
ABSTRACT 

TAN, PRISCILLA. Multi-Scale Force-Resistant Superhydrophobic Superoleophobic Textile 

Surfaces. (Under the direction of Dr. Hoon Joo Lee). 

 

A force-resistant superoleophobic surface is defined as: (1) any liquid droplet landing 

on a surface that has an apparent contact angle greater than 150⁰ and (2) high robust pressure 

is needed for a droplet to penetrate a rough surface. There is a need to create textiles that 

protect first responders from hazardous chemicals containing low surface tension. Multi-

scale force-resistant superoleophobic materials are needed to prevent direct contact between 

human skin and liquids. The objectives of this research are to study the concept behind the 

wetting behavior of conical multi-scale structures, understand the modeling suggested based 

on previous research on the effects of different surface geometry and develop the modeling 

which predicts the wetting behavior of multi-scale conical structures.  

A multi-scale rough surface was modeled by attaching conical fibers on a fabric 

substrate. The concept was tested by predicting values of the apparent contact angles and 

robust pressure of a multi-scale structure that consists of an electrospun nanobead layer on 

top of a nonwoven fabric and comparing these values to the experimental measurements. The 

multi-scale surface is projected to be superhydrophobic and superoleophobic to water, 

Kaydol, and dodecane and is more resistant to liquid penetration than the single-scale 

models.  
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1. INTRODUCTION 

There is a need to create textiles that protect first responders from hazardous chemicals 

containing low surface tension. First responders such as agricultural workers work with 

pesticides that are made up of oil-based chemicals. These oil-based chemicals contain low 

surface tensions that are capable of seeping through normal apparel. Direct contact with these 

chemicals can result in irritation or physical harm to the body. Hence, there is the need to 

improve the surfaces of these textiles in order to repel low-surface tension liquids and protect 

the wearer. 

Water droplets on a superhydrophobic surface yield apparent contact angles of 150° or 

more and roll off easily. In nature, water repellency is necessary for survival and is often 

achieved by having a rough surface. A superhydrophobic textile ensures that water droplets 

would remain on the exterior surface of the fabric. Water repellency also serves as important 

functions in consumer textile products, such as water resistant clothing and stain-free apparel.  

Superoleophobicity is defined for surfaces that cause surface tension liquids lower than 

water to yield apparent contact angles of 150° or more. Compared to superhydrophobicity, 

superoleophobicity is more difficult to achieve and is unprecedented in the natural 

environment. Lack of oleophobicity has led to various negative impacts on the environment 

and quality of life as demonstrated by the depleting biodiversity caused by oil spills and 

illegal waste discharges, loss of self-cleaning ability of plant leaves in polluted waters, and 

the swelling of elastomeric seals and O-rings.
1-2

 To create a superoleophobic surface, the 
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morphology has to be rough and the surface energy has to be chemically lowered in order to 

repel low surface tension liquids.  

With the knowledge behind the mechanism of superhydrophobicity and 

superoleophobicity, the next step is to prevent wetting caused by external pressure. Force-

resistance is therefore necessary for superhydrophobic and superoleophobic apparel since 

pressure is unavoidably exerted on the garment during movement. 

The term ‘multi-scale’ refers to a surface that is made up of more than one layer of 

fibers stacked on top of one another. The most common example of a multi-scale structure is 

the surface of the lotus leaf, which contains a series of hierarchical macro and micro-scale 

papillae covered with wax. 
3-6

  Droplets of water that land on the surface of the lotus leaf are 

observed to bead up and roll off, which effectively washes away dirt that hinders the plant’s 

ability to photosynthesize.
3-4

  

The first step to achieve a force-resistant superhydrophobic superoleophobic surface 

was modeling a multi-scale textile inspired by the hierarchical surface of the lotus leaf using 

conical shaped fibers. A properly designed multi-scale scale surface is capable of yielding 

high apparent contact angles and high robustness needed to prevent liquids from entering the 

structure. Next, a fluorochemical was grafted onto the surface to lower the surface energy of 

the material.
7-8

 Finally, apparent contact angles and robustness pressure measurements were 

recorded and compared among single and multi-scale models. 

The objectives of this research are to study the concept behind the wetting behavior of 

conical multi-scale structures, understand the modeling suggested based on previous 
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research, the effects of different surface geometry, and develop modeling which predicts the 

wetting behavior of multi-scale conical structures.  
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2. LITERATURE REVIEW 

The significance of surface wetting behavior is discussed in the following chapter. 

First, the wetting behaviors of liquids on flat and rough surfaces are reviewed. A standard 

that defines superhydrophobicity and superoleophobicity is introduced while reviewing 

wetting behaviors of liquids on solids. The impacts of robust pressure on the force-resistance 

of conventional fibers are described. This is followed by introducing the significance of 

conical-shaped fibers as a means to achieve superoleophobicity and force-resistance. Lastly, 

we reviewed previous studies that were done on multi-scale structures, and the 

electrospinning technique was introduced as a potential means of creating multi-scale 

textiles. 

 

2.1 Wetting Behavior and Contact Angle 

Wetting behavior refers to the behavior of liquids on different surfaces. Wetting 

behavior is characterized by measuring contact angles of liquid droplets on these surfaces. 

The higher the apparent contact angle of a droplet, the more repellent a surface is to that 

particular liquid. 

 

2.1.1 Theory 

When a liquid is deposited on a surface, interaction amongst the three states: solid, 

liquid, and air are considered within the system. Since it is easier to measure a contact angle 
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than to measure the solid surface energy directly, contact angles are used to characterize 

wetting behavior of a solid. The relationship between the surface tensions and the contact 

angle is obtained in the following modified Young’s equation, when the solid is made of 

organic compounds:
9,10  

cos SV SL
e

LV

 





                    (2.1) 

where θe is the equilibrium contact angle on a flat surface, γ is the surface tension, and SV, 

LV, and SL refers to the solid-vapor, liquid-vapor, and solid-liquid interfaces respectively 

(Figure 2.1). The Young equation is valid only for the wetting of a flat surface.
11,12-13

 

In 1936, while attempting to improve the water repellency of garments against rain, 

Wenzel discovered that contact angle of a liquid was different on a rough surface than on a 

smooth surface of similar composition.
10

 In 1944, Cassie and Baxter did studies on the 

apparent contact angles of water droplets on different rough surfaces and attributed the 

natural water repellency of duck feathers to its porous structure. They also found that there is 

a direct relationship between the distances between fibers and the observed apparent contact 

angles.
11,14  

 

 

Figure 2.1. A liquid droplet on a smooth surface. 
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In the Wenzel model as shown in Figure 2.2 (a), the liquid droplet displaces the air 

created by the grooves and wets the surface. The equation for the Wenzel is stated as 

follows:
10  

cos cosW

r er                     (2.2) 

where θr
W

 is the apparent contact angle of a Wenzel surface, r is the surface roughness and θe 

is the Young contact angle. According to Wenzel, r is the ratio of the total area of the surface 

below the droplet divided by the drop projected area.
10

  

In Eq 2.2, r ≥1 because the total area of the rough surface is always greater than or 

equal to the area projected beneath the droplet. According to the equation, liquid can behave 

in two ways on a Wenzel rough surface:
12

  

1) When θe < 90°, the liquid drop exhibits a philic behavior and θr
W 

approaches 0°.  

2) When θe > 90°, the liquid droplet exhibits a phobic behavior and θr
W 

approaches 180°.  

This suggests that for a hydrophilic or oleophilic rough surface (θe < 90°), increasing 

roughness increases hydrophilicity or oleophilicity. For a hydrophobic rough surface (θe > 

90°), increasing roughness increases hydrophobicity or oleophobicity. 
10

 

 

 

Figure 2.2. Liquid drops (a) filling the grooves of a Wenzel rough surface and (b) sitting on 

top of a Cassie-Baxter rough surface. 
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In the Cassie-Baxter model, the liquid drop sits on top of an area supported by a 

mixture of solid and air and does not wet the surface as shown in Figure 2.2(b). The equation 

for the Cassie-Baxter model is stated as follows:
11,12,9,14,15

 

1 2cos cosCB

r ef f                     (2.3) 

where θr
CB

 is the apparent contact angle of a Cassie-Baxter surface, f1 is the surface area of 

the liquid in contact with the solid divided by the overall projected area, and f2 is the surface 

area of the liquid in contact with air trapped in the pores of the rough surface divided by the 

overall projected area. When f2= 0 in Eq 2.3, it is assumed that there is no air present between 

the liquid drop and the solid, the value of f1 in the Cassie-Baxter model is the same as r in the 

Wenzel model. Therefore, Eq 2.3 can be  rewritten in following equations:
12,15

 

1 ff r f                     (2.4) 

2 1-f f                     (2.5) 

cos cos 1CB

r f er f f                      (2.6) 

where f is the fraction of the projected area of the solid surface in contact with the liquid and 

rf is the roughness ratio of the wet area. Therefore, when f = 1, indicating that there is no 

trapped air in the system, rf = r in the Wenzel model. It is important to note that rf in Eq 2.6 is 

not the roughness ratio of the total surface, but the roughness that comes in contact with the 

liquid. This equation is applicable to textiles surfaces that are made up of either conventional 

fibers or beads. 

In present day studies, more researchers were able to reaffirm the theory behind Wenzel 

and Cassie-Baxter’s models. Werner et al. investigated the relationship between intrinsic 
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contact angle of solid surfaces and the geometric features of the solid surface for a range of 

different surface geometries. 
16

 Benito et al. directly synthesized carbon nanofiber (CNF) 

layers on nickel foils by chemical vapor deposition using different hydrogen concentrations 

and reaction times in order to study the influence of CNF layer thickness, porosity and 

surface roughness on hydrophobicity.
17

 Athauda et al. established a correlation between 

surface structure and hydrophobicity by spincoating SiO2 nanoparticles of varying sizes on 

glass to study the effect of surface roughness on wettability.
18

 

When a water drop yields an apparent contact angle that is 150° or greater, the surface 

is considered superhydrophobic.
4
  Some literature suggested that the definition of 

superhydrophobicity should include low roll-off angles (<5°) without specifying drop 

volumes or weights, but Lee and Michielsen reported that the roll-off angle depends on the 

mass of the liquid.
12

 The most popular example of a natural superhydrophobic phenomenon 

is the surface of the lotus leaf. Several studies have suggested that the combination of a 

hydrophobic epicuticular wax and hierarchal roughness on the lotus and Taro leaves (Figure 

2.3) traps microscopic pockets of air needed for superhydrophobicity.
6,19-20

 

Superhydrophobicity can also be observed in animals such as the nano and micro patterned 

hairs on mosquito legs in order to breed without slipping into the water and the rough 

textured back of the Stenocara beetle so that it may collect water in the Namib Desert. 
13,21
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Figure 2.3. SEM of  a lotus leaf (left) and a Taro leaf (right).
4
 (Source: Barthlott, W.; 

Neinhuis, Planta, 1997) 

As demonstrated by the surface of the lotus leaf, proper roughness and low surface 

energy are both required to create superhydrophobic surfaces. Multiple methods were later 

developed by other research in attempts to induce superhydrophobicity on surfaces. 

