
 

 

ABSTRACT 

LOU, LUN. Development of Biomimetic Duck Feather Fibers. (Under the direction of 
Stephen Michielsen). 
 

In this study, we focus on creating continuous drop shape coating on monofilament surface 

through drawing the monofilament out of a liquid bath containing UV curable polymer. The 

drops formed on monofilament are cured under UV light and are fixed on the filament 

surface. The UV curable material is Plastibond 30A which is a polymer compound and can 

be solidified within 10s. Finally, A continuous coating process including UV curing, surface 

drying and filament winding is basically realized. In the coating process, drops with a height 

about 2.28 times of filament radius can be produced continuously for 5~10 minutes. In 

addition, we also compare experimental fluid coating process with theories. The phenomenon 

such as cylindrical initial coating, fluid coating separation and drops formation observed in 

the experiments almost accord with theoretical predictions. In the coating experiments of 

Plastibond 30A and Kaydol, we find that both LLD and viscoineritial can’t explain the 

experimental thickness but an empirical linear model fits well with experimental thickness in 

both cases. Even so, coating behavior of Plastibond 30A still shows difference with Kaydol 

because of the influence of normal stress. The empirical model enable us to obtain desired 

dimensions of drops through controlling coating process conditions.   
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1. INTRODUCTION 

During the past several years, superhydrophobic surfaces have received considerable 

attention and remarkable improvements have been achieved [1]. Since a spherical water 

droplet on a superhydrophobic surface can roll off the surface with the dust adhered to it, the 

superhydrophobic surface is often described as self-cleaning [2]. The amazing self-cleaning 

material has been used on traffic indicators, ship hulls, satellite antennae, and also in the 

textile industry [3].  

Based on Michielsen and Lee’s study of fabric, longer distances between fibers can increase 

the water contact angle and superhydrophobicity [4]. To achieve this goal, we try to create a 

structure that has fibers separated by the desired distance. Even though a great number of 

methods have been reported to produce superhydrophobic surfaces, success is still limited 

because deformation of the substrate can destroy the superhydrophobic property [3]. This 

thesis focuses on creating a nylon filament with a durable structure that can hold fibers 

separate for a long time.  We base our model on the duck feather, which has highly ordered 

and hierarchical branched structures and excellent water repellency [5]. The hierarchical 

structure can increase the surface roughness of the feather by stably keeping those branches 

separated in an open state. Also from the Cassie-Baxter model, we know that for a 

hydrophobic solid surface, increasing surface roughness can improve its hydrophobicity [6].  

This means that the hierarchical structure is responsible for the superhydrophobicity and is 

less likely to be destroyed by physical processing.  With the inspiration from duck feathers, 

we plan to form a series of bumps on nylon monofilaments in order to create an open 

structure at the fabric level and to increase its superhydrophobicity.  
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To accomplish this design, we propose to coat the nylon monofilament with a UV curable 

liquid polymer. This idea is based on fluid coating theory [7], Plateau-Rayleigh (PR) 

instability theory [8], Carroll’s description of drop shape [9] and previous studies of 

photopolymerization. Therefore, our experiment contains three steps: first, the nylon 

monofilament is drawn through a liquid bath at an appropriate speed and captures some 

liquid monomer on its surface. Second, the fluid coating on the monofilament surface 

automatically changes from a cylindrical shape to separated droplets due to the PR instability. 

Third, the completely separated droplet coating is exposed to UV light, where it is converted 

from liquid state to a glassy solid state. Since the fluid coating and UV treatment should be 

conducted in a continuous process within a limited space, the UV polymerization should be 

very fast. Different UV curable systems have been evaluated. 

Finally, we compare the experimental results with theory to see if the fluid coating, liquid 

separation and the real drop’s shape are in accord with the theoretical description. Also, we 

compare the drop’s shape before and after the UV treatment in order to study the effect of 

polymerization on the appearance of photopolymer liquid.  

Goals of this research: 

1. Creating drops with height larger than 2 times of monofilament radius. 

2. Observing the formation and changing of fluid coating during the process.   

3. Studying the initial coating thickness and compare it with theories. 
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2.  LITERATURE REVIEW 

2.1 Superhydrophobicity  

2.1.1 Introduction 

A superhydrophobic surface is defined as having a water contact angle greater than 150° and 

a roll-off angle lower than 5° [4], which means spherical water droplets are formed and they 

can easily roll off the surface. This unusual wetting behavior provides a superhydrophobic 

surface with a property of self-cleaning [6]. In nature, many surfaces are superhydrophobic 

and self-cleaning, such as plant leaves, surface of ducks’ feathers and insect cuticles [2]. 

While the most famous superhydrophobic surface is the lotus leaf, if is considered to be a 

symbol of natural self-cleaning surface, because it can be kept from contamination even 

though it grows in muddy water [1]. In the “lotus effect”, since most dust has stronger 

adherence to water than to a solid surface, when water droplets roll off the lotus surface, they 

take the dust away from the lotus leaf surface at the same time. In this way, the 

superhydrophobic lotus leaf realizes the self-cleaning function [2].  

2.1.2 Theoretical Models 

Much research on the wetting behavior of superhydrophobic surface has been undertaken and 

several models have been developed.  Young’s equation (eq. 2.1) [1] presents the wetting 

behavior of drop on a flat solid surface and how surface tension relates to contact angle (Fig. 

2.1) 

𝑐𝑜𝑠𝜃! =
𝛾!" − 𝛾!"
𝛾!"

                    (2.1) 
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Figure 2.1 Liquid drop on a smooth flat surface 
 
 
 
where γ is the surface tension that indicates the energy per unit surface area of the interface, 

[1] θe is Young Contact Angle, which is the equilibrium contact angle between liquid and 

smooth flat surface. But this equation is appropriate only for a perfectly smooth surface [6]. 

Wenzel proposed a model (Fig. 2.2) as shown in equation eq. 2.2 [1] to show the wetting 

behavior of a rough surface and how the apparent contact angle is influenced by surface 

roughness.  

 

 

Figure 2.2 Wenzel Model: liquid drop on a roughness surface 
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𝑐𝑜𝑠𝜃! = 𝑟𝑐𝑜𝑠𝜃!                     (2.2) 

r is the surface roughness and also refers to the area ratio of the actual wetted surface area 

divided by the projected surface area below the drop [1, 4]. θW is the Wenzel Contact Angle 

for a rough surface. In Wenzel’s equation, since r > 1 for a rough surface [6], wettability can 

be improved by surface roughness r for a hydrophilic surface (θe <90°) but gets worse for a 

hydrophobic surface (θe >90°) [1]. In Wenzel’s model (Figure 2.2), liquid is sucked into 

contact with the rough surface.  

Cassie and Baxter’s model (Fig. 2.3) extended the Wenzel model to include a composite 

interface, which contains liquid, air and solid. In the Cassie-Baxter Model, liquid sits on the 

top of the protuberances and does not fill the cavities, regardless of roughness [4, 6]. 

 

 

Figure 2.3 Cassie-Baxter Model: liquid drop sit on a composite rough surface 
 
 
 
In Figure 2.3, θCB is the Cassie-Baxter apparent contact angle that was defined in Cassie-

Baxter’s theory (eq. 2.3) and (eq. 2.4) [4] 

𝑐𝑜𝑠𝜃!" = 𝑓!𝑐𝑜𝑠𝜃! − 𝑓!                    (2.3) 
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where [4] 

𝑓! =
𝑎𝑟𝑒𝑎  𝑜𝑓  𝑡ℎ𝑒  𝑙𝑖𝑞𝑢𝑖𝑑  𝑖𝑛  𝑐𝑜𝑛𝑡𝑎𝑐𝑡  𝑤𝑖𝑡ℎ  𝑠𝑜𝑙𝑖𝑑

𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑  𝑎𝑟𝑒𝑎                     (2.4) 

𝑓! =
𝑎𝑟𝑒𝑎  𝑜𝑓  𝑡ℎ𝑒  𝑙𝑖𝑞𝑢𝑖𝑑  𝑖𝑛  𝑐𝑜𝑛𝑡𝑎𝑐𝑡  𝑤𝑖𝑡ℎ  𝑎𝑖𝑟

𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑  𝑎𝑟𝑒𝑎                                                  

From these equations, the definition of f2 assumes that the liquid forms a planar surface 

above the air trapped in the pores of the rough surface. Since f1 is less than or equal to 1, 

cosθCB is always less or equal to cosθe, regardless of θe [6]. 

Based on Cassie-Baxter model, Michielsen and Lee found that for a hydrophobic surface, 

which is made up of parallel cylinders, increasing the distance between neighboring cylinders 

increased the water contact angle of the surface [6].  

2.1.3 Duck Feather Effect 

Duck feather is a very good example that can explain the discovery of Michielsen and Lee. 

Ducks and most water birds have a remarkable non-wetting feathers that prevent them from 

being wetted when diving in water (Fig. 2.4) [5]. Because of the work of Wenzel and Cassie 

and Baxter on wetting behavior, people realized that even though duck’s preening oil can 

provide a hydrophobic barrier to its feather, it is actually not the main reason of the 

superhydrophobicity property [5]. In fact, it is the hierarchical branched structures of duck 

feather that satisfies the requirement of optimal water repellency [5]. Observations show that 

duck feathers are composed of branches with different dimensions including backbones, 

trunks and barbules [5] just like that shown in Fig 2.5. This multi-scale structure, which 

keeps every branch separate, remarkably increases the surface roughness and guarantees a 

highly hydrophobic surface just as the condition mentioned by Michielsen and Lee. Besides, 
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the multi-scale structure can also withstand cleaning or other physical processes while 

maintaining the superhydrophobicity property. Therefore, simulation of multi-scale texture of 

duck feather is more feasible for textile material than the simulation of “lotus effect” for 

which inorganic nanoparticles such as SiO2 and TiO2 are often deposited onto the substrates 

to enhance the surface roughness [5]. Even though this method can easily construct artificial 

lotus-leaf structure, it has deficiencies such as low durability, poor comfort or high cost [5]. 

 

 

Figure 2.4 One piece of duck feather. Insert: a water drop on the duck feather [5] 

 

 

Figure 2.5 Multi-scale structure of duck feather [5] 
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2.2 Fluid Coating On Fiber 

2.2.1 Introduction 

Since fibers are widely used as reinforcing material in composites, the function of coating 

can provide fibers a high degree bonding.  Usually, the coating process is achieved through 

fluid coating method. Fluid coating is defined as forcing a fluid to coat a solid by moving 

either the liquid or the solid. There are two ways to do this: applying the liquid onto a 

stationary surface, e.g. painting a wall by moving a brush saturated with paint, or coating a 

solid by moving it out of a liquid bath [7]. In the fluid coating process, several factors 

influence the thickness of the coating. In the earlies studies, Goucher and Ward worked on 

drawing a very wide sheet of solid material upward out of a liquid bath at constant velocity. 

They found that the thickness of the liquid layer adhering to the solid sheet is constant for a 

considerable distance above the liquid surface [10]. They also found that the motion of liquid 

must be parallel to the vertical face of the solid sheet, otherwise the thickness of liquid layer 

will be changed [10]. When the solid sheet is moving upward, the liquid layer adjacent to it 

will be dragged with the same velocity but for the liquid layers further and further from solid 

sheet, the velocity will be lower and lower [10]. The earliest studies of fluid coating on fiber 

or cylindrical object were undertaken by Labine and Wood [11] and by White and Tallamdge 

[12], which showed the relationship between liquid flow rate and coating thickness.  

