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Abstract 

A superhydrophobic surface, characterized with a water contact angle more than 150˚, can 

show lotus or rose-petal effect depending on the adhesion strength to droplets. For the lotus 

effect, droplets can roll off the surface at a small tilting angle, usually less than 10˚. For the 

rose-petal effect, droplets can adhere to the surface even by turning the surface upside down. 

Both effects have gained much attention for their wide applications. 

Electrospinning is proven to be an efficient and versatile technique for developing super-

hydrophobicity based on the surface roughness provided by the generated micro- and nano- 

fibers. However, current electrospinning methods suffer from a lack of strategic approach 

to superhydrophobicity and complex fabrication. Based on the influence of fiber morphology 

parameters on surface wettability, this thesis research aims to develop rose-petal and lotus 

superhydrophobic surfaces using uniaxially aligned fibers and biaxially aligned porous fibers, 

respectively. Both fibers are fabricated by simple one-step electrospinning. 

This thesis starts with building an integrated thermodynamic model for droplet wetting 

on various parallel-structured surfaces to understand the wetting behavior. The model relates 

free energy to the continuous movement of three-phase contact lines (TPCLs) in different 

wetting states, and the forming conditions of free energy barrier are derived from the model. 

Then the model and the forming conditions of energy barrier are validated using data in the 

literature and experimental data using aligned fibers. The model indicates that compared to 

structures with sharp edge, round structures can broaden the range of apparent contact angle 

(APCA) for energy barriers. Thus, surfaces patterned by round structures can achieve large 

APCAs with high contact angle hysteresis, which are needed for rose-petal effect. 

Then this thesis specifies the wetting model for surfaces patterned by uniaxially aligned 

fibers based on the preceding integrated model. The model indicates that the energy barrier 

increases with fiber diameter and the basal width of droplet. Uniaxially aligned polystyrene 

fibers with average diameters of 0.9 and 1.8 μm and inter-fiber distance (l) from 70 to 1450 
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μm are fabricated to study the wetting behavior on surfaces dressed by aligned fibers. Based 

on the wetting behavior, petal-effect surfaces are fabricated using uniaxially aligned fibers 

with an average diameter of 1.8 μm and l between 70 and 130 μm. The APCAs of the petal-

effect surfaces are in a range of 150˚-156˚, and droplets can adhere to the surfaces even by 

turning the surfaces upside down.  

After that, this thesis studies the wetting behavior on surfaces dressed by aligned porous 

fibers. Uniaxially and biaxially aligned porous fibers are fabricated onto substrate surfaces 

through one-step electrospinning with controlled relative humidity. On the uniaxially aligned 

fibers, droplets are in the Cassie-Baxter (CB) state when l is less than 18.2 μm. For l greater 

than 18.2 μm, wetting transition to the Wenzel state occurs. On the biaxially aligned porous 

fibers, droplets stay in CB state even when l reaches 34 μm. More importantly, there is no 

change in the variation trend of hydrophobicity for l between 18.2 and 34 μm compared to 

that for l below 18.2 μm, indicating that the droplets stay on the upper-layer fibers without 

contacting the lower-layer fibers or substrate. Numerical simulation using Surface Evolver 

shows that a Cassie-Baxter-“restoring” (CaRe) wetting contributes to a more stable CB state 

in the biaxial structure. Lotus-effect surfaces are thus developed based on the CaRe wetting 

using the biaxial structure. As a result, the developed structure has contact angles between 

159˚ and 162˚ and roll-off angles from 10˚ to 3˚ for water droplets from 3 to 10 µL in volume. 

Finally, two potential applications of the developed biaxial structure are demonstrated. 

First, the biaxial structure is used to develop a waterproof, breathable, and superhydrophobic 

membrane by depositing fibers on a supporting commercial nylon mesh. The breathability of 

the membrane is quantified by water vapor transmission rate, which is 20.8± 0.1 kg·m−2·d−1. 

The second application is a surface layer for wearable electronics. After being patched with 

the biaxial structure for 60 minutes, the human forearm skin shows unnoticeable change in 

temperature. In addition, the average transmittance in the visible region (380-760 nm) of the 

biaxial structure is 83.6 ± 3.1% using a UV-Vis spectrophotometer. 
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Chapter 1 Introduction 

1.1 Background 

Liquid wetting of solid surfaces is an ubiquitous phenomenon in nature [1]. The wettability 

of solid surfaces, which is often assessed by sessile droplet contact angles [2], is an important 

property to various applications related to energy [3], environment [4], health [5], etc.  

Figure 1.1 shows the classification of surface wettability based on the contact angle: (A) 

superhydrophilicity, (B) hydrophilicity, (C) hydrophobicity, and (D) superhydrophobicity. 

Specifically, a hydrophilic surface has a strong affinity to liquid, thereby showing a contact 

angle less than 90˚. The surface is superhydrophilic if its contact angle is lower than 5˚-10˚ 

[6]. Conversely, a hydrophobic surface repels liquid and shows a contact angle greater than 

90˚. When the contact angle is greater than 150˚, the surface can be defined as a “lotus” or 

“rose-petal” superhydrophobic surface depending on its adhesion strength to droplets. For 

the lotus superhydrophobicity, as shown in Figure 1.1 (D-1), the sliding angle, which is the 

threshold tilting angle of the surface when droplets start to slide, is usually less than 10˚ [7]. 

In contrast, the rose-petal superhydrophobicity has strong droplet adhesion, so droplets stay 

pinned on the surface even by turning upside down [8], as shown in Figure 1.1 (D-2). 

 

Figure 1.1. Classification of solid surface wettability based on contact angle: (A) super-

hydrophilicity, (B) hydrophilicity, (C) hydrophobicity, and (D) superhydrophobicity. 
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Figure 1.2 demonstrates that water droplets roll off (A) lotus leaf while rain droplets are 

retained on (B) rose petals. The lotus superhydrophobicity, also known as “lotus effect”, 

originates from the extreme water repellency and the self-cleaning property of lotus leaf 

(Nelumbo nucifera) [9, 10]. Similarly, the rose-petal superhydrophobicity, or “petal effect”, 

is defined based on the phenomenon that water droplets remain spherical on rose petals but 

cannot roll off even by turning the petals upside down [11].  

 

Figure 1.2. Droplets on (A) lotus leaf [12] and (B) rose petals [13]. 

Both lotus effect and petal effect have received much attention for their wide applications. 

For the lotus effect, the ability to remove surface contaminants such as dust particles using 

droplets allows for developing self-cleaning surfaces; its applications can be found in any 

field where clean surfaces are necessary, such as sensors, solar cells, textiles [14]. Moreover, 

the surfaces with lotus-effect also exhibit properties of anti-corrosion [15], anti-icing [16], 

anti-fogging [17], etc. For the petal effect, retaining spherical droplets with strong adhesion 

are promising for microdroplet transportation [18], lap-on-chip devices [19], single molecule 

spectroscopy [20], etc. 

1.2 Motivations and challenges 

The wettability of a solid surface is controlled by surface roughness and surface energy. For 

a flat surface, its apparent contact angle, which equals the intrinsic contact angle of surface 

material, cannot exceed 120˚ because a material with an intrinsic contact angle greater than 

120˚ is rarely found [6]. Therefore, proper surface roughness is needed to develop lotus or 

rose-petal superhydrophobicity, which requires an apparent contact angle greater than 150˚. 
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Various fabrication technologies such as lithography [21], chemical [22] or plasma [23] 

etching, laser micromachining [24], and electrospinning [25] have been used for developing 

superhydrophobic surfaces. Among them, electrospinning is a facile and versatile technology 

to produce fibers in micro- and nanoscale by applying a high voltage on a viscous polymer 

solution. The produced fibers, which may also have a secondary fiber morphology, increase 

surface roughness, enabling superhydrophobicity. Moreover, electrospinning is considered 

an additive manufacturing technology, and the introduced fibrous structure is featured with 

a high air permeability due to the interconnectivity between inter-fiber pores [26], which is 

needed for many applications. Thus, using electrospinning to develop superhydrophobicity 

receives growing attention in recent years as evidenced by the rising numbers of the annual 

publications, as shown in Figure 1.3. 

 

Figure 1.3. Number of publications in creating superhydrophobicity by electrospinning (data 

obtained by searching keywords “electrospinning” and “superhydrophobicity” from Web 

of Science database on April 28, 2023) 

The electrospinning-based methods for developing superhydrophobicity can be classified 

into one-step electrospinning and electrospinning followed by post treatments. For the one-

step electrospinning methods, superhydrophobicity is directly realized on the as-spun fibrous 

structures. For those with post treatments, superhydrophobicity is achieved by modifications 

of fiber surfaces after electrospinning. 
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At present, most electrospinning methods realize superhydrophobicity by increasing fiber 

surface roughness and/or reducing fiber surface energy. To increase fiber surface roughness, 

a secondary fiber morphology including beads [27] and nanoparticles [28] is often created 

on the fiber surfaces in electrospinning [29] or after electrospinning by post treatments [30]. 

Moreover, methods such as copolymer [31] and coaxial [32] electrospinning of a low surface 

energy polymer with an electrospinnable polymer, and coating the as-spun fibers with a thin 

layer of a low surface energy material such as poly(perfluoroalkyl ethyl methacrylate) [33] 

after electrospinning have been reported to reduce the fiber surface energy. 

However, a strategic approach to superhydrophobicity in electrospun fibers is still lacking. 

Current theoretical works have limited abilities in guiding the development of fiber-based 

superhydrophobicity because either the works are limited to only investigating the stability 

of wetting state or the theoretical structures are difficult to replicate. The control of fiber 

morphology parameters, including fiber diameter, inter-fiber distance, and fiber orientation, 

in previous works has often relied on trial-and-error approaches. As a result, thick fibrous 

mats are usually made to reduce the heterogeneity of fiber morphology, reducing the air 

permeability and transparency. In addition, the fibers may show different wettability despite 

similar intrinsic contact angles and secondary fiber morphologies [27, 34, 35].  

Moreover, existing electrospinning-based methods usually involve complex fabrication 

processes for achieving superhydrophobicity. To induce secondary fiber morphologies, for 

example, nanoparticles are blended with polymer solutions for electrospinning or coated 

on the fibers after electrospinning. Homogeneous mixing of nanoparticles with a polymer 

solution takes extra efforts to disperse the nanoparticles [36], and post treatments are needed 

to coat fibers with nanoparticles. Alternatively, copolymer and coaxial electrospinning, and 

coating fiber surface after electrospinning are often adopted to reduce fiber surface energy. 

All these can complicate the fabrication and limit their applications. Therefore, a simple one-

step electrospinning method without additive is needed to develop superhydrophobicity. 
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1.3 Research objectives 

This thesis aims to develop simple electrospinning-based methods for the fabrication of petal 

and lotus superhydrophobic surfaces with strategic approach. The objective is achieved by 

the following steps. First, understanding the droplet wetting behavior on parallel-structured 

surfaces helps to develop superhydrophobicity. The influence of fiber morphology on the 

wettability is modeled and experimentally validated. Then, superhydrophobic surfaces with 

petal effect are developed using aligned fibers fabricated by one-step electrospinning. After 

that, the wetting behavior of droplets on uniaxially (mono layer) and biaxially (dual layers) 

aligned porous fibers is studied. Later, lotus surfaces are fabricated using biaxially aligned 

porous fibers made by one-step electrospinning. Finally, the developed lotus surface is used 

to develop a waterproof, breathable, and superhydrophobic membrane, and a surface layer 

for wearable electronics. 

The following specific tasks are completed in this thesis work: 

1) Develop an integrated thermodynamic model for wetting various parallel-structured 

surfaces. 

2) Quantify the influence of fiber morphology parameters on the wettability of surfaces 

structured by aligned electrospun fibers. 

3) Develop petal superhydrophobic surfaces using aligned electrospun fibers. 

4) Compare the wetting behavior on uniaxially and biaxially aligned porous fibers. 

5) Develop lotus superhydrophobic surfaces using biaxially aligned porous fibers. 

6) Demonstrate the potential applications of the developed lotus surfaces. 

1.4 Thesis structure 

The thesis is organized as follows. Chapter 1 presents the background of superhydrophobic 

surfaces with lotus and rose-petal effects, followed by introducing current electrospinning-

based methods for developing superhydrophobic surfaces. Despite the substantial progress 
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in research, these electrospinning-based methods still involve complexity in fabrication and 

lack strategic approach to superhydrophobicity. Therefore, this thesis is motivated to develop 

simple on-step electrospinning methods for fabrication of lotus and petal superhydrophobic 

surfaces based on a strategic approach. 

Chapter 2 starts with the wetting theory and the methods to modify surface wettability 

by electrospinning. The surface wettability can be modified by controlling fiber morphology, 

fiber surface chemistry, or both. Based on the fundamentals and the methods, a detailed 

literature review about developing superhydrophobicity based on electrospinning is provided. 

For both lotus and rose-petal superhydrophobicity, the electrospinning-based methods can 

be classified into one-step electrospinning and electrospinning followed by post treatments 

based on the fabrication steps. 

Chapter 3 details an integrated thermodynamic model for droplets wetting on parallel-

structured surfaces with various cross-sections, including circle, elongated circle, trapezoid, 

rectangle, and inverted trapezoid. The model relates free energy to the continuous movement 

of three-phase contact lines in different wetting states, and the forming conditions for free 

energy barrier are specified. Then, the model and the forming conditions of energy barrier 

are validated experimentally by electrospun fibers and existing experimental and theoretical 

works. Based on the validated model, the wetting behaviors on various parallel-structured 

surfaces are studied and compared. 

Chapter 4 introduces the development of petal-effect surfaces based on uniaxially aligned 

electrospun fibers. First, aligned polystyrene fibers with various fiber diameters and inter-

fiber distances are produced onto substrates by simple one-step electrospinning, followed 

by characterization of fiber morphology and wettability. The influence of fiber morphology 

parameters on the wettability of surfaces dressed by aligned fibers is experimentally studied 

with explanation of mechanism based on a wetting model for aligned fibers. The model is 

specified from the integrated model introduced in Chapter 3. Then petal-effect surfaces are 

constructed using aligned fibers based on the influence of fiber parameters. 
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Chapter 5 adopts aligned porous fibers to develop lotus effect because the porous fiber 

surface reduces the contact area between fibers and droplets and the alignment serves as a 

track to facilitate droplets rolling off. First, uniaxially and biaxially aligned porous fibers 

are deposited onto substrate surfaces by one-step electrospinning with controlled relative 

humidity. Then the measured hydrophobicity of surfaces dressed by uniaxially and biaxially 

aligned porous fibers is compared and explained by numerical modeling. A numerical model 

is developed in Surface Evolver to determine the wetting state of droplets on fiber-dressed 

surfaces. Finally, based on the biaxially aligned porous fibers, lotus surfaces are constructed 

following a strategic approach considering the influence of porous fiber parameters. 

Chapter 6 demonstrates the potential engineering applications of the biaxial structure in 

Chapter 5 based on the lotus effect and the expected high breathability, only consisting of 

two layers of aligned fibers. Two engineering applications are demonstrated, including 1) 

development of waterproof, breathable, and superhydrophobic membrane, and 2) a surface 

layer for protecting wearable electronics. 

Chapter 7 summarizes the conclusions of this thesis research and then recommends the 

research directions for the future.  
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Chapter 2 Literature Review 

2.1 Basics of surface wetting 

This section introduces the wetting theories for flat and rough surfaces that are needed to 

understand various wetting phenomena. 

2.1.1 Wetting on ideal flat surface 

Figure 2.1 presents the schematic of a droplet wetting on an ideal flat surface. The apparent 

contact angle (APCA, θA), which is the macroscopically observed contact angle [37], can be 

expressed by the well-known Young’s equation [38, 39]: 

 SV SL
A

LV

cos
 




−
=  (2.1) 

where γ is surface tension; the subscripts S, L, and V represent solid, liquid, and vapor, 

respectively. The APCA for a flat surface is also known as the intrinsic contact angle (ICA, 

θY) [40] of the surface material, which is determined by the chemical composition of the 

surface. Note that surface tension varies among different liquids, so the contact angle for a 

certain solid surface varies with different probing liquids. In this thesis, the contact angle 

refers to water contact angle unless specified otherwise. 

 

Figure 2.1. Schematic of droplet wetting on an ideal flat surface 
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Figure 2.2 shows the schematic of the change of Gibbs free energy with APCA on a flat 

surface. From a thermodynamic perspective, the spreading of a droplet on a solid surface can 

be regarded as a Gibbs free energy minimization process with the movement of three-phase 

contact line (TPCL, Figure 2.1). The movement of TPCL along the solid surface changes 

APCA. The three-phase system is at the global minimum of free energy when θY is reached. 

Therefore, θY is the equilibrium contact angle (ECA) for flat surfaces. 

 

Figure 2.2. Schematic of the change of free energy with APCA on flat surfaces. 

2.1.2 Wetting on rough surface 

In reality, most surfaces exhibit a certain degree of roughness. Figure 2.3 shows two potential 

wetting states on rough surfaces: (A) composite state and (B) noncomposite state. 

 

Figure 2.3. Schematics of (A) composite wetting and (B) noncomposite wetting on rough 

surfaces. 

In composite state, also known as Cassie-Baxter state [41], air is trapped under the droplet, 

and the contact angle θA can be modeled using Cassie-Baxter equation [41]: 
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 A 1 Y 2cos cosf f = −   (2.2) 

where f1 and f2 are the ratios of solid-liquid and liquid-vapor interface areas, respectively, 

under the droplet to the droplet basal area. In Figure 2.3(A), f1 = l2/l1, f2 = 1− l2/l1 given that 

the structure surface has negligible roughness. 

In noncomposite state, or Wenzel [42] state, the solid surface under the droplet is fully 

wetted by liquid, and the contact angle θA can be analyzed using Wenzel equation [42]:  

 A w Ycos cosr =   (2.3) 

where rw is the ratio of the actual to the projected solid-liquid interface area, which is rw = 

(l1+2h)/l1 as shown in Figure 2.3(B) given that the structure surface has negligible roughness. 

For an intrinsically hydrophobic or hydrophilic surface, the noncomposite state enhances its 

hydrophobicity or hydrophilicity since rw is always greater than 1. 

Figure 2.4 shows a schematic of the change of Gibbs free energy with APCA on a rough 

surface. The Cassie-Baxter equation and Wenzel equation give the ECA for composite and 

noncomposite state, respectively [43]. Different from Figure 2.2, local minima of free energy 

exist in Figure 2.4, so a droplet may be pinned at a metastable state and exhibit a metastable 

contact angle (MCA), because of free energy barrier [37, 44]. The largest and the smallest 

MCAs are advancing contact angle (ACA) and receding contact angle (RCA), respectively 

[2]. The difference between ACA and RCA is known as contact angle hysteresis (CAH). 

 

Figure 2.4. Schematic of the change of free energy with APCA on rough surfaces. 
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2.1.3 Wetting transition 

Even if on the same rough surface, the wetting state of a liquid droplet may transit from the 

composite to noncomposite state upon receiving external perturbations, resulting in different 

ECAs and CAHs [9]. This transition process is termed wetting transition: liquid penetrates 

into the surface grooves, and finally the liquid-vapor interface under the droplet disappears. 

Wetting transition can be attributed to the lower system energy of the noncomposite state 

compared to the composite state. The two wetting states are separated by asymmetric free 

energy barriers, so wetting transition is generally considered to be irreversible [45]. When 

the composite state is energetically favorable, transition from noncomposite to composite 

state can be achieved [46, 47]. 

Figure 2.5 presents two possible mechanisms of wetting transition: (A) sagging and (B) 

depinning. For the sagging transition, the internal TPCLs remain pinned at the top edges of 

surface structures, while the liquid-vapor interface under droplet deforms and touches the 

groove bottom. The sagging transition is likely to occur on the surfaces with low structure 

[48]. The depinning transition occurs when the droplet gains enough energy to overcome 

the free energy barrier between composite and noncomposite states. As a result, the internal 

TPCLs are de-pinned and proceed down the structure. 

 

Figure 2.5. Schematics of wetting transition from composite to noncomposite state because 

of (A) the sagging of liquid-vapor interface and (B) the depinning of internal TPCL [9]. 

Composite state is usually featured with high contact angle and low CAH [9], which are 

needed for lotus superhydrophobic surfaces. Therefore, many efforts have been devoted to 

enhancing the stability of composite state by modifying surface structure and chemistry. 

For surface chemistry, post-treatment methods such as chemical or physical vapor deposition 
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[33, 49] and plasma treatment [50] have been used to introduce chemicals or chemical groups 

to reduce surface energy. For surface structures, re-entrant structures such as micro hoodoo 

[51] and inverted trapezoid [52], and hierarchical structures [53] are developed to stabilize 

the metastable composite state. These surface structures can be fabricated by techniques 

such as reactive ion etching followed by isotropic etching [51], 3D diffuser lithography [52], 

or electrospinning [53]. 

2.2 Modifying surface wettability by electrospinning 

There are a few methods, such as template synthesis, sol-gel method, laser/plasma/chemical 

etching, layer-by-layer deposition, and electrospinning [25, 54], to modify the wettability of 

a solid surface. Among them, electrospinning is a facile and versatile technique to produce 

continuous micro- and nanofibers [55], providing adjustable surface roughness to control 

surface wettability [54]. Moreover, electrospinning is considered an additive manufacturing 

technology, allowing for surface modification on valuable substrate (e.g., for in-situ wound 

dressing [56]), and the introduced fibrous structure is featured with a high air permeability.  

Figure 2.6 depicts a typical electrospinning setup that consists of three parts: a feeding 

device with a metallic needle, a high-voltage power supply, and a grounded collector [57]. 

The high-voltage power supply is connected to the needle, creating an electric field between 

the needle and grounded collector. As the polymer solution from the feeding device forms 

a droplet at the needle tip, surface charges are induced on the droplet, and the electrostatic 

repulsion of surface charges deforms the droplet into a conical shape (also known as Taylor 

cone) [58]. Once the supply voltage exceeds a threshold value, the electrostatic repulsion 

overcomes the surface tension of droplet and a charged jet (fiber) is ejected from the droplet 

toward the collector. The charges on the fiber induce bending instability, causing stretching 

of the fiber and rapid evaporation of solvent [57]. At the end of the process, the fiber reaches 

the collector and non-woven mat is formed. It is worth noting that single-spinneret electro-

spinning may suffer from low throughput, resulting in a low production rate. This issue can 

be addressed by multiple-needle electrospinning [59]. 
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Figure 2.6. Schematic of a typical electrospinning setup for fiber fabrication [57] 

Surface wettability is controlled by surface structure and surface energy. Based on this 

principle, modifying surface wettability using electrospun fibers is realized by controlling 

fiber morphology and/or fiber surface chemistry, which are discussed in detail as follows. 

2.2.1 Modifying surface wettability by controlling fiber morphology 

Based on surface morphology, the electrospun fibers can be categorized into (1) fibers with 

smooth surface and (2) fibers with secondary morphology including beads, pores, grooves, 

and roughness [60]. Droplets on these two types of fibers have different wetting behaviors, 

so they are discussed separately. 

For ordinary fibers with relatively smooth surface, the diameter, inter-fiber distance, and 

spatial distribution of fibers can influence surface wettability. For example, Ma et al. [61] 

fabricated randomly distributed poly(caprolactone) (PCL) fibers with various diameters by 

adjusting the PCL solution concentration for electrospinning; water contact angle increases 

from 119˚ to 129˚ as fiber diameter decreases from 2.2 to 0.58 μm. The increase of contact 

angle was attributed to the higher surface roughness by thinner fibers. 

Compared to fiber diameter, the inter-fiber distance and spatial distribution show greater 

impact on surface wettability. For example, Kakunuri et al [62] fabricate cellulose acetate 

nanofibers using mesh collectors with various opening sizes, i.e., 50 μm, 100 μm, and 200 
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μm; fibers have higher distribution density around mesh lines, i.e., 77% coverage compared 

to 28% coverage around mesh openings, so the fibrous mat is patterned following the mesh. 

