
ABSTRACT 

WENWEN, ZHANG. Wetting Behavior of Liquid Aerosols on Spider Webs and Creation of 

Liquid Aerosol Barriers. (Under the direction of Dr. Stephen Michielsen). 

 

Liquid aerosols occur widely in our environment, including clouds, haze, and air pollution, 

such as smog and smoke. Liquid aerosols that are composed of harmful chemicals or 

biochemical ingredients are extremely harmful to human health. When biochemical 

components participate, it is very hard to block them with normal superhydrophobic textile 

droplet barriers because of their small volume.  Spider webs, which can collect moisture from 

high relative humidity environments and form larger water droplets, have been found that 

have spindle knot structures. After their discovery, spindle knots have been assumed as the 

key reason to move the tiny droplets directionally and spontaneously. However, these studies 

did not provide solid understanding about why it happens.  The primary targets of this study 

are to understand the fundamental science behind the wetting behavior of liquid aerosols and 

to design and produce a textile barrier, which is “super-aerosol-phobic”. In this study, the 

fundamentals of directional motion of water droplets on spindle knots have been investigated 

using both theoretical and experimental approaches based on Gibbs free energy, capillarity 

and Laplace pressure. Meanwhile, the structure of aerosol liquid barrier has been optimized 

and initial materials created.  
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1. INTRODUCTION 

Liquid aerosols are receiving more and more attention since they are a major component in 

air pollution and terrorist attacks due to the threats involving aerosol. These can have severe 

influence on the public psychological and physiological health. To protect those people who 

are exposed to life threatening liquid aerosols, intensive studies need to be conducted to 

understand the principle of wetting of liquid aerosols and to design and produce aerosol 

barriers in order to collect and eliminate liquid aerosols.  

Spider webs can collect liquid aerosols, which can be observed in early morning. Numerous 

aerosol droplets collected on spider silks form larger droplets, which can be easily removed 

by slight vibration offered by breezes or transferred to a highly absorbent fabric.  This 

phenomena brings new hope for people living in dry areas who need new water resources 

other than rain and underground water, and for those who are living in highly air polluted 

areas, which require highly efficient filters installed in all types of discharge systems in order 

to purify waste gas generated by modern civilization.   

Spindle knots have received intensive interest recently after they were found to exist on 

wetted cribellate spider silk1. Since then, there have been two dominant directions of 

research of the spindle knot silk web.  One group of researchers is trying to mimic the spider 

web morphology through chemical engineering to create the spindle knot shapes with a 

certain degree of roughness on fibers,1–4 which widened people’s mind about the amazing 

natural world and indicated the hope of mimicking nature for industrial production. For 

example, utilization of the properties of spindle knot fibers to collect water 4 or to collect oil 

from water-oil mixtures have been reported recently5. Another direction is trying to 
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understand the water collection principle through computational modeling based on Gibbs 

free energy in order to utilize the science in applications such as water/oil separation, 

filtration, superhydrophobicity, liquid collection and micro-fluid delivery.6 This research is 

attempting to understand the fundamentals for nature and created a better design for 

commercial applications and to scale up these findings.  

In the 1970s, Carroll studied the shape of symmetric barrel shape droplets on cylinder fiber 

with details including contact angle, volume, and Laplace pressure using the Laplace 

equation and the geometric profile; exact solutions can be directly used to describe of the 

shape of a droplet on the cylindrical part of the spider web in today’s study as well as 

providing one method for calculating the profile of symmetric droplets on conical shaped 

fibers7.  The shape of symmetric droplets on an ever expanding cone with no end has been 

studied by Michielsen et al. based on Carroll’s work6. The volume of the droplet and the 

Gibbs free energy of the droplet on conical fiber system were derived, which can estimate the 

location of the symmetric small droplets on conical fibers.  

In nature, almost all spider webs can collect moisture from air but not all spider webs have 

spindle knots on them. Also, according to Michielsen et al.’s findings, the directional motion 

of droplets is not always towards to the widest end of the cone. Therefore, it is very 

important to understand the basic science about spider silks and liquid aerosols. This project 

will achieve the following objectives:  

(1) Understand the mechanism of moisture collection on spider webs.  

(2) Design and optimize the structure of aerosol liquid barriers and produce super-

aerosol-phobic textiles.  
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2. LITERATURE REVIEW 

In nature, spider webs exist widely and have been shown to have high strength and 

elasticity8. Many studies have worked on mimicking spider webs in order to get the desired 

strength and elasticity 9–13.  Recently, the morning dew collection on spider webs has 

attracted many researchers in the pursuit of the production of spindle knots using chemical 

and Rayleigh instability properties. 4–6,14 In order to understand the mechanism of moisture 

collection on spindle knots, the fundamental and recent progress in liquid interface, solid 

interface, the interactions between liquid and solid, and droplets related with this research 

need to be reviewed to understand the basic science of wetting. At the same time, the droplet 

wetting behavior on cylindrical and conical fibers is reviewed. In addition, recent updates in 

engineering spider silk are reviewed at the end of this section. As the most important factor, 

the liquid interface will be introduced first. 

2.1. Liquid Interface 

2.1.1. Surface Tension of a Liquid 

Surface tension is chosen as the first parameter to be discussed because it is the most 

important factor in determining the interaction between a liquid and a solid. The surface 

tension of a liquid is caused by the unbalanced intermolecular forces applied on the surface 

molecules, which are pulled to join the liquid but not the other medium, as shown in Figure 

2-1. To keep those surface molecules in balance, surface tension is generated by the 

networked intermolecular forces among molecules.  For the outermost layer of liquid 

molecules, their unbalance depends upon the properties of both media, of which the surface 

is the common boundary. Therefore, surface tension is the joint property of two media.15 
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Generally, the surface tension of a particular liquid refers to the surface tension of the liquid 

in contact with its own pure vapor at the same temperature.  The direction of surface tension 

is parallel to the surface, which can be explained from a thermodynamic point of view and a 

mechanical point of view. 16  From the aspects of thermodynamics, surface tension is the 

excess free energy due to the presence of an interface between bulk phases. For the 

molecules at the boundary of vapor and liquid, as shown in Figure 2-1, part of the bonds are 

missing compared with the molecules inside bulk liquid, which leads to an increase of free 

energy. Therefore, surface tension can be written as  

𝜸𝑳𝑽 = (
𝝏𝑮

𝝏𝑨
)

𝑻,𝑽,𝒏
          2.1 

where 𝑉 is volume of the system, 𝑛 is number of molecules, 𝑇 is temperature, 𝐴 is the surface 

area. Therefore, 𝛾𝐿𝑉 is the energy needed to increase the interfacial area by one unit. Its unit 

is mass per time squared and it is usually expressed in force per unit length (𝑁/𝑚) or energy 

per unit area (𝐽/𝑚2).  From the mechanical aspect, a force tangent to the surface is needed in 

order to create a new surface. The direction of the surface tension can also be explained using 

the virtual work principle. To keep the shape of the surface, the surface tension tends to 

generate work to resist any outside interference by changing the surface area. Therefore, the 

direction of the surface tension has to be parallel to the surface of the liquid. 



 

  5   

    

   

 

Figure 2-1. The scheme of surface tension.  

 

From the definition of surface tension, it is obvious that the surface tension depends on the 

intermolecular forces, which is determined by the molecular properties and the 

environmental factors such as temperature and pressure.  Surface tension of pure liquids and 

mixtures can be measured by several methods.   

In the 1920s, surface tensions of liquids were measured using capillary tubes, virtual 

capillary tubes, vertical plates, a plate and cylinder, small pendant drops, large pendant drops, 

sessile drops and bubbles, Jaeger’s method, drop weight, pull of vertical film, pull on vertical 

plate, pull on ring, adhesion plate, pull on sphere, oscillating drops and bubbles, vibrating 

jets, and ripples. 15 Nowadays, most of the methods are commercially available from many 

instrument companies and use computers and software to simplify analysis. Theoretically, 

the value of surface tension of a liquid can be obtained through Hildebrand parameter17, 

expressed as  
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𝛾𝐿𝑉 = 𝛿2𝑉1/3/𝐶                                                                                                                     2.2 

where C is a constant that depends on the type of molecule. V is molar volume. 𝛿 is 

Hildebrand parameter or solubility parameter. Equation 𝛾𝐿𝑉 = 𝛿2𝑉1/3/𝐶                                                                                                                     

2.2 is only valid for nonpolar non-associated liquids. This can be improved by using partial 

cohesion parameters that treat Van der Waals, dipole-dipole and hydrogen bonding 

interaction separately.  

Surface tension plays the dominant role in keeping the liquid surface profile, which creates a 

pressure difference between the liquid and its vapor across the interface. The pressure 

difference is called the Laplace pressure.  

2.1.2. Laplace Pressure 

Under the assumption that the surface interface is in equilibrium, the Laplace pressure has 

been introduced by Young and Laplace 18 as the pressure between the inside of the droplet 

and the outside of the curved surface, which is caused by the surface tension. Based on the 

principle that the work done by surface tension equals the work done by Laplace pressure 

due to conservation of energy, the Laplace pressure equation can be derived by taking a small 

section of an arbitrarily curved surface, as shown in Figure 2-2. The two principal radii of 

curvature are marked by 𝑅1and 𝑅2, which are assumed to be constant when the section of 

surface is small enough.  When the surface is displaced a small distance outward, the change 

in area can expressed as  

∆𝐴 = (𝑥 + 𝑑𝑥)(𝑦 + 𝑑𝑦) − 𝑥𝑦 = 𝑥𝑑𝑦 + 𝑦𝑑𝑥                                                                        2.3 

The work done by surface tension in forming this additional amount of surface is  

𝑊 = 𝛾(𝑥𝑑𝑦 + 𝑦𝑑𝑥) .                                                                                                              2.4 
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The pressure difference ∆𝑃 across the surface can balance the work by surface tension, which 

is  

𝑊 = ∆𝑃𝑥𝑦𝑑𝑧 .                                                                                                                        2.5 

Next the geometrical relationship in similar triangles,  

𝑑𝑥 =
𝑥𝑑𝑍

𝑅1
                                                                                                                                 2.6 

and  

𝑑𝑦 =
𝑦𝑑𝑧

𝑅2
                                                                                                                                  2.7 

are plugged into equation 𝑊= 𝛾(𝑥𝑑𝑦 + 𝑦𝑑𝑥) .                                                                                                              

2.4 and 𝑊= ∆𝑃𝑥𝑦𝑑𝑧 .                                                                                                                        

2.5 to give  

∆𝑃 = 𝛾(
1

𝑅1
+

1

𝑅2
).                                                                                                                    2.8 

From equation 2.8, one obtains 

 ∆𝑃 =
2𝛾

𝑅
                                                                                                                                  2.9 

for a liquid-vapor interface when 𝑅1 and 𝑅2 are equal, such as for the spherical surface 

of droplet. At the same time, for interface that has infinite 𝑅1 and 𝑅2, i.e. for a planar 

surface, the Laplace pressure is zero across the surface interface.   
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Figure 2-2. The condition for mechanical equilibrium for an arbitrarily curved surface. 18 

 

Unlike surface tension, the Laplace pressure is determined by the shape of the liquid 

interface. However, neither of these factors is constant for a change of environmental factors, 

such as temperature and pressure, which can be explained in the thermodynamics of liquid 

interface.  