Schutzius et al. prepared elastomeric superhydrophobic nanostructured composite coatings 

by spray casting particle-polymer dispersions that consist of nanostructured carbon black 

particles and submicrometer-sized poly(tetrafluoroethylene) particles on various flexible 

substrates.
22

 Xiang et al. manufactured multifunctional superhydrophobic 

polymethylsilsesquioxane (PMSQ) surfaces by electrospinning various hierarchical 

morphologies using different stages of sol–gel transition of PMSQ prepolymer solution.
23

 

Wan et al. are able to make zinc (Zn) surfaces superhydrophobic by immersing the substrate 

into an aqueous solution of N,N-dimethylformamide to fabricate a ZnO film consisting of 

uniform and well-packed nanorods before applying monolayer of stearic acid to lower its 

surface energy.
24

 Weng et al. prepared and applied a superhydrophobic electroactive epoxy 
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(SEE) coating on the surface of cold-rolled steel (CRS) using a nanocasting technique from 

the surface structure of fresh Xanthosoma sagittifolium leaves.
25

 

While superhydrophobicity can be achieved by roughening the surface and altering its 

surface chemistry, superhydrophobic surfaces might not repel liquids that contain surface 

tensions lower than water (γ = 72.8 mN/m).The lotus leaf surface is known for 

superhydrophobicity but it is found that low surface tension liquids, such as hexadecane (γ = 

27.5 mN/m), spreads rapidly across the lotus leaf, leading to a contact angle of approximately 

0°.
26

 Such surface oleophilicity can create various negative impacts to the environment and 

quality of life as demonstrated by the depleting biodiversity caused by oil spills and illegal 

waste discharges, loss of self-cleaning ability of plant leaves in polluted waters, and the 

swelling of elastomeric seals and O-rings.
1-2  

In order for a surface to be considered superoleophobic, the apparent contact angle of 

organic low surface tension liquids have to be 150° or greater. Superoleophobicity is 

achieved through a combination of physical roughening to induce more air spaces and 

altering its chemistry to lower the surface energy. Ohkubo et al. roughened aluminum 

substrates through sandblasting and electrolytic etching before treating the surface with 

fluorocarbons, which produced water and hexadecane contact angles of 158.9° and 139.6°.
2
 

Fuijii et al. fabricated hierarchical dual pillar surfaces using a process of the oblique angle 

magnetron sputtering deposition of Al-Nb alloys coated with a fluoroalkyl phosphate layer 

which led to super liquid repellency for hexadecane (γ = 27.5 mN/m).
27

 Liu et al. found that 

fish scales are extremely hydrophilic and oleophilic in air, but exhibit excellent oleophobicity 

in water with oil contact angles of 156.4 ± 3°.
28
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For a liquid drop on a rough surface, there are two local minima in the free energy 

corresponding to the Cassie-Baxter and Wenzel states. The state which has the lower free 

energy becomes the thermodynamically preferred state.
29

 If the Wenzel state is the favored 

state, then the liquid can be caused to transition from a Cassie-Baxter state to the fully-wet 

state given enough activation energy to force it into the surface texture. Activation energy is 

the minimal amount of energy that is required to overcome the energy barrier between 

Cassie-Baxter and Wenzel states. The presence of energy barriers may prevent a spontaneous 

transition (sinking of a liquid drop on a rough surface) and external forces have to be applied 

in order to induce the transition from the higher-energy (Cassie-Baxter) state to the lower-

energy (Wenzel) state.
30

 The metastable Cassie-Baxter state refers to an intermediate region 

during the transition from the non-wetting interface to a fully-wetted one. Patankar suggested 

that the transition between Cassie and Wenzel regions can be affected by the “sag” transition 

caused by the external pressures exerted on the drop that is sitting on a porous surface and 

the liquid curvature made against the surface. 
15-31

  

 

2.1.2 Conventional Fibers 

In Figure 2.4 (a) and (b), the cross-section of two fibers is used to determine the 

apparent contact angle equation for a conventional fiber mat. R is the fiber radius and 2D is 

the edge-to-edge distance between the two fibers and θe is the young contact angle. When 

calculating the apparent contact angle of a conventional fiber mat, f and rf of Eq 2.6 can be 

expressed in Eqs 2.7 and 2.8:  
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sin eR
f

R D





                    (2.7) 

sin

e
f

e

r
 




                     (2.8) 

where D is half the distance between the edge of two parallel fibers. Substitute Eq 2.7 

and 2.8 into Eq 2.6 and the apparent contact angle equation for fiber-only morphology can be 

obtained in Eq 2.9 as follows:
12

 

 

sin sin
cos cos 1

sin

sin
cos 1

CB e e e
r e

e

e e
e

R R

R D R D

R R

R D R D

   
 



  


 
   

  


  

 

               (2.9) 

 

 

Figure 2.4. Liquid drop on a fiber-only cross-section when (a) θe < 90° and (b) θe > 90°. 
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2.1.3 Spherical Beads 

For beads on a textile substrate, the apparent contact angle can be determined from the 

unit area covered by a liquid drop as shown in Figure 2.5.  f and rf  in equation 2.6 for 

spherical beads are defined in Eqs 2.10 and 2.11: 

2 2

2

sin

4( )

eR
f

R D

 



                 (2.10) 
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                  (2.11) 

Eqs 2.10 and 2.11 are substituted into Eq 2.6 to obtain the apparent contact angle 

equation for a beads-on-string or beads-only morphology: 
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Figure 2.5. Liquid drop supported by equally spaced spherical beads. 
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2.2 Roll-off Angles and Contact Angle Hysteresis 

Self-cleaning refers to the ability of a surface to cause liquids to roll-off and remove 

debris along its path. This characteristic is first noted on the surface of lotus leaves, a term 

which Neinhuis and Barthlott coined the ‘Lotus effect’ to described how water collected on 

the surface of the plant would roll off while washing away dirt that was previously 

accumulated.
3,4

 Self-cleaning is also observed in certain animals. A notable example is the 

geckos’ feet, which are able to recover their adhesive ability to cling against vertical surfaces 

shortly after contact with an unclean surface.
32

 Similar to creating a superoleophobic surface, 

self-cleaning is induced by a combination of a low surface energy and a well-designed rough 

surface. 

It is important to distinguish the difference between a liquid drop that rolls off and a 

surface that self-cleans. While self-cleaning surfaces can cause liquids to roll-off, simply 

having a rolling-off liquid is not enough to qualify for a self-cleaning trait. As explained in 

Figure 2.6, liquid droplets can either displace stray particles that sit on top of a porous 

surface by pushing them or carry the debris along with it as it rolls off. However, it is the 

removal of debris which constitute the characteristic of self-cleaning. 

Roll-off angles can be quantified by calculating the contact angle hysteresis (ΔθH). The 

contact hysteresis is the difference between the advancing and receding contact angles of a 

liquid droplet on a surface of interest under a dynamic setting. 4 There are two methods to 

obtain advancing and receding contact angles. The first involves placing a liquid droplet on a 

horizontally placed surface using a syringe while ensuring that the syringe tip does not touch 

the material. As the volume of the liquid increases, the contact line between the droplet and 



 

 

15 

 

the surface shifts. The advancing angle (θA) is measured the instant that droplet moves. The 

receding angle (θR) is obtained when as the volume of that droplet is retracted back into 

syringe.30 The second method which measures roll-off angles is to tilt the surface that is 

holding a static liquid droplet, and record the values of θA and θR before it starts to slide or 

roll off. The droplet will exhibit different angles at the front and back as shown in Figure 2.7, 

yielding the values of θA and θR respectively. 

 

 

Figure 2.6. Debris displaced by sliding drop (left) and removed by the rolling drop (right).
4
 

(Source: Barthlott, W.; Neinhuis, C., Planta 1997) 

Barthlott and Neinhuis had observed that the difference between the advancing and 

receding contact angles on a rough surface can be <5° in some cases and excludes the self-

cleaning characteristic purely to uneven and porous morphology.4 However, this claim is 

contested in recent literature. Hennig et al. demonstrated that the contact angle hysteresis of a 

smooth film depends on the contact time with water.33 Kalinin et al. found that the apparent 

advancing and receding angles correlate with the size and shape of micro-scale polymer rings 
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etched on hydrophilic silicon wafer surface.34 Dorrer and Ruehe observed that the advancing 

contact angle on a superhydrophobic surface is not affected by the surface roughness and 

reaches up to 180° during the advancing motion. In contrast, the receding contact angle is 

strongly influenced by several geometric parameters such as the shape, size, and spacing of 

the protuberances of the surface.35 Brandon et al. showed that the contact angle hysteresis is 

inversely proportional to the mass of the liquid.
36

 Yoshimitsu et al. established that the roll-

off angles are in inverse proportion to the weight of a water droplet and that the design of a 

rough surface is more important than increasing roughness to obtain better roll-off 

behavior.
37

  

Lee and Michielsen  found that roll-off angles depend on the mass of the droplet and 

the surface tension of the liquid as shown described in Eq 2.13:
38

 

 sin cos –  cosLV c R Amg D                   (2.13) 

where γLV is the liquid surface tension, and Dc is the contact diameter of the droplet on the 

surface. When the mass of the droplet increases, the roll-off angle decreases. This means that 

larger and heavier liquid drops are required to characterize roll-off. However, since we are 

more interested in the effects of surface roughness and surface energy on 

superhydrophobicity and superoleophobicity, self-cleaning and roll-off angles are not 

investigated within this study. 
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Figure 2.7. Liquid droplet rolling off a tilted smooth surface.
38

 (Source: Lee and Michielsen, 

JOTI, 2006.) 

 

2.3 Force-resistance and Robust Pressure 

When exterior force is introduced to a static drop sitting on top of a roughened surface, 

the liquid enters into the structure of the material. Force-resistance refers to the ability of a 

solid to resist against liquid penetration when external pressure is exerted against the droplet. 

Force-resistance is another means to control the wettability of surfaces since the droplets are 

subject to surrounding forces upon landing on a surface.  Tuteja et al. concentrated on the 

behavior of liquid droplets on uneven surfaces in attempts to predict the changes that take 

place on different roughened morphology over time by modeling their robustness pressure.
39

  

Robust pressure, which refers to the maximum amount of pressure required for a liquid drop 

to breakthrough a porous surface, is used to quantify the force-resistance of a textile surface 

in this study. 
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2.3.1 Theory 

The basic equation for pressure is represented by the generalized force balance equation 

shown below: 

F P A                    (2.14) 

where F is the force, P is the pressure and A is the affected area. This equation can be further 

expanded to model the robust pressure of fibers when in contact with different liquids. The 

general force equation (Eq 2.14) is modified for roughened surfaces as follows: 
39-40

  

LP H IF P A                    (2.15) 

where the force it takes to penetrate the liquid drop through a substrate (FLP) can be 

expressed as the robust pressure (PH) exerted over the interfacial area (AI) covered by the 

liquid droplet. FLP can also be expressed by the liquid-vapor surface tension (γLV), the liquid-

solid contact length (Lc) and the sagging angle (δθ) of the liquid as shown below: 
39-40

 

LP sinlv cF L                     (2.16) 

 

2.3.2 Conventional Fibers 

When a liquid drop is place on top of a textile surface, it sits on a mixture of fiber 

surfaces and air spaces. If the surface is considered superoleophobic, it is assumed that the 

liquid in contact with the air spaces will sag but does not wet the substrate. For conventional 

fibers, it is possible to predict the robust pressure of a surface and define a range of variables 

that would affect the force-resistance and overall wettability of a textile.
41
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Figure 2.8. Robustness pressure of conventional fibers. 

Figure 2.8 is a schematic detailing the different factors that affect robust pressure (PH). 

R is the fiber radius, 2D is the edge-to-edge distance between the fibers, δθ refers to the 

sagging angle of a liquid between two fibers, H is the fiber robustness height, h is the sagging 

height of the liquid between the fibers, θe is the young’s contact angle of the liquid with 

respect to the material, Rsag is the sagging radius with reference to the liquid curvature and 

Lfiber is the length of the fiber which comes in contact with the liquid droplet.  

In order to quantify the robust pressure exerted between two fibers by the liquid drop,  

Eqs 2.15 and 2.16 are set to equal one another and simplified as shown below: 
40-41
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  (2.17) 

A factor which affects wettability and robust pressure is the robustness height (H) and 

the sagging height (h). H is the height from where the liquid starts to sag to the bottom of the 

fiber. If h, reaches the same depth as H, the substrate would be wetted by the liquid. 