As a result, the contact angle of the patterned fibrous mats increases from 90˚ to 138˚ by 

decreasing the mesh opening from 200 μm to 50 μm, while non-patterned mat has a contact 

angle of 30˚. A transition from hydrophilicity to hydrophobicity is achieved by controlling 

fiber spatial distribution given that the fibers have similar diameter distribution. Moreover, 

Bagrov et al. [63] modifies the wettability of aluminum foil by depositing nylon-11 nano-

fibers with varying inter-fiber distance. Surface coverage rate of fibers increases from 0.7% 

to 20%, where the inter-fiber pore size is around 2.5 μm, by increasing electrospinning time 

from 2 min to 5 min. As a result, contact angle increases from ~70˚ to 124˚. 

The large variation of contact angle in ref. [62, 63] is explained by the change of wetting 

state. Specifically, droplets on fibers-dressed surfaces tend to change from Wenzel state to 

Cassie-Baxter state with decreasing inter-fiber distance, leading to larger equilibrium contact 

angles. However, the influence of fiber diameter on wetting state is relatively small due to 

the limited adjustable range of fiber diameter by electrospinning. 

Based on electrospinning, fibers with various secondary morphologies can be generated. 

Figure 2.7 shows the scanning electron microscope (SEM) images of (A) beaded [64], (B) 

porous, (C) grooved [65], and (D) wrinkled [66] fibers. These secondary morphologies are 

proven to have significant influences on the wetting properties of fibers. 

Beaded fiber, or bead-on-string structure, which can be produced by reducing the applied 

voltage or the concentration of the precursor solution for electrospinning [67], can enhance 

the surface hydrophobicity. For example, Hong et al. [34] prepared beaded poly(vinylidene 

fluoride) (PVDF) fibers by reducing the concentration of PVDF solution from 25 wt%, which 

is for beadless fibers, to 20 wt%. The beaded fibers are featured with 5-9 μm beads and 100 

-150 nm interconnected fibers, while the diameter of beadless fibers is around 960 nm. As 

a result, the contact angle increases from 128˚ to 150˚ [34]. The reason lies in that the large 

beads, as protrusions of fibrous mat, hold droplet with air pockets underneath. However, 
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the beaded fibers also show high CAH, indicating that there is contact between droplet and 

fibers along TPCL. 

 

Figure 2.7. Scanning electron microscope image of (A) beaded [64], (B) porous, (C) grooved 

[65], and (D) wrinkled [66] electrospun fibers. 

As another example, Wong et al. [53] used polystyrene (PS) solutions with concentration 

of 8 wt%, 10 wt%, and 20 wt% for electrospinning, resulting in heavily beaded fibers (~650 

beads/ mm2), partially beaded fibers (~160 beads /mm2), and beadless fibers, respectively. 

The average bead diameter is 5.0 μm and 13.5 μm for heavily and partially beaded fibers, 

respectively. It turns out that contact angle increases from ~140˚ for beadless fibers to ~150˚ 

and ~160˚ for partially and heavily beaded fibers, respectively. In addition, droplets with a 

volume of 5 μL can roll off from the surfaces covered by beaded fibers with roll-off angles 

of 28˚-46˚. 

Porous fibers can be fabricated by (1) phase separation of solution jets in electrospinning, 

(2) condensation of water vapor onto the jets in electrospinning, and (3) selective removal 
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of sacrificial component after electrospinning [68]. For porous fibers, a composite of solid-

liquid and liquid-air interfaces may be formed at fiber surface, resulting in an increment of 

hydrophobicity [33]. For example, Miyauchi et al. [69] fabricated porous PS fibers based 

on the phase separation of solution jet in electrospinning; the solvent to prepare PS solution 

is a mixture of N,N-dimethylformamide (DMF) and tetrahydrofuran (THF). As a result, the 

pores on the fiber surface increase contact angle from 144˚, for smooth fibers, to 158˚, and 

decrease roll-off angle for 12 μL droplet by 25˚. Moreover, McCann et al. [70] and Ma et 

al. [33] have proven that porous PVDF and poly(methyl methacrylate) PMMA, respectively, 

fibers can also increase contact angle compared to nonporous fibers. 

Different from porous fibers, a noncomposite solid-liquid contact interface can form at 

fiber surface for grooved or wrinkled fibers because the grooves or wrinkles may be wetted 

by liquid for their low structure height and large opening area [71, 72]. As a result, a higher 

CAH is created and contact angle may also increase with the increased fiber roughness. For 

instance, Liang et al. [72] compared the wetting behaviors of grooved and smooth poly(L-

lactic acid) (PLLA) fibers. The grooved fibers have a contact angle of 145˚, compared with 

that of 135˚ for the smooth fibers. CAHs are compared by aligning fibers and measuring the 

difference of the roll-off angles along two directions: parallel and normal to the alignment. 

Consequently, the roll-off angle difference for grooved fibers is 4˚ higher than that for smooth 

fibers, indicating a higher CAH. 

2.2.2 Modifying surface wettability by controlling fiber surface energy 

Fiber surface energy is determined by the chemical compositions at the fiber surface. There 

are mainly two ways to control the surface chemistry: (1) adjust precursor solution before 

electrospinning, and (2) apply post treatment after electrospinning. 

Polymer blending in precursor solution before electrospinning is a simple and efficient 

way to modify the wettability of fibrous surfaces, especially in creating superhydrophilicity. 

Usually, two polymers with opposite wettability, i.e., hydrophobic or weak hydrophilic and 

hydrophilic, are blended. For instance, Kurusu et al. [73] blended poly(styrene-b-(ethylene-
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co-butylene)-b-styrene) (SEBS) with Pluronic F127 to turn hydrophobic electrospun SEBS 

fibers hydrophilic. Pure SEBS fibers have a contact angle of 139˚. By adding 15-20 wt% 

Pluronic F127 into SEBS solution, the obtained SEBS/F127 fibers show a contact angle of 

0˚. Moreover, Li et al. [74] blended hydrophobic poly(ethylene terephthalate) (PET) and 

hydrophilic poly(vinyl alcohol) (PVA) in hexafluoro isopropanol (HFIP) for electrospinning. 

Compared with the contact angle of 131˚ for pure PET fibers, the obtained PET/PVA fibers 

show 0˚ contact angle even when a small amount of PVA is used, i.e., 1/20 weight of PET. 

However, for the polymer blending method, the change of contact angle with blending ratio 

is not continuous because the hydrophilic polymer tends to aggregate at fiber surface [73, 

74]. 

In addition to the polymer blending, the precursor solution can also be adjusted by adding 

inorganics. In contrast with that by polymer blending, the change of contact angle by adding 

inorganics can be continuous. For example, Abdal-hay et al. [75] added hydroxyapatite (Hap) 

into nylon-6 solution for electrospinning. The nylon-6/Hap composite fibers show contact 

angles continuously varying from 130˚ to 0˚ with increasing Hap from 0 wt% to 10 wt%. 

This continuous change of contact angle can also be achieved by adding Triton X-100 non-

ionic surfactant into polyamide 6 (PA6) solution [76]. 

Compared to adjusting precursor solution, applying post treatments after electrospinning 

to modify fiber surface chemistry has less restriction on applicable polymers, electrospinning 

parameters, etc. A few post-treatment methods have been used, including initiated chemical 

vapor deposition (iCVD) [33, 61], plasma etching [34], dip coating [77, 78]. For example, 

Ma et al. [61] used iCVD to deposit poly(perfluoroalkyl ethyl methacrylate) (PPFEMA), a 

low surface energy (0.0093 J/m2) polymer, onto electrospun PCL fibers. After iCVD, the 

contact angle of PCL fibers increases from 120˚-130˚ to 150˚-160˚, and 20 μL droplets can 

roll off the surface at threshold tilting angles of 6˚-12˚. As another example, Schoolaert et 

al. [77] modified poly(2-n-propyl-2-oxazoline) (PnPrOx) nanofibers with diameter of 200-

400 nm by dip-coating into tannic acid. By increasing tannic acid concentration from 0 wt% 
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to 10 wt%, contact angle decreases from 120˚ to 40˚. It should be noted that many relevant 

works also combine the modification of fiber morphology, so they are discussed in section 

2.2.3 and section 2.3. 

2.2.3 Modifying surface wettability by combining fiber morphology and surface energy 

Controlling both fiber morphology and surface energy is usually aimed at creating extreme 

wettability, i.e., superhydrophilicity or superhydrophobicity. To develop superhydrophilic 

fibrous surfaces, the basic principle is to increase fiber surface energy on a rough surface. 

As explained by Wenzel’s equation, Eq. (2.3), roughness intensifies the hydrophilicity for 

intrinsic hydrophilic materials. 

To increase fiber surface energy, many scholars add inorganics such as metal oxides [79, 

80] and silicate minerals [81] into precursor solution, followed by thermal treatment after 

electrospinning to expose inorganics at fiber surfaces. For example, Wang et al. [79] added 

Ti(Obu)4 into poly(vinyl pyrrolidone) (PVP) solution for electrospinning. After calcination 

of as-spun fibers under 500℃, TiO2 nanofibers with nanochannels on surfaces are obtained. 

The contact angle of 2 μL droplet reaches 0˚ within 30 ms after droplet deposition. Similarly, 

Zhu et al. [80] mixed FeAc2 and PVA for precursor solution, and α-Fe2O3 nanofibers with 

rough surfaces were obtained after calcination. As a result, droplets on the α-Fe2O3 fibrous 

surfaces spread to 0˚ contact angle within hundreds of milliseconds. In addition, Tijing et 

al. [81] decorated hydrophobic polyurethane (PU) fibers with hydrophilic tourmaline I 

nanoparticles by adding TM nanoparticles into PU precursor solution. Without the need for 

thermal treatment, the as-spun beaded fibers have contact angles varying from 125˚ to 13˚ 

by increasing TM amount from 0 to 5 wt%. 

2.3 Developing superhydrophobicity by electrospinning 

Electrospinning is proven an efficient method for fabricating superhydrophobic surfaces. In 

this section, the electrospinning-based methods for fabricating superhydrophobic surfaces 
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are introduced. Based on the fabrication steps involved, the methods are classified into (1) 

one-step electrospinning and (2) electrospinning followed by post treatment. 

2.3.1 One-step electrospinning 

One-step electrospinning refers to that superhydrophobic surfaces can be directly obtained 

after electrospinning without any post treatment. Table 2.1 summarizes the one-step methods 

in literature. The first two columns explain the mechanism and materials, respectively, to 

achieve superhydrophobicity, and the third and fourth columns show the measured surface 

wettability. The mechanism is essentially controlling fiber morphology or/and fiber surface 

energy, as discussed in Section 2.2. 

Table 2.1. One-step electrospinning to develop lotus superhydrophobicity 

Mechanism Materials 
Contact 

angle 

Roll-off angle 

(droplet 

volume)  

Ref. 

Beaded fibers PS 160˚ - [27] 

Beaded fibers PANI/PS 162˚ <5˚ [82] 

Beaded fibers PS 155˚ 5˚ [83] 

Beaded fibers PVDF-HFP 157˚ 6˚(10 μL) [84] 

Beaded fibers doped with TiO2 

NPs 
PCL/TiO2 156˚ - [85] 

Fibers with nano-protrusions  PS 154˚ - [86] 

Fibers doped with TiO2 NPs or 

graphene NFs 

PVC/TiO2 

PS/TiO2 

PVC/graphene 

168˚ 

178˚ 

166˚ 

- [87] 

Fibers doped with SiO2 NPs  PS/SiO2 157˚ 2.2˚a [28] 

Patterned fibers PS 167˚ 5˚ (5 μL) [88] 

Copolymer fibers PS-PDMS/PS 163˚ 15˚a [31] 

Grooved fibers with Teflon outer 

layer 
PCL/Teflon 158˚ 7˚ (10 μL) [32] 
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PANI: polyaniline; PVDF-HFP: poly(vinylidene fluoride-co-hexafluoropropylene); PVC: 

polyvinyl chloride; PDMS: poly(methylhydrosiloxane); NPs: nanoparticles; NFs: nanoflakes. 

a: contact angle hysteresis. 

As shown in Table 2.1, most one-step methods rely on fabricating fibers with secondary 

morphology, especially beaded fibers, to realize lotus superhydrophobicity. A hydrophobic 

or weak hydrophilic polymer such as PS [27, 82, 83] and PCL [85] is often used to prepare 

a precursor solution that has a lower concentration than that for beadless fibers. As a result, 

beaded fibers with microbeads and interconnected nanofibers are obtained. When droplets 

are deposited on the surface, the intrinsically hydrophobic or weak hydrophilic microbeads 

with higher height than nanofibers can support the droplets in Cassie-Baxter state, resulting 

in lotus superhydrophobicity. For example, Jiang et al. [27] fabricated beaded PS fibers 

using 7 wt% PS/DMF solution. The diameter of beads and fibers is 3-7 μm and 60-140 nm, 

respectively. The bead-on-string structure increases contact angle to 160˚, compared to 139˚ 

for beadless fibers of 420 nm by 25 wt% PS/DMF solution. Based on Cassie-Baxter model, 

Eq. (2.2), the fraction of liquid-air interface is calculated to be 0.934 [27]. However, beaded 

fibers have high structural heterogeneity, resulting in a low mechanical strength [67] or even 

being hard to be free-standing [27]. 

Another common secondary fiber morphology in developing superhydrophobicity is the 

nano-protrusions on fiber surface, which are created by adding nano-particles [28, 87] or 

flakes [87] into the polymer solution before electrospinning. For example, Lin et al. [28] 

added SiO2 nanoparticles into PS/DMF solution. Figure 2.8 shows the obtained PS fibers 

with varying content of SiO2 nanoparticles. Nano-protrusions form at the fiber surfaces and 

increase with the content of SiO2 nanoparticles. By adding 7.7 wt% and 14.3 wt% of SiO2, 

contact angle increases from 148˚ to 153˚ and 157˚, and CAH decreases from 7˚ to 3˚ and 2˚, 

respectively. The obtained superhydrophobicity is attributed to the nano-protrusions and 

the grooves on the fiber surfaces, which held liquid from penetrating to the inside of fibrous 

mat. Based on similar mechanism, TiO2 nanoparticles and graphene nano-flakes are doped 

into PS and PCL fibers for superhydrophobicity [87]. 
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Figure 2.8. Electrospun PS fibers doped with (A) 0 wt%, (B) 7.7 wt%, and (C) 14.3 wt% 

of SiO2 nanoparticles [28]. 

Without engineering the secondary morphologies of fibers, Wong et al. [88] proposed a 

method to develop superhydrophobicity by patterning smooth PS fibers. The collector for 

electrospinning consists of a PDMS substrate and two parallel-arranged electrodes on the 

top. Before electrospinning, the substrate is pre-stretched with varying strain, i.e., 0-100%. 

In electrospinning, PS fibers are deposited onto the pre-stretched substrate with alignment 

by the two parallel-arranged electrodes. After electrospinning, the pre-stretched substrate 

is relaxed and gets shrunk, resulting in wake-like PS fibers. By increasing the strain of pre-

stretched substrate from 0% to 100%, contact angle increases from 138˚ to 167˚ and sliding 

angle decreases from 90˚ pinning to 5˚. The lotus superhydrophobicity can be attributed to 

the large curvature of the wake-like fibers, which help trap air under droplets and maintain 

Cassie-Baxter state. 

In addition to adjusting fiber morphology, superhydrophobicity may also be reached by 

lowering fiber surface energy. For one-step method, this can only be realized by adopting 

low surface energy precursor for electrospinning. However, polymers with very low surface 

energy like PDMS and poly(tetrafluoroethylene) (PTFE), often have low electrospinnability. 

To overcome this problem, methods such as polymer blending [31, 89] and coaxial electro-

spinning [32] are proposed.  

As an example, Ma et al. [31] blended copolymer poly(styrene-b-dimethylsiloxane) (PS-

PDMS) with PS for electrospinning: PDMS has a very low surface energy of 19.9 mN/m, 

given the lowest surface energy of 18 mN/m by PTFE [90]; PS has high electrospinnability. 
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The obtained PS-PDMS/PS nanofibers have diameter of 150-400 nm, with a contact angle 

of 163° and CAH of 15°. The high hydrophobicity is attributed to the aggregation of PDMS 

blocks at fiber surfaces, as verified by X-ray photoelectron spectrometer. Furthermore, Han 

et al. [32] produced coaxial fibers with Teflon AF as sheath and PCL as core by coaxial 

electrospinning. The obtained coaxial fibers have diameter of 1-2 μm with grooves on fiber 

surface; the coaxial structure is verified by energy-dispersive X-ray spectroscopy. As a result, 

the contact angle is characterized to be 158˚ and 10 μL droplets can roll off the surface at a 

tilting angle of ~7˚. 

2.3.2 Electrospinning followed by post treatment 

Table 2.2 summarizes the methods of electrospinning followed by post treatment to develop 

lotus superhydrophobicity. Most of the superhydrophobicity in Table 2.2 are developed in 

a way that fiber surface roughness is first modified by creating secondary morphology in 

electrospinning or by post treatment after electrospinning, and then fiber surface energy is 

reduced by coating a thin layer of low surface energy material. In other words, the super-

hydrophobicity is achieved by controlling both fiber morphology and fiber surface energy. 

Table 2.2. Electrospinning followed by post treatment for lotus superhydrophobicity 

Post treatment methods Materials 
Contact 

angle 

Roll-off angle 

(droplet volume) 
Ref. 

CVD PVDF/DMDCS 153˚ - [91] 

iCVD PMMA/PPFEMA 163˚ - [33] 

iCVD PCL/PPFEMA 175˚ 2.5˚ (20 μL) [61] 

Annealing 
Poly(AN-co-TMI)/ 

fluorolink-D/T2EH 
167˚ 4˚ (5 μL) [92] 

Thermal imidization PI 160˚ - [93] 

CF4 plasma etching PVDF 164˚ 5˚ (12.5 μL) [34] 

LBL/CVD 
Nylon 6/PAH/SiO2 NPs/ 

(CF3)(CF2)5(CH2)2SiCl3 
168˚ - [33] 
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LBL/FAS modification 
Cellulose acetate/PAA/ 

TiO2 NPs 
162˚ 2˚ (12 μL) [78] 

Calcination/fluorination 

PEO/SiO2 NPs/FDTS 

PAM/SiO2 NPs/FDTS 

PAM/PS/SiO2 

NPs/FDTS 

160˚ 

149˚ 

152˚ 

<2˚ (10 μL) [94] 

Calcination/FAS 

modification 
PVA/silica gel/SiO2 NPs 155˚ 3˚ (12 μL) [95] 

Dip coating 
PAN/SiO2 

NPs/Ag/PFDT 
157˚ - [96] 

Dip coating SBS/SiO2 NPs/FDTS 156˚ 8˚ (5 μL) [97] 

Dip coating/blade 

coating 
PAN/ASO/SiO2 NPs 156˚ - [98] 

Physical deposition PU/SiO2 NPs/DTMS 157˚ 5˚ (12 μL) [29] 

Surface grafting/ 

hydrothermal method 
PU/SiO2 particles 152˚ 5˚ (10 μL) [30] 

CVD: chemical vapor deposition; iCVD: initiated chemical vapor deposition; LBL: layer-by-layer 

deposition; FAS: fluoroalkylsilane;  

DMDCS: dichlorodimethyl silane; fluorolink-D: perfluorinated linear diol; T2EH: tin(ii) ethyl 

hexanoate; PI: polyimide; PAH: poly(allylamine hydrochloride); PAA: poly(acrylic acid); PEO: 

poly(ethylene oxide); FDTS: (heptadecafluoro-1, 1, 2, 2-tetrahydrodecyl)trichlorosilane; PAM: 

poly(acryl amide); PAN: polyacrylonitrile; PFDT: 1H,1H,2H,2H-perfluorodecanethiol; SBS: 

poly(styrene-b-butadiene-b-styrene) ASO: amino-silicone oil; DTMS: n-dodecyltrimethoxysilane. 

In Table 2.2, a few secondary fiber morphologies are included: porous fibers [33], beaded 

fibers [34, 61, 92, 93], and nanoparticle decorated fibers [29, 30, 33, 78, 94-96, 98]. Here 

the nanoparticle decorated fibers are discussed in detail since porous fibers and beaded fibers 

are introduced in Sections 2.2.1 and 2.3.1. Nanoparticle decorated fibers can be produced 

by either adding nanoparticles into precursor solution before electrospinning [29, 94-96] or 

coating nanoparticles onto the fibers after electrospinning [30, 33, 78, 98].  

For adding nanoparticles into precursor solution, the nanoparticles may be partially buried 

in the electrospun fibers, as shown in Figure 2.8. Post treatment by calcination can roughen 

fiber surfaces by pyrolysis of polymer matrix. Figure 2.9 compares the morphology of (A) 
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PEO/SiO2 and (B) PVA /SiO2 fibers before and after calcination. The calcination exposes 

the SiO2 particles by melting or burning out the PEO or PVA, resulting in enhanced fiber 

surface roughness. 

 

Figure 2.9. Change of surface morphology of (A) PEO/SiO2 [94] and (B) PVA/SiO2 [95] 

fibers before and after calcination. 

Different from one-step methods, various post treatments allow to coat fibers with nano-

particles after electrospinning. Figure 2.10 shows the SEM images of various electrospun 

fibers coated with SiO2 nanoparticles by post treatments. In Figure 2.10(A), nylon-6 fibers 

are coated with positively charged PAH and negatively charged 50 nm SiO2 nanoparticles 

by LBL deposition [33]. In Figure 2.10(B), PAN fibers are first modified by ASO using dip 

coating and then coated by 7-40 nm SiO2 nanoparticles using blade coating [98]. In Figure 

2.10(C), PU fibers are first grafted with -NCO group, and then treated with (3-aminoproyl) 

triethoxysilane (APTES), and finally coated by SiO2 particles by hydrothermal method [30]. 

Compared with the doped fibers in Figure 2.8 and Figure 2.9, the fibers in Figure 2.10 show 

higher surface roughness. 
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Figure 2.10. SEM images of (A) nylon-6 fibers [33], (B) PAN fibers [98], and (C) PU fibers 

[30] coated with SiO2 nanoparticles after electrospinning. 

After developing surface structure onto fibers, post treatment such as iCVD, dip coating, 

physical deposition, can coat fibers with a thin layer of low surface energy material to help 

maintain droplets in Cassie-Baxter state. As shown in Table 2.2, the low surface energy 

material can be fluoride such as PPFEMA [33, 61], FDTS [94] and PFDT [96], and silicide 

such as DMDCS [91]. Note that the coated layer should be thin to reserve the developed 

surface structure of fibers. For example, Ma et al. [33] fabricated porous PMMA microfibers 

with average pore size of 80 nm. The porous fibers have a contact angle of 147˚. To increase 

the hydrophobicity of the porous fibers, a PPFEMA layer with thickness of 30 nm is coated. 

As a result, the PPFEMA coated fibers retained the porous structure and show a contact 

angle of 163˚. 

2.3.3 Superhydrophobicity with “rose-petal” effect 

Superhydrophobicity with “rose-petal” effect, also known as sticky superhydrophobicity, is 

also important to many applications including microdroplet transportation/collection [18] 

and lap-on-chip devices [19]. On a sticky superhydrophobic surface, a droplet takes a quasi-

spherical shape with contact angle greater than 150˚, so the contact area between droplet 

and solid surface is small. Meanwhile, the droplet can be hold in place without movement 

because of the high adhesive force by the surface. 

Table 2.3 summarizes the electrospinning-based methods for developing rose-petal effect 

surfaces, which are categorized into one-step electrospinning and electrospinning followed 

by post treatment. The first column lists the post treatment involved; the second and third 
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columns list the surface morphology and the materials, respectively, of fibers; the fourth 

and fifth columns show the wetting behaviors on the fibers. 