2.1.3. Thermodynamics of Liquid Interface 

For a one-component system, as mentioned in the definition of surface tension, the surface 

free energy per unit area 𝐺𝑠 can be used to obtain entropy at constant pressure and 

temperature as  

𝑑𝑞 = 𝑇𝑑𝑆 = 𝑇𝑆𝑠𝑑𝐴                                                                                                             2.10 

where 𝑆𝑠 is the surface entropy per unit area of the surface.  At constant pressure, 

(
𝜕𝐺

𝜕𝑇
)

𝑃
= −𝑆                                                                                                                          2.11 

therefore 

(
𝜕𝐺𝑠

𝜕𝑇
) = −𝑆𝑠.                                                                                                                       2.12 

The total surface enthalpy per unit area 𝐻𝑠 is 

𝐻𝑠 = 𝐺𝑆 + 𝑇𝑆𝑠                                                                                                                    2.13 
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The approximation  

𝐻𝑠 = 𝐸𝑠                                                                                                                               2.14 

can be made to get total surface energy 

𝐸𝑠 = 𝐺𝑠 + 𝑇𝑆𝑠 = 𝛾 − 𝑇
𝑑𝛾

𝑑𝑇
.                                                                                                 2.15 

It is apparent that the total surface energy 𝐸𝑠 is larger than the surface free energy since the 

surface tension of most liquids decreases with increasing temperature.  The most well-known 

relationship was developed by Eӧtvӧs:  

𝛾𝑉2/3 = 𝜅(𝑇𝑐 − 𝑇)                                                                                                               2.16 

where 𝑉 is the molar volume, κ is a constant that is close to 2.1 ergs/K for most liquids, 𝑇𝑐 is 

the critical temperature, at which liquid and vapor have same density.   

When temperature increases, the molar volume will decrease because of the decrease of the 

material density due to thermal expansion. All these factors lead to the decrease of surface 

tension.   Another relationship originated by van der Waals in 1894 and developed further by 

Guggenheim is   

𝛾 = 𝛾° (1 −
𝑇

𝑇𝑐
)

𝑛

                                                                                                                   2.17 

where n is 11/9 for many organic liquids and 𝛾° is surface tension of the material at 

temperature Tc.   

For the interface between a liquid’s surface and its own vapor, molecules are constantly 

evaporating and condensing as molecules hit the surface and escape or are captured.18 In 

order to study the wetting behavior of liquid droplets, maintaining the balance of evaporation 

and condensing is very important.  Based on the free motion of liquid molecules on liquid 
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surface, it is worthwhile to look into the alignment of molecules, especially for those 

molecules that have large differences between two sides of the molecule, and may have a 

large effect on the surface chemistry and surface interactions.  

2.1.4. Orientation at the Interface 

For a liquid interface, orientation of molecules should be taken into consideration in the 

study of liquid interface. Hardy and Harkins introduced the “force” concept and Langmuir 

developed the concept quantitatively18, with the principle of independent surface action, 

which has been used by many researchers over the years.  Ethanol was taken as one example 

in Adamson’s book, shown as Figure 2-3. In the first case (a), the surface presented would 

comprise hydroxyl groups whose surface tension should be about 0.19 N/m. In case (b), a 

surface energy that of a hydrocarbon should be about 0.05 N/m. There is a difference of 0.14 

N/m, or about 3 × 10−20 J per molecule. Therefore, the orientation of the ethanol molecule at 

the droplet-vapor interface prefers case (b) based on the lowest Gibbs free energy. The 

experimental value of the surface tension of ethanol is 0.022 N/m, which is closer to the 

surface tension of a hydrocarbon.  
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Figure 2-3. Two possible chemical orientations at ethanol liquid interface. 

 

 

2.2. Solid Interface  

Wetting of fibers is not only related to the liquid surface but also related to the solid surface. 

In this chapter, the concepts and techniques related to solid surface will be introduced. 

Similar to the liquid interface, the surface energy is the first concept to be introduced.  

2.2.1. Surface Energy of Solids  

For the surface tension of the liquid, it is convenient to take it as surface energy.  However, 

in solid interface, it is desirable to consider an independent, more mechanical definition of 

surface stress. In Adamson’s book, it is defined by one case as “If a surface is cut by a plane 

normal to it, then, in order that the atoms on either side of the cut remain in equilibrium, it 

will be necessary to apply some external force to them. The total such force per unit length is 

the surface stress.”18 The surface stress is denoted as  
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𝜏 =
𝑑(𝐴𝐺𝑠)

𝑑𝐴
= 𝐺𝑠 +

𝐴𝑑𝐺𝑠

𝑑𝐴
                                                                                                        2.18 

for an isotropic solid. For liquids at equilibrium, the relationship 
𝑑𝐺𝑠

𝑑𝐴
= 0 is found and the 

expression is same as equation 𝜸𝑳𝑽 = (
𝝏𝑮

𝝏𝑨
)

𝑻,𝑽,𝒏
2.1. 

2.2.2. Theoretical Estimates of Surface Energies  

The calculation of surface energy varies with the type of the solid considered. In Adamson’s 

book, the theoretical estimates of surface energies have been summarized by covalently 

bonded crystals, rare-gas crystals, ionic crystals, molecular crystals and metals. However, in 

the studies below, most solid surfaces are composed of polymers, such as nylon.  Therefore, 

models for calculating the surface energy of the polymeric surfaces are needed. 

Partial surface energy is very important to calculate the surface tension of polymeric surface, 

which assumes that surface tension of the surfaces is composed of different interactions 

including disperse, dipole-dipole and hydrogen bonding, which can be expressed as 17 

𝛾 = 𝛾𝑑 + 𝛾𝑝 + 𝛾ℎ                                                                                                                 2.19 

where 𝛾𝑑, 𝛾𝑝, 𝛾ℎ is the surface tension due to disperse forces, dipole-dipole interactions, and 

hydrogen bonds. These parameters can be calculated based on the relationship between 

surface tension and solubility parameters. 

 

2.2.3. Surface Characterization Techniques  

Unlike in liquids, the molecules on the surface of solids cannot move freely. The properties 

of a solid surface are not only determined by the chemical properties of the surface but also 

depend on the morphology of the surface, such as roughness, especially in wetting.  
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Generally, there are two major ways to characterize the surface of solids. Microscopy 

methods including scanning probe microscopies, field emission and field ion microscopies 

and low energy electron diffraction are widely used.18  Optical microscopy has a minimum 

spatial resolution of 250 nm, namely half the wavelength of visible light.  Confocal 

microscopy can scan three-dimensional images from solutions, biological membrane and 

polymeric systems. Photo tunneling microscopy (PTM) can reach as high as 1 nm resolution 

vertically and one quarter of the wavelength of light in the lateral directions using the 

properties of evanescent waves created when light tunnels from a medium of higher index of 

refraction into one of lower index. Transmission electron microscopy (TEM) and scanning 

electron microscopy (SEM) have been widely used. TEM can resolve down to 1 nm and can 

characterize the structure by passing through a thin sample using electron diffraction. 

Compared with TEM, SEM can resolve down to 50 nm but it has a wide range in contrast 

and great depth of focus. Usually, SEM is the best choice to characterize when the sample 

surface is very rough.  

2.2.4. Surface Modifications 

To improve the physical and chemical properties of solid surfaces, there are numerous ways 

to modify the surface of the solids. In this study, the solids that are studied are polymeric 

fibers. Therefore, modification of fibers is the primary objective in this project, which 

includes coating, plasma treatment, and surface grafting. Coatings can improve the fiber 

surface properties but they often come off when there is any bending, heat change, abrasion, 

or other forces applied to it.19–21 Plasma treatment is very high cost in industrial production 

though it can be used to etch the fiber surface and produce active chemical groups for further 
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reaction. 22,23 Chemical grafting on surfaces has been applied to several applications and 

proved to be cost effective24–26.  Some modifications use a single step using chemicals that 

can react with the active groups on fiber surfaces, such as carboxyl groups and hydroxyl 

groups 25,27–29. The advantage of this approach is high efficiency and low cost. However, the 

active groups in many fibers are very limited. To cover the surfaces of fibers as much as 

possible, it would be better to have some initial modification on fibers to increase the number 

of the active groups.  Some studies have used plasma to create initiators for chain growth 

polymerization23
.
 Other studies remove the hydrogen groups on fiber surfaces using 

chemicals for further polymerization, such as atom transfer radical polymerization (ATRP)30. 

At the same time, some studies used polymers with many active groups to increase the 

reactivity of the fiber surface.24,31 Most methods used solvents, hazardous chemicals and 

multiple step reactions. None of these aspects satisfy the requirement of industrial 

production, which supposedly is the goal of all techniques introduced above. Therefore, 

chemical modification of the surface with low impact to the environment, longer stability and 

lower cost is the trend of surface modification.  

 

2.3. Solid-Liquid Interaction  

2.3.1. Introduction 

After understanding the basic properties of the liquid interface and solid interface, the 

interactions between them are reviewed. There are many types of interactions, such as 

absorption and adsorption. However, contact angle and capillarity are the main focus of this 
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review. The Rayleigh instability is explained as a unique interaction between liquid and 

cylindrical solids at the end of this section.  

2.3.2. Contact angle 

The contact angle was originally described by Young, as given in equation 2.20 32, which 

deals with the most common situation observed. A droplet was deposited a smooth surface, 

where the effect of gravity was ignored, as shown in Figure 2-4.  It can be expressed as  

𝑐𝑜𝑠𝜃𝑒 =
𝛾𝑆𝑉−𝛾𝑆𝐿

𝛾𝐿𝑉
                                                                                                                     2.20 

where 𝛾𝑆𝑉, 𝛾𝑆𝐿, 𝛾𝐿𝑉 are the interfacial surface tension between solid-vapor, solid-liquid, and 

liquid-vapor phases, respectively.  

 

 

Figure 2-4. The scheme of contact angle.  
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Young’s equation is based on equilibrium state of droplets on surface, namely  

lim
∆𝐴→0

∆𝐺𝑠

∆𝐴
= 0 2.21 

where ∆𝐺𝑠 is the change of surface free energy, ∆𝐴 is the change of area of the solid that is 

covered by the droplet. Therefore, the contact angle obtained from this approach is the 

contact angle of the equilibrium state. A limitation of Young’s equation is that it only deals 

with smooth flat surfaces, which generally do not occur for most wetting situations, 

especially for this project, which deals with extremely small droplets on surfaces that are 

intentionally made to be rough.   

The concept and modeling of contact angles on rough surfaces have been developed by 

Wenzel33 and Cassie and Baxter34, and are shown in Figure 2-5. The contact angle formed on 

a rough surface is referred to as the apparent contact angle, which is a milestone for the 

understanding of wetting behavior, especially in the field of textiles which are composed of 

many tiny pores created by fibers and yarns. In Wenzel’s model, the apparent contact angle 

𝜃𝑟
𝑤 can be expressed as  

cos 𝜃𝑟
𝑤 = 𝑟𝑐𝑜𝑠𝜃𝑒                                                                                                             2.22 

where  𝑟 is the roughness of the surface, the ratio of the total true wetted area of a rough surface 

to the area beneath the drop obtained by projecting the drop onto a plane.  

In the Cassie-Baxter model, the apparent contact angle 𝜃𝑟
𝐶𝐵 can be expressed as  

𝑐𝑜𝑠𝜃𝑟
𝐶𝐵 = 𝑓1 cos 𝜃𝑒 − 𝑓2                                                                                                  2.23 

where 𝑓1 is the ratio of area in contact with the liquid over to projected area of the droplet. 

𝑓2 is the area in contact with vapor divided by the projected area.  
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Figure 2-5. Liquid droplet on a rough surface: (a) Wenzel model, and (b) Cassie-Baxter model. 

 

There have been some arguments on whether both models are valid35,36 due to differences 

between experimental results and those calculated based on Wenzel and Cassie-Baxter 

models. However, these arguments against both models are lacking in consistency in 

experimental conditions with the models built by Wenzel and Cassie-Baxter based on details 

in their experiments. Meanwhile, proving a model through experiment always requires extra 

care for lab conditions, parameter set up, and data collection.  

