
ABSTRACT 

ZHU, YUE. A Novel Open Multifilament Nylon Yarn Structure. (Under the direction of Dr. 
Stephen Michielsen.) 

 

 This study is focused on creating an open multifilament nylon yarn structure by adding more 

space between the filaments. The modified yarn could be used to develop outer jacket to 

protect human body from severe working conditions. We used 200/34 denier nylon 6,6 

multifilament yarn and a UV curable polymer, Plastibond 30A, an ultrasonic cleaner and a 

rotating Teflon® cup to realize the process. We also evaluated the fiber separation efficiency 

by evaluating the static electricity generation by a rolling Teflon® cup rubbing on the fibers 

and compared the polymer coating efficiency between two approaches, one is the kiss-

coating cylinder and the other is batch fluid coating. The result suggested that a semi-

continuous open multifilament yarn production could be achieved with an overall production 

rate of 0.25 m/s, producing a modified multifilament yarn with a series of isolated barrel 

shaped beads on the fibers. We found that the process conditions for monofilaments 

developed by Lou[1] could be applied to multifilament yarns, and the bead curvature and 

distribution was similar for both yarns. Also, the fiber separation efficiency was influenced 

by yarn feeding speed in the ultrasonic bath, the relative speed between Teflon® cup linear 

velocity and yarn feeding speed.  Coating behavior and bead quality was affected by the 

separation quality, coating length and the coating method. Furthermore, higher UV power 

could decrease the polymer solidification time, therefore, improving the overall production 

rate.  
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1. Introduction 

One of the requirements for an outer protective fabric applied to extreme working 

environment is superhydrophobicity. Superhydrophobicity is a nature-inspired, 

interdisciplinary subject that involves physics, chemistry, material science, and biology. 

Superhydrophobic materials have unique water-repelling and self-cleaning effects. [2] It has 

drawn increasing attention since 2006 and has been widely applied to various fields, such as 

defrosting, corrosion protection and antibacterial coatings. It is also a crucial feature for 

transportation, batteries, sensors, drug delivery, catalysis, textiles, water purification, 

membrane distillation, microfluidic devices, printing, and optical devices. [3] A 

superhydrophobic surface is obtained by applying two criteria: appropriate surface roughness 

and low water affinity. [4] The major concern of the artificial superhydrophobic surface is to 

create a durable robust textured structure. Lou[1] has developed a duck-feather-inspired 

hierarchical Nylon 6,6 monofilament with equally spaced barrel shaped beads based on 

Michielsen and Lee’s design [4], which contains long-term stable surface roughness 

solidified by UV curable polymer. A number of theories were attached as vital properties, 

including fluid mechanics, Plateau-Rayleigh (PR) instability theory, Carroll’s droplet 

description and polymerization studies. [5][6][7] In order to create an open yarn structure, we 

intend to shift Lou’s model [1] to a smaller scale and treating several parallel filaments 

simultaneously (batch coating). Thus by creating a surface roughness on the 25µm diameter 

filament, we could develop a modified multifilament yarn structure by using a commercially 

available 200/34 denier Nylon 6,6 yarn for further fabric applications. Our first task is to 

transform yarn into separated fibers as a reverse process from traditional filament production. 

Many studies have suggested filament separation could be achieved by combing, carding, 
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dynamic-air separation and tribo-electric charging [8][9][10]. Electrostatic charging, above 

all, has great potential that could run at relatively high production rates under simple 

conditions without unsafe emissions. It requires smooth, stable contact surfaces to initiate 

friction along with appropriate contact materials from the triboelectric series. [11][12] 

However, commercial yarns are often treated with finishes, which contain antistatic agents 

that reduce triboelectric charging and provide cohesion to hold the fibers together. Therefore 

our initial task is to create a finish free yarn for electrostatic separation and then apply tribo-

electric charging in a closed environment as well as the charge evaluation since the 

electrostatic signals are extremely sensitive. [14] Also we need to maintain a stable 

separation for the following coating to be able to create isolated barrel shape beads on fibers. 

[7] A kiss-coating theory has provided a theoretical model for batch coating; [15][16] while 

the model specifically works for roll-to-web, we’ve adapted the model to a roll-to-sheet 

mechanism, where fibers run parallel to each other across a rotating roll and remain separated 

until the liquid droplets are photopolymerized by UV radiation.  

The process includes five steps: Preparation for yarn opening, yarn opening, barrel shape 

beads creation, solidification and collection. First, yarns are pulled through an ultrasonic bath 

to remove the finish as preparation for static electrification. Yarns then enter the 

electrification area to be contacted with a rotating Teflon® cup, gaining static charges and 

separating the filaments. When fibers are separated, a pair of segregation devices maintain 

the distance between fibers and form a rectangular fiber sheet for batch coating. Then a layer 

of liquid monomer can be coated onto the fiber sheet followed by forming isolated droplets 

due to Plateau-Rayleigh instability. The last step is to expose the fibers to UV radiation to 

solidify drops, via photo-polymerization, and finally reunite the treated fibers on a winder. 
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Goals of this study are to 

(1) Develop a continuous system to create barrel shape beads on separated filaments 

via electrostatic contact to maintain and open yarn structure. 

(2) Compare the bead dimensions with those applied on monofilament. 

(3) Study the process parameters and optimize the system. 
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2. Literature Review 

2.1 Superhydrophobicity  

2.1.1 Superhydrophobicity and duck feather 

A superhydrophobic surface is characterized by a water contact angle larger than 150∘ and a 

roll off angle lower than 10∘	[17], as shown in Figure 2.1.1, which indicates that water 

droplets can easily roll off the surface. Many biological structures draw great interest due to 

their water-repellence performance with this feature, such as duck feathers and lotus leaves 

[18][19] The lotus leaf has a hierarchical structure containing a larger scale structure and a 

finer structure along with a low surface energy coating. In addition, the hierarchical surface 

structure significantly reduces the adhesion of contaminants to the surface. This is often 

referred as the ‘Lotus Effect’. [20] Duck feathers, on the other hand, are kept dry from water 

due to a unique form of structure, which consists of a closed, firm framework of barbules 

(which are fine fibers supported by barbs on the main feather stem) where these fibers 

overlap and hook from one set to another. Along with water proofing agents like oil, these 

hierarchical layers with no free ends make most of the water birds’ feather appear to be water 

repellent. [18][20] Figure 2.1.1 is a vivid example of water and oil droplets standing on a 

water duck feather.  Figure 2.1.2 shows there are different scales of barbules on a duck 

feather, which are closely packed almost like a louver. This multi-scaled framework provides 

the hierarchical texture that separates fibers as well as the ability to maintain the structure 

despite other forms of physical encounter [21]. Lou [1] has developed modified 

monofilament with certain surface roughness (equally spaced barrel beads) that is imitating 

the duck feather barbule based on Michielsen and Lee’s design [4], shown in Figure 2.1.3(a). 

It is suggested that this design may be applied to multifilament yarns as a prospective 
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derivative of the duck feather to gain highly water-repellence characteristics, shown in Figure 

2.1.3(b). The barrel beads on multifilament fibers at regular intervals are to create surface 

roughness on fiber and to force them to create a closed, hierarchical framework.  

 

Figure 2.1.1 Water and oil droplets sit on the wing feather of a duck [23] 

 

 

(a)                                             (b) 

Figure 2.1.2 SEM picture of multi-scale structure of duck feather [23] 

  

 
 
                             (a)                                                                       (b) 

Figure 2.1.3 Levels of Roughness; from monofilament (a) to multifilament (b) [1][22] 

 



 

 6 

 
2.1.2  Theoretical models 

It is important to determine the water apparent contact angle on different solid surfaces to 

describe superhydrophobic properties. For a flat surface, the relationship between surface 

tension and contact angle, shown in Equation 2.1, was established by Young [3], which 

illustrates the basic wetting behavior of a water droplet on a smooth, solid plate substrate 

(Fig. 2.1.4).   

 

Figure 2.1.4 Liquid drop on a smooth flat surface 

 

 

 

!"#$% =
'()-'(+
'+)

										(2.1) 
 

where θe is the equilibrium contact angle between liquid and a perfectly smooth surface, γ is 

the surface tension that indicates the energy per unit surface area of the solid-vapor, solid-

liquid and liquid-vapor [3]. As for a rough surface, Wenzel proposed a model (Fig. 2.1.5) as 

shown in eq. 2.2 [4] describing how roughness contributes to the relationship between 

surface tension and contact angle.  

γ
LV 

= surface tension of liquid-vapor interphase 

γ
SV 

= surface tension of solid-vapor interphase 

γ
SL 

= surface tension of solid-liquid interphase 
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Figure 2.1.5 Wenzel model of a droplet on rough surface 

 

!"#$% = '!"#$(										(2.2)  
 r represents 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. [3] θW is the apparent 

contact angle in Wenzel model. Since r > 1, θW becomes smaller when θe rises for a 

hydrophilic surface (θe <90°), but it becomes bigger when θe rises for a hydrophobic surface 

(θe >90°). [4] Wenzel’s model suggests a droplet covers the surface beneath completely. 

(Fig. 2.1.5)  

Another wetting model on rough surfaces was suggested by Cassie and Baxter (Fig. 2.1.6), 

where liquid doesn’t fill the cavities. [18] Therefore, the Cassie and Baxter wetting interface 

is made of solid, liquid and vapor. 
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Figure 2.1.6 Cassie-Baxter Model of a liquid drop on rough surface 

θCB is the Cassie-Baxter apparent contact angle in Cassie-Baxter’s theory (eq. 2.3) and (eq. 