Assuming a scenario where the substrate is wetted, the maximum height of h = H, the value 

of H can be determined as follows, assuming that the sagging angle between the fibers, δθ, is 

a very small value:
40
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Using the Pythagoras theorem, H = h can be rewritten as:
40
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             (2.19) 

Combine Eqs. 2.18 and 2.19 to summarize Rsag into parameters that can be measured such as 

D, R and θe:
40
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Thus from Eqs. 2.17 and 2.20, PH can be determined as:
40

  

2 2

sin 2 (1 cos ) 2LV LV LV e LV
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                (2.21) 

 

2.3.3 Spherical Beads 

 

 

Figure 2.9. (a) Micro-hoodoo geometry and (b) beads-only geometry.
40

 (Source: Tuteja et al., 

PNAS, 2008) 

The modeling electrospun beads-only surface constructed based on the modeling of the 

discrete micro-hoodoo surface. The diagram for the discrete micro-hoodoo surface and the 

beads-only surface is shown in Figure 2.9. 
40

 

For the micro-hoodoo geometry (Figure 2.9 (a)), PH of the structure is analyzed by 

liquid that is supported by four identical platforms where 2W is the width of each micro-

hoodoo, 2D is the distance between each micro-hoodoo and Hpore is the pore height that 

supports each micro-hoodoo. Tuteja et al. defined the modeling first for the micro-hoodoo 
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morphology in order to determine the modeling of the discrete structure. In the equations 

below, ‘striped’ structures have a continuous length (a good example is a fiber), while 

‘discrete’ structures do not have a continuous length such as individual electrospun beads.  

The PH equation for a discrete micro-hoodoo structure is derived from the generalized 

equations (Eqs 2.15 and 2.16): 
40,42
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The PH equation for beads-only structure is very similar to that of the discrete micro-

hoodoo geometry and can be expressed as follows: 
40
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                    (2.23) 

 

2.3.4 Design Parameters 

Within the research of robustness geometries, the two important design parameters to 

be considered are the fiber spacing ratio and the height ratio of fibers.
30,

 
40-44

 The 

dimensionless spacing ratio, D
*
 and robustness height parameter, H

*
 are developed. For 

fiber-only and beads-only morphology, D
*

fiber is computed as follows:
40
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                  (2.24) 

where Rf is the radius of the fibers, and Df is half the distance between the fibers. D
*

fiber 

directly affects rf in Eq 2.6, the roughness that comes in contact with the liquid, and thus, also 

has an impact on the apparent contact angle.  

D
*

discrete micro-hoodoo refers to the spacing ratio for discrete micro-hoodoos and can be 

summarized as: 

2

*

discrete micro-hoodoo

W D
D
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                (2.25) 

D
*

sphere is designated as the spacing ratio for electrospun fibers and is stated as follows: 
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                                                             (2.26) 

The design parameter which affects robustness geometries, H
*
, measures the robustness 

of the metastable Cassie state with respect to the fluid properties, equilibrium contact angle 

and surface geometry. According to Choi et al. and Chatre et al., Pref is a characteristic 

pressure whose magnitude is determined by a balance between the surface forces and the 

body forces arising from gravity that act on the fluid interface.
40-44

 This is assuming that the 

surface is omniphobic (θr
CB 

~180°) and can cause a released liquid droplet to assume a shape 

that is almost spherical. The equation of Pref  is stated as follows: 
40-44
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Where ℓcap is the capillary length of the liquid, ρ is the liquid density and g is the 

acceleration due to gravity. With the addition of Pref, the equation of H
*
 for conventional 

fiber morphology with respect to PH is created by dividing Eq 2.21 by 2.26 : 

2
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             (2.27) 

For discrete micro-hoodoos, the equation is constructed as follows: 
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            (2.28) 

Similarly, for beads-only morphology, the equation of H
*
 for conventional is derived by 

dividing Eq 2.23 by 2.26: 
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                    (2.29) 

In order to achieve a stable Cassie state with maximized apparent contact angles, the 

values of D
*
 >> 1 and H

*
 >> 1.

40
 A range of h and D can be calculated to determine the limits 

of both parameters in order for the conventional fiber mat and beaded morphology to remain 

superoleophobic. 
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2.4 Calculating the Sagging Height of Conventional Fibers 

In order to ensure that the surface is not wetted, a range of h has to be established for a 

fiber mat where h ≤ H so that the liquid does not touch the substrate when external pressure 

is applied. According to Tuteja et al., the modeling of h was calculated in two parts as shown 

in Figure 2.10: one is a vertical distance travelled by the liquid experienced by external 

pressure, denoted by hθ and the other is the sagging height, hH. The heights of hθ and hH are 

then summed together to predict the total sagging height (htotal) of that liquid between those 

two fibers. 
40-41

 

hH is calculated the same as h in other equations and can be computed as : 

2
21

(1 cos ) sin
2 2

H sag fiber sag fiber

sag

D
h R R

R
                  (2.30) 

hθ can be computed as follows: 
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htotal is the sum of both hH and hθ: 
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Figure 2.10. Pressure applied on a droplet to a fiber mat morphology.
40

 (Source: Tuteja et al., 

PNAS, 2008) 

 

2.5 Range of Half the Distance between Fibers 

From the robust pressure equation (Eq 2.17), it can be observed that robustness 

pressure is inversely proportional to the distance between the fibers. This indicates that as the 

distance between fibers increases, the robust pressure of the surface decreases. However, 

recall the Cassie-Baxter theory in Eq 2.3, which states that increasing the distance between 

fibers also increases the amount of air space exposed to the liquid drop and therefore 

increases the overall apparent contact angle. Hence, in order to create a robust yet 

superoleophobic surface, a suitable range of 2D for both properties has to be determined. 
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2.5.1 Conventional Fiber Mat 

For a conventional fiber mat, the Cassie-Baxter equation is used to solve for the lower 

limit of D as shown below: 

 cos sin
1

cos150 1

e e e
R D

     
  

 
               (2.33) 

In order to solve for the upper limit of D, the minimum height needed to transit to a 

Wenzel state (Eq 2.18 ) is solved from previous calculations done by Quere and Reyssat:
45
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To summarize, the range of D for a fiber morphology mat is stated as follows: 
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2.5.2 Beaded Morphology 

For a beaded morphology, the Cassie-Baxter equation is used to solve the lower limit of 

D as shown below: 
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The minimum height needed to transit to a Wenzel state for the beaded morphology is 

the same as the fiber mat. Therefore the range of D is stated as follows:
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2.6 Conical Fibers 

From the literature review, several research papers have indicated that conical fiber 

structures provide a strong balance between achieving high contact angles and robustness. 

Cao et al. created silicone micro-textures that consisted of overhangs with well-defined 

geometries fabricated by micro and nanofabrication technologies, which provide positions to 

prevent the liquid from entering into the indentation0073 between the textures. The shape of 

the texture consists of truncated cone-like structures, and as a result, water comes into contact 

with a composite surface of solid and air, which induces the observed macroscopic 

superhydrophobic behavior.
19

 In the research conducted by Im et al., the team was attempting 

to create a substrate containing single layer truncated cones in hopes of producing robust 

superoleophobic surfaces via 3-D diffuser lithography.
46

 Through modeling, the team 

calculated a series of diffraction bends that separated the UV light and the mask to achieve 

the bent-in angle of each cone. 

 

2.6.1 Apparent Contact Angle 

According to the Cassie-Baxter formula (Eq 2.3), increasing the number of air spaces 

on a rough morphology increases the apparent contact angle of the surface. However, this has 



 

 

29 

 

to be optimized with the robustness pressure theory where, the distances between fibers have 

to balance out so that the drop does not sag to the point that it wets the substrate. 

 

 

Figure 2.11. A droplet sitting on a layer of truncated conical fibers without touching the 

fabric substrate.
47

 (Source: Du et al., CBD S&T Conference, 2009) 

The conical-shaped fiber geometry, as depicted in Figure 2.11, is suggested to induce 

the Cassie-Baxter state. In recent literature, the generalized Cassie-Baxter theory was 

modified and simplified for rough surfaces that contain flat tops: 

cos (cos 1) 1CB

r s e                    (2.38) 

where Φs is the ratio of the rough surface area in contact with a liquid drop to the apparent 

surface area covered by a liquid drop. Note that the form of the Cassie-Baxter equation given 

in Eq 2.38 is only valid when rf = 1 of Eq 2.6, i.e., when the liquid is in contact with a flat, 

porous surface. The use of Eq 2.38 should be restricted to a flat, porous surface, and for other 

cases the complete Cassie-Baxter equation in either the form given in Eq 2.3 or the form 

given in Eq 2.6 should be used. 

From Eq 2.38, the Cassie-Baxter equation for a surface made up of conical fibers that 

are equally spaced in all directions can be derived as follows: 
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where D is half of distance between adjacent fibers of the top layer, R is the radius of conical 

fibers, θe is the Young contact angle, θr
CB

 is the apparent contact angle. 

 

 

Figure 2.12. Liquid behavior on conical fibers.
47

 (Source: Du et al., CBD S&T Conference, 

2009) 

 

2.6.2 Robustness Pressure 

The truncated cone was used to describe the sagging behavior of liquids and the effect 

of the robustness angle as shown in Figure 2.13 in the research done by Im et al.
40,46

 The 
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angle which makes between the start of the sagging line and the solid is the local geometric 

angle (ψ), 

When conical-shaped surfaces are aligned in the traditional pyramidal form as shown in 

Figure 2.13 (a), the directional forces of the liquids are pointing downwards, promoting the 

movement of the liquid towards the solid texture when θe < ψ. In Figure 2.13 (b), with the 

conical-shaped protuberances turned upside down, θe > ψ and the direction force of the liquid 

is pointed upwards, thus portraying a force-resistant surface.
40,46

 

Any surface where θe ≥ ψ creates the possibility of forming a composite interface while 

any liquid where θe < ψ will yield a fully wetted surface.
40

 Due to the constraint of this 

design (θe ≥ ψ), many superhydrophobic surfaces described in past literature such as pillars, 

spikes or wrinkles, where ψ ≥ 90°, are unable to support a composite interface with low 

surface-tension liquids.
40,46

 On the other hand, surfaces that possess the force-resistant 

texture (ψ < 90°), facilitate extremely high apparent contact angles even if θe < 90°, making it 

crucial for developing superoleophobic surfaces. 

 

 

Figure 2.13. Possible behavior of liquids on surfaces with the same surface energy but with 

different geometric angles ψ.
40

 (Source: Tuteja et al., PNAS, 2008) 
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The robust pressure equation for conical fibers can be described in Figure 2.14 where 

Rsag is the sagging radius of the liquid drop between two conical fibers, α is half the angle 

found on the tip of the conical fiber, δθ is the sagging angle of the liquid between the conical 

fibers, H is the conical fiber height and h is the sagging height. 

Robustness pressure PH is defined as the amount of pressure exerted on the surface to 

the point where when H = h. With the measured values of H and h, the equation of the 

sagging radius, Rsag is obtained as follows: 
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Figure 2.14. Sagging behavior of liquids on cones.
47

 (Source: Du et al., CBD S&T 

Conference, 2009) 
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For a single layer of conical fiber structures as shown in Figure 2.14, the force balance 

could be expressed as: 
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                    (2.42) 

where AI  is the interfacial area covered by the liquid droplet, Lc is length of the line which 

comes in contact with the liquid and δθ is the sagging angle of the liquid. Rearranging Eq 

2.42, the robustness pressure equation of a conical fiber can be obtained as follows: 
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              (2.43) 

 

2.6.3 Sagging Height Range 

Assuming that the start of the liquid sag is from the edge of the conical fiber as shown 

in Figure 2.14, the sagging angle of the liquid (δθ) can be computed as follows: 

2
e


  

 
   
 

                 (2.44) 

The equation for the sagging radius, Rsag can be stated as follows: 
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                   (2.45) 

With the equation of Rsag, and δθ, the equation for the sagging height, h can be derived by 

substituting Eqs 2.44 and 2.45 into Eq 2.41: 
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              (2.46) 

In order for the substrate to not be wetted, the value of h has to be less than H. 