Table 2.3. Electrospinning-based methods for petal superhydrophobic surfaces 

Post-treatment 
Fiber 

morphology 
Material 

Contact 

angle 

Adhesion strength 

(droplet volume) 
Ref. 

- Smooth fibers CA 154˚ 90˚ pinning [99] 

- Smooth fibers PolyPhe 160˚ 180˚ pinning (2 μL) [100] 

- Beaded fibers FPI 158˚ 98 μN [101] 

- Smooth fibers γ-PGA-Phe 154˚ 180˚ pinning (1 μL) [102] 

- Beaded fibers PVDF 150˚ 180˚ pinning (3 μL) [34] 

- Beaded fibers PS 152˚ 113 μN [53] 

Thermal 

imidization 
Beaded fibers PI 151˚ 80 μN [93] 

SiCl4/H2O 

treatment/ 

silanization 

Beaded fibers PVA/silica 168˚a 180˚ pinning (2 μL) [103] 

CA: cellulose acetate; PolyPhe: poly(L-phenylalanine); FPI: fluorinated polyimide; γ-PGA-Phe: 

γ-PGA modified with L-phenylalanine ethylester; 

a: advancing contact angle. 

Lotus fibers require droplets staying in the Cassie-Baxter state, so a proper combination 

of structured fiber surface and low fiber surface energy is needed. However, for rose-petal 

fibers, droplets can be in partial wetting or Wenzel state. Therefore, most of the rose-petal 

fibers in Table 2.3 are produced by one-step electrospinning without post treatment to coat 

nanoparticles or low surface energy layer. For example, Figure 2.11 presents three rose-petal 

fibers that have smooth fiber surface and are fabricated using hydrophilic polymers. Figure 

2.11(A) shows cellulose acetate, which has an intrinsic contact angle of 64˚, fibers with 

diameter of 350-400 nm [99]. As shown in the inset, the cellulose acetate fibers have a 

contact angle of 154˚ and droplets are pinned even by tilting the fibrous mat 90˚. Figure 

2.11(B) and (C) are for PolyPhe [100] and γ-PGA-Phe [102] fibers, respectively. The 
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intrinsic contact angle of the PolyPhe and γ-PGA-Phe is 75˚ and 70˚, respectively. Both 

fibers have contact angle greater than 150˚ and can pin droplets at a tilting angle of 180˚. 

 

Figure 2.11. SEM images of superhydrophobic (A) cellulose acetate [99], (B) PolyPhe [100], 

and (C) γ-PGA-Phe [102] fibers with rose-petal effect. 

Beaded fibers are also widely used to create rose-petal superhydrophobicity. For example, 

Gong et al. [101] fabricated beaded FPI fibers using one-step electrospinning. Nanopapillae 

form on the bead surface, increasing the surface roughness of bead. The beaded FPI fibers 

have contact angle of 158˚ and adhesion force of 98 μN. The high adhesion is attributed to 

the noncomposite interface between fibers and droplet, and the hydrophilic groups of FPI 

molecules. The composite interface between beads and droplet contributes to the high contact 

angle. In addition, beaded PVDF [34], PS [53], PI [93], and PVA/silica [103] fibers are also 

reported for the feasibility of developing rose-petal superhydrophobicity. Compared to the 

lotus beaded fibers reported in Table 2.1 and Table 2.2, rose-petal beaded fibers have higher 

fiber surface energy, smaller size contrast between beads and fibers, and lower distribution 

density of beaded fibers. 

2.4 Summary 

In this chapter, Section 2.1 provides the fundamentals of droplets wetting on flat and rough 

surfaces that are needed to understand various wetting phenomena. On an ideal flat surface, 

droplets wetting is governed by the intrinsic contact angle of surface material based on the 

Young equation. On a rough surface, a droplet can be in either composite or noncomposite 

state depending on the existence of air pockets under the droplets, and the contact angle can 

be predicted by Cassie-Baxter or Wenzel model, respectively. Moreover, wetting transition 
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from the composite state to noncomposite state may occur if composite state is not thermo-

dynamically stable. 

Section 2.2 introduces the methods to modify surface wettability using electrospinning. 

In essence, surface wettability is determined by surface roughness and surface energy, which 

can be controlled by electrospun fiber morphology and fiber surface chemistry, respectively. 

The fiber morphology including fiber diameter, inter-fiber distance, spatial distribution, and 

secondary fiber morphology such as beads, pores, and grooves are shown to be effective in 

controlling surface wettability. The fiber surface chemistry can be manipulated by adjusting 

precursor solution and applying post treatment such as CVD and dip coating to fibers.  

Based on Section 2.2, Section 2.3 first reviews the electrospinning-based methods to 

create lotus superhydrophobicity. Based on the fabrication steps involved, the methods are 

classified into one-step electrospinning and electrospinning followed by post treatments.  

The most commonly used one-step method is creating protrusions on fiber surfaces, i.e., 

beaded fibers and nanoparticle-decorated fibers. The mechanism for creating lotus effect is 

that the protrusions can support droplets in Cassie-Baxter state with less continuous liquid-

fiber contact interface, resulting in high contact angle and low droplet adhesion. However, 

the beaded fibers suffer from low mechanical strength due to the high heterogeneity; complex 

preparation for a homogeneous solution is needed for electrospinning nanoparticle-decorated 

fibers. Moreover, methods using patterned fibers, coaxial or copolymer electrospinning are 

also reported, but limited by the complex setup or operation. 

For the electrospinning followed by post treatments, most of the lotus-effect surfaces are 

developed in a procedure that fiber surface roughness is first modified by creating secondary 

fiber morphology, especially surface protrusions, in electrospinning or by post treatments, 

and then fiber surface energy is reduced by coating a layer of low surface energy material 

after electrospinning. Even though the post treatment after electrospinning allows to separate 

fiber fabrication and surface modification, the fabrication is complicated by the multistep 

process. 
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In comparison, developing petal-effect surfaces by electrospinning has less requirement 

on the fiber morphology and surface energy than that for lotus surfaces. The reason lies in 

that liquid can penetrate into the inter-fiber spaces so a complete Cassie-Baxter state is not 

needed for petal effect. Therefore, the petal effect has been achieved using both smooth and 

beaded fibers with a relatively high surface energy, for example, smooth cellulose acetate 

nanofibers with random distribution. 

Despite the substantial progress in developing electrospun superhydrophobic surfaces, 

several limitations preventing broad applications exist. First, a strategic approach to super-

hydrophobicity considering the influences of fiber morphology is needed. Currently, most 

works rely on increasing fiber surface roughness and/or reducing fiber surface energy with 

low surface energy materials to realize superhydrophobicity, so fibers are usually randomly 

deposited with little control. As a result, a thick fibrous mat is usually made to reduce the 

heterogeneity of fiber distribution, causing a decrease of air permeability and transparency, 

and also a waste of materials. 

Second, current methods often involve complex fabrication processes. To increase fiber 

surface roughness, nanoparticles are widely adopted before or after electrospinning. Before 

electrospinning, nanoparticles should be homogeneously blended with the polymer solution, 

so an extra step might be needed to disperse the nanoparticles. After electrospinning, post 

treatment is needed to coat fibers with nanoparticles. To reduce the surface energy of fibers, 

copolymer (low surface energy polymer and electrospinnable polymer) or coaxial electro-

spinning, or surface coating after electrospinning are often used. All these methods can 

increase the fabrication complexity. 
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Chapter 3 An Integrated Thermodynamic Model for 

Wetting Various Parallel-Structured Surfaces*
 

3.1 Introduction 

The wettability of a solid surface is often characterized with a sessile droplet contact angle 

[44, 104]. A hydrophilic surface has strong affinity to liquid, thereby showing a static contact 

angle less than 90˚. They are needed in anti-fogging glasses [105], heat pipes [106], contact 

lenses [107], etc. Conversely, a hydrophobic surface, showing a static contact angle greater 

than 90˚, is desirable for self-cleaning [108] and anti-icing [16] surfaces. 

Patterning surfaces with parallel structures or grooves is an effective and facile method 

to control the wettability of solid surfaces. Structures with various cross-section shapes are 

fabricated, including rectangle and trapezoid structures by photolithography [109], micro-

milling [110-112], and laser micromachining [113], and round structures by electrospinning 

[51, 114, 115]. The mechanism of modifying surface wettability by parallel structures is by 

changing surface roughness. 

The wetting state of a liquid droplet on a rough surface can be either composite or non-

composite. In composite state, which is also known as Cassie-Baxter state [41], air pockets 

form along the solid-liquid interface. In the noncomposite state, or Wenzel state [42], the 

solid surface under droplet is fully wetted by liquid. The equilibrium contact angle (ECA) 

on a rough surface can be predicted using Cassie-Baxter model [41] or Wenzel model [42]. 

In reality, however, the free energy barriers that prevent a wetting system from reaching its 

global minimum of free energy may deviate the actual contact angle from the ECA [44]. In 

addition, a free energy barrier may separate composite and noncomposite states and hinder 

the wetting transition between these two states [116, 117]. 

 
* The contents have been published in Colloids and Surfaces A: Physicochemical and Engineering Aspects 

655: 130214  
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Therefore, the energy barriers are important to predict wetting behaviors. Many articles 

[51, 118-124] have reported thermodynamic models describing the change of free energy 

in wetting to analyze energy barrier. These models can be divided into two categories based 

on the calculation of the solid-liquid or liquid-vapor area under droplet. Specifically, some 

works calculate the solid-liquid or liquid-vapor area using a statistical distribution density 

of structures; the energy barriers in wetting transition for pillars [118-120], spheres [120], 

and micro hoodoo structures [51] are obtained. However, the energy barriers formed along 

the movement of exterior three-phase contact line (TPCL) are difficult to analyze with the 

statistical distribution density. 

Alternatively, the solid-liquid or liquid-vapor area can be correlated with the position of 

exterior TPCL on every structure. For example, Li et al. [121] and He et al. [123] studied 

the energy barriers in wetting pillar structures with different top-views by calculating the 

energy difference between discrete positions of exterior TPCL; Tie et al. [122] studied the 

energy barriers in wetting trapezoid, rectangle, paraboloid, and triangle strips. However, the 

variation of free energy with the movement of exterior TPCL inside structure grooves was 

not included. Kim et al. [124] modeled the exterior TPCL moving in rectangle grooves by 

assuming the liquid front inside grooves as a vertical line, but this assumption cannot fit re-

entrant structures, e.g., inverted trapezoid. In addition, numerically calculating the energy 

difference between discrete TPCL positions can only give the magnitude of energy barriers. 

Besides the magnitude, the forming conditions of energy barriers are also important. For 

example, specifying the forming conditions of energy barrier helps to maximize metastable 

contact angles for superhydrophobicity [125] and analyze the advancing and receding contact 

angles for contact angle hysteresis [121]. To this end, Shuttleworth and Bailey [126] studied 

the movement of exterior TPCL on wavy surfaces (with inclination angle less than 90˚) by 

considering intrinsic contact angle (ICA) as local contact angle. They modeled the initiating 

and ending conditions of the energy barrier in noncomposite state. Later, Eick et al. [125] 

related free energy to apparent contact angle (APCA) as droplets spread along sawtooth 
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surfaces. They derived similar equations by minimizing system free energy. More recently, 

Long et al. [2] extended the application of the model for the initiating and ending conditions 

of energy barrier to parallel-structured surfaces. Moreover, other scholars model contact 

angle hysteresis, which is same with the initiating and ending conditions of energy barriers 

without external perturbations [124], for pillars [127, 128], spheres [129], and re-entrant 

structures [130] in composite state. However, the forming conditions of energy barrier may 

be discontinuous and complicated by (1) the interplay between ICA and the multiple surface 

inclination angles of round or quadrilateral structures, and (2) the penetration of exterior 

TPCL inside the grooves [114]. 

In addition, the reported thermodynamic models [111, 114, 122, 124] relating free energy 

with the exterior TPCL position for parallel structures are shape specific. There is a lack of 

an integrated model for various simple geometries, such as trapezoid [112, 113], rectangle 

[109-111], inverted trapezoid [131], circle [51, 114], and elongated circle [115]. Besides 

evaluating the wetting behaviors of existing structures, an integrated model can also guide 

the design of new structures. 

Therefore, the objectives of this chapter are to build an integrated thermodynamic model 

relating free energy with the continuous movement of TPCLs and then specify the forming 

conditions of energy barrier in wetting various parallel-structured surfaces. Figure 3.1 shows 

the cross section of the studied parallel structures: (A) sharp-edge and (B) round structures, 

which are often reported in the literature. As illustrated, both types of structures are specific 

case of the base structure. This analysis enables the development of an integrated model in 

this work. Accordingly, the rest of the chapter is organized as follows. Section 3.2 introduces 

the thermodynamic models for different wetting states. The critical conditions for creating 

energy barriers are derived from the models. Then Section 3.3 validated the thermodynamic 

models and the forming conditions of energy barrier using experimental data by electrospun 

fibers and existing experimental and theoretical works. Section 3.4 compares the forming 

conditions and magnitude of energy barrier for various parallel structures. 
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Figure 3.1. Cross-section view of various structures: (A-1) trapezoid; (A-2) rectangle; (A-

3) inverted trapezoid; (B-1) circle; (B-2) elongated circle. 

3.2 Theoretical Analyses 

Figure 3.2 presents the schematic of a liquid droplet on a parallel-structured surface. Two-

dimensional thermodynamic models relating system free energy with the position of TPCLs 

are built for the composite and noncomposite states, and wetting transition. The assumptions 

are made as follows: 1) the liquid-vapor interface 1 is treated as a circular segment with a 

radius of R1 by ignoring the effect of gravity for droplet smaller than capillary length [132]; 

2) the liquid-vapor interface 2 is assumed planar by ignoring the effect of Laplace pressure 

[132]; 3) the line tension is ignored so Young equation is locally valid [133]; 4) the droplet 

volume remains constant by ignoring droplet evaporation. 

 

Figure 3.2. Schematic of a liquid droplet on a parallel-structured surface 
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The change of free energy per unit depth, ∆E, before and after the droplet contacts the 

structure surface in Figure 3.2 is: 

 ( ) ( )LV1 LV2 LV SL SL SVE L L L   = + + −   (3.1) 

where L and γ are interface length and surface tension, respectively; L, V, and S represent 

liquid, vapor, and solid, respectively. Then dividing Eq. (3.1) by γLV and applying the Young 

equation [38, 39] give 

 LV LV1 LV2 SL YcosE L L L  = + −   (3.2) 

where θY is the ICA of solid surface. For a given volume of a liquid, the system free energy 

before contacting and γLV are constant; thus, the ∆E/γLV of Eq. (3.2) stands for system free 

energy per unit depth for the rest of this chapter. Based on the geometric relationship shown 

in Figure 3.2 and the constant cross-section area, S, of the droplet [122, 134], we have 

 LV1 1 A 2 A A2 2 sinL R R  = =   (3.3) 

 ( ) 2 2

A A A 2 A 2sin cos sinS R S   = − +   (3.4) 

where θA is the APCA, and S2 is the area difference between the liquid below external TPCL 

and the structure above external TPCL to account for the liquid penetration into the grooves. 

The LLV2 and LSL in Eq. (3.2) are functions of APCA and the position of TPCLs, and they 

depend on the wetting states, which are specified as follows. 

Figure 3.3 shows the composite and noncomposite states, and wetting transition for the 

sharp-edge and round structures in Figure 3.1. Different from earlier 2D models [121, 122], 

the model in this paper considers the movements of exterior TPCL along each structure, so 

the energy barrier encountered at each surface can be analyzed. As the droplet spreads along 

the structures, the exterior TPCL moves in a cyclic pattern. The position of the exterior TPCL 

is described using n, s, δo and θo: 2(n-1) is the number of structure units that have been fully 

covered by droplet; s and δo are the wetted length of the n-th structure unit along horizontal 
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and inclined surfaces, respectively; θo is the angular position of exterior TPCL. The interior 

TPCL uses δi or θi for inclined or curved surfaces. 

 

Figure 3.3. Schematics of composite states for the (A) sharp-edge and (B) round structures; 

noncomposite states for the (C) sharp-edge and (D) round structures; the wetting transition 

for (E) sharp-edge and (F) round structures. (trapezoid: φ < 90˚; rectangle: φ = 90˚; inverted 

trapezoid: φ > 90˚; circle: l2 = 0; elongated circle: l2 ≠ 0) 

However, a few geometry constraints limit the movement of exterior TPCL, because the 

liquid front cannot intercept with structures at any point besides exterior TPCL. Figure 3.4 

(A) and (B) illustrate the geometry constraints for the exterior TPCL on the sharp-edge and 

round structures, respectively. As shown in Figure 3.4(A-1), the two green dotted lines set 

the boundary of the liquid front, which is denoted by the blue line. It should be noted that 

the liquid front inside grooves is treated as a straight line, which is tangent to the liquid front 

curve outside grooves [2, 114], for simplicity. As a result, there are upper and lower limits 

for θA corresponding to boundary of the liquid front. 
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Figure 3.4. Geometry constraints for the movement of exterior TPCL on the (A) sharp-edge 

and (B) round structures 

For the sharp-edge structures in Figure 3.4(A), there is no constraint for the path 2-3, i.e., 

when the external TPCL is on path 2-3, because 2-3 is the top surface. For the paths 3-4, 4-

1ʹ, and 1ʹ-2ʹ, which correspond to Figure 3.4(A-1) to (A-3), respectively, the constraints, i.e., 

the upper and lower limits of θA, are expressed using Eq. (3.5), which is derived based on 

geometric relationships. 
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where φ, l1, l2, and h are all geometry parameters as introduced in Figure 3.1; sʹ and δoʹ are 

the wetted length of each horizontal and non-horizontal surfaces, respectively, by exterior 

TPCL. For the round structures, 
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where r and l1 are geometry parameters; θ0 is the location of external TPCL on each round 

structure. 

3.2.1 Geometric transformation 

Figure 3.5 defines the geometry of the base structure in Figure 3.1. The positions of exterior 

and interior TPCLs are described using θo and θi in Figure 3.5 (A) and (B), respectively. In 

both figures, the gold (color) region represents a single base structure, and its side walls are 

two arcs with a radius of r. As r approaches infinity, the arc walls become straight, so the 

base structure becomes a sharp-edge structure with an internal angle of φ, as shown Figure 

3.1(A). With a finite r, the base structure becomes an elongated circle when h = 2r and φ = 

90˚, and then becomes a circle as l2 equals zero, as shown Figure 3.1(B).  

 

Figure 3.5. Geometry of the base structure in Figure 3.1 with (A) exterior and (B) interior 

TPCLs. 

In the geometric transformation from the base to sharp-edge structures, as r approaches 

infinity, the exterior TPCL at the point C in Figure 3.5 (A) moves right to the point D, and 

the interior TPCL at the point Cʹ in Figure 3.5 (B) moves right to the point Dʹ. So, the heights 

of exterior TPCL (length of KJ) and interior TPCL (length of KʹJʹ) are fixed at δoʹ·sinφ and 

h – δi·sinφ, respectively. Then Eqs. (3.7-3.8) are obtained based on the geometric relationship 

of KJ =OE·cos(∠JOE) – OC·cosθo and LKʹ =OB·cos(∠BOKʹ) – OCʹ·cosθi, respectively. 
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 ( )'

o s1 osin cos 180 2 cosr r    = − + −   (3.7) 

 i s1 isin cos cosr r   = −   (3.8) 

where r, φ, and θs1 = φ – arcsin(h/(2rsinφ)) are all structure parameters. Meanwhile, for the 

exterior TPCL, the length of arc CE approaches δoʹ and the difference between the projections 

of OC and OE on CD approaches -δoʹ·cosφ. Then the following relations can be obtained, 

 ( ) '

o s2 olim 180
r

r   
→

− + =   (3.9) 

 '

o s2 olim sin sin cos
r

r r   
→

− = −   (3.10) 

where θs2 is defined as 2φ −θs1 for θo <180˚, and −θs1 for θo >180˚ to simplify Eqs. (3.9) 

and (3.10). Similarly, for the interior TPCL in Figure 3.5 (B), 

 ( )i s1 ilim
r

r   
→

− =   (3.11) 

 i s1 ilim sin sin cos
r

r r   
→

− =   (3.12) 

The geometric relationships of Eqs. (3.7)-(3.12) are used to integrate various structures. 

3.2.2 Composite state 

In the composite state, the exterior TPCL moves in a cyclic pattern of C1-C2-C1ʹ as shown 

in Figure 3.3(A-B). Substituting Eq. (3.3) into Eq. (3.2) gives, 

 A
2 LV2 SL Y

LV A

2 cos
sin

E
R L L




 


= + −   (3.13) 

where R2, LLV2, and LSL are specified based on the geometric relationships in Figure 3.3(A-

B) and Figure 3.5. For the base structure, the half basal width, R2, is expressed as Eq. (3.14), 

 ( ) ( )1 2
2 1 o s21 sin sin

2

l l
R n l r s 

−
= + − − − +   (3.14) 

where φ, l1, l2, h, and θs2 are geometry parameters; n, s, and θo describe the location of external 

TPCL. Note that the r(sinθ0 ‒ sinθs2) and s of Eq. (3.14) represent the accumulated wetting 
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length of the inclined and flat surfaces, respectively, in one structure unit. The liquid-vapor 

interface under the droplet LLV2 is expressed as 

 ( ) ( )LV2 1 2 i s1

2
2 1 2 sin sin

tan

h
L n l l r  



 
= − − + − − 

 
  (3.15) 

where θi describe the location of internal TPCL. The liquid-solid interface LLV2 is 

 ( ) ( ) ( )( )SL 2 i s1 o o s3C1

2
2 1 2 2 2 2

tan

h
L n l r r s    



 
= − − + − + − − + 

 
  (3.16) 

where (θo)C1 is the angle of initial point in the cyclic pattern of C1-C2-C1ʹ; θs3 = 0 for θo < 

180˚ and θs3 = θs1 for θo >180˚. Eqs. (3.13)-(3.16) are the integrated model for composite state. 

Particularly, for the sharp-edge structures in Figure 3.1, δi =0; δoʹ = (δoʹ)C1 = h/sinφ for θo 

<180˚ and δoʹ = 0 for θo >180˚; θo = (θo)C1 +2θs3. The integrated model can be specified into 

the sharp-edge model by substituting Eqs. (3.10), (3.12), and (3.11) into Eqs. (3.14-3.16), 

respectively. 

 

( ) ( )

( )
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= − + + − + + − − + −    

    

  
− − +  

  

  (3.17) 

For the round structures, θi = 180˚– θY and (θo)C1 = θY. The model is specified into 

( ) ( )( )

( ) ( )( ) ( )

A
1 2 1 o 1 2 Y

LV A

2 Y o Y Y

2 1 2 sin 2 2 1 2 sin
sin

2 1 2 180 2 2 cos

E
l l n l r s n l l r

n l r r s


 

 

   


= − + − − + + − − − −  

 − + − + − + 

  (3.18) 

The next step is to analyze the variation of free energy with the exterior TPCL. The ∆E/γLV 

varies continuously as the exterior TPCL moves from C1 to C2. Then the variation of ∆E/γLV 

with s for the sharp-edge structures is calculated by taking the derivative of Eq. (3.17) with 

respect to s, 
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( ) ( )LV A A 2 A

2 Y

2 A

d d sin d
2 2 cos

d d d sin

E R
R

s R s

   




  
= + − 

 
  (3.19) 

From the derivative of Eq. (3.4), where S2 is zero in composite state, with respect to R2, 

 
( )

( )
A A A AA

2 2 A A A

sin sin cosd

d cos sinR R

   

  

−
=

−
  (3.20) 

Substituting Eq. (3.20) into Eq. (3.19) gives, 

 
( )

( )LV

A Y

d
2 cos cos

d

E

s


 


= −   (3.21) 

Then the variation of ∆E/γLV with s from C1 to C2 can be determined as, 
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  (3.22) 

Based on the same method, Eq. (3.23) can be obtained for C1-C2 of the round structures, 
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  (3.23) 

For either type of structure, the exterior TPCL jumps from C2 to C1ʹ because there is no 

intermediate point in between. From Eq. (3.17), the change of ∆E/γLV from C2 to C1ʹ is 

expressed as 

 2 A 2 A
1 2

LV A AC1' C2C2-C1'

2 22
2

tan sin sin

R RE h
l l

 

   

      
 = − + + −      

      
  (3.24) 

The derivative of 2R2θA/sinθA with respect to R2 is 

 
( )2 A A A A A A A
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−
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Substituting Eq. (3.20) into Eq. (3.25) gives 

 
( )2 A A

A

2

d 2 sin
2cos

d

R

R

 
=   (3.26) 

Then Eq. (3.24) can be re-written as 

 
2 1 2

2

2

tan
1 2 A 2

LV C2-C1'

2
2 cos d

tan

h
R l l

R

E h
l l R 

 

 
+ − + 
 

    
 = − + +     

    
   (3.27) 

where cosθA is higher than -1, so the integration is always larger than –(l1–l2+2h/tanφ). As 

a result, Δ(E/γLV)C2-C1ʹ is always positive, indicating that free energy increases from C2 to 

C1ʹ. 

