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Abstract— The purposes of this study are to clarify the 

relationship between surface wettability and the pitch and size 

of periodic structures on the surface and to determine the 

thresholds at which the wettability switches from being 

hydrophobic to hydrophilic. To this various nano- and 

micro-meter scale periodic structures were fabricated. By 

applying a fine periodic structure to the surface, the wettability 

can be controlled between + 50° (hydrophobic) and -55° 

(hydrophilic). The pitch of the periodic structure at which the 

wettability switches from hydrophilic to hydrophobic was found 

to between 500 and 1,000 nm. Additionally, the height of the 

periodic structure at which the wettability switches from 

hydrophobic to hydrophilic was found to between 300 and 700 

nm. 

 

I. INTRODUCTION 

Immunosensor devices are commonly fabricated in glass, 

silicon, and polymers. In these immunosensors, the 

micro-scale environment affects the non-specific binding of 

proteins to the surface of microchannels. This is especially 

important in immunoassays where key reagents such as 

antibodies and enzyme labels can become adsorbed on 

hydrophobic surfaces, seriously degrading the assay 

performance. To address this, different strategies have been 

applied to block or modify the surfaces of microchannels, the 

most common of which to pre-coat the surface with a 

blocking agent such as bovine serum albumin (BSA). While 

sufficient for some applications, the surface modification is 

not permanent, and the resulting surface is somewhat 

heterogeneous [1]. 

Wettability is an important aspect of materials and is 

governed by both the surface chemical composition and the 

geometric structure of the surface [2]. A closely related 

phenomenon in nature is the lotus-effect, which refers to 

surfaces that are difficult to wet. When the water contact 

angle exceeds 150, it is referred to as a super-hydrophobic 

surface [3]. The main characteristics of super-hydrophobic 

surfaces are their roughness on the micrometer scale and the 

presence of a periodic structure [4]-[5]. 

The principal relationship between surface roughness 

and wettability was worked out by Cassie and Baxter [6], as 

well as Wenzel [7]-[8]. Since then many researchers have 

contributed to a better understanding of the behavior. 

However, the thresholds, in terms of the periodicity and size 
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of features on the surface, at which a surface switches from 

being hydrophobic to hydrophilic have not yet been clarified. 

The authors have designed and fabricated a number of 

nano- and micro-meter scale periodic structures, with the aim 

of clarifying these wettability thresholds. The effect of the 

scale of these structures on the contact angle was examined 

experimentally. 

 

II. THEORETICAL FORMULAE FOR WATER REPELLENCY 

A. Young- Dupre equation 

If a water droplet is placed on a solid surface in air, the 

solid – air and water – air interfaces come together with a 

static contact angle . The value of  can be determined by 

considering the conditions for which the total energy of the 

system is minimized, and is given by Young’s equation as 

follows: 

 
𝛾𝑆𝑉= 𝛾𝑆𝐿 + 𝛾𝐿𝑉 cos 𝜃(1) 

where γSL, γSV, and γLV  are the surface tensions of the solid – 

water, solid – air, and water – air interfaces, respectively (γLV  

= 72.8  10
-3

 mN/m; water). 

Using the free energy of adhesion work WA (mN/m), the 

Dupre equation is shown to be as follows: 


𝑊𝐴𝛾𝑆𝑉𝛾𝐿𝑉𝛾𝑆𝐿(2) 

A combination of equations (1) and (2) yields the 

Young-Dupre equation, 

  
𝑊𝐴𝛾𝐿𝑉(1 + cos 𝜃)(3) 

Good has described the free energy of adhesion work WA to 

be given by the geometric average of the cohesive energy of 

each interface as follows [9]: 



   𝑊𝐴𝑊𝑆𝐿2√𝛾𝑆𝑉  ∙  𝛾𝐿𝑉 

Finally, the contact angle, , is expressed by the Young- 

Dupre equation. 

 

cos 𝜃 = 2  √
𝛾𝑆𝑉

𝛾𝐿𝑉
 – 1 (5)  

where,  : correction factor (= 1 for water). 