 

2.6.4 Range of Half-Distance Between Fibers 

The limits of D for conical fibers are similar to that of conventional fibers and beads. 

The lower limit of D is restricted by the apparent contact angle as seen in Eq 2.40 and can be 

rearranged as follows: 
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eR D                 (2.47) 

The upper limit of D is the same as the conventional fiber mat and beaded morphology as 

stated in Eq 2.34 so the range of D can be presented as follows: 
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2.7 Driving Force 

Driving force refers to the ability of a small droplet which surrounds a conical fiber to 

move towards the wider end of the cone without interference from its environment. The 

motion of a drop on a surface is similarly related to the wetting behavior since it is also 

affected by both surface chemistry and geometry. The surface geometry could be either local 

(having a flat, rough, or patterned topography) or global (cylindrical, conical or tube 

shaped).
48

 Most of the motion of a drop on a fiber can be considered to be driven by a 

Laplace pressure gradient. Any factor that is capable of causing a surface tension gradient 

such as a temperature gradient, a chemical composition gradient, and a surfactant 

concentration gradient, is capable of causing a drop to shift.
49,50-51

 Similarly, factors such as 

fiber or tube radius gradient will create a Laplace pressure gradient and eventually initiate the 

motion of the drop.
52

 

 

2.7.1 Laplace Pressure 

The pressure across the liquid-vapor interface of a drop is called the Laplace pressure 

and is given by the Young-Laplace equation:
53-54

 

1 2

1 1
LVP

R R


 
   

 
                         (2.49) 

where ∆P is the Laplace pressure, and R1 and R2 are the principle radii of any point on the 

liquid vapor interface. R1 is the principle radius that is made tangent to a particular point of a 
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drop while is R2 the radius made from the vertical center of the cylinder to that particular 

point of the droplet  (Figure 2.15). 

Carroll had developed a means to calculate the change in Laplace pressure using the 

radius of the cylindrical fiber:
48
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                 (2.50) 

where R refers to the fiber radius and n is sum of the distance of the droplet width and radius 

of the fiber  divided by the radius of the cylindrical fiber. 

On a conventional cylindrical fiber, at every point on the liquid-vapor interface, the 

pressure across the interface must be the same. Otherwise, the drop shape will change to 

ensure a constant pressure within the drop.
53

 The Laplace pressure and shape of a drop on a 

cylindrical fiber would remain static since the cylindrical fiber has a consistent radius as 

shown in Eq 2.50. 
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Figure 2.15. Droplet behavior surrounding a cylindrical fiber. 

 

2.7.2 Driving Force of Conical Fibers 

Droplets on conical fibers have the property of moving, and different ways for 

generating such motions have been described in research literature. Bouasse suggested that a 

slug (‘slug’ refers to a column of liquid) in a conical capillary tube should move toward the 

region of smaller radius.
55

 Weislogel characterized the motion of a drop deposited across the 

interface between two substrates of different chemical compositions.
56

 Bain et al. and 

Domingues dos Santos et al. invented a dynamic version of the droplet motion, showing that 

the motion itself maintains a contrast in wettability between the front and the rear of the 

drop.
57-58

 Bico & Quere studied the motion of an asymmetric slug (made of two juxtaposed 
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droplets) in a tube.
59

 Brochard et al. described the motion of a drop placed in a temperature 

gradient.
49,60-61

 Carroll observed the motion of a drop placed on a mammalian hair fiber and 

noticed a tendency for it to move in a direction parallel to the fiber axis until it attains a 

stable conformation.
48

  

 

 

Figure 2.16. Liquid droplet behavior surrounding a conical fiber.
62

 (Michielsen et al. , 

Langmuir, 2011) 

 

Small drops can move spontaneously on conical fibers. As a drop moves along the 

cone, it must change shape to maintain a constant volume, and thus, it must change its 
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surface energy. Simultaneously, the exposed surface area of the underlying cone must also 

change. The associated surface energies should balance each other, and the drop should stop 

moving when it reaches a location where the free energy is a minimum. According to Du and 

Carroll, a liquid droplet prefers to take the shape and position itself where it experiences the 

lowest free energy.
53,54

 This indicates that a small liquid drop that surrounds a conical fiber is 

capable of moving towards the wider circumference because the pressure experienced on the 

lower point of the drop is greater, causing the higher position to be the location of the lowest 

free energy.
53,63,54

  

 

 

Figure 2.17. Driving force theory of a conical fiber.
64

 (Zhang, NCSU ETD, 2011) 

 

According to Lorenceau and Quere, when small droplets accumulate and surround the 

circumference to form a single drop around the conical fiber, it is capable of climbing up to 
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the wider circumference due to the presence of a Laplace pressure gradient shown in Figure 

2.16.
52

 The driving force of a conical structure can be expressed as: 

02

1 0

2 tan

( )

LV
driveF V

x R

 



                 (2.51) 

where Fdrive is the driving force, α is the half the angle of the base of the conical fiber, x1 is 

the distance between the center of cone and the minimal height where the droplet rests on the 

fiber as shown in Figure 2.17, and R0 is the radius of the droplet when it is a sphere and x1 << 

R0. 

 

2.8 Multi-Scale Background 

For most researchers, the superhydrophobic and self-cleaning abilities of the lotus leaf 

have been used as a model for the development of artificial biomimetic surfaces. Several 

methods of creating the multi-scale surface have been developed over the years ranging from 

physical modifications such as photolithography and electrospinning to chemical 

modifications such as wet processing.  

In the paper written by Koch et al., the hierarchical structure of the Lotus leaf was 

recreated to characterize the influence of hierarchical roughness on superhydrophobicity and 

adhesion.
65

 Hierarchical structures were fabricated through a fast and precise molding of the 

Lotus leaf microstructure, and self-assembly of the natural Lotus wax deposited by thermal 

evaporation to create the wax tubules nanostructures.
65

 The data show that independent 

layers of microstructures and nanostructures lead to superhydrophobicity, whereas the 
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hierarchical structures further improve this property and show low contact angle hysteresis, 

superior to that of the natural Lotus leaves.
65

  

Shirtcliffe et al. electrodeposited copper sulfate solution onto a copper ‘chocolate chip’ 

like surface to create varying levels of roughness and coated it with a fluorocarbon 

hydrophobic that later produced water contact angles of greater than 165°.
66

 Ming et al. 

created dual-size surface roughness from well-defined silica-based raspberry-like particles 

that are covalently bonded to an epoxy-based polymer matrix.
67

 The roughened surface is 

chemically modified with a layer of poly(dimethylsiloxane) (PDMS) to mimic the surface 

topology of self-cleaning plant leaves. 
67

 Hierarchal structures have also been created by 

combining nanowire arrays on substrates. In the research done by Chong et al., nanowire 

arrays consist of periodic voids at the micro-scale range and hexagonally packed nanowires 

at the nano-scale range were created.
68

  

In order to prevent droplets from wetting the surface, the stacking of conical fibers is 

proposed, creating a multi-scale structure on the fabric substrate. A  multi-scale structure 

with well-designed roughness not only ensures a high apparent contact angle but also 

enhances the robustness required to resist the penetration of the fabric by the droplets, 

thereby preventing droplets from wetting the substrate.
53-63

 Applying fluorochemical 

treatment on the surface further lowers the surface energy of the material and repels liquids 

with low surface tension.  
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2.9 Electrospinning 

Electrospinning is a simple and adaptable process capable of producing fine polymer 

fibers with diameters in the nanometer range.
69-70

 The process of electrospinning involves 

applying an electrical potential (~ 10 – 20 kV) to a polymer solution in a syringe facing a 

grounded collector plate. The high electric field overcomes the surface tension of the 

polymer fluid, forming a tapered Taylor cone. The fluid jet is attracted to the grounded plate 

where solid fibers are collected and formed.
71

  

Polymer fibers can be collected from the collector plate after the solvent evaporates. 

The morphology of the fibers depends on the various parameters involved in the 

electrospinning process such as the polymer solution concentration, strength of applied 

electric field, distance between the needle tip and collector plate, and fluid flow rate.
72-74

 This 

includes environmental parameters such as the temperature of the polymer solution, room 

humidity, and air velocity within the electrospinning chamber.
75

 

There are two types of predicted instabilities which can occur from the electrically 

driven jet that would affect the morphology of the electrospun sample: an electric field-

induced axisymmetric instability, and whipping instability.
76-78

  Bead formation is a result 

from axisymmetric instabilities caused by the rate of flow, applied voltage, surface tension of 

the polymer solution, and conductivity between the needle and collector plate.
79-80

  

In relation to the conical fiber modeling of multi-scale structures, the productions of 

beads are relevant to the study. However, since beaded morphologies are considered as 

defects in the production line, few have taken the initiative to characterize this specific 

structure.  
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Sieber studied and characterized the different conditions needed to electrospin beaded 

and beads-on-string morphologies under pressure plasma in order to create a hydrophobic 

coating surfaces for other materials.
81

 Narendiran investigated the different electrospinning 

conditions of nylon 6 nanofibers and morphologies under pressure plasma that would 

increase the adhesive properties while maintaining its tensile strength and flexibility.
82

Ojha et 

al. characterized the morphology, mechanical properties of nylon 6 nanofibers of three 

different molecular weights by varying the electrospinning process conditions (solution 

concentration, voltage, tip-to-collector distance, and flow rate). They found that the diameter 

of the electrospun fibers increased with increasing molecular weight and solution 

concentration. The morphology of electrospun fibers also depended on tip-to-collector 

distance and applied voltage concentration of polymer solution.
79

 

Nylon has been widely used as a polymer material in the electrospinning process due to 

its good mechanical properties and availability. Electrospun nylon nanofiber diameters can 

range from 10 to 500 µm which is suitable for the top layer of a multi-scale structure.
83

 

In the study discussed below, a robust superhydrophobic superoleophobic textile is 

created though modeling of rough surfaces and implementing multi-scale structures. Nano-

scale electrospun nanofibers and the micro-scale fibers on the substrate mat can be modeled 

as truncated conical fibers. In order to demonstrate the concept of a multi-scale rough 

surface, two independent single-scale fabrics were modeled, created, and characterized. We 

electrospun nylon 6 nanofibers that produced the ‘beads-on-string’ morphology on a support 

mat and modeled the surface as a single-scale of nanosized conical fibers. The nylon 

nonwoven substrate is modeled as a single layer of micro-scale conical fibers. The 
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fluorochemical treatment method designed by Thompson was adopted for this process to 

lower the surface energy of the two single-scale fabrics.
7
 The apparent contact angles of the 

nano and micro single-scale structures were compared, and the concept of a multi-scale 

structure that consists of the electrospun layer on top of a conventional nylon fabric was 

determined from the results. In doing so, we were able to evaluate the superhydrophobic and 

superoleophobic capabilities between single-scale and multi-scale models.  
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3. EXPERIMENTAL 

3.1 Materials 

Nylon 6 polymer chips were obtained from Sigma-Aldrich (St. Louis, MO). 2,2,2-

Trifluoroethanol (TFE) was obtained from Sigma-Aldrich (St. Louis, MO). Support mat was 

obtained from the Nonwovens Institute (Raleigh, NC). Hydro-entangled nylon nonwoven 

fabric was obtained from the Nonwovens Institute (Raleigh, NC).  Nylon film was obtained 

from DuPont (Wilmington, DE). Poly(acrylic acid) (PAA) was obtained from Sigma-Aldrich 

(St. Louis, MO). 4-(4,6-dimethoxy-1,3,5-triazin-2yl)-4-methylmorpholinium chloride 

(DMTMM) was obtained from Fluka (St. Louis, MO), Methanol (CH3OH) was obtained 

from Sigma-Aldrich (St. Louis, MO).1H,1H-perfluorooctylamine (FA) was obtained from 

Synquest (Alachua, FL). Dodecane (C12H26) was obtained from Sigma-Aldrich (St. Louis, 

MO). Kaydol was obtained from CBM group of NC (Research Triangle Park, NC). Inc. 