Figure 3.6 illustrates the general approach to determine the forming conditions of energy 

barrier. After calculating the critical APCAs, the full APCA range, [0˚, 180˚], is divided into 

several sub-ranges by the critical APCAs. The next step is to determine the local minima of 

free energy, which indicate the formation of energy barrier, by analyzing the variation of 

∆E/γLV along one movement cycle of external TPCL for each APCA sub-range. Then the 

APCA sub-ranges that form energy barrier are located and the forming conditions of energy 

barrier are specified. Take the sharp-edge structures in composite state as an example. The 

critical APCA of θY from Eq. (3.22) divides the full APCA range into [0˚, θY] and [θY, 

180˚]. In [0˚, θY], ∆E/γLV keeps decreasing as the external TPCL moves from C1-C2-C1ʹ. 

In [θY, 180˚], ∆E/γLV first decreases along C1-C2 and then increases along C2-C1ʹ, creating 

a local minima at C2 and an energy barrier forms. For a higher accuracy, unrealistic energy 

barriers due to the geometry constraints (see Figure 3.4) for TPCL should be removed. 

 

Figure 3.6. Procedure to specify the forming conditions of energy barrier 
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In the composite state, the forming conditions of energy barrier are as follows. For the 

sharp-edge structures, energy barrier forms when APCA is greater than θY, i.e., [θY, 180˚]. 

The round structures can extend the range of APCA for energy barrier to [2θY – 180˚, 180˚] 

because the surface of a round structure has continuous inclination angles to the horizontal 

plane. However, the APCA range for round structures may shrink because of the geometry 

constraints, which can only be determined with known structure parameters and thereby 

presented as part of the results in Section 3.4. 

3.2.3 Noncomposite state 

Figure 3.3(C-D) present the noncomposite state. In this case, exterior TPCL can enter the 

grooves and move in the cyclic pattern of W1-W2-W3-W4-W1ʹ or W1-W2-W1ʹ for circle. 

Mathematically, LLV2 =0 for no liquid-vapor interface under droplet, resulting in 

 A
2 SL Y

LV A

2 cos
sin

E
R L




 


= −   (3.28) 

where R2 and LSL are specified based on the geometric relationships in Figure 3.3(C-D) and 

Figure 3.5. The half basal width R2 is the same with that for composite state, as expressed 

in Eq. (3.14). The liquid-solid interface LLV2 is 

 ( ) ( )( )SL 1 2 1 i s1 o o s3W1

2
2( 1) 2 2 2 2

tan

h
L l l n l r r s    



 
= − + − − + − + − − + 

 
  (3.29) 

where (θo)W1 is the angle of initial point in the noncomposite cyclic pattern; θs3 = 0 for θo 

<180˚ and θs3 = θs1 for θo >180˚. Eqs. (3.28), (3.14) and (3.29) are the integrated model for 

noncomposite state. Particularly, δi = h/sinφ and (δe)W1 = 0 for the sharp-edge structures. 

The integrated model becomes the sharp-edge model by substituting Eqs. (3.10) and (3.11) 

into Eqs. (3.14) and (3.29), respectively. 

 A
2 1 2 1 o Y

LV A

2 2
2 2( 1)( ) 2 2 cos

sin tan sin

E h h
R l l n l s


 

   

 
= − − + − − + + + 

 
  (3.30) 
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For the round structures, θi = 180˚ and (θo)W1 = 0˚. The model is specified into 

 A
2 1 2 1 o Y

LV A

2
2 2( 1)( 2π ) 2 2 cos

sin tan

E h
R l l n l r r s


 

  

 
= − − + − − + + + 

 
  (3.31) 

For both the sharp-edge and round structures, the variations of ∆E/γLV with s along W2-

W3 and W4-W1ʹ (or W2-W1ʹ for circle) are the same as that for C1-C2. For W2-W3 and 

W4-W1ʹ, Eq. (3.4) becomes 

 

( )2 2 A A A
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2 2 A A A
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sin cos
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sin cos
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−
= + −

−
= −

  (3.32) 

where Sgroove is the cross-section area of single groove between two adjacent structures, and 

Sstructure is the cross-section area of one structure. However, Sgroove and Sstructure are constants 

when TPCL moves from W2 to W3 or W4-W1ʹ, respectively. Thus, Eqs. (3.20) and (3.22) 

are still valid. 

For W3-W4 of the sharp-edge structures, ∆E/γLV with δo, so Eq. (3.30) is specified as, 

A
2 1 2 1 2 o Y

LV A

2 2 2
2 2( 1)( ) 2 2 cos
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R l l n l l


 

     

  
= − − + − − + + − + +  

  
 

 (3.33) 

The derivative of Eq. (3.33) with respect to δo is 
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  (3.34) 

The Eq. (3.4) becomes 

 ( )2 2 A A A
0 2 groove' structure'2

A

sin cos
2 1 2

sin
R R n S nS

  




−
= + − −   (3.35) 

where Sgrooveʹ and Sstructureʹ are the partial area of groove and structure, respectively, as shown 

in Figure 3.7. From Figure 3.7, the following relationship can be obtained, 
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Figure 3.7. Schematics of Sgrooveʹ and Sstructureʹ for the base structure. 

 structure' AHGC CGF2S S S= +   (3.36) 

where SAHGC and SCGF are expressed as Eqs. (3.37) and (3.38), respectively, based on the 

geometric relationships shown in the inset of Figure 3.7. 
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( ) ( )
2

' '

CGF o s1 s1 o s1 o o

1 1 1
sin 2 sin 2 sin cos sin

2 2 2 2

r
S r         

   
= − − + − − +  

   
  (3.38) 

For Sgrooveʹ, point K can be treated as the location of the interior TPCL. Then Sgrooveʹ can 

be calculated by 

( ) ( )' 2

groove' EFKL 3 i o o s1 i o i s1

1 1
2 2 sin sin sin 2 2

2 2
S S l r         

 
= = − − − − − − + + 

 

 (3.39) 

where l3 is expressed by l1/2−l2/2+h/tanφ+rsinθs1. In composite state, θi = π−θY or 0 when 

there is no penetration of droplet. In noncomposite state, θi =2(φ−θs1). In wetting transition, 

θi varies with penetration depth. For the sharp-edge structures in noncomposite state, Sgrooveʹ 

and Sstructureʹ are specified as 
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  (3.40) 
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After substituting Eq. (3.40) into Eq. (3.35), Eq. (3.41) is obtained from the derivative of 

Eq. (3.35) with respect to δoʹ (same with δo for derivative). 

 
( )
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A A A A AA

o 2 A A A

sin sin sin cos sin cosd

d sin cosR
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−
  (3.41) 

Substituting Eq. (3.41) into Eq. (3.34) gives 
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A Y
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d
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= − −   (3.42) 

Solving d(∆E/γLV)/dδo > 0 and d(∆E/γLV)/dδo < 0 for Eq. (3.42) gives 
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For W1-W2, Eq. (3.44) can be obtained by the same derivation method with that of W3-

W4. 
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Solving d(∆E/γLV)/dδo > 0 and d(∆E/γLV)/dδo < 0 for Eq. (3.44) gives 
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  (3.45) 

For the round structures, the critical APCAs are the same as those shown in Eq. (3.23). 

However, the restriction of θY < θo <360˚– θY in composite state is unneeded in noncomposite 

state. Thus, a local minimum of ∆E/γLV at θo = θA +(180˚– θY) can be attained for each round 

structure. 
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The forming conditions of energy barrier in noncomposite state depend on the ICA and 

structure parameters because the relative size of the multiple critical APCAs is needed for 

the procedure in Figure 3.6. Therefore, a case study is shown in Section 3.4 to illustrate the 

use of this model. 

3.2.4 Wetting transition 

Figure 3.3(E-F) shows the wetting transition from composite to noncomposite state: liquid 

penetrates into the surface grooves, and finally the liquid-vapor interface under the droplet 

disappears. The level of penetration is described by the position of the interior TPCL, i.e., 

the penetration length (δi) and angle (θi) for the inclined and curved surfaces, respectively. 

Additionally, the exterior TPCLs are fixed at C2 in the wetting transition. 

Considering that the exterior TPCLs are fixed at C2, the free energy per unit depth for the 

base structure at any penetration level between T1 and T2 is calculated by Eq. (3.46), which 

is derived from Eqs. (3.14)-(3.16). 
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where r(θo – (θo)C1 – θs3) is constant. Particularly, (δi)C1 =0 for the sharp-edge structures and 

(θi)C1 =180˚– θY for the round structures. Then the variation of free energy per unit depth is 

analyzed by differentiating ∆E/γLV with respect to θi. Solving d(∆E/γLV)/dθi =0 leads to  
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In the case of neglecting the influence of liquid penetration (into grooves) on θA [133], 

θA can be treated constant. Then the right side of Eq. (3.47), from the d(2R2θA/sinθA)/dθi, 

becomes zero. Then for the sharp-edge structures, ∆E/γLV increases from T1 to T2 when 

θY >180˚– φ, leading to an energy barrier. For the round structures, ∆E/γLV always increases 

from T1 to T2 because 180˚– θY < θi <180˚, so an energy barrier forms too. 
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From T2 to T3, the liquid-vapor interface 2 disappears (LLV2 =0), so the change of free 

energy per unit depth is 

 ( )( )( )1 2 Y

LV T2-T3

2 1 1 cos
E

n l l 


 
 = − − − + 
 

  (3.48) 

where (∆E/γLV)T3 is calculated by Eq. (3.28). The Eq. (3.48) is always negative, indicating 

that T2-T3 process is thermodynamically spontaneous. Conversely, Δ(E/γLV)T3-T2 is the free 

energy barrier to be overcome for the transition from noncomposite to composite states. 

Then we evaluate the stability at T1, which corresponds to the composite state, by the 

difference between (∆E/γLV)T1 from Eq. (3.46) and (∆E/γLV)T3: 
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where a positive Δ(E/γLV)T1-T3 indicates a stable composite state, while a negative Δ(E/γLV)T1-

T3 indicates either a metastable or unstable composite state. Particularly, for the sharp-edge 

structures, (δi)T1=0 and (δi)T3 = h/sinφ. Then neglecting the change of θA and equating Eq. 

(3.49) to zero give 
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For the round structures, (θi)T1 =180˚– θY and (θi)T3 =180˚. Then Eq. (3.51) is obtained. 
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3.3 Model validation 

The preceding models are validated using data in the literature and those experimentally 

obtained in our lab. First, the thermodynamic model is validated with experimental data in 

reference. Then the forming conditions of energy barriers in noncomposite state are verified 
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with an existing model and validated by experimental data using electrospun microfibers. 

Last, the model for wetting transition is validated with an existing model and experimental 

data from the literature. 

Figure 3.8 compares our thermodynamic model for composite state with the experiment 

data and theoretical models from Ding et al. [110] for rectangle structures and Wang et al. 

[113] for trapezoid structures in terms of the equilibrium contact angle (ECA). Specifically, 

our model relates free energy to APCA, so ECA can be predicted by the global minimization 

of free energy. Our model accurately interprets the experiment data with mean differences 

of 1.85% for rectangles (vs. 3.49% in ref. [110]) and 1.89% for trapezoids (vs. 3.06% in ref. 

[113]), respectively. Thus, our thermodynamic model is validated and can be used to analyze 

free energy barrier. 

 

Figure 3.8. Validation of the thermodynamic model with experimental data in the literature 

[110, 113]. 

Figure 3.9 shows the verification of our model for the forming conditions of free energy 

barrier with the model from Eick et al. [125]. The forming conditions of energy barrier for 

sharp-edge structures in the noncomposite state are specified using Eqs. (3.22), (3.44), and 

(3.45) and following the procedure in Figure 3.6. Here we use hydrophobic materials (i.e., 
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120˚> θY >90˚) as an example. Three critical APCAs from the Eqs. (3.22), (3.44), and (3.45) 

divide the full APCA range of [0˚, 180˚] into four sub-ranges. The variation of free energy 

in each sub-range is analyzed for the cyclic pattern of W1-W2-W3-W4-W1ʹ to determine 

the formation of energy barriers. As a result, the solid lines with arrows denote our model for 

sharp-edge structures, covering triangle, trapezoid, rectangle, and inverted trapezoid as φ 

increases from arctan(2h/l2) to 90˚ or greater. The line with stars shows the model for triangle 

reported by Eick et al. [125], and it coincides with our model for the triangle case. Thus, 

our model is partially verified, and our model can extend to quadrilateral structures. It should 

be noted that the forming conditions of energy barriers are discontinuous when θY >180˚– 

φ/2 because of the monotonical variation of free energy for θY >θA >180˚– |180˚– θY– φ|. 

 

Figure 3.9. Verification of the forming condition of energy barriers with model reported in 

reference; the model in ref. [125] is for triangle structure, a specific case of our model at φ 

=arctan(2h/l2). 

For the round strucures, model or experimental data for the forming conditions of energy 

barrier in the noncomposite state are rarely found in the literture. Thus, we experimentally 

validate our model using aligned electrospun microfibers.These fibers can be treated as the 

round structures shown in Figure 3.1 (B-1). The details for fabrication and characterization 

of the fibers can be found in Section 4.2. Figure 3.10 shows the validation with experiment 
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data. Based on Eq. (3.23), a free energy barrier forms at each round structure if the exterior 

TPCL is not limited by the geometry constraints. This statement is validated by that three 

aligned fibers (with a mean radius of 0.9 μm) are able to pin the droplet from spreading and 

no energy barrier forms at the middle fiber because of the droplet deformation by gravity. 

Then the APCA is predicted by Eqs. (3.4) and (3.31) at the first advancing energy barrier. 

Meanwhile, the ECA calculated using Eqs. (3.4) and (3.31) is shown for comparison. The 

prediction fits with the experimental data with a mean difference of 2.30%. 

 

Figure 3.10. Validation of the forming condition of energy barrier for round structure using 

aligned electrospun microfibers (r = 0.9 μm). 

Figure 3.11 verifies our model for the wetting transition using the model form Vrancken 

et al. [47]. The critical ICAs separating stable composite and noncomposite states for the 

sharp-edge structures are calculated using Eq. (3.50) and plotted as the dashed lines, which 

exemplify trapezoid, rectangle, and inverted trapezoid when φ increases from 80˚ to 110˚. 

Here the change of APCA due to droplet penetration into grooves is neglected. As depicted 

by the inset, the region above or under the critical ICA line indicates that the composite or 

noncomposite state is thermodynamically stable. The solid line is the modeled critical ICA 

line for the rectangle structure reported by Vrancken et al. [47]; it coincides with our model 

when φ is 90˚. In addition, the square points in the inset are predicted to be in composite 
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state, which agrees with the observations in the experiment and Lattice Boltzmann Method 

(LBM) simulation. Then the ICAs of square points are reduced to below critical ICA line, 

as depicted by the round hollow points, via electrowetting. As a result, wetting transition is 

observed in experiment and LBM simulation [47]. 

 

Figure 3.11. Validation of the model for evaluating the stability of composite wetting state 

with the results in reference; the model in ref. [47] is for rectangle structure, a specific case 

of this paper at φ =90˚. 

3.4 Results and discussion 

This section compares the energy barriers of the structures in Figure 3.1 using the validated 

models with specific structure parameters and ICA. The structures adopted have the same 

height and spacing, and our focus is on comparing the shapes of structures: l1 = 10 μm, l2 = 

4 μm, h = 3 μm, r = 1.5 μm, θY = 95˚. The internal angle φ of the sharp-edge structures varies 

from 65˚ to 115˚, and the droplet volume is 2 μL. 

Figure 3.12 specifies the forming conditions of energy barrier in the noncomposite state 

following the procedure in Figure 3.6 without considering the geometry constraints. The 

critical APCAs for energy barrier are calculated using Eqs. (3.22), (3.43) and (3.45) for the 

sharp-edge structures and Eq. (3.23) for round structures. For the trapezoid with φ = 65˚, 
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energy barrier forms at W3, where the external TPCL locates, when APCA is between θY 

and θY + φ, and at W2 when APCA is between θY – φ and θY. When φ increases to 90˚, the 

upper limit of APCA for the energy barrier increases to 180˚ because the critical APCA, θY 

+ φ (at W3), exceeds 180˚. As φ increases to 115˚ for an inverted trapezoid, the lower limit 

of APCA decreases to 0˚ since the critical APCA, θY – φ (at W2), is below 0˚.  

 

Figure 3.12. The forming conditions of energy barrier for (A) trapezoid, (B) rectangle, (C) 

inverted trapezoid, and (D) the round structures in noncomposite state (θY = 95˚; EB: energy 

barrier). 

For circular structure, the variation of free energy from W1 to W2 is curved because the 

round surface has continuously varying inclination angle against horizontal plane; energy 

barrier may form at every structure because a local minimum of free energy at θo = θA + 

(180˚– θY) exists within W1-W2. For the elongated circle, the forming conditions of energy 
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barrier are the same: the local minima of free energy are at θo = θA +(180˚– θY), which lies 

in W3-W4 when θA > θY and W1-W2 when θA < θY. 

Figure 3.13 shows the magnitude and forming conditions of energy barrier considering 

the geometry constraints. For the sharp-edge structures, the APCA ranges for energy barrier 

are independent on the geometry constraints: [θY, 180˚] for composite state and [θY – φ, θY 

+ φ] for noncomposite state. In composite state, droplet sits on the top surfaces (C1-C2) of 

structures, so the movement of the external TPCL is not limited by the geometry constraints. 

In noncomposite state, energy barrier forms at W3 and W2 when APCA is in the range of 

[θY, θY + φ] and [θY – φ, θY], respectively. Even though the exterior TPCL is limited by the 

geometry constraints, it can still encounter the energy barrier at W3 for large APCA, i.e., 

around θY + φ, as shown in Figure 3.13(B), and at W2 for small APCA, i.e., θY– φ. However, 

the APCA range may be discontinuous as shown in Figure 3.9: for hydrophobic materials, 

an ICA more than 180˚– φ/2 causes a monotonical variation of free energy when APCA is 

between [360˚– θY – φ, θY] based on Eqs. (3.22), (3.43), (3.45) and Figure 3.6. Similarly, for 

hydrophilic materials, an ICA below φ/2 results in a monotonical variation of free energy 

when APCA lies between [θY, φ – θY]. For round structures, the APCA range decreases to 

[10˚, 171˚] for circle and [17˚, 165˚] for elongated circle. The reduction is due to the short 

gap distance between adjacent structures, preventing the exterior TPCL from reaching the 

local minimum at θo = θA + (180˚– θY). 

In summary, the round structures extend the range of APCA, especially the lower limit, 

that forms energy barrier in composite state. This indicates that round structures may cause 

higher contact angle hysteresis along the direction perpendicular to the surface structure in 

developing superhydrophobic surfaces. In noncomposite state, the re-entrant structures, i.e., 

inverted trapezoid and round structures, can increase the APCA range for energy barrier. 

This result can guide the development of “rose petal” effect for applications such as water 

harvesting [135] and droplet transportation [136]. 
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Figure 3.13. The magnitudes of energy barrier in the (A) composite and (B) noncomposite 

states. 

In Figure 3.13, both advancing (solid line) and receding (dash line) energy barriers are 

presented. In composite state, the energy barriers increase toward the moving direction of 

liquid front because of the monotonically increased ∆LLV1. Based on Eq. (3.2), LLV1 and LLV2 

dominate the change of free energy per unit depth, so the magnitude of energy barrier is 

mostly influenced by ∆LLV1 since ∆LLV2 is constant. From Eq. (3.26), 
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where the right side is proved positive for θA in the range of [0, π], so ∆LLV1 monotonically 

increases with R2. The trapezoid and circle show relatively greater advancing energy barrier, 

resulting from the longer distance of C2-C1ʹ (a local minimum at C2), while their smaller 

receding energy barriers are derived from the shorter distance of C1-C2. In noncomposite 

state, the inverted trapezoid shows relatively greater energy barriers in both advancing and 

receding directions. The round structures have similar energy barriers because of the same 
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forming conditions of energy barriers. In addition, the cusps in Figure 3.13 (B) result from 

that the geometry constraints also vary with the APCA. 

Figure 3.14(A) presents the variation of free energy per unit depth with the penetration 

depth in wetting transition given that the APCAs equal to the ECAs in the composite state, 

which are calculated to be 153˚, 129˚, 113˚, 138˚, and 112˚ for trapezoid, rectangle, inverted 

trapezoid, circle, and elongated circle, respectively, using Eqs. (3.17)-(3.18). As the internal 

TPCLs move from T1 to T2, an energy barrier forms for the rectangle, inverted trapezoid, 

and round structures because free energy increases according to Eq. (3.47). Moreover, the 

energy barrier for the re-entrant structures, i.e., inverted trapezoid and round structures, is 

greater because of the increased liquid-vapor interface under the droplet with penetration 

depth. From T2 to T3, the liquid-vapor interface under the droplet suddenly disappears, 

causing a reduction of free energy for all structures. Conversely, the wetting transition from 

noncomposite to composite needs to overcome this energy difference between T2 and T3. 

 

Figure 3.14. (A) Variation of free energy per unit depth in wetting transition at the ECAs 

in the composite state; (B) the stability of wetting states for the sharp-edge structures with 

varying internal angle and ICA (l1 = 10 μm, l2 = 4 μm, h = 3 μm). 

Figure 3.14(B) presents the stability of wetting states for the sharp-edge structures. The 

two critical (dashed) lines are plotted by substituting structure parameters into Eqs. (3.47) 

and (3.50) by ignoring the change of APCA in wetting transition. Depending on the relative 
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sizes of free energy per unit depth at T1, T2, and T3, the whole map is divided into stable 

noncomposite, metastable and stable composite regions. In the stable noncomposite region, 

free energy decreases from T1 to T3, so noncomposite state is energetically favored. In the 

metastable composite region, noncomposite state is more stable than composite state but 

the wetting transition from composite to noncomposite state needs to overcome an energy 

barrier. In the stable composite region, composite state is thermodynamically more stable. 

Practically, the area of the stable composite region is discounted because a material with 

θY above 120˚ is rarely found [137]. For the round structures, two regions, i.e., metastable 

and stable composite regions, exist based on Eqs. (3.47) and (3.51) by ignoring the sagging 

effect. In both regions, an energy barrier forms in transition to noncomposite state for the 

increased free energy from T1 to T2. In reverse, there is also an energy barrier for transition 

from noncomposite to composite state due to the increased free energy from T3 to T2. 

