica was transformed from 
superhydrophilicity (about 0°) to superhydrophobicity (larger than 155°). 

Tg<T<Tx 
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superhydrophobic BMG surface (Figure 4). The water 
droplet rolled off the BMG surface quickly within a very 
short time (about 0.57 s) when it was tilted by about 5°. The 
simultaneous superhydrophobicity and a low adhesion 
towards water make it possible to use the BMG in the field 
of self-cleaning. 

In nature, surface structures and surface compositions- 
induced special wettability has significant biological impor- 
tance in living creatures. For the lotus leaf, the presence of 
water or dirt on its surface will affect its photosynthesis 
ability and then result in the leaf decomposition. Therefore, 
lotus leaves exhibit low-adhesive superhydrophobic self- 
cleaning through the evolution, arising from the cooperation 
of surface multiscale structures and hydrophobic epicu- 
ticular waxes [44]. Water droplets can roll freely in all 
directions and then pick up dirt particles on lotus leaf 
surfaces. In order to investigate the self-cleaning ability, the 
superhydrophobic BMG was contaminated with glass 
powder. As shown in Figure 5(a), the water droplet can’t 
move over the original smooth BMGs contaminated with 
glass powder owing to the inherent hydrophilicity. However, 
for the resultant superhydrophobic BMGs replica, the water 

 

Figure 4  The representative contact process of a water droplet (10 L) 
on the lotus leaf-inspired superhydrophobic bulk metallic glass surface, 
exhibiting a low adhesion property towards water with a sliding angle less 
than 5°. 

droplet can adsorb the glass powder as it moved over the 
BMG surface from left to right (Figure 5(b)). Contaminants 
were efficiently removed from the BMG surface, demons- 
trating a lotus leaf-like self-cleaning effect as found in 
nature. The BMG materials with self-cleaning will strongly 
extend their practical engineering applications in catalysis, 
small-scale devices, and biomedical fields. 

The wettability of solid surfaces with a liquid is governed 
by two factors. One is the surface chemical factor, and the 
other is the solid surface geometrical factor [45]. Surface 
geometrical structures, such as the shape, size, height, and 
other parameters play a critical role in surface wettability, 
especially to achieve surface superhydrophobicity [43,46– 
48]. Concerning the influence of the surface roughness on 
the wettability of a solid, two distinct wetting models have 
been proposed: the Wenzel and Cassie-Baxter models. 
According to the Wenzel model, the space between the 
protrusions on the solid surface is thoroughly filled by the 
liquid and both hydrophobicity and hydrophilicity can be 
reinforced by the roughness [49]. The Cassie-Baxter model 
predicts air may be trapped in the microstructures of a rough 
surface, resulting in a composite solid-liquid-air interface 
[50]. In our case, the resultant BMG replica showed 
multiscale structures in the form of microscale pillars with 
hemispherical bumps covered by randomly distributed 
nanostructures. Therefore, the wetting regime in this case 
can be described by the following equation:  

 cosθ*=−1+B(cosθY+1)2 (2) 

where θ* is the water contact angle on a rough surface; B is 
the ratio of the surfaces of the spike bases over the total 
solid surface; and θY is the Young’s angle of water on a 
smooth surface with identical chemical composition [42, 
43,51]. Surface micropillars with a hemispherical top were 
proved to be the most appropriate for the fabrication of 
lotus-like superhydrophobic materials with low contact 
angle hysteresis, where air is trapped below the liquid, 
inducing a composite interface between the solid and the 
droplet and forming a discontinuous solid-liquid-air three- 
phase contact line [42,43]. In this case, the cooperation of  

 

Figure 5  Demonstration of self-cleaning ability of the original smooth BMGs (a) and superhydrophobic BMGs replica (b) through the removal of glass 
powder from its surface using a moving water droplet. 
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surface microscale pillars with a hemispherical top and the 
deposited SiO2/soot nanostructures on their surfaces resulted 
in the formation of superhydrophobicity with a low adhesion 
to water, exhibiting the self-cleaning property. 

4  Conclusions 

Inspired by the self-cleaning lotus leaf with multiscale 
structures, multifunctional BMG surfaces have been fabri-
cated using thermoplastic forming-based process followed 
by the deposition of SiO2/soot. The resultant BMG replica 
exhibited superhydrophobicity, a low adhesion towards wa-
ter, and self-cleaning, originating from the combination of 
surface multiscale structures in the form of hemispherically 
topped micropillars covered by randomly distributed SiO2/ 
soot nanostructures. BMGs surface with special wettability 
might strongly extend their practical engineering applica-
tions in catalysis, small-scale devices, and biomedical fields 
combined with their outstanding physical and biomedical 
properties. Learning from nature should give us promising 
inspiration to design and to fabricate advanced materials for 
multifunctional integration. We also expect that this method 
can be widely adopted for the preparation of various BMG 
surfaces with desirable multifunctional properties. 
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