Water used was processed by double deionized filter system (DI water). All the chemicals 

were used without further purification. 

 

3.2 Electrospinning 

The solution for nylon 6 nanofibers was made by dissolving nylon 6 polymer chips into 

TFE solvent. In order to produce a concentration of 7% wt/vol of nylon 6 nanofiber solution, 

0.7 g nylon 6 polymer was mixed with 10 mL of TFE solvent and stirred overnight at 20 °C 

and 65% humidity.  
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Nylon 6 solution with a concentration of 7% wt/vol was loaded into a 12 mL syringe 

with a 23 gauge blunt needle tip.  This capillary was connected to 17 kV applied voltage and 

solution was deposited from the positively-charged capillary tip onto a grounded rotating 

cylindrical collector’s plate. A direct current (DC) motor was used to rotate the cylindrical 

surface so that nanofibers dispersed from the polymer/solvent jet would be collected 

uniformly from the center of the support mat (Figure 3.1). A single layer of aluminum foil 

taped with a 5 by 15 cm support mat covered this grounded cylindrical surface, and polymer 

solution was pumped at a flow rate of 2 mL/hour.  The support mat was used to maintain the 

stability of the electrospun fabric after deposition and further treatment. The distance 

between syringe tip and collector was 15 cm, and the time of deposition was for 1 hour to 

ensure that enough beads-on-string nanofibers were collected on the support mat. The room 

temperature was 20°C and humidity was 65% during the electrospinning process. The 

electrospun sample was then air-dried overnight in a vacuum oven at a room temperature of 

20°C and at a pressure 20 psi. 

 

 

Figure 3.1. Electrospinning nanofibers on a rotating collector’s plate. 
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3.3 Grafting PAA on Nylon 

According to the methodology adopted by Thompson, the nylon electrospun fabric (0.7 

g), nonwoven fabric (0.65g) and film (0.1g) were grafted with PAA to increase the number of 

reactive sites.
7
 First, PAA (4 g) was dissolved in 1000 mL of DI water at 20 °C and 65% 

humidity. Next, the nylon samples with a total mass of 1.45 g were completely immersed in 

36.25 mL of PAA solution for 4 hours and lightly shaken every 20 minutes to ensure that the 

entire surface was treated. After 4 hours, the nylon samples were gently rinsed in DI water 

for 5 minutes and drained to remove excess PAA. This process was repeated thrice. 

DMTMM (0.56 g) was dissolved in 23 mL of DI water with vigorous stirring at 20 °C and 

65% humidity. The PAA-soaked nylon samples were then immersed in the DMTMM 

solution to chemically graft PAA to the surfaces. The reaction was allowed to proceed for 2 

hours and was lightly shaken every 20 minutes. The PAA-grafted nylon materials were then 

rinsed in DI water for 5 minutes thrice and air-dried overnight at 20 °C and 65% humidity.  

 

3.4 Grafting FA on PAA-grafted Nylon 

FA (0.76 g) and DMTMM (0.56 g) were dissolved in 30.3g of methanol at 20 °C and 

65% humidity. Then, the dried nylon samples were immersed in the FA-DMTMM solution 

for 2 hours and lightly shaken every 20 minutes to allow adsorption of FA. The FA-grafted-

PAA-grafted sample was then sifted in methanol for 5 minutes (repeated thrice with fresh 

solvent) and air-dried at 20 °C and 65% humidity. 
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3.5 Scanning Electron Microscopy (SEM) 

The rough surface of the dried nylon samples were examined with a scanning electron 

microscope (SEM), JEOL 6400F Field Emission SEM, operated at 5 and 10 kV and 

magnifications from 100 to 5000. The program, Revolution 1.6.0, was used to analyze SEM 

images. On a rough surface, the fiber diameters were measured using this program. 

 

3.6 Image Analysis 

The SEM images were converted to the JPEG format using Revolution 1.6.0. 

Photoshop CS5 was used to analyze the areas of solid and air spaces on the fabric from the 

JPEG – converted SEM images. First, the area of interest was selected using the marquee 

tool and the histogram panel was opened to determine the overall number of pixels. Next, 

“Color Range” is selected under the “Tools” tab followed by the “Black Matte” selection 

from the pull-down tab. The shift key was held down and only the topmost fibers were 

manually selected to reveal the number of pixels where the fibers come in contact with the 

liquid. This number is then subtracted from the total amount of pixels of the entire image to 

yield the number of pixels which constitutes the air spaces between the topmost fibers. The 

surface area of the liquid in contact with air of the rough surface divided by the projected 

area (f2) was then calculated by dividing the amount of pixels which constitutes air by the 

total amount of pixels of the whole image. With the value of f2, the range of D was calculated 

for the nonwoven fiber mat and the electrospun fibers. 
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3.7 Contact Angle Measurements 

The contact angles on the prepared surfaces were examined with sessile water and oil 

drops using a lab-designed goniometer at 20 °C and 65% humidity. Water (73 dynes/cm), 

Kaydol (31 dynes/cm) and dodecane (25 dynes/cm) were used as comparison. The contact 

angle images were obtained using a charge-coupled device camera. All applied liquid 

droplets are 10 µL in volume. At least five individual measurements were taken from 

different locations on each sample. The contact angles are observed and recorded using 

Image J 1.44P and the mean values were calculated. 

 

3.8 Measuring Robust Pressure 

A small sample of fabric was placed on the middle of a horizontally placed glass slide 

and neutralized by sweeping a ZeroStat
TM

 gun (Sigma-Aldrich, St. Louis, MO) slowly along 

the surface a few times. A piece of clean Teflon
®
 film was placed at the end of the vertical 

end of a second glass slide and also neutralized by sweeping the ZeroStat
TM

 gun along its 

exposed surface. The anti-static gun, ZeroStat
TM

 was applied to both surfaces to avoid any 

intermediate static charge between the drop and the Teflon
®
 film during the robust pressure 

experiment. The glass slide containing the Teflon
®

 film was slipped between the clamps of a 

cantilever and tightened. The cantilever was connected to a motor and the motor was linked 

to a computer (Figure 3.2) to track the change in distance between the Teflon
®
 film and the 

fabric. The glass slide containing the neutralized fabric was set on a balance (Mettler AE163, 

American Instrument Exchange, Haverhill, MA) and a 2 µL droplet of liquid was gently 
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placed on the surface. The experiment was conducted under a room temperature of 20 °C and 

65% humidity. 

 

 

Figure 3.2. Lab-designed robustomer used to measure pressure exerted on a droplet. 

The cantilever (Compumotor, Rohnert Park, CA) moves at a velocity of 6.5 µm/s. The 

machine was calibrated to first move a total of 2.9 mm of distance downward when pushing 

the Teflon
®
 film down to the fabric containing the liquid drop before moving a total of 3.7 

mm upward when pulling the Teflon
®
 film away from the liquid and fabric. After pulling, the 

machine would return to its original position before the repeat of the next experiment. The 

force and separation distance data were recorded in the computer and photographs were 

taken for every ~0.08 mm of distance moved. Water, dodecane and Kaydol drops are tested 

and repeated 5 times for each liquid on each sample. 
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Final measured pressure (Pm) of the tested liquid was calculated from the measured 

results. Pm should not be confused with PH, which is the expected breakthrough pressure of 

the fabric. The value of Pm is calculated by dividing the maximum force registered by the 

balance and dividing it by the maximum measured area of the drop. The maximum measured 

force is the recorded force just before the Teflon
®
 film touches the plates of the balance. The 

maximum measured area of the drop is calculated from the maximum droplet diameter 

obtained from photographic observations. 

 

 

Figure 3.3. Example of a force-separation distance graph. 

Significant changes in the force can be tracked differentiating the force-separation 

distance curves and this is used to determine the maximum force needed to push the liquid 

drop into the fabric. This can be cross-checked by determining the site at which the slope of 
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the Force-Separation Distance is constant. The point before the constant slope is formed is 

the point at which the maximum force that is exerted on the droplet. 

Figure 3.3 serves as a basic example to assist in reading a force-separation distance 

graph. The direction from which the graph is read is right to left since the force increases as 

the distance between the Teflon
®
 film and the drop decreases. The key behavior points were 

numerically numbered and explained below: 

1) Plates are moving but not touching the liquid 

2) First contact with liquid drop, forming a capillary bridge. A negative force is recorded 

since the capillary bridge is attracted to the Teflon® film while pulling the sample fabric 

along with it. This causes the balance to register a lack of mass and therefore a negative 

reading in the system. 

3) As the distance between the Teflon® film closes, the initial registered negative force starts 

to become positive and the system slowly starts to collect data on the amount of force it takes 

to press the liquid drop into the fabric 

4) At this point, liquid spread is increasing evident 

5) Transition point where liquid compression reaches its peak. This is followed by a constant, 

positively increasing slope of the data which indicates that the plates are completely touching 

while the system is still moving at a constant velocity of 6.5 µm/s. 
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4. RESULTS AND DISCUSSION 

Single and multi-scale structures made up of conical fibers were modeled. Several 

types of single-scale models were designed and compared against the multi-scale structure to 

theoretically determine their robustness, hydrophobicity, oleophobicity, and force-resistant 

capabilities. The experimental results were then analyzed to determine if the modeling of 

single and multi-scale structures are consistent when applied to a textile material. 

 

4.1 Modeling of Multi-Scale Conical Fibers 

 

 

Figure 4.1. Two-layer multi-scale conical fiber structure. 

When modeling a multi-scale conical fiber structure, it is assumed that the dimensions 

of the topmost layer of conical fibers do not change. Therefore, the apparent contact angle of 

the structure remains the same no matter how many layers there are in the multi-scale 

structure. This is because the apparent contact angle is dependent on the morphology of the 
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topmost surface. The PH, range of h and range of D is tailored accordingly to added layers. In 

Figure 4.1, 2D1 is the distance between the small conical fibers of the top layer. 2D2 is the 

distance between the large conical fibers that supports the small conical fibers. H2 is the total 

structure height and H1 is the height of the small conical fibers. Therefore, the height of the 

bottom layer made up of large conical fibers is denoted as H2-H1. The half-angle, α, at the tip 

of each cone, is the same for all the conical fibers in the multi-scale structure. 

 

4.1.1 Apparent Contact Angles 

The apparent contact angle equation of a multi-scale conical fiber structure can be 

taken from Eq 2.40 and applied to the topmost layer of conical fibers in Figure 4.1 as shown 

below: 

2 2

1 1 1 1

1 1

cos cos 1

4 4

CB

r e
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R R

 
   

    
   
   

                (4.1) 

where R1 is the radius of fibers and D1 is half distance of the adjacent fibers of the topmost 

layer. 