2.2.2 Coating Process 

In order to coat the fiber, a liquid with the desired surface tension, γlv, viscosity, η, and 

density, ρ, is placed in a suitable dispenser. The fiber of radius rf is pulled through the liquid 
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at a velocity v, and with an immersion length of L. This results in an annular coating with an 

outside radius of R, and a thickness of ΔR = R – rf, as shown in Figure 2.6. 

 

 

Figure 2.6 Schematic of the fiber coating process. A coating with thickness ΔR deposits on a 
fiber that is drawn from a resevoir of liquid which has surface tension, γlv, viscosity, η, and 

density, ρ. 
 
 
 
For this process, there are three regimes describing the thickness of the coating that need to 

be considered: 1) the low velocity regime, 2) an intermediate velocity regime, and 3) the high 

velocity regime. In all three cases, if the coating is sufficiently thin, the effect of gravity can 

be ignored [7]. 

2.2.3 Low Velocity Regime (LLD Regime): 

Goucher & Ward’s theory [10] indicates that when a fiber is drawn slowly from a liquid bath, 

there will be a thin film adhering to fiber surface but when the drawing speed is zero, there 
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won’t be any liquid film. Because of the liquid viscosity, the liquid adjacent to the fiber will 

move at the same speed with fiber. But under the action of the surface tension, deformation 

of liquid-air interface will also occur in the process [7]. Therefore, a dimensionless parameter 

was created, the “capillary number”, which represents the antagonistic relationship between 

viscosity and surface tension, eq. 2.5 [7].   

𝐶𝑎 =
𝜂𝑣
𝛾!"
                                          (2.5) 

The low velocity regime was analyzed by Landau, Levich [13] and Derjaguin [14] (LLD) 

and describes the region where the surface tension plays a dominant role in the formation of 

the coating. When drawing velocity is 0, liquid will perform in a static state, and we get a 

static meniscus Figure 2.7 (a). While, when there is a low drawing velocity, the liquid will 

form a film on the surface of the fiber and we can get a dynamic meniscus with a thickness 

ΔR and a length λ [7].  

 
                                   (a)                                                                (b) 

Figure 2.7 LLD picture. At low speed, the top of the (a) static meniscus is slightly deformed 
into a (b) dynamic meniscus with thickness ΔR and length λ. 

 
 
 
From Carroll’s paper [9], the Laplace pressure ΔP is given by eq. 2.6: 

𝛥𝑃 = 𝛾!"
1
𝑅!
+
1
𝑅!

                    (2.6) 
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In eq. 2.6, R1 and R2 are shown in Figure 2.8 as principal radii at the top point of the curving 

part of the dynamic meniscus. R1 is the radius of the circle in the plane and its sign is 

negative. R2 is the radius of the circle that is normal to the plane and its sign is positive.  

 

 

Figure 2.8 Principle radiuses of dynamic meniscus R1 and R2 
 
 
 
In the condition of dynamic meniscus of liquid film, R1 is much larger than R2 and R2 =rf 

+ΔR where ΔR is much smaller than fiber radius rf, so the Laplace pressure can be given as 

eq. 2.7 [7]: ΔP 

Δ𝑃~
𝛾!"
𝑅!
                    (2.7) 

In low velocity condition, the effect of inertia can be neglected, so the formation of liquid 

film is mainly influenced by viscous force and pressure. Quere’s paper sets up a balance 

between viscous force and pressure gradient to show this relationship in eq. 2.8 [7]: 

𝜂𝑣
𝛥𝑅! ∼

1
𝜆
𝛾!"
𝑟!
                    (2.8) 



 

12 

In eq.2.8, the gradient of pressure reduces to gradient of capillary pressure which is the 

Laplace pressure over the length of meniscus region λ.  

To find the value of λ, LLD theory proposed a method to match the static meniscus with the 

dynamic meniscus as shown in Equation 2.9 [7]. 

𝛾!"
𝑟! + 𝛥𝑅

−
𝛾!"𝛥𝑅
𝜆! ∼ 0                  (2.9) 

When ΔR is much smaller than fiber radius rf, we have Equation 2.10 [7]: 

𝜆 ∼ 𝛥𝑅𝑟!                    (2.10) 

Combining eq. 2.5, eq. 2.8 and eq. 2.10, ΔR can be written as eq. 2.11 [7]: 

𝛥𝑅 ∼ 𝑟!𝐶𝑎
!
!                    (2.11) 

Finally, the LLD theory provides the numerical coefficient for eq. 2.11 [7]: 

𝛥𝑅 = 1.34𝑟!𝐶𝑎!/!                    (2.12) 

This condition is met only when ΔR is much smaller than 𝑟!. With the increase of the Ca, ΔR 

will become greater and 𝑟!in eq. 2.12 must be replaced by 𝑟! +ΔR. In this case the LLD 

theory gives the annular coating thickness divided by the fiber radius as [7]: 

∆𝑅!!"
𝑟!

=
1.34𝐶𝑎!/!

1− 1.34𝐶𝑎!/! =
1.34(𝜂𝑣/𝛾!")!/!

1− 1.34(𝜂𝑣/𝛾!")!/!
                    (2.13) 

The later condition is met when the capillary number, Ca, is much less than 0.64. When Ca is 

large, the viscous forces dominate and when it is small, the surface tension dominates.  
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Equation 2.13 indicates that at low velocity (small Ca), the coating thickness increases nearly 

linearly with v2/3. This is shown in the LLD region of Figure 2.9 [7]. For a low viscosity 

liquid coating at higher Ca, this relationship breaks down. 

 

 

Figure 2.9 The relative water coating thickness for the three coating regimes, LLD, 
viscoinertial, and inertial, are shown as a function of the Capillary number for two coating 

bath lengths, L = 3 cm and 5 cm. Fiber radius rf is 64 µm. Patterned after ref. [7] 
 
 
 

2.2.4 Intermediate Velocity Regime (Viscoinertial Regime) 

When the drawing velocity is increased, the factor of inertia, which is neglected in LLD 

regime becomes important and we get into the viscoinertial regime [7]. From Figure 2.9, we 

see that in viscoinertial regime, the growth of thickness doesn’t follow linear rule of LLD 

region any more, but sharply increases with an increase of Ca. This divergence can be 
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explained by noting that with the increase of drawing velocity by which the fiber is 

withdrawn from the bath, the fluid kinetic energy per volume is larger than the capillary 

pressure and the latter can be neglected. So we introduce another dimensionless parameter, 

the Weber number, We to describe the relative importance of the inertial forces compared to 

the surface tension forces. We is defined in eq. 2.14 [7].  

𝑊𝑒 =
𝜌𝑣!𝑟!
𝛾!"

                    (2.14) 

Compared with LLD theory that sets up a balance between viscous force and pressure 

gradient (eq. 2.8), the balance of viscoinertial regime should add the factor of inertia which 

plays the opposite role of surface tension. So a new balance is obtained in eq. 2.15 [7]. 

𝜂𝑣
𝛥𝑅! ∼

1
𝜆
𝛾!"
𝑟!
−
𝜌𝑣!

𝜆                     (2.15) 

Then matching the static meniscus with the dynamic meniscus just as that in eq. 2.9 of LLD 

regime and adding the factor of inertia then we get eq. 2.16 [7].  

𝛾!"
𝑟! + 𝛥𝑅

−
𝛾!"𝛥𝑅
𝜆! ∼   𝜌𝑣!                    (2.16) 

Combining eq. 2.15 and eq. 2.16, we get a new equation (eq. 2.17) [7] to describe coating 

thickness in viscoinertial regime: 

∆𝑅!"#
𝑟!

=
𝐶𝑎!/!

1−𝑊𝑒 =
(𝜂𝑣/𝛾!")!/!

1− (𝜌𝑣!𝑟!/𝛾!")
                    (2.17) 

In this regime, the coating thickness depends on the fiber radius and velocity; and the liquid 

density, viscosity, and surface tension. The coating thickness for this regime is also shown in 

Figure 2.9. 
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As the velocity increases further, We approaches 1 and the thickness equation breaks down 

again. In this case, the fiber is moving through the liquid so fast that the liquid does not have 

time to fully coat the fiber, and the coating process enters the high velocity regime.  

2.2.5 High Velocity Regime (Purely Inertial Regime): 

At high velocity, the surface tension forces become insignificant compared to the viscous and 

inertial forces. However, in this regime, the inertial force and viscous force play antagonistic 

roles because the drawing velocity is so fast that the liquid adjacent to the fiber doesn’t have 

enough time to be captured. Therefore, the higher the velocity, the thinner the film will be. 

Through balancing the acceleration of the fluid with the viscous force, we can get eq. 2.18 

[7]. 

𝜌𝑣
𝑡 =

𝜂𝑣
Δ𝑅!                     (2.18) 

In eq. 2.18, t is the contact time of the fiber with the liquid. Then, the film thickness in high 

velocity regime can be expressed as eq. 2.19 [7].  

Δ𝑅!!"!
𝑟!

=
1
𝑟!

𝜂𝐿
𝜌𝑣                     (2.19) 

In eq. 2.19, L means the length of liquid bath or contact length of the fiber with the liquid. In 

this case, the length L of the coating bath becomes important since it determines the amount 

of time allowed for the viscous forces to counteract the inertial terms. In Figure 2.9, the 

coating thickness of 0.05 m liquid bath is larger than that of 0.03 m liquid bath in purely 

inertial regime.  
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As seen in Figure 2.9, the annular coating can be varied from a very thin film to a film whose 

thickness can be as much as 3.3 rf simply by varying the coating speed and the length of the 

coating bath, the liquid properties, and the fiber radius. This wide latitude in coating 

thickness and the number of variables should allow good control of the coating process. 

2.2.6 Thickness of Polymer Coating 

The above three regimes are used for pure Newtonian fluid coating [7]. But for polymer 

coating process, shear thickening effect should be considered because of the entanglement of 

long polymer chains. The thickening of polymer coating layer is called Weissenberg effect 

(or Normal Stress effect) [15]. A common example for Normal Stress effect is that when jets 

of polymer solutions are forced out of a nozzle, they expand.  

In another reference [15] of Quere, aqueous poly (ethylene oxide) solutions with different 

concentrations are applied for fluid coating. This experiment provides us with three 

important results. 

First, when capillary number Ca is less than 0.1, only low polymer concentration solutions (c 

= 0.001%), which have low viscosity, have a viscoinertial regime (thickness sharply increase 

with Ca) for Ca > 0.025. At higher concentrations, solutions with relatively high viscosities 

don’t have a viscoinertial regime.   

Second, when Ca is smaller than 0.1, the actual polymer coating thickness is 2 ~ 8 times of 

theoretical thickness estimated by LLD law. This result demonstrates that the thickening 

effect of polymer is significant for coating formation. In addition, even though actual 

thickness is always above LLD law, the actual thickness increasing slope is not significantly 

different than the slope of LLD law.  
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Third, we still don’t know if viscoinertial regime will occur in polymer coating condition 

when Ca is larger 0.1.  

