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中文摘要 

本論文展示花瓣效應是由線張力所控制，並發現表面的結構的特徵長度所扮

演的重要角色。藉由線張力所修正的 Wenzle方程式，對應實驗上的數據是較合理

的。在這研究中利用高分子材料設計不同的特徵長度的基材表面，進一步去評估

在這樣的不同的表面粗糙度與表面接觸線比例對於遲滯角的影響。在遲滯角實驗

中，線張力是會轉變的，並且由正轉為負值，轉變的過程，遲滯的狀態也剛好是

前進角轉為後退角的狀態。可發現表面粗糙度影響的是在前進角的階段，線張力

則是主要影響後退角。當增加特稱長度時，接觸角可從 107±1.1度增加為 129.3 ± 

0.9度，而遲滯角的部分則是明顯的由 23.1±1.3度增加到 62.1±2.1度。在這樣的實

驗觀察結果下，線張力對於潤濕效應的影響有了清楚的了解，並可以設計所需要

的結構表面，這對於生醫上的設計與應用可以有大幅的幫助。 

 在這研究中，了解表面粗糙度對於潤濕效應的影響，進一步發展表面能量對

於潤濕效應的影響。開發一可光控的人造玫瑰花瓣，藉由偶氮本以互穿型網狀結

構作為設計。玫瑰花瓣上的微米與奈米結構皆完整的仿生玫瑰花瓣上的微米與奈

米結構皆完整的複製。由於偶氮苯是光學幾何異構物，就由不同的波長的光照射，

偶氮本的順反異購物有不同的表面能量，使得此仿生花瓣的接觸角度變化範圍

99.2±0.9度至 140.9±1.8 度，遲滯角也可在 99.2±0.9度到 140.9±1.8度之間來回變

化，比起真實的玫瑰，此仿生花瓣有更高的接觸角與更明顯的遲滯效應，更近一

步的是可用非接觸的光學方式進而改變與調整。 

關鍵字：花瓣效應、線張⼒、特徵⾧度、遲滯⾓、⾼分⼦與仿⽣ 
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Abstract 

This paper experimentally investigated how the petal effect is governed by line 

tension and showed that the characteristic length of the surface structure plays an 

important role. Particularly, Wenzel’s equation modified with line tension was used to 

model the contact angle hysteresis. We designed different surfaces on 

polydimethylsiloxane with various structure lengths, 15 to 50 𝜇m, to evaluate the effect 

of surface roughness and the actual length of the three-phase contact line on the contact 

angle hysteresis. The sign of the line tension alters from positive to negative when the 

droplet changes from advancing to receding state. The surface tension dominates the 

contact angle in the advancing state while the line tension governs the contact-line 

movement in the receding state. By increasing the characteristic length of the surface 

structure, the static contact angle can be altered from 107±1.1o to 129.3 ± 0.9o, and the 

contact angle hysteresis changes obviously from 23.1±1.3o to 62.1±2.1o. These results 

facilitate better understanding of the effect of line tension on a wetting surface for a more 

robust biomimetic design. 

This paper presents a biomimetic rose petal whose contact angle hysteresis can be 

reversibly tuned by photo-illumination. With azobenzene interpenetrating polymer 

network, the micron- and nano-scale surface structure of a rose petal was duplicated. By 

changing the exposure light wavelength, the surface free energy of the artificial petal was 

modulated between trans-to-cis azobenzene photo-isomerations. The static contact angle 

of the artificial petal can be tuned to range from 99.2±0.9o to 140.9±1.8o. The contact 

angle hysteresis between 50.3 ± 0.6o and greater than 84o can be achieved. Comparing to 

the value measured on a real rose petal, the fabricated counterpart presents more 

prominent petal effect in terms of larger static contact angle and greater contact angle 

hysteresis. 
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.Chapter 1 Introduction 

 Motivation 

Wetting behavior is a common phenomenon and numerous researchers want to know 

how to use it to improve the life. The lotus effect and petal effect are two special cases. 

Both of them are hydrophobic, but they have opposite degree on the contact angle 

hysteresis.  Petal effect has high contact angle hysteresis, and it will pin the droplet ont 

the surface. Although it has been studied for a long time, contact angle hysteresis have 

not been well understood. The original Young, Cassie-Baxter and Wenzel equations are 

not enough to explain. There are two main characters, surface roughness and surface 

energy, affect the hysteresis. In this research, we introduce the line tension to modified 

the Wenzel equation to find the effect of surface roughness.  We found that the surface 

roughness is not the key role, and the characteristic length and the ratio of actual length 

of the three-phase contact line to the apparent are more important. By knowing these two 

characters, we can design the particular contact angle hysteresis. 

And we also found out that the photoisomer, azobenzene, can effectively control the 

hysteresis under various wavelength light irradiation. The difference of surface energy 

between tran and cis azobenzene strongly affect the behavior of hysteresis.  The artificial 

petal created by azobenzene present the sliding drops under the exposure of UV and green 

light. 

Contact angle hysteresis is an important physical phenomenon. To clarify this, 

starting from the basic definition of contact angle hysteresis by adding line tension, we 

not only explain the key role, but also use the artificial azobenzene petal to control it.   

This research can approve the industrial applications such as sliding drops, coffee stains 

phenomenon, curtain, ink-jet printing and wire coating techniques.  
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 Literature Survey 

1.2.1. Line tension 

Contact angle hysteresis (CAH) is one of the most important and classic elements of 

wetting of liquid droplets in systems from centimeter to micrometer scales. It can be 

intuitively understood by looking at a droplet resting on a horizontal substrate. If the 

substrate is tilted, the droplet would want to move down by the pulling of gravity. 

However, the CAH will pin the droplet on the substrate. Under this condition, the droplet 

will become asymmetric but will not move. The top of the droplet will become thin and 

the contact angle will become smaller, while the bottom will become thick and the contact 

angle will become larger. When the droplet reaches a specific size, the droplet slides 

downs the substrate, and the difference between the larger and smaller contact angle is 

called the hysteresis [1].  For its great value, many scientists have studied hysteresis to 

give the theoretical understanding of the retention forces on droplets sticking to solid 

surfaces [3], [7]-[9].  

For knowing the wetting behavior better, the line tension becomes particularly 

important. The line tension is defined as the excess free energy of a solid-liquid-vapor 

system per unit length of the three-phase contact line. In 2013, Edward Bormashenko and 

Gene Whyman found out the role of line tension in in the stability of Cassie-Wenzel 

wetting [10].  As Figure 1, The effect of line tension may increase or decrease the 

potential barrier separating the Cassie and the Wenzel wetting states, depending on the 

sign of the line tension and the topography of a relief. The formation of the barrier 

separating the Cassie and Wenzel wetting states on reentrant topographies, which 

demonstrate pronounced superhydrophobicity and superoleophobicity, is treated. In spite 

of the fact that the line tension is regarded as a weak effect, it may be essential for 
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stabilizing (destabilizing) the Cassie wetting. The effect may be crucial to understanding 

the stability of the Cassie-like wetting of inherently hydrophilic nanoscaled reliefs. 

Yawei Liu et al. modified the Young equation by line tension to confirm the viability 

of Young equation [11]. They present a theoretical mothod to determine the line tension 

of nanodroplets on homogeneous substrates via decomposing the grand free energy into 

volume, interface and line contributions. Figure 2 shows the obtained line energy 𝜏L as a 

function of the droplet circumference for different values of 𝜀sf. Good linear relationships 

are observed from this figure, indicating that the line tension is chemical potential 

independent, namely the line tension can be treated as a constant at a fixed temperature 

and fluid-solid interaction. Moreover, it also shows that the line tension is always negative, 

and reaches a minimal value at 𝜀sf= 0.50. 

 

Figure 1. Geometrical air trapping on a hydrophilic relief with re-entrant topography; 𝜑 

is the angle corresponding to the current liquid level, 𝜑o is the angle corresponding to the 

initial liquid level, θY is the Young angle [10].  
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Figure 2. The determination of contact line tension.  (a-e) The contact line energy 𝜏L 

versus the droplet circumference 2𝜋r at different fluid-solid interaction strengths of 𝜀sf. 

(f) The obtained contact line tension 𝜏 versus the fluid-solid interaction 𝜀sf [11]. 

1.2.2. Azobenzene in interpenetrating polymer networks 

During the past decade, an increasing interesting in azobenzene dye has emerged. 

Azobenzene is a powerful material and it is conformable to incorporation into a wide 

variety of materials [12]. Azobenzene is a chemical compound consist of two phenyl rings 

linked by an azo bond (N=N) and it is also a photosensitive mesogenic molecule that 

change from a rod-like shape to a kinked shape upon irradiation at 365nm Ultraviolet 

(UV) light. One of the most interesting properties of azobenzene is the photo-

isomerization of trans and cis isomer [13]-[16]. These two isomers can be switch by a 

particular wavelength of light, as shown in Figure 3. 
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Figure 3. The photo-isomerization of azobenzene compounds. 

 The trans isomer of azobenzene is generally more stable than the cis isomer of 

azobenzene, but each isomer can be easily converted to each other by light irradiation of 

appropriate wavelength. As shown in Figure 3, trans isomer of azobenzene can be 

transformed to cis isomer of azobenzene by rotating or inverting a phenyl ring through 

the excitation with ultraviolet light which corresponds to the energy gap of the π-π* state 

for trans-to-cis conversion. In the same way, cis isomer of azobenzene can be reversely 

transformed to trans isomer of azobenzene through the excitation with green light which 

is equivalent to the energy gap of the n-π* state for trans-to-cis conversion or thermally 

stimulated. 