 

4.1.2 Robust Pressure 

It is assumed that the robust pressure of a multi-scale structure is the sum of the 

robustness pressure of all the layers. The robustness pressure needed to cause a liquid to 
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break through the topmost surface shown in Figure 4.1 is determined from Eq 2.43 as 

follows: 
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                (4.2) 

Similarly, the equation designed to determine the robustness pressure needed to cause a 

liquid to break through the bottom layer of conical fibers shown in Figure 4.1 is stated as 

follows: 

   
2 2 2 1

,2 2 2 2 2

2 2 2 2 1 2

( )
4

4 ( )
H lv

R D H H
P

R D R H H D







    
 

              (4.3) 

The total robustness pressure of the entire multi-scale model of Figure 4.1 is derived by 

summing Eqs 4.2 and 4.3: 
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4.1.3 Sagging Height Range 

In order to prevent a liquid from wetting a multi-scale structure pressure, h has to be 

less than the combined structural height H2 shown in Figure 4.1. The limits of h can therefore 

be calculated by summing H1 with the predicted sagging height of the lower layer of conical 

fibers: 
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4.1.4 Range of Half the Distance between Fibers 

As stated earlier in the literature review, the range of D consists of a lower limit set by 

the apparent contact angle equation while the upper limit is set by the robustness pressure 

equation of the morphology. The lower limit of D in the multi-scale conical structure is 

summarized set by the apparent contact angle equation of the top layer of conical fibers: 

1 lower limit

(cos 1)
1

4(cos150 1)

eR D
  

  
 

                 (4.6) 

The upper limit of D of the multi-scale conical structure is also obtained from the 

topmost layer of conical fibers. This is because the dimensions of the conical fibers found on 

the topmost layer directly affects the dimensions of the bottom layer of conical fibers which 

it rests on. Following Eq 2.34, the upper limit of D of the multi-scale structure is stated as 

follows: 
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                (4.7) 

The range of D of the multi-scale structure summarized as: 

 1 1
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              (4.8) 

 

4.1.5 Driving Force 

The driving force of a conical fiber structure is determined by the half-angle, α, found 

on the bottom tip of the cone. Since the multi-scale structure (Figure 4.1) that is modeled 
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contains the same α-value for all the cones in the structure, Fdrive would be the same 

throughout the entire structure and the equation would be the same as Eq 2.51 assuming that 

x1 << R0. 

 

4.2 Theoretical Comparison of Single and Multi-scale Models 

In order to test the modeling of the multi-scale conical fiber structure, three different 

single-scale conical fiber models were created as an evaluation. The apparent contact angles, 

robustness pressure and driving forces are compared for all four structures. 

 

Figure 4.2. (a) Single layer conical fiber structure with the same height as the combined 

multi-scale height of (d), (b) single layer conical fiber structure that is the same as the top 

layer of structure (d), (c) single layer conical fiber structure with the same radius as (b) and 

the combined multi-scale height of (d), and (d) two-layer multi-scale conical fiber structure. 
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In Figure 4.2, since the distance between two adjacent fibers of the top layer, 2D1, is the 

same for structures (a) to (d), only the radius of the topmost layer affects the apparent contact 

angle comparsion amongst the four structures. According to the apparent contact angle 

equation (Eq 4.1) of conical fibers, the larger the radius of the fiber, the smaller the apparent 

contact angle of the structure because the surface comes into contact with more solid than air. 

Since the radiuses of the top layer of Figure 4.2 (b), (c), (d) are the same, their apparent 

contact angles are therefore expected to be the same. Figure 4.2 (a) is predicted to yield a 

lower contact angle than the other three models because it has the largest radius on the 

topmost surface. 

In Table I, R1, D1, and H1 refers to the radius, half distance between the fiber edges, and 

height of the topmost layer of the multi-scale structure respectively as shown in Figure 4.2 

(d). Similarly, R2, D2, and H2-H1 refers to the radius, half distance between the fiber edges, 

and height of the lower tier of the multi-scale structure which supports the top layer of 

conical fibers as depicted in Figure 4.2 (d). n refers to the number of nano-sized conical 

fibers stacked along the diameter of a micro-sized conical fiber. 
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Table I. Design parameters for Figure 4.2. 

 
Structure (a) Structure (b) Structure (c) Structure (d) 

R 
1 1( 1)nR n D   R1 R1 Top layer R1 

Bottom layer R2 

D D1 D1 D1  Top layer D1 

Bottom layer D2 

H H2 H1 H2  Top layer H1 

Bottom layer H2-H1 

      

 

Based on the design parameters defined in Table I for all four structures, the robustness 

pressure equation for each model in Figure 4.2 is mapped out in Table II. Robustness 

pressure PH, is determined by the radius R, half the distance between the edge of two fibers, 

D, and height H of each structure.  
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Table II. Robustness pressure (PH) for Figure 4.2. 

PH of Figure 4.2 (a), (b), (c) and (d) 
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In order to better understand the difference in robustness pressure of the different 

models in Figure 4.2, robustness pressure predictions were made via theoretical calculations 

in Table III by assigning values to R1 = 10 µm, D1 = 25 and α = 20° for (a), (b) and (d). The 

rest of the parameters were calculated. In this theoretical scenario, the material used is nylon 

and liquid of interest is water. This is also assuming that in modeling of structure (d), that 

there are 100 nano-sized conical fibers (n = 100) situated along the diameter of each micro-

sized conical fiber. 
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Table III. Water on nylon (θe = 72 ⁰, γLV = 73mN/m). 

 
Structure (a) Structure (b) Structure (c) Structure (d) 

R (µm) 3475 10 10 R1 10 

R2 3465 

D (µm) 25 25 25 D1 25 

D2 35 

H (µm) 9547 27 9547 H1 27 

H2- H1 9520 

α (°) 20 20 0.06 20 

PH (Pa) 0.752 994.5 5.224 995.5 

 

Driving force is directly affected by the half angle of the cone, α . In Figure 4.2 (a), (b) 

and (d), the α angles are the same and therefore, have the same driving forces. Conical fibers 

in Figure 4.2 (c) has a smaller α angle because it has the same radius as the conical fibers in 

Figure 4.2 (b) but the same height of the conical fibers found in (a). Hence, the conical fibers 

in Figure 4.2 (c) yields the smallest driving force out of the four structures assuming that x1 

<< R0. 
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Table IV. Comparison of apparent contact angle (θr
CB

), robustness pressure (PH), and driving 
force (Fdrive) amongst models in Figure 4.2 (a) to (d). 

θr
CB

 ,PH , Fdrive 

θr
CB

 (d) = θr
CB

 (b) =  θr
CB

 (c) > θr
CB

 (a) 

PH,d > PH,b > PH,c > PH,a 

Fdrive(d) = Fdrive(b) = Fdrive(a) > Fdrive(c) 

 

As summarized in Tables III and IV, it was predicted that the multi-scale structure 

yields better apparent contact angle, robustness pressure and driving force than the other 

types of single-scale models suggested based on theoretical calculations. The same 

comparisons were made in the experiment of this study by observing the behavior of water, 

Kaydol and dodecane droplets on two separate single-scale structures in order to determine 

the contact angle and robustness pressure of a multi-scale surface assuming that both single-

scale structures were combined. 

 

4.3 Modeling of Nonwoven Nylon Substrate as Truncated Conical Fibers 

In modeling the concept of a multi-scale structure, the lower tier of conical fibers that 

supports the smaller conical fiber was represented by a nylon nonwoven substrate consisting 

of microfibers (Figure 4.3). The cross-section of a conventional nonwoven fabric is circular 

in shape but the lower half of the fibers can be modeled as a series of truncated cones (Figure 
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4.4). This allows us to predict its robustness pressure when a liquid droplet is deposited on 

top of the nonwoven mat.  

 

 

Figure 4.3. (a) Modeling of a nylon nonwoven fiber mat as continuous fibers and (b) SEM of 

hydroentangled nylon nonwoven fabric. 

The apparent contact angles of the nonwoven nylon substrate are expressed similarly to 

Eq 2.9: 

 2 2

2 2 2 2

sin
cos cos 1

eCB e
r e

R R

R D R D

  
 


  

 
                (4.9) 

The robustness pressure equation for this model is expressed similarly to Eq 2.21 

instead of the modeled discrete conical structures in Eq 4.3 because fibers on a nonwoven 

mat are continuous in length: 

 2

2 2

2 2

2 1 cossin LV eLV
H

R
P

D D

   
 

              (4.10) 

The driving force of the conventional nonwoven structure is expressed the same as Eq 

2.51and denoted by Fdrive,2 in the equation below: 
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,2 02

1 0

2 tan

( )

LV
driveF V

x R

 



                 (4.11) 

where R0 is the radius of the drop when it is a sphere and x1 is the radius of the cone at the 

point where the drop stops (Figure 4.4). 

 

 

Figure 4.4. Droplet behavior on a conical fiber from a nylon nonwoven mat. 

 

4.4 Modeling of Electrospun Nanobeads as Truncated Conical Fibers 

The electrospun nanobeads are modeled as discrete truncated conical fibers. The 

topmost layer of nano-sized conical fibers which sits on top of micro-sized fibers (Figure 4.1 

and 4.2 (d)) is conceptually represented by electrospun nanobeads that are produced in the 

beads-on string morphology as shown in Figure 4.5. 
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The apparent contact angle of the electrospun nylon mat can be expressed similarly to 

Eq 2.9: 

2 2 2

1 1

2 2

1 1 1 1

(1 cos ) sin
cos cos 1

2( ) 4( )

CB e e
r

R R

R D R D

   
 


  

 
             (4.12) 

The robustness pressure of the lower half of the beaded fiber is expressed similarly to a 

discrete truncated conical fiber (Figure 4.5 (a)) as seen in Eq 4.2 and denoted as PH1 : 

   
1 1

1 2 2 2 2

1 1 1 1 1

4  
4

H lv

R DH
P

R D R H D





   
 

             (4.13) 

Assuming that the sagging of the liquid starts from the middle of the fiber, the truncated 

conical shape would then be formed from the center of the sphere as shown in Figure 4.5 (a) 

and H1 would be equal to R1. PH1 could then be further simplified as follows: 

   

2

1 1
1 2 2 2 2

1 1 1 1 1

4
4

H lv

R D
P

R D R R D





   
 

              (4.14) 

The driving force of the single-scale nanobead structure uses the same as equation as 

Eq 2.51 for the single-scale conical fiber structure. The driving force of this morphology is 

denoted by Fdrive,1: 

,1 02

1 0

2 tan

( )

LV
driveF V

x R

 



                 (4.15) 
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Figure 4.5. (a) Modeling of the surface of the beads-on-string morphology as discrete balls, 

and (b) SEM of the electrospun beads-on-string fibers. 

 

4.5 Modeling of Multi-scale Electrospun Nanobeads on Conventional Fabric 

For multi-scale conical fiber structures, the apparent contact angle is only decided by 

the geometry of the topmost layer so it can be determined by Eq 4.12, which is the 

mathematical modeling of the nanobead structure. Robustness pressure of the multi-scale 

structure (PH,Total) is the combined robustness pressures from the nonwoven fiber mat and 

electrospun nanobeads as derived in Eqs 4.10 and 4.14: 

 

   

2
2 1 1
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          (4.16) 

The driving force equation of the multiscale structure is the same as the nano and micro 

scale mats: 

, 02
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2 tan
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drive multiF V

x R

 



                   (4.17) 
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4.6 Experimental Comparison of Single-scale Models 

Using the equations of the derived models for the nano and micro layers, predicted 

values of the individual scales and the multi-scale were obtained and compared with the 

experimental values. First, the Young’s contact angles were obtained for the FA-treated 

nylon film. Next, predicted values of apparent contact angles and robustness pressures of the 

FA-treated nylon nanobead fabric, FA-treated conventional nylon nonwoven fabric and 

multi-scale structure were calculated using the mathematical models as stated above. The 

predicted values of the single-scale structures were then compared to the experimental 

values. Lastly, the experimental results gathered from the single-scale structures were used to 

determine the apparent contact angle and robustness pressure of a multi-scale structure that is 

made up of a nylon electrospun nanobead fabric placed on top of a conventional nylon 

nonwoven fabric. 

   

4.6.1 Young Contact Angles of FA-treated Nylon Film 

A range of Young’s contact angles were measured for water, Kaydol and dodecane on 

FA-treated nylon film (Figure 4.6). The range of young contact angles of FA-treated nylon 

film was 110° < θe < 115° for water, 62° < θe < 66° for Kaydol and 44° < θe < 52.5° for 

dodecane. These values were used to predict the apparent contact angle and robustness 

pressure values of the FA-treated electrospun nylon mat and the nonwoven substrate. 
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Figure 4.6. Young contact angle of FA-treated nylon film for (a) water, (b) Kaydol and (c) 

dodecane. 