Besides, reference [16], which is about the fiber coating with PMMA solution, also proves 

that LLD doesn’t work well for polymer coating thickness.  Based on the experiment results, 

they provide an empirical relationship: 

∆𝑅!"# =α ∗ 𝐶𝑎                    (2.20) 

𝛼 = 𝛽 ∗
𝑔𝜌
𝛾!"
                    (2.21) 

“β” is a constant that depends on solution properties. ΔREmp is the empirical value of initial 

coating thickness which is used to explain most experimental coating thickness ΔRExp in their 

study.  

2.3 Plateau-Rayleigh Instability  

As discussed in last section, through the fluid coating process, we can get an annular coating 

on the surface of the fiber. If a perfectly uniform coating is applied to the surface of a fiber, it 

can remain in this metastable state. But it is often observed that the liquid coating breaks up 

spontaneously into small beads clinging to the fiber at regular intervals [17]. This process is 

depicted in Figure 2.10. This phenomenon begins with the appearance of some positive 

curvatures [18], which are caused by tiny perturbations. Then the Laplace pressure, which is 

positive on the curving liquid-air surface, tends to squeeze the liquid out of the film and 

finally forces the liquid film to break up into periodic array of droplets [18, 19]. The drop 

shape minimizes the surface free energy of the film and fiber and this principle is called the 

Plateau-Rayleigh instability [20]. Based on Rayleigh’s study, the perturbations with a 
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wavelength larger than 2πr can introduce the instability [17]. While, different perturbations 

in the coating thickness grow, some of these perturbations will grow faster than others. These 

are the ones that reduce the surface free energy more rapidly than others and become the 

dominant modes. Based on Goren’s theory [8], as these perturbations grow, a definite 

periodicity in the coating thickness minima occurs and can be described as the wavelength, λc, 

of the instability in eq. 2.22 [8].  

𝜆! ≅
2𝜋𝑅

0.707 1+ 9𝜂!
2𝜌𝛾𝑅

                    (2.22) 

Where the approximation on the right-hand side is valid when the term in the second square 

root is much smaller than 1, e.g. for water on a conventional fiber [8]. 
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Figure 2.10 A uniform coating on a fiber experiences small fluctuations in its radius. To 
minimize free energy, this disturbance grows into nearly equally spaced drops. 

 
 
 

2.4 Drop Shape 

After the drop has formed, there are three possible shapes: (a) an asymmetric clam-shell for 

large drops, (b) a symmetric bell as shown in Figure 2.10 and in which the region between 

drops is bare fiber (bottom picture of figure 2.10), and (c) a shape similar to the symmetric 

bell, but where there is a thin film between drops (middle picture of Figure 2.10). Since a 

drop of shape (a) does not provide the structure desired, it will be necessary to avoid these 

large drops. Actually, the asymmetric shape is caused by the effect of gravity which can be 

neglected when drops are small [17]. Whether the drop takes shape (b) or (c) is determined 

by the wavelength of the Plateau-Rayleigh instability and the drop length.  
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Figure 2.11 Principal radii of drop R1’ and R2’ 
 
 
 
In Fig. 2.11, in the condition of equilibrium, any point P on the drop surface has a constant 

Laplace pressure ΔP which is given in eq. 2.23.  

∆𝑃 = 𝛾!"
1
𝑅!′

+
1
𝑅!′

                    (2.23) 

In the eq. 2.17, R1’and R2’ are also principal radii just like those in eq. 2.6.  

 

 

Figure 2.12 Important parameters in drop-on-fiber system. 
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In figure 2.12, H is the maximum height of the drop, rf  is fiber radius and L is the length of 

the drop. θ is the contact angle between liquid drop and fiber. The profile of drop in Figure 

2.12 follows Carroll’s derivation [9].  

Since 

𝑅!𝑑𝜙 = 𝑑𝑥 ∙ 𝑠𝑒𝑐𝜙,      𝑅! = 𝑥 ⋅ 𝑐𝑜𝑠𝑒𝑐𝜙                    (2.24)       

Therefore, the eq. 2.23 can be written as [9] 

𝑐𝑜𝑠𝜙
𝑑𝜙
𝑑𝑥 +

𝑠𝑖𝑛𝜙
𝑥 =

1
𝑅!′

+
1
𝑅!′

                    (2.25) 

Or, the eq. 2.25 can also be written as [9] 

1
𝑥
𝑑(𝑥 ⋅ 𝑠𝑖𝑛𝜙)

𝑑𝑥 =
1
𝑅!′

+
1
𝑅!′

                    (2.26) 

The integration of eq. 2.26 should be [9] 

𝑥𝑠𝑖𝑛𝜙 =
1
2

1
𝑅!′

+
1
𝑅!′

𝑥! + 𝑘                    (2.27) 

The k is integration constant.  

We also know that [9] 

𝑊ℎ𝑒𝑛  𝑥 = 𝑟! , 𝜙 =
𝜋
2 − 𝜃                    (2.28) 

𝑊ℎ𝑒𝑛  𝑥 = 𝐻, 𝜙 =   
𝜋
2                                                           

So eq. 2.27 can be changed to 

𝑥𝑠𝑖𝑛𝜙 =
𝐻 − 𝑟!𝑐𝑜𝑠𝜃
𝐻! − 𝑟!!

𝑥! +
𝐻𝑐𝑜𝑠𝜃 − 𝑟!
𝐻! − 𝑟!!

𝐻 ⋅ 𝑟!                  (2.29) 

Since 
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𝑑𝑧
𝑑𝑥 = −𝑡𝑎𝑛𝜙 =

𝑠𝑖𝑛𝜙

1− 𝑠𝑖𝑛!𝜙
!
!
                      (2.30) 

and combining eq. 2.29 and eq. 2.30, we can get 

−
𝑑𝑧
𝑑𝑥 =

𝑥! 𝐻 − 𝑟!𝑐𝑜𝑠𝜃 + 𝑟!𝐻 𝐻𝑐𝑜𝑠𝜃 − 𝑟!

𝑥!(𝐻 − 𝑟!𝑐𝑜𝑠𝜃)! 𝐻! − 𝑥! − 𝑟!! 𝐻𝑐𝑜𝑠𝜃 − 𝑟!
! 𝐻! − 𝑥!

!
!
                    (2.31) 

To simplify eq. 2.31: 

𝑎 =
𝐻𝑐𝑜𝑠𝜃 − 𝑟!
𝐻 − 𝑟!𝑐𝑜𝑠𝜃

                    (2.32) 

Then, eq. 2.31 can be rewritten as 

−
𝑑𝑧
𝑑𝑥 =

𝑥! + 𝑎𝑟!𝐻

𝐻! − 𝑥! 𝑥! − 𝑎!𝑟!!
!
!
                    (2.33) 

Using the transformation 

𝑥! = 𝐻! 1− 𝑘!𝑠𝑖𝑛!𝜑                     (2.34) 

where 

𝑘! =
𝐻! − 𝑎!𝑟!!

𝐻!                     (2.35) 

and 

𝑠𝑖𝑛!𝜑 =
1
𝑘! 1−

𝑥!

𝐻!                     (2.36) 

Then, integrating eq. 2.33 [9] we get 

𝑧 = ± 𝑎𝑟!𝐹 𝜑, 𝑘 + 𝐻𝐸 𝜑, 𝑘                   (2.37) 

where F (φ,k) and E (φ,k) are the elliptic integrals of the first and second kind, respectively. 
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𝐸 𝜑, 𝑘 = 1− 𝑘!𝑠𝑖𝑛!𝜓
!

!
𝑑𝜓                    (2.38) 

𝐹 𝜑, 𝑘 =
1

1− 𝑘!𝑠𝑖𝑛!𝜓
𝑑𝜓                                              

!

!
 

Since  
𝐿 = 2 ⋅ 𝑧 𝑥 = 𝑟!                   (2.39) 

then, based on eq. 2.37, we get 

𝐿 = 2 𝑎𝑟!𝐹 𝜑, 𝑘 + 𝐻𝐸 𝜑, 𝑘                     (2.40) 

In this way, we can determine the profile of the drop on fiber through building up a 

relationship among fiber radius rf , height of the drop H and length of the drop L.  

2.5 Relationship Between Coating Thickness and Droplet Thickness 

Goren derived the relationship between the initial coating thickness and the final maximum 

drop radius [21].  

𝑉 = 𝜋𝑥!𝑑
!!

!
𝑧 = 𝜋𝑅!𝜆!                     (2.41) 

In this equation, V is defined as the total volume of the fiber and coating system for one 

wavelength as given in Fig. 2.13. The value of the wavelength λc has been defined in eq. 2.22.  
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Figure 2.13 One wavelength of the fiber & coating system 

 
 
 
In Goren’s derivation, he used 0° for the contact angle between the fiber and the liquid. But 

in our study, we want a contact angle larger than zero. In Carroll’s paper [9], which 

calculates the profile of the liquid drop with a contact angle θ >0, eq. 2.42 was given [9]. 

𝑉 = 𝜋𝑅!𝜆! − 𝜋𝑟!!(𝜆! − 𝐿)

=
2𝐻𝜋
3 2𝑎!𝑟!! + 3𝑎𝐻𝑟! + 2𝐻! 𝐸 𝜑, 𝑘 − 𝑎!𝑟!!𝐹 𝜑, 𝑘

+
𝑟!
𝐻 𝐻!−𝑟!! 𝑟!! − 𝑎!𝑟!!                     (2.42) 

Then combining eq. 2.42 and eq.2.22 we can get: 
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𝑅!

𝑟!! 1+ 9𝜂!
2𝜌𝛾𝑅

−
𝑅

𝑟! 1+ 9𝜂!
2𝜌𝛾𝑅

+
0.707𝐿
2𝜋𝑟!

  

=
0.707𝐻
3𝜋𝑟!

2𝑎! + 3𝑎
𝐻
𝑟!
+ 2

𝐻!

𝑟!!
𝐸 𝜑, 𝑘 − 𝑎!𝐹 𝜑, 𝑘

+
𝑟!
𝐻

𝐻!

𝑟!!
− 1 1− 𝑎!                     (2.43) 

 
From eq. 2.43, if fiber radius 𝑟! and the height of the drop H are given, we can calculate the 

initial coating radius R which equals the fiber radius rf plus the initial coating thickness ΔR, R 

= rf +ΔR.  

In the experiment, since the initial coating exists only for a very short time and then separates, 

it is very difficult to observe the initial coating thickness ΔR, but the height of the drop H is 

the final stable state and is easily observed and measured. Eq. 2.43 gives the relationship 

between ΔR and H. With equation 2.43, we can calculate the initial coating thickness ΔR 

through the height of the drop H. In this way we can indirectly determine the value of the 

initial coating thickness obtained in the experiment. This value can be compared with the 

predicted initial coating thickness value obtained from eq. 2.13, eq. 2.17 and eq. 2.19 to see if 

our theory fits the real condition.  

2.6 UV Photopolymerization  

2.6.1 Introduction 

Photopolymerization means a chain polymerization process initiated by light [22]. There are 

two major types of photopolymerizations [23]. In the first type, photochemically active cross-

link groups, which may be part of polymer chains or part of separate difunctional cross-
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linking agents, can be excited by direct absorption of photon or by energy transfer from 

photosensitizer [23]. Then these excited groups will induce the photo cross-linking reaction.  