 In general, the two mechanisms of the trans-cis reaction are frequently discussed in 

research. The first mechanism is known as the rotation mechanism. When trans isomer 

of azobenzene was irradiated ultraviolet light, the N＝N double bond of trans isomer of 

azobenzene is opened and allowed the free rotation of one of the phenyl ring around the 

N-N axis. As shown in Figure 3, the trans isomer of azobenzene which is planar will 

change to the cis isomer of azobenzene which is three dimensional [16]. 

Miguel Camacho-Lopez et al. used the azobenzene and methylsiloxane to create the 

liquid-crystal elastomers [17]. This rubber can reversibly change its shape quickly, in  

N
N

N
N

5.5 Å

9 Å

UV

Visible, ∆T

trans-azobenzene cis-azobenzene
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Figure 4. The optomechanical response of an LCE sample. Two frames from a video clip 

recording the bending and relaxation dynamics of the sample. The measured 

displacement of the LCE sample center from its initial rest position as a function of time 

from onset of illumination [17]. 

Figure 4. They demonstrated the rubber by dissolving, rather than covalently bonding, 

azobenzene dye into an LCE sample, its mechanical deformation in response to non-

uniform illumination by visible light becomes very large and is more than two orders of 

magnitude faster than previously reported. Rapid light-induced deformations allow LCEs  

to interact with their environment in new and unexpected ways. 

 Hyun-Kyoung Kim et al. used a special way, semi-interpenetrating polymer network, 

to combine the azobenzene with other material, as the Figure 5 shows [18]. The method 

of interpenetrating polymer networks represents a unique class of materials in which two  
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Figure 5. Model for the UV-induced change in the elasticity [18]. 

 
Figure 6. The reversible UV response of the length of the semi-IPN film at 25oC [18]. 

crosslinked polymers are held together by permanent topological entanglements [19]-[20]. 

From Figure 6, the semi-IPN film showed reversible deformation upon switching the UV 

irradiation on and off and responded with unprecedented rapidity. The photomechanical 

effect is attributed to a reversible change between the highly aggregated and dissociated 

states of the azobenzene groups. 

Yizhong Huang et al. used the azobenzene to change the contact angle [21]. In Figure 8, 

the azobenzene moieties of azo-HPCs exhibited a reversible cis-to-trans isomerization  
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Figure 7. Photoisomerization fo azobenzene moieties in the surface of the azo-HPC films 

[21]. 

 
Figure 8. (a)The changes of contact angle of the azo-HPC3 film over several cycles of 

irradiation with UV light (𝜆= 365 nm) for 20 min and subsequently with visible light (𝜆> 

420 nm) for 25 min. (b) The variation of the contact angle (⊿𝜃) of the azo-HPCs upon 

irradiation b UV and subsequently by visible light under the conditions of (a) [21]. 

transition upon irradiation with UV and visible light in both solution and solid state. The 

reversible trans-to-cis photoisomerization led to a change of the wettability of the azo-

HPC films. Surface energy estimations suggest that tunable film wettability was 

attributed the chage of the dipole moment of the azobenzene moieties in the film surface. 
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.Chapter 2 Wetting behavior theories 

2.1 Introduction 

Wetting phenomena on a solid surface play an important role in many phase 

separation processes, for example, bitumen separation from tar sand, wetting and flotation 

of particles, agglomeration of solid particles by dispersed liquids, painting, printing, 

impregnation of textiles, and in many other areas of technology. Although significant 

developments in the theory of wetting process have occurred in recent years, the 

understanding of these phenomena is not complete. 

 Surface energy and surface roughness are two main factors to control the wetting 

behavior. Understanding the relation can help to design and optimize the textured surface. 

The theoretical explanation for the wetting phenomena has been offered by Young, Cassie 

and Wenzel for more than 70 years. In this chapter, for knowing the petal-effect, the line 

tension will be introduced to modified Young’s and Wenzel’s equation for a complete 

understanding of the wetting behavior and analyzing the experiments. The Gibbs free 

energy of Wenzel state is also presented to know the contact angle hysteresis more. 

 Only the simplest there-phase system being in thermodynamic equilibrium is 

considered with these following assumptions: 

¨ the surface free energy (𝛾) is constant and independent of drop size 

¨ this system is simplified to a spherical liquid droplet resting on the homogeneous, 

horizontal flat solid surface 

¨ The temperature (T), pressure (P), volume (V), composition and chemical potential 

(𝜇) are constant. 
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2.2 Modified Young equation 

In this chapter, the theoretical models of the wetting behavior are modified by line 

tension to improve the correction of the relationships between the roughness, contact 

angle, and contact angle hysteresis. The Young equation describes a force balance in the 

plane of the solid surface for three-phase systems in which the equilibrium contact angle 

is establish in order to resolve the interfacial tensions. This modified Young equation 

based on thermodynamic considerations is presented below. 

The general model for the Young’s equation is expressed like Figure 9. The free 

energy relations of three-phase system can be expressed as follows: 

 

 

 
(2. 1) 

where W is the free energy, A is the area of flat surface, L is the length of the three-phase 

contact line; and the subscripts, s, l, v, correspond to solid, liquid, and vapor, so the Asl 

means the interface area of solid-liquid phase, Asv means the interface area of solid-vapor 

phase, and Asl means the interface area of liquid-vapor phase. The eq (2. 1) can also be 

presented by dividing by dAsl. 

 

Figure 9. Droplet in contact with a flat solid surface.  

dW =
∂Wi

∂Ai
dAi

i
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dLj
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(2. 2) 

From this equation, the change of free energy corresponding to the change of area is 

the surface free energy (surface tension, 𝛾), so the change of free energy with the change 

in the contact line can lead to the line free energy (line tension, 𝜏) as shown below: 

 
 

 
 

 
 

 
 

the following substitutions are effective under the conditions, 𝜃 is the contact angle, and 

the 𝑟 is the base radius of the droplet. 

 
 

 
 

 

 

Therefore, the modified equation (2. 2) can be shown as: 

 
(2. 3) 

 
(2. 4) 

Then, it is the modified Young’s equation. The 𝜃* is the intrinsic contact angle, which is 

the contact angle for the original Young’s equation. 

The general equation was derived by Boruvka and Neumann in 1977 like: [22] 

 
 

dW
dAsl

= 0 =
∂Wsl

∂Asl
+
∂Wsv

∂Asv

dAsv
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+
∂Wlv
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dLτ
dAsl

∂Wsl

∂Asl
= γ sl

∂Wsv

∂Asv
= γ sv
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∂alv
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dL
dAsl

= 1
r

cosθ =
γ sv − γ sl

γ lv
− τ
rγ lv

cosθ = cosθ * − τ
rγ lv

γ sv − γ sl = γ lv cosθ + γ slvκ gs
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Where the 𝛾slv is the line tension, 𝜏, and the 𝜅gs is the geometric parameter of the contact 

line, which can be seen as the 1/ 𝑟. The line tension can be found from the measurement 

of contact angle and the radius of droplet by eq (2. 4). 

2.3 Modified Wenzel equation 

For rough solid surface, Wenzel followed the Young’s equation by adding the 

roughness on the flat surface. Similar to the Young, Wenzel did not predict the effect of 

line free energy in the contact angle analysis. Consider the same thermodynamic 

consideration of three-phase system, and the Wenzel equation can be modified with the 

line tension term.  

Figure 10a illustrates a droplet on a rough solid surface without air trapped at the 

liquid-solid interface. The wettability of this droplet can be described by the Wenzel’s 

model.7 The modified Wenzel’s equation, which relates the apparent contact angle, 𝜃, for 

a droplet on a rough solid surface to the line tension, 𝜏, is 

 
(2. 5) 

Where W is the free energy, 𝑎 is the area of rough surface, l is the length of the three-

phase contact line; and the subscripts, s, l, v, correspond to solid, liquid, and vapor, so the  

  

Figure 10. (a)Droplet in contact with rough solid surface. (b) 𝑙 is the actual length of 

contact line; L is the apparent length. 

dW =
∂Wsl

∂asl
dasl +

∂Wsv
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dalv +

∂Wτ

∂lτ
dlτ
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𝑎sl means the interface area of solid-liquid phase, 𝑎sv means the interface area of solid-

vapor phase, and 𝑎sl means the interface area of liquid-vapor phase. 

Then, the eq (2. 5) is divided by apparent area which is the area of flat surface, dAsl. 

 
(2. 6) 

The definitions of surface free energy (surface tension, 𝛾) and line free energy (line 
tension, 𝜏) used in eq (2. 2) are still valid for eq (2. 6).  

 

 

 

 

For Wenzel system, the following substitutions can also be used, 𝜃 is the contact angle, 
and the 𝑟 is the base radius of the droplet. There are two new parameters, surface 
roughness, 𝜆, and the ratio of actual length of the three-phase contact line to the apparent, 
𝜅.  

  

  

  

  

  

  

So, the modified Wenzel is like: 
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(2. 7) 

If the surface is flat, the 𝜆 and 𝜅 both equal to 1. Under this circumstance, eq (2. 7) 

becomes the modified Young’s equation, eq (2. 4). 

2.4 Modified Gibbs free energy of Wenzel’s model 

In this research, we experimentally characterize the line tension on micromachined 

surfaces and discuss its effect on the CA hysteresis. Particularly, the liquid-solid 

interaction that can be modeled by the modified Wenzel’s equation is investigated. In 

addition, the Gibbs free energy is also introduced to evaluate the influence of line tension. 

By taking the line tension into account, the Gibbs free energy is 

 
(2. 8) 

where 𝑎 is the area with the subscript ‘sl’ for the solid-liquid, ‘sv’ for the solid-vapor, and 

‘lv’ for the liquid-vapor interface, respectively; 𝑙 is the length of contact line. The 

following calculations can help to explain eq (2. 8). 