 

B. Wenzel equation 

Young-Dupre equation given above can be applied to a 

smooth surface. However, the wettability changes if the solid 

has a rough surface. When the pores in the surface become 
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filled with water, as depicted in Figure 1A, Wenzel showed 

that the following equation could be used for the relationship 

between the roughness of the solid, r,  the contact angle of the 

smooth surface, θ, and the contact angle with rough surface, 

θ' [10]: 

 

cos 𝜃 ′ = r (𝛾𝑆𝑉 − 𝛾𝑆𝐿)/ 𝛾𝐿𝑉 = r ∙ cos 𝜃  (6) 

 

where, r : the surface ratio, which is given by the total 

surface area including the sides and bottoms divided by the 

total surface area of the convex part, i.e. r > 1. 

According to this equation, the wettability of a rough surface 

is determined by the surface energy. This equation means that 

a rough surface becomes more hydrophobic (θ' > 90°) if the 

contact angle with a smooth surface, θ, exceeds 90°, and 

becomes more hydrophilic (θ' < 90°) if θ is less than 90°. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

C. Cassie-Baxter equation 

For a composite interface consisting of two materials 

with fractional areas of f1 and f2 (so that f1 + f2 = 1), the contact 

angle, θ', is given by the Cassie equation as follows: 


cos 𝜃 ′ 𝑓1 cos 𝜃1𝑓2cos 𝜃2(7) 

where, θ1 and θ2 are the contact angles with the two materials 

(°). 

If the composite materials are a solid (f1) and air (f2), the 

contact angle, θ', is given by 


cos 𝜃 ′ 𝑓 cos 𝜃 𝑓  cos 180°

𝑓 cos 𝜃 𝑓(8) 

In this condition, a water droplet rests on the composite of the 

solid and air (Figure 1B). The contact angle gradually 

approaches 180° by reducing the area of the solid whilst 

increasing the area of air. 

 

III. PERIODIC STRUCTURES AND EXPERIMENTAL METHOD 

A. Fabrication method of nano- and micro-meter periodic 

structures 

The development of micro-electromechanical systems 

(MEMS) has provided tools for highly precise, reproducible, 

and scalable methods to fabricate structures with micrometer 

sized dimensions [11]. This lithography-based approach can 

be used to produce periodic structures on silicon between the 

nano- and micro-meter scales. 

To fabricate the periodic structures for this work, a 3 m 

thick oxide layer was formed on a 500 m thick silicon wafer. 

The wafer was then coated with photoresist using a spin 

coater. The photoresist was exposed to a pattern of intense 

light using a layout mask for each test-piece. The silicon was 

then wet etched to remove the unprotected oxide. The 

photoresist was removed from the substrate using resist 

stripper. 

 

B. Parameters of periodic structures 

Table 1 shows the specifications and measured results 

made on the 12 test-pieces with periodic structures, fabricated 

using MEMS processes. The tooth width, A, trench width, B, 

pitch, τ, and height, h, of the test-pieces are depicted in Figure 

2. 

 

 

 

 

 

Structure 
No. 

Pitch τ 

(nm) 
Height h 

(nm) Aspect 
ratio 

(A/B) Designed Measured Designed Measured 

1 
1000 

1056 
700 703 

1 

2 1029 2 

3 
1000 

1259 
500 514 

1 

4 1148 2 

5 
1000 

1192 
300 349 

1 

6 1138 2 

7 
  500 

  529 
700 656 

1 

8   550 2 

9 
  500 

  620 
500 473 

1 

10   536 2 

11 
  500 

  592 
300 212 

1 

12   558 2 

TABLE I.  The 12 different test-pieces to evaluate wettability from 
measurements of the contact angles. 
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f1 f2 θ’ 

 

θ’ 

Figure 1.  Rough surface (periodic structure) and the two states. A: Pores 
filled with water, the Wenzel state. B: The drop rests on a composite of solid 

and air, the Cassie state. 
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C. Evaluation method of test-piece 

A scanning probe microscope (SPM; Nanonavi 

IIs/NanoCute, SII NanoTechnology Inc., Japan) was used to 

make observations of the scale of the test-pieces. 