In the second type, there is an excited photoinitiator molecule that interacts with monomers 

and then initiates the chain propagation [23]. The main practical application of the second 

type photopolymerization is known as “UV curing” which means drying and hardening of 

surface coating [23]. Curing of surface coating means conversion from liquid state to solid 

state. Initially, the UV curing technology was thought of as a solvent free method that can 

save time and energy for the drying process, but there were also some disadvantages for this 

method such as low speed caused by oxygen inhibition. What’s more, the low strength cured 

resin and volatile monomers can also cause problems.  In 1970 [23], a new generation of 

curing formulations that were based on free-radical addition polymerization of acrylate 

double bond appeared. Since this reaction, once initiated, take place rather rapidly, the 

acrylate functional groups were commonly used in surface coating technology [23]. In the 

application, acrylate functional groups are usually combined with other resins to form photo 

curable oligomers such as acrylated polyester, acrylated epoxy resin and acrylated urethanes 

[24]. 

However, acrylic monomers don’t absorb UV light efficiently and won’t initiate free radical 

polymerization quickly. Therefore, a compound, which is able to absorb light and convert the 

light energy into a chemical energy that can induce chain propagation, is added into the 

coating formulation. This compound is called photoinitiatior.  Since the photoinitiator is 

selective of specific light wavelength, the absorbency characteristics of the photoinitiator has 

to be matched to the radiation characteristics of UV lamp [24]. Usually medium pressure 



 

27 

mercury lamp are used and the photoinitiator must have high absorption in the emission 

range of the light source. In addition, the excited state of photoinitiator must have a short 

lifetime to avoid quenching by oxygen or other monomers [24]. At the beginning of the 

photopolymerization, free radicals are generated from the excited state photoinitiators. Then 

the free radicals react with the first monomer and yield a chain initiating radical as shown in 

Fig 2.14 [25]. 

 

Figure 2.14 Initiation of free radical photopolymerization R. is a free radical, M1 is the first 
reacted monomer, RM1

. is the chain initiating radical 
 
 
 
Once the initiating radicals are generated, successive additions of a large number of 

monomers to intermediate radicals will take place, leading to a propagation of high molecular 

weight macromolecules [25]. This process is shown in Fig. 2.15.  

 

 

Figure 2.15 Propagation of free radical photopolymerization RMn
. and RMn+1

. are both 
intermediate radicals, M is one monomer 

 
 
 
At some point of the propagation, the growth of macromolecules stops and the 

polymerization process terminates. Bimolecular termination (figure 2.16) usually occurs 

early when the solution is less viscous and it will be favored by high light intensity and high 

initiator concentration [25].  

R RM1M1+

RMn + RMn+1M
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Figure 2.16 Termination of free radical photopolymerization 
 
 
 

2.6.2 Type II Photoinitiated Polymerization.  

In Type II photopolymerization, the photoinitiator abstracts a hydrogen atom from the local 

environment, which may be the monomer itself or a solvent. This H-transfer process 

produces primary radicals [26]. Therefore, the Type II photoinitiator is also called H-

abstraction type initiator [27]. Type II photoinitiators are usually benzophenone, 

thioxanthones or anthraquinone which have an absorbtion in the UV range [25]. The H-donor, 

which acts a co-initiator, can be ether, amine or alcohol, among which the tertiary amines are 

mostly used because they can enhance the reactivity of Type II photoinitiator [25, 27]. 

In reference [28, 29], a basic mechanism about how free radicals can be generated from the 

photoinitiator benzophenone (BP) was described (Fig. 2.17). At first, the S0 ground state of 

BP absorbs the UV light (wavelength ≈ 250nm) and forms an extremely shortlived S2 singlet 

state with a lifetime 10-12 s. Then, the S2 state BP quickly changes to a “superheated” S1 state 

(10-9 s) with an excess energy. Then an inelastic collision takes place between the S1 state of 

BP and H-donor, during which the S1 state BP transfers its excess energy to C-H group of the 

H-donor and forms triplet state T1 and T2 (10-3 s). Assuming that the hydrogen donor is a 

polymer substrate then we can use PH to represent the H-donor substrate. After the energy 

transfer, the hydrogen abstraction reaction occurs between the triplet state BP and excited C-

H group of the PH and produces free radicals.  

R1Mn + R2Mm R1Mn+mR2
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Figure 2.17 Mechanism of the generation of free radical through the H-abstraction reaction 
 
 
 
The above H-abstraction photopolymerization on a polymer substrate is also called 

photografting. Because of the advantages of low energy consumption and high efficiency, the 

photografting technology has been widely used to modify the polymer interfacial properties 

such as wettability, biocompatibility and dyeability without altering the bulk properties [30]. 

In a previous study [30], acrylamide was used as the main material to improve the flame 

retardancy of nylon 6,6 fabric through the photografting approach. Benzophenone was used 

as the photoinitiator. The mechanism was shown in Fig. 2.18.  

The photoinitiating principle in Fig 2.18 is the same as that in Fig. 2.17. Because of the 

nucleophilic function of carbonyl group in amide, the hydrogen is usually abstracted from the 

methyl group adjacent to the amine group (Fig. 2.18) [30]. After H-abstraction reaction, ketyl 

radical and nylon substrate radical are formed.  
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Figure 2.18 Mechanism of photografting on Nylon 6,6 [30] 
 
 
 
Then, the radical of the nylon substrate can initiate the chain addition photopolymerization of 

acrylamide monomers. However, the ketyl radical generated from BP can’t efficiently initiate 

the polymerization because of the steric hindrance and delocalization of unpaired electron 

[27].  

In reference [31], the initiation mechanisms of both ketyl radical and H-donor are given in 

Figure 2.19.  In this experiment, a BP initiated photopolymerization of methyl methacrylate, 

which used triethylamine as H-donor was also mentioned.  
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(a) Hydrogen abstraction 
 

 
 

(b) Initiation & propagation of TEA radical 
 

 
 

(c) Initiation & propagation of ketyl radical and termination 
 

Figure 2.19 Mechanism of photopolymerization of BP, TEA, MMA system [31] 
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2.6.3 Type I Photoinitiated Polymerization.  

Type I photoinitiator yields two free radicals through hemolytic cleavage, which is also 

called photofragmentation [25]. The common examples of Type I photoinitiators are 

acetophenone, diazo or benzoine ether-based molecules which absorb light in UV range [25]. 

Both of the two yielded free radicals can initiate the polymerization process so there are two 

competitive reactions [26].   

In the example of benzoin [33], which is one of the earliest photoinitiators, are usually used 

for vinyl polymerization. Benzoin derivatives have a large absorption range between 300nm 

to 400nm and also have a large photofragmentation yield but short excited lifetime [33]. 

Under the treatment of UV light, the benzoin was transferred to a triplet state. Then α-

cleavage takes place from the triplet state benzoin and yields benzoyl radicals and ether 

radicals. The cleavage mechanism is showed in Figure 2.20.  

 

 

Figure 2.20 α-cleavage mechanism of Type I photoinitiator benzoin 
 
 
 
After the α-cleavage, the following initiation and polymerization processes are same as the 

process mentioned in H-abstraction initiated polymerization.  
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The Ciba® Irgacure® 369 and Ciba® Irgacure® 379 are both Type I highly efficient 

photoinitiators. Based on reference [34] the formula and the cleavage mechanism of Irgacure 

379 is (Fig 2.21): 

 

 
 

Figure 2.21 Cleavage of Irgacure 379 and generation of free radicals 
 
 
 
Based on the polymerization mechanism of Irgacure 369 mentioned in reference [35], we can 

infer the mechanism (Fig. 2.22) of Irgacure 379 initiated polymerization of methyl 

methacrylate monomers. 
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Figure 2.22 Irgacure 379 initiated photopolymerization 
 
 
 
But the different initiation processes of the above two types of photopolymerizations also 

result in different initiating speeds. Since the initiation is based on bimolecular (initiator and 

H-donor) reaction, the Type II photoinitiations are generally slower than Type I 

photoinitiations which are based on unimolecular formation of radical [27]. However, it 

doesn’t mean that the Type II photoinitiation must be less efficient than the Type I, because 

another important factor, the oxygen inhibition, can also influence the efficiency of 

photopolymerization. Oxygen is known to be a strong scavenger of free radicals because it 

can quench the excited triplet state initiator and produce peroxide radicals through reaction 

with the initiators [25, 33]. Even though an inert environment with nitrogen can remove the 
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oxygen, some chemicals like amines, thiols or phosphines are also commonly used to 

eliminate the oxygen inhibition through converting oxygen into singlet oxygen [23, 33]. 

In other’s research, phosphine always occurs in highly efficient photofragmenting 

photoinitiaotrs [36] such as Bis (2,4,6 trimethylbenzoyl) phenylphosphine oxide [37] to 

initiate the photopolymerization of acrylic monomers. And for amine, it is a widely used as 

H-donor for Type II photoinitiation.  
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3.  EXPERIMENT 

3.1 Materials 

Kaydol, methyl methacrylate (MMA, 99%), glycidyl methacrylate (GMA, 97%), 

benzophenone (BP, 99%), and triethylamine (TEA, 99.5%) were purchased from Sigma-

Aldrich and used as received. Ciba® Irgacure® 379 sample from BASF, CPS Plastibond 30A 

from Colorado Photopolymer Solutions, monofilament fishing line (nylon 66, 0.011 and 

0.023 inch diameter) of Omniflex were also used in later experiments. MMA and GMA were 

used as monomers, BP acted as the photoinitiator and TEA was used as a hydrogen atom 

source. Irgacure 379, which is a highly efficient photoinitiator, was used for comparison.  

Plastibond 30A which is a fully formulated photocurable resin was used to replace the 

previous system and was used as coating material. Figure 3.1 [38] is provided by the 

producer and shows UV curability of Plastibond 30A. It shows how a 1mm thin film of this 

resin works under a 365 nm UV treating with irradiation intensity of 20mW/cm2. As is 

shown in the figure 3.1, the polymerization of this resin finishes within just seconds.  

 

 

Figure 3.1 Conversion versus time for CPS Plastibond 30A 
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3.2 Preliminary Coating Experiment  

To test the feasibility of our drop shape coating design, which is based on fluid coating 

theory and the theory of Plateau-Rayleigh Instability, a preliminary coating experiment was 

conducted. In the experiment, a segment of nylon monofilament (l = 100mm, r = 0.292 mm) 

was vertically drawn through a liquid bath of Kaydol by hand at approximately 560 mm/min. 

Just after leaving the liquid bath, the nylon monofilament segment coated with kaydol was 

quickly placed horizontally under the microscope which is connected to a single-lens reflex 

camera. Then a series of pictures were taken with the camera successively to record different 

shapes of kaydol coating at different time points.  

 

 

Figure 3.2 Vertically drawing a monofilament out of kaydol liquid bath 
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3.3 Photopolymerization Initiated by Benzophenone 

Three different photopolymerization approaches were used in an attempt to form hard 

polymer from small drops in less than one minute. 

In this polymerization experiment, methyl methacrylate (MMA) was used as monomer 

because of its ability of being chemically modified. The type II photoinitiator Benzophenone 

(BP) accompanied by triethylamine (TEA) as a H-donor was applied to initiate the 

polymerization. To increase the polymerization speed, glycidyl methacrylate (GMA) was 

also used. The polymerization recipes of three experiments are provided in Table 3.1. 