2.4)  

!"#$%& = ()!"#$*-(,										(2.3)  
Where [18] 

!" =
$%&$	(!	)ℎ&	+,-.,/	,0	1(0)$1)	2,)ℎ	3(+,/

4%(5&1)&/	$%&$ 										(2.4) 
 

!" =
$%&$	(!	)ℎ&	+,-.,/	,0	1(0)$1)	2,)ℎ	$,%

3%(4&1)&/	$%&$ 																								 
 

When liquid fills the air pores of the rough surface, f
1
 = r, where r is the surface roughness 

presented by Wenzel. [4] 

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

be achieved by increasing the distance of neighboring cylinders. [4] Figure 2.1.7 shows how 

the shape of droplet changes for different Young’s contact angle. 
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Figure 2.1.7 Superhydrophobicity 

 

2.2 Separation of the fiber 

2.2.1 Opening method selection 

Many yarn opening methods are used in the textile industries. The conventional ways of 

separation are: electrical charge, running fluid separation and mechanical impact. [24] The 

purpose of yarn opening is to set the fiber on track for further surface treatment in order to 

create an irregular surface. In order to form a duck feather inspired yarn, each fiber performs 

as the base for resin to form the drop, thus, enough space in between fibers and certain 

amount of tension is needed to apply to the original untreated Nylon yarns. Thus, the desired 

overall shape of all the fibers as a whole would be a flat sheet of fibers running parallel to 

each other, thus a unidirectional web of well-separated fibers.  

Alison [8] has describes a filament separation process by combining fiber electrification and 

pneumatic jet. The former charged and separated fibers but kept them close to each other 

until they reached the exit of the jet, where the air forwarding tension is released so that yarn 

will open and spread on a horizontal receiver disposed in-line and underneath the jet exit.  

Randomly separated filaments on the receiver then formed a non-woven web.  

Kamioka [9] suggested an apparatus for separating the filaments of a continuous 

multifilament bundle by forcing the multifilament bundle out of a nozzle against an 
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impingement plate whose impinging surface is made of a material that produces a negative 

electrical charge on the surface of the filaments upon impingement.  

Another charging method is corona discharge maintained in the target yarn’s vicinity. Schmit 

and Maggio [10] suggested an electrostatic filament separator. With a gradually increasing 

distance between two plates, it forms a passage for yarn to pass through. One of them 

contains a plate of needles and is connected to a current generator to establish an electric 

field to charge the yarns to separate them. Fletcher [24] proposed an electrostatic separator 

using corona effect to spread the fibers on a flat surface via two electrostatic charged 

cylinders.  

In order to create separated barrel shaped beads on multifilament fiber, we need fiber to be 

separated parallel to each other as well as sufficient distance in between. Thus, yarn may be 

opened either by mechanical contact or charging as long as the separation could be kept in a 

controlled fashion. Thus the pneumatic jet might be removed from our system to avoid fiber 

entanglement. Static electrostatic charges could be generated via friction or touch contact, 

this process is easy, fast, and low cost, thus it becomes our choice of fiber separation. As for 

corona discharge, it may consume more energy than electrostatic contact. This method is 

highly uncontrollable, also sparks and O3 emission could be dangerous for operation 

personnel. 

 

 

2.2.2 Preparation 

Electrostatic properties of polymers are very sensitive to the sample surface condition, which 

includes surface chemical components, physical structure, and environmental conditions. To 
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eliminate the variation of the surface condition, the fiber surface needs cleaning before 

further treatment. [14] Commercial yarns are usually treated with finish. There are many 

available surface cleaning processes, for instance alkaline cleaning, solvent and vapor 

degreasing, ultrasonic cleaning, acid cleaning, mechanical cleaning, picking and descaling 

and so on. [24] Ultrasound provides an adjustable scrubbing on objects and ideal for lightly 

soiled work with intricate shapes, surfaces, and cavities that may not be easily cleaned by 

spray or immersion techniques. The cleaning action of ultrasonic energy is mainly due to 

transient cavitation. [25]  

Cavitation can be described as a process where a number of voids are created in the liquid 

due to a rapid variation in pressure. The voids then grow and eventually collapse, which 

generates intense shock waves that is powerful enough to disrupt particles of adulterants 

from the substrate without damaging the surface and them disperse the contaminants. 

However, increasing cavitation may cause surface abrasion and it is therefore necessary to 

limit the acoustic intensity when cleaning delicate objects.  

 

Fig. 2.2.1 One of the basic ultrasonic cleaning processes. [26] 
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Figure 2.2.1 shows an example of ultrasonic application in textiles suggesting a basic setup 

works as a continuous process. Before operating the ultrasonic system, large, open space, 

preferably stainless steel holder is recommended to support the target objects to prevent 

energy loss (~5%) and cavitation disruption. For small or delicate items, a solid metal bottom 

is preferred. Also the object should be positioned above the tank floor, or suspend in the 

cleaning solution to receive the greatest cavitation force. Objects should be immersed in the 

cleaning solution. For small plastics, for example tubing, a moderate alkaline or neutral 

synthetic detergent is recommended. Table 2.2.1 shows the physical properties of cleaning 

methods that affect the cavitation results. Table 2.2.2 shows the frequency difference in the 

cavitation, which for our case a relatively high frequency is preferred due to fiber dimension 

(25µm in diameter) [27]  

 

Table 2.2.1 Effects of cleaning methods [28] 
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Table 2.2.2 Effects of ultrasonic frequencies [29] 

 

 

Dissolved gas would fill in the vacuum bubbles, undermining the cavitation intensity, 

therefore degassing before the ultrasonic treatment is necessary. For liquids, the degassing 

temperature normally falls within 6 to 11 degrees of its boiling point with a 15 minutes 

operation period while organic solvent may need up to 60 minutes due to a greater air 

affinity. [24] [25] 

 

2.2.3 Electrostatic charge generation 

Electrostatic charges could be generated by various methods, such as, contact 

charging, frictional charging, corona charging, repeating contacts and separations, ionic 

transfer mechanism, bond-breaking mechanism. [14] This review will be mainly focus on 

frictional charging. It is possible to arrange materials, with different polarities according to 
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triboelectric series by rubbing materials against each other. Materials at the top of the series 

(positive end) will charge positively when rubbed against those lower (negative end) in the 

series. Figure 2.2.2 shows one of the triboelectric series developed by different researchers. 

Fibers containing amide groups, for example, nylon are electrified positively when they are 

rubbed by glass, metal and other polymer materials. [13] Previous study [33] also suggests 

the charge magnitude would probably be greater if two materials are farther away from each 

other in the triboelectric series. 

 

 

Figure 2.2.2 Tribo-electric series [31] 

 

 Frictional charging is a dynamic approach to generate charges that are mainly provided by 

relative movement between two surfaces. New charge should be transferred from one surface 

to the other until equilibrium is reached. It is related to the roughness of the surfaces that 

interact with and change over friction contact. It has been suggested that more static charge 
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was generated by friction than that generated merely by contact and separation without 

relative rubbing, and the tribo‐electrification increased as the relative rubbing speed 

increased. [30] Liu, Oxenham, Seyam and Theyson [30] also suggested that charge generated 

increased as the relative speed between two contact objects increased. Another method to 

escalate charge generation is by adding tension on one of the contacting substrates. (London 

[32].) Both studies indicate that the increase in charge generation may related to the increase 

of contact area. However, the increment may vary under different experimental condition 

since the electrostatic charge is extremely sensitive to its generation environment.   

A friction contact model between yarn and pin was developed by Liu [30], where the 

input/output tension on yarn could be represented alternatively by !"   and  !"  . When !"	   < 

!"   (Figure 2.2.3(a)), input tension is greater than output tension, the friction force is 

promoting yarn movement; However, when !"	   > !"    (Figure 2.2.3(b)), the input tension is 

smaller than the output tension, the friction force is hindering yarn movement. 

The total force on the yarn segment in contact with pin are shown in Figure 2.2.3, which 

could be calculated by equation (2.5) and (2.6) respectively.  

! = ($% + $')× sin
-
2												(2.5)  

 

where, !"   is the absolute value of yarn tension on the looser side (!"   or	"#  ); !"   is the  

absolute value of yarn tension on the tighter side (!"   or !"  ), thus !"   <  !"   ; θ is the angle of 

contact (Figure 2.2.3), which is π/3 in her work; N (!"   or !"  ) is the absolute value of contact 

force on the yarn section being contacted; and F (!"   or !"  ) is the absolute value of friction 

force on the yarn section being contacted.  



 

 16 

The effect of friction force F on yarn movement is depending on the relative speed difference 

between yarn and pin, as the direction of the friction force F is always opposed to the 

direction of the relatively higher tension (!"   in Figure 2.2.3). 

  

 

(a)                                                                        (b)                                                                                   

Figure 2.2.3 Force analysis on the yarn section contacted with pin [14] 

 

2.2.4 The Evaluation of electrification factors 

Since the triboelectric charge generation is extremely sensitive to its vicinity, it is often 

suggested to use an environmental chamber to preform a more accurate evaluation. (There 

are a series of parameters for electrostatic charging including contact, moisture, temperature, 

air pressure, rubbing speed, system shape, yarn blending, and surface component.) Charge 

generated on small specimens can be measured by placing them into a Faraday cage. [14] 

The Faraday cage is composed of two cylindrical tunnels that can be closed at both ends. The 

inner tunnel is electrically connected to an electrometer. The outer tunnel is connected to 

ground and restraining external fields from the inner tunnel to create a credible, closed 
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environment for charge measurement.  