3.5 Summary 

This chapter reports an integrated thermodynamic model, which relates system free energy 

to the continuous movement of three-phase contact lines, for five parallel structures based 

on geometric transformation. Earlier works [125, 126] reported the initiating and ending 

conditions of free energy barriers for inclined surfaces. In this work, the forming conditions 

of energy barriers for the sharp-edge and round structures are derived from the integrated 

model, and validated with experimental data from our lab and existing model. The specific 

results and implications are as follows. 

(1). For sharp-edge structures with an internal angle φ and intrinsic contact angle θY, the 

initiating and ending APCAs for energy barriers in noncomposite state are θY + φ and 

θY – φ, respectively. Therefore, increasing φ can expand the APCA range for forming 

energy barrier. However, the APCA range may be discontinuous when θY is smaller 

than φ/2 or larger than 180˚– φ/2. 

(2). For round structures in noncomposite state, an energy barrier may form for every 

structure at θA +(180˚– θY) because the round surface has continuous inclination angles 



57 

 

with respect to the horizontal plane. However, the geometry constraints can decrease 

the APCA range for energy barriers to [10˚, 171˚] for the structure parameters of this 

work. Increasing the gap or reducing the height of the structure can relax the geometry 

constraints. 

(3). In practice, round structures, e.g., aligned electrospun microfibers (with a mean radius 

of 0.9 μm), are able to pin the droplet at the first advancing energy barrier. Metastable 

contact angles greater than 150˚ are feasible. Therefore, surfaces patterned with round 

structures can achieve large contact angle with high contact angle hysteresis. These 

findings are helpful in developing rose petal effect for applications like microdroplet 

transportation and water harvesting. 

Overall, this work provides insights into the interfacial behavior, especially in metastable 

state, of wetting rough surfaces. The integrated model can guide the design of structures to 

control surface wettability. However, the relationship between metastable contact angles 

and the magnitude of energy barrier is unknown. Therefore, quantifying the influences of 

energy barrier on metastable contact angle is needed in future work. Moreover, analyzing 

the energy barriers for hierarchically roughened fibers deserves attention in the future. 
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Chapter 4 Developing Superhydrophobic Surfaces with 

“Rose-Petal” Effect using Aligned Electrospun Fibers 

4.1 Introduction 

Superhydrophobic surfaces with rose-petal effect, also referred to as petal-effect surfaces, 

show contact angles greater than 150˚ and high droplet adhesion, which can pin the droplets 

even by turning upside down [8]. The petal-effect surfaces have such potential applications 

as in droplet transportation [18], lap-on-chip device [19], single molecule spectroscopy [20]. 

Petal-effect surfaces can be fabricated using chemical etching [138], electroless galvanic 

deposition [136], plasma reactive ion etching [20], and electrospinning [101]. Among them, 

electrospinning is a versatile technology to develop sufficient surface roughness for petal-

effect surfaces by fabricating micro- and nanofibers. In contrast to subtractive manufacturing, 

electrospinning has little destruction on the surface to be modified. 

Detailed electrospinning-based methods for the fabrication of petal-effect surfaces have 

been introduced in Section 2.3.3. In brief, petal-effect surfaces are produced by either one-

step electrospinning [99-102] or electrospinning followed by post treatments [93, 103]. The 

high contact angle, i.e., greater than 150˚, is realized by the surface roughness generated by 

fibers or beads; the high adhesion is achieved by droplets penetrating into inter-fiber spaces, 

resulting in increased liquid-solid contact interface. However, a fundamental understanding 

of achieving fiber-based petal effect by controlling fiber morphology is still lacking. 

The fiber morphology parameters, including fiber diameter, inter-fiber distance, and fiber 

orientation, can influence the surface wettability as reported by earlier experimental studies. 

For example, decreasing poly(caprolactone) (PCL) fiber diameter from 2.2 μm to 0.58 μm 

increases contact angle from 119˚ to 129˚ [61]; decreasing the inter-fiber distance of nylon-

11 nanofibers by increasing the surface coverage rate of fiber from 0.7% to 20% increases 

contact angle from 70˚ to 124˚ [63]; compared to randomly distributed fibers, directionally 
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aligned polystyrene (PS) fibers show greater contact angle hysteresis of 57˚ than 34˚ [71]. 

A few theoretical works have studied the wetting on fibrous surfaces while most of them 

are focused on the stability Cassie-Baxter (CB) state to guide the design of lotus effect. For 

instance, Rawal [139] built an analytical model relating fiber parameters with the stability 

of CB state for randomly distributed fibers; Bucher et al. [140] modeled the critical hydro-

static pressure of the CB state for aligned fibers using numerical simulation. However, as 

reported by Meng et al. [114], droplets on fibers-dressed surfaces can be pinned by the free 

energy barriers in the Wenzel state, resulting in a higher contact angle than the ECA. Thus, 

the CB state may not be necessary in developing petal-effect surfaces. 

Therefore, the objective of this research is to strategically approach petal effect based on 

the understanding of the influence of fiber morphology on the surface wettability. A strategic 

approach enables to achieve petal effect with less fibers than that by random deposition, so 

less impact, such as reduction of transparency and air permeability, is caused to the original 

surfaces. Aligned electrospun fibers are used herein for the simplicity in leveling the contact 

interface and quantifying fiber parameters. Accordingly, the rest of this chapter is organized 

as follows. Section 4.2 introduces the experimental methods for fabricating aligned fibers, 

and characterizing fiber morphology and surface wettability; a theoretical wetting model is 

built based on the integrated model in Section 3 to help understand the wetting behavior on 

surfaces dressed by aligned fibers. Then Section 4.4 experimentally studies the influence of 

fiber parameters on the wettability of surfaces dressed by aligned fibers with explanation 

of mechanism based on the wetting model; petal-effect surfaces are developed considering 

the influence of fiber morphology. 

4.2 Methods 

4.2.1 Materials 

Polystyrene (PS, MW=280 kDa, ICA=95˚ [114]) and N,N-Dimethylformamide (DMF, ACS 

reagent, ≥99.8%) are purchased from Sigma Aldrich, US. All chemicals are used as received 
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without any purification. It is worth noting that this thesis selected PS as an example. Other 

polymers such as PVDF and PMMA may also be used to develop petal effect. Transparent 

tape, with a water contact angle measured to be 97˚, is supplied from Wisdom Electronics 

Inc. Deionized water is used for contact angle measurement. 

4.2.2 Fabrication of aligned fibers 

Aligned fibers are fabricated as follows. First, 3.2 g of PS pellets is dissolved in 10 mL of 

DMF to prepare a 32% (w/v) PS/DMF solution. Then the polymer solution is transferred to 

a syringe connected to a metallic needle (22 gauge) for electrospinning: the solution feeding 

rate is 0.8 mL/h; the applied voltage is 13.5 kV; the distance between collector and needle 

tip is 10 cm. A rotating fin collector, as shown in Figure 4.1, with a rotating speed of 3100 

rpm is used to align fibers. The alignment of fibers was driven by the mechanical stretching 

exerted by the rotating collector and the electrostatic force between the adjacent fins [141]. 

Transparent tapes are attached to the collector, so aligned fibers are deposited on the tapes 

in electrospinning. To fabricate fibers with a greater diameter, 36% (w/v) PS/DMF solution 

and accordingly voltage of 13.0 kV are used. The electrospinning time varies from 1 to 30 

seconds to control inter-fiber distances. After electrospinning, fibers are dried in a vacuum 

oven to remove residual DMF. 

 

Figure 4.1. Schematic of electrospinning with a rotating fin collector 

4.2.3 Characterization of aligned fibers 

The fiber morphology is characterized using a field-emission scanning electron microscope 

(Zeiss Leo 1530) at 5.0 kV. SEM images at magnifications of 1.0-2.0kX are analyzed by 
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ImageJ, an image processing software, for fiber diameter. In addition, an optical microscope 

(Swift SW380B, USA) with a digital in-lens camera is used to capture images of the fibers 

at low magnifications of 40-1,000X. These images are then analyzed using Swift Imaging 

3.0 software to determine the average center-to-center inter-fiber distance. 

Then the apparent contact angles of the prepared fiber-dressed surfaces, with varying fiber 

diameters and inter-fiber distances, are measured using a contact angle goniometer (Ossila 

Ltd., UK) with sessile drop method: a 2 μL water droplet with standard deviation of 0.04 μL 

is generated by a 10 μL syringe (minimum graduation of 0.2 μL) with a gauge 32 stainless 

steel needle; then the 2 μL droplet is gently deposited onto the testing surfaces at a height 

of 1.5 mm; the measurement process is video recorded and the image for measuring contact 

angle is captured from the video 5 seconds after the droplet is deposited. 

4.2.4 Theoretical analysis 

A theoretical model is built based on Chapter 3 by treating fibers as circular structure with 

a smooth surface (or negligible surface roughness), to help understand the wetting behavior 

on surfaces dressed by aligned fibers. The wetting state of a droplet on a rough surface can 

be either composite or noncomposite. In this chapter, the droplet is expected to be in the 

noncomposite state because the inter-fiber distance, l, is much larger than the fiber radius, 

r,. Specifically, Figure 4.2 shows the geometry of fiber structure that causes a noncomposite 

state because of the sagging of underneath liquid-vapor interface onto the substrate. The 

relationship between r and l for a specific droplet volume is provided as follows. 

 

Figure 4.2. Fiber structure for a noncomposite wetting state by sagging effect. 

To ensure a noncomposite state, the lowest point of the sagged liquid-vapor interface in 
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Figure 4.2 should have touched the bottom substrate even if there is no external perturbation 

to the three-phase system. Therefore, the following relationship should hold, 

 3 icosL r r = +   (4.1) 

where L3 is the sagging depth of liquid-vapor interface, and θi is the angle representing the 

location of internal three-phase contact line (TPCL) on fiber, as shown in Figure 4.2. 

Based on the geometry relationship in Figure 4.2, we can obtain Eqs. (4.2) and (4.3). 

 2 2

3 1 1 1L R R L= − −   (4.2) 

 ( )i Y 1 1π arcsin L R = − +   (4.3) 

where R1 is the radius of the sagged liquid-vapor interface; θY is the intrinsic contact angle 

of fiber; L1 is the horizontal distance between the internal TPCL and the lowest point of the 

sagged interface. Substituting Eqs. (4.2) and (4.3) into (4.1) gives, 

 ( )( )( )2 2

1 1 1 Y 1 11 cos π arcsinR R L r L R− − = + − +   (4.4) 

Solving Eq. (4.4) gives the L1, which can be substituted into Eqs. (4.3) and (4.5) for l. 

 1 22 sinL l r = −   (4.5) 

Then the relationship between r and l for noncomposite state is obtained.  

Figure 4.3 shows the schematic of a liquid droplet on a surface dressed by aligned fibers 

in noncomposite state. The fiber can be treated as the circular structure in Figure 3.1(B-1).  

 

Figure 4.3. Schematic of a droplet on a surface dressed by aligned fibers in noncomposite 

state. 
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For a surface patterned by fibers with an inter-fiber distance of l and a fiber radius of r, 

Eq. (3.4) can be specified into Eq. (4.6). 
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where S is the constant [122, 134] cross-section area of droplet; θA is the apparent contact 

angle (APCA); R2 is half of the basal contact width and can expressed using n, θ0, and s, 

which are used to locate the external TPCL, as follows. 

 ( )2 o2 1 2 sinR n l r s= − − +   (4.7) 

Then Eq. (3.8) can be specified into Eq. (4.8). 
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where E is the free energy of the three-phase system per unit depth; γLV is the liquid-vapor 

surface tension; θY1 and θY2 are the intrinsic contact angles of the fibers and the substrate, 

respectively. Eqs. (4.6-4.8) are the wetting model that relates free energy to the movement 

of the exterior TPCLs, which relates to APCA, on a surface dressed by aligned fibers.  

4.3 Results and discussion 

Figure 4.4(A-B) present the typical optical microscope images of the produced aligned PS 

fibers using 32% and 36% (w/v) PS/DMF solution, respectively. Average inter-fiber distance, 

which is controlled by the electrospinning time as increasing the time decreases the distance, 

is characterized by dividing the covered width of fibers, normal to the alignment direction, 

by the number of inter-fiber spaces. Figure 4.4(C-D) show the SEM images for the aligned 

PS fibers. Each image can only show 2 fibers at maximum because of the sparse distribution. 

Then Figure 4.4(E-F) provide the fiber diameter distribution by measuring more than 30 

fibers for each concentration. As a result, 32% and 36% (w/v) solution generates beadless 

fibers with diameter of 0.9 ± 0.1 μm and 1.8 ± 0.2 μm, respectively, which are used to study 
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the influence of fiber diameter on surface wettability. The solution viscosity increases with 

polymer concentration, resulting in thicker fibers; further increasing polymer concentration 

causes quick solidification of solution out of the spinning needle tip. 

 

Figure 4.4. (A-B) Optical microscope images (40X magnification) of the fabricated aligned 

PS fibers using (A) 32% and (B) 36% (w/v) PS/DMF solution; (C-D) SEM images (2.0kX 

magnification) of (C) 32% and (D) 36% (w/v); (E-F) fiber diameter distribution of (E) 32% 

and (F) 36% (w/v) by measuring more than 30 fibers. 
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For fibers with diameter of 0.9 μm and 1.8 μm, the inter-fiber distance that ensures a 2 μL 

droplet, which is used in experiment, in noncomposite state is calculated to be greater than 

39 μm and 56 μm, respectively, based on Eqs. (4.4) and (4.5). The inter-fiber distances in the 

following study are all greater than 70 μm, so droplets are in the noncomposite state. 

Figure 4.5 shows the influence of fiber diameter (d) on the wettability of surfaces dressed 

by aligned fibers. We focus on that only two fibers are wetted by the droplet, such that the 

results are not interfered by the number and distribution of in-between fibers. The triangle 

and inverted triangle symbols denote the measured APCAs for fibers with d of 0.9 μm and 

1.8 μm, respectively. The black dashed line shows the theoretical equilibrium contact angle 

(ECA), predicted using Eqs. (4.6-4.8) by locating the global minimum of free energy. The 

experimental APCAs deviate from the theoretical ECAs in Figure 4.5, indicating that the 

droplets should be pinned at metastable states. 

 

Figure 4.5. Influence of fiber diameter on the wettability of surfaces dressed by aligned fibers 

(average fiber diameter: 0.9 μm and 1.8 μm; droplet volume: 2.0 μL) 

To explain the metastable state in Figure 4.5, Figure 4.6 shows the variation of free energy 

per unit depth with APCA by substituting fiber parameters of d=1.8 μm, l=1060 μm (as an 
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example to explain the metastable state), droplet volume of 2 μL, θY1=95˚, θY2=97˚ into Eqs. 

(4.6-4.8). The ECA corresponds to the APCA where the global minimum of free energy is 

located. As indicated by the inset of Figure 4.6, an energy barrier, which can hinder the three-

phase system from reaching the global minimum of free energy, is formed at the location 

where fibers are located. As a result, the droplet is pinned at the local minimum of free energy. 

 

Figure 4.6. Variation of free energy per unit depth with APCA and illustration of energy 

barrier (d = 1.8 μm; l1=1060 μm; droplet volume: 2 μL; θY1=95˚; θY2=97˚). 

Based on Figure 4.6, the predicted contact angles for the experimental fiber parameters 

are calculated using Eqs. (4.6-4.8) at the first energy barrier, since only two fibers wetted, 

and plotted as the solid lines in Figure 4.5. The prediction fits with the experimental data 

with a mean difference of 2.9%. Then the influence of d is discussed as follows. 

In Figure 4.5, when l is above 1060 μm, the APCAs for both fiber diameters increase with 

decreasing l if only the energy barrier can pin the droplet from further spreading. The same 

increasing pattern for both fiber diameters is attributed to that the d is much smaller than 

the scale of droplet (< 2 μm vs ~1600 μm), thus APCA is dominated by the basal width of 

droplet according to Eq. (4.6). However, the APCA of 0.9 μm fibers falls to 113˚ and then 

105˚ when l is below 1060 μm because the droplet overcomes the energy barrier and cross 
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the two fibers. In contrast, the APCA of 1.8 μm fibers keeps increasing to 155˚ until l =830 

μm. The difference of the maximum APCAs between the two fibers indicates the difference 

of magnitude of energy barrier. 

Figure 4.7 shows the variation of magnitude of free energy barrier with the basal width of 

droplet (2R2) for different fiber diameters. The magnitude of energy barrier is calculated by 

subtracting the free energy at one metastable state from the following peak of free energy, 

as explained in the inset of Figure 4.6. The basal width of droplet, equals to the l when only 

two fibers are wetted. As indicated in Figure 4.7, the magnitude of energy barrier increases 

with the basal width and d. Specifically, the increment with basal width is essentially due to 

the increased ∆LLV1 as explained in Section 3.4. For the increment with d, the local minimum 

of free energy locates at the same angular position of fiber for different d based on Eq. (3.23), 

but fiber with larger diameter has a greater arc length along the spreading of droplets. Thus, 

the larger maximum APCA for 1.8 μm fiber in Figure 4.5 results from the higher magnitude 

of energy barrier. 

 

Figure 4.7. Variation of magnitude of free energy barrier with the basal width of droplet for 

different fiber diameters (droplet volume: 2 μL; θY1=95˚; θY2=97˚). 
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Figure 4.8 presents the influence of average inter-fiber distance (l) on the wettability of 

surfaces dressed by aligned fibers with an average fiber diameter of 1.8 μm. Specifically, as 

l decreases from 1000 μm to 210 μm, the number of fibers being wetted increases from 2 to 

5. The triangle, inverted triangle, square, and round points denote the measured APCAs for 

wetting 2, 3, 4, and 5 fibers, respectively.  

 

Figure 4.8. Influence of inter-fiber distance on surface wettability (average fiber diameter: 

1.8 μm; droplet volume: 2.0 μL). 

Pinning a droplet at a metastable state indicates that the perturbation energy to the droplet 

is not able to overcome the free energy barrier. At the point A of Figure 4.8, where two fibers 

are wetted and the l is about 1000 μm, the energy barrier induced by the two fibers is greater 

than the perturbation energy, so the APCA of point A can be realized. As we decrease l, the 

magnitude of energy barrier decreases (see Figure 4.7) while the perturbation energy remains 

nearly constant for a given measurement environment. At point B (l~800 μm), the energy 

barrier is very close to (or slightly greater than) the perturbation energy. Further decreasing 

l results in that the droplet overcomes the energy barrier and wets more fiber, i.e., jumping 

from point B to C. From B to C, the basal width of droplet increases from l to 2l, resulting 

a higher energy barrier, but the APCA at point C drops below 120˚. 
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In Figure 4.8, similar variation pattern of APCA as the change from A to B to C can be 

observed for wetting three to five fibers. However, the overall APCAs for three to five fibers 

increase when l is below 800 μm. The reason is attributed to the decreased l from three to 

five fibers: once the energy barrier pinning the droplet is overcome, the following fiber that 

can pin the droplet becomes closer. In other words, more energy barriers are induced by the 

denser fibers to attenuate the perturbation energy to the droplet. In addition, the maximum 

APCAs for wetting three to five fibers are nearly fixed around 155˚ because of the nearly 

constant perturbation energy to droplets. At the maximum APCA, the perturbation energy 

is very close the energy barrier, which is only determined by the basal width of droplets for 

a given fiber diameter (see Figure 4.7). Thus, the basal width is similar due to the constant 

perturbation energy, resulting in a nearly fixed maximum APCA. 

Based on the results in Figure 4.5 and Figure 4.8, it can be concluded that, in noncomposite 

state, increasing fiber diameter and reducing inter-fiber distance can increase the APCA of 

surfaces dressed by aligned fibers. These findings can guide the development of petal-effect 

surfaces in the next. However, the fiber diameter here is hard to be further increased because 

ensuring fiber alignment needs a high rotating speed of the electrospinning collector, which 

reduces fiber diameter because of the extra stretching of fibers on collector. Therefore, we 

reduce the inter-fiber distance for petal effect. 

Figure 4.9(A) shows the APCA of fibers (d = 1.8 μm) with inter-fiber distance l varying 

from 70 to 1000 μm. When l lies between 160-1000 μm (solid inverted triangles), less than 

eight fibers are wetted and the APCA varies in the range of 118˚-156˚. As l decreases below 

130 μm (solid triangles), eight or more fibers are wetted, resulting in an APCA range of 

150˚-156˚. The stable APCA for l < 130 μm is attributed to the multiple free energy barriers 

induced before the pinning location. Moreover, the same highest APCA of 156˚ for l varying 

in 160-1000 μm and 70-130 μm is determined by the environment perturbation. 

Furthermore, the adhesion of fiber-dressed surfaces (d = 1.8 μm and l <130 μm) to water 

droplet is characterized by tilting the surfaces after deposition of water droplets. As a result, 
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droplets can adhere to all the surfaces by turning the surfaces upside down. Figure 4.9(B) 

shows that the high adhesion enables to turn the fiber-dressed surface with a droplet having 

a contact angle of 156˚ upside down. After turning back, the basal width and the APCA of 

the droplet remain unchanged. The high adhesion is attributed to liquid droplet penetrating 

into the spaces between adjacent fibers, resulting in a high liquid-solid contact area. 

 

Figure 4.9. (A) The apparent contact angle of fiber-dressed surfaces with inter-fiber distance 

varying from 70 μm to 1000 μm (average fiber diameter: 1.8 μm; droplet volume: 2.0 μL); 

(B) Illustration of rose petal effect by turning the surface with a droplet upside down. 

4.4 Summary 

This research studied the influence of fiber parameters on the wettability of surfaces dressed 

by aligned fibers and developed petal-effect surfaces with a strategic approach. Based on 

this research, the following conclusions can be reached. 

(1). A thermodynamic model relating free energy with the apparent contact angle (APCA) 

on the surfaces dressed by aligned fibers is built. Free energy barriers can pin a droplet 

at metastable states, resulting in higher APCAs than the equilibrium contact angle. The 

model indicates that the magnitude of energy barrier increases with the fiber diameter 
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and basal width of droplets. 

(2). Aligned polystyrene fibers with diameter of 0.9 μm and 1.8 μm and varying inter-fiber 

distance from 80 μm to 1450 μm are produced using one-step electrospinning. At large 

inter-fiber distance, > 800 μm, where two fibers can pin a 2 μL droplet from spreading 

to equilibrium state, the maximum APCA of the 1.8 μm fibers is 155˚, compared to that 

of 147˚ for 0.9 μm fibers. The greater APCA is due to the higher magnitude of energy 

barrier for 1.8 μm fibers. 

(3). When the inter-fiber distance is below 800 μm, two 1.8 μm fibers are unable to pin the 

droplet because of the reduced energy barrier with inter-fiber distance, so three fibers 

are wetted with APCA reducing below 120˚. Similar variation of APCA by reducing 

inter-fiber distance are observed for three to five fibers. However, the overall APCAs 

increase because more energy barriers are induced to attenuate the perturbation. 

(4). Superhydrophobic surfaces with rose-petal effect are created using aligned fibers with 

a diameter of 1.8 μm and inter-fiber distance between 70 μm and 130 μm. The APCAs 

of the fiber-dressed surfaces are in a range of 150˚-156˚, and droplets can adhere to the 

surfaces by turning the surfaces upside down. The basal width and the APCA of the 

droplet are unchanged after turning back. 

However, it should be noted that the fabrication of the petal effect surfaces using aligned 

fibers is still in a laboratory scale. The rotating fin collector and the single spinneret used in 

this thesis can result in a low production rate, which is hard to satisfy industrial demand. 
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Chapter 5 Developing Superhydrophobic Surfaces with 

“Lotus” Effect using Aligned Porous Fibers* 

5.1 Introduction 

Superhydrophobic surfaces with lotus effect, also termed as lotus-effect surfaces [142, 143], 

are featured with a high water contact angle (> 150˚) and a low roll-off angle (< 10˚) [144]. 

The lotus-effect surfaces have a variety of applications in developing functional materials 

including self-cleaning [108], anti-corrosion [15], anti-icing [16]. 