3.3.1 Droplet Polymerization in Open Teflon Beaker 

In the first approach, we patterned our procedure after the polymerization conditions given in 

reference [32]. MMA, BP, and TEA were combined in the mole ratio of 100:1:1. They 

formed a clear solution. Small drops of this solution were placed into a Teflon® beaker and 

placed 10 cm below a Blak-Ray® UV lamp (365 nm from UVP). This process is shown in 

Fig. 3.3. The status of liquid drops was tested by touching with small plastic stick every one 

minute in order to check if the liquid drops had been converted to solid.   
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(a)                                                  (b) 

Figure 3.3(a) Drops of solution on Teflon beaker (b) UV treatment 
 
 
 

3.3.2 Polymerization in Glass Vial 

To avoid evaporation, a second approach was used where the small drops were placed into a 

small glass vial, which was then capped. Since glass absorbs UV and will reduce the UV 

intensity by about 50%, two UV lamps were used. At this time, we also increased the amount 

of BP and TEA. Even at these higher levels, BP and TEA completely dissolved in MMA. 

Approximately 0.15 mL of the MMA/BP/TEA solutions was sealed into a small vial (Fig. 

3.4(a)), which was then illuminated with UV (Fig. 3.4(b)) and the time required to obtain a 

solid polymer was recorded.  
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(a) (b) 

Figure 3.4 (a) Polymer solution was sealed in a vial (b) Illuminating with two UV lamps 
 
 
 

3.3.3 Polymerization in Glass Vial With GMA 

GMA was added to the MMA/BP/TEA solution since its epoxy group can readily form 

crosslinks. The mass ratio of GMA/MMA was 1/10. The MMA/GMA/BP/TEA solution was 

again placed in a glass vial and polymerized using UV illumination and the time required to 

obtain solid polymer was recorded. 

 

Table 3.1 Polymerization Conditions with initiator BP 

Mass Ratio 
of 

BP/MMA 

MMA 
(x10-3 mol) 

BP 
(x10-3 mol) 

TEA 
(x10-3 mol) 

GMA 
(x10-3 mol) 

Open Teflon beaker    
1/100 47 0.26 0 0 

Closed glass vial    
1/20 47 1.3 1.3 0 
1/10 47 2.6 2.6 0 
1/5 47 5.1 5.1 0 
1/10 47 2.6 2.6 3.3 
1/5 47 5.1 5.1 3.3 
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3.4 Photopolymerization Initiated by Irgacure 379 

In this step, to improve the photopolymerizatoin efficiency, we tried to use new 

photoinitiator Irgacure 379. Compared to the previous polymerization system, the new 

system doesn’t need an H-donor, so no TEA was added in this experiment. Initiator was 

dissolved in MMA with a mass ratio of 1/10. Also, approximately 0.15 mL of the 

MMA/Irgacure 379 solutions was sealed into a small vial, which was then illuminated with 

UV.  

In the second experiment, to further increase the polymerization speed, we add GMA in the 

system accompanied with TEA which provides an alkaline environment for GMA. 

Polymerization recipes are provided in Table 3.2. 

 

Table 3.2 Polymerization Conditions with initiator Irgacure 379  

Mass Ratio 
of 

Ini */MMA 

MMA 
(x10-3 mol) 

Initiator 
(x10-3 mol) 

TEA 
(x10-3 mol) 

GMA 
(x10-3 mol) 

Irgacure 379    
1/10 47 1.25 0 0 
1/10 47 1.25 2.6 3.3 

 
 
 

Type II photoinitiator benzphenone (BP) needs to abstract hydrogen atoms from H-donators, 

however, the new initiator Irgacure 379 is a Type I initiator that undergoes a cleavage 

reaction when exposed to UV light [34]. The cleavage products 4-morpholinoacetophenone 

free radicals initiate the polymerization of MMA monomers. The principle is shown in Fig. 

2.17.  
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3.5 Polymerization of CPS Plastibond 30A and Component Test  

In the experiments, some Plastibond resin droplets where applied to a nylon monofilament. 

Then, two UV lamps were used to treat these droplets at a distance of 10 cm from the nylon 

monofilament. The time needed to obtain solid droplets was recorded. 

Plastibond 30A is a fully formulated photocurable resin that contains initiator, monomer and 

can be rapidly cured with little oxygen inhibition. The components of the resin are not 

published but based on the limited information provided by producer there are acrylic and 

thiol components. Therefore, we can infer that the basic monomer should be acrylic 

monomer. From reference [23, 33], it seems that thiol is usually applied as oxygen scavenger 

to prevent oxygen inhibition in photopolymerization.  

To further understand the components of the photocurable resin, we conducted a FTIR test to 

the polymerized solid-state resin after UV curing. Since no other chemical was added in the 

resin during the polymerization, the functional groups tested from the FTIR test should all 

come from the resin.  

3.6 Preliminary Experiment of Coating Process: 

3.6.1 Intermittent Coating Process with Local UV Treatment 

Then, we tried to conduct a preliminary coating experiment on nylon monofilament with the 

highly efficient UV curable resin Plastibond 30A. The experimental process is shown in Fig. 

3.5 a) First, under the force of gear motor, nylon monofilament (dia = 0.011 inch) was drawn 

with a speed of 3.95cm/s and b) went into a bent glass tube which was filled with Plastibond 

30A. When the monofilament left the glass tube, some photopolymer was captured on its 

surface and formed original liquid coating. At the beginning, the liquid coating was nearly 
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cylindrical but then began to separate. Several seconds later, due to the separation, the 

cylindrical initial coating separated into individual droplets just as that shown in Fig 2.10. 

The separation time was recorded. c) Next, the gear motor was stopped and held under two 

UV lamps to illuminate the coated monofilament on the part where separation had been 

finished. The UV treatment was conducted for 10 seconds, 30seconds, 1minute, 2 minutes 

and 10 minutes respectively. The UV cured segment was cut and the surface was tested with 

gloves to see if the photocured coating is dry. d) The two ends of the monofilament were re-

joined and the gear motor was restarted. The remaining monofilament went through a 

scissors, which was used to control the direction of the filament. e) Finally, the monofilament 

was wound on a cylindrical collector. Normally, collector and motor are separated but in this 

simple experiment, they are incorporated.  

The segments of coated monofilament were wiped carefully with napkin to remove the 

residual liquid on the surface. Then, the dry segments of monofilament were observed under 

a microscope.  
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Figure 3.5 Intermittent coating process 
 
 
 

3.6.2  Intermittent Coating Process with Aluminum Tube 

To realize a continuous UV treatment without interruption, we introduced a light-reflecting 

aluminum tube.  Based on previous experiments, we know that 10s is probably the shortest 

time needed for UV polymerization. If the highest coating velocity we can provide is 3.95 

cm/s, the shortest UV treatment length should be about 40 cm. Therefore, we made a 60 cm 

length light-reflecting tube, which consists of a hard paper frame inside and heavy-duty 

aluminum foil outside. The whole inner layer of the tube is covered with aluminum foil. 

When UV light goes into the tube from two holes (Fig 3.6 a), it will be reflected multiple 

times in the tube because of the good reflectance of aluminum foil. In this way, we extend 

the UV treating length from about 10 cm to 60 cm. In addition, to prevent the photo-curable 
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resin in liquid bath from being contaminated by UV light, an aluminum foil barrier was set in 

front of the liquid bath as shown in Fig. 3.6 b.  

In the coating process, monofilament first left the liquid bath and passed through the 

aluminum tube. In the aluminum tube, the liquid coating on the surface of monofilament was 

polymerized by multi-reflected UV light. Secondly, after the monofilament left the aluminum 

tube, we stopped the motor and intercepted a long segment of UV cured monofilament (about 

40 cm). Finally, dry monofilament segment was observed under a microscope.  

 

 

Figure 3.6 Intermittent coating process with an aluminum tube 
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3.6.3 Primary Continuous Coating Process 

In last experiment, we realized a continuous UV treatment.  However the UV cured 

monofilament was intercepted after going through the aluminum tube instead of being 

collected because a residual liquid layer on the coating surface was found to contaminate the 

collector.  

To realize a truly continuous coating process, in which the fluid coating, UV polymerization 

and monofilament collection are conducted at the same time, the residual liquid layer must be 

removed before the monofilament winding. 

Normally, a surface liquid layer can be removed physically by being wiped with sponge or 

dissolved in volatile liquid. However, the liquid layer of Plastibond 30A can’t be absorbed by 

a paper towel or a sponge. So we can’t directly wipe off the residual liquid on the coating 

surface.  

The information from the producer of Plastibond 30A mentioned that methanol is able to 

dissolve the surface liquid layer without influencing the polymerized solid part.  To verify 

that methanol doesn’t damage the cured solid coating, a segment of the UV cured 

monofilament obtained from previous experiment was dried and immersed in methanol for 

20 minutes. Then, we compare the sizes of the drop shape coating before and after methanol 

treatment with microscope.  

Secondly, to figure out if the methanol is efficient enough to remove the surface liquid layer 

during the coating process, we set up a new device (Fig. 3.7).  
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Figure 3.7 Frame for primary continuous coating 
 
 
 
In Fig. 3.7, we can see that the height of the big frame creates enough distance for UV 

polymerization and liquid layer removal. The route of monofilament is described with white 

lines in this figure. After the monofilament leaves the aluminum tube, it goes down and 

passes through a methanol liquid bath (Fig. 3.8). 
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Figure 3.8 Methanol liquid bath and drying device 
 
 
 
From Fig. 3.8, we can see that a wheel is half immerged in methanol. The monofilament 

loops once around the wheel and contacts with methanol in the bath. After that, the 

monofilament goes through two pieces of sponge, which are used to wipe off the methanol 

on the surface.   Finally the coated monofilament was wound on the collector (Fig. 3.9) and 

was tested with gloves.  
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(a) (b) 

Figure 3.9 Monofilament is collected 
 
 
 
In the following experiment, the monofilament loops twice around the wheel in order to 

increase the contact time with methanol. We also tried just wiping with sponges without the 

methanol bath. In the end, we compared the surface conditions of the coated monofilaments 

obtained with different wiping methods.  

3.7 Continuous Coating Process 

3.7.1 Observation of the Drop Shape Coating Formation 

Based on the device used in primary continuous coating process, we tried the real continuous 

coating process with a single spindle winder (Leeson)(Fig. 3.10) which works as speed 

controlled motor and winder. This commercial winder provides a controllable and relatively 

constant speed.  
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Figure 3.10 Single spindle machine 
 
 
 
In this coating experiment, no UV lamps were used because we want to observe the original 

profile of the drop shape coating and compare it with the theoretical drop profile that is based 

on fluid coating theory and Plateau-Rayleigh instability theory.  

The set up of the experiment is shown in Figure 3.11.  
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Figure 3.11 Observation and continuous coating process 
 
 
 
The basic principle of continuous coating process is the same as the primary continuous 

coating process. However, at this time, we used a gentler slope because in absence of the UV 

treatment, the unstable liquid drops in the high position will be influenced by gravity and roll 

off along the slope. The rolling drops can damage the formed drop shape coating. Therefore, 

we used gentle slope to reduce the effect of gravity and prevent the rolling phenomenon.  