 

 

 

 
The R is the radius of droplet and set the Aall equal 0 to simplify the equation. 

 
 

or 

 
(2. 9) 

For general analyzing, the Gibbs free energy can be further normalized. The volume of 

droplet is introduced to replace the R. 

cosθ = λ cosθ * − τ
γ lv

κ 1
r

G = γ lvalv + γ slasl + γ svasv +τ lτ

alv = 2πR
2 1− cosθ( )

asl = λπR2 sin2θ

asv = Aall − λπR
2 sin 2θ

lτ = 2κπRτ sinθ

G = γ LV 2πR2 1− cosθ( )⎡⎣ ⎤⎦ + γ SL λπR2 sin2θ( )+ γ SV −λπR2 sin2θ( )+ 2κπRτ sinθ

G = λπR2 sin2θ γ SL − γ SV( )+ γ LV 2πR2 1− cosθ( )⎡⎣ ⎤⎦ + 2κπRτ sinθ
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Take it into eq (2. 9) 

  

Then, this equation can be  

 

(2. 10) 

This equation is the modified of hysteresis process, but this approach neglects the 

pressure and the interaction between the solid and liquid and are valid under fine structure 

which means much smaller than droplet. The strength of hysteresis can be calculated by 

the surface roughness (𝜆), so we can know how to design the right surface with excellent 

characteristic if we know the contact angle at smooth surface. 

Now, the sign of ΔG* indicates the direction of a chemical reaction and determine if a 

reaction is spontaneous or not. 

 
¨ ΔG* < 0: reaction is spontaneous in the direction written 

¨ ΔG* = 0: the system is at equilibrium and there is no net change either in forward or 

reverse direction. 

¨ ΔG* > 0: reaction is not spontaneous and the process proceeds spontaneously in the 

reserve direction. To drive such a reaction, the system needs to be inputted enough 

free energy. 
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.Chapter 3 Evolution of three-phase line tension on petal-like 

contact angle hysteresis 

3.1 Introduction 

In nature, all primary parts of plants are covered by a cuticle that interfaces with 

environment. In most cases, the cuticle forms a hydrophobicity surface [23, 24]. In 

particular, the lotus leaves have ultra-hydrophobic surfaces and self-cleaning properties 

which are known as the “lotus effect” [25. 26]. The contact angle (CA) of water droplet 

on the surface is large (~160˚), and the CA hysteresis is very small (usually <10˚). On the 

other hand, rose petals also show super-hydrophobic with CA as large as 151˚, but the 

droplet will be pinned by the surface and presents higher CA hysteresis (40-50˚) which is 

referred to as “petal effect” [27]. These two effect are separated into early Cassie-Baxter 

and Wenzel models by the size of structure [28, 29]; from these models, there are two 

regimes of wetting on a rough surface: a homogeneous regime with solid-water interface 

and a composite regime with a three-phase solid-water-vapor interface. Wetting on rough 

surfaces is a complex problem which has attracted significant attention from investigation 

[28-42]. These models were modified by line tension which was first introduced by Gibbs 

to be more general [43-46]. The line tension is defined as the excess free energy of a 

three-phase solid-liquid-vapor system per unit length of contact line [47, 48]. However, 

it remains controversial largely because the direct measurement of the line tensions of 

droplets has not been possible [49-52]. The experimental values in the literature range 

over 7 orders of magnitude from 10-12 to 10-5 J/m, and both positive and negative line 

tensions were reported [49, 52-54]. A positive line tension operates to constrict the length 

of the three-phase line, whereas the negative tends to expand it; it means that the line 

tension will try to pin the contact line and to impede the motion of the droplet. 
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Hysteresis is the phenomenon that the droplet is pinned on the surface when it attempts 

to move, but the role of the line tension in hysteresis has not been well understood.  

Figure 11a illustrates a droplet on a rough solid surface without air trapped at the liquid-

solid interface. The wettability of this droplet can be described by the Wenzel’s model.7 

The modified Wenzel’s equation, which relates the apparent contact angle, 𝜃, for a droplet 

on a rough solid surface to the line tension, 𝜏, is [49, 55] 

                                                           (2.7) 

with 𝛾lv the liquid-vapor interface tension, 𝜏 the line tension, r the base radius of contact 

area, and 𝜃* the intrinsic contact angle. 𝜆 is the ratio of actual interfacial area to the 

apparent area of the geometrical interface. 𝜅 is the ratio of actual length of the three-phase 

contact line to the apparent. If the surface is flat, the 𝜆 and 𝜅 both equal to 1. Under this 

circumstance, eq 1 becomes the modified Young’s equation: [48, 49, 55] 

                                                               (2.4) 

which indicates that the line tension should vanish when the droplet is at static equilibrium. 

When the droplet attempts to move, its contact with the solid substrate is described by the 

advancing (𝜃A) and receding angle (𝜃R), respectively. These angles are affected by the 

line tension according to eq (2.7), implying that the line tension plays a role in the contact 

angle hysteresis. 

The advancing and receding angles are the maximum and minimum CA, respectively. 

Experimentally, these angles can be measured by increasing or decreasing the volume of 

the droplet (Figure 11b), and the CA hysteresis (𝜃H) can be evaluated by 

                                                       (3.1) 

The static, advancing and receding states of the droplet give different line tensions 

according to eq (2.7). In addition, the effect of line tension can be modulated with design  

cosθ = λ cosθ * −κ τ
γ lvr

cosθ = cosθ * − τ
γ lvr

θH = θA −θR
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Figure 11. (a) Droplet in contact with a solid surface. (b) Advancing and receding angles. 

of the solid surface (𝜅), the droplet surface tension (𝛾lv), and the droplet size (r). This 

characteristic is worth investigating as a micro-engineered solid surface with well-

controlled hysteresis is often of interest in medical or industrial applications [56-58]. 

In this paper, we experimentally characterize the line tension on micromachined surfaces 

and discuss its effect on the CA hysteresis. Particularly, the liquid-solid interaction that 

can be modeled by the modified Wenzel’s equation is investigated. In addition, the Gibbs 

free energy is also introduced to evaluate the influence of line tension. By taking the line 

tension into account, the Gibbs free energy is [33, 57] 

                                          (2.8) 

where 𝑎 is the area with the subscript ‘SL’ for the solid-liquid, ‘SV’ for the solid-vapor, 

and ‘LV’ for the liquid-vapor interface, respectively; 𝑙 is the length of contact line. The 

Gibbs free energy can be further normalized as 

  

 
(2.10) 

where V is the droplet volume. We design surface structure of the solid substrate with 

different 𝜆’s to verify the modulated effect of line tension. Specifically, the CA and 

droplet radius (r) are measured, and the line tension is determined through eq (2.7). The 

G = γ LVaLV + γ SLaSL + γ SVaSV +τ l

G* ≡ G
9V 2π( )1/3γ LV

=
2 − λ cosθ * 1+ cosθ( )
1− cosθ( ) 2 + cosθ( )2⎡⎣ ⎤⎦

1/3 +
2κτ sinθ

γ LV 3V 1− cosθ( )2 2 + cosθ( ) /π⎡⎣ ⎤⎦
1/3
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results of experiment will facilitate the better understanding of line tension and its role in 

designing a CA hysteresis. 

3.2 Experiment 

3.2.1 Materials and fabrication 

Polydimethylsiloxane (PDMS; Sil-More Industrial Ltd.) was adopted as the 

substrate material with various microstructure lengths (L) and duty ratios (DR, DR=D/L, 

D: distance.) Its structure is shown in Figure 12a and 12b. With this periodic structure, 

the ratio, 𝜆, of actual interfacial area to the apparent area of the geometrical interface can 

be designed by 

                                                      (3.2) 

It represents the surface roughness of the engineered surface. The ratio, 𝜅, of actual length 

of the three-phase contact line to the apparent becomes 

                                                           (3.3) 

PDMS is elected for its high hydrophobicity, biocompatibility, and tunability of material 

properties [60]. The PDMS microstructures were fabricated by spin-coating and then 

curing PDMS solution on an array of pyramid cavities that were created on silicon wafer 

as a replication mold. These cavities were etched on silicon nitride (Si3N4) wafer using 

bulk micromachining techniques (Figure 12c). The SPR-220 photoresist was spun on the 

Si3N4 wafer and then UV-exposed under a patterned mask. After this photolithography 

step, reactive ion etching (RIE) was conducted to remove the portion of the Si3N4 that 

was not protected by the photoresist. Then, anisotropic etching of the single-crystal 

silicon wafer was carried out in heated KOH solution, forming the pyramid cavities. Eight 

L’s and five DR’s were produced for the systematic experiment.  The L’s ranges from 15  

λ =
4 3 + DR2 + 4DR( )

2 + DR( )2

κ = 3 + DR
1+ DR
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Figure 12. (a) Microscopic image of a fabricated PDMS surface. (b) Schematic view of 

the surface. (c) Process flow for fabricating the silicon mold. 

to 50 𝜇m at the increment of 5 𝜇m and is referred to as L15~L50 in the experiment, 

respectively. Each L has five DR’s, that is referred to DR1~DR5 in the experiment for 

DR=1,2,3,4,5, respectively. Figure 2a shows a microscopy image of one of the fabricated 

surfaces. 