Surface roughness is necessary for developing a lotus-effect surface since a material with 

intrinsic contact angle greater than 120˚ is rarely available [137]. For the wetting on a rough 

surface, droplets can be in Wenzel [42] or Cassie-Baxter (CB) [41] state. Compared to the 

Wenzel state, droplets in the CB state have less contact area with solids, resulting in lower 

adhesion to the surfaces and thereby a lower roll-off angle. Therefore, CB state is preferable 

for creating lotus-effect surfaces. 

Lotus-effect surfaces can be fabricated by a few techniques including lithography [21], 

chemical etching [22], laser micromachining [24], and electrospinning [25]. Electrospinning 

is a facile and versatile technique to generate continuous micro- and nano-fibers by applying 

a high voltage on a viscous polymeric solution. The generated thin fibers can increase surface 

roughness, enabling electrospinning to be an efficient method for developing lotus-effect 

surfaces. In addition, different from methods such as chemical etching, laser micromachining 

that need to subtract materials from surface, electrospinning modifies surface wettability by 

introducing new materials, resulting in less impact on the original surface. 

A few electrospinning-based methods are developed for producing lotus-effect surfaces, 

which have been introduced in Section 2.3.1 and 2.3.2 of this thesis. Briefly, these methods 

 

* The contents have been accepted for publication in Advanced Materials Interfaces. 
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are classified into one-step electrospinning and electrospinning followed by post treatments. 

However, current electrospinning-based methods for developing superhydrophobicity often 

require complex fabrication processes and multiple raw materials, which increase the overall 

cost and hinder them from broad implementation. For example, synthesizing and applying 

low surface energy polymers into the electrospinning solution [31, 97], adding nanosized 

additives to the fiber surface [28, 87], and various post-treatments to incorporate a secondary 

material, such as PPFEMA [33, 61], DMDCS [91], and DTMS [29], with desired surface 

energy are commonly reported in the literature.  

Moreover, there is a lack of a strategic approach to superhydrophobicity by electrospun 

fibers. Current theoretical works have limited ability in guiding the development of super-

hydrophobic electrospun structures because either the works are limited to only studying 

the stability of wetting state or the theoretical structures are difficult in replicating because 

of oversimplification of the fibrous structures in developing model. For example, Rawal 

[139] developed an analytical model relating fiber parameters with the pressure difference 

across the liquid-vapor interface. Based on the model, the influence of fiber diameter and 

inter-fiber distance on the CB stability is analyzed. Moreover, Emami et al. [145] treated 

fibrous surface as a plane by neglecting the height difference of fibers in different layers to 

explore the influence of fiber orientation on the CB stability. In addition, Onda [146] built 

a model for the equilibrium contact angle (ECA) of fibrous surfaces. Fibrous structure is 

treated as a porous film, so the ECA is related to volume porosity, film thickness, etc. 

Therefore, the objective of this study is to develop a superhydrophobic electrospun fibrous 

structure by a strategic approach based on the understanding of droplets wetting behavior 

on fibrous structures. Uniaxially and biaxially aligned porous polystyrene (PS) fibers are 

studied because such structure may assist in achieving the lotus effect, due to (1) the porous 

fiber surface reduces the contact area between fibers and droplets (since the nanopores on 

the fiber surface can resist liquid from penetration due to the intrinsic hydrophobicity of PS 

and the closed pore [147]), facilitating the movement of droplet by reducing the resistance; 
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(2) the alignment serves as a track to facilitate droplet rolling at a low tilting angle. 

Accordingly. the rest of this chapter is organized as follows. Section 5.2 introduces the 

experimental methods for fabrication of uniaxially and biaxially aligned porous fibers, and 

characterizations of fiber morphology and hydrophobicity. Section 5.3 builds a numerical 

model using Surface Evolver to determine the wetting state of droplets on the fiber-dressed 

surfaces. Section 5.4.1 provides the morphology of the fabricated fibers. The experimental 

wetting behaviors on the uniaxially and biaxially aligned porous fibers, presented in Section 

5.4.2, are explained in Section 5.4.3 based on the numerical simulation. Then Section 5.4.4 

develops a lotus-effect surface by a strategic approach considering the influences of fiber-

surface pores and liquid-fiber contact area. Finally, Section 5.5 summarizes this chapter. 

5.2 Experimental methods 

5.2.1 Fabrication of aligned porous fibers 

Aligned porous fibers are produced by electrospinning as follows. First, a polymer solution 

is prepared by dissolving 1.9 g of polystyrene (PS, obtained from Sigma-Aldrich, US, with 

a molecular weight of 280 kDa and an intrinsic water contact angle of 95˚) into 10 mL of 

tetrahydrofuran (THF, obtained from Sigma-Aldrich, US, ACS reagent grade ≥ 99%). The 

THF has a low boiling point at 66℃, such that its quick evaporation in electrospinning can 

help to create pores on fiber surfaces by breath figure [68]. Then, the PS solution is loaded 

into a syringe with a 22 gauge metallic needle for electrospinning with the solution feeding 

rate of 4.4 ml/h, the applied voltage of 6 kV, and the needle tip to collector distance of 10 

cm. A rotating fin collector covered with transparent tape is used to collect the uniaxially 

aligned fibers. The collector rotates at a speed of 450-1,000 r/min and the deposition time 

is between 30-270 s. The transparent tape has an intrinsic contact angle of 95˚. The relative 

humidity (RH) of the air inside the electrospinning chamber is controlled between 40% and 

80% by a portable humidifier (Sparoom, US) to create pores on fiber surfaces. Finally, the 

biaxial structures are produced by rotating the tape 90˚ for depositing the upper-layer fibers. 
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5.2.2 Characterization of fiber morphology  

The morphology of the prepared electrospun fibers is characterized using a field-emission 

scanning electron microscope (SEM, Zeiss Leo 1530, Germany) at 5.0 kV. SEM images at 

low magnification of 500X and high magnifications of 10-20kX are analyzed by ImageJ 

software to measure fiber diameter, and pore size and pore area fraction, respectively, of 

the produced fibers. In addition, an optical microscope with a digital in-lens camera (Swift 

SW380B, USA) is used to capture images of the produced fibers at low magnifications of 

40-1,000X. These images are then analyzed using Swift Imaging 3.0 software to determine 

the average center-to-center inter-fiber distance. 

5.2.3 Characterization of surface wettability 

The contact angle (θA) and roll-off angles (αr) of the fiber-dressed surfaces are measured 

using a contact angle goniometer (Model 250, ramé-hart instrument, US) with the sessile 

drop method. Deionized water droplets with a volume of 3 μL, unless otherwise specified, 

are generated by an automated dispensing system of the goniometer and mounted on the 

testing surfaces. The contact angles along the fiber direction are measured from the images 

captured by the ramé-hart DROPimage Advanced software. After that, the roll-off angle is 

determined by tilting the sample platform of the goniometer in the direction that droplets 

roll along the fiber direction. The contact angle and roll-off angle of each tested surface are 

measured 3-5 times, and average values are presented with standard deviation. 

5.3 Model development 

The model developed in this study determines the wetting state of water droplets on a fiber-

dressed surfaces since the wetting behaviors of the droplet are closely related to the wetting 

state. A droplet can either fully or partially penetrate into the inter-fiber spaces, resulting in 

different contact angle and roll-off angle. Specifically, full penetration refers to the droplet 

touching the underneath substrate and filling all the inter-fiber spaces, i.e., in Wenzel state. 

Partial penetration means that the penetrated droplet stops at a certain layer of fibers and 
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creates an air pocket between the bottom of the droplet and the underneath substrate. If the 

droplet stops at the top-layer fibers, it is noted as the Cassie-Baxter (CB) state. 

The wetting state of a droplet on the fiber-dressed surface is controlled by its free energy 

G. The penetration of a liquid into the inter-fiber spaces may stop at a state where G is locally 

or globally minimized. The calculation of G is expressed as Eq. (5.1) [148]. 

 
LF LS

LV Y,F Y,S

LV

cos cos
A A

G
A dA dA 


= − −    (5.1) 

where A and γ are the surface area and surface tension, respectively; subscripts L, V, and F 

denote to liquid, vapor, and fiber, respectively; θY,F and θY,S are the intrinsic contact angles 

of the porous fiber and the substrate materials, respectively. The effect of gravity on droplet 

deformation is ignored since the radius of a 3 μL droplet (~0.89 mm) used in this study is 

smaller than the capillary length of ~2.7 mm [149]. 

Therefore, the free energy of the system, G, is essentially related to ALV, ALF, and ALS as 

shown in Eq. (5.1). The latter three are variables changing with the droplet penetration and 

spreading on a fibrous structure. It brings challenges to analytically solve Eq. (5.1) because 

the liquid-vapor and liquid-fiber interfaces deform to complex geometries when the droplet 

is in contact with fibers (especially for multi-layer fibers). Thus, this study employs Surface 

Evolver (SE, version 2.70) finite element code to numerically solve Eq. (5.1) and predict 

the wetting state by minimizing the total free energy of the surface.  

Figure 5.1 presents the schematic of the initial configuration of a water droplet on either 

uniaxially or biaxially aligned porous fibers for modeling in Surface Evolver. The droplet 

shape is initially set as cubic prior to minimizing total surface energy. The number of fibers 

in contact with the droplet is subject to the droplet volume. For a 3 µL droplet, the number 

of fibers contacted is between 4-30 based on the inter-fiber distance. It should be noted that 

only two fibers are shown in Figure 5.1 to help visualize the contact between droplet and 

fibers. Grid independence is checked by ensuring the variation of G is less than 0.01% after 

each successive refinement. For the biaxially aligned fibrous structure, the lower-layer fibers 
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are set to have one fiber (or two for studying the inter-fiber distance of the lower layer). 

This configuration is deemed adequate for studying the trend of free energy changes during 

the droplet wetting, and it can also save computational costs by avoiding complicated mesh. 

In addition, the length and energy related parameters in the model are normalized to their 

dimensionless forms with respect to dc, and γLV dc
2 [150, 151], respectively. The dc is set as 

5 µm to represents the characteristic diameter of the produced fibers. 

 

Figure 5.1. Initial configuration of a water droplet contacting (A) only fibers and (B) both 

fibers and substrate of uniaxially aligned porous fibers, and (C) the upper- and lower-layer 

fibers of biaxially aligned porous fibers for modeling using Surface Evolver. 

The effect of porous fibers on droplet wetting is approximately considered equivalent to 

that of using smooth fibers with an elevated θY in the modeling since the SE is incapable of 

adding pores to fibers. In detail, the amendment of θY,F is based on a strategy of formulating 

a non-porous surface that has the same energy change as the droplet does on a porous surface. 

For a droplet wetting a porous surface, the change of free energy ΔG is expressed as [148] 

 ( )1 2 2 Y,F
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=  + −  −    (5.2) 

where γLV is the interfacial tension between water and vapor phase; A1 and A2 are the surface 

areas of the outer surface of the droplet and the apparent contact area between the droplet 

and the substrate, respectively; f is the fraction of the actual surface wetted area over A2; a 

porous surface with a higher porosity means a smaller f. In contrast, the energy change of 

a droplet wetting a non-porous surface is expressed as 

 '1 2 Y,F
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=  −   (5.3) 
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where θY,Fʹ is the intrinsic contact angle of the non-porous surface. Then, Eqs. 5.2 and 5.3 

give Eq. 5.4 when ΔG on the porous and non-porous surfaces are the same. 

 ( )Y,F Y,F'arccos cos 1f f = − +   (5.4) 

5.4 Results and discussion 

5.4.1 Electrospun fiber morphology 

Figure 5.2(A-D) show the surface morphology of the electrospun fibers produced at different 

RH. The results demonstrate the porous nature of fibers. The largest pore size of 180 ± 49 

nm is obtained for electrospinning at the highest RH of 80%. As the RH reduces to 60%, 

50%, and 40%, the pore size reduces to 160 ± 31 nm, 93±22 nm, and 77±16 nm, respectively. 

Furthermore, the fraction of the fiber surface occupied by pores (fp) is related to the size of 

the pores. Thus, fp also decreases from 51% to 34% with reducing RH for electrospinning. 

Additionally, it is also worth noting that increasing the speed of collector to more than 1000 

rpm can alter the pore shape from approximate circle to oval because of the extra stretching 

to the fibers by the collector. 

The formation of pores on fiber surfaces at a high RH fabrication environment of 40-80% 

is explained as follows [68, 152]. In electrospinning, the THF solvent in the ejected fibers 

evaporates to solidify the PS solute and form elongated fibers under an electric field. At the 

same time, the evaporation of THF is quick enough (due to its relatively low boiling point 

of 66℃) to considerably reduce the fiber temperature, leading to the condensation of water 

vapor into droplets from the ambient air. Eventually, these condensed droplets result in the 

formation of the surface pores, because they occupy spaces before the ejected fiber is fully 

solidified (PS is hydrophobic and not soluble in water). This also explains the observation 

of bigger pore size and greater fp for fibers fabricated at higher humidity, as it facilitates the 

condensation of water vapor onto the fiber surface during electrospinning. It is worth noting 

that the vapor-induced phase separation is not accounted for the pore formation because the 

compositional path of the PS solution stays in the homogeneous region in the ternary phase 
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diagram of H2O/THF/PS [152]. 

 

Figure 5.2. SEM images of the aligned porous fibers electrospun at (A) 80%, (B) 60%, (C) 

50%, and (D) 40% relative humidity, and optical microscope images of 40X magnification 

for surface dressed by (E) uniaxially and (F) biaxially aligned porous fiber. 

Figure 5.2(E-F) present the optical microscope images of the surfaces dressed by porous 

fibers, which shows that the fibers are directionally aligned. The average inter-fiber distance 

is obtained by dividing the covered width of fibers, normal to the alignment direction, by the 

number of inter-fiber spaces. In this study, the inter-fiber distance, ranging from 10 to 90 μm, 

is controlled by the electrospinning time as increasing the time decreases the distance. 

5.4.2 Wetting behavior of surface dressed by aligned porous fibers 

Figure 5.3 shows the preliminary experimental results for comparing the hydrophobicity of 

porous and non-porous fibers. The contact angle θA and roll-off angle αr are measured on 



80 

 

substrate surfaces (i.e., glossy side of an adhesive tape) dressed by uniaxially aligned fibers. 

The fiber diameters and inter-fiber distances of all samples are in the range of 6.2-8.9 µm 

and 25.3-29.5 µm, respectively. Maintaining these two parameters within a relatively narrow 

range is advantageous in highlighting the influence of pores on hydrophobicity.  

 

Figure 5.3. Comparison of hydrophobicity of surfaces dressed by uniaxially aligned fibers 

with and without pores 

The results in Figure 5.3 show the advantage of porous fibers in improving hydrophobicity. 

Increasing the average pore size from 0 to 180 ± 49.0 nm (corresponding to increasing the 

fraction of the fiber-surface area occupied by pores from 0 to 34-51%), leads to increasing 

contact angle from 134 ± 2˚ to 152 ± 1˚ and decreasing roll-off angle from 54 ± 4˚ to 30 ± 3˚. 

This improvement in hydrophobicity is attributed to the increase of the total liquid-vapor 

contact area when the droplet contacts fibers with greater pore area. Then, the observed θA 

increase can be explained by the CB equation [41]: 

 A 1 Y 2cos cosf f = −   (5.5) 

where f1 and f2 represent the area fractions of the liquid-solid and liquid-vapor interfaces, 

respectively, over the unity parallel plane area of a rough surface. θY is the intrinsic contact 

angle of the solid material. In this study, the sum of f1 and f2 is assumed to equal to 1, given 

that the cross section of the fiber is essentially an oval-shape with the fiber top having a 
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relatively smaller curvature. This simplification is also adopted by other researchers [27, 

69], who assume the fiber top as a plane for simplicity. Then, Eq. (5.5) is simplified as: 

 ( )A Ycos 1 1 cosf = − + +   (5.6) 

where f is the liquid-solid contact area faction and can be calculated by 

 ( )p t1f Nd f L= −   (5.7) 

where N is the number of fibers across the measured area; d is the average fiber diameter, 

fp is the pore area fraction on fiber surfaces; Lt is the total width from the first to the Nth 

measured fiber. The introduction of fiber pores reduces f and ultimately results in an increase 

in θA, as indicated by Eq. (5.6). The decrease in f also explains the observed decrease in αr 

because liquid contacts more vapor phase, which reduces the friction that impedes droplet 

from rolling. The results in Figure 5.3 concur with the earlier works [33, 69] of developing 

porous surfaces to improve hydrophobicity. So, all fibers are porous in the following studies. 

Then the hydrophobicity of uniaxially and biaxially aligned porous fibers are compared. 

Figure 5.4 shows the measured contact and roll-off angles on surfaces dressed by uniaxially 

(see grey scatters) and biaxially (blue scatters) aligned porous fibers with all fibers having 

an average diameter of 3.95 ± 0.25 µm. The results show that increasing inter-fiber distance 

(l) from about 9 to 18.2 µm in both structures improves the hydrophobicity, as evidenced 

by the increased θA and decreased αr from about 145˚ and 55˚ to 150˚ and 35˚, respectively. 

The increased θA with enlarging l suggests a CB wetting state. Specifically, in the CB state, 

droplets are supported by fibers without touching the bottom substrate. As a result, increasing 

inter-fiber distance in CB state reduces the liquid-solid contact fraction f, thereby increasing 

the θA (see Eq. 5.6). Moreover, this decrease in f also explains the observed decrease in αr 

because decreasing f reduces the liquid-solid contacting fraction, which reduces the friction 

that impedes droplet from rolling. In the rest of this study, this correlation between θA, αr, 

and f is used to interpret changes in hydrophobicity for fiber-dressed surfaces before liquid 

wets the substrate (i.e., hydrophobicity improves with decreasing f, and vice versa). 
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Figure 5.4. Measured contact angle and roll-off angle on surfaces dressed by uniaxially or 

biaxially aligned porous fibers (water droplets with volume of 3 μL). 

The wetting behavior of droplets on these two fibrous structures diverges when the inter-

fiber distance (l) is above 18.2 µm. For the uniaxial structure, further increasing l from 18.2 

µm to 33.5 µm weakens the hydrophobicity, as evidenced by the decrease of θA from 155˚ 

to 130˚ and the increase of αr from 32˚ to a sticky state even at 90˚ tilting angle. This result 

indicates that a wetting transition occurs at l > 18.2 µm for the surfaces dressed by uniaxially 

aligned porous fibers: at this l, the liquid starts filling up some of many inter-fiber grooves 

under the droplet; further increasing l leads to more grooves filled by liquid and eventually 

results in the Wenzel state when the droplet fully wets the underlying substrate. The wetting 

transition weakens hydrophobicity since the liquid-solid contact fraction greatly increases 

once the droplet touches the substrate, enhancing the adhesion between the droplet and the 

covered area. In contrast, this wetting transition is not observed for droplets on the biaxially 

aligned porous fibers for l between 18.2-34 µm: the hydrophobicity continues to improve 

without a sudden change for all the l tested. 

The experimental results are unexpected for the biaxial structure in Figure 5.4. Note that 

the biaxial structure is essentially a stacking of two layers of uniaxially aligned fibers in the 

warp and weft directions, and therefore the droplets on the biaxial structure are expected to 
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behave in the same way as on the uniaxial structure before reaching the lower-layer fibers. 

One would then intuitively expect that the wetting of the biaxial structure would transit to 

a state where the droplet contacts the lower-layer fibers once the l is greater than 18.2 µm. 

The reason is that at this l, the same droplet on the uniaxial structure would have touched 

the substrate. Had the droplet touched lower-layer fibers, the measured θA and αr should 

have suddenly dropped and risen, respectively, because of the increase in liquid-solid contact 

fraction f. This weakening of hydrophobicity is expected to occur, even if it may not be as 

severe as seen in the uniaxial structure when l >18.2 µm. However, the hydrophobicity of 

the biaxial structure maintains an unchanged trend for the tested l range of 8.7 to 34 µm. 

This unchanged relationship suggests that the liquid droplets did not touch the lower-layer 

fibers, i.e., the CB state is maintained. 

In addition, the evidence from the free evaporation of an identical droplet on the biaxial 

structure further confirms that droplet is in CB state for l >18.2 µm without contacting the 

lower-layer fibers. In Figure 5.5, the deformations of liquid edges due to the capillary force 

evidence that the droplet is in contact with upper-layer fibers (see the yellow dot lines). The 

interaction between the droplet and the lower-layer fibers is not observed until the last few 

seconds of the evaporation (the red dot lines). Thus, the evaporating droplet is in CB state 

until the last few seconds. Note that the CB state is more stable prior to evaporation because 

the evaporation is essentially a trigger that weakens the stability of CB state and increases 

the tendency of wetting transition (i.e., evaporation-triggered wetting transition [153]). In 

addition to observing droplet evaporation, an inverted laser scanning confocal microscope 

[154] can also help to confirm the CB state of droplets by directly imaging the underneath 

liquid-vapor interface. 

To understand the mechanism behind the preceding unexpected phenomenon, we map our 

experiment points into the wetting state chart of the uniaxial structure. Figure 5.6 presents 

the wetting states of a 3 µL water droplet on the uniaxial structure with different inter-fiber 

distances (l). The Cassie-Baxter region, i.e., blue region in Figure 5.6, is obtained as follows. 
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Figure 5.5. Images of the final seconds of droplet free evaporation on the biaxially aligned 

porous fibers. 

In wetting transition, the change of free energy (ΔG) can be expressed as follows based 

on Eq. (3.14). 

 ( ) ( )Y,S Y,F Y,F Y,F Y,F

LV

1 cos sin 1 cos
G

l d d f df    



 = − + − − − +    (5.8) 

where θY,F and θY,S denote the intrinsic contact angles of the fiber and the substrate material, 

respectively; d is the fiber diameter, and f is the liquid-solid contact area fraction. The CB 

state dominates when it is thermodynamically more stable than the Wenzel state, i.e., ΔG > 

0, which derives Eq. (5.9). 

 
( )( )Y,F Y,F Y,F

Y,S

sin 1 cos

1 cos

d f f
l

  



+ − −


+
  (5.9) 

Then, substituting the structure parameters and the material properties of the developed 

fibers in this study (i.e., d=3.95 µm, f = 0.5, θY,F = 95˚, θY,S = 95˚) into Eq. (5.9) leads to the 

result of l < 8.2 µm. Finally, this result is used to determine the CB region in Figure 5.6. 

 

Figure 5.6. Experimental data points mapped in a wetting state chart obtained by modeling 
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the uniaxially aligned fibrous structure with a fiber diameter of 3.95 µm. 

In contrast, as simulated by the numerical model in SE, l greater than 107.4 µm (the dark 

grey region in Figure 5.6) results in the Wenzel state because the bottom of the liquid-vapor 

interface reaches the level of the fiber bottom (see the inset in Figure 5.6). Thus, the wetting 

transition from CB to Wenzel state due to sagging effect [9] is expected when in contact 

with the substrate. However, there is a metastable region where the CB state could sustain 

despite being energetically less stable than the Wenzel state [155, 156]. The metastable CB 

state occurs because the additional energy acquired by the droplet from environment cannot 

overcome the free energy barrier between the CB and Wenzel states [157] (as discussed in 

Section 3.2.3). In Figure 5.6, the experimentally observed wetting transition for the uniaxial 

structure falls into the metastable region, which indicates that the energy barrier separating 

the CB and Wenzel states is overcome by the environmental disturbances once l is greater 

than 18.2 µm. Based on this analysis, it can be inferred that the biaxial structure's advantage 

over the uniaxial structure in resisting wetting transition, as observed in Figure 5.4, can be 

attributed to its enhanced energy barrier between the CB and Wenzel states. However, this 

argument still leaves a question of why a droplet is in CB state on the biaxial structure instead 

of a transitional state between CB and Wenzel that touches the lower-layer fibers. Then we 

further map a more detailed energy profile for droplets wetting surfaces dressed by fibrous 

structures in the following section. 