To observe the process in which the initial coating separates into a serias of drops, we set a 

micro-camera at the very beginning of the coating system, as shown in Figure 3.12. We first 

provided a speed to the coating system and then stopped the motor. Videos and pictures were 

taken by camera to record the shape change of the liquid coating before and after turning off 

the motor.  
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Figure 3.12 Observation of the liquid coating separation 
 
 
 
However, when we stopped the motor, it required some time to reduce the speed to 0. So, the 

liquid coating observed in this experiment was formed with a reduced speed, not the real 

coating speed provided by motor. Therefore, to observe the drops formed with a constant 

coating speed, we set the camera at the end of the coating system in order to avoid 

deceleration zone (Fig. 3.13). In this experiment, when the coating process operates stably, 

we stop the motor and observe the drop shape coating with the camera. When drops are 

stable, we take pictures to record the drop shape formed with a specific coating speed.  

Based on the fluid coating theory [7], the coating thickness was influenced by liquid 

viscosity, liquid surface tension and coating speed. We also tried different liquids (Plastibond 

30A, kadyol) and different coating speeds to verify the theory.  
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Figure 3.13 Observation of the profile of drops 
 
 
 

3.7.2 Drop Shape Change Caused by UV Treatment 

Based on last experiment, we observed the profile of the drop shape coating before and after 

UV treatment. At a coating speed of 3.63cm/s, drops form on the monofilament surface. 

When the formation of coating is stable, we stopped the motor and used two UV lamps to 

illuminate a short distance of monofilament as we did in the intermittent coating process. The 

difference is that, at this time, we apply microscope camera to record the appearance of the 

drop profiles before and after UV treatment. By studying the difference of those drop shapes, 

we can determine how the drop shape changes in the UV treatment.  
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4.  RESULTS and DISCUSSIONS 

4.1 Preliminary Coating 

Figure 4.1 shows the time evolution of the Kaydol coating over a period of 68 s. The initial 

coating thickness as shown in Fig. 4.1a is 76 µm. In the center picture, the Plateau-Rayleigh 

instability has begun to drive the droplet formation with a wavelength of 4.29 mm (Fig. 4.1b). 

Finally, the drop has taken on the shape predicted by Carroll with a drop length Ld  = 2.84 

mm, and a maximum drop radius H = 0.48 mm (Fig. 4.1c). 

 

 

                       (a)                                             (b)                                               (c) 

Figure 4.1 Separation process of kaydol liquid coating on nylon monofilament. (a), (b) and (c) 
show the appearance of fluid coating 8s, 19s, 68s after the monofilament leaving liquid bath.   
 
 
 
Since it is hard to measure the monofilament velocity provided by hand, we can’t use the 

height of the drops to prove the theoretical equations of three regimes (eq.2.9, eq. 2.13, eq. 

2.15).  However, this result proves the feasibility of applying fluid coating theory and 

Plateau-Rayleigh in our design. The coating process in the preliminary experiment can be 

utilized on other types of liquids such as UV-curable monomers methyl methacrylate (MMA).  
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The deficiency of this experiment is that the liquid drop on the nylon monofilament can 

move even though the separation is complete. This is caused by gravity which can influence 

the liquid coating when drop size is large enough [17]. To reduce the effect of gravity, we 

can use monofilament with smaller diameter and obtain smaller size of drops after the 

coating process.  

4.2   Photopolymerization Initiated by Benzophenone 

The result of the three polymerization experiments is given in Table 4.1. For the first 

experiment, the solution drops, containing MMA, BP and TEA, evaporated before being 

polymerized. The result is showed in Fig. 4.2.  

 

                

                                          (a)                                                         (b) 

Figure 4.2 Comparison of the solution drops (a) before and (b) after UV treatment 
 
 
 
To avoid evaporation, the second experiment was conducted in a sealed glass vial. A solid-

state polymer was achieved, see Table 4.1. When mass ratio of BP/MMA is 1/10 (mole ratio 

= 0.055) the polymerization time needed to get solid-state polymer is 26 minutes. This time 
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is 10 minutes shorter than that needed for the system with mass ratio BP/MMA=1/20 (mole 

ratio = 0.028). Even thought larger mole ratio of BP/MMA can increase the polymerization 

speed, the efficiency is still too low. However, when the mass ratio BP/MMA = 1/5, no solid-

state polymer was obtained. Obviously, too large a ratio of BP/MMA will cause very short 

polymer chains that don’t form a solid state. Actually, even the smaller mole ratio 0.028 is 

still too large for regular polymerization, which means our polymerization system is very 

inefficient. The low efficiency is probably caused by oxygen inhibition which can terminate 

the active state of BP.  

 

Table 4.1 Polymerization Conditions and Hardening Times  

Mass Ratio  
BP/MMA 

MMA 
(x10-3 mol) 

BP 
(x10-3 mol) 

TEA 
(x10-3 mol) 

GMA 
(x10-3 mol) 

Time  
(mins) 

Open Teflon beaker     
1/100  47 0.26 0 0 evaporated 
Closed glass vial     
1/20 47 1.3 1.3 0 36 
1/10 47 2.6 2.6 0 26 
1/5 47 5.1 5.1 0 Not solidify 
1/10 47 2.6 2.6 3.3 17 
1/5 47 5.1 5.1 3.3 17 

 
 
 
Before providing an inert environment, a third experiment was conducted with the addition 

of GMA.  From the result of Table 4.1, we see that the GMA really works and increases the 

polymerization speed; the result was shown in Fig. 4.3 (b). Compared with the last 

experiment, the system with GMA can form solid-state polymer with the mass ratio 

BP/MMA = 1/5. This result proves the cross-linking effect provided by epoxy group of GMA 
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monomers. The cross-link can set up connections among different polymer chains, increasing 

the molecular weight within a short time. In this way, we can get solid-state polymer in a 

shorter time.  

In addition, the systems with mass ratios of 1/10 and 1/5 have the same polymerization times. 

This means that a higher proportion of BP doesn’t further enhance the polymerization 

efficiency. The efficiency in this condition is still too low to satisfy our requirement. Based 

on the limited space of our lab, the ideal polymerization time should be less than 1 minute. 

 

 
(a) (b) 

Figure 4.3 Polymer solution with GMA (a) before and (b) after UV treatment 
 
 
 

4.3 Photopolymerization Initiated by Irgacure 379 

The results of this experiment show that the new system was still not sufficiently fast. In 

Table 4.2, it is clear that when no GMA comonomer was used, the new system with initiator 

Irgacure 379 revealed a higher initiating efficiency than the former one with only BP. But 

this new polymerization system was not as efficient as the one with both BP and GMA. 
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When GMA comonomer was used, the former and the new systems seem to have similar 

polymerization speed. Therefore, we conclude that the new photoinitiator Irgacure 379 works 

better than the single initiator BP but doesn’t really help to develop the photopolymerization 

efficiency. The time scale of the new photopolymerization is still too long for us.  

The low efficiency of the new system may be caused by two factors. First, for no GMA 

experiment, even though amine group of the Irgacure 379 can help consume some oxygen, 

the oxygen inhibition still plays an important role in the reaction. Therefore, the highly 

efficient photoinitiator Irgacure 379 didn’t perform much better than benzophenone. 

Secondly, for GMA added experiment, the degradation product 4-Morpholinoacetophenone 

free radicals may abstract hydrogen atom from the TEA, and change into 4-

Morpholinoacetophenone. Actually, in the reference [34], 4-Morpholinoacetophenone 

molecules were proved to be one of the main UV degradation products of Irgacure 379 in 

ethanolic solvent. This H-abstraction process of 4-Morpholinoacetophenone free radicals can 

reduce the number of active free radicals and reduce the photoinitiating speed.  

 

Table 4.2 Polymerization Conditions and Hardening Times 

Mass Ratio 
of  
Ini */MMA 

MMA 
(x10-3 mol) 

Initiator 
(x10-3 mol) 

TEA 
(x10-3 mol) 

GMA 
(x10-3 mol) 

Polymerization 
Time (mins) 

Benzophenone     
1/10 47 2.6 2.6 0 26 
1/10 47 2.6 2.6 3.3 17 
Irgacure 379     
1/10 47 1.25 0 0 20 
1/10 47 1.25 2.6 3.3 17 

*Ini: initiator (Benzophenone or Irgacure 379) 
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4.4 Polymerization of CPS Plastibond 30A  

Since the above materials did not polymerize quickly enough, we attempted the same UV 

curing experiments using CPS Plastibond 30A.  

When using the procedure, the liquid resin droplets were transferred to solid state within 10 

seconds as shown in Figure 3.1. The solid-state drops are presented in Figure 4.4. The solid 

droplets were rigid enough and couldn’t be destroyed with hand. Also, this polymerization 

process is much faster than the previous two trials mentioned above.  

 

 
Figure 4.4 Solid-state droplets obtained after 10s UV treatment 

 
 
 
In the Figure 4.4, solid droplets stand on the upper side of the monofilament.  Actually, when 

the resin liquid was just dropped on the monofilament, the liquid droplets hung from the 

lower side of the monofilament due to the effect of gravity. After 10 seconds UV treatment, 

the liquid droplets were transferred to solid droplets and stuck to the surface of filament.  
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4.5 Component Test of Plastibond 30A with FTIR Approach 

The following Fig. 4.5 shows parts of the FTIR test result of the UV cured drops obtained 

from the UV polymerization experiment. Beginning from the left side, the first peak with the 

wavenumbers range from 2990~2850 represents methyl or methylene groups in aliphatic 

compounds.   The second peak means –PH in phosphines. And the third peak ranges from 

1750~1700 indicates the C=O of esters.  

 

 

Figure 4.5 FTIR test of the polymerized coating 
 
 
 
Based on reference [23, 36], phosphines are usually used to eliminate oxygen inhibition for 

photofragmenting photoinitiators. So the initiator of Plastibond 30A resin probably belongs 

to type I photoinitiator. In addition, the C=O group demonstrates that the UV curable resin is 

indeed acrylic compound. Therefore, the UV polymerization principle of Plastibond 30A can 
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be explained by the polymerization process of methyl methacrylate mentioned in Part 2.  

While, because of the high viscosity (0.1 Pa-s), we can infer that the Plastibond 30A is liquid 

polymer compound but not monomer.  

4.6 Preliminary Experiment of Coating Process: 

4.6.1 Intermittent Coating Process with Local UV Treatment 

The UV cured segments of monofilament are given in Figure 4.6. We can see that when the 

monofilament was drawn with a constant speed (3.95 cm/s), a serial of drops forms on the 

filament surface.  

 

 

Figure 4.6 Segment of coated monofilament 
 
 
 
Even though previous experiment proved that the UV polymerization of Plastibond 30A 

needs less than10 seconds, the liquid resin actually was not completely transformed to the 
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solid state. Even in Fig 3.1, we can see that the conversion can’t reach to one hundred percent 

despite using longer UV treating time.  Fig 4.7 proves that there was residual liquid layer on 

the coating surface even though the UV treatment was as long as 2 minutes. This residual 

liquid layer means incomplete conversion and will take away some volume of coating 

material when being removed. From the pictures in Fig.4.7, we can see that the residual 

liquid with 2 minutes UV treatment was not obviously less than that with 30 seconds 

treatment. So it is hard to know whether the size of the solid drop shape coating differs with 

treating time.   