The electric field strength can be measured using a field meter. When a charged specimen is 

placed in front of the sensing unit of the field meter, the sensing unit will induce electrostatic 

charge. As the probe moves away from the charged material, less charge is induced on the 

sensor, whereas as it moves toward the charged material, more charge is induced on the 

sensor. This makes the major drawback of electrostatic voltmeter for our product evaluation 

since the probe cross-section must stay constantly close to the object in order to obtain 

accurate data. However in our case since the fibers will be drawn far from each other, they 

create a relatively large outer region (~127.5	)*+)   compared to the probe cross-

section	(	~0.25()*  ) Not to mention the probe should be held steady for a charging stability. 

It is difficult for probe to receive complete and accurate data of the electrostatic field if we 

have to move the probe to obtain data. As for charge meter, since the Faraday cage could 

create a closed room for measurement, it is likely the charge meter could receive a more 

comprehensive data than the voltmeter. There are some drawbacks of charge measurement 

suggest that manual operation effect is unknown, the conductivity of two different contacted 

materials are different and the distance from the measured surface to the grounding point are 

also different, both of which could cause different charges to be generated or measured. 

However the merits still out weigh the drawbacks of the field meter probe, thus we choose 

charge meter as the measuring device. Figure 2.2.4 and 2.2.5 give examples of probe and 

Faraday cage to compare the dimension and operation shape.  
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Fig 2.2.4 The electrostatic voltmeter probe (5cm length)[34] 

 

 

Fig 2.2.5 A taped Faraday cage (30cm length) 

 

2.3 Plateau-Rayleigh Instability  

Plateau−Rayleigh instability explains how a flowing liquid stream breaks down to droplets. 

This process is depicted in Figure 2.3.1. This phenomenon begins with a layer of liquid 

covering a cylinder. 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 a periodic array of droplets. [35][6] Perturbations grow at different rates, thus the 
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faster growing ones reduce the surface free energy more rapidly than others and become the 

dominant drops.  

 

Figure 2.3.1 Three stages of Plateau-Rayleigh instability. While the free energy reduces, 

perturbation starts to turn into equally spaced droplets. 

 

2.4 Drop Shape and the relationship between coating thickness and droplet thickness 

Lou [1] gives the profile of the drop on fiber through building up a relationship between fiber 

radius, height of the drop and length of the drop. Also, given fiber radius and the height of 

the drop, the relationship between coating thickness and droplet thickness could be 

determined. 

 

Figure 2.4.1 One wavelength of the fiber & coating system 
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Where H is the maximum height of the drop, Rf is fiber radius and L is the length of the 

drop. θe is the contact angle between liquid drop and fiber. λc is the distance between the 

coating thickness maxima, which is defined as the wavelength of the instability, as [6] 

!" ≅
2%&

0.707 1 + 9-.
2/0&

										(2.7) 

 

Where, in fiber liquid coating, a liquid with the desired surface tension, γ, viscosity, η, and 

density, ρ, is placed in a suitable dispenser forms an annular coating with an outside radius of 

R, and a thickness of ΔR = R – Rf. 

   

Figure 2.4.2 Coating sketch, where ΔR is described as coating thickness, blue arrow indicates 

the fiber moving direction [5] 

L, H and θe are the parameters we use to determine the shape of barrel-shaped droplets on 

fibers and to compare the beads dimension with Lou’s droplets on monofilament [1]. The 

monofilament model also indicates that beads dimension L, H and coating thickness R is 

correlated and the experimental beads shape is in good correspondence with theoretical 

description.  
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2.5 Coating  

2.5.1 Introduction 

The purpose of this project is to bring polymer onto the fibers and to form protuberances on 

separated fibers using Plateau-Rayleigh instability on a continuous basis. As a result, fibers 

should be kept apart from each other during the process and run parallel through the resin at 

the same speed, in other words a series of fibers should perform as a film.  

The most common method used to coat a series of fibers is single roll assembles. It is 

designed for fibers to run across a curved surface. It is low cost and has a fast product 

changeover. However, the quality of this type of coating is poor compared to other coating 

approaches. Other coating apparatae include roller coatings, gravure coatings, extrusion 

coatings, and lamination. These methods are much more accurate and give highly 

reproducible add-on compared to single roller applicator, however they are much more 

expensive in initial investment cost than the former.  [36] 

As shown in Figure 2.5.1, two methods for kiss-coating are presented. First by passing the 

web through the nip between two rollers, one of them is coated with resin while the other is 

the support roller (Figure 2.5.1(a)) or by passing the web under tension over a resin coated 

rotating roll. [37] The pickup roll carries the resin from the pan and will be pre-metered by 

the applicator roll. The quantity of coating is dependent on nip pressure, operation velocity 

and roll hardness. As for the coating distribution and weight, they are dependent on fabric 

web tension passing across the rolls. [38]  
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  (a)  (b)  

Figure 2.5.1 Two approaches for kiss-coating method, (a) the kiss coating, with 1 as the pick-

up roll and 2 as applicator roll, (b) one pick-up roll rolling clockwise when the yarn is 

running through in reverse, red shade indicates the coating area and the blue shaded region 

represents the pre-tensioning section. [39].  

 

2.5.2 Coating Model 

Figure 2.5.2 shows a snapshot of the flow domain of interest (target yarn coating area) of an 

altered kiss-coating apparatus (See Figure 2.4.2 region in red). With the radius R for 

application roll rotates with speed U2 and web speed of U1, tension T. Suppose that the 

general gap between web and roll is defined as H(X), where H(X)≪R, thus web speed ratio 

S=U1/U2 <1. Assuming the web lies parallel to X-axis while angle !   is the same at both 

upstream and downstream sides, the liquid is assumed to have Newtonian viscosity !  , and 

surface tension !  , the coating forms a thin layer of thickness H1, H2 at the exit of web and the 

corresponding displacement of web is ZW(X). When ! = !#   , the downstream meniscus 

appears, with contact angle !"    and gap thickness !"   .  
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Figure 2.5.2 Schematic of the flow domain of interest [40] 

 

Additional assumptions are: a) the bending stiffness is neglected and the web is free to 

respond to local changes; b) β is small, thus: sin β ≈ tan β ≈ β; c) length scale in X-axis ≫ 

length scale in Z-axis; d) roller surface is approximated by a parabolic shape; e) uniform web 

without run back and free surface lies far away from the nip region; f) steady flow inertia and 

insignificantly small gravity effects. [41] Using the capillary number, Ca 

!" = $%&
'    (2.8) 

Roll film thickness could be described as[40] 

!"
# = %

& '( 1 − + , -
./ , + < 1, 2 ≠ 0   (2.9) 

Following the deviation of Gaskell et al, they’ve developed the coating thickness on roll 

wheel H1 and the coating thickness on the web H2 under Reynolds and visco-capillary 

condition. It shows that the coating thickness is correlated to (1 − $)&, (), *-,, -.  .  
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Since !" = 1/&(!(-!*), & ≠ 0  ,  

the web film thickness is[40] 

!"
# = %

&
!'
# -

)
* +, 1 − / 0 1

23 , 5 < 1, 7 ≠ 0   (2.10) 

To summarize the model for kiss coating of nylon fibers, the web thickness is correlated to 

speed ratio (1 − $)&,$ < 1  , capillary number !"  , and load on both roll and fiber film 

thickness !"-$  . 

However, the condition of this type coating requires continuous fiber feeding, whereas our 

process contains crucial pause to secure fiber separation quality, thus the model may need to 

be adjusted when applied to actual experimental production.   

	
 

2.6 UV photopolymeirzation 

Photopolymerization means a chain polymerization initiated by the absorption of visible or 

ultraviolet light. There are two major kinds of photopolymerizations. The first is the 

excitation of photochemically active cross-linking group triggered by direct absorption of a 

photon or by energy transfer from a photosensitizer. The group is part of the molecular chain. 

This type of photopolymerization is mainly used in photoresist technology, in preparation of 

printing plates. The second kind of photopolymerization is a photoinitiator molecule initiated 

polymer chain reaction, where the reaction is excited by photoinitiator interacts with 

monomer. The photoinitiator polymerization is mainly used for the solidification of surface 

coatings, which is known as ‘UV curing’. [42] Regarding the generation of free radicals, two 

types of photoinitiators could be categorized. Type I photoinitiator (photofragmentation) 
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yields two free radicals through hemolysis after absorbing external radiation, which leads to 

two competitive reactions. Phosphines are commonly used to prevent oxygen inhibition, 

from sabotaging free radicals as an efficient photofragmenting photoinitiator.  Type II 

(photografting) releases free radicals via transferring a hydrogen atom between photoinitiator 

and co-initiator. Lou’s experimental result [1] suggests that Plastibond 30A resin probably 

belongs to type I photoinitiator due to the existence of photofragmenting photoinitiators 

(phosphines). Figure 2.6.1 and Figure 2.6.2 shows examples of type I and type II 

photoinitiation.  