3.2.2 Measurement of contact angles 

The measurement of contact angles was conducted by using VCA Optima (AST 

Products, Inc.) The static contact angle was measured by analyzing the droplet image that 

was captured by the CCD camera. Deionized water (DI water) was used as the probe 

liquid. The droplets of 0.5 𝜇L was deposed on the textured surface with an area of 

approximately 10 mm × 10 mm by a syringe. This radius of contact area of the droplet on 

the textured surface was larger than 0.3 mm so we assumed that the contact angle did not 

change obviously by the radius from 0.3 to 0.7 mm.30 In this paper, we change the volume 

of the droplet by using a syringe to characterize the dynamic contact angle. During the 

test, the syringe needle was kept at the middle of the droplet to minimize its effect on the 

contact angle at the droplet-substrate interface. We measured the advancing angle (𝜃A) 

and receding angle (𝜃R) by expanding and contracting droplet separately (Figure 13). 

L

D

top view side view

SPR-220 Si3N4 Si

a. spin SPR-220

b. photolithography 

c. reactive ion etching (RIE)  

d. wet etching  

(a)

(b)

(c)

20 !m
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Figure 13. Images of expansion and contraction of the DI water droplet on the flat PDMS 

surface. The droplet volume was increased from 0.5 𝜇L to 5 𝜇L at 0.5 𝜇L increment and 

then decreased. 

3.3 Results and discussion 

3.3.1 Static contact angle 

The static contact angles of DI water on the textured surface are summarized in Table 

1 by structure length (L). The standard deviation obtained from five independent 

experiments is also shown. For the cases of L=0, the surface is flat. Therefore, the intrinsic 

contact angle is found to be 107.2±1.1o. For a fixed structure length other than L=0, 

increasing DR from 1 to 5 yields decreasing surface roughness, 𝜆, of 1.33, 1.18, 1.12, 

1.08, and 1.06, respectively. For L=15 𝜇m, the contact angle decreases from 128.5±1.5o 

to 118.8±2.1o as the surface roughness decreases from 1.33 to 1.06. This result is in 

agreement with the Wenzel’s state. Figure 14a compares the measurement with the 

apparent contact angle from the Wenzel’s model in eq (2.7) by ignoring the line tension 

term for 𝜆=1.33 and 1.06 (see in the Supporting information for other 𝜆’s). It is obvious 

that the measurement is larger than the angle predicted by the Wenzel’s model if the line 

tension is not considered. The deviation can be used to extract the line tension by fitting 

the full eq (2.7) with the measurement, as shown in Figure 14b. The obtained line tension 

does not fluctuate much with various surface roughness.  Therefore, the line tension can 

Droplet expansion

Droplet contraction

!A

!R

0.5 µL 2 µL 3.5 µL 5 µL
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be considered constant when the droplet is at static state. Its average is 4.48±0.22 𝜇J/m, 

close to the line tension on gold surface with self-assembled monolayers of alkanethiols39 

but five-order larger than that on silicon surface.30 

Table 1. Measured contact angle of DI water on textured surfaces. 

Structure 

length, L 

(𝜇m) 

Contact angle (o) 

DR=1 (DR1) 

𝜆=1.33 

𝜅=1.37 

DR=2 (DR2) 

𝜆=1.18 

𝜅=1.24 

DR=3 (DR3) 

𝜆=1.12 

𝜅=1.18 

DR=4 (DR4) 

𝜆=1.08 

𝜅=1.15 

DR=5 (DR5) 

𝜆=1.06 

𝜅=1.12 

0 107.2 ± 1.1 107.2 ± 1.1 107.2 ± 1.1 107.2 ± 1.1 107.2 ± 1.1 

15 128.5 ± 1.5 122.9 ± 2.1 120.7 ± 1.6 119.3 ± 2.4 118.8 ± 2.1 

20 128.1 ± 1.1 122.3 ± 2.2 120.8 ± 0.9 119.6 ± 1.3 117.0 ± 2.1 

25 129.3 ± 0.9 123.2 ± 1.4 121.8 ± 1.5 119.3 ± 1.5 118.2 ± 1.8 

30 128.7 ± 1.5 123.6 ± 2.0 119.8 ± 2.6 117.3 ± 1.0 116.3 ± 1.2 

35 127.8 ± 3.3 123.5 ± 2.8 118.2 ± 1.8 117.2 ± 1.3 115.3 ± 2.6 

40 128.8 ± 2.5 122.8 ± 1.3 120.9 ± 2.6 119.2 ± 2.3 117.3 ± 3.2 

45 127.9 ± 1.9 123.7 ± 2.1 118.2 ± 2.3 117.2 ± 1.1 115.3 ± 1.9 

50 127.0 ± 2.3 121.4 ± 1.6 120.1 ± 1.7 118.0 ± 1.4 118.1 ± 2.5 

 

Figure 14. (a) The relationship between the apparent contact angle and intrinsic contact 

angle by ignoring the effect of line tension. The inset shows the measurement and 

Wenzel’s equation for all 𝜆’s. (b) Extracted line tension at different surface roughness. 

 

(a) (b)
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3.3.2 Contact angle hysteresis 

Table 2 shows the measured CA hysteresis, as defined by eq (3.1), of DI water on 

the textured surface by structure length and surface roughness. On the flat surface, the 

CA hysteresis is 23.0±1.3o. For L=15 𝜇m, the CA hysteresis decreases from 62.1±2.1o to 

30.1±1.9o as the surface roughness decreases from 1.33 to 1.06. The effect of structure 

length, L, is not obvious on the relatively smoother surface such as λ=1.06 (DR=5). At 

large DR, there are fewer structures underneath the droplet so that the form factor of the 

structures plays little role at the solid-liquid interface. On the other hand, the structure 

length dominates the solid-liquid interface on a rough surface. For the cases of 𝜆=1.33 

(DR=1), the CA hysteresis decreases from 62.1±2.1o to 47.1±2.6o as the structure length 

increases from 15 𝜇m to 50 𝜇m. Given the same surface roughness, the smaller structure 

length yields higher CA hysteresis. 

The case of L=15 𝜇m, 𝜆=1.33, and 𝜅=1.37 is taken as an example to discuss the role of 

the line tension (see more results of experiment in the Supporting information). Its contact 

angle, radius of three-phase contact line, and line tension are shown in Figure 15. In the 

experiment, the droplet volume was increased from 0.5 𝜇L to 5 𝜇L at 0.5 𝜇L increment 

and then decreased, as indicated by the arrows in the figure. When the droplet volume 

increases from 0.5 𝜇L to 4 𝜇L, the contact angle increases from 126.4o to 137.1o, as shown 

in Figure 5a. When the droplet volume exceeds 4 𝜇L, the measured contact angle becomes 

a constant, which is defined as the advancing angle. In Figure 15a, the advancing angle, 

𝜃A, is 137.1o as marked by the upper dashed line. The radius of the contact line increases 

from 0.49 mm to 1.02 mm when the droplet volume increases from 0.5 𝜇L to 4 𝜇L, as 

shown in Figure 5b. Given the radius, the line tension can be calculated from eq 1. It 

increases from 4.9 𝜇J/m to 18.3 𝜇J/m as the droplet volume increases from 0.5 𝜇L to 4 

𝜇L, as shown in Figure 5c. 
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Table 2. Measured contact angle hysteresis of DI water on textured surfaces 

Structure 

length, L 

(𝜇m) 

Contact angle hysteresis (o)  

DR=1 (DR1) 

𝜆=1.33 

𝜅=1.37 

DR=2 (DR2) 

𝜆=1.18 

𝜅=1.24 

DR=3 (DR3) 

𝜆=1.12 

𝜅=1.18  

DR=4 (DR4) 

𝜆=1.08 

𝜅=1.15 

DR=5 (DR5) 

𝜆=1.06 

𝜅=1.12 

0 23.0 ± 1.3 23.0 ± 1.3 23.0 ± 1.3 23.0 ± 1.3 23.0 ± 1.3 

15 62.1 ± 2.1 41.9 ± 0.8 34.2 ± 2.2 32.1 ± 3.1 30.1 ± 1.9 

20 57.9 ± 1.2 41.1 ± 1.1 33.0 ± 0.9 32.3 ± 1.6 29.2 ± 3.2 

25 53.4 ± 3.3 38.3 ± 1.7 35.2 ± 2.5 31.4 ± 1.1 30.1 ± 4.2 

30 52.9 ± 0.9 40.5 ± 2.3 36.2 ± 1.8 33.1 ± 3.4 30.3 ± 3.6 

35 50.5 ± 1.9 39.0 ± 2.7 34.5 ± 4.7 33.2 ± 1.9 30.6 ± 1.6 

40 49.4 ± 3.1 41.0 ± 2.9 37.5 ± 3.1 32.3 ± 3.3 30.4 ± 2.0 

45 48.3 ± 1.1 38.2 ± 1.2 35.9 ± 1.0 30.5 ± 0.8 28.2 ± 1.4 

50 47.1 ± 2.6 37.1 ± 2.4 32.0 ± 1.6 30.3 ± 2.4 28.0 ± 3.8 

When the droplet volume decreases from 5 𝜇L to 0.5 𝜇L, the contact angle decreases 

from 137.1o to 74.6o, as shown in Figure 15a. The measured contact angle becomes a 

constant when the droplet volume is smaller than 1.5 𝜇L. This constant is defined as the 

receding angle, as marked by the lower dashed line in Figure 15a. It should be noted that 

the radius of contact line remains unchanged at first until the droplet volume becomes 

smaller than 1.5 𝜇L. The radius decreases from 1.02 mm to 0.78 mm when the droplet 

recedes from 1.5 𝜇L to 0.5 𝜇L, as shown in Figure 15b. By applying the results of the 

experiment into eq (2.7), the line tension at the receding state can also be calculated, as 

shown in Figure 15c. The line tension changes sign from 18.3 𝜇J/m to -35.7 𝜇J/m as the 

droplet recedes from 5 𝜇L to 1 𝜇L. It then increases slightly to -28.5 𝜇J/m at the droplet 

volume of 0.5 𝜇L.  