 

                      

(a) (b) 

Figure 4.7 Residual liquid on the UV cured coating surface after (a) 30 sec and (b) 2 mins 
 
 
 
In order to figure out how much volume of the drop shape coating was lost due to the 

removed residual liquid, the maximum height of drop shape coating was studied and was 

used to represent the drop volume. Actually, the height of the drop is also the most 
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significant factor in the structure design. Nylon monofilament radius and the height of the 

drops were observed under a microscope and are marked in Figure 4.8.  

 

 

Figure 4.8 The height of the drop H and the monofilament radius rf of the sample obtained 
after 10 seconds UV with 3.95 cm/s coating speed 

 
 
 
Then, a comparison among the ratios of H/rf   of the drops obtained with different UV curing 

times is shown in Table 4.3.  

 

Table 4.3 Average H/rf  of drop shape coating gotten with different UV treating times  

UV treating 

time 
10 s 30 s 1 min 2mins 10mins 

Average 

H/rf 

2.25 

± 0.09 

2.13 

± 0.06 

2.14 

± 0.05 

2.45 

± 0.04 

2.41 

± 0.06 

Note: Average H/rf  = mean  ± standard deviation 
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The data in Table 4.3 shows that the drop coating obtained with different UV treatment times 

have an average H/rf   of these five conditions is 2.28 ± 0.13 (CV = 5.85%). This result 

indicates that drops obtained with difference UV curing times don’t have a significant 

difference.  

In addition, this result also tells us that our design of coating process is capable of producing 

a series of drops on filament surface. Even though 10s UV treatment may not provide the 

maximum size of drops, considering the loss of material due to the liquid layer, the result 

(H/rf = 2.25) is still higher than the minimum required ratio (H/rf = 2). However the UV 

treatment in this experiment only focused on very short segments (about 10 cm), so the 10s 

UV polymerization was not conducted in a continuous process.  

4.6.2 Intermittent Coating Process with Aluminum Tube 

With a reflecting aluminum tube (60cm), the UV treatment for this coating process (3.95 

cm/s) is about 15 seconds long. Compared to the sample segment obtained without an 

aluminum tube, the sample segment of this experiment is longer (40cm) and contains a larger 

number of drops.  

The image of the sample being observed under microscope is shown in Fig. 4.9. Important 

parameters of the drop’s profile are given in Table 4.4.  
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Figure 4.9 Important parameters of drop shape coating 
 
 
 

Table 4.4 Parameters of the drop shape coating when UV treating time is 15 s 

UV Treating 
time 

H/rf L/rf λc/rf θ/rf 

15 s 2.40  
± 0.15 

5.21 
± 0.28 

10.17  
± 1.25 

14° 

Note: Average value = mean  ±  standard deviation 
 
 
 
Comparing the results shown in Table 4.4 with those shown in Table 4.3, the result of the 

new experiment that worked with aluminum tube is similar to the results obtained previously. 

That means the reflected UV light in the tube worked as well as that directly conducted on 

monofilament. So the application of aluminum tube can really realize the continuous UV 



 

66 

polymerization without interruption.  Besides, through observing the difference of 10s, 15s 

and 600s UV treating experiments, we know the UV treating time is not a significant factor 

influencing the drop height.  The shape variance of drops should depend on other factors.  

However, we still can’t conduct a real continuous coating process because the UV cured 

monofilament can’t be collected before the residual surface liquid of coating surface is 

removed. 

In addition, the variability in coating speed provided by the motor made it difficult to obtain 

consistent size drops. Therefore, the result of this experiment can only provide us a basic 

reference but is not accurate enough.  Also, if we want to remove the liquid layer before 

winding, we have to create more space for surface liquid wiping device. 

4.6.3 Primary Continuous Coating Process 

The result of the methanol immersion experiment shows that after 20 minutes contact with 

methanol, the size of the drop shape coating doesn’t change compare with that before the 

immersion experiment. Actually, in the coating process, the real contacting time between 

monofilament and methanol should be less than 10 seconds. That means a methanol bath 

won’t affect the size of drop shape coating.  

In the experiment of the primary continuous coating process, we also observed that the 

monofilament, which has passed through the methanol, is much drier than that which only 

went through wiping sponges.  After going through the methanol bath and wiping sponges, 

almost no liquid layer can be felt in the glove test. The result also shows that the 

monofilament with longer methanol treatment time, is drier than that with shorter methanol 

treating time. This phenomenon proves that the Plastibond 30A surface liquid layer can be 
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dissolved in methanol. After the methanol treatment, most Plastibond surface liquid was 

removed and the residual methanol layer on the monofilament surface can be easily wiped 

away with sponges.  

But the surface of the monofilament, which has been wound in the collector, is still a bit 

sticky. This may result from incomplete removal of Plastibond 30A liquid layer. The 

continuous coating process can be run for more than 10 minutes.  

4.7 Observation of the Drop Shape Coating Formation 

In the experiment of drop shape coating observation, the initial coating was observed and 

was given in Fig. 4.10. It shows the change of the monofilament before and during the 

coating process. Since the camera was set at the very beginning of the coating system, Fig. 

4.10 (b) presents the initial appearance of the fluid coating. From the picture, we can see that 

the initial liquid layer maintains a constant thickness for a considerable distance as 

mentioned by Goucher and Ward’s theory [10]. However Fig. 4.10 (b) doesn’t present the 

actual initial coating thickness because the monofilament vibrates quickly when being drawn 

by motor. So, what Fig. 4.10 (b) shows is monofilament in motion and we can’t use the 

thickness given in this picture directly.  
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(a)                                                                 (b) 

Figure 4.10 Monofilament before and during fluid coating 
(a) The monofilament without coating (b) Initial coating in a running condition 

The liquid coating is Plastibond 30A. Coating speed is 4.40 cm/s.  
 
 
 

Then we stop the motor and the initial coating separates into a series of drops just like that 

mentioned in references [18, 19] and depicted in Fig. 2.10.  

In the second experiment, we used 3 different speeds to draw the monofilament and observe 

the profile difference of the drop shape coatings. At this time the camera was set at the end of 

the coating system and pictures were taken when the monofilament was static and the liquid 

coating was stable. The result was given in Figure 4. 11. 
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(a)                                                                 (b) 

   

(c) 

Figure 4.11 Drop shape coatings achieved with different coating velocities. The coating 
material is liquid Plastibond 30A. Velocities: (a) 6.41 cm/s (b) 4.40 cm/s (c) 1.85 cm/s 

 
 
 
From Figure 4.11, we can see that higher coating velocity results in large drop size. This 

result accords with the LLD regime and viscoinertial regime of the fluid coating theory [7]. 

To further prove the theory, we also tried Kaydol, which has different density, surface 

tension and viscosity from Plastibond 30A. The result was showed in Fig. 4.12.  
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(a)                                                               (b) 

 

(c) 

Figure 4.12 Drop shape coatings of liquid Plastibond 30A. Velocities: (a) 13.8 
 cm/s (b) 9.65 cm/s (c) 4.41 cm/s 

 
 
 
From Fig. 4.11 and Fig. 4.12, we can also see that the higher speed results in larger drops. 

Fig. 4.11 (b) and Fig. 4.12(c) also show that when similar coating velocity was applied, 

Plastibond 30A forms larger drops than Kaydol. This demonstrates that fluid coating 

thickness can be influenced by not only coating velocity but also other factors such as liquid 

viscosity, surface tension or density. To compare the experimental results and theoretical 

equations, properties of Plastibond 30A and Kaydol is given in Table 4.5. And the details of 

their liquid drops are given Table 4.6.  
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Table 4.5 Properites of Plastibond 30A and Kaydol 

 Density 
kg/m3 

Dynamic Viscosity 
Pa-s 

Surface Tension 
N/m 

Plastibond 30A 1112 0.1 0.040 
Kaydol 850 0.16 0.031 

 
 
 

Table 4.6 Details of Plastibond 30A and Kaydol liquid coating gotten with different speeds  

Plastibond 30A 6.41 cm/s 4.40 cm/s 1.85 cm/s 

H/rf 2.72 ± 0.03 2.22 ± 0.16 1.80 ± 0.04 

L/rf 4.66 ± 0.05 4.09 ± 0.15 3.66 ± 0.04 

λc/rf 8.61 ± 0.40 6.33 ± 0.42 6.82 ± 0.13 

Upper θ 12.85°± 1.84° 11.90° ± 2.40° 12.15°± 1.48° 

Lower θ 21.05°± 1.79° 17.82° ± 1.81° 14.33°± 1.96° 

Kaydol 13.80 cm/s 9.65 cm/s 4.41 cm/s 

H/rf 2.59 ±0.15 2.17 ± 0.05 1.63 ± 0.03 

L/rf 4.97 ± 0.24 4.22 ± 0.08 3.57 ± 0.06 

λc/rf 7.66 ± 0.67 7.88 ± 0.34 7.00 ± 0.49 

Upper θ 13.63°± 0.77° 9.7°± 0.80° 8.12°± 1.40° 

Lower θ 26.92°± 2.43° 14.47°± 1.62° 10.3° ± 1.04° 

Note: Average value = mean ± standard deviation 
 
 
 
Since the monofilament is about 0.14 mm in radius.  The drop shape coating is large enough 

to be affected by gravity and is not symmetric around the monofilament. So, we measured 

the upper half of the drop drop and lower half separately when study the drop height and 

contact angle.   
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4.8 Comparison between Real Coating Experiments and Theories 

Calculation based on equations 2.13, 2.17, 2.19 shows that for both Plastibond 30A and 

Kaydol, the theoretical initial coating thickness ΔR calculated with LLD equations (2.13) is 

always larger than that obtained from the viscoinertial equation (2.17). The purely inertial 

regime (2.19) is not available because the velocity for this region is beyond the capability of 

our equipmentBased on LLD theory and viscoinertial theory, the higher the viscosity is the 

lower coating velocity will be needed to obtain the same thickness of coating.   

To determine which regime (LLD regime or Viscoinertial regime) our coating experiment 

actually follows, we have to compare theoretical initial coating thickness and real coating 

thickness for the experiment. With the liquid properties given in Table 4.5 and equation 2.13, 

2.17, we can calculate the theoretical initial coating thickness of LLD regime ΔRLLD and that 

of Viscoinertial regime ΔRVisco. The experiments based coating thickness can be calculated 

through equation 2.43 combined with data in Table 4.6. Since the drops in the experiment are 

asymmetric, before using the equation 2.43 which is based on Goren’s wave length [8] and 

Carroll’s drop profile model [9], we have to check if the theoretical wavelength and drop 

profile match the real condition considering these theoretical equations are derived for 

symmetric conditions.  