C

O

CH

OH

C

O

CH

OH

hv

 

Figure 2.6.1 Type I hemolysis of two free radicals via UV radiation[51] 

 

Figure 2.6.2 Type II Hydrogen abstraction under the influence of UV radiation  

 

Odian[43] has described a comprehensive process of photopolymerization from initiation to 

termination. After the free radical generation, free radical R• is added to the first monomer 

M1, which generates a chain initial radical RM1 • (Figure 2.6.3).  
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Figure 2.6.3 The generation of the initial chain radical  

 

Once the initial radical is formed, successive chain propagation will be triggered to form a 

massive molecule, as shown in Figure 2.6.4. M represents the monomer outside of the 

polymer chain growth and both RMn •  and RMn+1 • are intermediate monomers. 

 

Figure 2.6.4 Macromolecule chain growth mechanism 

 

As the macromolecule is growing, however, the propagation will eventually terminate at 

some point during the reaction, which is described as radical coupling or disproportionation 

as a result of solution viscosity decrease as light intensity increases or a photoinitiator 

concentration rise. As shown in Figure 2.6.5 and 2.6.6.  

 

 

Figure 2.6.5 Polymer chain growth termination mechanism I: Radical coupling  

 

 

R1Mn • + R2Mm •     R1Mn + R2Mm 

Figure 2.6.6 Polymer chain growth termination mechanism II: Disproportionation  
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3. Experiment 

 
3.1 Materials 

Multifilament nylon yarn was provided by Premiere Fibers, Inc., and consisted of 34 

filaments; 200denier and 0.018cm in yarn diameter. A package of D0609 P18 1260 NI16 

multifilament Nylon6.6 yarn was also used as a comparison with the 200/34 yarn. Coating 

agent Plastibond 30A was purchased from Colorado Photopolymer Solution. The 

monofilament used for characterization comparison is produced by Lou [1], where the 

original monofilament was monofilament fishing line (Nylon 66, 0.028cm in diameter) of 

Omniflex.   

 

3.2 Experimental Design 

The procedure of creating a biomimetic duck feather multifilament yarn included process 

stages, shown in Figure 3.2.1 and Figure 3.2.2. The original yarn first passed through an 

ultrasonic bath to remove antistatic agents as separation preparation. Then yarns passed by a 

small fan to be dried and entered the yarn opening stage, where contact electrification was 

applied to yarn by rolling Teflon® cup to separate fibers. The system then will be stopped for 

comb segregation for ~60s to maintain separation then the system was restarted to drive the 

separated fibers into coating stage to form barrel shaped drops, followed by a 2~3s interval 

before turning on the UV radiation to solidify the beads. After solidification the fibers were 

no longer kept separated and were collected on a winder. Red oval pads in Figure 3.2.1 

represent liquid beads and blue oval pad means solidified beads.  
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Figure 3.2.1 The overall procedure of creating drop-shape coating onto multifilament fibers   

 

 

3.3 Separation 

3.3.1 Preparation 

An ultrasonic bath was set up for the preparation process for tribo-electric separation, as 

Figure 3.3.1 depicts. Yarns (line in red) passed through a cup filled with methanol (line in 

black), guided by a round wheel; the lower part of the cup was immersed into the water bath 

(blue shadow) where ultrasound was applied. The actual apparatus is shown in Figure 3.3.2. 

The wheel was positioned to be half within and half above the detergent, and methanol 

interface with air. Yarns were air-dried before they entered the separation zone. The cleaning 
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condition was kept at 80kHz, 25℃		. We then compared the effect of ultrasonic cleaning on 

sample for three different feeding speeds, 0.64m/min, 3.75m/min and 4.73m/min. Our initial 

observation shows that there’s a certain degree of yarn opening after air-dynamic drying, we 

then evaluated the degree of openness by calculating the ratio of non-cohesive length to the 

total sample yarn length (20cm) to determine the optimum cleaning speed. 

 

 

 

Figure 3.3.1 Sketch of wheel mode ultrasonic bath cleaning; red line represents the yarn, blue 

line represents the wheel, black lines represent the cup filled with methanol; the shadowed 

region represents the water bath that the cup is submerged into for ultrasound to operate. The 

immersion angle is !"   
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                            (a)                                                                          (b)                          

Figure 3.3.2 Ultrasonic bath for yarn with guide wheel; (a) The wheel guides the yarn into a 

methanol filled cup which was placed in the water bath (b) the yarn was guided by the pig 

tail (spiral shaped metal) to pass through the bath  

 
 
 
3.3.2 Initial Yarn opening by mechanical contact  

Several methods were used to open the yarn bundle into individual, separated fibers. 

Compressed air was blown onto the yarn as shown in Fig. 3.3.3. The unopened yarn (a) from 

the package of 321 D0609 P18 1260 NI16 multifilament Nylon6.6 and 200/34 Nylon6,6 

were removed from the package and compressed air was applied perpendicular to the 

multifilament yarn as it passed across a curved metal bar (banana bar) to support and 

maintain separation, shown in Fig. 3.3.3(d). A comb distributor is also used to exaggerate 

yarn opening. (Tooth distance: ~1mm; tooth height: ~2cm.) 
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 (a) Package (b) Banana bar 

Figure 3.3.3 Air-dynamic separation setup  

 

3.3.3 Yarn opening by tribo-electric charging 

The tribo-electric yarn opening process consists of four steps as shown in figure 3.3.4, the 

yarn should be kept loose between three fixed guides, each at a distance of 20cm. A rotating 

Teflon® cup is kept in contact with yarn in the rubbing area between the first and second 

stand. As yarn feeds through the system, the electrified fibers will be attracted to the cup 

surface and spread (Figure 3.3.4 row 2, red arrow indicates Teflon® cup rotation direction 

and blue arrow indicates fiber feeding direction.). We then pause the system for fibers to 

spread when the opened yarn travels between the next two fixed guides. The last step of 

separation was using a pair of segregation devices (Figure 3.3.4 black bars in row 3) to 

maintain separation. Note that the brown arrows in row 3 in Figure 3.3.4 includes two 

segregation approaches: a) Teflon® cup rotation and yarn feeding keep operating during 

fiber segregation, b) Both Teflon® cup rotation and yarn feeding pause for fiber segregation. 

The choice between two approaches depends on the coating beads quality.  

 



 

 32 

	

Figure 3.3.4 The separation procedure 

 

Figure 3.3.5 shows the Teflon® cup apparatus. The white element is the rolling cup (30mm in 

diameter) which is assembled on the aluminum shaft on the multifunctional motor (Electro-

Craft Motomatic II), whose rotation range is 0 rpm to 4000 rpm. The initial yarn feeding 

speed depends on the ultrasonic cleaning efficiency. The separation was then maintained by a 

pair of comb segregation devices. The distance between fibers was maintained by the comb 

teeth. According to a previous study based on monofilament [1], the height of the beads tend 

to be two times of the filament diameter, thus the minimum distance between multifilament 

fibers should be at least 75 µm. The distance between combing teeth for our experiment is 

0.9mm and two segregation devices each have a total number of 67 slots for fiber segregation. 

The length of the teeth is 2cm, which ensures the fiber segregation. The linear speed of 

Teflon® cup is shown in Table 3.1.1.  
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Figure 3.3.5 Teflon® cup (white) tribo-electric charging apparatus 

Table 3.1.1 Teflon® cup speed and yarn/cup relative speed (Cup diameter: 30mm) 

Cup Speed 
(rpm) 0 50 100 200 500 800 1000 1500 2000 

Cup Linear 
Speed  
(m/min) 

0 4.71 9.42 18.9 47.1 75.4 94.3 141 189 

 
 
In order to evaluate the separation quality, an experimental design was setup in an 

environmental room to measure the electrostatic charge generated during the fiber separation 

(Figure 3.3.6). Fibers were fed into the Faraday cage through a constant tension feeder, and 

driven by the collecting winder on the other end of the cage. Yarn was kept loose, as in the 

original production process, at 70°F and 65% RH. The ultrasonic treated yarns were attached 

to the constant tension feeder, which the latter maintain a distance approximately 20 cm to 

Faraday cage, then the tension feeder was moved toward the cage as the winder at the other 

end rotated. The linear velocity of the winder was kept at 3.75m/min. The charges produced 

were recorded by electrometer connected to the Faraday cage. Figure 3.3.7 shows the 

affiliated software to record the charge data received from meter, which indicates the electron 
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count per 100 seconds. The data may be processed by Analysis of Variance (ANOVA) to 

determine whether the charge generation has an effect on separation quality (yarn open width 

and number of fibers separated from the bundle). 

 

Figure 3.3.6 The experimental setup and description 
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(a) Parameter setup panel 

 

 

(b) Start-stop control panel 

Figure 3.3.7 The electrometer measurement software 
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3.4 Coating  

Two methods were tested in the coating section in order to achieve better barrel shaped beads 

quality. One was adapted from filament sizing process (Figure 2.5.1), where we used a 

regular brush for batch coating the static separated fiber sheet, shown in Figure 3.4.1. After 

immersing in the coating bath, the brush was lifted to avoid excessive liquid pick up to create 

an evenly spread thin coating film. 

 

Figure 3.4.1 Coating apparatus I. Regular brush immersed in polymer bath before coating, 

the hairs could help produce an even coating film thickness due to Capillarity and Plateau-

Rayleigh effect.  

 

Another coating approach was adapted from the kiss roll coating method. Roller applicators 

are made of rubber, ceramic or graphite, which are preferably semi-resilient or elastomeric 

for picking up coating and maintaining a thin liquid layer of resin to be applied to the fibers. 