Wenzel and Cassie-Baxter models have been regarded as milestones in liquid and solid 

interface area, which indicates that both surface chemistry and surface morphology can affect 

the wetting of the surfaces. Superhydrophobic surfaces can be obtained through increasing 

the surface roughness or decreasing the surface energy of the surface through approaches 

discussed in surface modification of solid interface. With known contact area between liquid 

and solid and between liquid and vapor, one can estimate the apparent contact angle on a 

surface, which offers chances to lower the cost in fabric design. However, there are 

limitations in Wenzel and Cassie-Baxter models. It is impossible to obtain the contact area in 
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roughness calculation without knowing whether there is complete wetting or incomplete 

wetting.  

In this study, we assume all surfaces are smooth. The contact angle we used for simulation is 

based on experimental results obtained from lab. Therefore, there is no need to characterize 

the surface tension of each surface used in this research.  

2.3.3. Capillarity 

In wetting, the contact angle is not the only important parameter. In most cases, capillarity 

plays very important role in wetting. Capillary rise exists widely and is due to the surface 

tension as shown in Figure 2-6. For simplicity, it is assumed that small circular capillaries 

have a hemispherical meniscus. Which means the two radii of curvature are equal to each 

other and to the radius of the capillary. 

 

  

 

Figure 2-6. Capillary rise (capillary much magnified in relation to dish)18 
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In Figure 2-6, the Laplace pressure of the droplet is balanced by the hydrostatic pressure in a 

column of liquid in the capillary. Therefore,  

∆𝜌𝑔ℎ =
2𝛾

𝑟
                                                                                                                             2.24 

where ∆ρ is the density difference between liquid and air.   

The capillary constant or capillary length is defined as  

𝑎2 =
2𝛾

∆𝜌𝑔ℎ
= 𝑟                                                                                                                     2.25 

where h is the height of liquid column.  

When the liquid contacts the capillary wall with angle θ, then the equation can be rewritten as  

∆𝜌𝑔ℎ =
2𝛾𝑐𝑜𝑠𝜃

𝑟
                                                                                                                      2.26   

Capillary length is very easy to obtain through image analysis, therefore, it is one of the most 

convenient methods to measure the surface tension of an unknown liquid. In textiles, 

capillarity plays very important role in wetting, which needs to be taken into consideration in 

each procedure in the finishing industry and in final applications.  

Capillarity is also one of the most basic ways to determine textile wetting, which is generally 

called wicking 37–43. The capillary flow driven by pressure 𝑃 was first studied by 

Washburn44, who studied the penetration of liquids into cylindrical capillaries. In this study, 

the relationship among the radius of capillaries 𝑟, P, and time t, length of the capillaries 𝐿, 

viscosity of the liquid 𝜇 and the coefficient of the slip 𝜖 is expressed as  

𝑑𝑙

𝑑𝑡
= 𝑃(𝑟2 + 4𝜖𝑟)/8𝜇𝐿.                                                                                                      2.27 

Washburn’s study only focused on the moment after capillarity flow formed.  Many other 

later studies examined the wicking of liquids into textiles from the first moment when a 
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droplet contacted with the yarns39,42,43,45–47 from experimental and theoretical points of view. 

In addition, wicking by yarn occurs at many open irregular channels. Pressure driven flow in 

open channels without walls have been studied 48. The closed model for wicking by a yarn is 

close to the pressure driven flow through a horizontal circular pipe, which is called the 

Hagen-Poiseuille law49, as shown in Figure 2-7 . The volumetric flow rate can be expressed 

as  

4

8

R P
Q

L








                                                                                                        2.28 

 

 

Figure 2-7. The pressure driven flow model used by Hagen Poiseulle Law. 

 

 

where R and L is radius and length of the pipe, ΔP is the pressure difference between P1 and 

P2.  η is the fluid viscosity.  Recently, flow rate analysis of a surface tension driven passive 

micro-pump has been conducted.50 All the studies listed above indicate that the motion of the 

flow in a smaller space with a smaller velocity can be studied based on Hagen Poiseulle Law 
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just by multiplying with a shape factor. In this study, the fluid mechanical approach will be 

used to understand the wetting behavior of liquid on yarns, which is composed of numerous 

micro-channels.  

When the yarn or fiber is saturated with liquids, special phenomenon called as Plateau-

Rayleigh instability occurs, which can cause considerable trouble to wire coating industry but 

creates many opportunities for textile industry in producing engineered fibers.   

2.3.4. Plateau-Rayleigh Instability  

The Rayleigh instability was first studied by Lord Rayleigh in 187918. It occurs in daily life, 

such as the water string from tap water. When a perfectly uniform coating is applied to the 

surface of a fiber, it breaks up spontaneously into small beads clinging to the fiber at regular 

intervals, which has a very important influence to wire coating industry51. The process is 

depicted in Figure 2-8. This process occurs because the liquid interface needs to minimize 

the total surface area. The quantitative study on the length of intervals, height of droplet and 

volume of the droplets have been studied thoroughly51–53. This phenomena indicates one 

approach of modifying the morphology of the fiber.  

 

 



 

  22   

    

   

 

Figure 2-8. A uniform coating on a fiber experiences small fluctuations in its radius. To 

minimize free energy, this disturbance grows into nearly equally spaced drops.52 

 

2.4. Droplets  

2.4.1. Introduction  

In wetting behavior studies, the droplet is the most basic unit. In this part, the interaction 

between droplets, and the droplet on different curved surfaces including cylinder, cone, and 

spindle knots will be introduced.   

2.4.2. Interaction between droplets 

Droplets not only interact with solid surfaces, but also interact with each other and coalesce 

when the distance between two droplets is sufficiently close.  Coalescence of two or more 

droplets has been studied using three techniques, including microchannels, electrowetting 

arrays, and wettability gradients.    

Microchannels are widely used to study the behavior of droplets in coalescence phenomena. 

The mechanism is to merge two droplets in an immiscible solvent by differences in their 

velocity. Figure 2-9 shows the scheme of the microfluidic channel used for the droplet 

coalescence process54. DP1 and DP2 can be same or different liquid. CP is the solvent for DP1 
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and DP2. The delivery speeds for DP1, DP2 and CP are different. Two droplets can merge at 

certain distances after being delivered to the microchannel.  In this figure, both straight 

channel and disperse channel were applied in order to control the velocities.  

 

 

Figure 2-9. Microfluidic channels used for droplet merging process. 54 

 

Electrowetting arrays are also used to control the merging of two droplets using static forces.  

55 Figure 2-10 shows side and top schematic views of the electrowetting mixing actuator.  

Briefly, the actuator uses static forces between the droplet and the electrode to change the 
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profile of each droplet so they can merge.  Figure 2-11 shows an easier way to actuate the 

merger of two droplets by using free electron charges in droplets. So for this approach, an 

electrolyte should be present in both droplets.  

 

 

 

Figure 2-10. Side and top schematic views of electrowetting-based mixing actuator.  
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Figure 2-11. The scheme of mechanism of electrowetting array  

 

Both microchannels and electrowetting arrays suffer from deficiencies.  First of all, both of 

them are in closed systems, which means that merging of the surfaces is confined by limited 

space and even extra factors, such as the static force in electrowetting array. Secondly, both 

approaches are passive. If the objective is to observe the spontaneous merging, neither of 

them is suitable.  

 Unlike these two approaches, the wettability gradient approach 56 is an open system. Figure 

2-12 shows the wettability change on the wettability gradient, which can be used to move the 

droplet (II) towards droplet (I) from certain distance d.  The spontaneous motion of droplet II 

on wettability gradient is driven by Gibbs free energy.  The preparation of a wettability 

gradient using vapor-diffusion technology was discussed by Lai et.al. 57 Compared with the 
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previous two approaches, this approach uses an open system, which enables us to understand 

spontaneous merging.  

 

 

 

Figure 2-12. Static contact angles of the wettability gradient surface and initial positions of 

the moving droplet (I) and stationary droplet (II)56.  

 

 

All those studies focus on the coalescence of droplet in other medium or on a flat surface 

without consideration of droplet on curved surface or much smaller substrate, which is very 

often available on textile surfaces.  
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2.4.3. Precursor of droplets 

In the coalescence of two droplets, the precursor film, if it exists, is a very important factor to 

take into account because it determines the critical distance for merging of two drops. The 

precursor film length is defined as the distance between contact line and the lip of the 

precursor, as shown in Figure 2-1358. A constant thickness and a constant contact angle at 

contact line of the precursor have been widely assumed.  59  

 

 

 

Figure 2-13. Precursor film of a spreading droplet (M-CL: motion of contact line) 

 

 

The existence and length of precursor films have been studied by many authors. 58–62  The 

length of the precursor film is theoretically predicted and empirically expressed by Harvet & 

de Gennes and Kavehpour et al.  59 They indicated that the length of the precursor film is 

related to the capillary number.   

The length of the precursor film has been detected using ellipsometry63, which can detect as 

small as 0.1Å. For small non-volatile droplets (with a volume of around 10-4 μl) spreading on 

silicon wafers, the radial extent, t , increases with time as √𝐷𝑡. Where D  is the diffusion 
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coefficient related to a molecular thickness of the precursor film. t is the time after placement 

of the droplet.  The thickness of the precursor film in this case is of molecular thickness. This 

equation has been widely accepted by later work64. In this study, the length was evaluated by 

the analysis of a time series of the brightness data by the observation of a fringe pattern with 

the elliptic of polarization interferometer. The velocity of the droplets CLU was controlled by 

a temperature gradient. Thus, from Figure 2-14, the length is affected by temperature and 

capillary number Ca. /T x  in Figure 2-14 is the temperature change along the length of 

temperature gradient.  

 

 

Figure 2-14. Precursor film length against the non-dimensional Capillary number. 

 

Besides, the precursor of nano-droplets were described through molecular dynamic modeling 

by Webb et al.65, as shown in Figure 2-15.  
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Figure 2-15. Image of simulation of polymer droplets on surfaces.  

 

Though the above studies of precursor films were studied theoretically, none of them can 

demonstrate strong proof of or absence of a precursor film using experiments. It could be 

caused the difficulty of setting experiment such as liquid vapor equilibrium state. Also, it 

requires high-resolution characterization. The liquid precursor film has been clearly captured 

by Ju et al. using ionic liquid66, as shown in  

 Figure 2-16. But the precursor here is not the precursor we discussed above because the 

precursor in this study is caused by the electrical force offered by the electrical field, which is 

shown in  

 Figure 2-16. Anyway, using ionic liquid to observe the wetting behavior of droplets is very 

inspiring.  
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 Figure 2-16. Ionic beads and liquid precursor film. 

 

In this study, the critical distance for two droplets merging with each other will be a good 

answer to whether a precursor exists and if it is important to droplet wetting.  

2.4.4. Droplet on a cylindrical fiber 

The shape of a droplet on a cylindrical fiber has been studied 7,67,68 . The first droplet profile 

was solved by Carroll. The shape is described in Figure 2-17. The volume of the droplet is 

expressed as  

𝑉 =
2𝜋𝑥2

3
(2a2x1 + 3ax1x2 + 2x2

2E(𝜙, k) − a2x1
2F(𝜙, k) +

𝑥

𝑥2
(x2

2 − x2)0.5(x2 −

x1
2)0.5)                                                                                                               2.29 

where  

𝑎 =
𝑥2𝑐𝑜𝑠𝜃−𝑥1

𝑥2−𝑥1𝑐𝑜𝑠𝜃
                                                                                                                                        2.30 

𝑘2 = (𝑥2
2 − 𝑎2𝑥1

2)/𝑥2
2                                                                                                                                                                   2.31 

𝑥2 = 𝑥2
2(1 − 𝑘𝐼

2 sin2 ∅)                                                                                                                     2.32 
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Figure 2-17. The droplet prolife on a cylindrical surface. 