5.4.3 Modeling of droplet wetting fiber-dressed surface 

The model parameters of droplet volume, fiber diameter, and pore area fraction on the fiber-

surface are 3 µL, 4 µm, and 0.5, respectively, which are consistent with those in preceding 

experiment of Figure 5.4; inter-fiber distance l is set as 30 µm because the wetting behaviors 

of droplets on the biaxial and uniaxial structures are notably different for l > 29 µm (shown 

as the blue dotted line in Figure 5.4, droplets are pinned on the uniaxial structure while roll 

off the biaxial structure). The amended θY,F for the PS porous fibers is calculated to be 123˚ 

using Eq. (5.4). 
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Based on the model, we particularly studied the free energy of droplets in CB, Wenzel, 

and two transitional states to map the energy profile for droplet wetting fibrous structures. 

Figure 5.7 shows the variation of free energy in wetting surfaces dressed by aligned porous 

fibers. As illustrated in Figure 5.7(A), State(i) is the transitional state in which the droplet 

just starts to encounter the solids beneath the upper-layer fibers. The solid is the substrate 

surface for the uniaxial structure or the lower-layer fibers for biaxial structure. States(ii) 

represents any transitional states between State(i) and Wenzel state, e.g., State(iiʹ) and (iiʹʹ), 

in which the liquid partially wets the beneath solid. The normalized free energy of the droplet 

at CB, Wenzel and two transitional state is denoted as G
_

CB, G
_

W, G
_

i and G
_

ii, respectively. 

 

Figure 5.7. (A) Illustration of four different wetting states. (B) Energy profile for a water 

droplet wetting uniaxial and biaxial structures, the insets are the wetting states with a local 

minimum of free energy obtained from modeling. 

The grey dash-dot line in Figure 5.7(B) illustrates the mapped energy profile derived for 

wetting the surface dressed by uniaxially aligned porous fibers. The profiled is mapped as 

G
_

i > G
_

CB > G
_

W because the model results identify CB and Wenzel as the wetting states with 

the lowest free energy before and after the droplet touching the substrate, respectively. The 

normalized free energy (with respect to γLV dc
2) difference between CB and Wenzel states 
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is 15,176.4. In addition, the free energy level of State(i) is at the peak because State(i) is a 

transitional state with the largest liquid-vapor interface (see Figure 5.7(A) and Eq. 5.1). This 

energy profile concurs with the experimental results in Figure 5.4 in which the Wenzel state 

occurs on the uniaxial structure with an inter-fiber distance of 30 µm because G
_

W is the 

lowest among all wetting states. 

However, as shown in Figure 5.7(B), the mapped energy profile for wetting the biaxial 

structure is different from wetting the uniaxial structure. The profile is mapped as G
_

i >G
_

ii > 

G
_

CB by dividing the wetting into two consecutive sub-processes, where droplet wets only 

the upper-layer fibers (i.e., sub-process 1), and both the upper and lower-layer fibers (i.e., 

sub-process 2). The sub-process 1 is same as the process wetting the uniaxial structure before 

liquid touches substrate, thereby, we can map G
_

i > G
_

CB. For the sub-process 2, the modeling 

results show that there is a metastable state, i.e., State (iiʹ), soon after State(i) with a local 

minimum G
_

iiʹ, thereby, G
_

i > G
_

iiʹ. The obtained G
_

iiʹ is calculated to be greater than G
_

CB with 

∆G
_

iiʹ-CB =9.7. Furthermore, the energy needed for the droplet to continue wetting the biaxial 

structure beyond State(iiʹ) is larger than the energy at State(i). As an evidence, we identify 

a follow-up state before reaching the underlying substrate, denoted as State(iiʹʹ), with a higher 

free energy than State(i), which is discussed below. 

First, we imposed a constraint on Surface Evolver to limit the normalized wetting length 

(l
_

w) of each contact point between the liquid and lower-layer fibers to a small value of <0.1 

to estimate G
_

i. Then we set l
_

w to be longer than that of State(iiʹ) to estimate the free energy 

of a state that comes after State(iiʹ), i.e., State(iiʹʹ). Figure 5.8 shows the modeling results 

of State(i), State(iiʹ), and State (iiʹʹ) with corresponding cross-section view and l
_

w. The free 

energy of State(iiʹʹ) is already higher than that of State(i) with the normalized ∆G
_

iiʹʹ−i = 7.8, 

even though the lower-layer fiber is not yet fully wetted at State(iiʹʹ). 
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Figure 5.8. Modeling results from Surface Evolver showing three wetting states with cross-

section views. l
_

w is the normalized wetting length between liquid and the lower-layer fiber. 

The energy profile in Figure 5.7(B) for the biaxial structure can explain the unexpected 

phenomenon in Figure 5.4 for inter-fiber distance between 18.2 and 34 µm, that is even if 

the droplet touches the lower-layer fibers of a biaxial structure, the droplet could “restore” 

CB state. To highlight this special phenomenon, we denote this Cassie-Baxter-“restoring” 

process as CaRe wetting. This CaRe wetting occurs on the biaxial structure because (1) the 

overall greater energy barrier to the Wenzel state compared to that for the uniaxial structure 

hinders the droplet from further wetting the lower-layer fibers, and (2) the local minimum 

G
_

iiʹ for the metastable State(iiʹ) is greater than G
_

CB (i.e., ∆G
_

iiʹ-CB =9.7) which allows the 

droplet to reclaim the CB state for being thermodynamically more stable. It should be noted 

that, the porous fiber-surface also contributes to realizing the CaRe wetting because the pores 

in fibers ensure that the water droplet still contacts vapor phase when the droplet touches 

the lower layer fibers, which elevates G
_

ii and makes State(iiʹ) less stable than the CB state. 

We further study the influence of the structure parameters on the CaRe wetting, aiming at 

providing guidance for structure optimization. The influence is evaluated by the free energy 

difference between the CB state and State(iiʹ), i.e., ∆G
_

iiʹ-CB; a higher ∆G
_

iiʹ-CB facilitates the 

CaRe wetting and also leads to a more stable CB state. Figure 5.9 shows the influence of 

structure parameters on ∆G
_

iiʹ-CB. 
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Figure 5.9. (A) Normalized ∆G
_

iiʹ-CB vs. upper-layer fiber diameter and inter-fiber distance 

of the biaxial structure; the normalized low-layer fiber diameter and inter-fiber distance are 

0.8 and 6, respectively. (B) Normalized ∆G
_

iiʹ-CB vs. lower-layer fiber diameter and inter-

fiber distance; the normalized upper-layer fiber diameter and inter-fiber distance are 0.8 and 

6, respectively.  

Figure 5.9(A) shows a positive correlation between the increase in fiber diameter (d
_

) and 

the decrease in inter-fiber distance (l
_

) of the upper-layer fibers with ∆G
_

iiʹ-CB. In detail, the 

normalized ∆G
_

iiʹ−CB increases 19.3 times when increasing the normalized upper-layer d
_

 from 

0.8 to 2 while l
_

 = 7; further decreasing l
_

 from 7 to 5 results in an additional 62.3% increase 

in the normalized ∆G
_

iiʹ-CB. This is because increasing d
_

 or decreasing l
_

 of the upper layer 

requires greater deformation and thereby more energy for the droplet to wet the lower-layer 

fibers. 

Figure 5.9(B) shows the variations of ∆G
_

iiʹ-CB with changing lower-layer d
_

 and l
_

. The 

normalized ∆G
_

iiʹ-CB decreases dramatically by 94.3% when increasing the normalized lower-

layer d
_

 from 0.8 to 3.2 while l
_

 = 6. This is because a larger lower-layer fiber diameter means 

a smaller curvature of the liquid-fiber contact interface, enabling the droplet to wet the 

lower-layer fibers with smaller deformation; as a result, the G
_

iiʹ is reduced. Moreover, the 

normalized ∆G
_

iiʹ-CB increases by 51.0% when increasing the normalized lower-layer l
_

 from 
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3 to 8 while d
_

 = 0.8; but further increasing l
_

 from 8 to 14 leads to a small ∆G
_

iiʹ−CB variation 

of less than 4.0%. The change in ∆G
_

iiʹ−CB with lower-layer l
_

 is attributed to the interference 

of liquid-fiber interfaces among adjacent lower-layer fibers caused by surface tension of 

liquid. For the lower-layer l
_

 in the range of 3-8, the interference between adjacent liquid-

fiber interfaces is reduced with increasing l
_

, resulting in a more stable CB state as reflected 

by the increase in ∆G
_

iiʹ-CB. However, for lower-layer l
_

 greater than 8, the interference is 

further reduced, leading to an insignificant effect of l
_

 on ∆G
_

iiʹ-CB. 

In summary, the energy profile in Figure 5.7(B) unveiled the CaRe wetting that explains 

the observed CB state for the biaxial structure in experiment whereas the uniaxial structure 

reaches Wenzel state. The occurrence of CaRe wetting is related to the structure parameters 

of the biaxially aligned porous fibers: increasing the upper-layer d
_

 (from 0.8 to 2), lower-

layer l
_

 (from 3 to 8), and decreasing the upper-layer l
_

 (from 7 to 5), lower-layer d
_

 (from 3.2 

to 0.8) facilitates the CaRe wetting and results in a stable CB state. In this study, the CaRe 

wetting is considered the key advantage of the biaxial structure which enables us to further 

adjust the structural parameters to achieve superhydrophobicity (i.e., θA > 150˚ and αr < 10˚). 

5.4.4 Achieving lotus effect by a rational approach 

This section follows the guidance obtained from Figure 5.9 to construct the biaxial structure 

that facilitates CaRe wetting and further adjusts the structure parameters by experiments to 

realize superhydrophobicity. Considering the practical fabrication range of electrospinning 

and the preceding guidance, we construct the upper-layer fibers with diameter of 8.1 ± 0.62 

µm, while the lower-layer fibers are smaller in diameter at 3.95 ± 0.25 µm. This combination 

of fiber diameters can promote CaRe wetting, which enables us to strategically approach 

superhydrophobicity by reducing the liquid-solid contact fraction f through increasing fiber 

pore size and inter-fiber distance of the upper layer. 

Figure 5.10 shows the changes in the measured θA and αr on the biaxial structure with 

decreasing f. The decrease of f from 0.187 to 0.101 in the yellow shaded area is attributed 



91 

 

to the increase of the pore size from 77 ± 16 to 180 ± 49 nm in fiber-surface (while l is kept 

at 32.0 ± 4.2 µm). The hydrophobicity of the biaxial structure is improved with increasing 

pore size as evidenced by the increase of θA from 141.0 ± 0.4˚ to 157.3 ± 0.4˚ and the decrease 

of αr from 48.0 ± 0.4˚ to 28.4 ± 0.8˚. In addition, the upper-layer l is further adjusted with 

the largest pore size of 180 ± 49 nm. As shown in the blue area of Figure 5.10, reducing f 

from 0.101 to 0.047 by increasing the upper-layer l further enhances hydrophobicity. The 

fiber-dressed surface becomes superhydrophobic when f is below 0.053 (corresponding to 

upper-layer l of 81.5 µm). So, the adopted biaxial structure for further studies has f values 

between 0.053-0.047. Further decreasing f below 0.047 by increasing the l is not adopted 

because keeping the upper-layer fibers in a closer distance facilitates the CaRe wetting as 

shown in Figure 5.9(A). 

 

Figure 5.10. Influence of upper-layer fiber pore size and inter-fiber distance on the measured 

contact angle and roll-off angle. The fiber diameters for the upper- and lower-layer are 8.1 

± 0.62 µm and 3.95 ± 0.25 µm, respectively. The inter-fiber distance for both layers in the 

yellow shaded area and the lower-layer in the blue shaded area are 32.0 ± 4.2 µm. 

In contrast to the earlier studies of developing electrospun fiber-based superhydrophobic 

structures that used a single droplet volume to measure θA and αr (or a larger droplet volume 

to measure αr), this study evaluates the hydrophobicity for a range of droplets between 3-
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10 µL, as shown in Figure 5.11. The studied droplet volume of 3-10 µL is an appropriate 

range for characterizing superhydrophobicity by sessile drop method [158].  

 

Figure 5.11. Variation of hydrophobicity with droplet volumes on the biaxial structure, and 

comparison to other electrospun fiber-based superhydrophobic surfaces reported in literature 

[30, 32, 33, 84, 88, 92, 94, 96-98, 159, 160]. The adopted biaxial structure has f between 

0.053-0.047. 

The results in Figure 5.11 show that the influence of droplet volume on θA is negligible 

because θA maintains relatively stable between 159.3 ± 0.9˚ and 161.5 ± 0.7˚ with various 

droplet volumes. The variation of 2.2˚ is close to the inherent error of sessile drop method 

for unstructured surfaces (i.e., approximately ±2˚ [161]), and additional minor error may 

be attributed to the surface heterogeneity of the fibers used in the experiment. In contrast, 

αr decreases from 10 ± 1˚ to 3 ± 0.6˚ with increasing droplet volume from 3 to 10 µL. This 

observed trend agrees with the current theoretical correlation between the droplet volume 

and αr under CB state, as presented in Eq. (5.10) [162]: 

 
( )LV Y,F

r

2 1 cos
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fW

V g

 




 +
=  
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where ρ, g, and V represent the droplet density, gravity acceleration, and droplet volume, 

respectively; W is the droplet contact width. As the droplet volume increases from 3 to 10 

µL, there is a 333.3% increase in V and a 169.1% increase in W. Substituting this increase 

of V and W in Eq. (5.10) while keeping all other variables in the square bracket constant for 

the given biaxial structure, results in a decrease in the roll-off angle. 

It is worth noting that the superhydrophobic fibrous structure developed in this study is 

a one-step approach that uses only one commercially available polymer, which is deemed 

simple and can reduce the cost of developing electrospun superhydrophobic materials. In 

contrast, previous technologies typically involve complex fabrication processes and the use 

of multiple raw materials. For example, preparing fluorinated polymers, blending nano-size 

additives into solutions, and post treatment of the electrospun fibers are often required (see 

Table 2.1 and Table 2.2).  

5.5 Summary 

This chapter studied the wetting behavior on fiber-dressed surfaces by both experiment and 

numerical simulation, and developed a lotus-effect surface using aligned porous fibers based 

on a strategic approach. Based on this research, the following conclusions can be drawn. 

(1). On uniaxially aligned porous fibers with average fiber diameter of 4 μm and pore size 

of 160 nm, droplets are in Cassie-Baxter (CB) state and hydrophobicity increases with 

the inter-fiber distance (l) when l is less than 18.2 μm. After 18.2 μm, wetting transition 

to Wenzel state occurs, resulting in decrease of hydrophobicity with l. 

(2). On biaxially aligned porous fibers with similar fiber parameters, droplets stay in CB 

state and hydrophobicity increases with l until l = 34 μm. More importantly, there is 

no change in trend of hydrophobicity at l =18.2 μm, indicating that droplets stay in the 

upper-layer fibers without touching the lower-layer fibers or substrate. 

(3). Energy profiles of droplets wetting the uniaxial and biaxial structures are obtained by 

numerical simulation in Surface Evolver. Compared to the uniaxial structure, there is 

a Cassie-Baxter-“restoring” (CaRe) wetting contributing to a more stable CB state in 
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biaxial structure. 

(4). The CaRe wetting ensures droplets stay in CB state even at a large l of 81.5 µm, which 

allows for a rational approach towards superhydrophobicity through increasing inter-

fiber distance and increasing pore size. As a result, the developed structure has contact 

angles between 159˚ and 162˚ and roll-off angles from 10˚ to 3˚ for water droplets from 

3 to 10 µL in volume. 
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Chapter 6 Potential Applications of the “Lotus” Surface 

Based on Biaxially Aligned Porous Fibers 

Electrospun fibrous structures are featured with high porosity, up to more than 90% [163], 

with interconnectivity between the inter-fiber pores, which can realize a high breathability. 

Thus, superhydrophobic and breathable structure, which has wide engineering applications 

such as wearable electronics [164], personal protections [165], gas sensors [166], etc., can 

be developed by electrospinning. 

The biaxial structure with lotus effect developed in Chapter 5 only consists of two layers 

of fibers, realizing a total thickness less than 20 μm. In contrast, most earlier reported lotus-

effect electrospun structures consist of randomly distributed fibers, so usually a thicker (more 

than 50 μm [30, 84]) fibrous mat is made to prevent droplet from touching the underneath 

substrate, which results in Wenzel state. However, increasing structure thickness reduces 

breathability as air and water vapor needs to transmit the structure with greater resistance. 

So, it is expected that the biaxial structure can have a high breathability (to be measured in 

the following section). 

In this chapter, two potential applications of the biaxial structure are demonstrated based 

on the lotus superhydrophobicity and high breathability: developing waterproof, breathable 

and superhydrophobic membrane, and as a surface layer for protecting wearable electronics. 

6.1 Waterproof, breathable and superhydrophobic membrane 

The developed biaxial structure of aligned porous fibers in Chapter 5 offers an opportunity 

to address the challenge of developing a simple method for producing waterproof, breathable, 

and superhydrophobic membrane. The waterproof and breathable membrane that prevents 

liquid water permeation while allows moisture and air transmission are highly desired for 

various applications, such as wearable electronics, medical dressing, and desalination [8]. 

Lotus superhydrophobicity is an additional desired feature for waterproof and breathable 
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membranes because it enables self-cleaning, which help to maintain the waterproofness and 

breathability. For fabrication, electrospinning is widely adopted for developing waterproof 

breathable membranes because the electrospun fibrous structure provides a good basis for 

breathability [27, 28] owing to its interconnected pores. However, despite the substantial 

progress made in this field, existing technologies can only achieve two or three out of four 

features of waterproofing, breathability, superhydrophobicity, and simplicity (see Table 6.1). 

The demonstration of our approach that achieves all four features is shown as follows. 

Figure 6.1 demonstrates the application of biaxially aligned porous fibers for developing 

water-proof, breathable, and superhydrophobic (WBS) membrane. The fibers are dressed on 

a commercial nylon mesh that is originally water permeable. Despite the biaxially aligned 

porous fibers being sparsely arranged with only two layers of fibers, they transform the mesh 

into a waterproof membrane. As shown in Figure 6.1(A), the water passes the pristine mesh 

and enters the bottom vessel, while the fiber-dressed mesh is capable of holding the water 

in the top vessel.  

 

Figure 6.1. Development of waterproof, breathable and superhydrophobic membrane by 

applying biaxially aligned porous fibers on a mesh. Demonstration for (A) waterproofing, 

(B) breathability, and (C) superhydrophobicity of the fiber-dressed mesh. Insets of (A-B) 

are the optical microscopic images of the mesh before and after being dressed by the fibers. 
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Table 6.1. Comparison of electrospun waterproof, breathable and superhydrophobic membrane 

Materials Fabrication W 1 B 2 S 3 SP 4 
WVTR 

(kg∙m2∙d-1) 

WVTR testing 

condition 
Ref. 

FPU/BN 
Blending fluorinated polymer and nanosheets 

for electrospinning 
✓ ✓ ✓  11.6 38 ◦C, 50% RH, 5 [159] 

FPU/PU/PCC 
Blending fluorinated polymer and nano-

capsules for electrospinning 
✓ ✓ ✓  11.4 38 ◦C, 50% RH, 5 [160] 

PU Electrospinning of nanosized fibers ✓ ✓  ✓ 1.5 25 ◦C, 65% RH, 5 [167] 

Silk fibroin Electrospinning of nanosized fibers  ✓  ✓ 2.0 ± 0.1 38 ◦C, 50% RH, 5 [168] 

PU/SiO2 

Post-treatments of surface grafting and 

hydrothermal reaction to electrospun fibers 

for growing nanoparticles 

✓ ✓ ✓  8.4 - [30] 

PVDF 
Post-treatments of thermo-pressing to 

electrospun fibers 
✓ ✓   10.9 38 ◦C, 90% RH, 6 [169] 

PVDF/PVB 
Blending two polymers for electrospinning 

and followed by thermal treatment 
✓ ✓   10.6 38 ◦C, 90% RH, 6 [170] 

PVDF/PVB/ 

octadecane/CNT 

Blending nanosize carbon tubes with polymer 

solutions for co-axial electrospinning  
✓ ✓   7.8 38 ◦C, 90% RH, 6 [171] 

PAN/FPU Post thermal treatment to electrospun fibers  ✓ ✓   10.1 38 ◦C, 90% RH, 6 [172] 

PES/BaTiO3 
Blending nanoparticles and polymer solution 

for electrospinning 
 ✓   6.2 -, 6 [173] 

PS Electrospinning of aligned porous fibers ✓ ✓ ✓ ✓ 20.8 ± 0.1 38 ◦C, 90% RH, 6 
this 

work 

1 waterproof; 2 breathable; 3 superhydrophobic; 4 simple; 5 test method based on water evaporation; 6 test method based on vapor absorption by desiccant;  
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Figure 6.1(B) indicates the breathability of the fiber-dressed mesh. Specifically, water 

vapor generated from heating passes through the fiber-dressed mesh and condenses in the 

upper vessel. For quantification, the breathability is assessed by water vapor transmission 

rate (WVTR) test following the ASTM E96 standard. In a typical test, CaCl2 desiccant is 

sealed by the tested sample in a testing cup with a 25 cm2 opening, which is placed in an 

environmental chamber controlled at 38 ℃ and 90% RH. The weight of the testing cup is 

measured every 10 minutes to calculate the WVTR using Eq. (6.1). 

 
c

WVTR
m

t A


=
 

  (6.1) 

where ∆m is the weight change of CaCl2 in Δt period and Ac is the cup opening area. 

The WVTR of the fiber-dressed mesh is measured to be 20.8 ± 0.1 kg·m−2·d−1. To the 

best of our knowledge, this WVTR is the highest value reported so far for electrospun WBS 

membranes (see Table 6.1) due to its large inter-fiber distance and low thickness. Moreover, 

the biaxially aligned porous fibers also impart superhydrophobicity to the mesh, as indicated 

by the rapid rolling of a water droplet from its surface in Figure 6.1(C). 

It should be noted that the nylon mesh substrate herein is only for demonstration. The 

developed biaxial structure is essentially a versatile dressing layer that can be applied to 

various substrates, such as conventional electrospun membranes, microporous media, metal 

mesh, etc. The choice of substrate depends on mechanical strength, hydrostatic pressure, 

breathability, and so on, in various applications. For example, Figure 6.2 demonstrates the 

modification of a pristine electrospun PVDF-HFP membrane. Prior to modification, water 

droplets are observed to be pinned on the surface of the PVDF-HFP membrane, even when 

placing the membrane vertically as shown in Figure 6.2 (A). In contrast, after dressing the 

membrane with the biaxially aligned porous fibers, the droplet rapidly rolls off the surface 

as shown in Figure 6.2 (B). 
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Figure 6.2. Modifying an electrospun PVDF-HFP membrane from (A) droplet-pinning to 

(B) lotus superhydrophobicity by dressing the biaxially aligned porous fibers. 

6.2 Surface layer for wearable electronics 

The emerging wearable electronics have advanced considerably for healthcare monitoring, 

energy harvesting, human-machine interface, and so on. To ensure user comfort and device 

longevity, it is important to incorporate a breathable superhydrophobic surface layer into 

the wearable electronics. The surface layer allows for sweat evaporation, preventing skin 

irritation and inflammation from prolonged use [174], and protects the underlying electronics 

from wetting damage. This section demonstrates such an application, where a flexible nylon 

web, representing an electronic layer, is patched onto a human forearm with a surface layer 

of the developed biaxially aligned porous fibers. 