Meanwhile the roller should rotate in the same direction as fibers but with a lower speed in 

order to prevent cut-off.  
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For reasons of geometry, this apparatus should guide the fibers individually spaced and direct 

each fiber in contact with the curvature of the roller surface for a substantial distance to 

transfer the coating. This allows a film of fibers about 25-45 mm wide to pass over the roller. 

The diameter of the applicator is 10mm. In our case, the separation manner is crucial for the 

Plateau Rayleigh instability to form beads after the fibers pass the roller, thus the distance 

between fibers should be maintained until after polymerization. 

The teeth of the combs provide tension and stationary stand for coating after main separation 

as well as standardize the width of the fiber bundle. As the comb maintains the fiber 

separation into the coating process, the fibers form a flat sheet to pass through the pick-up 

roll. More importantly, as fiber tension varies from separation stage to coating area, it is of 

the resin-fiber contact efficiency to force the target yarn to form a sheet of fibers, creating the 

interface of nylon fiber and polymer coating. In our case, the roll coater is a ceramic stamp 

moistener, whose cylinder above the sink is driven by a small roller. (Shown in Figure 3.4.2) 

 

(a)                                (b) 

Figure 3.4.2 Coating apparatus II (a) ceramic pickup cylinder (b) coating tank which contains 

the polymer coating solution 
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In addition, the part of coating system that has direct exposure to the UV light must be 

covered with aluminum foil so that the resin does not to consolidate before it is applied to the 

fibers. Figure 3.4.3 shows the actual coating equipment covered with Al foil and ready to be 

inserted into the system. The foil in the bath could also isolate the resin and the rotating joint 

between cylinder and the bath to keep the resin clean and movable.  The ceramic roller was 

driven by a motor (red circled area). Underneath the sink is an adaptable stand (yellow region 

in the graph) that could change the contact region of the yarn with the resin and 

polymerization location. As the black Dayton 4Z539P motor (Figure 3.4.3(b)) drives the 

ceramic roller, the fibers pick up the coating.  The coating apparatus contains two ceramic 

parts. One is the upper cylinder that rotates, the other is the rectangular bath that contains the 

coating liquid. The bath in this figure is covered with aluminum foil to prevent the resin from 

polymerization due to leaking UV radiation; (a) and (b) depict different view of the coating 

apparatus respectively.  
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            (a)                                                                    (b) 

Figure 3.4.3 Modified moisture applicator for coating set up with motor.(a) coating apparatus 

of ceramic bath and motor, the interaction between motor and the ceramic shaft is described 

in (b), where the cylinder is driven by the rotating roller (as the red arrows indicate feeding 

directions) to deliver resin from bath to yarn, which is highlighted in the red oval in (a). 

 

3.5 Polymerization   

After the coating section, UV radiation should be turned on to solidify the barrel-shaped 

beads on fibers. As shown in Figure 3.5.1, the UV radiation source was set ~30cm above the 

coating region (area in red circle) as an initial setup. The empty region between transparent 

box and stainless stand is the coating region. The lamp height will eventually drop to ~5cm 

to gain high radiation power. When the UV is operating, the hood should be covered and 

closed in order to endure safety. Two types of UV radiation source with different power and 

spectra were used to compare treatment quality; details are depicted in Figure 3.5.2. The 

intensity for Blak-Ray® UV lamp (365 nm from UVP) is 21.7 mW/cm² at a distance of 5cm 
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from the lamp window and the intensity for Phoseon FireEdgeTM FE200 is 1W/cm2 at the 

LED emitting window.  

 

 

Figure 3.5.1 The polymerization set up. 

 

 

(a)                                           (b) 

Figure 3.5.2 The two different UV radiation sources (a) Blak-Ray® UV lamp (365 nm from 

UVP) (b) Phoseon FireedgeTM FE200 LED (365 nm from Phoseon manual) 
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3.6 Feeding and collecting winders 

After polymerization, fibers were released from tension and returned to a state of loose 

packing as they were separated before. This group of fibers formed a modified yarn and were 

collected on an empty package. Yarn movement was controlled by two winders. As Figure 

3.6.1 and 3.6.2 shows, feeding and collecting winders were kept at different speeds to 

eliminate the yarn tension while the yarns were moving in the system. The yarn relaxation 

was kept at 1.18 (yarn relaxation: the ratio of collecting winder speed and feeding winder 

speed).    Feeding winder is a Dayton winder and collecting machine is a custom-made single 

spindle winder  

 

Figure 3.6.1 The feeding winder. Polymerized yarn will come back together after the combs 

are removed.  
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Figure 3.6.2 The collection winder 
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4. Results and discussion 

In this section, the overall process of the duck feather yarn production will be discussed stage 

by stage, as shown in Figure 3.2.1. First of all, the separation efficiency is studied follow by 

yarn opening and barrel shape bead creation (coating). We focused on the relationship 

between ultrasonic bath impact and yarn feeding speed as well as the electrification contact 

efficiency. In addition, we compared our results with a previous fiber electrification study 

[21]. Then we compare two different coating methods that lead to different barrel shape bead 

formation on fibers. Furthermore, we compare the dimension of the beads created on 

artificial duck feather multifilament with those on monofilament [1], which shows the 

potential of developing a similar production model from monofilament to multifilament yarn. 

The production rate of the semi-continuous process was discussed in the last part of this 

section, where the relationship of solidification (namely UV radiation power) and the kinetic 

rate of the process is illustrated.  

 

4.1 Yarn opening 

4.1.1 Preparation for yarn opening  

Figure 4.1.1 shows a comparison of different yarn appearance before and after the ultrasonic 

treatment. As shown in Figure 4.1.1(b)(c), part of the yarn would appear to be ‘fluffy’ after 

going through the ultrasonic cleaning process, which leads to a series of non-cohesive 

sections on the yarn. However, there is a section of much less cohesion on Nylon yarns 

without ultrasonic treatment (Figure 4.1.1(a)). It also suggests that fibers are likely to expand 

as a spindle after ultrasonic treatment, which appears to be different from the cylinder-like, 

closely packed untreated fibers. Some fibers would stay close due to a light twist in the yarn 
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while passing through the system. It may also be a result of the randomness of how fibers 

move in different groups when they are engaged in electrostatic effect toward each other. 

Due to the obvious difference between the treated and untreated yarn appearance, we’ve used 

the portion of ‘fluffy’ section on yarn to evaluate the cleaning efficiency, which is measured 

by the ratio of non-cohesive length and total sample length. (Table 4.1.1)  

 

 

(a)                                   (b)                                (c)                                    

Figure 4.1.1 The comparison of the yarn appearance, (a) before ultrasonic bath, (b) after 

ultrasonic bath and air-dynamic dry, where the ‘fluffy’ (Non-cohesive) section is highlighted 

by red circle, (c) is an enlargement of the area inside the red circle in (b)  
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Table 4.1.1 Finish removal efficiency comparison. The result is calculated as the ratio of 

non-cohesive section length and total sample length. (20cm)  

Yarn Feeding Speed 
(m/min) 

 Non-cohesive Length   Total Length 
   Avg. Control 

0.64 0.75 0.67 0.80 0.74 
0.01~0.05 3.75 0.65 0.70 0.72 0.69 

4.73 0.40 0.25 0.36 0.34 
 

Table 4.1.1 is the evaluation of the preliminary yarn opening we observed after the ultrasonic 

bath. A ratio is defined as preliminary yarn opening ratio as the portion of non-cohesive 

length over a 20cm sample yarn by measuring the ratio of non-cohesive length and the total 

sample length. There average ratio from 0.01 to 0.05 of non-cohesive section appear on the 

sample yarn without the treatment, which is much lower than the treated groups (with an 

average ratio of 0.59). It suggests that more non-cohesive sections appear on the sample 

(fiber spread effect is more obvious) at the feeding speed of 0.64 m/min and 3.75 m/min than 

it is at the yarn speed of 4.73 m/min. The average ratio at 0.64 m/min and 3.75 m/min are 

close, with the former slightly higher. Thus it may suggest cleaning efficiency may be more 

efficient at lower yarn feeding speed. However, when the yarn feeding speed is at 4.73 

m/min, there may be inadequate cleaning time due to insufficient time of interaction between 

yarn and ultrasonic bath, which may eliminate the cleaning result (a relative lower percentage 

of non-cohesive section compared to two other treatment speed). This would indicate a good 

combination of proceeding speed and cleaning efficiency at 3.75 m/min.  

The fiber expansion after ultrasonic treatment may be due to a light tribo-electrostatic effect 

occurring among Nylon fibers after the antistatic agent removal by ultrasonic bath. In 
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addition, it is stated in the ASTM D 4470-97 [14], Standard Test Method for Static 

Electrification, that "Cleaning" of a surface with solvents rarely cleans the surface. It 

probably produces a uniform, reproducible, state of contamination, thus, obtaining 

reproducibility may be another factor for charge to deposit on fibers.  