 

 

In this study, Carroll only took the barrel shape drop into consideration. Afterwards, he 

studied the transition conditions to clamshell shape drops through experiments and found this 

transition is caused by the relationship between the contact angle and fiber radius. Under the 

condition that the reduced volume (the volume of the droplet divided by the fiber radius) is 

large enough, the barrel shape is the preferred conformation. When the reduced volume 

decreases, a transition to a clamshell shape will occur. The critical value of reduced volume 

at which this stability transition occurs depends upon the equilibrium contact angle. 67  

Recently, a public domain computer program, Surface Evolver67 has been used to determine 

the stability of droplets through numerical approach, which calculates the area of barrel and 
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clamshell shapes using computer and minimizes the surface free energy to determine the 

final profile of the droplet. The procedure is shown in Figure 2-18.  

 

 

Figure 2-18.  The procedure of Surface Evolver for barrel shape and clamshell droplet67.  

 

 

2.4.5. Droplets on conical fiber  

Following Carroll’s work, Michielsen et al. 6 studied the prolife of barrel shaped drops on 

conical fibers, which revealed that these droplets can move spontaneously on a cone, as 
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shown in Figure 2-19. The barrel shape has two possible situations classified according to the 

half cone angle and contact angle of the droplets. When contact angle is bigger than half cone 

angle of the droplet, it belongs to left situation (a).  When contact angle is smaller than half 

cone angle, it belongs to the right situation (b). The two situations simplify the integral of the 

droplets profile easily.  Michielsen et al. recognized that a drop could not climb a cone 

indefinitely and conducted a more careful study on the directional motion of droplets on 

conical fibers6. This study indicated that a droplet on a conical fiber will move to a location 

where the Gibbs free energy is a minimum. This location depends on the cone half angle, 

Young’s contact angle between the droplet and the cone, and the droplet volume. This 

research guided us to adjust the surface tension of the spindle knots and cone angle of the 

spindles in order to ensure the lowest Gibbs energy occurs at the widest point on the spindle 

knots. The expression of volume and Gibbs free energy are  

𝑉𝑖 =
𝜋𝑥3

3
𝑛𝑛[(2𝑎𝑖

2 + 3𝑎𝑖𝑛𝑛 + 2𝑛𝑛
2)𝐸(𝜑i, 𝑘i) − 𝑎𝑖

2𝐹(𝜑i, 𝑘i) +
(𝑛𝑛

2 −1)
0.5

(1−𝑎𝑖
2)

0.5

𝑛𝑛
                    2.33 

𝐺 = 𝛾𝐿𝑉{2𝜋𝑥2[(𝑎𝛪𝑥1 + 𝑥2)𝐸(𝜑𝛪, 𝑘𝛪) + 𝑆(𝑎𝛪𝛪𝑥3 + 𝑥2)𝐸(𝜑𝛪𝛪, 𝑘𝛪𝛪)] −
𝜋

𝑠𝑖𝑛𝛼
(𝑥3

2 − 𝑥1
2)𝑐𝑜𝑠𝜃}         

                                                                                                                                                     

2.34 

For region I (the boundary condition is given by point A) 

𝑘1 =
2[𝑥1 cos(𝛼+𝜃)]−𝑥2

𝑥1
2−𝑥2

2                                                                                                                                                2.35 

𝑘2 =
[𝑥1−𝑥2cos (𝛼+𝜃)]𝑥1𝑥2

𝑥1
2−𝑥2

2                                                                                                                     2.36 

𝑎𝐼 =
𝑥2 cos(𝛼+𝜃)−𝑥1

𝑥2−𝑥1 cos(𝛼+𝜃)
                                                                                                                               2.37 
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For region II (the boundary condition is given by point C) 

𝑘1 =
2[𝑥3 cos(𝛼−𝜃)−𝑥2]

𝑥3
2−𝑥2

2                                                                                                            2.38 

𝑘2 =
[𝑥3−𝑥2cos (𝛼−𝜃)]𝑥3𝑥2

𝑥3
2−𝑥2

2                                                                                                       2.39 

 𝑎𝐼𝐼 =
𝑥2 cos(𝛼−𝜃)−𝑥3

𝑥2−𝑥3cos (𝛼−𝜃)
                                                                                                                            2.40 

Based on these two equations, the Gibbs free energy trend along the distance from the tip of 

the cone can be drawn with a known volume droplet. In this study, Michielsen et al. only 

studied water drops on cones. Many other liquids need to be used to strengthen their 

explanation.  

 

 

Figure 2-19. The schemes of the two possible cases in droplet wetting6.  

 

 

Michielsen et al.’s study here only takes one situation in to consideration, which is when the 

droplet here sits symmetrically on the cone. However, unsymmetrical shape drops exist 

widely, which is called a clamshell drop in this study. The scenario of the clamshell droplet 
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sitting on cone has been reported, as shown in Figure 2-20. However, this study didn’t give a 

good understanding of the shape of an oil droplet and the spontaneously motion of oil 

droplet5.  At the same time, the R1 and R2 were marked incorrectly in the figure because they 

are the two radii’s of clamshell shape.  

 

 

 

Figure 2-20.The spontaneously motion of clamshell droplet on cone5.  

 

 

In this study, the clamshell droplet profile will be studied through experiment and theory 

study. At the same time, we will also study if the clamshell droplets will move to the widest 

part of the cone. 

2.4.6. Droplets on spindle knots  

Many studies have focused on reproducing spider silk through genetic engineering12, protein 

regenerating 9, and novel spinning 13. However, these studies just focused on the elasticity 



 

  36   

    

   

and tenacity of spider web in order to make super elastic and super strong fibers for 

applications such as body armor. Engineering spider webs from the aspect of moisture 

collection was initially reported by Jiang and his coworkers, who observed the yarns in the 

web of a cribellate spider, as shown in Figure 2-21. They found structures that they referred 

to as “spindle knots” and attributed the motion of water droplets on these yarns to the conical 

nature of the spindle knots. 1 

 

 

 

Figure 2-21. The structure of cribellate spider silk.4  

 

 

They attempted to duplicate the spindle knot structure by dipping a fiber into a polymer 

solution, allowing the Rayleigh instability to produce polymer droplets, as shown in Figure 
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2-22, and then evaporating the solvent to leave behind a porous structure reminiscent of the 

spindle knots in the spider web. The procedure of making spindle knot shape was described 

in Figure 2-23. 

 

 

Figure 2-22. The profile of spindle knot built on fiber.  
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Figure 2-23. The procedure of making manmade spider silk with spindle knots. 

 

 

In Figure 2-24, it took 1.8 s for the droplet to reach the edge of the spindle knot, but only 

0.13 s for it to climb onto the spindle knot. Based on these results, they proposed that 

cylindrical sections of their fibers were much less effective at gathering droplets than the 

conical shaped spindle knots.  
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Figure 2-24. The structure of artificial spider silk and water collection. 4 

 

This study was trying to mimick the spider web morphology through chemical engineering to 

create the spindle knot shape with a degree of roughness on the fibers, which pointed the way 

to new biomimicking applications for industrial production. However, in addition to the lack 

of efficiency during production, as mentioned above, considerable additional work is needed 

to further look at the basic science behind the moisture collection of spider silk from the four 

aspects discussed above. First of all, the author didn’t give information about the droplet size. 
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The so-called mist has a diameter range from nanometer to millimeter, which is quite a 

different situation from the moisture collection of spider webs. To understand the wetting 

behavior of droplets on fibers, a more detailed droplet specification has to be given.  

Secondly, the principle of moisture collection of spider webs is not necessarily limited to 

spindle knots because the spider webs sample in this study is just one type out of thousands 

of types of spiders and their webs. However, most spiders’ webs can collect moisture from 

air in early morning. Therefore, other mechanisms may be going on behind this phenomenon, 

which requires further study.  Thirdly, the authors didn’t explain the reason for the 

directional motion of water on spindle knots. Last but not least, the way of making spindle 

knots requires a lot of solvent, which prevents the practical application of this approach 

based on the consideration of environmental and economic cost.   

2.5. Summary of literature review 

From the literature reviewed above, the basic concepts of surface tension, Laplace pressure, 

and thermodynamics at the surface of liquid are explained, which laid the foundation for this 

project. At the same time, most classical models of wetting in the form of bulk droplets 

including capillarity and contact angles were explained and will be continually used in this 

project. Surface characterization techniques and approaches to improve the surface of solid 

were also reviewed, which provides information about how to modify the surfaces of fibers. 

At the same time, the cutting edge studies in wetting of spindle knots were also reviewed, 

which contribute many ideas toward the objectives of this study. However, there are many 

questions that have not been investigated, including  
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1. If every droplet regardless of volume, shape and surface tension will move to the 

widest part of the cone spontaneously?  

2. If the spindle knots on the spider silk is the only reason that make spider webs collect 

droplets from mist?  

3. If there is a critical distance between two droplets that make them merge with each 

other when they are not physically touching yet?   

4. Is there a way to utilize properties of spider web and produce a manmade aerosol 

barrier?  
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3. EXPERIMENT  

3.1. Materials 

Deionized water, Kaydol (CBM group), glycerol (Sigma Aldrich) and dodecane (Sigma 

Aldrich) were used as liquid droplets. PMMA beads, MMA (purchased from Fisher 

Scientific) together with Irgacure 379® were used to make the spindle knots on fibers. 

Candle wax, (heptadecafluoro-1, 1, 2, 2-tetrahydrodecyl) trimethoxysilane (HFTT, Sigma 

Aldrich) and indium (RotoMetals) were used to create surfaces with different surface 

energies. Spandex yarn and nylon monofilaments were used as substrates for the droplets. 

The 0.5, 1 and 2 μL microsyringes (Hamilton Company, Mircoliter 7002) were used to 

deposit droplets with specific volumes at microliter level on the surfaces. Microdrop® 

picoliter applicator (Microdrop®) was used to apply droplets at picoliter level to surfaces. B-

100A high intensity UV lamp manufactured by UVP was used as the light source for 

polymerization. E-scope® USB camera purchased from Amazon and Phantom® High speed 

camera (Vision Research) were used to capture pictures of drops. A zoom lens (6.5X Zoom 

Lenses, 0.7 - 4.5X Magnification Range, Throlabs®) was used for the observation of 

picoliter droplet. A box light source was used as the light source for obtaining clear pictures. 

Newport® Motion stages (Model 423) were used to control the motion of the sample 

precisely.  

3.2. Equipment 

In this project, droplet deposition tools, contact measurement equipment, evaporation 

suppression chamber, microliter droplet observation system and picoliter observation system 

were built in our laboratory.  
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3.2.1. Droplet Deposition tools 

Two deposition methods were used in this study, as shown in Figure 3-1, a perfume sprayer 

(Mist mode) and either a syringe or the picoliter applicator (droplet mode), depending on the 

droplet size needed. Both methods were used in several research stages. The mist mode more 

closely represents the practical situation but it is more difficult to control the parameters of 

the droplets. The droplet mode is easy to control droplet size, droplet deposition location and 

droplet frequency, but results in slow deposition.   

 

 

 

Figure 3-1.The mist mode generated by perfume sprayer and droplet mode produced by 

picoliter applicator are shown.  
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3.2.2. Contact Angle Measurement tools  

The contact angle measurement apparatus was built in house using a USB microscope, 

Newport motion stage (Model 150), and other accessories, as shown in Figure 3-2. USB 

microscope is connected to a computer, which can deliver image of the drops to the 

computer. Newport® motion stage was used to control the position of the droplet precisely 

and to offer a black background for capturing clear pictures of liquid droplets. A sample 

holder was mounted on the motion stage in order to place sample. The contact angle of the 

droplet was measured as the angle between the flat surface and tangent line of the curvature 

at the contact line, as shown in Figure 3-3.  
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Figure 3-2. The contact angle measurement apparatus.  
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Figure 3-3. The contact angle measurement method.  

 

3.2.3. Evaporation Suppression Chamber  

A evaporation suppression chamber was build using aluminum alloy and glass slides, which 

were stabilized mechanically by copper wires in order to prevent the potential interaction 

with the liquid we used.  

The top was covered with a clear polyester film, which was sealed to the glass slides. It also 

had a small hole to allow a syringe needle through to apply the drops to the fiber. The ends 

were covered with polyester triangles to limit evaporation in order to allow fiber holders go 

through the two ends. The size of the evaporation suppression chamber is 2 × 0.5× 0.5 inch.  