Prior to evaluating the wettability, the test-pieces were 

ultrasonically cleaned in alcohol, and dried for 20 minutes at 

20C in a thermostatically controlled chamber. A microscope 

( 100, VH-E500, Keyence Co., Japan) and image-analysis 

software (Image J, Open source) were used to measure the 

contact angles. The amount of water dropped onto the surface 

was set to 1 μl. 

 

IV. RESULTS AND DISCUSSION 

A. Shape of periodic structure 

Periodic structure was observed in three-dimensional 

directions (Figure 3, showing test-piece No.5). The measured 

values of the width and height were almost the same as the 

designed values, the differences were 1 - 20% in maximum 

(Figure 4, showing test-piece No.5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B. Evaluation of wettability 

The contact angles of the periodic structure on each 

test-piece were compared to that of a flat surface as the 

base-line. Not only hydrophilic but also hydrophobic 

tendencies were observed for the test-pieces. Test-piece No.6, 

which hasτ = 1,000 nm, height h = 300 nm, and aspect ratio 

A/B = 2 (Table 2) gave the maximum increase in contact 

angle, from 55° to 105.1°. The maximum decrease in contact 

angle, from 55° to 5°or less, was found for test-piece No.8, 

which has pitch τ = 500 nm, height h = 700 nm, and aspect 

ratio A/B = 2. Thus, with the application of a fine periodic 

structure to the surface, the wettability of a surface can be 

controlled over a large covering contact angles from + 50° 

(hydrophobic) to -55 (hydrophilic). That is, although the 

same material is used, the wettability of the surface can be 

controlled with a more than 100 range for the contact angle. 

In addition, the pitch of the periodic structure at which 

the wettability switches from hydrophilic to hydrophobic was 

found to between 500 (hydrophilic) and 1,000 (hydrophobic) 

nm. Additionally, the height of the periodic structure at which 

the wettability switches from hydrophobic to hydrophilic was 

found to between 300 (hydrophobic) and 700 (hydrophilic) 

nm. Significant relationship was not found between the 

wettability and the aspect ratio, A/B. 

 

 

 

 

 

 

Hydrophobic Flat surface Hydrophilic 

 

 

 
 

105.1° (+50.1°) 

No.6 

 

 

 

 
55° 

 

 

 

 
5° or less (-50°) 

No.8 

 

TABLE II. Top data of the contact angles for both hydrophobicity and 
hydrophilicity in the 12 different test-pieces. 
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hydrophilicity in the 12 different test-pieces. 

 

Figure 3. SPM image of the scales of the test-piece No.5. 

 
Figure 3. SPM image of the scales of the test-piece No.5. 

Figure 2.  Parameter of the test-pieces with periodic structure fabricated on 

silicon by photolithography. 

 

 
Figure 2.  Parameter of the test-pieces with periodic structure fabricated on 

silicon by photolithography. 

 

Figure 4. Measured results of the surface of the test-piece No.5 using the 

SPM. 

 

 
Figure 4. Measured results of the surface of the test-piece No.5 using the 

SPM. 
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C. Comparison of theoretical and measured values 

Figure 5A shows the calculated results using the 

Wenzel equation (Eq.(6)) and Figure 5B shows the 

calculations using the Cassie-Baxter equation (Eq.(8)). 

Measured results from the test-pieces (No.1 – 12) are 

included in the plots. Although the absolute values of the 

theoretical and experimental results were not in agreement 

well, the tendencies were similar. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

V. CONCLUSION 

The threshold for the wettability of periodic structures 

between the nano- and micro-meter scales was evaluated both 

theoretically and experimentally. Our results indicated the 

following: 

i) The threshold for the pitch for wettability was found to be 

between τ = 500 (hydrophilic) and 1,000 nm (hydrophobic). 

ii) The threshold for the height for wettability was found to be 

between h = 300 (hydrophobic) and 700 nm (hydrophilic).  

Further studies are needed to establish the conditions for 

super-hydrophobicity and super- hydrophilicity using both 

the chemical composition of the surface and nano- and micro- 

scale periodic structures. 
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