 
 
4.1.2 Initial opening  
 
As shown in section 4.1.1 there is potential, however limited the fiber expansion range, to 

open the yarn by ultrasonic treatment; we’ve operated an air-dynamic approach to test 

whether this method would enhance fiber separation.  We first direct the dynamic air onto 

1240/200 denier yarn. Figure 4.1.2 shows the initial yarn opening of a 1240/200 denier 

Nylon 6.6 yarn. A comparison of 1240/200 denier yarn and 200/34 denier yarn separation is 

shown in Table 4.1.2. The yarn segment between two fixed ends can be opened by applying 

compressed air. The fiber appearance transforms from an approximate cylinder to a bent 

rhombus on the banana bar, which allows fibers to be distributed on an arch (banana bar) 

with the radius of 6.12 cm. The overall width of the sheet and the distance between fibers 

could be adjusted by the air flow outlet and a fine-tooth comb distribution. The width of fiber 

sheet could be easily enhanced as we engage a fine-tooth comb distribution without adding 

air pressure. (Tooth distance: ~1mm; tooth height: ~2cm) However the yarn could not be 

opened solely by comb segregation without applying dynamic air beforehand. The 1240/200 

yarn open width is much more scattered than 200/34 yarn separation despite its open width 

whose distribution is larger than the latter. Also the effect of comb distribution is significant 

on the yarn open width that it increases the separation width by approximately 8 times 

(1240/200) and 5 times (200/34) with respect yarn samples. As for non-cohesive sections on 
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the yarn sample, the ratio of non-cohesive length and total length is much higher than it is 

right after the ultrasonic cleaning. (With an average ratio of 90% compares to 59%.) 

Fibers are able to spread as a sheet with certain width when subjected to air flow in the 

direction perpendicular to fiber axis. As a combination of pressure distribution (normal to the 

surface) and shear stress distribution (tangential to the surface) over the yarn body surface, 

the outlet path for air flow to escape in the longitudinal direction of flow is blocked by fibers 

and the banana bar, fibers are forced to move away from each other under air pressure. Air 

flow is forced to run through the interstitial space when the outlet for air is blocked by fiber 

assembly, which causes fibers to move about and distance themselves from each other. 

Secondly, the banana bar allows fibers to travel at the same distance between entangled ends, 

thus the separated fibers could be distributed on an arch with a radius of 6.12 cm. (banana bar) 

The opening quality is initiated by the degree of relaxation of the yarn by controlling the area 

of separation zone.  

 

Table 4.1.2 The effect of air-dynamic separation and comb distribution on yarn open width. 

The open efficiency is calculated by the ratio of non-cohesive length and total 20cm sample 

yarn length. 

	
Yarn Open Width 
With Distribution 

Non-cohesive Yarn Open Width 
Without Distribution     

Non-cohesive  
Total Total 

1240/200     
Ave 8.6 1 1.1 0.8 

Stdev 4.9 1 0.5 0.2 
200/34     

Ave 5.7 1 1.2 0.9 
Stdev 1.6 1 0.5 0.1 
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(a)                                                                              (b) 

Figure 4.1.2 The initial opening result. (a) shows a desired fiber sheet width that fibers are 

mostly kept distant from each other (b)is the comparison of sheet width and original yarn. 

First opening stage using compressed air, where airflow is over a curved circular cylinder 

(banana bar) of diameter 5.1 cm with yarn lies perpendicular to its axis. 

 

4.1.3 Electrification Separation quality evaluation  

Various rotation speeds were selected in order to evaluate the electrostatic field range and to 

evaluate the best rotation rate range for electrification charging mechanism. As we 

mentioned in Chapter 3, the initial electrostatic treatment area length is set the same as the 

shortest length of the max UV radiation power area length (15cm) to ensure efficiency. Yarn 

feeding speed is preferably chosen from a range of 0~5 m/min, as shown in Table 4.1.1.  

However, our initial yarn/cup test indicates that the when yarn feeding speed is kept at 3.75 

m/min, yarn opens faster than 0.64 m/min. Thus to achieve an optimum electrostatic effect, 

we used the former as yarn feeding speed during separation. Figure 4.1.3 shows different 
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fiber separation after the yarn/cup interact under respective relative speeds. The width of the 

fiber spindle varies as well as the distinctive fibers separated from the bundle before 

segregation. As the relative speed increases, the size of the fiber spindle shape increases. In 

addition, separated fibers tend to engage a rotational, unstable state due a lack of tension 

engagement and light twist added by contacting with rotation electrification device.  We 

evaluate the separation quality by charge generation, yarn open width and number of fibers 

separated from the bundle. (Figure 4.1.5-8) Teflon® cup (30mm diameter) linear velocity 

and relative speed between yarn and cup is calculated Table 4.1.3. The electrostatic effect is 

evaluated via average charge generated, shown in Figure 4.1.5. 

 

Table 4.1.3 Teflon® cup speed and yarn/cup relative speed (Cup diameter: 30mm) 

Cup Speed 
(rpm) 0 50 100 200 500 800 1000 1500 2000 

Cup Speed 
(m/min) 0 4.71 9.42 18.9 47.1 75.4 94.3 141 189 

Yarn/Cup  
Relative Speed 
(m/min) 

8.46 10.392 43.37 71.67 90.51 137.61 184.77 
 

-3.75 0.96 5.67 15.2 43.4 71.7 90.6 137 185 
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                              (a)                                                         (b) 

 

 (c) 

Figure 4.1.3 Different separation results on a 20cm yarn segment under different Yarn/Cup 

relative speeds (a) 141. m/min (1500rpm), (b) 47.1m/min (500rpm), (c) 8.46m/min (100rpm)  

 

 

            (a)                                                       (b) 

Figure 4.1.4 Two stages of comb separation, where three dimensional yarn spindle is 

transformed into a two-dimension rectangular sheet.   
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Figure 4.1.4 depicts the transition from electrostatic separation to fiber separation. The twist 

(Figure 4.1.4 (a)) may gradually terminate the separation by narrowing the width of the fiber 

sheet (triangle-shaped fiber section). This is due to an accumulated twist that builds at a small 

site as we comb towards the spindle poles. Fibers are kept at an equal distance by the 

segregation devices as banana bar used in section 4.1.1 in order to isolate the separated fibers 

and form a smooth path for the following coating and polymerization.   

We found that Nylon fiber is always charged positive when rubbed against electrification 

device (Teflon® cup), where the average charge generated is under 10 nC. (Figure 4.1.5) 

Each blue marker represents the average of total 500 readings, with five replications, 100 

readings each, with standard deviation as error bar. The tribo-electrification increases as the 

relative speed increases (-3.75 ~ 43.37 m/min). Higher speed rotation may enhance the 

triboeletric effect by higher relative speed between yarn and cup. However, the average 

charge generated decreases slowly when relative speed exceeds 71.67 m/min (rotation speed 

exceeds 800rpm). We also noticed that the lowest charge generation level happens at a speed 

of 50 rpm, this may be due to the relative rubbing speed of yarn and Teflon® is approaching 

zero (0.64 m/min). Also the charge generated remains in a close range when relative speed is 

less than 15.1 m/min.  When comparing with previous contact charge study [13], where its 

charging range is from 0 to 230pC (approximate saturation value 2.3 x 10-10 coulomb), our 

results indicate a charging range of 0 ~ 9.4nC (maximum value acquired 9.4 x 10-9 coulomb), 

which is lower than a previous frictional contact test. Thus, the charge generation level may 

indicate that the loose fiber separation mechanism is a combination of contact (cup rotation) 

and frictional (relative speed) electrification. Figure 4.1.5 also suggests that the more contact 
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cycles between yarn and cup, the more charge would be generated. However, as the charge 

generated in a range of 71.7~185 m/min tended to differentiate more and than at lower speed. 

It may be a result from the effective contact area between yarn and cup may drop due to 

partial fiber entanglement with the cup since yarn relaxation rate has kept fibers in a loose 

state.  

 

Figure 4.1.5 Average charge generated on sample yarn after electrification separation via 

Teflon® cup 

 

Since there’s no cohesive section on electrified yarn segments (the ratio of non-cohesive 

length and total length is 1.0), the overall quality of fiber separation is evaluated by two 

categories: yarn open width and number of fibers separated from the bundle. Shown in 

Figure 4.1.6 and 4.1.7, each graph point represents the average width/number of fibers 

separated from the bundle for a total 50 recordings, with 5 replications, 10 recordings each, 

with standard deviation as error bar.  We found that the yarn open width of fiber sheet ranges 

from 0.5 to 10.5 cm (compared to the original yarn diameter of 0.0018cm), and the number 
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of separated fiber varies from 5 to 32 fibers. We found that over 30% of the 34 fibers could 

be isolated after contact between Teflon® cup, as the rotation accelerates, the average open 

percentage may rise up to 69%.  It indicates that the Teflon® cup rotation speed has a 

significant effect on fiber separation quality at a lower relative speed range (-3.75 ~ 43.4 

m/min). However, when the cup/yarn relative speed exceeds 71.7 m/min (800 rpm), 

separation quality does not change drastically as the cup speed increases. Both yarn open 

width and number of fibers separated from the bundle appear to preform a similar trend as 

the charge generation and Teflon® cup rotation speed and the separation quality becomes 

more stable when it reaches the relative speed of 75 m/min. The yarn open width is larger 

than it is under the influence of dynamic-air separation (Table 4.1.2), with an average 

separation width of 7cm when the relative speed reaches 75 m/min and higher, compares to 

an average of 5.7 cm.  

In addition, the ANOVA (Analysis of Variance) tests show that the charge generated is 

significant for both yarn open width and number of fibers separated from the bundle since p-

value is less than 0.05, with 0.0002 for width and 6x10-9 for number of fibers separated from 

the bundle. As the relationship between charge and yarn open width is shown in Figure 4.1.8. 