Figure 15d shows the extracted line tension versus the radius of contact line. Both the 

radius of contact line and the line tension increases with increasing the droplet volume. 

When the droplet volume starts to decrease at 5 𝜇L, the line tension pins the radius of 



 doi:10.6342/NTU201800777

 

 25 

droplet at 1.02 mm whereas the line tension changes sign. This pinning effect vanishes 

when the droplet volume becomes smaller than 1.5 𝜇L, as which the contact angle 

becomes constant. 

From Liu et al. [48], the line tension changes with different fluid-solid interactions, and 

its sign plays a key role in maintaining the thermodynamics equilibrium at a given contact 

angle. A positive line tension implies that the enthalpy of the surface tension is larger 

than that given by the contact line. In Figure 15d, the hysteresis of the line tension versus 

the radius of the contact line can be separated into three states. At the first state, the line 

tension is positive and increases from 0.005 mJ/m to 0.018 mJ/m when the radius of the 

contact line increases from 0.49 mm to 1.02 mm. At the second step of reducing the 

droplet volume, the contact line pins the droplet so that the radius remains unchanged. 

Meanwhile, the line tension decreases from 0.018 mJ/m to -0.035 mJ/m, which reduces 

the contact angle. This pinning effect causes the CA hysteresis, and the sign change of 

the line tension is observed. The radius started to reduce when the line tension starts to 

increase at the third step, as indicated in Figure 15d. Meanwhile, the contact angle 

becomes a constant, which is referred to as the receding angle of 74.6o, as shown in Figure 

15a. 
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Figure 15. The measurement results of 𝜆=1.33 and 𝜅=1.37. (a) Contact angle hysteresis. 

(b) Radius of contact line versus droplet volume. (c) Line tension versus droplet volume. 

(d) Line tension versus radius of contact line. 

3.3.3 Hysteresis of Gibbs free energy 

The correlation between the variation of the Gibbs free energy and the CA hysteresis 

can be evaluated by the definition of eq (2.10). By fixing the structure length at L=15 𝜇m, 

the effect of surface roughness, 𝜆=1.33, 1.12, 1.06 on such correlation is discussed (see 

more results of experiment in the Supporting information). The Gibbs energy (G*) can 

also be separated into three steps like the same steps in Figure 5(d). For 𝜆=1.33 in Figure 

6(a), at the first step as the droplet volume increases, the G* increases slightly from 1.59 

to 1.65 as the contact line radius increases from 0.49 mm to 0.93 mm. It then keeps at 

1.65 for larger contact line radius. Similarly in Figures 6(b) and 6(c) for 𝜆=1.12 and 1.06, 

the G* increases with contact line radius when the droplet advances. When the droplet 

volume starts to decreases at the second step in Figure 6(a), the G* decreases from 1.65 
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to 0.61. Meanwhile, the contact line pins the droplet so that the contact line radius is fixed 

at 1.01 mm as shown. As the droplet continues to recede at the third step, the G* decreases 

from 0.61 to 0.47 with the contact line radius decreasing from 1.01 mm to 0.97 mm, as 

shown in Figure 16a. The G* does not change if the contact line radius becomes smaller 

than 0.97 mm.  

The results of experiment indicate that the line tension reduces the Gibbs energy at 

the second step as the droplet volume starts to decrease. The line tension also makes the 

Gibbs energy almost unchanged when the droplet advances or recedes with constant 

contact angle. It is noticed that the Gibbs energy decreases, 𝛥G<0, for the droplet to 

advance first and then recede. Thus, the occurrence of the CA hysteresis is spontaneous. 

From Figures 15d and 16a, it is found that the line tension increases to maintain the 

advancing contact angle as the droplet volume keeps increasing. At the contraction state 

of the droplet, the line tension plays a dominant role in the CA hysteresis. It also reduces 

the Gibbs energy to maintain the receding contact angle as the droplet volume keeps 

decreasing. 

 

Figure 16. Gibbs energy (G*) of L=15 𝜇m with (a) 𝜆=1.33. (b) 𝜆=1.12. (c) 𝜆=1.06. 𝛥G~0 

for 𝜃 is equal to advancing angle and receding angle. 
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3.3.4 Ratio of the actual length of the contact line to the 

apparent (𝜅) 

Generally, increasing the surface roughness also increases the ratio, 𝜅, of actual 

length of the three-phase contact line to the apparent. In our cases, the increment of 

surface roughness increases the contact angle and the interfacial tension at the liquid-

vapor surface. It causes the line tension to increases and to pin the droplet. For the droplet 

to advance and recede on the substrate with the structure length of L=15 𝜇m, the measured 

line tension and contact angle are shown in Figure 17. The maximum radius for the cases 

of 𝜅=1.37, 1.15, and 1.12 is 1.01, 1.20, and 1.23 mm, respectively. To reach the same 

droplet volume, the maximum radius of the contact line decreases as the surface 

roughness increases. However, the perimeter, 2𝜋r𝜅, of the droplet remains almost 

unchanged as it is 8.68, 8.66, and 8.66 mm for 𝜅=1.37, 1.15, and 1.12, respectively. That 

is, all these surfaces pin the droplet with the same perimeter. However, Figure 17a 

indicates that larger 𝜅 causes larger magnitude of line tension in both the advancing and 

receding states. It is also noticed that the larger 𝜅 causes smaller droplet footprint. These 

results indicate that enlarging 𝜅 would make the effect of line tension more prominent, 

also magnifying the hysteresis of the Gibbs energy, as shown in Figure 16. 
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Figure 17. (a) Extracted line tension versus the radius of three-phase contact line for L=15 

𝜇m. Measured contact angle versus the radius of three-phase contact line. 

3.3.5 Effect of structure length 

From eq (2.7), the measurement of the CA hysteresis, cos𝜃R-cos𝜃A, can be written 

as 

                                                     (3.4) 
In this study, all the experiments were conducted at the same temperature so that 𝛾LV=72.8 

mJ/m2 is fixed. From eq (3.4), the measurement of CA hysteresis is proportional to the 

ratio, 𝜅, of actual length of the three-phase contact line to the apparent. Figures 18 and 

19a verify the linear relationship between the cos𝜃R-cos𝜃A and the ratio 𝜅 for different 

structure lengths. The advancing and receding angles were measured from the insets of 

Figure 18. The slopes of the linear regression in Figure 8 are 1.32, 1.23, 1.19 and 1.16 for 

L=25, 30, 35, and 40 𝜇m, respectively. Interestingly, the proportional constant between 

the cos𝜃R-cos𝜃A and the ratio 𝜅 decreases when the structure length increases, as shown 

in Figure 19b. The error bars in Figure 19b show the first standard deviation of five-time 

experiment. A linear approximation of Figure 19b can be written as 

                                        (3.5) 

(b)(a)

cosθR − cosθA =
κ
γ LV

τ A
rA

−
τ R
rR

⎛

⎝⎜
⎞

⎠⎟

cosθR − cosθA( ) /κ =α 1− L / L0( )
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Particularly for the cases of 𝜅=1.12~1.37 and L=0~50 𝜇m, it is found that α=1.86 and 

L0=109.4 𝜇m. Equation (3,5) provides an empirical tool for modulating the CA hysteresis 

on a micromachined surface. 

 

Figure 18. CA hysteresis versus 𝜅 for different structure lengths: (a) L=25 𝜇m. (b) L=30 

𝜇m. (c) L=35 𝜇m. (d) L=40 𝜇m. 

 

Figure 19. (a) Results of different structure lengths with different surface roughness. (b) 

The relationship between the contact angle hysteresis and the structure length. 

(a)

(c)

(b)

(d)

(b)(a)
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3.4 Conclusion 

This paper experimentally investigated the role of line tension in the contact angle 

hysteresis of a droplet on different micromachined surfaces. The line tension changes sign 

from the advancing to the receding state, causing the contact angle hysteresis. The surface 

tension dominates the contact angle in the advancing state while the line tension in the 

receding state. By the results on the different characteristic length of the surface structure, 

the surface roughness affects the static contact angle mainly. The ratio (𝜅) of actual length 

of the three-phase contact line to the apparent and the structure length (L) mainly affect 

the line tension in the receding state. Accordingly, an empirical equation has been 

developed to modulate the line tension and hence the contact angle hysteresis. By 

changing 𝜅 and L, the static contact angle can be altered from 107±1.1o to 129.3 ± 0.9o. 

The contact angle hysteresis changed grade from 23.1±1.3˚ to 62.1±2.1˚. These results 

shall facilitate the design of biomimetic petal-like surfaces. 

3.5 Experiment Results of other structures 
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Figure 20. The measurement results of flat surface (L=0). (a) Contact angle hysteresis. 

(b) Radius of contact line versus droplet volume. (c) Line tension versus droplet volume. 

(d) Line tension versus radius of contact line. 