A schematic of the chamber is shown in Figure 3-4.  
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Figure 3-4.The three views of the evaporation suppression chamber: end, side, and top (The 

black is aluminum, the white color is the transparent glass, copper wire is applied to fasten 

the glass and the aluminum part together, and grey is a transparent polyester film). 

 

 

3.2.4. Microliter Droplet Observation System 

The microliter droplet observation system was built in lab, as shown in Figure 3-5. The 

evaporation suppression chamber was placed in front of the USB microscope, which is 

connected to the computer directly in order observe the wetting of the droplets. The USB 

microscope and the evaporation suppression chamber were connected firmly by a foam, 

which was cut to fit the cylindrical support of the USB microscope. Additional foam was cut 

to seal the ends of the evaporation suppression chamber.  The video and images were 

obtained during the experiment and were recorded by the computer.  
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Figure 3-5. The improved measurement system showing the video-microscope in the 

foreground and the recorded image in the background. The chamber is in the middle. 

 

 

3.2.5. Picoliter Droplet Observation System 

The picoliter droplet observation system was built, as shown in Figure 3-6.  The image of the 

picoliter liter droplets was captured by high-speed camera and delivered to the laptop. The 

light source illuminated the sample for image capture. The picoliter liter applicator generated 

droplets and delivered the drops through a picoliter syringe. The motion stage was used to 

adjust the position of the sample precisely.  
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Figure 3-6. The apparatus for observation of picoliter droplets using a high-speed video 

camera. 

 

Due to the small drop size, the system had to be very precise and stable. A close up of the 

stabilized system is in Figure 3-7. The fiber holder consisted of two nuts. By rotating the nuts 

on screws, the distance between the two nuts could be adjusted so the fiber could be 

tightened or loosened depending on our needs. At the same time, the two stages were 

mounted firmly on the vibration isolation table.  
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Figure 3-7. The details of the fiber sample stabilization system. 

 

 

3.3. Structure Formation 

3.3.1. Formation of flat smooth surface 

Flat surfaces made from PMMA, wax, and indium were prepared separately but in a similar 

way. A glass slide was placed on a hot plate. PMMA, wax, or indium beads were melted on a 

glass slide respectively. When the beads melted, a cold slide was placed on top of the melted 

beads, which created a smooth surface. In this way, flat surfaces of PMMA, wax, and indium 

were created.  
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3.3.2. Formation of fibers  

PMMA fibers were produced in lab by stretching molten PMMA beads using two tweezers. 

By adjusting the rate of the stretch, fibers with smooth surface or grooved surface can be 

produced. When the stretch was applied at high temperature using a high rate stretching, the 

fiber tended to be very smooth. When the stretch was applied at a relatively low temperature, 

the fiber tended to form grooves on the surface of the fiber.  

3.3.3. Formation of Cones 

Indium is a unique metal that can be melted at 156.6°C. Indium cones with smooth surfaces 

were prepared by pulling molten indium rapidly using two tweezers, which resulted in two 

indium cones with smooth surfaces. 

3.3.4.  Formation of Spindle Knot Fiber 

In order to create spindle knot on fiber surfaces, UV photo polymerization was used. A resin 

solution was prepared by dissolving 10 wt % poly(methyl methacrylate), PMMA, in methyl 

methacrylate, MMA, and 0.5 wt % Irgacure 379 was added as an initiator. A fiber was 

dipped into this solution and then removed from the solution. Due to the Rayleigh instability, 

the thin coating on the fiber surface broke into equally distributed droplets, which were 

solidified immediately at room temperature by UV light. The polymerized beads were gently 

pushed together in order to control the distance between them. The procedure is shown in 

Figure 3-8. Wax spindle knots were created in the same way but without the polymerization 

since they could be solidified by cooling to room temperature.  
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Figure 3-8. The production of spindle knot fiber through UV photo polymerization.  

 

 

3.4. Surface Modification 

PMMA spindle knot fibers and PMMA flat surfaces were coated by wax and HFTT 

respectively. The surface modified spindle knot fiber and flat surface were prepared by 

immersing prepared sample into wax or HFTT solution and pulling out gradually. A thin 

coating of wax or HFTT was applied evenly on the surface of the PMMA spindle knot. After 

drying in hood for 3 hours, the thin layer was dry enough to use.  
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3.5. Wetting Behavior of Droplet on Flat Surface 

3.5.1. Microliter droplet on flat surface  

Flat surfaces coated with indium, PMMA, wax and HFTT, respectively, were prepared. The 

contact angle of water, glycerol, dodecane and Kaydol (surface tension given in Table 3-1, 

which is based on the MSDS offered by the manufacture) were measured 5 times at different 

locations on the treated flat surface.  

Table 3-1. The surface tension of liquids used. 

Liquid Surface Tension (mN/m) 

Water 72 

Glycerol 64 

Kaydol 32 

Dodecane 25 

 

3.5.2. Picoliter droplet on flat surface  

Dodecane picoliter droplets were generated by picoliter applicator and applied to PMMA flat 

surface. The parameters of the picoliter droplet applicator are listed in Table 3-2.   

Table 3-2. The parameters of picoliter droplet applicator.  

 

Item Value 

Voltage/(V) 120 

Pulsewidth/(µs) 11 

Frequency/(Hz) 10 
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The control parameters of the high-speed camera are listed in Table 3-3. 

 

Table 3-3. The parameters of high speed camera. 

Resolution 800*600 

Sample rate  1200 

Exposure  600 

Post trigger  2191 

 

 

The profile of the microliter droplets was observed through picoliter droplet observation 

system.  

3.6. Droplet Profile  

3.6.1. Microliter Droplet on cylindrical fiber  

Before the start of each experiment, the performance of the evaporation suppression system 

was verified. The microliter droplet observation system was then used to monitor the 

collection and growth of microliter drops generated in mist mode. A single polypropylene 

monofilament with diameter of 0.406 mm was placed in the chamber. Water aerosol drops 

were applied using a perfume atomizer multiple times. The coalescence of droplets was 

observed using the microscope. 
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3.6.2. Picoliter Droplet on cylindrical fiber 

Dodecane picoliter droplets were generated and applied to the cylindrical fiber with diameter 

of 30 micrometers. At the same time, the droplet was observed using the picoliter droplet 

observation system. The control parameters of the picoliter applicator and the high-speed 

cameras were the same as in Table 3-2 and Table 3-3. 

3.7. Droplet Coalescence 

3.7.1. Microliter Droplet on yarns 

Spandex yarn was used as the yarn in this experiment. The structure of the spandex yarn was 

observed using SEM. A spandex yarn was mounted between the two motor driven stages in 

the microliter droplet observation system described in the section 3.2.4 and stretched. Then, 

microliter water drops were placed on the yarn at a small separation distance. The time 

required for the drops to merge was recorded from the recorded video. 

In addition, a web from a local Basilica spider was collected and examined. The web was 

photographed in the early morning and dew can be seen on the web. The structure of the 

spider silk was observed using an optical microscope. At the same time, the behavior of 

water droplets sprayed by a sprayer on the same spider silk in droplet mode was observed 

using the microscope. 

3.7.2. Picoliter Droplet on grooved Fiber 

Dodecane picoliter droplets were generated and applied to the grooved cylinder PMMA fiber 

with diameter of 200 micrometer. At the same time, the droplet was observed using the 
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picoliter droplet observation system. The control parameters of the picoliter applicator and 

the high-speed cameras were same as in Table 3-2 and Table 3-3. 

3.8. Droplet Motion 

3.8.1. Microliter shape droplet on spindle knot  

Spindle knots with different surfaces and sizes were selected as the substrates to observe the 

motion direction of the four listed microliter droplets with volume of 0.1 and 0.5 microliter, 

as shown in Table 3-1. The spindle knots information was listed in Table 3-4. Droplets were 

applied to the spindle knots by microliter syringe. The wetting behavior of the droplets was 

observed using the microliter droplet observation system.  
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Table 3-4. The label indicating the spindle knot used and the shape parameters of the spindle 

knots. 

 

Label† 

 

Surface Cone 

Half 

Angle  

(°) 

Fiber 

Diameter 

D   

(μm) 

Maximum 

Width  

W 

(μm) 

Length 

 

 

(μm) 

P-16 PMMA 15.7 228 578 1465 

P-21  21 216 679 1820 

P-20  20 228 771 1728 

W-29 Wax 29 216 864 1777 

W-26  26 216 1142 2191 

W-27  26.9 216 1123 2148 

F-19 HFTT 19.3 241 731 1759 

F-17  17 224 730 1866 

F-22  22 224 628 1365 

 

 

3.8.2. Picoliter shape droplet on spindle knot  

Dodecane picoliter droplets were generated and applied to the PMMA spindle knot fiber with 

diameter of 30 micrometer. At the same time, the wetting behavior of droplets was observed 

using the picoliter droplet observation system. The control parameters of the picoliter 

applicator and the high-speed cameras were same as in Table 3-2 and Table 3-3. 
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3.8.3. Clamshell Shape Droplet on Cone  

The profile of a 1.0 µL clamshell droplet of water, glycerol and Kaydol, were observed on 

indium cones using USB microscope through the microliter droplet observation system. 

Meanwhile, wetting behavior of water droplets with volume of 0.1 microliter on indium 

cones and picoliter sized drops on PMMA beads were observed using the same system.  
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4. RESULTS AND DISCUSSION 

4.1. Droplet on Flat Surface 

4.1.1. Microliter Droplet on Flat Surface  

When droplets with different surface tensions were deposited on surfaces with different   

surface tensions, different profiles were formed, as shown in Figure 4-1 .   

 

 

Figure 4-1. The droplet profile of different liquids on different flat surfaces (“Fluorine” refers 

to a fluorosilanated surface, see text.).  

 

 

Young’s contact angle was used to characterize these different profiles, as shown in Table 

4-1. From the value of the contact angle, it is not hard to find that for the same type of droplet, 

the higher surface energy surface lead to a lower contact angle. Meanwhile, for the same 
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surface, higher surface tension leads to higher contact angle. The date listed in the table 

shows a wide range of surface tensions of liquids and solids. The number of the surface 

tension was given in the MSDS of the material.  

 

Table 4-1. Contact angles of different droplets on flat surfaces. 

                 Liquid 

Surface 

Water 

γLV = 72 

mN/m 

Glycerol  

γLV = 64 

mN/m 

Kaydol  

γLV = 32 

mN/m 

Dodecane  

γLV = 25 mN/m 

Indium  

γSV = 560 mN/m 

105.6 ± 3° 95.6 ± 2.8° 12.7 ± 3.1° 5.8 ± 0.8° 

PMMA 

γSV = 42.5 mN/m 

73.3 ± 1.7° 70.8 ± 2.5° 11.5 ± 1.7° 7.8 ± 0.7° 

Wax 

γSV = 32 mN/m 

102.1 ± 2.2° 97.6 ± 2.1° 45.6 ± 2.1° 21.7 ± 1.6° 

Triethoxyheptadeca

fluoro-silane 

γSV = 17.2 mN/m 

118.6 ± 2.8° 112.2 ± 4.8° 94.4 ± 6.7° 66 ± 4° 
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4.1.2. Picoliter Droplet on Flat Surface  

The contact angle measurement mentioned above is based on droplet with volume of 10 µL.  

In aerosol mist, the droplets are much smaller than that. Picoliter level droplets were 

generated and applied to a PMMA surface. The profiles of the droplets with increasing 

volume were observed through high-speed camera.  According to the observation, the 

picoliter droplet behaves the same as the microliter droplet. As shown in Figure 4-2, the 

contact angle for dodecane is still around 7.5, which is the same as at 10 µL level.  These 

three pictures were taken during 1.82 seconds with a total number of 18 drops of picoliter 

size droplet with a diameter around 50 µm. Therefore, we concluded that wetting behavior of 

picoliter droplets behave same as microliter droplet on flat surface.  