There’s a general trend observed with the increasing of both yarn open width and number of 

fibers separated from the bundle as the charge generation rises. When Charge generation is 

less than 3nC, the separation quality falls in a closer range when compared to charge 

generation at higher than 3nC. This corresponds to the more scattered charge distribution in 

Figure 4.1.5. However when the speed exceeds 195 m/min, yarn needs to be fed in the 

system at a higher speed due to a increase entanglement between separated fiber and the 

rotating Teflon®, which may cause the cup to stop rolling and even break the yarn.  
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Figure 4.1.6 The relationship of average yarn open width change over respective cup/yarn 

relative speed (Yarn diameter: 0.018cm) 

 

 

Figure 4.1.7 The relationship of average number of fibers separated from the bundle change 

over different cup/yarn relative speed (Gross number of fibers in the bundle: 34) 
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Figure 4.1.8 Correlation between charge generation and number of fibers separated from the 

bundle and the yarn open width.  

 
 
 
 
4.2 Coating evaluation 

4.2.1 Coating tool and product quality 

As section 3 indicates, the coating method uses a roller applicator. We also used a regular flat 

brush to compare the coating results. After the same separation treatment, we placed the 

fibers in different coating tools. Figures 4.2.1 shows the average level of roller coating. 

Figure 4.2.2 shows the brush coating. Red arrow indicates the brush moving direction.   
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Figure 4.2.1 Coating result while the resin still flows. (Before polymerization) The region in 

orange represents comb, which is held in place by a white clamp. There are drops forming on 

the fibers on the right side of the comb. 

 

 

Figure 4.2.2 With brush dipping in resin pool then places on the edge to reduce polymer 

liquid, then placed along the fiber moving direction (red arrow) to apply coating  

 

Both samples contained a similar fiber sheet width. However, the beads are distributed 

differently as the distance of fibers changes while coating with roller. The overall beads 

applied by brush was more uniform than those applied by coating roller which is indicated by 

the bright, reflective spots on the sheet of fibers in Figure 4.2.1 which is not as even as it is in 
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Figure 4.2.2. This may be explained by the difference in surface texture of the resin on two 

surfaces. Ceramic roller was too smooth and so that it was hard for liquid to accumulate 

while the brush hair could guide the viscous resin by its hair onto fiber sheet, therefore, the 

resin is more evenly distributed than the roller since the only distributor for the resin is the 

fiber sheet itself. However, it’s hard to handle how much resin the brush could bring while 

the thickness of resin could be somehow controlled by the rotation speed of the roller 

applicator. Thus the brush coating is handy for small production and contains more regular 

shape duck-feather yarn due to the uniform overall droplet shape and high efficiency. As a 

result, the system may need interval for brush to coat the separated fibers via capillary 

actions after the distance between fibers are fixed by segregation.  

4.2.2 Coating length  

The chemical hood used for this production allowed a coating length up to 100 cm at one 

time. However as we found in section 4.1.4, fiber separation is maintained by tension after 

the tribo-electric fiber separation. The coating length is defined by the charging length, thus, 

the length of the fiber sheet. We’ve come up with a comparison of the fiber sheet width after 

coating between 15 cm and 60 cm length of interest.  Every step of treatment of each sample 

was the same except the coating length. The fiber sheet widths were characterized in section 

4.1.1.  

 From Figures 4.2.3 and 4.2.4, it is obvious that the one with shorter coating length gave 

better bead distribution on the fiber sheet. First of all, the bead amount is larger on the 15cm 

sheet than the 15cm section on the 60cm sheet. This may due to a more distributed fiber 

distance. Secondly, bead size may differ in different sheet locations in both cases, 

specifically, bigger droplets tend to occur close to the sheet/comb intersection; a larger 
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portion of well distributed beads are obtained on the 15cm sheet since there are more 

individual fibers on which the droplets can form. The reason for the bead size differentiation 

may be due to time difference caused by coating length. With longer treating distance, there 

is more time for Plateau-Rayleigh effect to form the liquid beads, since smaller beads will 

tend to merge with larger beads in order to reach equilibrium under the influence of the 

Gibbs free energy, the liquid droplets tend to accumulate. Also beads may slide toward the 

middle section of the fiber sheet since this fiber sheet section undergoes less force compared 

to those close to the comb fixation ends, thus their separation is not as firmly maintained as 

the comb fixation ends, when applied viscous coating on the relative loosely spaced fibers, 

bigger droplets may cause fibers to overlap, thus reducing the path for more barrel-shaped 

droplets to grow and accumulate the original drops to form bigger beads.  
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(a)                                                                           (b) 

Figure 4.2.3 Coating result while the resin still flows. (Before polymerization) The region in 

orange represents combs, which is stabilized by a white clamp. There are drops forming on 

the fibers on the right side of the comb, treated by ceramic coating kit with charging length of 

60 cm.  
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Figure 4.2.4 Coating result before polymerization with a charging length of 15cm 

 

 

4.3 Polymerization 

The polymerization quality is highly dependent on the fiber separation quality and coating, 

the wider the distance between fibers, the better the barrel shape formation. However, in 

order to achieve a uniform barrel-shaped distribution, polymerization efficiency also plays a 

crucial part during the production. Figure 4.3.1 depicts an evenly spread coating result, the 

beads are spread within a 15x4 cm2 fiber sheet, which is completely under the radiation area. 

It has less bead accumulation and a uniform droplet size. The bead dimensions are discussed 

in section 4.4.  
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Figure 4.3.1 An evenly spread droplets polymerization result 

 

Fibers should be released from tension after UV photopolymerization in order to be able to 

maintain separation. The separation width should fall in the range of coating and 

photopolymerization area. First of all, UV radiation area is the primary factor to determine 

the range of fiber sheet width as the photopolymerization could be finished within seconds 

using the curing resin Plastibon 30A (Figure 4.3.2), it is crucial to place all the coated fibers 

under the strongest radiation area so that they could be solidified altogether, otherwise there 

will not be many barrel shape droplets when fibers are released from tension. However the 

fiber sheets could not be placed in contact with the lamp directly due to the spaced liquid 

droplets on the fibers, they could still be place under a relative strong radiation power area, 

which is larger than the strongest UV radiation area. (As the UV lamps have a maximum of a 

diameter of 20cm range of radiation at the maximum power, and the UV LED has a 15 x 2 

cm radiation area at the maximum power.) Thus we chose 15cm width of fiber sheet as the 

closest to fitting the UV radiation. However, the width of fiber sheet is ~4cm when it reaches 

the peak separation, if the width is reduced to 2cm, as shown in Figure 4.1.7 and Figure 4.2.3, 

fibers are not as well distributed to ensure enough space to form uniform liquid droplets as in 
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Figure 4.3.1. Thus we place the coated fiber to gain an area of 15x4cm2 as the optimum fiber 

sheet for barrel-shaped beads formation. Based on previous experiments, the minimum 

treating time of UV lamp (wavelength 367nm) is 15s, and UV LED (wavelength 365nm) is 

3s, which is three times faster than the UV lamp efficiency at its maximum power, this 

production may have a significant influence on the final production rate, which we’ll discuss 

in the section 4.5. 

 

4.4 Beads dimension and yarn curvature 

We have designed the yarn opening continuous process for multifilament yarn by (1) 

removing the yarn’s finish oil, (2) using tribo-electric charging to cause the fibers to repel 

each other, and (3) using a comb-like structure to maintain the fiber separation. In a separate, 

non-continuous process, we have shown that the process conditions for monofilament 

developed in Lou’s process [1] can be applied to the multifilament yarn used in this subtask. 

A proof-of-concept biomimetic duck feather yarn has been produced. The structure under 

microscope is shown in Figure 4.4.1 (Beads dimension and parameter definition are shown in 

Figure 2.4.1.) and the comparison of multifilament and monofilament yarn is shown in Table 

4.4.1. As indicated by the standard deviation and ratio difference, bead distribution and 

average value of parameters of both filaments are similar. Thus both fibers obtained the 

resemblance from those produced by Lou [1]. Figure 4.4.2 depicts the overall appearance of 

the modified multifilament yarn whose measurements are given in Table 4.4.1 and Figure 

4.4.1. The final yarn structure corresponds to the multifilament design in Chapter 2 as a 

robust multi-scaled texture that mimics the duck feather barbules, where fibers are kept 

spaced by the barrel beads.  



 

 63 

 

Figure 4.4.1 Comparison of monofilament and multifilament fiber of the duck feather effect 

 

Table 4.4.1 The Fiber and bead dimension for the multifilament beads compared with 
monofilament 

† θe is contact angle, L is the bead length, H is the bead height, 

λc is the bead-to-bead center-to-center distance, and Rf is the fiber radius. 

††Ratio Mono/Multi means the monofilament value divided by the multifilament value. 