To test the availability of Carroll’s drop profile model, we first assume that the total height of 

the real asymmetric drops is the same when these drops are not influenced by gravity and are 

symmetric. We also assume that the contact angle of the symmetric drops in the hypothetical 

condition is the average of upper and lower contact angles of real drops. Second, we pick 

three conditions (Plastibond 30A 6.41 cm/s, 4.4 cm/s and Kaydol 13.8 cm/s) because drops 
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from these three conditions are more asymmetric due to their high coating velocities. Then 

we put H/rf and the average θ into Carroll’s equation 2.34, 2.37 and get an outline of 

theoretical drop profile. This outline is compared with real drop in the Figure 4.13  

 

 

(a) 

 

(b) 

 

(c) 

Figure 4.13 Comparison between theoretical drop profile and real drops obtained from 
coating conditions of (a) Plastibond 30A 6.41 cm/s, (b) Plastibond 30A 4.40 cm/s, and (c) 

Kaydol 13.8 cm/s 
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To study if the real drops have the same size with theoretical drops, we symmetrically pick 5 

heights from left hemisphere and 5 heights from right hemisphere from both real drops and 

theoretical drops.  Therefore, we have 10 pairs of comparison. Figure 4.14 shows one 

theoretical drop height from left side and one real drop height from right side.  

  

 

Figure 4.14 Comparison between real drop height (Real h) and theoretical drop height (Theo 
h)  

*Note: Real H =Theo H, h is always smaller than 2H 
 
 
 

Then we study the height difference between the real drops and theoretical profiles. 

Considering it is related to volume comparison, we use square of height: 

𝐷𝑖𝑓𝑓  (ℎ) =
𝑇ℎ𝑒𝑜  ℎ! − 𝑅𝑒𝑎𝑙  ℎ!

𝑅𝑒𝑎𝑙  ℎ!                     (4.1) 

Since the 10 pairs of comparisons are picked symmetrically from left and right, we can 

calculate the average of their differences. The results of 5 drops from conditions (a) (b) (c) 

are shown in Table 4.7: 
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Table 4.7 Height difference between real and theoretical drops for conditions a b c  

Conditions a a b c c 

Average Diff (h) 0.026 0.0004 0.045 -0.012 -0.015 

 
 
 

From Table 4.7, we can find that the largest average Diff(h) between real and theoretical 

drops is less than 0.05. So, we conclude that the size of real drops is not significantly 

different from theoretical drop size. Therefore, Carroll’s equations [9] can be used to 

calculate the volume of real drops.  

The next step is to test if Goren’s wavelength λc in eq. 2.22 equals to the real wavelength 

from the experiment.  

First, we assume that Goren’s wavelength is right. Then, with eq. 2.43 and data in Table 4.6, 

we can estimate initial coating thickness ΔRGoren under this assumption.  

Second, we put the ΔRGoren back in eq. 2.22 and we can get the Goren’s wavelength (Goren 

λc). 

Finally, we compare Goren λc and the experimental wavelength Exp λc (from Table 4.6) in 

Table 4.8.  

𝐷𝑖𝑓𝑓  (𝜆!) =
𝐺𝑜𝑟𝑒𝑛  𝜆! − 𝐸𝑥𝑝  𝜆!

𝐸𝑥𝑝  𝜆!
                    (4.2) 
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Table 4.8 Comparison between Goren’s λc and the λc observed in experiments  

Condition Plasti30A 

6.41cm/s 

Plasti30A 

4.40cm/s 

Plasti30A 

1.85cm/s 

Kaydol 

13.8cm/s 

Kaydol 

9.65cm/s 

Kaydol 

4.41cm/s 

Goren λc/rf 12.50 10.9 8.33 9.53 7.60 5.78 

Exp λc/rf 8.61 

± 0.40 

6.33 

± 0.42 

6.82 

± 0.13 

7.66 

± 0.67 

7.88 

± 0.34 

7.00 

± 0.49 

Diff (λc) 0.45 0.72 0.22 0.24 -0.04 -0.17 

 
 
 

From Table 4.8, we find that Goren’s λc is significantly different from the experimental λc. 

The difference may be caused by different reasons. First, in the coating process, a slope is 

provided for drops formation and UV treatment. Under the effect of gravity, the fluid coating 

flows down the monofilament surface and the initial distance between drops can be changed. 

In this way, the wavelength observed in Fig 4.11 and Fig. 4.12 may not be the real 

wavelength. Second, from the Plateau-Rayleigh Instability [20] we know that the wavelength 

λc originates in the growth of dominant perturbations. In our experimental conditions, the 

perturbations may come from the coating speed inconsistency, monofilament surface 

unevenness, vibrations or the airflow in lab hood.  

Because of the large difference between Goren λc and Exp λc, when comparing the 

experiment-based ΔR with ΔRLLD, ΔRVis , we use Exp λc instead of using Goren’s λc. The 

comparison between is given in Table 4.9. Then, Figure 4.15 and Figure 4.16 show the 

comparisons under the conditions of both Plastibond30A and Kaydol.   
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Table 4.9 Initial coating thickness ΔR from different coating conditions  

Plastibond 30A 6.41 cm/s 4.40 cm/s 1.85 cm/s 

ΔRExp/rf 1.34 ± 0.05 1.08 ± 0.08 0.65 ± 0.02 

ΔRLLD/rf 0.65 0.44 0.21 

ΔRVis/rf 0.30 0.23 0.13 

Kaydol 13.8 cm/s 9.65 cm/s 4.41 cm/s 

ΔRExp/rf 1.32 ± 0.09 0.92 ± 0.04 0.53 ± 0.09 

ΔRLLD/rf -15.55 5.33 1.00 

ΔRVis/rf 0.86 0.65 0.38 

 
 
 

 

Figure 4.15 Comparison between ΔRExp and ΔRLLD, ΔRVis, ΔREmp for Plastibond 30A 



 

78 

 

Figure 4.16 Comparison between ΔRExp and ΔRLLD, ΔRVis, ΔREmp for Kaydol 
 
 
 
Figure 4.16 shows the experimental data along with the theoretical curves given equations 

(2.13, 2.17, 2.20) for Kaydol. The predicted coating thickness ΔRLLD is much greater than 

experimental thickness ΔRExp. The sudden upturn in the predicted coating thickness is 

because the denominator in equation 2.13 is approaching zero as Ca approaches 0.64. In this 

region, the LLD theory breaks down. Although the viscoinertial curve ΔRVis is close to the 

ΔRExp of Kaydol, a much better fit (ΔREmp) is obtained from equation 2.20 with α =1.40.  

While, the coating behavior for non-Newtonian liquid, such as polymer solutions (e. g. 

Plastibon 30A in Fig. 4.15), is expected to be somewhat different since the viscosities of 

these increases as the shear rate increase. This effect was mentioned in previous section and 

is called (Weissenberg effect). In Fig. 4.15, the coating thickness of Plastibond 30A (ΔRExp) 

is compared to the results from the LLD and viscoinertial theories. Clearly, neither LLD nor 
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the viscoinertial models describe this behavior. The ΔREmp from empirical model in equation 

2.20 has also been used to represent this case, and is shown in Fig. 4.15 for Plastibond 30A 

applied to a nylon monofilament.  

The result shows that the empirical model fits quite well with ΔRExp when α = 3.27. The good 

agreement between the measured coating thickness ΔRExp and ΔREmp indicates that, equation 

2.20 can be used to obtain desired initial coating thickness ΔR through controlling the coating 

process conditions. Also, the equation 2.43 tells us the relationship between ΔR and height H 

of drops. In this way, once the desired inter-filament spacing or to say the height of drop is 

determined, the process conditions can be estimated.  

4.9 Drop Shape Change Caused by UV Treatment 

The profile of the Plastibond 30A drops before and after UV treatment is shown in Figure 

4.17.  

 

   
(a) (b) 

Figure 4.17 Plastibond 30A drops (a) before and (b) after UV treatment. The coating speed is 

3.63 cm/s. 
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And the data of drops before and after UV treatment is shown in Table 4.10. 

 

Table 4.10 Data of the drops before and after UV treatement  

 H/rf L/rf λc/rf Upper θ Lower θ 

Before 2.19  
± 0.07 

4.06  
± 0.09 

6.54  
± 0.61 

9.85°  
± 1.38° 

16.85°  
± 0.41° 

After 2.05  
± 0.08 

4.19  
± 0.13 

6.44  
± 0.48 

12.18°  
± 2.67° 

16.18°  
± 1.14° 

𝐴𝑓𝑡𝑒𝑟 − 𝐵𝑒𝑓𝑜𝑟𝑒
𝐵𝑒𝑓𝑜𝑟𝑒

 -0.06 0.04 -0.02 0.24 -0.02 

Before/After value = mean ± standard deviation 
 
 
 
From the data in Table 4.10, we can see that after UV treatment, the change of height of drop 

and Upper contact angle are larger than 0.05. So these two properties are significantly 

changed. The reduction of height and the increase of contact angle are associated with the 

shrinkage of drops, which is caused by UV polymerization. But basically, the drops don’t 

have obvious shape change compared to general liquid polymerization reactions.  
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5. CONCLUSION 

In this study, we have characterized the fiber coating process, separation into bell-shaped 

beads, and polymerization of these beads.  

In the first step, we coated nylon monofilament with Plastibond 30A and Kaydol, and 

compared the coating thickness with theory. We found that the higher coating velocity 

always result in larger coating thickness when the velocity is limited by the experimental 

condition. The increase of coating thickness almost linearly related with velocity just like 

what LLD law describes. But for different type of liquids, their experimental results have 

different relationships with theoretical predictions.  

For Kaydol, which is a Newtonian liquid, the initial coating thickness is slightly higher than 

the viscoinertial predicted value but far below the LLD predicted value. However, for 

plastibond 30A, which is a liquid polymer compound, the initial coating thickness is always 

above the LLD’s theoretical thickness and obviously diverge from both LLD and 

viscoinertial theories. But for both Kaydol and Plastibond 30A cases, the predicted values of 

empirical model (eq. 2.20) from ref. [16] fit well with experimental thickness.  

In the second step, the coating was allowed to undergo the Plateau-Rayleigh instability [17-

20] for form bell-shaped drops. The experimental drops influenced by gravity are not 

symmetric but the drop volumes are proved to be close to the volume estimated by Carroll’s 

equations [9]. The volume and the height of drops also increase with coating velocity just as 

initial coating thickness. But the experimental value of wavelength doesn’t always increase 

with velocity and has significant difference with the predicted value given by ref. [8]. This 

difference is possibly caused by the movement of drops.  
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Finally, we successfully combined the fluid coating process with the UV curing technique 

and realized a continuous coating process for monofilaments with the drop height about 2.28 

times of filament radius. This ratio is able to guarantee an enough distance among 

neighboring filaments. And the distance has been proved by ref. [6] to be very important in 

developing the superhydrophobicity of fabrics. In addition, with the empirical model (eq. 

2.20) and eq. 2.43, we can obtain the desired dimensions of drops through controlling the 

process conditions.  
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6. FUTURE STUDY 

6.1 Better Equations to Explain the Polymer Coating Process 

Even though reference [16] provides us a fitting model for coating thickness of Kaydol and 

Plastibond 30A, we still need equations, which replace LLD and viscoinertial models, to 

express how different factors influence initial coating thickness of different type of liquids.  

6.2 Development of the Continuous Coating Process 

Since the drop shape coating on the monofilament is used for separating filaments and 

creating more air space in a fabric material, it would be beneficial if the distance between 

drops could be controlled. So the drops are required to be high but far from each other. We 

will probably use ultrasonic to control the wavelength of fluid coating and to enlarge the 

distance between drops.  At the same time, we will study how the fluid coating affected by 

ultrasonic with difference wavelength.  

Besides, we will also work on applying the continuous monofilament coating process to 

thinner monofilament which has smaller size scale and undergoes less gravity effect.   
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