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1. Introduction  

Research conducted to elucidate superhydrophobic 

surfaces, which are defined as having a water contact angle 

greater than 150°, has revealed great interest in terms of 

fundamental study and fabrication methods because of the 

importance of these materials for application in practical 

fields such as water repellent windows, snow adhesion 

prevention, and anti-dust electronic devices
1-4)

. The 

superhydrophobic property is governed mainly by chemical 

modification of the surface material and the surface 

roughness of hierarchical micro–nanostructures (cooperation 

of a nanostructure within the microstructure). A 

representative example in nature of a hierarchical surface 

with superhydrophobic properties is the lotus leaf
5-7)

. The 

wetting property of hierarchical structures is explainable 

using well-known theories, such as Wenzel and Cassie–

Baxter models for a liquid drop on rough solid surfaces. The 

contact angle of a water droplet is dependent on the ratio of 

trapped air-pocket in the solid–liquid interface. For 

hierarchical micro–nanostructures, the area fraction of solid 

surface contact with a liquid is much smaller than that of 

single-level structure; nanostructure or microstructure. It is 

explainable why hierarchical structures can generate a 

superhydrophobic state. Our research group has produced 

well-ordered hierarchical micro–nanostructures on 

polystyrene surfaces simply by the use of a thermal imprint 

machine. Microstructures on the mold inserts were prepared 

using a precision tooling machine
8)

. These design parameters 

are controlled precisely during machining. Nanostructures 

were fabricated using anodized aluminum oxidation method.  

This study examines systematic hierarchical micro–

nanostructures which have highly ordered patterns and 

superhydrophobic properties using simple and large-scale 

fabrication methods.  

 
2. Experiments 
 
2.1 Fabrication of micro-, nano-, and hierarchical structure 
mold inserts 

Microstructures were fabricated on a flat aluminum sheet 

using a precision tooling machine (ROBONANO α-0iB ; 

Fanuc Ltd.). Concaved microball arrays were fabricated using 

a monocrystalline diamond needle having 35 µm tip diameter. 

The processing parameters were tuned to achieve the desired 

geometries accurately. Each concaved microstructure is 

inscribed with a groove motion of a tooling machine. The 

micropatterned surface area was 2 cm
2
. Nano-structures were 

fabricated on aluminum surfaces with anodized aluminum 

oxide (AAO) processing. Preparation of anodic alumina on 

microstructured aluminum for a hierarchical micro–nano mold 
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insert is the same as the preparation of free-standing AAO 

processes. The high-purity aluminum sheet (99.99%) was 

degreased in acetone. Then it was electro-polished in a mixed 

solution of HClO4:H2O:EtOH=10:7:83. Electropolished 

aluminum sheets were anodized using two-step anodization. 

Anodization steps were performed individually at constant 

voltage of 40 V in 0.3 M oxalic acid, at 5°C for 24 hr. After 

finishing the first anodization, the porous alumina is dissolved 

selectively in a solution containing 0.6 M phosphoric acid and 

0 M chromic acid, at 60°C. On the side on which the second 

anodization was done, the nanopores were opened by 

immersion in 5% H3PO4 solution at 30°C for 30 min. The 

backside of the anodized surface was removed in a saturated 

CuCl2 solution. Subsequently, the barrier layer was opened by 

chemical etching in 5 wt% phosphoric acid solution for 2 hr.  

 

2.2 Fabrication of patterned polymer surfaces by 

nanoimprint 

Nano-, micro- and hierarchical structured polymer 

samples were prepared using a thermal nanoimprint machine 

(Izumi Tech., Japan). The commercial polymer, PS 

(polystyrene, MFR= at 200°C 5 kg, GPPS 679; PS Japan), was 

used as patterning. The polymer films were prepared using a 

commercial hot press machine. The prepared nano-, micro- 

and hierarchical masks were applied as mold inserts. The 

nanoimprint parameters are presented in Table 1. The anodic 

aluminum oxide was removed in a NaOH solution for 1 hr 

after nanoimprint molding. 

 

2.3. Characterization of mold inserts and patterned 

polystyrene 

Images of mold inserts and patterned surfaces were 

observed using a scanning electron microscope (FE-SEM, SU-

8000; Hitachi High-Technologies Corp.). The design 

parameters and replication ratios of microstructured parts in 

micro- and hierarchical micro–nano mold inserts were 

evaluated using laser spectroscopy (LEXT OLS 4000; 

Olympus Corp., Japan). 

The sessile drop method was used for static and 

dynamic contact angle measurements of a commercial contact 

angle meter (DM 500; Kyowa Interface Science Co. Ltd., 

Japan). Deionized water (surface tension γlv = 72.1 mN/m), 

dispensed using a microsyringe, was used for liquid contact 

angle tests. The static contact angle was measured at four 

points for each sample. The average values were calculated. 