 
Figure 21. The measurement results of L=15 𝜇m, 𝜆= 1.33 and 𝜅=1.37. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 
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Figure 22. The measurement results of L=15 𝜇m, 𝜆= 1.18 and 𝜅=1.24. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 

 
Figure 23. The measurement results of L=15 𝜇m, 𝜆= 1.12 and 𝜅=1.18. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 
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Figure 24. The measurement results of L=15 𝜇m, 𝜆= 1.08 and 𝜅=1.15. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 

 

Figure 25. The measurement results of L=15 𝜇m, 𝜆= 1.06 and 𝜅=1.12. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 
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Figure 26. The measurement results of L=20 𝜇m, 𝜆= 1.33 and 𝜅=1.37. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 

 
Figure 27. The measurement results of L=20 𝜇m, 𝜆= 1.18 and 𝜅=1.24. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 
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Figure 28. The measurement results of L=20 𝜇m, 𝜆= 1.12 and 𝜅=1.18. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 

 
Figure 29. The measurement results of L=20 𝜇m, 𝜆= 1.08 and 𝜅=1.15. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 
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Figure 30. The measurement results of L=20 𝜇m, 𝜆= 1.06 and 𝜅=1.12. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 

 
Figure 31. The measurement results of L=25 𝜇m, 𝜆= 1.33 and 𝜅=1.37. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 
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Figure 32. The measurement results of L=25 𝜇m, 𝜆= 1.18 and 𝜅=1.24. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 

 
Figure 33. The measurement results of L=25 𝜇m, 𝜆= 1.12 and 𝜅=1.18. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 
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Figure 34. The measurement results of L=25 𝜇m, 𝜆= 1.08 and 𝜅=1.15. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 

 
Figure 35. The measurement results of L=25 𝜇m, 𝜆= 1.06 and 𝜅=1.12. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 
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Figure 36. The measurement results of L=30 𝜇m, 𝜆= 1.33 and 𝜅=1.37. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 

 

Figure 37. The measurement results of L=30 𝜇m, 𝜆= 1.18 and 𝜅=1.24. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 
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Figure 38. The measurement results of L=30 𝜇m, 𝜆= 1.12 and 𝜅=1.18. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 

 
Figure 39. The measurement results of L=30 𝜇m, 𝜆= 1.08 and 𝜅=1.15. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 
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Figure 40. The measurement results of L=30 𝜇m, 𝜆= 1.06 and 𝜅=1.12. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 

 
Figure 41. The measurement results of L=35 𝜇m, 𝜆= 1.33 and 𝜅=1.37. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 
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Figure 42. The measurement results of L=35 𝜇m, 𝜆= 1.18 and 𝜅=1.24. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 

 
Figure 43. The measurement results of L=35 𝜇m, 𝜆= 1.12 and 𝜅=1.18. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 
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Figure 44. The measurement results of L=35 𝜇m, 𝜆= 1.08 and 𝜅=1.15. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 

 
Figure 45. The measurement results of L=35 𝜇m, 𝜆= 1.06 and 𝜅=1.12. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 
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Figure 46. The measurement results of L=40 𝜇m, 𝜆= 1.33 and 𝜅=1.37. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 

 
Figure 47. The measurement results of L=40 𝜇m, 𝜆= 1.18 and 𝜅=1.24. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 
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Figure 48. The measurement results of L=40 𝜇m, 𝜆= 1.12 and 𝜅=1.18. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 

 
Figure 49. The measurement results of L=40 𝜇m, 𝜆= 1.08 and 𝜅=1.15. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 
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Figure 50. The measurement results of L=40 𝜇m, 𝜆= 1.06 and 𝜅=1.12. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 

 
Figure 51. The measurement results of L=45 𝜇m, 𝜆= 1.33 and 𝜅=1.37. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 
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Figure 52. The measurement results of L=45 𝜇m, 𝜆= 1.18 and 𝜅=1.24. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 

 
Figure 53. The measurement results of L=45 𝜇m, 𝜆= 1.12 and 𝜅=1.18. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 
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Figure 54. The measurement results of L=45 𝜇m, 𝜆= 1.08 and 𝜅=1.15. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 

 
Figure 55. The measurement results of L=45 𝜇m, 𝜆= 1.06 and 𝜅=1.12. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 
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Figure 56. The measurement results of L=50 𝜇m, 𝜆= 1.33 and 𝜅=1.37. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 

 
Figure 57. The measurement results of L=50 𝜇m, 𝜆= 1.18 and 𝜅=1.24. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 
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Figure 58. The measurement results of L=50 𝜇m, 𝜆= 1.12 and 𝜅=1.18. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 

 
Figure 59. The measurement results of L=50 𝜇m, 𝜆= 1.08 and 𝜅=1.15. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 
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Figure 60. The measurement results of L=50 𝜇m, 𝜆= 1.06 and 𝜅=1.12x. (a) Contact angle 

hysteresis. (b) Radius of contact line versus droplet volume. (c) Line tension versus 

droplet volume. (d) Line tension versus radius of contact line. 
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.Chapter 4 Photo-controllable contact angle hysteresis 

on an artificial Azo-IPN petal 

4.1 Introduction 

The droplet-solid interaction has been widely explored for applications in self-cleaning, 

anti-icing, anti-fouling, and microfluidics [62-65]. Heterogeneous surfaces have been 

modeled [66-72] and engineered to mimic the lotus-effect [23], featuring super-

hydrophobicity with low droplet hysteresis, and the petal effect [73-74], known as 

hydrophobicity with high droplet adhesion. The hydrophobicity and hysteresis can be 

measured by the static contact angle and contact angle hysteresis, respectively, of a 

droplet on its resting surface. A petal-like surface can attain a large volume of droplet by 

forming a large contact angle and contact angle hysteresis. The sliding velocity of a 

droplet on an inclined surface can also be controlled by exploiting the contact angle 

hysteresis. To manipulate the droplet dynamics on an engineered surface, it is of great 

interest to actively modulate the aforementioned surface properties. However, reversibly 

changing the contact angle hysteresis remains challenging. 

To realize controllable contact angle and its hysteresis, this paper presents the 

development of a photo-responsive artificial petal and its validation test. Specifically, the 

hieratical structure of nano-folding on micro-hills was copied from a rose petal and made 

of photo-responsive polymer. 

4.2  Material and fabrication 

Azobenzene (Azo) moiety, which has reversible trans-to-cis isomerization under UV 

(typically 365 nm) and visible light (in the range of 400-550 nm) exposure [75-76], is 

used to develop the interpenetrating polymer network (IPN) in the photo-responsive 
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artificial petal. The formation of such an interlocked structure allows us to prepare a wide 

range of homogeneous polymer mixtures with versatile advantageous properties [79-82]. 

The photo-responsive Azo-IPN is prepared from the copolymer of azobenzene moiety 

(AZ-CP) and polydimethylsiloxane (PDMS; Sil-More Industrial Ltd.). The AZ-CP 

copolymer is synthesized by mixing 0.5 mM of azo dye Disperse Red I Methacrylate (azo; 

Sigma-Aldrich), 0.3 mM of 1,3,5-tris(undec-10-en-1-yloxy) benzene (TB; Sigma-

Aldrich), and 3 mM of 4-Methoxyphenyl 4-(3-buten-1-yloxy) benzoate (MB; Sigma-

Aldrich) in 3 mL toluene with azobisisobutyronitrile (AIBN; Sigma-Aldrich). 

Polydimethylsiloxane is then added and stir-mixed for one hour to form IPN structure. 

Next, we prepare a petal mold by depositing parylene onto a Tineke rose petal for 3 hours 

and remove the petal with acetone. The Azo-IPN solvent is spin-coated onto the mold 

and thermally cured at 90 oC. The cured Azo-IPN artificial petal is peeled off from the 

parylene mold. Figure 61 shows the successful creation of cavities on the parylene mold 

with micro-hills of ~22 µm base diameter and nano-folds of ~83 nm characteristic width. 

Comparing with real rose (Figure 62), these fine features are intactly transferred onto the 

Azo-IPN surface. 

 

Figure 61. Top-view images, taken with scanning electron microscopy, of the micro-hills 

and nano-folds on: (a) the cavities in the parylene mold, (b) the Azo-IPN artificial petal. 

(a) (b)
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Figure 62. Top-view images, taken with scanning electron microscopy of real rose petal. 

 

Figure 63. Schematic transition of trans-cis isomerization on the surface of the Azo-IPN 

artificial petal. 

The dipole moment of trans- and cis-azobenzene is 𝜇trans=3.42 D and 𝜇cis=5.72 D, 

respectively [71]. If the dipole moment of azobenzene transfers from low to high, the 

surface free energy increases correspondingly to diminish the contact angle. The contact 

angle also changes with the state of the nitrogen double bond (N=N), as illustrated in 

Figure 63. When the azobenzene moieties are in their trans consistent, the hydrophobic 

benzene rings extend out from the petal surface. Upon UV exposure, the azobenzene 

moieties turn into their cis form in which the nitrogen double bonds are exposed, 

associating water molecules with hydrogen bonds to make the fabricated petal surface 

more hydrophilic. By applying heat or visible-light exposure, the azobenzene can be 

transformed back to its trans consistent, restoring its surface free energy. 

UV

Visible/ heat

trans cis

AZ-CP
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We exposed the petal to UV-light of 365 nm wavelength and 15 mW/cm2 intensity 

and measured its absorption spectrum as shown in Figure 64a. The UV-visible spectra 

confirm the photo-responsivity of Azo-IPN; how the peak moves from 465 nm to 420 nm 

over time confirms that the accumulated UV exposure dose changes the petal surface free 

energy during the trans-cis transition. By subsequently applying the green light of 530 

nm wavelength, which provides relative high absorption rate for the cis-azobenzene, and 

20 mW/cm2 intensity, the absorption spectrum measured over time reveals a reversed 

peak evolution back to 465 nm, validating the speculated reversible cis-trans transition, 

as shown in Figure 64b. 