 

 

Figure 4-2.The dodecane droplet growth on PMMA flat surface. 

 

 

4.2. Droplet on Single Fiber  

When substrate surface is not flat, the droplet will form a different three-dimensional profile 

from the one on a flat surface in order to maintain the balance of the liquid molecules on the 
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contact line along the local surface. In this study, the profiles of the droplets on cylindrical 

fiber, conical fiber, and spindle knot fiber have been studied. 

4.2.1. Droplet on Cylindrical Fiber 

Water droplets were deposited on a polypropylene fiber using a mist sprayer, as shown in 

Figure 4-3.  

 

 

Figure 4-3. Barrel shape and clam–shell shape profiles on PP fiber. 

 

 

As we can see from Figure 4-3, the droplets with different profiles were formed on fiber. In 

this study, droplets are classified as clamshell shape droplet and barrel shape droplet. The 

profiles of clamshell shape droplet and barrel shape droplets will be discussed in the 

following paragraphs.  
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4.2.1.1. Barrel Shaped Droplet on Cylindrical Fiber 

Profile of the droplet on cylindrical fiber has been mathematically calculated with known 

contact angle, fiber diameter, and droplet volume, as described in the section 2.4.4.  

4.2.1.2. Clamshell Shaped Droplet on Cylindrical Fiber 

Profile of clamshell shaped droplet has been studied using surface evolver simulation, as 

reviewed in the section 2.4.4.  At the same time, the transition point from clamshell to barrel 

shape droplet has been determined the by the ratio of droplet volume to fiber diameter67.   

4.2.1.3. Droplet Growth on Cylindrical Fiber 

These studies of static droplets give us the shape information for a single droplet sitting on 

the surface. In order to understand the collection process of the small droplets from air, the 

droplet growth on fiber under mist mode and droplet mode has been studied in this study. 

Picoliter water droplets were deposited on a PMMA fiber with diameter of 30 µm, as shown 

in Figure 4-4. The growth process of the water droplet with increasing volume of the droplet 

is shown in Figure 4-4 at picoliter level under droplet mode.  However, for aerosol mist, the 

droplets not only hit a single point but hit the entire surface of the fiber.  
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Figure 4-4. Water growth on PMMA smooth fiber under droplet mode (Fiber Diameter is 

30µm). 

 

 

In mist mode, the water droplets were widely deposited on the surface, as shown in Figure 

4-5. We can see that as the density of the droplets gets higher as the deposition time 

increases. At the same time, discreet droplets were formed on the fiber, which is same as the 

result shown in Figure 4-4. 
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Figure 4-5. Water droplet on PMMA smooth fiber under mist mode (Fiber Diameter is 

30µm). 

 

 

Based on Figure 4-4 and Figure 4-5, we can see the distribution of the droplets by mist mode 

and the growth of the droplets by droplet mode. Water droplets can form obvious discreet 

droplets on PMMA fiber.  

Dodecane droplets were also deposited on the same fiber under both droplet mode and mist 

mode, as shown in Figure 4-6 and Figure 4-7 respectively. Both figures do not show discreet 

droplets on the fiber, which is very different from the water droplets on smooth PMMA 

surface. 
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Figure 4-6. Dodecane on smooth PMMA fiber under droplet mode. 

 

 

 

Figure 4-7. Dodecane on smooth PMMA fiber under mist mode. 

 

 

It is not hard to explain the wetting behavior of aerosol dodecane droplets on PMMA fiber 

using its contact angle on flat surface. As we can see, the contact angle of water on PMMA 

flat surface is 73°. However, the contact angle of dodecane on PMMA flat surface is 7.5°.  

For a droplet with a small contact angle, it is much easier to spread on fiber surface instead of 

forming a discreet droplet, especially on a fiber with a small diameter. At the same time, the 
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smaller contact angle leads to smaller average molecular distance between the liquid and the 

solid. Therefore, the capillarity, which is caused by the molecular attraction between the solid 

and liquid interface, is higher for smaller contact angles due to the high attraction force 

between liquid and liquid molecular force. It strengthens the spreading of the liquid 

molecules on the fiber surface.  

For small droplets on fiber surface, we conclude that it is easier for droplets with higher 

contact angle to form discreet clamshell droplets, while it is easier for droplets with lower 

contact angle spread on fiber surface.  

Under mist mode, the growth of the droplets can be classified by two approaches. The first 

approach is the direct collection of the tiny droplets from air, namely the mist. The second 

approach is the merging of the two nearby droplets when they physically touch or are 

connected by a small droplet deposited between them.  With the gathering of the droplets 

under mist mode, the droplets grow to bigger droplets until transformation from clamshell 

shape to barrel shape occurred. Barrel shape can continuously increase in volume until 

gravity starts to dominate the profile of the droplet. Finally, the pendent clamshell droplet is 

formed, which is easy to get off from the fiber when the whole system is out of balance. The 

process is observed using a microscope and demonstrated in Figure 4-8. 

 

 

Figure 4-8. A schematic of the growth process of droplets on a fiber. 
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At the same time, it is notable that all droplets grow randomly, which means the barrel shape 

and clamshell shape can appear at the same time, as shown in Figure 4-3. Therefore, for 

following study, both types of droplets will be discussed.  

4.2.2. Droplet on Conical Fiber 

4.2.2.1. Barrel Shaped Drop on a Conical Fiber  

The profile of barrel shape droplets has been studied, as described in section 2.4.5. At the 

same time, the Gibb free energy of the droplet on cone surface has been demonstrated, which 

indicated that the barrel shape droplet will move to the lowest Gibbs free energy location on 

the cone. However, this study only focused on barrel shape droplet, which is just one type of 

the droplets on the fibers.  

4.2.2.2. Clamshell Shaped droplet on Conical Fiber 

Profiles of clamshell shaped droplets on a conical fiber were simulated using Surface 

Evolver® and experimentally verified. Profiles of 1 µL droplets, including water, glycerol, 

and Kaydol, from simulation and experiment were compared as shown in Figure 4-9, Figure 

4-10 and Figure 4-11.   
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Figure 4-9.  Comparison of the shape of the 1µL water droplet based on simulation and 

experiment. 
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Figure 4-10. Comparison of the shape of the 1 µL glycerol droplet based on simulation and 

experiment. 
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Figure 4-11. Comparison of the shape of the 1 µL Kaydol droplet based on simulation and 

experiment. 

 

 

High consistency between the profiles obtained based on theory calculation and experiment 

has been achieved. To further answer the question whether the clamshells droplet will move 

to the widest part of the cone, experiments have been conducted, as shown in Figure 4-12.  
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Figure 4-12. 0.1 µL water droplets on indium cone (cone angle is 14° and length of the 

widest part is 1214 µm). 

 

 

According to observation, the clamshell droplets on cones don’t move spontaneously. They 

always stayed where they were deposited. This result conflicts with the statement made in the 

section 2.4.5. The wetting behavior of clamshell can also be interpreted using theory.  On a 

spindle knot, clamshell droplet and the solid are two systems that are relatively separated 

from each other. In other way, the Gibbs free energy of the droplet surface can be maintained 

at the minimal level by changing the surface area of the droplet, which can be obtained by 

expanding the droplets along the axis or diameter direction. However, for barrel shaped 

droplet, to obtain the lowest Gibbs free energy, the droplet has to change its surface area by 

moving the droplets along the axis direction because the other direction has been occupied by 
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its self. Therefore, we conclude that clamshell shaped droplets won’t spontaneously move on 

spindle knots.   

4.2.2.3. Droplet Growth on Conical Fiber 

Based on result above, barrel droplets will move to the lowest Gibbs free energy point on the 

cone. Clamshell droplets will stay where they are deposited. Therefore, there will be two 

approaches for droplet growth on conical fiber. Firstly, droplets can growth through 

collecting droplets from mist. Secondly, droplets can growth through physically touching 

nearby droplets. Unlike passive physical touching between two droplets, two droplets on 

cones may touch because of the directional motion of the barrel shape under certain 

conditions.  Therefore, a cone can speed up the growth of the droplet by moving a barrel 

shape droplet spontaneously.   

To utilize the droplet collection properties of the cone in fibers, spindle knot structures were 

designed in order to be more feasible in final applications, as shown in Figure 4-13. The 

wetting behavior of droplets on spindle knot will be discussed in the next section.  
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Figure 4-13. The relationship between cone and spindle knots. 

 

 

4.2.3. Droplet on Spindle Knot Fiber 

4.2.3.1. Barrel Shape on Single Spindle Knot  

Based on the method developed by Michielsen et al, the Gibbs free energy of droplet on 

spindle knot has been mathematically calculated based on the model shown in Figure 4-14.  
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Figure 4-14. Illustration of parameters and boundary conditions in case I and case II (D is the 

fiber diameter, W is the maximum width of the spindle knots, α and θ are the half cone angle 

and contact angle of the droplet on spindle knot surface). 

 

 

On a spindle knot, the Gibbs free energy of the droplet on the cone can be written as  

(W D)

4sin
2 22 [a x x ]E( ,k ) S(a x x )E( ,K)] (x x )cos

2 1 2 3 2 3 1sin

W
G

s SV

x
I I I II IILV







    



 

 
     

 

   4.1 

where γSV is surface tension between air and the cone surface, γLV is surface tension between 

the liquid and its vapor, aΙ  and aII  are variable substitutions.  E(φΙ, kΙ) and E(φΙΙ, kΙΙ)  are 

elliptical integrals of the second kind. S defines the sign appropriate for the case.  
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Compared with the Gibbs free energy of the droplet on cone, three modifications are needed 

to extend this analysis to the case of spindle knots. First, the minimum value for x1 

(horizontal ordinate of one end) is D, the fiber radius. Second, the maximum value of 

x3(horizontal ordinate of the other end) is just the widest radius of the spindle knot, W. Third, 

the drop may remain on one side of the spindle knots, or it may straddle the widest region. If 

the drop remains on one side of the maximum width or the other, this state could be the 

equilibrium state, or a metastable state since the same value of x1 and x3 occur on both sides 

of the widest region.  

The trend of Gibbs free energy of droplets with different volume on different surfaces in the 

range of D/2 to W/2 were obtained using Matlab. At the same time, the final equilibrium 

locations were observed. The comparison between theory and experimental is listed in Table 

4-2.  

 

Table 4-2. The final location of the liquid drops on the spindle knots from the theoretical 

calculations and from experiments 

Volume 

(µL) 

Spindle Knot Liquid Final drop location† 

Theory Experiment 

0.1 P-21 glycerol N N 

 P-16 Kaydol W W 

 P-21 Kaydol W W 

 P-20 Kaydol W W 
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Table 4-2 Continued. 

 P-16 dodecane W W 

 P-21 dodecane W W 

 P-20 dodecane W W 

 W-29 water N N 

 W-26 water N N 

 W-29 Kaydol N N 

 W-26 Kaydol N N 

 W-27 Kaydol N N 

 W-29 dodecane W W 

 W-26 dodecane W W 

 W-27 dodecane W W 

 F-19 water N N 

 F-17 water N N 

 F-22 water N N 

 F-19 glycerol N N 

 F-17 glycerol N N 

 F-22 glycerol N N 

 F-19 Kaydol N N 

 F-17 Kaydol N N 

 F-19 dodecane N N 

 F-22 dodecane N N 

0.5 P-16 glycerol N N 

 P-21 glycerol N N 

 P-20 glycerol N N 

 P-16 Kaydol W W 
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Table 4-2 Continued. 

 P-21 Kaydol W W 

 P-20 Kaydol W W 

 P-16 dodecane W W 

 P-21 dodecane W W 

 P-20 dodecane W W 

 W-29 Kaydol N N 

 W-26 Kaydol N N 

 W-27 Kaydol N N 

 W-29 dodecane W W 

 W-26 dodecane W W 

 W-27 dodecane W W 

 F-19 Kaydol N N 

 F-17 Kaydol N N 

 F-22 Kaydol N N 

 F-19 dodecane N N 

 F-17 dodecane N N 

 F-22 dodecane N N 

 †The drop location is N for the narrowest region and W for the widest region. 