Figure 6.3 (A) and (B) show the temperature change of the skin being patched by a non-

breathable adhesive tape and the developed biaxial structure, respectively. The temperature 

change of the skin after being covered for 60 minutes reflects the influence of the patched 

material on sweat evaporation. A material with inadequate breathability causes a temperature 

drop due to the evaporation of the accumulated sweat, see Figure 6.3 (A). In contrast, the 

skin shows unnoticeable temperature change after being covered by the biaxial structure as 
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shown in Figure 6.3 (B), indicating sufficient breathability for wearable uses. In addition, 

Figure 6.3 (C) indicates that a water droplet can rapidly roll off the same biaxial structure, 

which demonstrates its water repellence if used as a surface layer for wearable electronics 

on human skin. This characteristic is particularly useful in protecting electronics devices 

that are sensitive to water intrusion [175], such as wearable nano-generators.  

 

Figure 6.3. Development of the surface layer for protecting wearable electronics. Thermal 

camera images of human forearm skin, which is patched by (A) a non-breathable adhesive 

tape and (B) the developed biaxial structure for 60 min and removal afterward. (C) Super-

hydrophobicity of forearm skin area covered by the developed biaxial structure. Water 

droplet is dyed in orange. 

In addition, Figure 6.4 shows that the developed biaxial structure has a high transparency 

as the pattern under the fiber-dressed glass slide is visible. The transparency of the biaxial 

structure is characterized using a UV-Vis spectrophotometer. The average transmittance in 
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the visible region (380-760 nm) is 83.6 ± 3.1%. The transparency can be useful for allowing 

direct observation and close monitoring of wearable electronics. 

 

Figure 6.4. Transparency of the developed biaxially aligned porous fibers 

  



102 

 

Chapter 7 Conclusions and Future Works 

7.1 Conclusions 

Based on the wetting behavior on fiber-dressed surfaces, this thesis develops rose-petal and 

lotus superhydrophobic surfaces using uniaxially aligned fibers and biaxially aligned porous 

fibers, respectively, both fabricated by simple one-step electrospinning. 

An integrated thermodynamic model for droplet wetting on various parallel-structured 

surfaces is established to understand the wetting behavior. The model relates free energy 

with the continuous movement of the three-phase contact line (TPCL) in different wetting 

states, and the forming conditions of energy barrier are derived from the model. Then, the 

model are validated using existing works and the experimental data by aligned fibers. The 

model indicates that for surfaces patterned by sharp-edge structures (cross-section shape) 

with an internal angle φ and an intrinsic contact angle θY, the initiating and ending apparent 

contact angles (APCA, θA) for energy barrier in noncomposite state are θY + φ and θY – φ, 

respectively. For the round structures, an energy barrier may form for every structure at θA 

+ (180˚– θY) in noncomposite state because the round surface has continuous inclination 

angles with respect to the horizontal plane. Thus, surfaces patterned with round structures, 

such as fibers, can achieve a large contact angle with a high contact angle hysteresis, which 

is needed for petal superhydrophobicity. 

Then this thesis studies the influence of fiber parameters on the surface wettability and 

develops petal-effect surfaces based on uniaxially aligned fibers. First, the wetting model 

for surfaces dressed by aligned fibers is specified based on the integrated model mentioned 

above. The model indicates that the magnitude of energy barrier, which can pin a droplet 

at a higher APCA than the equilibrium contact angle, increases with the fiber diameter and 

the basal width of droplet. Uniaxially aligned polystyrene fibers with average diameters of 

0.9 μm and 1.8 μm and varying inter-fiber distance (l) from 70 μm to 1450 μm are fabricated 

by one-step electrospinning. At large l, > 800 μm, where two fibers can pin a 2 μL droplet, 
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the maximum APCA of the 1.8 μm fibers is 155˚, compared to 147˚ for 0.9 μm fibers. The 

greater APCA is due to the higher magnitude of energy barrier for 1.8 μm fibers. When l is 

below 800 μm, two 1.8 μm fibers are unable to pin the droplet because of the reduced energy 

barrier with basal width, so three fibers are wetted. Similar variation pattern of APCA by 

reducing l are observed for three to five fibers. However, there is an increase of the overall 

APCAs due to that more energy barriers are induced to attenuate the perturbation energy.  

Petal-effect surfaces are developed based on uniaxially aligned polystyrene fibers with 

diameter of 1.8 μm and inter-fiber distance between 70 μm and 130 μm. The APCAs of the 

fiber-dressed surfaces are in a range of 150˚-156˚, and droplets can adhere to the surfaces 

even by turning surfaces upside down. 

After that, this thesis studies the wetting behaviors on surfaces dressed by aligned porous 

fibers and develops a lotus-effect surface using biaxially aligned porous fibers. In experiment, 

on uniaxially aligned porous fibers with average fiber diameter of 4 μm and pore size of 

160 nm, droplets are in Cassie-Baxter (CB) state and hydrophobicity increases with l when 

l is below 18.2 μm. After 18.2 μm, the wetting transition to Wenzel state occurs, resulting 

in decrease of hydrophobicity with l. On biaxially aligned porous fibers with similar fiber 

parameters, droplets stay in CB state and hydrophobicity increases with l until l =34 μm. 

More importantly, there is no change in the trend of hydrophobicity at l =18.2 μm until 34 

μm, indicating that droplets stay in the upper-layer fibers without touching the lower-layer 

fibers or substrate. To explain the unchanged trend, the energy profiles of droplets wetting 

uniaxial and biaxial structures are obtained using numerical simulation in Surface Evolver. 

Compared to the uniaxial structure, a Cassie-Baxter-“restoring” (CaRe) wetting results in 

a more stable CB state in biaxial structure. 

Lotus-effect surfaces are developed based on the CaRe wetting of biaxially aligned porous 

fibers. The CaRe wetting allows for a rational approach towards superhydrophobicity by 

increasing inter-fiber distance to 81.5 µm and increasing pore sizes to 180 nm. As a result, 

the developed structure display contact angles between 159˚ and 162˚ and roll-off angles 
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from 10˚ to 3˚ for water droplets from 3 to 10 µL in volume. 

Finally, the biaxially aligned porous fibers are used to develop a waterproof, breathable, 

and superhydrophobic membrane by depositing the fibers on a supporting nylon mesh. The 

biaxial structure transforms the nylon mesh into a waterproof membrane. The breathability 

of the membrane is characterized by water vapor transmission rate (WVTR) test, resulting 

in a WVTR of 20.8±0.1 kg·m−2·d−1. The membrane is also shown to be superhydrophobic 

as water droplets rapidly roll off the surface. The second application is to develop a surface 

layer for protecting wearable electronics. The skin of a human forearm shows unnoticeable 

temperature change after being patched with a surface layer of the biaxial structure for 60 

minutes. Moreover, the average transmittance in visible region (380-760 nm) of the biaxial 

structure is characterized to be 83.6 ± 3.1% using a UV-Vis spectrophotometer. 

Overall, this thesis provides insights into the interfacial behavior of wetting fiber-dressed 

surfaces, and a rational design of surfaces with controlled wettability, especially rose-petal 

and lotus superhydrophobicity, using electrospun fibers. 

7.2 Recommended future works 

Based on this thesis, the following recommendations are made for future research works. 

(1) Improving the alignment and distribution uniformity of fibers. The aligned fibers 

used in this thesis are fabricated using a conventional electrospinning setup with a rotating 

fin collector. However, the alignment and uniformity of distribution of fibers are hard to be 

precisely controlled, as shown in Figure 5.2(E-F), because of the bending instabilities of the 

jets in electrospinning [59].  

Improving the alignment and uniformity of distribution helps to more efficiently control 

the surface wettability. For example, to develop lotus-effect surfaces using aligned fibers, 

a higher distribution density of fibers is needed to prevent droplets from penetration if the 

fibers are poorly aligned and distributed with low uniformity. However, the high density 

can increase liquid-fiber contact area, causing decreasing of hydrophobicity.  
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Even though a higher rotating speed of the fin collector can improve the alignment and 

distribution to some extent, extra stretching is exerted on the unsolidified jets by the collector 

[176], which may alter the fiber morphology. In addition to the collector rotating speed, the 

relative humidity, applied voltage, and spinning distance can also influence the alignment 

of the produced fibers. 

Near-field electrospinning (NFES) may be one solution to precisely control the alignment 

and uniformity of distribution of fibers because it can control the deposition of fibers. The 

bending instabilities of the jets are avoided in NFES by reducing the spinning distance to 

several millimeters or below [177]. 

(2) Further investigating the surface wettability of aligned fibers. For the aligned non-

porous fibers, the experimental lower limit of inter-fiber distance in this thesis is around 70 

μm. This lower limit ensures a noncomposite wetting state for the rose-petal effect. However, 

further reducing the inter-fiber distance may generate intersections of adjacent fibers, which 

can change the magnitude of free energy barrier, because of the limited alignment of fibers 

by conventional electrospinning.  

Studying the wetting behavior of droplets for inter-fiber distance lower than 70 μm helps 

to develop the full spectrum of wettability of fiber-dressed surfaces, facilitating the wetting 

control, especially for the region between lotus effect and petal effect, by electrospun fibers. 

In literature, Aziz et al. [178] have established an analytical model to determine the critical 

inter-fiber distance for the composite state on aligned fibers, and numerically calculated the 

anisotropic contact angles. Moreover, Meng et al. [114] experimentally studied the wetting 

behavior on densely aligned fibers with inter-fiber distance below 30 µm. However, super-

hydrophobicity is not achieved partially because of the poor alignment of fibers. Therefore, 

future works may modify the collector for conventional electrospinning or adopt NFES to 

produce well-aligned fibers with lower inter-fiber distances. 

(3) Enhancing the mechanical strength of the fibrous structure. As shown in chapter 

4 and chapter 5, the structure, especially the morphology and spatial distribution, of fibers is 
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critical in modifying surface wettability. For instance, increasing the inter-fiber distance may 

cause the wetting transition of droplets from Cassie-Baxter to Wenzel state, as indicated in 

Figure 5.4 (A). Therefore, the mechanical strength of the fibrous structure can influence the 

efficiency and duration of wetting control. However, electrospun fibers have been suffered 

from a low mechanical strength [179]. 

To enhance the mechanical strength, future works may focus on the following methods. 

The first method is to use polymers with higher mechanical strength for electrospinning such 

as PVDF [180], which also has an intrinsic contact angle close to PS. Second, fibers can be 

cross-linked at intersections. The cross-linking can not only increase the overall strength of 

the fibrous structure, but also fix the position of each fiber. Third, for the biaxial structure, 

more layers of fibers can be added at the bottom since the lotus effect is created by the top 

two layers. However, this may reduce the breathability of the structure. 

(4) Achieving controlled motion of droplets based on the biaxial structure. Droplet 

manipulation attracts much attention for its important role in fields like microfluidics [181]. 

The biaxial structure in this thesis, which enables droplets easily rolling off, can be modified 

to achieve controlled motion of droplets. 

The modified biaxial structure also contains two layers of fibers: the lower layer still uses 

aligned porous fibers; the upper layer is produced using NFES to pattern fibers with various 

shapes, e.g., “S” in shape, but the fiber parameters still follow the guideline for lotus effect 

developed in Section 5.4.4. As a result, the modified biaxial structure is featured with lotus 

effect and a patterned upper layer in “S” shape, which serves as a track for droplets . When 

the surface is tilted to roll-off angle, droplets can roll off the surface following the “S” track. 

This controlled motion of droplets is expected to have potential applications in microfluidic 

system, inkjet printing, and water harvesting. 

(5) Controlling the hydrophobicity of the biaxial structure by stretching. As shown 

in Figure 5.4 (A), the hydrophobicity of the biaxial structure increases with the upper-layer 

inter-fiber distance (l) when l is less than 35 μm. This relationship can be adopted to control 
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hydrophobicity as follows. In electrospinning, a flexible frame is attached to the collector 

such that the fibers are deposited onto the frame; a biaxial structure is produced with a low 

upper-layer l. As a result, the obtained biaxial structure is supported by the flexible frame 

and has a relatively low hydrophobicity. By stretching the frame along the alignment of the 

lower-layer fibers, the upper-layer l increases, leading to increment of hydrophobicity, even 

to lotus superhydrophobicity. When the stretching is relaxed, the biaxial structure returns 

to its low hydrophobicity. Thus, the biaxial structure achieves a reversible transition between 

droplets-pinning effect to lotus effect by stretching the frame of the structure. 

Furthermore, it is worth studying the change of wetting behaviors for droplets that have 

already been on the surface in stretching the frame. If the on-surface droplets also become 

easier to roll off, the biaxial structure is able to control the movement of droplets. This ability 

can be useful in water collection, i.e., collecting droplets by relaxing frame and transporting 

droplets by stretching frame. 

(6) Exploring the use of fiber-surface pores. First, the fiber-surface pores can be filled 

with therapeutic compounds and then applied in wound dressing or tissue engineering. For 

example, a biaxial structure, where the lower-layer porous fibers are filled with drugs, can 

be used in wound dressing. After patching the biaxial structure on the wound, the low layer 

can release the filled drug to the wound. At the same time, the biaxial structure provides a 

self-cleaning, breathable and waterproof surface to the wound. Furthermore, porous cellulose 

acetate fibers can be added below the biaxial structure for the biocompatibility of cellulose 

acetate. Moreover, the nanoscale surface roughness on porous cellulose acetate fibers can 

improve cell attachment [182]. Fabrication of porous cellulose acetate fibers with various 

pore sizes based on electrospinning is provided in Appendix A. Second, the pores can be 

filled with phase change material for temperature control of WBS membrane based on the 

developed biaxial structure.  
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Appendix A 

Fabrication of porous cellulose acetate fibers 

This appendix is to help future works in wound dressing and tissue engineering as explained 

in Section 7.2. 

A.1 Introduction 

Cellulose acetate, a widely used cellulose derivative, is an electrospinnable polymer featured 

with biocompatibility [1] and hydrophilicity [2]. Porous cellulose acetate fibers can help to 

apply the developed biaxial structure in medical dressing and develop petal-effect surfaces 

with higher adhesion strength. For medical dressing, the biaxial structure may be deposited 

onto a layer of porous cellulose acetate fibers for the following advantages. First, cellulose 

acetate is biocompatible to be attached to wound. Second, drugs can be loaded into the pores 

of fibers for better therapeutic effect. Third, the cellulose acetate fibrous structure can also 

be breathable. For petal-effect surfaces, the cellulose acetate fibers with surface pores may 

realize a high contact angle for the reduced liquid-air contact area, and the hydrophilicity of 

cellulose acetate provides a higher adhesion to liquid. In addition, porous cellulose acetate 

fibers may also be applied in cancer diagnosis considering that the rough surface of single 

fiber facilitates cancer cell adhesion [3]. 

In this appendix, porous cellulose acetate fibers are fabricated using two electrospinning-

based methods: thermal-induced phase separation and breath figure, and selective removal 

of sacrificial component. 

A.2 Experimental methods 

A.2.1 Materials 

Cellulose acetate (acetyl content 39.8%, Mw =30 kDa), N, N-dimethylacetamide (DMAc), 

acetone, and dichloromethane (DCM) were purchased from Sigma Aldrich, US. PVP (Mw 
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=1300 kDa) was purchased from Thermo Fisher Scientific, US. All chemicals were used as 

received without any further purification. 

A.2.2 Fabrication of cellulose acetate fibers 

The electrospinning-based method with thermal-induced phase separation and breath figure 

is carried out as follow. First, 1.1 g cellulose acetate is dissolved in a mixture of 6.5 mL DCM 

and 3.5 mL acetone (unless specified otherwise) and by magnetic stirring for 3 hours for a 

11% (w/v) precursor solution. After that, the precursor solution is transferred into a 20 mL 

syringe with metallic needle (gauge 22) for electrospinning with spinning distance of 9 cm, 

solution feeding rate of 8 mL/h, and applied voltage of 7.5 kV. The temperature is kept at 

23℃ while the relative humidity is adjusted among 50%, 65%, and 80%. Fibers are collected 

by non-stick aluminum foils on a fixed and grounded collector. After electrospinning, the 

fibers are dried in a vacuum oven at 80 ℃ overnight to remove residual solvents. 

For the selective removal of sacrificial component, the precursor solution is prepared by 

dissolving 15% (w/v) cellulose acetate and PVP in a binary solvent system: 0.9 g cellulose 

acetate and 0.45 g PVP in 3 mL DMAc and 6 mL acetone. After that, the precursor solution 

is transferred to a 20 mL syringe with stainless steel needle (gauge 22) for electrospinning 

with spinning distance of 8 cm, solution feeding rate of 0.7 mL/h, and applied voltage of 6 

kV. The temperature and the relative humidity are maintained at 23℃ and 40%, respectively. 

Fibers are collected by a stainless steel mesh, which is placed on the grounded collector. A 

fiber mat is obtained by detaching it from the mesh after 30 min electrospinning. The fiber 

mat is dried in a vacuum oven at 80 ℃ overnight to remove residual solvents. Then the mat 

is sandwiched by two stainless steel meshes and immersed in distilled water contained by 

a beaker. The beaker is placed on a magnetic stirrer so the PVP in fibers can be efficiently 

dissolved. After 12 hours immersing, the fiber mat is dried in the vacuum oven at 80 ℃ 

overnight to remove residual water on fibers. 
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A.2.3 Characterization of cellulose acetate fibers 

The electrospun fibers are first screened under an optical microscope (Swift SW380B, US) 

with magnifications of 40-1,000X to verify the formation of continuous fibers rather than 

beads. Then the fabricated fibers are coated with gold and observed under a field-emission 

SEM (Zeiss Leo 1530, Germany) at 5.0 kV for fiber morphology, especially the presence of 

pores on fiber surfaces. The captured SEM images at 500X and 25kX magnifications are 

analyzed using software ImageJ to characterize fiber diameter and pore size, respectively. 

A.3 Results and discussion 

Figure A.1 shows the SEM images at 500X and 25kX magnifications of fabricated cellulose 

acetate fibers with phase separation and breath figure at RH of (A-B) 50%, (C-D) 65%, (E-

F) 80%, and (G-H) 65% but with a DCM-to-acetone volume ratio of 4:1. It can be seen that 

continuous fibers without beads are generated from Figure A.1 (A, C, E, G) and pores are 

created on fiber surfaces from Figure A.1 (B, D, F, H) 
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Figure A.1. SEM images of the electrospun cellulose acetate fibers with phase separation 

and breath figure at RH of (A-B) 50%, (C-D) 65%, (E-F) 80%, and (G-H) 65% but with a 

DCM-to-acetone volume ratio of 4:1. 

By image processing, the fiber diameter distributions are 2.38 ± 0.69 μm, 2.34± 0.65 μm, 

and 2.31 ± 0.55 μm for RH of 50%, 65%, and 80%, respectively, indicating a small influence 

of RH on the fiber diameter. For the RH of 65% and DCM-to-acetone volume ratio of 4:1, 

the fiber diameter distribution is 2.67 ± 0.60 μm. The increase of average fiber diameter is 

attributed to the increased solution viscosity by increasing the proportion of DCM [4]. The 

pore size distributions are characterized to be 38 ± 18 nm, 43 ± 17 nm, 59 ± 23 nm, and 52 ± 

17 nm for RH of 50%, 65%, 80%, and 65% with DCM-to-acetone ratio of 4:1,respectively. 

The increase of pore size with RH and DCM ratio can be explained the formation mechanism 

of surface pores as follows. 

In electrospinning, the rapid evaporation of DCM due to its low boiling point of 39.6 ℃ 

causes a temperature reduction of the jet out of Taylor cone, resulting in that the jet becomes 

thermodynamically unstable and separates into polymer-rich and polymer-poor phases. As 

solvent evaporates, the polymer-rich phase forms the fiber matrix while the polymer-poor 
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phase forms the pores. Thus, increasing DCM enhances the phase separation and results in 

larger pores. Meanwhile, the temperature reduction also causes condensation of water vapor 

into liquid droplets onto the jets in electrospinning. The condensed droplets also contribute 

to the formation of the pores, because they occupy spaces before the jets are fully solidified. 

Larger droplets are condensed with increasing RH, resulting in larger pores of fibers. 

Figure A.2 shows the SEM images of the fabricated cellulose acetate fibers after selective 

removal of PVP. By image processing, the fiber diameter distribution in Figure A.2(A) is 

486 ± 98 nm. From Figure A.2(B), it can be seen that the fiber surfaces are roughened and 

featured with shallow grooves, resulting from the removal of PVP after electrospinning. The 

removal of PVP in water is based on the low water solubility of cellulose acetate. However, 

deep and round pores as those shown in Figure A.1 are not formed, because deeper PVP is 

hard to be fully dissolved. 

 

Figure A.2. SEM images at (A) 5kX and (B) 25kX magnifications of the fabricated cellulose 

acetate fibers by selective removal after electrospinning. 

A.4 Summary 

Porous cellulose acetate fibers are fabricated based on electrospinning with thermal-induced 

phase separation and breath figure, and selective removal of sacrificial PVP. Combination 

of phase separation and breath figure results in fibers with deep and round pores, and fibers 

with adjustable pore sizes are obtained by controlling the relative humidity in electrospinning. 

Differently, selective removal generates fibers with shallow grooves on surfaces. 
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Appendix B 

Image processing for fiber morphology 

B.1 Fiber diameter distribution 

The diameter of the electrospun fibers in this thesis is measured using SEM images based 

on the scale bar. Figure B.1 shows the measurement of fiber diameter distribution for the 

cellulose acetate fibers in Appendix. A. The measurement is performed in ImageJ software. 

For each SEM image, two horizontal and three vertical lines, uniformly distributed, are drawn 

across the image, and fiber diameter is measured based on the scale bar at each intersection 

of fiber and the drawn line to avoid bias. As a result, more than 50 fibers are measured for 

each image to generate the fiber diameter distribution, and descriptive statistics with mean 

and standard deviation is presented. 
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Figure B.1. Measurement of fiber diameter distribution from the SEM images based on the 

scale bar: (A-E) for Figure A.1(A), (C), (E), (G), and Figure A.2 (A), respectively. 

Figure B.2 presents the fiber diameter distributions of the fabricated porous PS fibers in 

Figure 5.2. The fiber diameter is measured using similar method as that for Figure B.1. For 

each SEM image, one horizontal are drawn across the image because the fibers are aligned. 

More than 30 fibers are measured for fiber diameter distribution for each fabrication RH, 

and descriptive statistics with mean and standard deviation is presented. 
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Figure B.2. Measurement of fiber diameter distribution of the porous PS fibers fabricated 

under RH of (A) 80%, (B) 60%, (C) 50%, and (D) 40% in Figure 5.2. 
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B.2 Pore size distribution 

Figure B.3 shows the measurement of pore size distribution of the porous PS fibers in Chapter 

5. First, a 400 × 400 pixels area is selected in the middle area of fiber for image processing. 

In this area, the colors of fiber matrix and pore are adjusted to white and black, respectively, 

to increase the contrast. Then, the area of each pore is quantified by the number of pixels in 

black using the “Analyze Particles” function in ImageJ. Meanwhile, the pore area fraction 

is also obtained by ratios of total pore area to the selected fiber area. Finally, the equivalent 

pore diameter is calculated based on the pore area, and descriptive statistics with mean and 

standard deviation is presented. 
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Figure B.3. Measurement of pore size distribution of porous PS fibers from the SEM images: 

(A-D) for Figure 5.2 (A-D), respectively. Step (i) adjusts the color of fiber matrix and pore 

into white and black, respectively. Step (ii) calculates the equivalent diameter of each pore 

based on the pore area (number of pixels). 

Figure B.4 presents the measurement of the pore size distribution of the porous cellulose 

acetate fibers fabricated in Appendix. A based on the similar method for Figure B.3. Two 

200 × 200 pixels areas or one 100 × 400 pixels area are selected for processing because of 

the smaller diameter of cellulose acetate fibers. 
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Figure B.4. Measurement of pore size distribution of porous cellulose acetate fibers from the 

SEM images: (A-D) for Figure A.1 (B), (D), (F), and (H), respectively. 