4.3 Measurement procedure of the contact angle hysteresis 

We deposited a drop of 0.5 𝜇L deionized water on both a real rose petal and the 

fabricated artificial petal using a syringe. A lateral CCD camera image was analyzed to 

measure the static contact angle as 129.4±1.5o and 135.2±1.6o for the real and the artificial 

petal, respectively, as summarized in Table 3. The error represents the standard deviation 

of five-time measurement on different locations of each sample. The contact angle of the 

artificial petal decreased to 99.2±0.9o after the 180 sec UV-light exposure and then 

increased back to 140.9±1.8o with a subsequent green light exposure of 180 sec (Figure 

65). This later increment from its original static angle of 135.2±1.6o indicates that more 

cis-azobenzene moieties were turned into trans state to give greater surface energy and 

even more hydrophobic artificial petal. 

The contact angle evolution of a deionized water droplet when its volume was 

changed on a real rose petal and the fabricated Azo-IPN petal upon exposure of different 

lights are shown in Figure 65. The droplet volume was increased from 0.5 𝜇L to 5 𝜇L at 

0.5 𝜇L increment and then decreased back to 0.5 𝜇L, as indicated by the arrows. On the 

real rose petal, the contact angle increased with the volume from 127.1o but saturated to 
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135.2±0.5o when the droplet volume was over 2 𝜇L, as shown in Figure 65a. This 

saturation angle, marked by the dashed line, is defined as the advancing angle, 𝜃a. Under 

the same experimental conditions, we measured 𝜃a=140±1.5o on the artificial Azo-IPN 

petal without exposure (Figure 65b). This 𝜃a decreased to 110.6±0.6o under the UV light 

exposure (Figure 65c) and changed back to 141.2±1.1o after the green light is applied 

again (Figure 65d). When we reduced the droplet volume, saturation upon the contact 

angle diminishment was observed only on the fabricated petal under the UV exposure. 

Therefore, we can determine the receding angle, 𝜃r =60.3±0.8o (the lower dashed line in 

Figure 65c). This specifies a definite contact angle hysteresis, 𝜃h, as 50.3±0.6o. In contrast, 

we measured monotonic decrease of the contact angle with the volume in the rest three 

cases. 

In general, the contact angle characteristics on the fabricated Azo-IPN petal is 

similar to that on the real rose petal in the aspect that they both exhibit large contact angle 

hysteresis and hence strong petal effect. However, the contact angle is tunable only on 

the artificial petal. Under the exposure of UV light, the trans-to-cis azobenzene transition 

increases the surface free energy to degrade the petal effect as the fabricated surface is no 

longer superhydrophobic. In addition to the contact angle, controllability of the petal 

surface property under UV exposure can also be revealed when we examine the diameter 

of droplet contact area, 2r, in the inset images of Figure 4. Here, the droplet volume is 5 

𝜇L and 0.5 𝜇L in the top and bottom insets, respectively, and the fact that the 2r remained 

nearly unchanged in Figures 65a, b, and d indicates that the droplet was pinned on the 

surface. In contrast, 2r diminished when the droplet receded on the fabricated petal under 

UV exposure as shown in Figure 65c. 
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Figure 64. Temporal evolution of the absorbance spectrum of the artificial Azo-IPN petal 

under the exposure of (a) UV light and (b) green light. 

 

Figure 65. Comparison of the measured contact angle hysteresis θh on (a) a real rose. 

The wettability of a surface is generally determined by the surface geometry and the 

surface energy, which are correlated to the surface roughness and dipole moment, 

respectively. The roughness was estimated from laser confocal microscope and SEM 

images after UV and green light respectively (Figure 66 and 67).  
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Figure 66. Top-view images, taken with laser confocal microscope: (a) without exposure, 

(b) UV light (365 nm wavelength, 15 mW/cm2), (c) green light (530 nm wavelength, 20 

mW/cm2), (d) 3D image display of Azo-IPN film. 

 
Figure 67. Top-view images, taken with scanning electron microscopy: (a) without 

exposure, (b) UV light (365 nm wavelength, 15 mW/cm2), (c) green light (530 nm 

wavelength, 20 mW/cm2) 

The root-mean -square roughness changed from 5.12 𝜇m to 5.16 𝜇m and 5.11 𝜇m 

after the UV and green light exposure, respectively. The change of surface morphology 
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is not obvious. Therefore, the change of wettability is mainly attributed to the changes of 

the polarity induced by the photoisomerization of azobenzene. From the FTIR 

measurement, the characteristic of azobenzene was more obvious after UV exposure 

(Figure 68). 

The FTIR spectrum of Azo-IPN film extract as depicted in Figure 68 shows the 

difference after different light exposure. The vibration band at 2300 cm-1 corresponds to 

benzene group in azobenzene moieties after UV exposure, although, the Azo-IPN film 

was too thick to decrease most of the transmittance. This band disappeared after green 

light exposure, and it was the same as Azo-IPN film without exposure. From FTIR with 

different exposure, it means that the Azo-IPN film is reversible. 

We also injected or removed deionized water to the droplet so that the droplet 

expended or extracted to permit the measurements of the advancing and the receding 

angle, 𝜃𝑎 and 𝜃r, and the evaluation of the contact angle hysteresis, 𝜃h, as eq (3.1) 

The contact-line pinning was prominent on both the real and the fabricated petal in 

most conditions so that the receding angle and hence the angle hysteresis cannot be 

precisely measured. Nevertheless, we can still confirm that the contact angle 

characteristics can be fairly reproduced on the artificial petal and successfully modulated. 

In view of the angle hysteresis, we can exploit green-line to increase it from 71o on the 

real rose petal to 84o and reversibly reduce it to 50.3±0.6o after UV-light exposure. The 

cyclic variation of the contact angle hysteresis by alternating the wavelength of the 

exposure light is demonstrated in Figure 69. This Azo-IPN film can still be reversibly 

actuated after 20 times exposure. It has been reported that the trans-to-cis isomerization 

transition can be reversible for 105 to 106 cycles [82].  
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Figure 68. FTIR of Azo-IPN film after different light exposure 

Table 3. Measured contact angle and contact angle hysteresis of deionized water on 

artificial petal of Azo-IPN film. 

Substrate 
Contact angle (o) 

Static (𝜃) Advancing (𝜃a) Receding (𝜃r) Hysteresis (𝜃h) 

Real rose petal 129.4 ± 1.5 135.2 ± 0.5 < 64 > 71 

Artificial Azo-IPN petal 135.2 ± 1.6 140.1 ± 1.5 < 64 > 76 

after 180s UV light 

exposure 
99.2 ± 0.9 110.6 ± 0.6 60.3 ± 0.8 50.3 ± 0.6 

after 180s green light 

exposure 
140.9 ± 1.8 141.2 ± 1.1 < 57 > 84 
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Figure 69. Cyclic variation of the contact angle hysteresis by alternating the wavelength 

of the exposure light. 

 Finally, to further illustrate the photo-controllability of the fabricated Azo-IPN petal 

surface, we recorded the dynamics of a deionized water when it was applied onto an 

inclined petal surface and subject to different light exposure. 

First, the petal surface was irradiated by the UV light (365 nm wavelength, 15 

mW/cm2 intensity) for 3 minutes before we applied a droplet. We then tilted the petal to 

40 degrees from the horizontal and the droplet slid down. We used high-pressure air 

stream to dry the petal and then exposed it to the green light (530 nm wavelength, 20 

mW/cm2 intensity) for 3 minutes and an applied droplet can be pinned when the petal was 

at the same inclination angle as shown in Figure 70 (Multimedia view) which indicates 

strong petal effect. This petal-effect can be degraded again to allow the droplet to move 

again by an UV light exposure and enhanced once more with the green light exposure. 

The droplet can slide down on artificial Azo-petal surface after UV irradiation (Figure 

70a), and be pinned on the Azo-petal surface after green light irradiation (Figure 70b). 

Reversible tuning of the surface property to modulate the degree of petal effect is the 

novelty of this work. 

0 1 2 3 4 5
40

50

60

70

80

90

C
on

ta
ct

 a
ng

le
 h

ys
te

re
si

s
(d

eg
)

Cycles

After UV

After green

Original



 doi:10.6342/NTU201800777

 

 63 

 

Figure 70. Reversible tenability of the degree of petal effect of a fabricated Azo-IPN petal 

after exposure to light of various wavelengths. (a) After exposure to UV light (365 nm 

wavelength, 15 mW/cm2 intensity) for 3 minutes. (b) After exposure to green light (530 

nm wavelength, 20 mW/cm2 intensity) for 3 minutes. 

 

4.4 Conclusion 

Comparing to the sample rose petal, the present Azo-IPN artificial counterpart 

exhibits even more prominent petal effect in terms of its greater contact angle and higher 

contact angle hysteresis. In addition, the large yet reversible contact angle hysteresis of 

31o has never been achieved before and permits effective droplet maneuverability. This 

biomimetic work thus offers a promising means to control droplet adhesion by the 

noncontact, fast and reversible method which shall find wide applications in microfluidics, 

photoelectronics, cell culturing, and optical data storage 



 doi:10.6342/NTU201800777

 

 64 

.Chapter 5  Conclusions  

In conclusion, this study takes the line tension in account to modified the Wenzel 

equation, and designs a solid surface with various surface roughness to confirm the 

equation, and produces an artificial Azo-IPN petal which can control the contact angle 

hysteresis fast and reversibly. The contributions of this dissertation are described in detail 

as follow. 

First, we presented the relationship of the line tension and Young equation, Wenzel 

equation and Gibbs free energy. This study experimentally investigated the role of line 

tension in the contact angle hysteresis of a droplet on different micromachined surfaces. 

The empirical equation has been developed to modulated the line tension and contact 

angle hysteresis. 

Second, the line tension can be positive and negative. It always does the opposite 

movement to pin the droplet. The ratio (𝜅) of actual length of the three-phase contact line 

to the apparent and the structure length (L) mainly affect the line tension in the receding 

state. 