 

 

There are 27 out of 72 groups of samples and liquid that cannot form barrel shapes on the 

spindle knot fibers, as shown in Figure 4-15, which will not be considered as the theoretical 

predictions are only valid when the drop has the barrel shape.   
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Figure 4-15. A water clamshell droplet on a spindle knot fiber (0.1-water-P-21) 

 

For the other samples, experimental results agree with the theory study, as summarized in 

Table 4-3. 

 

Table 4-3 The comparison between theory and experiment in terms of number of groups at 

each equilibrium location  

Position  Theory  Experiment  

Narrowest 50 27 

Clamshell  N/A 27 

Widest 22 18 

Total 72 72 

  

 

Based on the data listed in these tables, there is good agreement between the experimental 

data and the theoretical results when the barrel shaped drop occurs. Due to space limitation, 

two examples were used to describe the situation of the droplet moving to the widest part and 

to the narrowest part separately. Representatives of the two different results are shown in 
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Figure 4-16 and Figure 4-17separately. Figure 4-16 shows a droplet that moved 

spontaneously to the widest part of the spindle knot. Figure 4-17 is the case for the droplet 

that remained where it was deposited, i.e. the narrowest part of the spindle knot.  

 

 

Figure 4-16.The theoretical study of the Gibbs energy trend and the experimental verification 

(0.1-Dodecane-P-20). 
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Figure 4-17. The theoretical study of the Gibbs free energy and the experimental verification 

of location (0.1-dodecane-F-19).  

 

From the result above, the motion of the barrel shape on spindle knots has been interpreted 

well using lowest Gibbs free energy theory. Based on the result, to make the droplet move 

spontaneously, it has to be the proper combination of shape of the spindle knot and contact 

angle of the liquid on the spindle knot. The dodecane droplet on PMMA surfaces will move 

to the widest part spontaneously at different half cone angle of the PMMA spindle knots.  

The same phenomenon was observed in the picoliter observation system for dodecane 

droplets on PMMA spindle knot fiber, as shown in Figure 4-18. 
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Figure 4-18. Dodecane droplet on PMMA single fiber 

 

 

From the high speed camera system, we can see that the time used for the droplet to move to 

the widest part of the cone is about 0.8 ms. This figure indicates that for droplets with a much 

smaller volume than microliter also move spontaneously on the designed PMMA spindle 

knots.  

4.2.3.2. Clamshell Shaped Droplet on Single Spindle Knot  

Microliter size clamshell droplets were observed in the previous section, which didn’t move 

on spindle knot. The wetting behavior of clamshell droplet at picoliter level also has been 

observed, as shown in Figure 4-19 and Figure 4-20. Neither the smaller droplet in the figure 

nor the bigger droplet moved on the bi-cone structure.  The smaller droplet is a single droplet 

generated by picoliter applicator, which has the diameter of 50 µm.  We conclude that both 

microliter and picoliter clamshells don’t move on spindle knots.  
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Figure 4-19. Water clamshell droplet on PMMA single spindle knot fiber (fiber diameter is 

450 µm). 

 

 

 

Figure 4-20. Water clamshell droplet on PMMA single spindle knot (fiber diameter 30µm). 
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4.2.3.3. Small Droplet Collection on Connected Spindle Knot Fiber 

Connect spindle knots were used to collect picoliter dodecane and water droplet under 

droplet mode, as shown in Figure 4-21and Figure 4-22.  

 

 

Figure 4-21. Dodecane droplet collection on connected spindle knots under mist mode. 

 

 

In Figure 4-21, (1) shows the figure of the spindle knot before spraying. (2) shows the 

appearance of the fiber covered by dodecane. Dodecane droplet under the mist mode will 

cover the entire spindle knot surface with a larger thickness increase at the narrowest part. 

Until the narrowest regions were filled with liquid, the liquid in each valley combined 

together and formed a big droplet due to Rayleigh instability, as shown in Figure 4-22.  

 

 

Figure 4-22. Dodecane droplet on spindle knot after collection. 
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When we connect these spindle knots, it is hard to obtain a barrel shape droplet directly due 

to the small volume of the droplets. Therefore, clamshell shape is the most common droplet 

profiles on connected spindle knots in mist mode. When we spray dodecane onto the spindle 

knot, they stay where they were due to the properties of clamshell. However, with continuous 

spraying, some liquid will move to the narrowest part of the spindle knot pushed by a force 

caused by the collision between the existing droplets and following droplets due to the 

spraying direction and relative high velocity of each drops when contacting with the spindle 

knot surface.  Therefore, the thickness of the widest part will be thinner than that at the 

narrowest part. 

At the same time, the wetting behavior of water droplets on connected spindle knots are 

shown in Figure 4-23 ((1) is the PMMA spindle knot before spraying. (2) is the PMMA 

spindle knot after spraying) and Figure 4-24. In both figures, droplets formed discreet 

droplets without expanding on connected spindle knots. Both figures indicates that connected 

spindle knots do not help the growth of clamshell shaped water droplets. To collect those 

discrete droplets, some structure is necessary to speed up the formation of the barrel shape 

droplet.  
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Figure 4-23. Water spray on connected spindle knots (describe left and right).  

 

 

 

Figure 4-24. Water droplets on spindle knot fiber. 

 

 

Based on this section, there are two requirements to speed up the collection. First, the size 

and surface tension of the spindle knots has to be properly designed. Second, the droplets on 

the spindle knots have to be in the shape of barrel shape instead of clamshell shape. By 

connecting these spindle knots together, the highest cone area was obtained. However, the 
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area for the droplet transformation was sacrificed, which lead to only a small portion of 

droplets that can be moved directionally because all other droplets remained in the clamshell 

shape. Therefore, an area for droplets to transform should be left between two spindle knots.  

4.3. Droplet on Multifilament Yarn 

To connect two spindle knots, a single or multiple filaments can be used. The droplet 

behavior on single smooth fiber has been studied in section 4.2.1. In this section, we will 

discuss the wetting behavior of droplets on multifilament yarn.  

4.3.1. Capillarity on Grooved Fibers  

PMMA grooved fiber was made in order to observe if the grooves on the fiber surfaces will 

change the wetting behavior of the droplets on fiber surfaces.  

Figure 4-25 to Figure 4-28 show picoliter droplets on PMMA grooved fiber. From these 

figures, we can conclude that a dodecane droplet won’t form a discreet droplet on a PMMA 

groove fiber. However, a water droplet will form discreet droplets on PMMA grooved fiber. 

However, the volume of the droplet was decreased, as shown in (2) and (3) in Figure 4-26, 

which is caused by the capillarity produced by the grooves on PMMA fiber.  By comparing 

with the result for droplet on PMMA smooth fiber, as shown in section 4.2.1, we concluded 

that the grooves on the fiber surfaces increase the capillarity of these drops and help them 

move along these micro channels.   
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Figure 4-25. Dodecane drops on grooved fiber (fiber diameter 200 nm). 

 

 

Figure 4-26. Water drops on grooved fiber (fiber diameter 200 nm). 
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Figure 4-27. Dodecane spray on grooved fiber (fiber diameter 200 µm). 

 

 

 

 

Figure 4-28. Water spray on grooved fiber (fiber diameter 200 µm). 
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From the comparison of the dodecane and water droplets on smooth fiber and on grooved 

fiber, it is observed that the dodecane droplet is easier to expand on grooved fiber compared 

with water droplet, which is easy to understand because water droplet has much higher 

contact angle on PMMA surface.   

From the comparison of the water droplet on grooved fiber and on smooth fiber, it is obvious 

that water droplets on grooved fiber expand more easily on grooved fiber surface, as shown 

in Figure 4-26, from (2) to (3), which is caused by the capillarity caused by the grooves on 

fiber surface. 

Therefore, to make the surface coalescence drops quickly, grooves on the fiber will generate 

capillarity of the substrate and enhance coalescence. In addition, covering the surface with 

many small droplets from a mist helps promote capillarity.  

4.3.2. Droplet Coalescence on Multifilament Yarn 

Yarn is composed of many fibers assembled into a bundle, which creates many channels for 

the motion of liquids. The SEM image of the unstretched spandex yarn with a diameter of 

350 µm is shown in Figure 4-29. When it was stretched, its diameter is only around 30 µm. 

From the SEM image of the spandex yarn, we can see that there are many micro channels in 

the spandex yarns. The shape of the water droplet at different times is shown in Figure 4-30.  
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Figure 4-29. SEM image of the spandex used in the experiments described in the text. 
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Figure 4-30. Merging of static water droplets on spandex yarn over time. 

 

 

Figure 4-30 shows the pictures captured from the videos obtained during experiments. Each 

row shows the same two drops at time 0s and at a later time.  Five groups of experiment were 

conducted but only three are shown. As we can see from each group, the smaller droplet was 

always consumed by the larger droplet.   

The merging of droplets was driven by the difference between the droplets’ Laplace 

pressures and resisted by the viscous flow of the liquid over the distance between the two 

droplets. The drop volumes, the distance between drops and the times to merge are listed in 

Table 4-4. V1 is the volume of the smaller droplet. V2 is the volume of the bigger droplet. L is 
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the distance between the two droplets as shown in the modeling section.  The time used to 

totally merge the droplet is t.  

Table 4-4 Experimental Drop Parameters for Several Coalescing Water Droplet Pairs 

V1 (µL) V2 (µL) L (µm) t (s) L/t (µm/s) 

0.5 1.0 891 10 89.1 

0.5 4.0 1113 7 159 

1.0 1.0 116 109 1.06 

1.0 2.0 724 57 12.7 

1.0 3.0 1050 44 23.8 

1.0 5.0 1391 69 20.2 

 

To better understand the coalescence between two droplets, a model was built for the 

merging of the two droplets, as shown in Figure 4-31. The yarn was composed of several 

cylindrical fibers. The two droplets sitting on the yarn were connected by liquid within yarns. 

The Laplace pressures of the two droplets were ΔP1 and ΔP2, respectively. The droplets can 

be clamshell or barrel shape droplets as long as they are sitting on the yarn.  
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Figure 4-31. Microflow mode created for droplets on multifilament yarns. 

 

 

This study analyzed the motion of micro flow after the two droplets connected through the 

channels in the yarn due to capillarity. The model is based on Hagen Poiseuille law and 

Laplace pressure. The derivation of the equations is given in the appendix. The final 

expression of the relationship between the time t and distance between the two droplets L is: 
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1 2
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                                                                                         4.2 

where t is the time taken for droplet 1 to merge with droplet 2, K is a shape factor that is only 

related to the morphology of the yarn, L is the distance between the droplets, η is the 

viscosity of the liquid from the two droplet, γLV  is the liquid vapor surface tension, V1  and V2 

are the volumes of the two droplets. From this equation, the relationship between the L and t 

is linear.  

All the data obtained was plotted according to the final equation described in the experiment. 

The comparison of the modeling result and the experimental date is shown in Figure 4-32. 
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Figure 4-32. The time required for two drops to coalesce is shown versus the integrated term 

IL, the numerical intergral times the distance between the two droplets. (Heavy line is fit to 

equation, which the narrow line is best fit).   

 

 

From Figure 4-32, two linear relationships were build according the data obtain in 

experiment. The heavy blue line is the trendline of the data passing through (0, 0). The 

narrow black line is the best fit of the data using linear regression. The best fit line didn’t 

pass through (0,0), which may be explained in the following paragrah.  