 

4.6.2 Apparent Contact Angles of FA-treated Electrospun Nylon Beads 

Image analysis was used to determine the values of the half-distance between 

electrospun beads (D1) instead of through direct measurement because the beads were 

randomly deposited on the surface during the electrospinning process. From analyzing the 

SEM picture of the FA-treated electrospun nylon beads, the value of R1 was measured and 

averaged to be 1.08 µm and f2 = 0.897. Using the Eq 4.12, where
2 2

1
2 2

1 1

sin
1

4( )

eR
f

R D

 
  


, 

together with a range of known θe and R1 values, a range of D1 values can be determined 

from water as seen in Table V. With the range of values of D1, the range of values of θr
CB

 and 

PH1 can be predicted for the electrospun structure for water, Kaydol and dodecane. 
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Table V. Predicted values of FA-treated electrospun nylon beads-on-string. 

FA Electrospun Nylon Beads-on-string Water Kaydol Dodecane 

 
   

θe (°) 110 - 115 62 - 66 44 - 53 

γlv (dynes/cm) 72.8 31 25.4 

ρ (g/cm
3
) 1.00 0.85 0.75 

R1 (µm) 1.08 1.08 1.08 

D1 (µm) 1.52 - 1.62 1.52 - 1.62 1.52 - 1.62 

θr
CB

 (°) 161 - 162 137 - 137 129 – 131 

PH1 (Pa) 17,902 - 19,885 7,623 - 8,476 6,234 - 6,924 

 

 

 

Figure 4.7. Apparent contact angle of FA-treated electrospun nanobeads for (a) water, (b) 

Kaydol and (c) dodecane. 

Several contact angle measurements were taken for each liquid on the FA-treated 

electrospun nanobead fabric (Figure 4.7). The average measured apparent contact angles of 

FA-treated electrospun nanobeads is 160° ± 1.4 for water, 155° ± 1.7 for Kaydol and 140° ± 

2.7 for dodecane.  Comparing these values to the predicted θr
CB

 in Table V, the experimental 
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results for Kaydol and dodecane exceeded the predicted values but are tolerable within the 

15° range. Comparatively, water had fitted within the range of what was predicted in Table 

V, indicating that the range of values of D1 of the electrospun beads through image analysis 

was reasonable.  

 

4.6.3 Apparent Contact Angles of FA-treated Conventional Nylon Fabric 

Similar to the electrospun mat, a nonwoven fabric is made up of fibers that are 

randomly aligned during production. This is why image analysis was used to determine the 

range of half-distance between the fibers of the conventional nylon nonwoven fabric. From 

analyzing the SEM picture of the FA-treated nylon nonwoven fabric, the value of R2 is 

measured and averaged to be 8.69 µm and f2 = 0.898. Using the Eq 4.9, 

where 2
2

2 2

sin
1eR

f
R D


  


, together with a range of known θe and R2 values, a range of D2 

values were determined from water as listed in Table VI. With a range of D2 values, the 

range of θr
CB

 and PH2 were predicted for the convention nylon nonwoven fabric in Table VI. 
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Table VI. Predicted values of FA-treated conventional nonwoven nylon fiber mat. 

FA Nonwoven Nylon Water Kaydol Dodecane 

    

θe (°) 110  - 115 62  - 66 44  - 53 

γlv (dynes/cm) 72.8 31 25.4 

ρ (g/cm
3
) 1.00 0.85 0.75 

R2 (µm) 8.69 8.69 8.69 

D2 (µm) 68.3 - 71.2 68.3 - 71.2 68.3 - 71.2 

θr
CB

 (°) 161  - 162 143 - 144 138 - 139 

PH2 (Pa) 335 - 385 56.4 – 68.4 24.4 – 36.9 

  

 

 
Figure 4.8. Apparent contact angle of FA-treated conventional nylon nonwoven for (a) water, 

(b) Kaydol and (c) dodecane. 

Several contact angle measurements were taken for each liquid on FA-treated 

nonwoven fabric (Figure 4.8). The average apparent contact angles of FA-treated nylon 

nonwoven fabric were 155° ± 4.6 for water, 147° ± 2.1 for Kaydol and 142° ± 2.6 for 
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dodecane. Comparing these values to the predicted θr
CB

 numbers in Table VI, the 

experimental results for water, Kaydol and dodecane are comparatively close to the predicted 

values, varying no more than 3°. This indicates that the range of values of D2 determined 

from image analysis was accurate for the nonwoven surface. 

 

4.6.4. Force-Resistance of FA-treated Electrospun Nylon Beads 

 

 

Figure 4.9. Measured Pm of FA-treated electrospun nylon tested with water. 

As shown in Figure 4.9, a water drop formed a capillary bridge at around 0.8 mm of 

separation distance between the Teflon
®
 film and the balance plates while being lowered at a 

constant velocity. The push force overcame the pull of the capillary bridge at around 0.6 mm 
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of separation distance. The graphs were lined up at around 0.45 gf, which is the start of 

where the balance registers the force of the cantilever bar and balance plates being pushed 

against each other. The second picture from the right indicates the start of a capillary bridge 

formation, and it can be seen that the water drop is more attracted to the Teflon
®
 film than 

the electrospun fabric. From the pictures, it was clear that the water drop had resisted from 

spreading and entering into the fabric when being pushed down by a Teflon
®

 surface, 

indicating that the sample was superhydrophobic.  

Table VII. Pm of FA-treated electrospun nylon mat tested with water. 

Trial Max. Push F (gf) F(N) Diameter(in.) Radius (m) Area (m
2
) Pm (Pa) 

1 0.46 0.0046 0.060 0.00076 1.82E-06 2522 

2 0.65 0.0065 0.105 0.00133 5.59E-06 1164 

3 0.57 0.0057 0.105 0.00133 5.59E-06 1020 

4 0.42 0.0042 0.100 0.00127 5.07E-06 829 

5 0.43 0.0043 0.085 0.00108 3.66E-06 1175 

       

 

The maximum measured push force of a 2 µL water droplet into an FA-treated 

electrospun fabric lies between the 0.4 – 0.7 gf range. The largest compressed area was 

measured from the water droplet pictures and Pm was determined for five different trials as 

seen in Table VII. The average Pm of a 2 µL water droplet on FA-treated electrospun nylon 

mat was about 1342 ± 674 Pa. The high standard deviation can be attributed to the 

unevenness of the electrospun fabric. The water drop never penetrated the electrospun 
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nanobead layer so the support mat was completely dry. From Table V, the range of 

robustness pressure PH for water was predicted to fall between 17,902 - 19,885 Pa when the 

discrete conical fiber modeling was used. The large discrepancy between the values gathered 

from the theoretical calculations and the experimental measurements indicates that the 

amount of pressure needed to penetrate the fabric is a lot higher than what can be achieved 

experimentally. 

 

 

Figure 4.10. Measured Pm of FA-treated electrospun nylon tested with Kaydol. 

From Figure 4.10, the Kaydol drop formed a capillary bridge at around 1.1 mm of 

separation distance between the Teflon
®
 film and the balance plates while being lowered at a 

constant velocity. The push force overcame the pull of the capillary bridge between 0.4 and 

0.6 mm of separation distance and the graphs lined up around 0.4 gf, which is the start of 
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where the balance registers the force of the cantilever bar and balance plates being pushed 

against each other. From the pictures, it can be clearly observed that the Kaydol drop forms a 

more prominent capillary bridge than the water drop in Figure 4.9. However, as observed in 

the third and fourth picture from the right, the Kaydol drop formed a larger spread against the 

Teflon
®
 film than the electrospun fabric and generated a higher contact angle against the 

electrospun fabric than the Teflon
®
 film, indicating that the electrospun layer was more 

oleophobic than the Teflon
®
 film. 

Table VIII. Pm of FA-treated electrospun nylon mat tested with Kaydol. 

Trial Max. Push F (gf) F(N) Diameter(in.) Radius (m) Area (m
2
) Pm (Pa) 

1 0.38 0.0038 0.085 0.00108 3.66E-06 1038 

2 0.55 0.0055 0.110 0.00140 6.13E-06 897 

3 0.50 0.0050 0.100 0.00127 5.07E-06 987 

4 0.44 0.0044 0.100 0.00127 5.07E-06 868 

5 0.46 0.0046 0.095 0.00121 4.57E-06 1006 

        

The maximum measured push force of a 2 µL Kaydol droplet into an FA-treated 

electrospun fabric lies between 0.35 – 0.5 gf range. The largest compressed area was 

measured from the Kaydol droplet pictures, and Pm was determined for five different trials as 

seen in Table VIII. The average Pm of a 2 µL Kaydol droplet on FA-treated electrospun 
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nylon mat was about 959 ± 72.9 Pa. In all of the trials, the Kaydol drop never penetrated the 

electrospun nanobead layer so the support mat was completely dry. From Table V, the range 

of robustness pressure PH for Kaydol was predicted to be within between 7,623 - 8,476 Pa 

when the discrete conical fiber modeling was used. The large discrepancy between the values 

gathered from the theoretical calculations and the experimental measurements indicates that 

the amount of pressure needed to penetrate the fabric is a lot higher than what can be 

achieved experimentally. 

 

 

Figure 4.11. Measured Pm of FA-treated electrospun nylon tested with dodecane. 

In Figure 4.11, the dodecane drop formed a capillary bridge between 0.7 to 0.8 mm of 

separation distance between the Teflon
®
 film and the balance plates while being lowered at a 

constant velocity. The push force overcame the pull of the capillary bridge between 0.1 and 
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0.4 mm of separation distance and the graphs lined up around 0.3 gf, which is the start of 

where the balance registers the force of the cantilever bar and balance plates being pushed 

against each other. From the pictures, it was observed that the dodecane drop forms a most 

prominent capillary bridge compared to water and Kaydol. As observed in the third and 

fourth picture from the right, the dodecane drop generates a higher contact angle against the 

electrospun fabric than the Teflon
®
 film, indicating that the electrospun layer is more 

oleophobic than the Teflon
®
 film. 

Table IX. Pm of FA-treated electrospun nylon mat tested with dodecane. 

Trial Max. Push F (gf) F(N) Diameter(in.) Radius (m) Area (m
2
) Pm (Pa) 

1 0.292 0.00292 0.105 0.00133 5.59E-06 522 

2 0.463 0.00463 0.105 0.00133 5.59E-06 829 

3 0.26 0.0026 0.095 0.00121 4.57E-06 569 

4 0.33 0.0033 0.085 0.00108 3.66E-06 901 

5 0.65 0.0065 0.105 0.00133 5.59E-06 1164 

        

The maximum push force of a 2 µL dodecane droplet into an FA-treated electrospun 

fabric lies between 0.25 – 0.7 gf range. The largest compressed area was measured from the 

dodecane droplet pictures and Pm was determined for five different trials as seen in Table IX. 

The average Pm of a 2 µL dodecane droplet on FA-treated electrospun nylon mat is about 797 
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± 262 Pa. In all of the trials, the dodecane drop never penetrated the electrospun nanobead 

layer so the support mat was completely dry. From Table V, the range of robustness pressure 

PH for dodecane was predicted to be between 6,234 - 6,924 Pa when the discrete conical fiber 

modeling was used. The large discrepancy between the values gathered from the theoretical 

calculations and the experimental measurements indicates that the amount of pressure needed 

to penetrate the fabric is a lot higher than what can be achieved experimentally. 