The experimental setup was in still air of 24±1°C with relative 

humidity of about 40±10%. 

 

Table 1.  Thermal imprint parameters 

 

Mold  

Temperature 

 (°C) 

Melt 

time 

(min.) 

Pressure 

(MPa) 

Pressure 

time 

(min.) 

Micropatterned 120 5 0.2 5 

Nanopatterned 120, 140 5 1 5 

Micro-

Nanopatterned 
120, 140 5 1 5 

 
3. Results and Discussion 
 

3.1 Micro-, nano-, and hierarchical structures mold inserts 

The design parameters of the fabricated mold inserts are 

given as shown in Table 2. The notation of Mx, Ny, and MxNy 

refers respectively to the number of mold inserts micro-, nano, 

and micro–nanostructures. Three micro-mold inserts were 

fabricated typically at different distances of microball 

structures 68.6 µm, 34.7 µm, and 10.8 µm. The other 

parameters, d and z, are set up with mutually similar values. 
 

Table 2.  Dimensions of the mold inserts 

 
Mold insert 

r a d b z c 

M1 36.3 µm 68.6 µm 26.6 µm 

M2 34.2 µm 34.7 µm 18.1 µm 

M3 30.6 µm 10.8 µm 18.5 µm 

N1 25 nm 50 nm - 

M1N1 36.2 µm, 25 nm 69.3 µm, 50 nm 25.7 µm 

M2N1 34.2 µm, 25 nm 34.3 µm, 50 nm 17.6 µm 

M3N1 30.8 µm, 25 nm 10.4 µm, 50 nm 18.3 µm 

r a, diameter of microball or nanopore; d b, inter microball or nano-

pore distance; z c, depth of microball 

 

 

The hierarchical micro-nano mold inserts show almost 

identical dimensions to those of the micro-mold and nano-

mold inserts. Therefore, two-step anodizations on 

microstructured aluminum sheet rarely cause dimensional 

changes during self-ordered pore growth. Figure 1 presents a 

comparison of the microscale morphologies between the 

micro-mold inserts and hierarchical micro–nano mold inserts. 

Microstructured parts in hierarchical micro–nano mold inserts 

appear to be similar to the micro-mold inserts in all three mold 

inserts. However, unlike the hierarchical micro–nano mold 

inserts, some concaved microball structures showed flashes 

attributable to the aluminum ductility. These flashes could be 

dissolved along with the porous alumina layer, which is 

treated after the first anodization. Patterns that are replicas of 

the hexagonal pore array are preserved on the fresh aluminum 

surface, which allows the preparation of pores with high 

regularity by a subsequent second anodization under the same 

conditions as those of the first anodization. Comparison with 

the nano mold inserts reveals that the nanostructure part shows 

the same self-ordering pore arrays with a 25 nm diameter and 

50 nm interpore distances. A profile of the microstructured 

AAO membrane slightly differs from that of the free-standing 

AAO membrane. Because nanopores grow perpendicular to 

the surface and because that direction is straight during 

anodization, the fan-shaped growth is attributed to the bent 

microstructure parts in hierarchical micro–nano mold insert. 
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Figure 1. SEM images of micro–nano and hierarchical micro–

nano mold inserts: (a) mold insert M1, (b) mold insert M2, (c) 

mold insert M3, (d) mold insert M1N1, (d) mold insert M2N1, (d) 

mold insert M3N1 

 

 

3.2 Dimensions of patterned polystyrene surfaces 

Polystyrene surfaces were patterned using micro-, nano-, 

and hierarchical micro–nano mold inserts in thermal imprint 

molding. The appropriate imprinting parameters were 

optimized for each structure. Typical images of hierarchical 

micro-nanostructures are depicted in Fig. 2. The SEM images 

of polystyrene surfaces show micrometer-sized convex 

structures that are exactly opposite from the image of the mold 

inserts presented in Fig. 1. At higher magnification, 

nanostructures on the micrometer-sized convex structure are 

visible short-nanorod (mold temperature 120°C) and long-

nanorod (mold temperature 140°C) surfaces (Fig. 2). Increase 

of the nanorod length is shown with increasing imprint mold 

temperature. Furthermore, morphological disorder, arising 

from nanorod clustering, is shown at nanostructure parts it is 

increased at longer nanorod mold in 140°C (Figs. 2(g) and 2

(h)) because of the flexible characteristics of the polymer 

and the capillary forces created during evaporation of liquids
9)

, 

particularly in the case of long nanorods. 