 

 Average value† Standard deviation Ratio 

Mono/Multi†† Multifilament Monofilament  Multifilament  Monofilament 

 θe 37° 24° 5.81 6.32 N/A 

 L 98 µm 660 µm 4.74 4.34 4.8 

 H 76µm 271 µm 2.84 3.01 4.0 

 λc 164 µm 855 µm 9.78 9.52 6.0 

 Rf 25 µm 140 µm N/A N/A 5.6 
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Figure 4.4.2 The overall view of multifilament duck feather yarn 

 

4.5 Production rate 

There are a series of parameters that influence the production rate: Teflon cup rotation speed 

(discussed in the electrostatic section), rotation interval, operation length, UV efficiency, 

time the yarn remains in the ultrasonic bath, and the amount of twist in yarns, which create 

obstacles for the separation to continue. Despite a continuous yarn opening process, our 

batch coating experimental test indicates that there is an approximate 60s window needed for 

fiber segregation and batch coating to creating the barrel shaped beads, during which, both 

Teflon® cup rotation and yarn feeding are temporarily halted. (Shown in figure 3.3.4 row 3) 

Therefore, the yarn modification has turned from continuous process to a semi-continuous 

process.  
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The production rate of the process measured in Table 4.5.1, as the polymerization rate 

doubles as the UV polymerization time is reduced.  However, as the feeding and collecting 

speed rises, the ultrasonic treatment quality drops, thus it takes more time for fiber spread 

due to insufficient ultrasonic treatment, this may lower the overall production rate. To 

conclude, in order to achieve a desirable barrel shaped fiber quality and a relatively high 

production rate, we need adequate ultrasonic treatment duration; robust charge generation, 

thus appropriate Teflon® cup rotation speed and moving length; even batch coating and 

powerful UV polymerization.   

 

Table 4.5.1 The comparison of UV radiation and final production rate 

 Polymerization time/s Production rate/mm/s 

UV lamp (wavelength 367nm) 10 10 

UV LED (wavelength 365nm) 3 25 

 

The optimum conditions for this work were: 

• Teflon rotation speed:  78.5cm/s (500 rpm)  

• Rotation interval: 60s 

• Ultrasonic bath speed treating: 5 cm/s 

• Operation length: 15cm 

• Overall production speed: 25 cm/s 
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4.6 Conclusion  

A preliminary yarn opening was observed after preparation of yarn opening (ultrasonic bath). 

The preliminary yarn opening ratio increased 85% ~ 97% compared to the yarn before 

ultrasonic treatment. Thus, the preliminary opening also provides an optimum yarn feed 

speed based on experimental observations of preliminary yarn opening ratio. The initial yarn 

opening is affected by dynamic air flow and external balance of forces and the opening result 

can be increased with comb distribution. We’ve also found that multifilament nylon fibers 

could be separated via tribo-electrostatic contact. The separation quality could be evaluated 

by yarn open width (YOW) and number of fibers separated from the bundle (NFS) with 

comb distribution. Both factors increase as the cup/yarn relative speed increases. The 

maximum of YOW and NFS was reached when cup/yarn relative speed reached 75m/min 

however it contributes less to both YOW and NFS as the relative speed continue to rise. The 

influence of tribo-electrostatic charge generated during the contact on the separation quality 

however remains unknown. The creation of barrel shaped beads is influenced by coating 

method, as the kiss-coating reduces the amount of fibers separated from the yarn, we 

replaced it with brush batch coating. This change of method changes the production of 

modified yarn from a continuous process to semi-continuous, which further has an effect on 

the overall production rate (25cm/s) since both separation and polymerization requires the 

system to pause to ensure the quality of barrel shape beads. Another factor that contributes to 

the overall production is the power of UV radiation, where higher power (336W, LED) 

reduced the solidification time by a factor of 5x faster than lower power (100W, Mercury 

lamp) with same wavelength (365nm). The dimension of beads is similar to a previous study 

on monofilaments [1]. 
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5. Conclusion 

 
The yarn open quality is influenced by effective separation preparation time (ultrasonic 

cleaning contact duration, yarn feeding speed), relative speed of Teflon® cup and yarn 

(charge generation to initiate the separation via tribo-electric effect) and comb segregation to 

maintain the separation. We found that the process conditions for monofilament developed 

by Lou [1] could be applied to multifilament yarns with similar curvature and distribution of 

barrel-shaped beads. The ultrasonic bath affected the separation by removing antistatic agents 

so that fibers could be lightly separated (non-cohesive sections as shown in Figure 4.1.2). 

The electrification mechanism is a combination of contact and friction as we compared our 

result of generation with Liu’s work [13]. Also the spread fiber sheet width has a limit of 15 

cm due to asegregation device constraint and operation efficiency. The optimum Teflon® 

cup rotation speed to create the desirable separation quality was 800 to 1500 rpm. The 

relative movement triggered by yarn feeding and Teflon® cup rotation creates a spindle 

shaped fiber spread group, we were able to transfer spindle fiber sheet by a pair of 

segregation devices as each fiber could be separated at a certain distance so that they could 

be coated without adhering by the coating agent. The process needs a temporary halt for fiber 

to spread and be stabilized after each electrification session, followed by coating and 

solidification. Coating behavior and bead quality was affected by the separation quality, 

coating length and the amount of liquid applied. Thus fibers need to be fixed after separation 

and maintained that way until the end of polymerization to avoid overlap. The process 

contains five stages: preparation for yarn opening (ultrasonic bath), yarn opening 
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(electrification), barrel-shape bead creation (coating), solidification (UV polymerization) and 

collection. Due to multiple stages of yarn treatment, there is an undefined amount of twist 

added on the yarn, which leads to a halt of fiber separation along the process based on 

experimental observation. It is a semi-continuous process with a production rate of 25cm/s. 

Figure 5.1.1 shows a comparison of yarn with smooth surface fibers and yarn with rough 

surface fibers [44]. Both theoretical prediction and experimental observations carried out by 

Lim showed that the yarn contact angle approximately doubled after fibers were modified 

with barrel shaped beads.  

 

Figure 5.1.1 The SEM picture depicts the difference between the modified nylon 6,6 

multifilament yarn (right) and the original yarn (left). [44] 
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6. Future Work 

The distance between fibers is a key factor to influence the final barrel shaped bead coated 

yarn. Thus, fiber production could be improved if the twist could be removed and fiber 

isolation could be operated in a more controlled manner. In addition, the separation method 

could shift the production model from semi-continuous into continuous production line via 

an improved combination of isolation and coating. The engagement with gravure coating 

may have a more stable path for fiber coating as well as not breaking up the production into 

periodic motions. With a continuous separation procedure combining the current coating 

method, production rate may be improved to suit mass production needs, such as for 

waterproof fabrics, non-woven mats and filters. 
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Raw data of yarn opening rate and comparison after preparation of yarn opening (ultrasonic 

bath):   

		 Yarn Open Width 
With Distribution 

Non-cohesive Yarn Open Width 
Without 

Distribution      

Non-cohesive 

Total Total 
		 6.2 1 1.7 1 
1240/200 9 1 1.5 1 
Nylon 6,6 16 1 0.5 0.5 

 
9 1 0.8 0.6 

	
		         2.7 1 1 1 

Avg. 8.6 1 1.1 0.8 
Stdev. 4.9 1 0.5 0.2 

	
6.5 1 0.6 0.8 

200/34 8 1 2 1 
Nylon 6,6 4 1 1.2 1 

 
4.5 1 1.3 0.8 

		 5.4 1 1.1 1 
Avg. 5.7 1 1.2 0.9 

Stdev. 1.6 1 0.5 0.1 
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Raw data of fiber separation evaluation: 

Average 
Charge 

Generated 
(nC) 

Cup/Yarn Relative Speed (m/min) 

-3.75 0.96 5.67 15.12 43.37 71.67 90.51 137.61 184.77 
mean1 4.14 0.08 2.76 0.64 2.14 1.98 3.3 5.63 4.69 
mean2 2.56 0.14 1.12 1.08 2.83 5.24 4.38 5.53 3.29 
mean3 2.6 0.68 1.19 1.1 2.52 4.4 8.61 5.28 4.09 
mean4 2.24 1.92 1.35 2.37 2.27 3.01 9.15 7.88 4.43 
mean5 2.19 1.14 1.19 1.79 2.3 1.17 7.88 4.49 5.38 
Avg. 2.74 0.79 1.52 1.39 2.41 3.16 6.66 5.76 4.37 

Stdev. 0.8 0.76 0.7 0.68 0.27 1.68 2.65 1.26 0.77 
Yarn 
Open Width 
(cm) 

 
                  

mean1 1.5 2.68 2.99 2.26 5.54 6.8 6.41 4.9 6.92 
mean2 1.78 3.14 2.7 1.72 4.88 7.19 6.1 6.12 8.16 
mean3 3.44 3.06 2.21 2.41 4.39 7.73 7.2 6.13 7.35 
mean4 1.56 2.79 2.6 2.08 4.6 7.8 6.15 6.1 7.67 
mean5 2.15 2.12 1.98 2.49 5.3 7.02 6.5 6.61 6.73 
Avg. 2.09 2.76 2.5 2.19 4.94 7.31 6.47 5.97 7.37 

Stdev. 0.8 0.4 0.76 0.31 0.43 0.39 0.4 0.57 0.52 
Number of 
Fibers 
Separated 
from the 
Bundle 

  

                  

mean1 9.8 8.54 17.1 13.1 21 22.9 19.7 18.3 20.6 
mean2 9.9 18.3 16.7 10.3 18.5 22.3 19.3 21.1 22.9 
mean3 15.8 9.13 12.1 14.1 18.1 21.6 23.4 20.5 21.8 
mean4 8.9 13.9 12.9 12.3 20 23.3 20.9 19.2 22.2 
mean5 11.1 12 10.9 13.5 21.7 22.6 20.6 18.6 19.7 
Avg. 11.1 12.4 14.7 12.7 19.9 22.5 20.8 19.5 21.4 

Stdev. 2.7 4.0 2.6 1.5 1.6 0.57 1.4 1.1 1.2 
 