 

4.6.5 Force-Resistance of FA-treated Nylon Nonwoven 

 

 

Figure 4.12. Measured Pm of FA-treated nylon nonwoven fabric tested with water. 
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As shown in Figure 4.12, the water drop forms a capillary bridge at around 1.1 mm of 

separation distance between the Teflon
®
 film and the balance plates while being lowered at a 

constant velocity. The push force overcame the pull of the capillary bridge between 0.3 and 

0.5 mm of separation distance and the graphs lined up at around 0.3 gf, which is the start of 

where the balance registers the force of the cantilever bar and balance plates being pushed 

against each other. From the pictures, it was observed that the water drop resists from 

spreading and entering into the fabric when being pushed down by a Teflon
®

 surface, 

indicating that the sample was superhydrophobic. 

Table X. Pm of FA-treated nylon nonwoven mat tested with water. 

Trial Max. Push F (gf) F(N) Diameter(in.) Radius (m) Area (m
2
) Pm (Pa) 

1 0.45 0.0045 0.095 0.00121 4.57E-06 984 

2 0.42 0.0042 0.080 0.00102 3.24E-06 1295 

3 0.35 0.0035 0.090 0.00114 4.1E-06 853 

4 0.2 0.0020 0.080 0.00102 3.24E-06 617 

5 0.31 0.0031 0.080 0.00102 3.24E-06 956 

        

The maximum push force of a 2 µL water droplet into an FA-treated nonwoven fabric 

lies between 0.2 – 0.5 gf range. The largest compressed area was measured from the water 

droplet pictures and Pm was determined for five different trials as seen in Table X. The 



 

 

80 

 

average Pm of a 2 µL water droplet on FA-treated nonwoven nylon fabric is about 941 ± 245 

Pa. In all of the trials, the water drop never penetrated the nylon nonwoven mat. However, in 

Table VI, the range of robustness pressure PH for water was predicted to be within 335 - 385 

Pa when the modeling for cylindrical fibers was used. Since the water droplet never broke 

through the nonwoven fabric and was recorded to achieve a higher measured pressure than 

the predicted values, this can be attributed to the multiple layers of fibers present within the 

fabric which prevented breakthrough of the liquid when the equation was only accurate for a 

single layer of fibers. 

 

 

Figure 4.13. Measured Pm of FA-treated nylon nonwoven fabric tested with Kaydol. 

In Figure 4.13, the Kaydol drop forms a capillary bridge at around 0.7 mm of 

separation distance between the Teflon
®
 film and the balance plates and while being lowered 
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at a constant velocity. The slight disturbance in the negative region between 1 to 1.5 mm can 

be attributed to the static charge between the drop and the Teflon
®
 film that failed to be 

neutralized by the ZeroStat™ gun. The push force overcame the pull of the capillary bridge 

the between 0.3 and 0.4 mm of separation distance and the graphs lined up at around 0.2 gf, 

which is the start of where the balance registers the force of the cantilever bar and balance 

plates being pushed against each other. As observed in the third picture from the right, the 

Kaydol drop generates a higher contact angle against the electrospun fabric than the Teflon
®
 

film, indicating that the electrospun layer is more oleophobic than the Teflon
®
 film. 

Table XI. Pm of FA-treated nylon nonwoven mat tested with Kaydol. 

Trial Max. Push F (gf) F(N) Diameter(in.) Radius (m) Area (m
2
) Pm (Pa) 

1 0.4 0.0040 0.125 0.00159 7.92E-06 505 

2 0.22 0.0022 0.100 0.00127 5.07E-06 434 

3 0.39 0.0039 0.070 0.00089 2.48E-06 1571 

4 0.2089 0.0021 0.100 0.00127 5.07E-06 412 

5 0.24 0.0024 0.060 0.00076 1.82E-06 1316 

        

The maximum push force of a 2 µL Kaydol droplet into an FA-treated nonwoven fabric 

lies between 0.2 – 0.4 gf range. The largest compressed area was measured from the Kaydol 

droplet pictures and Pm was determined for five different trials as seen in Table XI. The 
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average Pm of a 2 µL Kaydol droplet on FA-treated nonwoven nylon fabric was about 874 ± 

552 Pa. In all of the trials, the Kaydol drop never penetrated the nylon nonwoven mat. 

However, in Table VI, the range of robustness pressure PH for Kaydol was predicted to be 

within 56.4 – 68.4 Pa when the modeling for cylindrical fibers was used. Since the Kaydol 

droplet never penetrated through the nonwoven fabric and was recorded to achieve a high 

measured pressure than what was predicted, this can be attributed to the multiple layers of 

fibers present in the fabric which prevented breakthrough of the liquid when the equation was 

only accurate for a single layer of fibers. 

 

 

Figure 4.14. Measured Pm of FA-treated nylon nonwoven fabric tested with dodecane. 

From Figure 4.14, the dodecane drop forms a capillary bridge at around 0.7 mm of 

separation distance and was pushed at a constant velocity. The push force overcame the pull 



 

 

83 

 

of the capillary bridge at around 0.7 mm of separation distance and lined up at around 0.3 gf, 

which is the start of where the balance registers a force of the plates being pushed against 

each other. The graph indicates the instability of pushing dodecane into the FA-treated 

nonwoven fabric. The lack of consistency in the curves can be attributed to the unevenness of 

the fabric. However, all the curves exhibited a similar general flow from where the capillary 

bridge was formed to where the plates were touching. As observed in the second and third 

picture from the right, the dodecane drop generated a higher contact angle against the 

electrospun fabric than the Teflon
®
 film, indicating that the electrospun layer was more 

oleophobic than the Teflon
®
 film. 

Table XII. Pm of FA-treated nylon nonwoven mat tested with dodecane. 

Trial Max. Push F (gf) F(N) Diameter(in.) Radius (m) Area (m
2
) Pm (Pa) 

1 0.34 0.0034 0.105 0.00133 5.59E-06 609 

2 0.41 0.0041 0.095 0.00121 4.57E-06 897 

3 0.35 0.0035 0.090 0.00114 4.1E-06 853 

4 0.45 0.0045 0.100 0.00127 5.07E-06 888 

5 0.42 0.0042 0.175 0.00222 1.55E-05 271 

 

The maximum push force of a 2 µL dodecane droplet into an FA-treated nonwoven 

fabric lies between 0.3 – 0.5 gf range. The largest compressed area was measured from the 

dodecane droplet pictures and Pm was determined for five different trials as seen in Table XI. 
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The average Pm of a 2 µL dodecane droplet on FA-treated nonwoven nylon fabric was about 

703 ± 269 Pa. In all of the trials, the dodecane drop never penetrated through the nylon 

nonwoven mat. However, in Table VI, the range of robustness pressure PH for dodecane was 

predicted to be within 24.4 – 36.9 Pa when the modeling for cylindrical fibers was used. 

Since the dodecane droplet never penetrated through the nonwoven fabric and was recorded 

to achieve a high measured pressure than the predicted values, this can be attributed to the 

multiple layers of fibers present in the fabric which prevented breakthrough of the liquid 

when the equation was only accurate for a single layer of fibers. 

 

4.6.6 Contact Angle and Force-Resistance of FA-treated Multi-scale Structure 

The multi-scale modeling was determined to yield the same apparent contact angles 

obtained from the electrospun fiber mat and the combined robust pressure of the electrospun 

layer and the nonwoven fabric. From the values obtained for the nano-scale and micro-scale 

modeling in Tables V and VI, the apparent contact angle and total robust pressure (PH,Total) of 

the multi-scale structure can be predicted as shown below in Table XIII: 

Table XIII. Predicted θr
CB

 and PH of FA-treated multi-scale structure from modeling. 

 Water Kaydol Dodecane 

    θr
CB

 (°) 161 - 162 137 129 - 131 

PH,Total, (Pa) 18,238 - 20,271 7,680 - 8,536 6,258 - 6,961 
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From the experimental results, the multi-scale structure was projected to have the 

apparent contact angle obtained from the electrospun fiber mat and the total measured robust 

pressure (Pm,Total) of only the electrospun layer as shown in Table XIV: 

Table XIV. Average θr
CB

 and Pm of FA-treated multi-scale structure from measured results. 

 Water Kaydol Dodecane 

    θr
CB

 (°) 160 ± 1.4 155 ± 1.7 140 ± 2.7 

Pm,Total, (Pa) 1342 ± 674 959 ± 73 797 ± 262 

 

Since the apparent contact angle is dependent only on the topmost surface of the multi-

scale structure that consists of electrospun nanobeads on a nonwoven mat, the apparent 

contact angle values were expected to be the same as the electrospun layer. For robustness 

pressure, since the robustometer was incapable of causing a liquid drop to break through the 

electrospun fabric, the measured pressure, Pm, Total, of the multi-scale structure would appear 

the same as what was measured on the topmost surface. Compared to the range of predicted 

values, Pm, Total would therefore be comparatively lower than PH,Total because the water, 

Kaydol and dodecane would not be able to penetrate the surface of the FA-treated nanobeads 

of the multi-scale structure.  
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5. CONCLUSION 

Superhydrophobicity and superoleophobicity can be achieved by properly roughening 

the surface and treating it with a fluorochemical. First, it was deduced that the conical fiber 

contains the ideal shape that elicits high apparent contact angles and robustness pressure. 

Next, several single-scale conical fiber structures were modeled and compared against a 

multi-scale structure consisting of small conical fibers stacked on top of large conical fibers 

on a substrate. The models were compared based on apparent contact angle, robust pressure 

and driving force, and it was theoretically determined that the multi-scale structure would 

yield the same or higher apparent contact angles and driving force than the selected single-

scale models, and the highest robustness pressure. 

The multi-scale concept was tested via conducting apparent contact angle and robust 

pressure tests on two single-scale fabrics: a layer of electrospun nylon 6 nanobeads and a 

nonwoven nylon mat. With the results obtained from the separate fabrics, the apparent 

contact angle and robust pressure of the multi-scale model was projected. A multi-scale 

structure which consists of FA-treated nylon electrospun nanobeads on top of nylon 

nonwoven fabric was predicted to have the apparent contact angle of the electrospun layer 

and the combined robust pressure of the electrospun fabric and the nonwoven fabric.  

It was found that the contact angle of the of FA-treated nylon electrospun nanobeads 

was superhydrophobic, superoleophobic to Kaydol and highly oleophobic to dodecane. 

Therefore, the contact angle of multi-scale structure would also be superhydrophobic, 

superoleophobic to Kaydol and highly oleophobic to dodecane. 
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The force-resistance of a multi-scale structure made up of FA-treated nylon electrospun 

nanobeads and nylon nonwoven fabric is determined by combining the robustness pressures 

of the individual layers. Since the combined robustness pressure of the FA-treated nylon 

electrospun nanobeads and FA-treated nylon nonwoven fabric is greater than the individual 

layers, the force-resistance of a multi-scale structure is considered more robust than both 

single-scale fabrics. 

From the test results obtained from two separate fabrics, we were able to conclude that 

a superhydrophobic and superoleophobic multi-scale structure was more robust than single-

scale structures via electrospinning nanobeads on a nonwoven fabric. This concept of 

stacking conical-shaped fibers can be implemented in apparel so that first responders would 

be protected against hazardous low-surface tension chemicals. 
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6. FUTURE WORK 

The current concept of a multi-scale structure was tested via combining electrospun 

nanobeads to a nylon nonwoven substrate. The modeling assumes that the lower half of each 

electrospun bead can be modeled as a discrete cone. If the concept of creating multi-scale 

surfaces through stacking conical-shaped fibers was not limited to textiles, it can be more 

accurately accomplished through photolithography, a method which utilizes a UV-sensitive 

liquid to etch out the micro and nano-scale conical morphology on harder surfaces.  

The experimental design used to measure robustness pressure should also be improved 

to determine the breakthrough pressures of liquid drops on single-scale and multi-scale 

structures. Since most textile surfaces are made up of more than one layer of yarns, the 

modeling for robustness pressure on multi-scale structures should be further studied to 

accurately predict the breakthrough pressure of different materials to liquids of varying 

surface tensions. This would be useful in characterizing the force resistance of textiles 

needed to design future superoleophobic and superhydrophobic materials. 
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