The volume of the droplet is measured by syring before depositing the droplet onto the 

spandex yarn. However, the time recorded for the merging process starts from the moment 

when the two droplets begain to decrease. Therefore, there is a time lag in our experiment 

which cannot be avoided.  
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This part of the research showed that capillarity and the Laplace pressure driven motion plays 

an important role in speeding up the water collection on spandex yarns. Capillarity is only 

present when there are microchannels. At the same time, to allow spreading the contact angle 

between the droplet and the material cannot be too high.   

4.3.3. Droplet Coalescence on Spider Silk 

We compared these results to similar experiments on a real spider web, as shown in Figure 

4-33. The support yarns are composed of two parallel filaments that are not entangled with 

each other. The net yarns consist of at least two filaments that are twisted about each other. 

When water mist was sprayed onto the supporting filaments, the small droplets coalesced 

with the larger droplets in a very short time. This is similar to the behavior observed on the 

spandex yarn, see Figure 4-34. 
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Figure 4-33. The web of a Basillica spider from Lake Raleigh, Raleigh, NC is shown along 

with the support structure and the net portion of the web. 
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Figure 4-34. The coalescence of water droplet from mist on the support structure yarns from 

the web of a Basilica spider. 

 

 

This analysis is consistent with the observation that spider webs collect water due to the 

capillarity caused by the channels or grooves on the yarn surface. It also indicates an 

important application of multifilament yarns.  This conclusion will be used to design and 

produce the right fabric structure to speed up the water collection process.  
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4.4. Design of the Highly Efficient Aerosol Barrier 

4.4.1. Design of the Yarn Structure  

Based on the function of spindle knot and multifilament yarns, fiber structure was designed 

to collect liquid aerosols, as shown in Figure 4-35. In order to make full use of the capillarity 

and Gibbs free energy driven motion, a grooved monofilament or a multifilament yarn is 

used to create micro channels to assist capillary driven merging of nearby drops and spindle 

knots are applied in order to speed up the motion of barrel shape droplets that are close to the 

spindle knot. The size and surface tension of the spindle knot needs to be further designed 

according to the properties of the droplets. Based on the calculation of Gibbs free energy, the 

parameters that dominate the Gibbs free energy of the spindle knots are the contact angle 

between liquid and solid, the half cone angle of the spindle knot, and the volume of the 

droplet. In industrial application, the material of the spindle knot and the contact angle 

between the spindle knot material and the aerosol droplet is known. With known contact 

angle and droplet volume, we can calculate the Gibbs free energy trend through Matlab using 

a wide range of half cone angles. By observing the Gibbs free energy trends generated based 

on different half cone angles, the groups that can make droplet move spontaneously can be 

determined.  In the end, the half cone angle of the spindle knots can be determined and 

engineered using technologies that can create spindle knots on fiber, such as Rayleigh 

instability and 3D printing.  
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Figure 4-35. The designed fiber structure.  

 

 

As we discussed, spindle knots only speed up the collection of the barrel shaped droplet. For 

clamshell droplets, multifilament yarn structure is necessary in order to help the collection. In 

this study, the yarn connecting the spindle knot can have different morphologies according to 

the industrial application as long as they have grooves on yarn to create possibilities for 

capillarity. Several examples have been demonstrated in Figure 4-36.   

 

 

Figure 4-36. Possible yarn morphologies that could be used for this project.  
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4.4.2. Design of the Fabric Structure  

The structure of the fabric structure was further designed, as depicted in  

Figure 4-37. The three demos listed Figure 4-37 can be possible macrostructures used to set 

up the spindle knot fibers. Demo 1 is a plain woven structure with spindle knots on weft 

yarns. Demo 2 is another plain woven structure with spindle knots with increasing volume 

along the warp direction. Demo 3 is a nonwoven structure with spindle knots randomly 

distributed on fabrics.  

 

 

Figure 4-37. The possible fabric structures.  

 

 

At the beginning of the spraying, the droplet will contact with the spindle knot part and the 

multifilament, which will build liquid bridges for following drops to merge with each other. 

Discreet drops will be formed with the spraying of the mist due to capillarity of the micro 

channels and Rayleigh instability. As the drops merge, they form barrel shaped droplets that 
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are connected to spindle knot through the capillary channels and move to the widest region of 

the spindle knots.  

At the same time, droplets with different sizes on different spindle knots will merge with 

each other through the micro channels on the fibers that connect the adjacent spindle knots, 

which is driven by Laplace pressure differences among droplets. In this way, the aerosol 

droplets can be collected and transported directionally.  
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5. CONCLUSION 

Through this study, wetting behavior of droplets including both barrel shape and clamshell 

shaped drops were studied on different surfaces with different surface tension. At the same 

time, microliter and picoliter droplets were carefully observed, including the capillarity, the 

pressure driven communication on yarn, and the spontaneous motion on spindle knots. These 

experimental and theorical studies lead to the conclusions below;  

1. To make a barrel shape droplet move spontaneously to the widest part of the spindle 

knot, the Gibbs free energy trend of the droplet on the cone has to be at its minimum 

at the widest part of the spindle knot, which requires the proper combination of the 

half cone angle of the spindle knot and the contact angle of the droplet on spindle 

knot surface. The calculation method has been explained in this study.  

2. There is no way to make the clamshell droplet move spontaneously on smooth 

spindle knot fibers. However, clamshell drops can be moved by Laplace pressure 

difference if the droplet is connected to another droplet by the liquid in channels 

beneath the droplet.  

3. In this study, droplets regardless of their shape didn’t merge with each other except 

when they are connected through the liquid between them. It was found that the 

coalescence of the droplets can be characterized by volume of the two droplets, the 

distance between them and the properties of the liquid using Hagen Poiseuille law.  

4. The two known reasons that lead to the collection of the aerosol droplets on spider 

web is the droplet merging through multifilament structure and the spindle knot 

structure on the spider silk.   
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5. This study can be widely used in aerosol collection, filtration, and fog harvesting 

when certain parameters, including the half cone angle and the surface tension of the 

spindle knot, are applied according to the properties of the droplet, which indicates a 

very reliable promising solution for air purification, exhaust recycling, and water 

harvesting.  
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6. FUTURE STUDY 

Firstly, the effect of surface texture on spindle knots can be studied in order to investigate if 

some texture can help spindle knots to collect and move droplets faster.   

Secondly, the performance of other volatile liquids on spindle knots yarn can be studied. A 

structure that can collect liquid faster compared with the evaporation rate would be desired in 

many applications.  

Thirdly, spindle knots fiber made of regenerated protein and cellulose is very promising to 

design and fabricate in the direction of water collection.  

Fourthly, collection of mixture of liquid with different surface tension through spindle knots 

is a very interesting topic.  

Fifthly, it is very interesting to study if some standard designed cones with scale can be used 

to measure the surface tension of the liquid in droplets according to the final equilibrium 

location on cones for droplets with certain volume. Compared with contact angle, this 

method will be easier to obtain the numbers without using extra equipment during 

experiment.  

Lastly, the wetting behavior of droplets in another liquid atmosphere, which is immiscible 

with the liquid in the droplets, is very interesting to study. The findings can be used to look 

for new solutions for oil and water separation process. 
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Appendix A 

Derivation of Equation 

The derivation below is trying to simulate the liquid motion along multifilament yarn. The 

start equation is based on Hagen Poiseuille Law. A fluid of constant density ρ and viscosity μ 

flows through a horizontal pipe of radius R and length L shown in figure below. The 

pressures at the centers of the inlet and exit are p1 and p2, respectively. You may assume that 

the only nonzero velocity component is vz, and that this not a function of the angular 

coordinate, θ. 
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Matlab code for transferring ‘cine’ files to videos and images 

 

clear all;  

clc; 

 

Tosaveimages =1; 

  

cm=colormap(gray); % color map uses 'jet' 

 

n=size(num,1); 

st=0; 

InjDelay =0; 

Fuel='diesel';O2='12%';T='8000K'; 

 

for j=1:n 

  

% open the file 

fid = fopen(filename, 'r'); 

  

% read the count of images saved to this file 

f_pt = fseek(fid, 20, 'bof'); 

ImageCount = fread(fid, 1, 'uint32'); 

  

% read the image header offset 

OffImageHeader = fread(fid, 1, 'uint32'); 

  

% read the image setup offset 

OffSetup = fread(fid, 1, 'uint32'); 

  

% read the offset for the image 

OffImageOffsets = fread(fid, 1, 'uint32'); 

  

% read the image width and height 
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f_pt = fseek(fid, OffImageHeader+4, 'bof'); 

biWidth = fread(fid, 1, 'int32'); 

biHeight = fread(fid,1, 'int32'); 

  

% read bit per pixel 

f_pt = fseek(fid, 2, 'cof'); 

biBitCount = fread(fid, 1, 'uint16'); 

pxlbit = strcat('uint', int2str(biBitCount)); 

  

% read the frame rate 

f_pt = fseek(fid, OffSetup, 'bof'); 

Framerate = fread(fid, 1, 'uint16'); 

FrameTime = 1/Framerate*1000;  % unit: ms  

  

% read the image pointer table 

f_pt = fseek(fid, OffImageOffsets, 'bof'); 

pImag = fread(fid, ImageCount, 'uint32'); 

  

% read the images before fuel come out as background reference 

f_pt = fseek(fid, pImag(1,1),'bof'); 

pixels_0 = zeros(biWidth, biHeight); 

  

%Upto this point is preparing to read a cine file 

cinframesback = zeros(biWidth, biHeight); 

ImageFrame=zeros(biWidth, biHeight); 

  

FrameNumber=ImageCount; 

 

filename_video = sprintf('D:\\matlabimage\\f\\f1\\videos'); 

filename_image = sprintf('D:\\matlabimage\\f\\f1\\images'); 

  

  

    for k=1:n 

        %filename = sprintf('C:\\JW\\Chamber\\Experiment data\\1hole\\High 

speed camera for liquid and 

NL\\NL\\20130218_jetfuel\\images\\test%s',num(k,:)); 

        filename = sprintf('D:\\matlabimage\\f\\f1\\images%s',num(k,:)); 

        mkdir(filename); 

    end 

%  

 stt=sprintf('test%s',num(j,:)); 

 outfilename = fullfile(filename_video, strcat(stt, '.avi'));   

filename = sprintf('D:\\matlabimage\\f\\f1\\videos'); 

       mkdir(filename); 
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aviobj=avifile(outfilename,'compression','none','fps',10); 

  

for i=1:500 

      i 

    AnnotationSize = fread(fid, 1, 'uint32'); 

    Imagesize = fread(fid, 1, 'uint32'); 

    ImageFrame(:, :) = fread(fid, [biWidth, biHeight], pxlbit); 

    if(rem(i,1)==0)  % determin how many images are abstracted 

    pixels=imrotate(ImageFrame,90);  

    pixels=uint8(pixels); 

    pixels=imadjust(pixels,[0.05 0.9],[]);  %[0.05 0.25] for image;[0.05 

0.5] for movie 

    bottomHeight = 1;    

    imm=zeros(biHeight+bottomHeight,biWidth); 

    imm(1:biHeight,:)=pixels(1:biHeight,:); 

    imm=uint8(imm); 

    %imm = imrotate(imm,-1.5,'bilinear','crop'); 

    pt=st*FrameTime+(i-1)*FrameTime-InjDelay; %% calculate the time shown 

     

    imshow(imm,'Border','tight'); 

 

    mov=getframe(); 

%    ffm=gcf; 

    if (Tosaveimages == 1)     

        stime = strcat('1_',num2str(i)); 

        stt2=strcat(filename_image, num(j,:)); 

        outfilename = fullfile(stt2, strcat(stime,'.bmp')); 

%        imwrite(frame2im(getframe(gcf)),cm, outfilename, 'png');        

        imwrite(frame2im(mov),cm, outfilename, 'bmp');        

    end % to save imagesim2frame 

    aviobj=addframe(aviobj,mov); 

    end; 

end; 

fclose(fid); 

aviobj=close(aviobj); 

  

clear mov; 

end; 

Gibbs free energy of the microliter droplet on spindle knots 