Third, by changing 𝜅 and L, the static contact angle and the contact angel hysteresis 

can be altered. The 𝜅 and L are important than surface roughness in the hysteresis, from 

eq (3.4). The contact angle hysteresis can be estimated by knowing these characters. 

Forth, the artificial Azo-IPN petal offers a promising means to control droplet 

adhesion with noncontact, fast and reversible method which shall find wide applications 

in microfluidics, photoelectronics, cell culturing. 

Finally, surface roughness and surface energy are two main factors in wetting 

behavior. From the experiment, changing the surface energy can alter the contact angle 

hysteresis efficiently. 
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.Chapter 6 Future works 

In this chapter, we would redefine the surface roughness (𝜆) and ratio of actual length of 

the three-phase contact line to the apparent (𝜅) for decreasing the difference between real 

case and theoretical model. And the new derivation would be introduced to confirm the 

role of the line tension. 

6.1 Redefined surface roughness (𝜆) and ratio of actual length 

of the three-phase contact line to the apparent (𝜅) 

From Figure 71, the surface roughness would be redefined from the red-dash square. 

The red-dash square is defined as a characteristic structure. The surface roughness (𝜆) is 

defined as 𝜆≡𝐴all/𝐴apparent (𝐴all is the area of the rough surface; 𝐴apparent is the area of smooth 

surface), so  

        
(6. 1) 

Where the L is the microstructure lengths, D is the distance and DR is the duty ratio 

(DR=D/L). 

 
(6. 2) 

Where 𝐴pyramid is the side area of the pyramid. 

And the Aall is 

 
 

So, the surface roughness (𝜆) can be calculated by 

   

 

(6. 3) 

 

Aapparent = (L+ D)
2 = (L+ L*DR)2 = [L*(1+ DR)]2 for DR = D Lfor DR = D L

Apyramid = 4*
3
4
L2 = 3L2

Aall = Aapparent − L
2 + Apyramid

λ =
Aall
Aapparent

= [L*(1+ DR)]
2 − L2 + 3L2

[L*(1+ DR)]2

= (1+ DR)
2 −1+ 3

(1+ DR)2
= DR

2 + 2DR + 3
(1+ DR)2
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Figure 71. Schematic view of the surface. 

Table 4. Surface roughness (𝜆) for different DR 

DR 1 2 3 4 5 

Surface roughness 1.18 1.08 1.04 1.03 1.02 

From this definition, the new surface roughness for different DR are presented in 

Table 4. 

The ratio of actual length of the three-phase contact line to the apparent (𝜅) is 

redefined by calculating the expectation value from drawing the real contact line of the 

droplet (Figure 72). In Figure 72(a), the green spot is the center of the contact line, and 

the red-dash square is the characteristic structure which is the same as the square in Figure 

72(b). For its symmetry, the 𝜅 can be calculate just from the 1/4 circle. Take the length 

of the characteristic square as the unit length, and the 1/4 circle can be separate to 45 

sections. From experiment data, the actual ratios of actual length of the three-phase 

contact line to the apparent (𝜅) for DR=1are showing in Table 5. The expectation value 

of the 𝜅 for DR=1 is 1.048. The all 𝜅	of	various	DR	are	presented	in	Table 6.	

 From the new surface roughness (𝜆) and ratio of actual length of the three-phase 

contact line to the apparent (𝜅), the experiment data can be re-analyzed to confirm the 

role of the line tension in contact angle hysteresis. 
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Figure 72. (a) The image of the characteristic structure (red-dash square) and the center 

of the contact line of the droplet (green spot). (b) The image of the contact line of the 

droplet. A square means a characteristic structure, as the red-dash square. 

Table 5. The numbers of different ratios of 45 sections for DR=1: 

Case Ratio 1.41 1.37 1.05 1.12 1 

1 Numbers 1 3 13 2 26 

2 Numbers 1 1 15 4 24 

3 Numbers 1 1 16 1 26 

Table 6. The ratio of actual length of the three-phase contact line to the apparent (𝜅) for 

different DR. 

DR 1 2 3 4 5 

𝜅 1.048 1.036 1.032 1.031 1.029 

 

6.2 New derivation 

For a droplet resting on a solid surface, the contact angle, θo, at the liquid-solid-

vapor interface can be derived from thermodynamics. Herein θo is referred to as the 

intrinsic contact angle under the assumption of ideally smooth solid surface. By 
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accounting three-phase line tension, τ, its static equilibrium can be expressed by the 

modified Young’s equation as [84] 

 (6. 4) 

where r is the base radius of the droplet; 𝛾SV, 𝛾LS, and 𝛾LV represent the solid-vapor, liquid-

solid, and liquid-vapor interfacial tension, respectively. This modification implies that 

either the contact angle or the line tension depends on the droplet size. If constant contact 

angle is assumed, then the line tension will be linearly proportional to the base radius. 

The effect of line tension on the contact angle will be further examined by experiment. 

Herein it is accounted throughout the following derivation for complete discussion. One 

can simply let  to ignore the line tension for the whole analysis. 

 For the contact line to virtually move a distance, δx,, on a textured solid surface 

(Figure 73), the required work, δE, is 

 (6. 5) 

where θo is the apparent contact angle of the droplet subjected to the textures. f is the 

roughness ratio of the textured surface. To minimize the required work for the contact 

line to maintain equilibrium, 

 (6. 6) 

Therefore, 

 
(6. 7) 

Substituting (6. 4) into (6. 7) leads to the Wenzel’s model as 

 (6. 8) 

Even by taking the line tension into account, this derivation shows that the Wenzel’ model 

remain unchanged. 

  
γ LV cosθo = γ SV −γ LS −

τ
r

 τ = 0

  
δ E = f γ LS −γ SV( ) + γ LV cosθ + f

τ
r

⎡

⎣
⎢

⎤

⎦
⎥2πδ x

   δ E = 0

	
  
f γ LS −γ SV( ) + γ LV cosθ + f τ

r
= 0

	  cosθ = f cosθo
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Figure 73. Illustration of moving contact line on a textured surface. 

Based on Makkonen’s work, the advancing angle, , allows the liquid-vapor interfacial 

tension to compensate the additional friction tension, F, so that the contact line can 

continuously move forward [85]. Specifically, 

 (6. 9) 

For the contact line to advance with a distance, dx, on a textured surface, the increase of 

interfacial energy, dE, is 

 
(6. 10) 

It should be noted that the line tension is accounted by assuming that the contact line 

advances uniformly in the radial direction. Therefore, the additional friction tension, F, is 

 
(6. 11) 

Applying (6. 4) and (6. 8) into (6. 9) and (6. 11) leads to 

 
(6. 12) 

Thus, the advancing angle can be calculated given the interfacial tensions, surface 

roughness, and base radius. 

 θa

   F = γ LV cosθ − cosθa( )

	
  
dE = f γ LS 2πdx + λ τ

r
2πdx

	
  
F = dE

2πdx
= f γ LS + f

τ
r

	
  
cosθa = f

γ SV

γ LV

− 2 f
γ SL

γ LV

− 2 f τ
rγ LV
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For the droplet to continuously retract, the additional frictional tension accounts for 

the newly generated solid-vapor interface and the contraction of the contact line. 

Therefore, it becomes 

 
(6. 13) 

Again, the additional friction tension is compensated by the liquid-vapor interfacial 

tension with a receding angle, . That is, 

 
(6. 14) 

Applying (6. 4) and (6. 8) into (6. 14) leads to 

 
(6. 15) 

Equations (6. 12) and (6. 14) indicate correlate the advancing and receding angles to the 

interfacial tension and surface roughness.  

    The relation between interfacial tensions can be empirically described by modified 

Berthelot’s rule [86], 

 
(6. 16) 

where  is the parameter of solid-liquid interfacial interaction. Applying (6. 16) into (6. 

4) leads to 

 
(6. 17) 

 
(6. 18) 

By applying (6. 17) and (6. 18) into the summation of (9) and (12), it is found that the 

empirical parameter, , diminished. That is, 

 
 
F = f γ SV − f τ

r

 θr

	
  
f γ SV − f τ

r
= γ LV cosθr − cosθ( )

	
  
cosθr = 2 f

γ SV

γ LV

− f
γ SL

γ LV

− 2 f τ
rγ LV

   γ SL = γ SV + γ LV − 2φ γ SVγ LV( )1/2
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(6. 19) 

For the case of 𝜏=0, the summation of the cosine of the advancing and receding angles is 

a constant if the interfacial tensions and surface roughness are prescribed. Specifically, 

 (6. 20) 

This result is consistent with Makkonen’s derivation [85]. 

By applying (6. 17) and (6. 18) into (6. 12) and (6. 15), the contact angle hysteresis 

can be expressed as 

 
(6. 21) 

For water-based systems, 𝜙~1 [85]. Therefore, the contact angle hysteresis of a water 

droplet can be estimated by 

 
(6. 22) 

where 𝜆≡r/L denotes the ratio of the droplet base radius to the feature size, L, on the 

textured surface.  

In the experiment, the advancing and receding angles are measured and then applied 

into (6. 19) and (6. 20) for comparison. The result will verify whether the line tension 

affects the contact angle or not. If equation (6. 19) rather than (6. 20) is valid, then the 

experimental results are applied into equation (6. 22) to verify the effect the feature size 

on the contact angle hysteresis. Instead, if equation (6. 20) is valid, Makkonen’s 

derivation is confirmed. We can then further confirm that the prediction of contact angle 

hysteresis, by letting 𝜏=0 in (6. 22), is independent of the droplet size.  
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