 

 

 

 

 

 

 

 

 

 

Figure 2. SEM images of hierarchical micro-nanostructures on 

polystyrene surfaces replicated with mold inserts M3N1: (a) and 

(b) microstructure part molded at 120°C; (c) and (d) 

nanostructure part molded at 120°C; (e) and (f) microstructure 

part molded at 140°C; and (g) and (h) nanostructure part 

molded at 140°C 

 

From the SEM observation for all convex microstructures, 

M1, M2, and M3, show replication ratio higher than 95%, 

replicated at mold temperature 120°C in imprint process. We 

assumed that the mold temperature of 120°C sufficiently 

replicates the polymer surface and that it is sufficient to 

evaluate the apparent contact angle. All dimensions of the 

patterned polymer surfaces indicate almost identical values 

these of mold inserts. The length of nanorods shows higher 

values at higher temperatures because melted polymer flows 

readily into nanopore layers. Comparison of the two of mold 

temperature conditions, 120°C and 140°C, which are higher 

temperature conditions, indicates increased nanorod length: 

490 nm to 1.1 µm in average values. 

 

3.3 Hydrophobicity of patterned polystyrene surfaces 

  Polystyrene surfaces were replicated using micro-, 

nano-, and hierarchical micro–nano mold inserts in a thermal 

imprint machine. Morphology and replication ratios of 

patterned polymer surfaces were evaluated using SEM, laser 

spectroscopy, and a contact angle meter; the results are shown 

in Fig. 3 and Table 3. Variation in the microstructures and 

nanostructures are shown respectively along the x- and y-axes 

in Fig. 3. Only microstructures are shown in the bottom-row 

series in the figure, which as developed with different area 

fraction. The apparent contact angle attained a maximum 

value of 129.8° at a highest area fraction of microstructure 

(replicated by M3 mold inserts), which is increased with 45% 

from the value of flat surface, 89.7° and decreased with lower 

area fraction. As described in our previous report
8)

, the contact 

angle on the patterned surface strongly depends on the area 

fraction (φs) of the solid surface as expressed using the Cassie 

– Baxter model
10)

: 

 

cos θ* = -1 + φs(1 + cos θ)    (1) 

 

where θ and θ* respectively represent the contact angles of a 

flat surface and rough surface, and φs is the fraction of solid–

liquid interface under the water droplet. Although a smaller 

φs indicates a more hydrophobic property, our results 

revealed that the trapped air pockets were not sufficiently 

stable to support the water droplet increased with greater 

separation of microstructures. It is simultaneously affected 

by stability of trapped air pockets and surface energy 

property. However, as indicated on the left side of the 

column series in Fig. 3, where only nanostructures were 

developed on the flat polystyrene surface, the contact angle 

showed values of 126.5° and 134.5° (increased by 41% and 

50% from flat surface values) molded at 120°C and 140°C, 

respectively. Although around 1 µm is an extremely short 

length of nanorod, it can display the high contact angle 

degree on the raw polymer surface because the nanorod 

structure has large free volume (surface area) between the 

nanorod and a very low contact area with water droplets. The 

effects of these nanostructures on the contact angle are 

maintained on the microstructures, hierarchical nano–micro 

structures as portrayed in Fig. 3. However, this effect is 

decreased slightly, probably because of the decrease of air 

pocket stability caused by the change of surface curvature. 

The highest contact angle on the hierarchical micro–nano 

100m 100m 100m 

500 nm 30m 2m 100m 
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structured polystyrene surface was measured as 

superhydrophobic property, 150.6°, which shows a 68% 

increment from that of flat surface, where the contact angle 

values decrease with greater pitch size: 146.7° and 143.5° 

(i.e., 64% and 60%) at the mold temperature of 140°C. 

 

Table 3. Static contact angle of patterned polystyrene surfaces 

 

     120°C     140°C 

Flat 
a
 89.7° 

M1 115.9°  - 

M2 123.8°  - 

M3 129.8°  - 

N1 126.5°  134.5° 

M1N1 133.0°  143.5° 

M2N1 136.6°  146.7° 

M3N1 140.9°  150.6° 

    

 

Flat a: prepared using commercial hot press machine at 180°C 

 

4. Conclusions 
 

As described in this paper, we demonstrated a simple 

and effective method of producing polymer superhydrophobic 

surfaces replicated by hierarchical micro–nano mold inserts 

fabricated using a micro-manufacturing machine and anodized 

aluminum oxidation process. The water contact angle 

increased from 89.7° on the flat surface to greater than 150° on 

hierarchical polymer structures without additional coating. 
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Figure 3. Water contact angles of patterned 

polystyrene surfaces (x-axis shows the mold 

inserts of microstructures and y-axis shows the 

mold temperature of nanostructures) 
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